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FOREWORD

The International Symposium on Radioimmunoassay and Related Proce
dures in Medicine held by the International Atomic Energy Agency in co-operation 
with the World Health Organization in Berlin (West) from 31 October to 
4 November 1977 was the third in its subject field to have been organized by the 
Agency, its predecessors having been the Symposium on In Vitro Procedures with 
Radioisotopes in Clinical Medicine and Research held in co-operation with the 
World Health Organization in Vienna in 1969 and the Symposium on Radio
immunoassay and Related Procedures in Clinical Medicine and Research held in 
Istanbul in 1973. The proceedings o f both these earlier meetings were published 
by the Agency.

Radioimmunoassay and related procedures for the measurement o f hor
mones, vitamins, drugs and other classes of substances in the body fluids and 
tissues, above all in the blood, are now in the forefront o f medical applications o f  
radioactive materials. During the four years from 1973 to 1977, growth in the 
commercial availability of reagents and kits for established assays has brought 
many o f these into routine use. This in turn has led to an increasing awareness 
o f the need for assay standardization and quality control and to an increasing 
attention to techniques o f  assay data analysis. The rapidly expanding demands 
on assay services has stimulated interest in the possibilities for automation of 
assay procedures. Promising new assay methods have been further refined, 
notably solid-phase radioassay and radioreceptor assay. At the same time there 
has been a resurgence o f interest in alternative assay methods not based on the 
use o f radioactive materials, making a critical reappraisal of the entire subject 
field desirable. The importance o f radioimmunoassay itself was underlined by 
the award in 1977 o f a Nobel Prize in medicine to Rosalyn Yalow o f the United 
States o f  America for her pioneer work on the method over the last two decades, 
particularly in relation to the measurement of protein hormones.

The latest symposium, which was attended by 314 participants from 33 
countries and at which 68 papers, including seven invited review papers, were 
presented, provided opportunities for an exchange of information on all these 
topics. The introductory lecture by W.D. Odell o f the United States o f America, 
entitled “We don’t look at hormones the way we used to”, drew attention to the 
very great conceptual changes that have arisen in relation to hormones in recent 
years, largely as a result of the applications of radioimmunoassay and related 
procedures in endocrinology. The subject of assay standardization and quality 
control was considered at length in two round-table discussion sessions, one on



assay design, standardization and within-laboratory quality control and one on 
external quality control, arranged in co-operation with the World Health Organi
zation Special Programme of Research in Human Reproduction.

The proceedings, comprising two volumes, contain the full texts of all the 
papers presented at the symposium, together with an edited record o f the dis
cussions. Volume I covers those parts of the meeting dealing with methodology; 
an annex to this volume gives data on commercially available well scintillation 
counting systems and liquid scintillation counting systems. Volume II covers 
those parts dealing with applications and includes an edited record o f the two 
round-table discussion sessions mentioned.

EDITORIAL NOTE

The papers and discussions have been edited by the editorial s ta ff o f  the International 
Atom ic Energy Agency to the extent considered necessary for the reader’s assistance. The views 
expressed and the general style adopted remain, however, the responsibility o f  the named authors 
or participants. In addition, the views are not necessarily those o f  the governments o f  the 
nominating Member States or o f  the nominating organizations.

Where papers have been incorporated into these Proceedings without resetting by the Agency, 
this has been done with the knowledge o f  the authors and their government authorities, and their 
cooperation is gratefully acknowledged. The Proceedings have been printed by composition 
typing and photo-offset lithography. Within the limitations imposed by this method, every effort 
has been made to maintain a high editorial standard, in particular to achieve, wherever practicable, 
consistency o f  units and symbols and conformity to the standards recommended by competent 
international bodies.

The use in these Proceedings o f  particular designations o f  countries or territories does not 
imply any judgement by the publisher, the IAEA, as to the legal status o f  such countries or 
territories, o f  their authorities and institutions or o f  the delimitation o f  their boundaries.

The mention o f  specific companies or o f  their products or brand names does not imply any 
endorsement or recommendation on the part o f  the IAEA.

Authors are themselves responsible for obtaining the necessary permission to reproduce 
copyright material from  other sources.



1

CONTENTS OF VOLUME I

I. METHODOLOGY

1.1. Reagents ( Session I)

Invited opening lecture

We don’t look at hormones the way we used to (IAEA-SM -220/201)...........  3
IW.D. Odell
Discussion................................................................................................................  39

An homologous human prolactin (hPRL) radioimmunoassay with an
antibody against “little” hPRL (IAEA-SM -220/1).......................................  43
K. von Werder, F. Felixberger, M. Gottsmann, W. Kerner, B. Glöckner
Discussion................................................................................................... ............  54"

Problems connected with the production o f highly specific antisera against 
prostaglandin E2 (PGE2) and prostaglandin A2 (PGA2) for
radioimmunoassay (IAEA-SM -220/46)............................................................ 57
H.G. Kopp, W. Vetter, P. Vitins, W. Siegenthaler
Discussion................................................................................................................  66

Steroids as immunochemical probes: thermodynamic and kinetic data 
with special regard to the “bridge problem” in estrogen
radioimmunoassay (IAEA-SM -220/8)..............................................................  69
E. Kuss, W. Dirr, R. Goebel, K. Gloning, H. Hötzinger, M. Link,
H. Thoma
Discussion......................................................................................................... !.....  88

Specificity o f direct radioimmunoassays o f unconjugated estrone and
estradiol-17 ß in plasma (IAEA-SM-220/72)...................................................  91
J. Grenier, N. Strauss, R. Scholler
Discussion................................................................................................................  107

An accurate radioimmunoassay of human growth hormone with 
separation on polyacrylamide gel electrophoresis of free antigen, 
antigen-antibody complex and damaged labelled antigen: further 
study of damaged labelled antigen to obtain long-lasting labelled
products (IAEA-SM-220/47)............................................................................... 109
P. Bartolini, L.M. Assis, I. Schwarz, M. Macchione, R .R . Pieroni 
Discussion......................................................................................................... ....... 120



/

High molecular somatostatin: a possible interfering'factor in
radioimmunoassay (IAÉA-SM-220/15 ) ........................................... ................  123
F. Diel, E. Schneider, H. Baumann 

Solid-phase group-specifíc adsorbants in assays for glycoproteins
(IAEA-SM-220/91 ) ...............................................................................................  133
B.C. Nisula, A.R . Ayala, M.D. Stolk, G.S. Taliadouros, J.M. S to lk  
Discussion................................................................................................................  139

1.2. Separation procedures, automation (Session II)

Invited review paper

Solid-phase radioimmunoassays (IAEA-SM -220/202)......................................  143
L. Wide
Discussion................................................................................................................  153

A simple coated-tube assay for alpha-foetoprotein for clinical use
(IAEA-SM -220/24)...............................................................................................  155
S. Dakubu, I. S. Ahene, A.K. Foli
Discussion................................................................................................................  160

Protein-A-containing Staphylococcus aureus as an immunoglobulin- 
binding reagent in radioimmunoassay and in a non-radioactive surface
immunoassay (IAEA-SM-220/53)......................................................................  161
S. Jonsson
Discussion................................................................................................................  175

A novel method for radioimmunoassay and its application to the assay
of digoxin (IAEA-SM -220/30).................................. .'.......................................  177
S.R. Lader
Discussion................................................................................................................  183

Rapport général demandé

Etude critique des équipements lourds destinés à l’analyse radio-
immunologique (IAEA-SM -220/203)...............................................................  185
J. Ingrand
Discussion................................................................................................................  210

The development of a fully automated radioimmunoassay instrument
based upon solid-phase, antibody-coated tubes (IAEA-SM-220/94)........  211
K. Painter, T.E. Stonecypher
Discussion................................................................................................................ 217



Multiple steroid radioimmunoassays and automation: versatile techniques
for reproductive endocrinology (IAEA-SM-220/88).....................................  221
R. Vihko, G.L. Hammond, A. Pakarinen, L. Viinikka
Discussion................................................................................................................  228

Mechanized Sephadex LH-20 multiple column chromatography as a 
prerequisite for automated multi-steroid radioimmunoassays
(IAEA-SM -220/10)...............................................................................................  229
W.G. Sippell, F. Bidlingmaier, D. Knorr
Discussion................................................................................................................  237

' 1.3. Alternatives to radioimmunoassay (Session III)

Invited review paper

The future development o f immunoassay (IAEA-SM -220/204)....................  241
R P . Ekins
Discussion.................................................................................................. :............. 269

Evaluation of a solid-phase RIA technique and a solid-phase ELISA 
technique for demonstrating hepatitis-B surface antigen
(IAEA-SM -220/27)................................................................................................ 277
R. Vranckx, J. Cole, M. Peetermans
Discussion................................................................................................................  287

Enzyme immunoassay for progesterone and estradiol: a study of factors
influencing sensitivity (IAEA-SM -220/29)...................................................... 289
B.G. Joyce, G.F. Read, D. Riad-Fahmy
Discussion................................................................................................................  294

Use of a cytochemical bioassay for determination of thyroid stimulating
hormone in clinical investigation (IAEA-SM -220/5).................................... 297
K.-D. Döhler, T. Hashimoto, A. von zur Mühlen
Discussion.................................... ............................................................................ 305

A direct radioreceptor assay for human growth hormone in serum using
cultured human lymphocytes (IAEA-SM-220/14) .......................................  309
B.M. Ranke, D. Gupta, J R . Bierich
Discussion................................................................................................................  317

Comparaison entre un dosage radioimmunologique et un dosage par
radiorécepteur de la thyréolibérine (TRH) (IAEA-SM-220/73)................. 319
D. Grouselle, A. Faivre-Bauman, A. Tixier-Vidal
Discussion................................................................................................................  328

Labelled antibody techniques in glycoprotein estimation
(IAEA-SM -220/89)...............................................................................................  329
D K. Hazra, R.P. Ekins, R. Edwards, E.S. Williams
Discussion................................................................................................................  345



The effects o f variations in the specificities o f the antibody components 
on a two-site immunoradiometric assay for ferritin
(IAEA-SM -220/28)...............................................................................................  347
S.I. Cowan, B.H. Stagg, E. Niemann
Discussion................................................................................................................  358

Assay of serum ferritin by two different immunoradiometric methods
and its clinical significance (IAEA-SM-220/62).............................................  361
J.P. Kaltwasser, E. Werner
Discussion................................................................................................................  368

1.4. Data analysis (Session IV)

Performance o f various mathematical methods for calculation of
radioimmunoassay results (IAEA-SM -220/9).................................................  373
P. Sandel, W. Vogt
Discussion................................................................................................................  379

RIA analysis by means of non-linearized response functions: 
application to an automated rat-growth-hormone assay
(IAEA-SM -220/3).................................................................................................. 383
P. Marbach, U. Götz, J.P. Veteau, H. Wagner
Discussion ...............................................................................................................  395

Non-linear least-squares curve-fitting of a simple theoretical model 
to' radioimmunoassay dose-response data using a mini-computer
(IAEA-SM-220/36) ..............................................................................................  399
T.A. Wilkins, D.C. Chadney, J. Bryant, S.H. Palmstr<j>m, R.L. Winder
Discussion................................................................................................................  420

A multi-binding site model-based curve-fitting program for the
computation of RIA data (IAEA-SM-220/60)................................................ 425
P.G. Malan, M.G. Cox, E.M.R. Long, R.P. Ekins
Discussion................................................................................................................  433

An ‘intelligent’ approach to radioimmunoassay sample counting 
employing a microprocessor-controlled sample counter
(IAEA-SM -220/61)...............................................................................................  437
R.P. Ekins, S. Sufi, P.G. Malan
Discussion................................................................................................................  453

Well scintillation counter with automatic sample changing and data 
processing: an inexpensive instrument incorporating consumer
products (IAEA-SM-220/121) ............................................................................ 457
R.A. Dudley, H.C. Figdor, E.A. Keroe, A.C. Morris, Jr., O.J. M utz 
Discussion................................................................................................................  467



Improved curve-fitting, parallelism testing, characterization of 
sensitivity and specificity, validation, and optimization for
radioligand assays (IAEA-SM-220/58) .............................................................  469
D. Rodbard, P.J. Munson. A. De Lean
Discussion................................................................................................................ 504

General discussion on data análysis........................................................................ 505

ANNEX

Characteristics o f commercially available well scintillation counting
systems and liquid scintillation counting system s......................................... 517
A.C. Morris, Jr., R.A. Dudley 

Chairmen o f Sessions and Secretariat o f the Sym posium ................................  539





Session I 

METHODOLOGY

Reagents



Chairman

K. OEFF 
Federal Republic o f Germany



IAE A-SM -220/201

Invited opening lecture

WE DON’T LOOK AT HORMONES 
THE WAY WE USED TO

W.D. ODELL
Harbor General Hospital Campus,
UCLA School o f Medicine,
Torrance, California,
United States of America

Abstract

WE DON’T LOOK AT HORMONES THE WAY WE USED TO.
Our concepts of hormone quantification or assessment have evolved through four 

different viewpoints during the past 25 years. Initially, we viewed hormones with monocular 
vision — via bioassay. As bioassay techniques became sophisticated, discrepancies in potencies 
arose; two or more different po.tencies existed for an unknown hormone or analyte and a 
reference preparation depending seemingly on different bioassays. No way to ascertain which 
was correct existed. Subsequently, binocular vision developed with the existence of immuno
assay techniques. Initially, efforts were directed to validate immunoassays and show they gave 
potencies similar to bioassays. Later, striking discrepancies developed and it was recognized 
that the two techniques need not agree. Immunoassays recognized structure, bioassays 
recognized a biological function. A third viewpoint developed with the advent of receptor 
assays. These assays depended on binding to cellular receptors, but did not involve parameters 
of in-vivo distribution, degradation, etc. Examples of three or more different potencies appeared 
for the same substance; one with bioassays, one with immunoassays, and one with receptor 
assays; all three different answers could be correct. Currently, a fourth viewpoint exists — 
structure-function analysis. Here the many molecular forms of single hormones may be defined 
and quantified and often discrepancies in answers in the four viewpoints of hormone quantifi
cation can be explained.

In the past 20 years the quantification of hormones has evolved 
through four entirely different viewpoints. In the beginning,hormones were 
viewed with monocular vision (Fig. 1). Only one way to quantify the relation
ship between the analyte (substance to be measured) and a reference preparation 
existed, the bioassay. Few researchers still perform bioassays and few are 
acquainted with the difficulty, expense and tedium of a rigorously performed 
bioassay. Fig. 2 depicts a typical bioassay for Ш  using the sexually 
immature hypophysectomized male rat [1,2]. In this assay LH is injected 
twice daily for four days, on the fifth day the prostate gland is dissected 
free and weighed. LH stimulates testicular production of testosterone, 
which in turn stimulates prostate weight development. A direct relationship 
exists between the amount of LH given and the prostate weight, in the dose

3
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FIG.l. Monocular viewpoint o f  the relation between the analyte (hormone to be quantified) 
and a reference preparation, using bioassays.
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FIG.2. An example o f  the prostate weight bioassay for luteinizing hormone. This bioassay 
is performed in sexually immature hypophysectomized male rats. Injections begin within 
24 hours o f  hypophysectomy and are given twice daily for 5 days. On the sixth day the 
animals are sacrificed [ 1 ]. A indicates one hormonal preparation and В another. I t  requires 
more o f  В to elicit the same prostate weight response as that obtained with a given dose o f  A. 
Each X represents the prostate weight o f  a single animal. Each solid line is a calculated 
regression line drawn through the mean dose (mean X) and the mean response (mean Y). 
Dashed lines indicate the regression lines using mean slopes from  both preparations. (From 
Odell and Moyer [2]J
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Dose o f estrad io l ( n g ) o r l O  9 g )

V

FIG.3. Example o f  the mouse uterine weight bioassay for estradiol. The response to the 
standard or known amounts o f  hormone is presented. This bioassay was performed using 
sexually immature female rats or mice. The substance to be measured was given subcutaneously 
for 2 - 3  days and on the third or fourth day, the animals were sacrificed, the uterus dissected 
free and weighed. (Modified from  Lauson et al., Endocrinol. 24 (1939) 35.)

response range of this bioassay. However, as for all assay systems, upper 
and lower plateaus exist. The lower plateau is composed of doses of LH 
which áre too small to stimulate prostate weight increment; the upper plateau 
is the maximal response— increasing doses on this plateau produce no larger 
prostate weight. Thus, only animals whose prostate weight falls in the dose 
response area may be used to calculate a potency of the hormone administered. 
Since hormones to be measured consist of unknown potency, a wide range of 
doses must be administered. Many, not uncommonly, fall on the lower or upper 
plateau and are thus not usable. Optimally three or more doses of a reference 
preparation were administered to groups of six or more animals to define the 
slope and bioassay characteristics of the reference preparation. The analyte 
or unknown preparation was, (minimally), given with one dose falling on the 
dose response curve and optimally, with two or more doses falling in the 
dose response area. Thus, typically about SO animals were required to deter
mine -the potency of a single unknown and reference preparation. Potency 
estimates of three to six analytes might*be estimated and such a bioassay 
required five days' work and cost approximately US$1 000. Fig. 3 depicts the 
bioassay of estrogens. This bioassay was performed using sexually immature 
female rats or mice. The analyte was injected subcutaneously once daily for 
two to three days; on the third or fourth day animals were sacrificed and
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crude bovine pituitary extract. Note the difference in the slopes o f  the two preparations. 
Both preparations were administered by the same route and in the same volume. (From Raud 
et al. \A \)

the uterus dissected free and weighed. Fig. 4 depicts a bioassay for pro
lactin, using the systemic pigeon crop-sac method. In this bioassay, prolactin 
is administered to adult pigeons [3,4] subcutaneously once or twice for three 
days. Following this the pigeon is sacrificed and the crop sac weighed. Four 
to six pigeons are required at each dose on the dose response curve, and 
results falling on the upper or lower plateaus must be discarded.

A large proportion of the knowledge concerning hormone physiology 
and pathophysiology was derived using such bioassays to estimate potency. 
However, to the discerning bioassayist, even viewing hormone quantification 
with monocular vision, discrepancies arose. For example, in Fig. 4,the dose 
response curve of prolactin using the systemic pigeon crop-sac bioassay is 
shown for highly purified prolactin from bovine or porcine sources and for 
the prolactin in crude pituitary extracts from bovine pituitaries. Although 
it had been believed that the systemic pigeon crop-sac bioassay was specific, 
the slopes of these two preparations are different, illustrating that this 
assay may not be used for potency estimates of these two preparations. Some 
material which has the ability to stimulate the pigeon crop sac exists in 
crude pituitary extracts, but is not present in the highly purified bovine 
prolactin. Another example of bioassay discrepancies is presented in Table 
I from data published by Dr. Reichert in 1967. Here are shown two different
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TABLE I. POTENCY OF NIH-LH-S1 (OVINE) IN TERMS 
OF IRP-hMG#2

Bioassay OAAD VPW

Potency (IU/mg) 1538 66

NIH-LH-Sl =  National Institute of Health LH Reference Preparation 
of ovine origin

IRP-hMG#2 =  Second International Reference Preparation of 
Human Menopausal Gonadotropin 

OAAD =  Ovarian Ascorbic Acid Depletion Bioassay, described 
by Parlow [6].

VPW =  Ventral Prostate Weight Bioassay, described by Greep [1]. 
(Data from Reichert [5])

TABLE II. TSH BIOASSAY2 
(USP Reference Preparation)

Bioassay Sample A Sample В B/A

1311 uptake -  trout 200 1870 9.4

1311 uptake — mouse 5.9 49 8.3

1311 release — mouse (1) 2.5 20.7 8.2

1311 release — mouse (2) 0.7 7.0 10.0

1311 release -  chick 7.4 107 14.5

In vitro — thyroid slice 2.5 25.2 10.2

Human TSH RIA - - 10.1

a From Bakke [61]

potency estimates for the NIH-LH-Sl reference preparation (of ovine origin) 
in terms of the international reference preparation of human menopausal 
gonadotropin. Using,the ovarian ascorbic acid depletion bioassay for LH [6], 
the potency was 1538 IU/mg. Using the ventral prostate weight bioassay [1], 
the potency was 66.6 IU/mg. In this instance, the same preparations were 
bioassayed, but the potency differed with different LH bioassays. Table II 
illustrates a similar phenomenon in which two preparations of thyroid 
stimulating hormone (TSH) were assayed using six different bioassays and a 
radioimmunoassay. The reference preparation for all of these TSH assays was 
the bovine TSH USP reference. Potency for human pituitary sample A ranged
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BIOASSAY

IMMUNOASSAY

FIG.5. Binocular viewpoint o f  the relation between analyte and a reference preparation using 
bioassays and radioimmunoassays.

RADIOIMMUNOASSAY h lH
X PLASMA

FIG. 6. Semilogarithmic plot o f  dose-response curves for highly purified hLH content o f  
plasma from  postmenopausal women. The two points at 20 ¡xl are duplicate determinations. 
(From Odell et al. [10]J
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K.R AGE 21 
35 DAY CYCLE

DAY OF MENSTRUAL CYCLE

FIG. 7. Daily measurements o f  five hormones throughout a menstrual cycle. This was feasible 
using 1 ml o f  serum each day. Abbreviations: progesterone = (P), 17-hydroxy progesterone =  
(1 7-O H P j, estradiol-17(3 =  ( E 2 ), luteinizing hormone — (LH), follicle stimulating hormone = 
(FSH). (From Abraham etal. [ l l ] . j

from 0.7 to 200 U/mg and for sample В from 7 to 1870 U/mg. The resolution of 
the different potencies illustrated in Tables I and II eventually was derived 
from the fact that one species of reference preparation was being used to 
quantify a second species of analyte. Using these in-vivo bioassays, relative 
potency varies greatly with species of hormone. Eventually, bioassayists 
became aware that one should use a reference preparation of the same species 
source and, optimally, of the same biological fluid or gland source, as the 
preparation of unknown potency.
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TABLE III. CORRELATION OF BIOASSAY AND IMMUNOASSAY POTENCY 
ESTIMATES FOR hTSH

Pituitary
preparation

Bioassay
(IU/mg)

Immunoassay
(IU/mg)

Bioassay
immunoassay

1 0.85 1.04 0.82

2 0.94 0.77 1.22

3 0.28 0.62 0.45

4 1.0 0.62 1.61

5 0.70 0.86 0.81

6 0.147 0.091 1.62

7
(Purified hTSH) 9.5 5.6 1.79

8
(Purified hLH) 0.23 0.314 0.74

9
(Purified hFSH) 0.12 0.34 0.35 

Mean 1.05

(From Raud and Odell [16] )

In 1959 to 1961 a second viewpoint of hormone quantification 
developed [7,8,9], the radioimmunoassay; for the first time binocular vision 
existed (Fig. 5). The advantages of the radioimmunoassay were quickly 
apparent. Sensitivity was 200 to 500 times greater than the in-vivo bioassay. 
Fig. 6 demonstrates an entire dose response curve for serum LH content in 
menopausal plasma and for a purified human LH reference preparation [10].
The entire dose response curve of serum could be accomplished with one milli
liter of plasma. Fig. 7 demonstrates the daily measurement of LH, FSH, 
estradiol, 17-hydroxyprogesterone, and progesterone in a single woman through
out the menstrual period [11]. It was possible to quantify all five hormones 
in a single milliliter of plasma obtained daily. The overlaps between radio
immunoassay and bioassay error and the skepticism with which some renowned 
bioassayists viewed immunoassays for quantifying hormones led to attempts to 
document that immunoassays gave the same answer as a bioassay. Tables III 
and IV illustrate the kinds of data obtained and the fact that for a large 
number of preparations immunoassay/bioassay ratios averaged about one. Never
theless, although discrepancies existed, for the most part they were ignored 
in these early days of validation of the radioimmunoassay system, and the 
advance in endocrine physiology was striking using these sensitive systems.
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TABLE IV. CORRELATION OF BIOASSAY AND IMMUNOASSAY POTENCY 
ESTIMATES FOR hFSH

Material Bio assay Immunoassay Immuno/bio

Postmenopausal urine 
Extract No. 1 (IU/vial) 84.0 88.20 1.05

Postmenopausal urine 
Extract No. 2 (IU/vial) 75.0 72.80 0.97

Postmenopausal urine 
Extract No. 3 (IU/vial) 82.0 64.80 0.79

Postmenopausal urine 
Extract No. 4 (IU/vial) 77.0 76.20 0.99

Postmenopausal urine 
Extract No. 5 (IU/vial) 72.8 58.20 0.80

Extract o f pooled 
urine (IU/mg) 0.42 0.53 1'.30

Pituitary powder 
(IU/mg) 2.11 3.17 ' 1.50

Partially purified 
pituitary hFSH (IU/mg) 124.10 187.40 1.50

Purified hFSH (IU/mg) 6046.00 7568.00 1.30

Purified hLH (IU/mg) 1.32 31.70 24.00

(From Odell et al. [62] )

For example, Fig. 8 demonstrates the measurement of LH and FSH at 6-10 min 
intervals, illustrating the cyclic or pulsatile fluctuations in these hormones 
in blood of normal women [12]. Such data are impossible to obtain using 
bioassays■ In addition, certain fundamental beliefs in endocrinology were 
disproven, and we became aware that we were more ignorant of some aspects of 
endocrine physiology than we had realized. For example, prior to about 1970, 
it was believed that the cause of sexual maturation or puberty was the 
initiation of pituitary gonadotropin secretion with resultant gonadal 
stimulation. However, Fig. 9 demonstrates that LH and FSH concentrations fall 
during sexual maturation in the female rat, a fact clearly incompatible with 
this hypothesis [13]. As noted above, even early in the radioimmunokssay 
game,striking discrepancies of radioimmunoassay and bioassay potencies were 
observed. Fig. 10 illustrates the loss of potency of human chorionic gonado
tropin exposed to ionizing monoenergetic 1-MeV electrons [14]. Measured by 
bioassay, potency fell more rapidly than when measured by immunoassay. These 
data could be used, employing a target theory developed by Lea [15], to
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(From Yen etal. [12].)
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Radiation dose (rads x 10“)

FIG. 10. Radiation inactivation o f  biological and immunological activities o f  human chorionic 
gonadotropin. Biological potencies were estimated using the ventral prostate bioassay o f  
Greep et al. (1941). Immunoassay potency was estimated using both hemagglutination and 
radioimmunoassays. (From Paul and Odell [14]J

estimate the size of the molecule required for each of these activities. In 
this study, as well as in a wide range of others performed in our laboratory, 
in-vivo bioassays generally resulted in molecular volumes equivalent to the 
peptide portion of the hormone, i.e. approximately 30 000 for hCG. Using 
the radioimmunoassay, molecular volume averaged about 11 000, considerably 
smaller. These data are shown in Table V.

In addition, as with the bioassay closely viewed, specific 
radioimmunoassays might give different values depending on the antibody used. 
Fig. 11 illustrates another phenomenon, the reaction in the radioimmunoassay 
of a substance structurally related to the hormone the assay is designed for 
but which possesses no intrinsic biological action of that hormone [16]. In 
this example,human chorionic gonadotropin cross-reacts in the radioimmunoassay 
for human TSH. This same assay strikingly demonstrates the failure of bio
logically active substances to be quantified in the assay. For example, the 
thyroid stimulating immunoglobulins of Graves' disease and the placental 
thyrotropin described by Hennen and Pierce do not react in the radioimmunoassay
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TABLE V. RADIATION INACTIVATION OF IMMUNOLOGICAL AND 
BIOLOGICAL ACTIVITIES OF hCG

Assay D37 X 10"6 rad 
(95% limits)

Target volume, nyj3 
(95% limits)

Mol. wt. XI O '3 
(95% limits)

Biological

Prostate
weight

25.67
(23.10 -  28.91)

32.46
(28.57 -  36.36)

26.9
(23.7 -  30.1)

Testes
weight

25.63
(23.12 -  28.76)

32.54
(28.74 -  36.35)

27.0
(23.8 -  30.1)

Immunological

Hemagglutination
inhibition 63.01

(58.90 -  67.73)
12.90
(11.95 -  13.87)

10.7
(9.9 -  11.5)

Radioimmunoassay

58.31
(50.63 -  68.74)

14.01
(11.76 -  16.28)

11.6
(9.8 -  13.5)

(From Paul and Odell [14] )

.001IU

F JG .ll. Dose-response curves fo r highly purified human thyrotropin (hTSH) and impure 
human chorionic gonadotropin (hCG) in the unabsorbed radioimmunoassay system for human 
TSH. (From Raud and Odell [16].)
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FIG. 12. The radioimmunoassay for human TSH. Bovine and ovine TSH, though biologically 
active, fail to show any reaction in this radioimmunoassay. (From Odell et al. [17].,/

for human TSH. Fig. 12 illustrates the remarkable species specificity of 
some radioimmunoassays. Here the human TSH radioimmunoassay fails to react 
to biologically potent bovine or ovine TSH [17]. The unusual species 
specificity, however, may be used in novel approaches to physiological 
problems not easily definable when using the previous bioassays. Fig. 13 
shows the direct demonstration of short loop feedback control of LH using 
castrated rabbits. The radioimmunoassay for rabbit LH does not react with 
human LH [18]; conversely, the radioimmunoassay for human LH does not react 
with rabbit LH. Thus,human LH injected as an intravenous bolus could be 
demonstrated to cause prompt suppression of endogenous rabbit LH.

This binocular vision of the quantification of hormones progressed 
to trinocular vision with the advent of radioreceptor assays. Fig. 14 depicts 
this viewpoint. Generally it has been believed that receptors may be clas
sified as follows: Peptide hormone receptors occur on the outer membrane of
cells. Steroid receptors lie within the cytosol and are transported to the 
nucleus of responding cells. Thyronine receptors exist only within the nucleus. 
This classical viewpoint may need to be drastically altered since recently 
membranal receptors have been described for estradiol [19], and peptide 
receptors have been shown in some instances to become internalized or phago- 
cytosed as part of the control mechanisms for hormone stimulation [20]. Fig.
15 shows the dose response curve for ACTH using the radioreceptor assay 
developed in our laboratory [21] . Here ACTH receptors from the adrenal cortex
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FIG. 13. Rabbit LH  response to bolus injection o f  10 ng o f  human LH  at time 0. The hatched 
area depicts 95% confidence limits for control values obtained at - 2 0  and 0 min. Note that 
at 30, 60, 120 and 180 min after human LH, endogenous rabbit LH  fell below these 95% 
limits. The dashed line shows rabbit LH  responses to saline injections as control studies. (The 
bars enclose the SEM.) (From Molitch et al. [18]J
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FIG.14. Trinocular viewpoint o f  the relation between analyte and reference preparation.
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PORCINE ACTH (pg)

FIG.15. Radioreceptor assay for ACTH. Rabbit adrenal cortex was used as starting source 
to purify receptor. (Bars enclose the SEM.J Adrenal cortex from any mammalian species may 
serve as source o f  receptor. (From Wolfsen et al. [21 ].)

of any species are used with specially prepared radioiodinated ACTH in an 
assay sensitive to one picogram or less. Once again this third type of assay 
system has led to awareness of striking discrepancies in hormone potency.
Fig. 16 depicts the measurement of ACTH using the radioreceptor assay and the 
radioimmunoassay on the same preparations, measuring ACTH in the plasma of 
patients with various carcinomas not associated with any recognizable endocrine 
syndrome. Note that by immunoassay the ACTH is elevated in most samples 
(normal <100 pg/ml), whereas, using receptor assay, the ACTH is normal in 
all subjects [22]. Thus, in these plasma samples from patients with various 
carcinomas an immunologically potent receptor-impotent hormone is present. We 
will refer to these data later. Figsl7A&B illustrate the performance of the 
prostate weight bioassay for LH in sexually immature male rats performed either 
a) immediately or b) five days after hypophysectomy, and in sexually mature rats 
five days after hypophysectomy [23]. Note that five days following hypophy
sectomy, doses up to 2 000 yg per 100 g body weight of highly purified LH 
administered to the sexually immature animal failed to increase prostate weight. 
The mature animal five days following hypophysectomy responded to doses as 
small as 0.8 yg per 100 g body weight. Fig. 18 demonstrates the changing 
potency of LH in the intact sexually maturing male rat between 10 and 62 days 
of age [24]. In these studies, two identical doses of LH corrected for 
body weight were administered at 10, 21, 41 and 62 days of age. Note that 
serum testosterone measured one hour after the single LH injection (the time 
when response was maximal) doubled at 10 days of age, increased about 600% 
at 21 days of age, and increased to approximately 800% for the 10-yg dose 
and to 1700% for the 30-ug dose at 42 days of age, i.e. the same dose of LH
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'ACTH is elevated, y e t  radioreceptor assayable ACTH is normal The material being quantified 
by RIA is Pro or “Big" ACTH, which has little reaction in the radioreceptor assay. (From 
Odell et al. [22].)
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N IH -LH -B 7-pg /day/l00g  Body Weight

FJG.l 7A. Response o f  the acutely hypophysectomized (1-day) immature male rat to 
NIH-LH-B7 administered for 4 days at the doses indicated. A  significant increment in pro
state weight over saline-injected controls was produced by 6 ßg per day per 100g. (From 
Odell et al. [23].)

0.04 0.080.2 0.4 0.8 2.5 4 8 20 40  80 200 400
d o s e  N J H -L H -B 7  jjg/day/IOOg Body Weight

FIG.17B. Response o f  the 5-day hypophysectomized sexually immature and mature male 
rat to bovine luteinizing hormone (NIH-LH-B7) administered over 5-days . The sexually 
mature animal responded to doses as low as 0.66 fig; the immature animal had no response 
up to 400 ßg. Shaded areas enclose the 95% confidence limits o f  saline-injected controls. 
(From Odell et al. [23].)
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with increasing age in response to a constant dose o f  LH. LH  was given as a single dose intra- 
peritoneally, serum testosterone was measured 1 h later, the time when response was maximal. 
(From Odell et al. [24]. j

produced a progressively larger biological response at progressively greater 
ages. The reason for a) the failure of the sexually immature male rat to 
respond to LH at all five days after hypophysectomy and b) for the changing 
response with age in the intact animal, is that receptor populations for LH 
are changing with sexual maturation. Receptor populations are shown in Fig. 19 
[25]. Table VI demonstrates the testosterone concentration in pg/ml in 
response to the same single injection of LH given five days after hypophysectomy 
or to that same dose öf LH when preceded by FSH treatment for the five previous 
days. These data indicate that FSH acts by inducing new LH receptor formation 
[25] and illustrate our changing concepts of the phenomenon of sexual maturation 
as we view hormone potency with a radioreceptor assay or with radioreceptor 
kinetics. Fig. 20 illustrates sexual maturation in two bulls from the data
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expressed either per testis (left) or per testis weight (right), increase progressively with sexual 
maturation. (From Odell and Swerdloff [25].)

TABLE VI. IMMATURE RAT: RESPONSE TO LH

Control — 156 ± 5a

LH -  309 ± 6

FSH -  136 ± 1 0

FSH-LH -  2767 ± 196

a Serum testosterone measured in 25-day-old male rats after 
hypophysectomy. Controls =  saline injection once daily for 
4 days, FSH =  follicle stimulating hormone (50 /ig/100 g BW) 
administered twice daily subcutaneously for 4 days, LH = 
single injection of LH (30 jug/100 g BW) administered one 
hour before serum sample.
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FIG. 20. Serum LH, FSH, and testosterone in two bulls between birth and 12 weeks o f  age. 
Note that LH  and FSH remained essentially constant throughout sexual maturation [26].

of Karg and coworkers [26], showing that LH and FSH in this species are con
stant throughout sexual maturation as testosterone concentrations climb in 
blood. We [25] believe that sexual maturation in many species of mammals 
(cattle, pigs, rats, hamsters, mice, sheep) is explained by the changing 
receptor populations to LH.

Knowledge of receptor kinetics and use of radioreceptor assays has 
also permitted the purification of new hormones. The presence of antibodies 
to insulin was long believed to be the cause of insulin resistance in patients 
requiring many hundreds to thousands of units of insulin per day. However, 
careful evaluation of groups of these patients revealed that only about half 
had demonstrably high-titer insulin antibodies. Soli and coworkers [27] have 
demonstrated that decreased numbers of insulin receptors may explain the 
resistance in some of the patients lacking high titers of anti-insulin anti
bodies. A third cause of insulin resistance is the presence of circulating 
antibodies directed against the insulin receptors [28]. Thus, knowledge of 
receptor kinetics leads to the understanding of an additional disease entity.
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FIG.21 A. Reaction o f  somatomedin and insulin in the radioreceptor assay for insulin using
placental membrane receptors. • ----- •  =  insulin, о -------о =  somatomedin. (From Van Wyk
etal. [29].)

FIG.21B. Competition for insulin-binding sites in isolated fa t cells (A) and liver membranes (B). 
In the experiment depicted in panel A, 5 X 10s adipocytes per milliliter and 10 ßU/ml o f  
insulin-'25!  (specific activity, 120 ßCi/ßg) were added to tubes containing unlabeled insulin 
(* —  • ¡o r  somatomedin (°  — aj in Krebs-Ringer bicarbonate buffer. In panel B, 100 fig o f  
liver cell-membrane protein was utilized (A). 1 unit o f  somatomedin =  50 ßU  o f  insulin;
(В) 1 unit o f  somatomedin = 200 ßU  o f  insulin. (From Van Wyk et al. [29].)
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FIG.22. Schematic presentation o f  the control system for growth hormone and somatomedin 
secretion.

Other diseases probably caused by development of antibodies to receptors 
include myasthenia gravis and Grave's disease. In addition, the radio
receptor assay for insulin reacts not only to insulin but to non-insulin 
substances possessing similar or identical biological activity. This non- 
suppressible insulin-like activity (NSILA), probably one of the somatomedins, 
has been purified in part using the radioreceptor assay for insulin [29]. The 
reaction of NSILA and insulin in the radioreceptor assay for insulin is demon
strated in Figs21A&B. It was long believed that the reason children grew and 
adults did not was that they secreted growth hormone and that adults secreted 
less or none. However, with the advent of radioimmunoassay for growth hormone 
it was found that growth hormone was easily detected in the blood of adults and 
that concentrations overlapped with those of growing children. Furthermore, 
when 24-hour integrated secretion of growth hormone was quantified there was 
fairly little correlation with growth [30]. We had proceeded from the belief 
that we understood growth, to the knowledge that we were ignorant of its 
cause, with the advent of the radioimmunoassay. Now,with the advent of the 
radioreceptor assay, the purification of somatomedin, and the development of 
radioreceptor assay systems for somatomedin, good correlation has been demon
strated for growth and somatomedin concentrations in blood. Somatomedins are 
a family of peptides produced by the liver and their production is believed 
to be controlled by growth hormone [29] (Fig. 22).

Lastly, understanding receptor action has permitted the understanding 
of a disease process. Brown and Goldstein [20] have hypothesized that the cause 
of familial hypercholesterolemia in the homozygous state is the absence of 
receptors to low-density lipoproteins (LDL), the carriers of cholesterol and
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FIG.23. Sequential steps in pathway o f  LDL metabolism in cultured human fibroblasts. 
Abbreviations: LDL =  low-density lipoprotein, HMG CoA =  3-hydroxy-3-methylglutaryl 
coenzyme A reductase. Free cholesterol released in the cell reduces cholesterol synthesis, 
increases cholesterol esterfication and decreases LDL receptor formation. (From Brown and 
Goldstein [20].У

triglyceride. In this hypothesis the LDL is bound to receptors of cells 
within the body and the receptor-LDL complex is phagocytosed, becoming a new 
intracellular organelle. This organelle fuses with the lysosome to form the 
pinolysosome, and enzymes within a lysosome release free cholesterol which 
feeds back to inhibit cholesterol biosynthesis, increase cholesterol esterifi- 
cation, and to decrease LDL receptor synthesis. This schema is depicted in 
Fig. 23.

Currently, a fourth viewpoint of the relationship between analyte and 
reference preparation has developed. We call this the morphology structure 
viewpoint and this results in "quadrocular vision" (Fig. 24). This approach 
may be demonstrated by studies on ß-melanocyte stimulating hormone, the hormone 
previously believed to cause pigmentation in various disease states such as 
Addison's disease, Cushing's disease, and Nelson's syndrome in the human.
Using sensitive radioimmunoassays for ß-melanocyte stimulating hormone, 
immunoreactive substances may be demonstrated to be increased in patients 
with these disease disorders (Fig. 25). However, if one subjects the plasma 
or blood to Sephadex chromatography, as is shown in Figs 26ABCD, no substance 
with the molecular weight characteristics of synthetic ß-melanocyte stimulating 
hormone are present in blood. Instead, immunoreactivity appears in a volume 
corresponding to a much larger molecule. These studies performed in our
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FIG.24. Quadrocular viewpoint o f  relationship between analyte and reference preparation.

laboratory view ß-melanocyte stimulating hormone from the viewpoint of struc
ture morphology and confirm the published findings of Scott, Bloomfield, and 
Lowry and coworkers [32,33,34], i.e. that ß-MSH is an artifact of protein 
purification. The extraction procedures used to purify ß-MSH cleaved it from 
a larger molecule, ß-lipotropin, a molecule which possesses as part of its 
structure the entire sequence of ß-MSH.

From an entirely separate viewpoint (the recognition of receptors 
for opiates in the mammalian brain), the development of the endorphin story 
proceeded. Investigators inquired as to why receptors for opiates (which
are not normally found in mammals) should be located in the mammalian brain.
It was reasoned that an endogenously produced substance must bind to these 
receptors. Purification using receptor assays resulted in finding of several 
peptides, a 4-amino acid peptide, a 5-amino acid peptide, and a 20-amino acid 
peptide, which bound to these receptors. These peptides were also found to 
be part of the structure of ß-lipotropin, a 91-amino acid peptide whose amino 
acid sequence was described by Li et al. [35] and Lazarus et al. [36] (Fig.27).

In a second structure morphology area we might place pro-insulin 
and other pro-hormones. Prior to the description of pro-insulin by Steiner 
and Oyer [37] it was not known how the two peptide chains covalently bonded 
with disulfide groups were synthesized and always assembled appropriately. 
Alternatives included the separate synthesis of each chain and the assembly
on sophisticated cellular machinery, or the synthesis of a larger single
chain precursor molecule which was enzymatically cleaved to produce pro-insulin. 
Using radioactive amino acids incubated in-vitro with slices of an insulinoma, 
Steiner and Oyer [37] demonstrated the precursor pro-insulin molecule.
This pro-insulin is enzymatically cleaved into the bioactive insulin with 
release of the connecting peptide, as well as insulin, into the bloodstream. 
Pro-insuli.n has little or no intrinsic bioactivity in itself [38,39] (Fig.28). 
The existence of a pro-hormone for a two-chained peptide hormone such as 
insulin was understandable, but subsequently pro-hormone forms for a variety 
of linear peptides have been described [40-46]. The reason for the existence 
of pro-hormones for these peptides remains obscure. We [47] have postulated, 
however, that all peptide hormones evolve during synthesis, secretion and 
degradation through a peptide cascade. Fig. 29 depicts schematically this
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FIG.25. Assay specificity. The standard curve for human ßMSH 1-22 is useful between 3 and 
40 pg/tube. Other related ACTH peptides cross-react less than 0.1%. ßLPH cross-reacts 30% 
on a molar basis. Note the unexpected cross-reaction o f  purified human growth hormone. 
(From Bachelot et al. [31].)

cascade. The hormone begins life as a Pre Pro hormone possessing the 
methionines necessary for initiation of protein synthesis, plus a variable 
additional length of amino acids of unknown significance. The additional 
length may be important in intracellular channeling to storage sites. The 
Pre Pro hormone is degraded to the Pro hormone form which (except for progas
trin) has little or no biological activity. During the process of secretion 
the Pro hormone is enzymatically cleaved to the biologically active hormone 
which circulates in blood. The biologically active hormone is degraded to 
fragments; commonly the carboxyl fragment has little or no biological potency 
while the amino fragment has bioactivity. The organism thus may "see" the 
integrated sum of biological potency from the hormone and the amino fragment 
of the hormone. It is pro-ACTH that was being quantified in the plasma samples 
from patients with carcinomas illustrated in Fig. 16. Fig. 30 demonstrates the 
pro-ACTH present in extracts from several kinds of carcinomas and from normal 
tissues. Pro-ACTH was undetectable in most of the normal tissues, but was 
present in almost all of the cancer tissues in large amounts. From these and 
a large number of other studies, we have postulated that ectopic peptide, 
elaboration is a universal concomitant of the process of nèoplasia [47]. As 
an example of the use of these four assay systems, we have performed a pro
spective study quantifying pro-ACTH, ß-lipotropin, the free alpha chain of 
glycopeptides, and octapeptides resembling arginine vasopressin or arginine
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FIG.27. Amino acid sequence human beta lipotropin, a 91-amino acid peptide. The amino 
acid sequence ß-melanocyte stimulating hormone is amino acid sequence 37 to 58; the a- 
endorphin sequence is amino acids 61 to 76 and met-enkephalin 61 to 65. (Constructed from  
data o f  L i and Chung [35]J

FIG.28. Structure o f  human pro-insulin. This pro-hormone consists o f  84 amino acids and 
possesses little biological activity. Enzymatic removal o f  the connecting peptide (a31-63) 
results in the formation o f  the dipeptide insulin, which has fu ll biological activity. Both pro
insulin and insulin have fu ll immunological potency in most insulin radioimmunoassays. 
(From Chance [39].J
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PRE-PRO-HORMONE - "PRO-HORMONE -HORMONE
►CARBOXYL FRAGMENT (S)

►AMINO FRAGMENT (S)

FIG.29. The peptide cascade, a postulated scheme for synthesis, intracellular metabolism, 
secretion and peripheral degradation o f  peptide hormones. (From Odell et al. [47] J

ACTH IR  IN TISSUE

O LUNG 

□  COLON 

A  BREAST

•  MISCELLANEOUS OR 
METASTASES

FIG.30. Immunoreactive ACTH (ACTH-IRj present in acetic acid extracts o f  various carcinomas 
and normal tissues. Note that ACTH content is presented on a log scale. Symbols with arrows 
mean undetectable. (From Odell et al. [47]J
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Mesenchymalb 64

Hepatic 21

Adrenal carcinomas 6

Miscellaneous“1 9

a Ectopic hormone syndromes only. This excludes 
insulinomas, nosidioblastosis, etc. 
b Mesothelioma, fibrosarcoma, neurofibroma, 
neurofibrosarcoma, reticulosarcoma, lymphosarcoma, etc. 
c Anaplastic carcinoma, adenocarcinomas of stomach 
and colon, pseudomyxoma, hypernephroma, lymphoma, 
hemangiopericytoma.

vasotocin in the blood of patients presenting to Harbor General Hospital-with 
an abnormal chest X-ray. After blood measurement they were subjected to the 
usual diagnostic procedures and histological diagnosis was then correlated 
with prediction of the presence or absence of a cancer. Table VII illustrates 
the data; 83% of the patients had elevations in one or more of these peptides 
and were correctly predicted to have a neoplasm; in none of the patients having 
benign diseases was plasma concentration increased [47].

The glycopeptide hormones consist of two peptide chains, an alpha 
and a beta, not covalently bound. The alpha chain of TSH, LH and FSH is 
identical. The alpha of hCG possesses one two-amino acid inversion and one 
three-amino acid inversion and is immunologically indistinguishable from the 
alpha chain of the other hormones [48-54]. Radioimmunoassays for alpha chain 
have been developed and we have demonstrated that free alpha chain is secreted 
by the normal pituitary in response to GnRH1 or TRH2 injections [48,49].
This alpha chain is elaborated along with the intact TSH or LH. The reason 
for excess secretion of free alpha chain remains unknown. But as shown in the 
prospective study on lung cancer described previously, alpha chain concentrations 
appear to be a useful tumor marker. In addition, using radioreceptor assays 
for gonadotropin and the beta chain radioimmunoassay for hCG, we have been 
able to demonstrate the presence of hCG in all normal tissues of the human 
body (Figs 31A&B) [55] . Why is hCG not demonstrable in blood of normal human 
subjects? The answer lies in structure morphology studies. Fig. 31C demon
strates concanavalin column studies of the hCG of normal tissues. Concanavalin 
binds glycopeptides. The hCG present in normal tissues elutes in the void 
volume of concanavilin, illustrating that it possesses little or no carbohydrate.

1 G n R H  =  G o n a d o tro p in  releasing  h o rm o n e , a ten -a m in o  acid p e p tid e  secre ted  by  h y p o th a la m ic  n e u ro se c re to ry
n e u ro n s  to  c o n tro l  p i tu i ta ry  se c re tio n  o f  LH  and  FSH .

2 T R H  =  T h y ro tro p in  releasing  h o rm o n e , a th ree -am in o  ac id  p e p tid e  secre ted  to  c o n tro l  p i tu i ta ry  TSH
secre tio n .
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FIG.31A. Homologous hCG radioimmunoassay. Dose-response lines for the hCG reference 
preparation, liver and colon extracts. Results are shown as log dose ofhC G  standard or volume 
o f  liver or colon extracts added per tube versus the logit transformation o f  the response.
Bo =  maximum  125/  counts bound with labeled hCG-ß. В =  counts bound in the presence o f  
labeled and unlabeled ligand. T =  total counts in assay tube. Purified human pituitary 
luteinizing hormone (LER 960) cross-reacted to 10% at the point o f  80% o f  B/Bo, but did not 
show parallelism with hCG reference standard. (From Yoshimoto et al. [55].,)

Over 90% of the hCG present in placental extracts elutes after addition of 
alpha methyl glucopyranoside, a substance which competes for carbohydrate and 
causes displacement. Thus the hCG of normal tissue is the peptide sequence 
of hCG without carbohydrate. Van Hall et al. [56] and Tsuruhara et al. [57] 
have shown that desialylated hCG possesses little or no bioactivity in vivo 
because it is cleared from the circulation so rapidly. Blood of normal patients 
thus does not contain detectable hCG, even though all cells make this peptide, 
either because the peptide is not elaborated or, if it is elaborated, it is 
destroyed so rapidly blood concentrations remain below detectability by assay 
systems. It appears, however, from these studies of structure morphology that 
the placenta has in fact not developed the ability to synthesize hCG, for all 
cells have that property, but has developed the ability to glycosolate hCG, 
turning it from a cellular peptide into a hormone.
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RECEPTOR ASSAY

FIG.31B. Radioreceptor assay ofhCG . Dose-response lines for the hCG reference preparation, 
liver and colon extracts. Results are shown as log dose ofhC G  standard or volume o f  liver 
or colon extracts added per tube versus the logit transformation o f  the response. B0 =  maximum  
counts bound with labeled hCG. В =  counts bound in the presence o f  labeled and unlabeled 
ligand. (From Yoshimoto et al. [55]J

Lastly, Fig. 32 depicts the linear amino acid sequence, a schematic 
picture of the ten-amino acid peptide, gonadotropin releasing hormone, and a 
postulated scheme for its receptor fit. Gonadotropin releasing hormone 
possesses two basic amino acids, a histadine in the two-position and an 
arginine in the eight-position. These basic amino acids and the No. 4, serine, 
appear to be important in receptor fit. It is known that structural alterations 
in the amino acids 1 to 3, in 4, and in 8 to 10 alter affinity for the receptor, 
whereas alterations in amino acids 5, 6 and 7 do not affect affinity. We have 
developed a radioreceptor assay for gonadotropin releasing hormone and utilized 
this assay as an assessment tool for modification of structure of gonadotropin 
releasing hormone [58,59]. Specific amino acid alterations are designed, the 
peptides are synthesized, and we assess receptor potency [60]. One can thus 
predict and specifically design hormones using the receptor morphology approach.

LOGIT
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FIG.31C. A ffin ity  chromatography on concanavalin A-Sepharose o f  colon extract (A), liver 
extract (B), and rerun o f  combined fractions (3 + 4) o f  liver extract shown at the middle (C).
The void volume o f  this column by blue dextran was 0.75 ml. Four to 14% o f  hCG activities 
o f  both colon and liver extracts, measured by R IA  and R RA , were eluted with methyl-a-D-
glucopyranoside (MaGP). о ----- o RIA, о ----- о RRA. In Fig.B the shaded area indicates the
elution profile o f  extracts o f  normal placenta. hCG activity applied to the column was 220 ng by 
RIA. A small fraction eluted before MaGP; the majority (>90%) eluted after 0.2M MaGP was 
added. (From Yoshimoto et al. [55]J
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I 2 3 4 5  6 7 8 9  10

A SCHEMATIC MODEL OF RECEPTOR SITE

FIG.32. Amino acid sequence o f  gonadotropin releasing hormone (GnRH). Top, the 10-amino 
acid peptide secreted by the hypothalamus to control pituitary LH  and FSH secretion; 
bottom , postulated receptor scheme. Important binding-recognition sites are (A) the 1 -2  amino 
acids, which includes the basic amino acids #2, histidine, (B) the #4 series, and (C) the 
8—10 amino acids containing the #9 proline. Modifications in structure in the underlined area 
decrease or destroy potency; modifications in the non-lined area do not appear to affect 
receptor binding. Radioiodination occurs at the #5 tyrosine. This explains why purified 
radioiodinated GnRH possesses fu ll biological potency. (From Heber and Odell, in preparation
[60]J

In summary, we have evolved during the last 20 years through four 
entirely different viewpoints of hormone quantification: (1) the bioassay,
(2) the radioimmunoassay, (3) the radioreceptor assay and (4) the structure 
morphology viewpoint of hormone quantification. While initially there were 
attempts to demonstrate that these assay systems, one by one, gave similar 
answers, progressive use led to the knowledge that they gave different 
answers, and the discrepancies in answers proved to be excitingly different 
viewpoints of hormone function and structure and have permitted the develop
ment of understanding of disease states not previously possible.
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DISCUSSION

R.M. LEQUIN: I should like to make a few comments on your fine exposé 
of developments over the past 20 years.

First, differences in potencies or slopes in the in-vivo bioassay for hormone 
preparations or extracts may be due, to a large extent, to the individual meta
bolic clearances (T p  within the animal species used.

Second, the non-existence of human ß-MSH and the proof o f its existence 
as an artefact produced by chemists clearly indicate that in the laboratory the 
chemical purification procedures for protein hormones are based on a selection, 
the selection being made on the basis o f in-vivo biological activity. Therefore, 
what we call a hormone is only a selection and we ignore the so-called side fractions 
which may have the most interesting properties.

Third, would you agree that one cannot speak o f the hormone but rather 
of molecular forms o f a hormone?

It may well be that in physiological and pathological states, certain molecular 
forms typical o f the endocrine status of the human or animal are secreted. In
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this connection I recall, in particular, the work by Peckham in Pittsburgh, who 
demonstrated molecular forms of Rhesus monkey FSH which differed from one 
another, depending ön the gonadal status.

W.D. ODELL: Differences in the clearance of reference and analyte and 
relative differences in reference-analyte potency between species o f bioassay . 
animals probably explain the great differences in potency I discussed. We now 
believe, of course, that reference and analyte must be derived from the same 
species, and optimally from the same biological fluid.

I agree, to a limited extent, with your second comment. The substance 
selected for purification depends on the type o f assay selected (radioimmunoassay, 
radioreceptor assay, bioassay, etc.) and on the method o f extraction and purifi
cation. As for ß-MSH, a harsh extraction technique may split a peptide from a 
larger protein.

I quite agree with your last comment.
E. KUSS: What difference does it make whether a peptide is glycosylated 

or not? I think a hypothesis has been made to the effect that glycosylation is 
needed for the release of proteins.

W.D. ODELL: Recently, the mechanisms of glycoprotein biosynthesis have 
been clarified (for a recent review see Waechter, C.J., Lennarz, W.J., Ann. Rev. 
Biochem. 45 (1976) 95). It is postulated that glycosylation proceeds via glycosyl 
transferase enzymes localized in the Golgi apparatus (Schächter, H., et al.,
J. Biol. Chem. 245 (1970) 1090). However, glycosylation is not a prerequisite 
for secretion (Eagon, P.K., Heath, E.C., J. Biol. Chem. 252 (1977) and Blobel, G., 
Dobberstein, В., J. Cell Biol. 67(1975)). In fact, ovalbumin may be glycosylated 
in vitro by incubation with hen oviduct fragments (Kiely, M.C., et al., J. Biol.
Chem. 251 (1976) 5490).

K. von WERDER: Your data on ACTH levels in lung cancer patients are 
very interesting. Were all these patients suffering from oat cell carcinoma or did 
they constitute a mixed population with different tumour histology?

I remember Dr. Yalow presented a paper about ACTH as a possible tumour 
marker in lung cancer at the Fifth International Congress of Endocrinology held 
in Hamburg in 1976. As far as I remember, her data were different, i.e. she found 
a lower incidence of elevated ACTH levels in these patients. May I therefore ask 
what kind of ACTH assays were used, and how you identified ACTH immuno- 
reactivity as pro-ACTH, since a С terminal ACTH radioimmunoassay would give 
the same discrepant results when you compare radioimmunoassay and radioreceptor 
assay?

W.D. ODELL: Our data do in fact differ considerably from those of Yalow 
et al. Dr. Wolfsen and I have used a double assay system for samples carefully 
collected from patients with all histological types of lung cancer. Any patient with 
clinically recognizable ectopic ACTH syndrome was excluded. All plasmas were 
collected at the bedside in ice, centrifuged immediately in a refrigerated centrifuge
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and frozen at -70°C . ACTH was measured by radioreceptor assay (Ref. [21 ] of 
the paper), which does not measure pro-ACTH, and a radioimmunoassay which 
reacts predominantly against the amino end of ACTH and measures pro-ACTH, 
ACTH and amino-ACTH. Some 72% of all patients without “ectopic ACTH” 
syndrome and with lung cancer of any histological type have elevated pro-ACTH 
and normal ACTH (Wolfsen, A.R. and Odell, W.D., in press).

R.P. EKINS: I also should like to congratulate you on your very neat 
exposition of the usefulness of the variety of tools we now have available for the 
examination o f structure/function relationships displayed by biological substances. 
There is only one point which worries me in your presentation, viz. your use of 
the word ‘measure’, which implicitly covers two concepts. We all use the word 
‘measure’ in relation to the measurement of hormonal effects, and to the measure
ment of the concentrations of molecules of a unique defined structure. Early 
bioassayists sub-divided assays into comparative and analytical assays. The latter 
related to the second of these two concepts of measurement. What we are now 
recognizing is that most of the techniques which we currently hava available, 
whether they are ‘bioassays’, ‘immunoassays’, ‘receptor assays’ or whatever, 
constitute ‘analytically invalid’ assays in the sense conceived by the early bio
assayists. This implies that the results yielded by these techniques have no uni
versal significance, and do not constitute measurements of ‘amounts’ of hormone 
in the usual sense. It is hardly surprising that the results o f individual bioassays, 
immunoassays and receptor assays should all differ amongst themselves and from 
each other. I make these observations largely because the terminology we use, 
including that which we employ to represent the results of our measurements, 
does not embody these concepts and great confusion arises.

W.D. ODELL: I entirely agree with you.
M. TORTEN: I must utter a word of caution concerning the interpretation 

of radioreceptor assays. Binding sites of antibodies which could be regarded as 
highly specific receptors could also give puzzling results when prepared against 
known and highly defined molecules. As an example, I refer to the work carried 
out in Dr. Benjamines laboratory at Davis, California, where antibodies to 
morphine cross-reacted with an identified short peptide prepared from TMV.
The reason for the binding o f this peptide and interference with the binding of 
morphine has yet to be explained.
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Abstract

AN HOMOLOGOUS HUMAN PROLACTIN (hPRL) RADIOIMMUNOASSAY WITH AN 
ANTIBODY AGAINST “ LITTLE” liPRL.

Since it is tedious to  prepare prolactin (PRL) from human pituitaries that is sufficiently 
pure for immunization, the authors have used the serum of a male patient with complete 
panhypopituitarism, a PRL-producing pituitary tum our and excessively high hPRL-levels 
(1 8 -2 0  ßg per ml) as a source of the antigen. Ten millilitres of serum were passed through 
3 cm X 110 cm Sepliadex G-75 columns. The “big” hPRL (20% of the total immunoreactivity) 
was discarded and the “little” hPRL (80%) from two chromatographic runs was lyophilized 
(~  50 fj.g hPRL) and injected into a rabbit together with 1 ml of Freund’s adjuvant. Though 
the polyacrylamide gel electrophoresis of the preparation showed a marked protein hetero
geneity, labelling of this material with l2SI and subsequent Sephadex G-50 and G-75 
chromatography led to an elution pattern comparable to  that of n5I-VLS-hPRL. Specific 
hPRL antibodies could be demonstrated after three injections. After nine injections the binding 
(B0) of 125I-hPRL at a final antibody dilution of 1:100 000 was 22.5%. This dilution was 
suitable for a highly specific prolactin radioimmunoassay (hPRL RIA) with a lower limit of 
detection (B0 minus 3 SD) below 0.1 ng of VLS-hPRL and a maximal inhibition of tracer binding 
when 10 ng of unlabelled hPRL were added. No cross-reaction with hGH, hPL, hFSH, hLH or 
hTSH was found. Dilution curves of galactorrhea serum, pregnancy serum, and “ big” and “little” 
hPRL preparations from serum were shown to run parallel to the standard curve. For routine 
measurements, pooled pregnancy serum was calibrated with the MRC standard A-71/222 and 
used as standard in the RIA (1 ng of VLS-hPRL equals 20 jUU of 71/222 hPRL). These findings 
show that serum of a patient with excessive hyperprolactinaemia and panhypopituitarism can 
be an ideal source of the hPRL immunogen since, in contrast to pituitary extracts, no separation 
from other contaminating anterior pituitary hormones is needed.

INTRODUCTION

Prolactin (PRL) is the most recent anterior pituitary hormone to be found 
in man for which a radioimmunoassay has been developed [1—3]. The late 
discovery o f human prolactin (hPRL) as a separate lactotropic hormone compared 
with that o f PRL o f other species was due to the fact that the biological activity 
o f prolactin was already represented by human growth hormone (hGH), which is
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lactogenic [4], and by luteinizing hormone (LH), which is luteotropic. In addition, 
the pituitary content o f hPRL is minute compared with that o f other anterior 
pituitary hormones. Thus, only 15 jug of purified hPRL can be extracted from 
one pituitary containing 1 5 0 -2 0 0  jug o f hPRL compared with 5 mg o f hGH [1 -6 ] . 
Therefore, the main problem in setting up an homologous radioimmunoassay for 
hPRL is obtaining purified hPRL for use as antigen in immunization. This 
difficulty led to the development o f various heterologous systems [7 -9 ]  based on 
the cross-reactivity o f hPRL with the immunologically related ovine and porcine 
PRL. To get specific antibodies against hPRL it is o f primary importance to 
purify the small amounts of pituitary hPRL from pituitary hGH [10, 11], 
particularly since these two hormones have certain chemical similarities [12, 13]. 
To avoid the difficult extraction and purification procedures, we have used, for 
the first time, serum of a panhypopituitary prolactinoma patient instead of 
pituitaries as a source of the hPRL antigen.

METHODS AND RESULTS 

Patient

Blood was drawn from a 36-year-old male patient who had been operated 
twice by transfrontal and twice by transsphenoidal approach for an invasively 
growing pituitary tumour. When he was first seen in our hospital he was suffering 
from panhypopituitarism and needed full substitutional therapy. His prolactin 
levels were excessively high — 400 000 juU/ml, which is equivalent to 20 jug of 
hPRL/ml [3]. The preoperative hPRL levels were not known. Since he was 
inoperable, he was treated with 20 mg o f Bromocriptin per day. This treatment, 
which he has received for two years, has led to improvement in visual fields, to 
less headaches and depressive symptoms, and to a normalization o f libido and 
sexual potency. In the course o f the endocrine workup a total o f 200 ml of  
serum were collected and kept frozen for later gel filtration.

Column chromatography

Ten millilitres o f serum were passed through 3 cm X 110 cm Sephadex G-75 
columns which were equilibrated with 0.05M phosphate buffer at pH 7.5. The 
eluate was fractionated in 10-ml fractions in which hPRL was measured by means 
of VLS reagents [ 10] from the NIH, Bethesda, Md, USA. The MRC standard 
A-71/222 [16] was used as standard. Two fractions were recovered [14, 15]. 
Whereas 20% of the hPRL immunoreactivity eluted at Kq = 0.45 (“big” hPRL), 
80% eluted at Kß = 0.75, representing the “little” hPRL [15]. The fractions 
containing the highest concentration of “little” hPRL from two chromatographic
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FIG.l. Preparation o f  “little” hPRL antigen. Column chromatography was performed on 
3 cm X 110 cm Sephadex G-75 columns from which 10-ml fractions were collected. Prolactin 
in the eluate was measured by VLS-hPRL-radioimmunoassay.

runs were pooled, lyophilized, and redissolved in 1 ml of double-distilled water 
(Fig. 1). About 50 pg o f “little” hPRL were purified by two chromatographic 
runs as could be demonstrated by measuring hPRL in the redissolved “little” hPRL 
fraction.

Immunization procedure

The redissolved “little” hPRL from two chromatographic runs was combined 
with 1 ml o f  complete Freund’s adjuvant and injected subcutaneously in two 
1-ml dosages into one rabbit with an interval of 8 days between the injections. 
Blood was drawn after 4, 6 and 9 injections and then the animal was killed. The 
final injection o f each series before blood was drawn was without Freund’s 
adjuvant.
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FIG.2. 125I-labelling o f  VLS-hPRL. The fractions shown by the hatched area were taken 
from the Sephadex G-50 columns and poured on top o f  the Sephadex G-75 column. The 
fractions eluted at K D = 0.75 were used as tracer for the radioimmunoassay.
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FIG.3. Polyacrylamide gel electrophoresis o f  “little” serum hPRL (pH7.0). Although three 
protein bands were detected, only one showed significant hPRL immunoreactivity.
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FIG.4. 1251-labelling o f  the “little” serum hPRL fraction. For details see Fig.2 and text.

Iodination o f hPRL

One microgram o f VLS-hPRL was labelled with 12SI by the Chloramine-T 
method [17]. The labelled protein was separated from the free iodide by 
Sephadex G-50 chromatography and the 125I-hPRL was further purified by 
Sephadex G-75 chromatography. 12SI-hPRL eluted at Kp = 0.8 (Fig. 2). The 
“little” hPRL extracted from the serum which was used for immunization could 
be separated into three major protein bands by means of disc gel electrophoresis 
(pH 7.0). One small single band with Rf = 0.35 contained all o f the hPRL- 
immunoreactivity (Fig. 3). This fraction was labelled in the same manner as the 
VLS-hPRL (Fig. 4). The labelled protein eluted from the Sephadex G-75 column 
in the area o f  “little” hPRL was also used as tracer.

hPRL RIA (VLS)

The VLS-hPRL RIA was performed as described previously [3, 10]. Pooled 
pregnancy serum, which was calibrated against the MRC research standard 
A-71/222 and contained 4000 /xU/ml, was used as standard. The normal range of
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FIG.5. Binding o f  I-VLS-hPRL by rabbit-serum dilutions.

71-222 hPRL is between 20 and 500 juU/ml. After preincubation for 3 days 
followed by tracer incubation for 2 days and further incubation with a second 
antibody for 1 day (all at 4°C), bound and free hormone were separated by 
centrifugation.

“Little” hPRL RIA using serum hPRL antibodies

Binding o f the rabbit serum was tested in 1:5000 and 1:50 000 dilutions 
(total volume 0.5 ml) after incubation for 12 hours. Already after four injections 
a significant binding o f 12SI-hPRL could be observed. After six injections, binding 
was more pronounced and after nine injections the antibody bound more than 
50% o f the 125I-hPRL in a final dilution of 1:5000 (Fig. 5). The standard curve
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FIG.6. hPRL-standard curves using different dilutions o f  rabbit anti-“little” hPRL serum and 
hPRL-71 /222 as standard. 20 ßU  o f  hPRL-71 /222 are equivalent to 1 ng o f  VLS-hPRL. The 
vertical bars represent ± SD.

for hPRL was established with antibody dilutions o f 1:50 000, 1:75 000 and 
1:100 000 (Fig. 6) and the same incubation times and temperature as for the 
VLS-hPRL RIA. The sensitivity increased with increasing dilution o f the antiserum, 
the absolute binding decreased from 35.7% (1 :50 000) to 22.5% (1:100 000).
The sensitivity o f the assay was below 100 pg of hPRL per tube for all three 
dilutions (Fig. 6). There was no cross-reactivity with other anterior pituitary 
hormones (Fig. 7), and parallelism between pregnancy serum, galactorrhea 
amenorrhea serum, and “big” and “little” hPRL could be demonstrated (Fig. 8). 
The Scatchard plot using 125I-hPRL revealed an association constant of 
3.7 X 10"9 M.
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FIG. 7. Specificity o f  the hPRL RIA  using antibody against “little ” serum hPRL. The inhibition 
o f  n sI-hPRL binding to the antibody by high doses o f  hGH is due to the contamination o f  this 
preparation with hPRL.

When 125I-labelled serum hPRL was used as tracer in the hPRL RIA in 
conjugation with the antibody against serum hPRL, inappropriate results were 
obtained. Considerable interference from non-hormonal serum proteins and 
gamma-globulin preparations was observed (Fig. 9). Only after additional 
chromatography o f “little” hPRL, before labelling on Sephadex QAE-A-25 using 
a linear sodium chloride gradient, could 125I-labelled serum hPRL be further 
purified, thereby reducing the interference from non-hormonal proteins in this 
completely homologous serum hPRL RIA (Fig. 10).

DISCUSSION

It is not difficult to get suitable antibodies for setting up a radioimmunoassay 
for human prolactin if  one has enough purified hPRL for immunization [10,11].
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FIG.8. Parallelism o fhP R L  standard with endogenous hPRL, “big” hPRL and “little” hPRL.

However, the preparation o f sufficiently pure hPRL from human pituitaries is 
tedious [1 ,5 ]  because o f the presence in the pituitary of human growth hormone 
which is chemically similar to hPRL [13].

A patient with panhypopituitarism and excessive prolactin secretion seems»
to be an ideal source for the extraction o f the antigen since the hPRL-containing 
serum is completely free from all contaminating pituitary hormones. Prolactin, 
like all single-chain peptide hormones, circulates in two different molecular forms 
[18] and can be separated by gel filtration into “big” und “little” hPRL 
[14, 15, 19]. The “little” fraction, eluting at Kd  = 0.8 and having a molecular 
weight o f 22 000, represented 80% of the total hPRL immunoreactivity in our 
patient with an invasively growing prolactinoma. Since this patient was completely 
panhypopituitary, the only proteins eluted from the column in this area (other 
than “little” prolactin) could have been other serum substances with a molecular 
weight around 22 000. Protein heterogeneity o f this fraction was demonstrated 
by disc gel electrophoresis, whereas prolactin immunoreactivity was shown to 
reside in one band. Thus, injection of this fraction led to the development of



52 von WERDER et al.

B ,Bo' 100 (,,,) 
100 г

90

80

70

60

50

40

30

20

10

Albumin
^  I3 .5 g % )

If-Gtobulin[ 2.5g°/ol

Serum[32/iU/m|]
а

Serum
(54000  pu /m l 1

N ^ S e r u m  [4000pU /m il

20 40 100 200 400 800 2 0 0 0 (uE hPRL/m l)
I---- 1—r—i---- 1---- 1------ 1----1-----1----1-------------1--Ц------ 1

,/2000,/Ш о ’ /6 0 0 ,/«Ш 1/200 1/100 Чо 1 ; 20 1710 4 ]/2 1 2
(serum  d ilu tion)

FIG.9. Inhibition o f  unpurified 1251-labelled serum hPRL binding by serum protein. The 
interference o f  serum proteins in this system is due to the heterogeneity o f  the tracer which 
contains non-hormonal serum proteins that are present in the serum samples and in the gamma
globulin.

antibodies against prolactin and also some unknown serum proteins. It was 
therefore not surprising that a system o f labelled unpurified serum prolactin 
and the antibody against the same substance was not specific for prolactin, 
but showed considerable interference from other serum proteins. This interference 
disappeared after further purification o f the serum hPRL tracer from labelled 
serum proteins, as was to be expected. Since the pituitary hPRL does not 
contain these serum proteins, no interference with serum proteins in the system 
using antibodies against the “little” fraction o f serum hPRL and labelled 
pituitary hPRL could be detected. As the antigen used for immunizátion, by
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FIG.10. Inhibition o f  purified n s  I-labelled serum hPRL binding by serum proteins. In contrast 
to Fig. 9, there is a significant reduction o f  interference from  non-hormonal proteins after 
purification o f  the tracer which now contains mainly l2SI-hPRL.

virtue o f the panhypopituitarism of the patient, was free o f other pituitary 
hormones, the only antibody against a pituitary hormone was that against prolactin. 
Thus, no cross-reactivity with other anterior pituitary hormones, particularly hGH 
or other chemically related hormones (hPL), were observed.

These findings show that serum o f a patient with excessive hyperprolactinaemia 
and panhypopituitarism is an ideal source for the hPRL immunogen since, in 
contrast to pituitary extracts, no separation from other contaminating anterior 
pituitary hormones or other serum proteins is required when hPRL tracer from 
pituitary origin is used.
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DISCUSSION

W.D. ODELL: I would like to congratulate you on your technique because, 
except for somatomedin, which required thousands of litres of plasma or serum,
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this is the only example which I am aware o f where a hormone has been purified 
from serum and an immunoassay developed therefrom.

K. von WERDER: It is true that the assay we have developed is the only 
RIA o f a substance secreted by a gland which is based on an antiserum generated 
against an antigen extracted from serum. But I must again point out that the 
hPRL was not purified chemically. By virtue of the panhypopituitarism of the 
patient, the serum was not contaminated with other pituitary hormones and the 
extracted antigen was highly suitable for a specific radioimmunoassay.

O. von STETTEN: Regarding the labelling of prolactin by the Chloramine-T 
method, may I ask you what is the yield in a typical labelling experiment, and 
what is the length of your purifying columns? Also, do you have any data on 
the stability o f your tracer?

K. von WERDER: The yield differs considerably from one experiment to 
another without anything being changed in the labelling procedure. It ranges 
from 10 to 60% of purified tracer suitable for hPRL RIA.

The separation from salt is performed on 17-cm Sephadex G-50 columns 
and the chromatography for the separation of the “undamaged” from “damaged” 
from 125I-hPRL on a 3 cm X 100 cm Sephadex G-75 column.

The tracer can be used for at least four weeks without re-purification. What 
happens after this period I cannot say, since our tracer is used up by this time and 
we have to prepare a fresh batch anyway.

A. MALKIN: To what extent does your antibody cross-react with hGH 
or hPL?

K. von WERDER: There is no cross-reactivity whatsoever with hGH and 
hPL in our hPRL RIA. The inhibition of 12SI-hPRL binding to the antibody by 
hGH is due to the contamination o f this preparation with hPRL (Fig.7). This is 
demonstrated by the fact that such interference is absent in the case of endogenous 
hGH from sera of patients with acromegaly and high hGH levels but normal hPRL.

G. PINEDA: I should like to ask how much Chloramine-T you used for 
labelling your protein.

Preliminary studies utilized a molar ratio of Chloramine-T to the protein to 
be labelled of 1300:1, but this amount o f  oxidizing agent proved excessive, 
leading to a poorly immunoreactive labelled compound. Jacobs (Jacobs, L.A., 
“Prolactin” , Methods of Hormone Radioimmunoassay (Jaffe, B.M., Behrman, H.R., 
Eds), Academic Press, New York (1974) 87) suggests a molar ratio o f 37.5 :1 
(mass ratio 0.5 :1). Our results with VLS—3 hPRL have shown that the amount 
of Chloramine-T used is critical, and we find that the best ratio is 4 —5 jug of 
Chloramine-T per ßg o f the protein to be labelled. This amount gives an iodination 
efficiency o f between 35 and 40% with minimal percentage of damaged hormone. *

K. von WERDER: We label 4 ßg o f hPRL with 1 mCi I25I, using 100 jug of 
Chloramine-T. We have not changed this procedure for five years but still get 
different yields from different labelling procedures, varying from 10 to 40% of
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labelled purified prolactin. This yield was even lower when VLS-2 was used, as 
is the experience of most investigators. VLS-1 and VLS-3 were much better in 
comparison with VLS-2. We now use a preparation supplied by Kabi Co., 
Stockholm, which gives the best yields of purified 12SI-hPRL. Therefore, I think 
it is not the amount of Chloramine-T but the quality of the hPRL preparation 
which is the most crucial factor in producing tracers suitable for an hPRL RIA.
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Abstract

PROBLEMS CONNECTED WITH THE PRODUCTION OF HIGHLY SPECIFIC ANTISERA 
AGAINST PROSTAGLANDIN E2 (PGE2) AND PROSTAGLANDIN A2 (PGA2) FOR 
RADIOIMMUNOASSAY.

To obtain sensitive and specific antisera against PGE2 and PGA2 these substances were 
coupled to thyroglobulin (Tg). Coupling reactions were performed by using either a hydroxy- 
succinimide-ester as intermediate step leading to a complex carrying 170 mol PGE2 per mol 
Tg ( “PGE^OSU-Tg”) and 240 mol PGA2 per mol Tg (“PGA2-OSU-Tg”), or N, N’-carbonyl- 
diimidazole resulting in “PGEr CDI-Tg” (400 mol PGE2 per mol Tg) and “PGA2-CDI-Tg”
(600 mol PGA2 per mol Tg). Two tracer systems (3H-prostaglandin and I25I-histamine- 
prostaglandin) were used for analysis of antibody activity. The PGE2-CDI-Tg and PGA2-CDI-Tg 
complexes were both poor immunogens in rabbits. The PGE2-OSU-Tg and PGA2-OSU-Tg 
conjugates were injected in rabbits and in guinea-pigs. These two compounds resulted in very 
high antibody titres in both animal species. However, in guinea-pigs a markedly higher antibody 
sensitivity and antibody specificity were observed than in rabbits. Our results indicate that the 
guinea-pig may be the animal of choice for immunization against prostaglandins. Antibody 
specificity of guinea-pig antisera may be high enough to measure the concentration of PGEj 
and PGA2 in the presence of other prostaglandins or prostaglandin metabolites.

INTRODUCTION

In this study the production o f antisera obtained with different prostaglandin- 
thyroglobulin conjugates o f  varying hapten density is reported.

Prostaglandins are only immunogenic when coupled to carrier proteins.
It is known that the kind o f carrier protein as well as the hapten density and the
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point o f  attachment of the hapten to the carrier may all influence the immune 
response [1 ]. It was thus decided to use (1) different coupling reactions and (2) 
different levels o f incorporation o f haptens into the carrier protein.

Bovine thyroglobulin (Tg) has been used successfully as carrier protein for 
prostaglandins and was therefore used in the present study to produce antisera 
specific to prostaglandins [2]. Recently, it has been reported that iodinated 
prostaglandins offer considerable advantages over tritiated compounds when 
used as tracer molecules in radioimmunoassay procedures [3]. Consequently, 
in the present investigation, both iodinated and tritiated prostaglandins were 
used.

MATERIALS AND METHODS 

Materials

Prostaglandins and their metabolites were a gift o f  the Upjohn Co.,
Kalamazoo, Michigan, USA. All other reagents were obtained commercially.
The tritiated prostaglandins were from the Radiochemical Centre, Amersham,
UK: 3H-PGE2 (specific activity 160 Ci/mmol) and 3H-PGA2 (specific activity 
160 Ci/mmol). The 125I-histamine-Pg-complexes were synthesized by a method 
described below. 125I was from the EIR, Würenlingen, Switzerland.

ъ
Preparation o f the immunogens

1. Preparation o f PGE2-OSU-Tg and PGA2-OSU-Tg conjugates

These conjugates were prepared by coupling the haptenic groups with the 
carrier protein by a method using a hydroxysuccinimide-ester o f prostaglandin 
as intermediate product, as described by Bauminger et al. [4], with the following 
modifications: PGE2 or PGA2 (both 20 mg) were reacted with hydroxysuccinimide 
(14 mg) and dicyclohexylcarbodiimide (16 mg) in a total volume o f 0.21 ml o f  
dimethylformamide. The reaction was allowed to proceed for 25 min at room 
temperature under nitrogen. The supernatant containing the hydroxysuccinimide 
o f the prostaglandin was then separated from the precipitated dicyclohexylurea. 
This activated form o f PG was then added to a solution o f 50 mg o f bovine 
thyroglobulin in 2 ml o f 0 .1M NaHC03. After 4 h at 4°C the reaction was 
terminated by extensive dialysis against water at 4°C. The molar incorporation 
rate o f  prostaglandins into thyroglobulin was calculated by adding approx.
500 000 dis/min o f the tritiated prostaglandin before the coupling reaction.
A ratio o f 170 mol PGE2 or 240 mol PGA2 per mol thyroglobulin was cálculated 
(“PGE2-OSU-Tg”, “PGA2-OSU-Tg”).
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2. Preparation o f PGE2-CDI-Tg and PGA2-CDI-Tg conjugates

The compounds were prepared by using N, N'-carbonyl-diimidazole as 
coupling reagent, as described by Axen [5 ]. The method was modified as follows: 
30 mg of prostaglandin (PGE2, PGA2) were reacted under a stream o f nitrogen 
with 17 mg of N,N'-carbonyldiimidazole in a volume o f 0.16 ml o f dime,thyl- 
formamide for 40 min at room temperature. Then 15 mg o f bovine thyroglobulin 
in 0.4 ml of H20  was added. The reaction was allowed to proceed for 5 h at 
room temperature; it was terminated by extensive dialysis against water with a 
decreasing content of dimethylformamide. The molar incorporation rate was 
calculated by using radioactive prostaglandins: it was approx. 400 mol PGE2 or 
600 mol PGA2 per mol thyroglobulin (“PGE2-CDI-Tg” , “PGA2-CDI-Tg”).

Immunization procedure

1. Animals

Twenty-nine rabbits o f mixed sex (White Kunath, Aarau, Switzerland) 
and 18 male guinea-pigs (Kfm bunt) were immunized. Ten rabbits with PGE2- 
OSU-Tg, 6 rabbits with PGE2-CDI-Tg, 6 rabbits with PGA2-OSU-Tg and 7 rabbits 
with PGA2-CDI-Tg. Six o f the guinea-pigs were given PGE2-OSU-Tg and 12 
received PGA2-OSU-Tg.

2. Immunization

All immunogens were dissolved in 0.9 ml o f NaCl by mild sonication and 
then emulsified in complete Freund’s adjuvant to give a dose o f 0.1 mg (rabbits) 
or 0.05 mg (guinea-pigs) per animal. The prostaglandin-Tg complex was adminis
tered at multiple intradermal sites. Four booster injections o f the same amount 
of antigen were given at 2-month intervals.

For collection o f antisera, blood was taken by cannulating the central ear 
artery in rabbits or by heart puncture under ether anaesthesia in guinea-pigs. 
Immunological analyses were performed with antisera obtained 14 days after 
the fourth booster injection. Antisera were stored frozen at —70°C or diluted 
1:10 in buffer and kept at 4°C.

Synthesis o f 125I-histamine-prostaglandins

These radioactive compounds were prepared by a method modified after 
„ Maclouf et al. [3]. First, histamine was coupled to the carboxyl end o f PGE2 

and PGA2: 1 mg o f prostaglandin (PGE2, PGA2) dissolved in 0.05 ml o f dimethyl
formamide was reacted with 3 mg o f histamine-HCl (in 0.05 ml H20 )  by adding
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three times 1.5 mg of dry 1-ethyl-3 (3-dimethylaminopropyl)-carbodiimide-HCl 
every 20 min. Diluted NaOH was added to maintain a pH o f 5. The reaction 
mixture was separated by thin-layer chromatography on silica-gel plates in a 
medium o f butanol : acetic acid : water = 3 0 :4 :1 0  under nitrogen. By adding 
3H-histamine-HCl (Amersham) to the reaction, the prostaglandin-histamine complex 
was identified and the reaction yield calculated. This varied between 15 and 20%. 
The histamine ester o f  PG was then eluted into methanol to a concentration of 
100 ng/1 pi. For iodination, the histamine complex (100 ng in 1 /ul methanol) 
was diluted in 10 /Л o f 0.5 M sodium phosphate buffer (pH7) and reacted with
0.8 mCi o f nsI at room temperature by adding Chloramine-T (10 Mg in 10 pi H20 )  
in two portions at 0 s and 60 s. The reaction was stopped at 120 s by adding 5 ßg 
of Na2S20 5; the reaction product was then extracted twice with 0.5 ml o f ethyl 
acetate. By subsequent chromatography on silica gel in a medium o f CHC13 : 
methanol : water = 60 : 30 : 5, the iodinated prostaglandin-histamine ester was 
separated from unreacted substance and thus made carrier-free.

Immunological analyses
/

1. Antibody titre

Antibody titre was defined as the final antiserum dilution binding 50% of  
added radioactivity when 3000 dis/min o f 3H-PG or 8000 dis/min o f 125I-PG were 
incubated in 0.4 ml o f  serially diluted antiserum.

2. Antibody sensitivity

Antiserum sensitivity was defined as the concentration o f unlabelled prosta
glandin (pg/ml) necessary to displace 50% o f the antibody-bound radioactivity 
at titre dilutions.

3. Antibody specificity

Antibody specificity was examined by testing the ability o f other prosta
glandins or prostaglandin metabolites to displace the tracer from the antibody. 
Antibody specificity is expressed as per cent cross-reaction, according to 
Abraham [6]. Displacement experiments were performed at antiserum dilutions 
that bound 40 to 50% of the added radioactivity. Cross-reaction studies were 
performed with the following substances: PGE2, PGA2, 13, 14-dihydro-PGE2,
13, 14-dihydro-PGA2, 15-keto-PGE2, 15-keto-PGA2, 13, 14-dihydro-15-keto-PGE2, 
PGE1; PGAl  PGB2j PGBj , PGF2o, PGFla, 13, 14-dihydro-15-keto-PGF2a, 
histamine-PGE2, histamine-PGA2 and arachidonic acid.
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The assay procedure was as follows: the tracer was incubated overnight at 
4°C with antiserum and non-radioactive hormone. An isotonic buffer (0.05M  
Na,H-phosphate, 0.025M Na-EDTA, pH 7.5) containing 0.01% thiomersal and
0.2% normal guinea-pig serum was used. The total volume was 0.4 ml.

Separation o f bound and free fraction was achieved by adding 0=5 ml o f a 
charcoal suspension (1000 mg charcoal and 100 mg dextran-T-70 in 100 ml of 
gelatin buffer).

RESULTS 

Antibody titres

Only rabbits were injected with PG-CDI-Tg complexes. Low (<  1:1000) 
or only minimal (< 1  :100) antibody titres were observed in the PG-CDI-Tg 
animals. Low antibody activity was documented with both 3H- and 125I-tracers.

In contrast to this, both PG-OSU-Tg complexes were potent immunogens 
in rabbits as well as in guinea-pigs : titres up to 1 : 132 000 (anti-3H-PGE2),
1 : 500 000 (anti-125I-histamine-PGE2) or 1 : 220 000 (anti-3H-PGA2) and
1 : 600 000 (anti-125l-histamine-PGA2) were observed.

Antibody sensitivity

1. PGE2-CDI-Tg and PGA2-CDI-Tg antisera

Only those antisera showing a higher antibody titre than 1 : 200 were 
analysed; a low sensitivity was found using both tritiated and iodinated tracer.

2. PGE2-OSU-Tg antisera

In rabbits, antibody sensitivity varied from animal to animal. In 8 o f the
10 animals, antibody sensitivity was markedly higher when tritiated PGE2 was 
used as tracer.

Guinea-pig antisera to PGE2-OSU-Tg were more sensitive than rabbit antisera. 
Variance between animals, too, was smaller in guinea-pigs. However, in these 
animals a higher antibody sensitivity was observed when iodinated PGE2 was 
used as tracer (see Table I).

3. PGA2-OSU-Tg antisera

Guinea-pig antisera to PGA2-OSU-Tg were more sensitive than rabbit antisera, 
the difference o f the means being highly significant when 3H-PGA2 was used as 
tracer.

In general, guinea-pig antisera showed an excellent antibody sensitivity which 
was higher when the tritiated compound was used as tracer (see Table II).
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TABLE I. ANTIBODY SENSITIVITY OF PGE2-OSU-Tg ANTISERA 
Antibody sensitivity is expressed as pg PGE2/ml necessary to displace 50% of the 
antibody-bound radioactivity. Each antiserum was tested with both 12SI- and 
3H-tracer

Antisera

Rabbits Guinea-pigs

125I-tracer
N

3H-tracer 125I-tracer 3H-tracer

1 2 350 250 71 195

2 125 158 56 76

3 700 350 62 108

4 1 275 725 95 195

5 625 105 52 128

6 155 338

7 288 37

8 14 000 663

9 13 000 1 300

10 11 500 80

Mean 4 402 401 67 140

Antibody specificity

1. PG-CDI-Tg antisera

In those antisera where an analysis was possible the data indicated'a very 
low specificity.

2. PGE2-OSU-Tg antisera (Fig. 1)

In rabbits, large individual differences in antibody specificity were seen.
In general, guinea-pig antisera had a higher specificity than rabbit antisera 
regardless o f whether tritiated or iodinated prostaglandins were used as tracers. 
The only exception was PGF2a in the 3H-system.

Guinea-pig antisera had a significantly higher ability to discriminate the 
PGEi isomer from PGE2 (16.1% and 5.9% cross-reaction in guinea-pigs, 93.6% 
and 73.9% cross-reaction in rabbits, 3H-PG and 12SI-PG respectively). For PGA2
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TABLE II. ANTIBODY SENSITIVITY OF PGA2-OSU-Tg ANTISERA 
Antibody sensitivity is expressed as pg PGÁ2/ml necessary to displace 50% of the 
antibody-bound radioactivity. Each antiserum was tested with both 12SI- and 
3H-tracer

Antisera

Rabbits Guinea-pigs

I25I-tracer 3H-tracer 125I-tracer 3H-tracer

1 70 95 80 22

2 185 85 19 17

3 65 75 21 19

4 93 68 82 30

5 195 125 74 31

6 60 22 35 23

7 50 23

8 135 37

9 10 16

Mean 111 78 56 24
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FIG.2. Cross-reaction (%) o f  PGA^-OSU-Tg antisera with various prostaglandins or prostaglandin 
metabolites. Circles indicate values obtained with 12SI-histamine PGA2 , triangles indicate values 
obtained with 3H-PGA2.

a smaller cross-reaction was found in guinea-pigs (0.6% and 0.26%) than in rabbits 
(22.5% and 10.7%, 3H-PG and 125I-PG respectively). PGB2 showed only a very low 
cross-reaction with guinea-pig antisera (0.055% for the 3H-tracer and 0.022% for 
the 12sI-tracer), whereas a higher cross-reactivity was found for this substance in 
rabbits (15.8% and 2.38% for 3H- and 125I-PG respectively).

Metabolites o f  PGE2 were less active in guinea-pig antisera, as for instance 13,
14-dihydro-PGE2 (not shown in Fig. 1; 3.8% for 3H-PGE2 and 2.6% for 125I-PGE2), 
whereas in rabbits cross-reaction with 13, 14-dihydro-PGE2 was 30.4% (3H-PGE2) 
and 15.9% (125I-PGE2). The corresponding data for the metabolite 13, 14-dihydro-
15-keto-PGE2 also indicated a difference in favour o f the guinea-pig, the cross
reaction attaining very low levels: 0.048% and 0.0098% (3H- and 12SI-tracer 
respectively). The corresponding data for rabbits were 0.91% and 0.64%.

No species differences were seen in the degree o f cross-reaction with PGF^ 
when the iodinated compound was used as tracer. However, rabbit antisera did 
cross-react to a lesser extent with PGF2a in the 3H-PG system ( 1.6% in rabbits and 
7.6% in guinea-pigs).



IAEA-SM-220/46 65

3. PGA2-OSU-Tg antisera (Fig.2)

Rabbit antisera often showed a higher affinity for PGB2 (>100%  cross
reaction) than for PGA2. In contrast to this, guinea-pig antisera could discriminate 
PGA2 from PGB2 with mean cross-reactions with the latter o f  3.6% (3H-PG) and 
4.0% ( 125I-PG). Again, PGE2 showed a smaller cross-reaction in guinea-pig antisera 
(3.3% for 3H-PG and 4.6% for 125I-PG), whereas with rabbit antisera cross-reactions 
of 8.6% (3H-PG) and 8.7% ( 125I-PG) were found.

PGF2a showed a lower cross-reaction with guinea-pig antisera when the 
3H-tracer system was used.

No species differences in the activity o f the 15-keto-derivative o f  PGA2 
were seen. 13, 14-Dihydro-l 5-keto-PGE2 showed little activity in guinea-pig 
antisera (mostly less than 1%, whereas all but one o f the rabbit antisera had 
cross-reactions higher than 1% with this metabolite).

It was a common feature o f  all PGA2-OSU-Tg antisera to show a comparable 
high cross-reaction with PGA2 and PGAb whereas prostaglandins o f  the F-Series 
and their metabolites were almost inactive.

DISCUSSION

It was the aim o f this study to compare the antigenic properties o f  different 
prostaglandin-protein complexes in rabbits and in guinea-pigs.

The results obtained with PG-CDI-Tg conjugates having a very high incorpo
ration o f prostaglandin molecules in the carrier protein showed that these prosta- 
glandin-thyroglobulin complexes did not give rise to a good antibody response 
as expressed by antibody titres. This might have been caused by the extremely 
high hapten density for which only low-titre 19 S-antibody production has been 
demonstrated in analogous models [7]. The dense hapten arrangement exposes 
probably only the functional group o f the prostaglandin to the recognition process. 
The exposure o f  the functional group might in turn not be sufficient to elicit 
antibodies o f  high binding affinity. Vice versa, the PG-OSU-Tg immunogens led 
to high-titre antisera both in rabbits and in guinea-pigs. However, among these 
sera, the rabbit antisera showed a markedly higher cross-reaction with most of  
the substances tested. In theory, these differences in immune response might 
have been caused by a different activity o f  enzymatic systems degrading prosta
glandins in both animal species, the guinea-pig showing less activity in this 
respect [8]. Thus, in rabbits, a substantial degradation o f the haptenic groups 
might have occurred before the induction o f the immune recognition process.

In conclusion, guinea-pig antisera showed, with some exceptions, a higher 
antibody sensitivity and specificity than did rabbit sera. In addition, the use of  
125I-histamine derivatives o f prostaglandins as tracer may be often o f some advantage
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for increasing working titres and antibody sensitivity. However, this has to be 
examined for each antiserum. Thyroglobulin-prostaglandin complexes with an 
incorporation level o f about 200 prostaglandin molecules were more potent 
antigens than the over-substituted conjugates. The high antibody specificity of  
guinea-pig antisera may perhaps allow the determination of PGE2 and PGA2 
concentrations in the presence o f other prostaglandins o f prostaglandin metabolites 
without prior chromatography.
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DISCUSSION

G.F. READ: There is controversy in the literature with regard to the optimum 
hapten density to achieve on the antigen. I understand that the chemical reactions 
used to synthesize the high-incorporation and low-incorporation antigens were 
different. It may be that the difference in titre is related to the reaction used, as 
much as to the hapten density achieved. Could you therefore clarify the chemical 
reactions used to synthesize the OSU and CDI conjugates?

H.G. KOPP: These two methods using different coupling reagents have a
strategy in common: in both cases the prostaglandin molecules are brought into 
an activated form capable o f reacting directly with the protein. This activation 
was carried out in an organic solvent (DMF) under nitrogen in the absence of the
protein and was thus supposed to be a rather mild procedure. It was only after
this treatment that the prostaglandin was brought into contact with the protein.
The aqueous solution, the time for activation, binding to the protein and subsequent 
dialysis were about the same for the two methods.

However, the OSU reaction was different in that the ratio of reactants was 
800 prostaglandin molecules to 1 thyroglobulin molecule, whereas in the CDI 
method the ratio was 4000:1 .

W.D. ODELL: We can preselect the hapten-carrier protein ratios by 
incorporating a highly purified labelled hapten and sampling the percentage 
incorporated at varying times of incubation. The reaction is terminated when the
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desired conjugation ratio is obtained. This time varies from many hours to a day 
or more, depending on the hapten, the carrier protein and the concentrations of 
each, the temperature o f conjugation, etc.

I am not sure that we can generalize from the steroid conjugation data cited 
by Mr. Read. Steroid molar conjugation ratios generally run from 25 :1 to 200:1 . 
Yours were 400:1 or more. While increasing steroid conjugation ratios lead to 
better antisera production, this may not be true of conjugation ratios above 
400:1 , as your data for prostaglandins indicate.

H.G. KOPP: The CDI conjugation ratios may have been over-estimated to 
some extent, for it is conceivable that in the coupling process larger complexes 
were formed, within which some o f the free prostaglandin might have been 
trapped, thus escaping dialysis.

Ph. De NAYER: Do you have any data on the stability of the histamine 
derivatives of prostaglandins?

H.G. KOPP: The initial binding of iodinated histamine derivatives in excess 
antibody was 70—95%, deteriorating by about 20% after 6 weeks when stored in 
methanol at -20°C . The same batch o f unlabelled histamine derivatives stored in 
methanol o f concentration 0.1 mg/ml at -20°C  was used over a period o f 9 months 
for iodination, and exhibited essentially the same characteristics.

Ph. De NAYER: Did you couple 1 3 ,14-dihydro-15-keto prostaglandins to 
thyroglobulin?

H.G. KOPP: No, we did not.





' IAEA-SM-220/8

STEROIDS AS IMMUNOCHEMICAL PROBES
Thermodynamic and kinetic data with 
special regard to the “bridge problem ” 
in estrogen radioimmunoassay*

E. KUSS, W. DIRR, R. GOEBEL,
K. GLONING, H. HÖTZINGER,
M. LINK, H. THOMA
I. Frauenklinik der Universität,
Munich, Federal Republic of Germany

Abstract

STEROIDS AS IMMUNOCHEMICAL PROBES: THERMODYNAMIC AND KINETIC 
DATA WITH SPECIAL REGARD TO THE “BRIDGE PROBLEM” IN ESTROGEN 
RADIOIMMUNOASSAY.

The binding sites o f antibodies raised against estrogen-6-one-oxime-O-carboxymethyl 
derivatives attached to  e-amino groups of lysine residues in albumin were mapped thermo
dynamically and kinetically by reactions with labelled and unlabelled haptens. By equilibrium 
dialysis with labelled estrogens, Gibbs energy changes were found to be about —14 kcal/mol, 
to be rather uniformly distributed, to be predominantly enthalpy contributed and to depend 
in some instances on the binding-site concentration. The potency of unlabelled haptens to 
inhibit binding of labelled ligands was determined, the values being related to their binding 
energies. The structures of the series of systematically varied unlabelled haptens increasingly 
approached the structure of the immunodeterminant. Ranking the inhibition potencies of 
this series revealed that estrogen-6-one exhibited the highest potency — a potency even 
higher than the inhibition potency of the estrogen-6-one-oxime-O-carboxymethyl-lysine 
derivative, which is obviously most closely related to the immunodeterminant group. To 
prove whether the inhibition potencies were actually restricted by the size of the antibody- 
binding site, both components of the equilibrium constants were determined — the associa
tion rate constants and the dissociation rate constants. Structure-dependent variation of 
both indicated that the binding processes could not be explained simply in terms of equilibrium 
constants. Association reaction rates decreased with increasing length of the hapten molecules. 
Conversely, dissociation rates decreased, but the slowest dissociation rate was observed with 
complexes o f  antibodies with estrogen-6-one-oxime-O-methylether. Further lengthening 
of the hapten had no effect on the dissociation rate. It was concluded that this ligand 
reflects the size of the antibody binding site.

INTRODUCTION

Steroids as immunochemical probes have been evaluated with antibodies 
to estrone-, estradiol-17a-, estradiol-17j3- and estradiol-C6-carboxymethoxime

* The work was supported by the Deutsche Forschungsgemeinschaft, 
Sonderforschungsbereich 51, “Medizinische Molekularbiologie und Biochemie” .
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albumin conjugates [ 1 ]. In previous papers, the influence o f ring A and ring D 
substituents o f the steroidal haptens were discussed in connection with stereo
chemical regularities [2]. The influence o f the C6-position and o f the “bridge” 
region remained to be clarified [3] and thermodynamic data on reaction energies 
and enthalpies as well as kinetic data on association and dissociation-rate 
constants were still needed. From such data we expected to gain, in the general 
sense, a deeper insight into immunochemical reactions and, in the special sense, 
a basis for optimizing radioimmunoassays.

The abbreviations and symbols used here are either those generally used 
in RIA literature or those that were introduced in Ref. [2]. They are as follows:

q denotes the binders, that are partially characterized in Refs [2,4]: 
anti-estrone-C6-conjugate antisera (anti-E, -As) H2, J2, K2; anti- 
estradiol-17|3-C6-conjugate antisera (anti-E2-As) C l, D2, E2, F2; anti- 
estriol-C6-conjugate antisera (anti-E3-As) B9, H2, J2, K2.

Antibody fractions prepared by ammonium sulphate precipitation were 
named according to the antisera from which they stemmed (e.g. anti-Ej -Ab).

p* denotes the indicator haptens (about 100 Ci/mmol): 3H-estrone 
(3H-E!), 3H-estradiol-17/3 (3H-E2) and 3H-estriol (3H-E3). Amounts o f p* 
and derived quantities (e.g. q) were determined from measurements o f  
radioactivity. The calculations were based on the assumption that the 
correct specific radioactivity was indicated by the manufacturer, p represents 
the unlabelled haptens which are derivatives o f an antigen immunodeterminant
group:

E2-A7 . 1,3,5 (10), 7-estratetraen-3, 170-diol
e 2-a 6 1,3,5 (10), 6-estratetraen-3, 17(3-diol
e 2 1,3,5 (10)-estratrien-3, 17ß-diol
E2 -6a-ol 1,3,5 (10)-estratrien-3, 6a, 17ß-triol
E2 -6j3-ol 1,3,5 (10)-estratrien-3, 6ß, 17j3-triol
E2 -6-one 3, 17j3-dihydroxy-l ,3,5 ( 10)-estratrien-6-one
E2-6-oxime-O-ME 3, 17|3-dihydroxy-l,3,5 ( 10)-estratrien-6-one-oxime-

O-methylether
E2-6-CMO 3, 17ß-dihydroxy-l,3,5 (10)-estratrien-6-one-oxime-

O-carboxy-methylether 
E2-6-CMO-histamine N-[(3, 17j3-dihydroxy-l,3,5 (10)-estratrien-6- 

ylidenaminooxy)-acetyl]-histamine 
E2-6-CMO-ACA N-[(3, 17/3-dihydroxy-l ,3,5 (10)-estratrien-6- 

ylidenaminooxy)-acetyl]-e-amino-caproic-acid 
E2-6-CMO-Lys Ne-[(3, 17j3-dihydroxy-l,3,5 ( 10)-estratrien-6- 

ylidenaminooxy)-acetyl]-Na -hippuryl-lysine.
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THERMODYNAMICS OF ESTROGEN BINDING TO CORRESPONDING 
ANTI-ESTROGEN-C6-CONJUGATE ANTIBODIES

Precision of binding data

To minimize errors in the association constants only those binding data 
were introduced into the calculations which were obtained from the B/q region 
between 0.2 and 0.8 [5]. Coefficients o f  variation (CV) o f binding data 
were estimated after eightfold serial dialysis with the same hapten and the 
same lg G fraction (3H-E3/anti-E3 Ab K2). The CV o f P* and P* +  P*Q were 
about 10% at B/q between 0.2 and 0.29 and about 5% at B/q between 0.3 
and 0.9. The precision o f К was 9.7% and o f q, 2.8%; the recovery o f  p* was 98%.

Regression o f binding data

Since binding data may be strongly biased by the regression method [5], 
the results o f three different calculation methods were compared (Figs 1 and 2, 
and Table I). Except for the data from the dialysis o f  3H-E2/anti-E2-Ab E2, 
the results from the three methods were essentially the samé.

For analysis of binding data, one usually distinguishes between the 
elementary 1 : 1 model with two univalent homogeneous reactants and the more 
complicated models. Theoretically, the simple 1:1 model can be recognized 
by the linearity o f the Scat chard plot, by a single intersection point on the 
Eisenthal and Cornish-Bowden plot, and by the linearity of the Sips-Hill plot 
with the slope equalling 1.0. This model is extremely well exemplified by the 
binding data shown in F ig.l. But binding data from other estrogen/anti-estrogen 
antibody systems also obeyed the laws o f the 1: 1 model rather well: in 
27 dialysis series, 24 exhibited correlation coefficients o f linear regression 
greater than 0.9 and 20 greater than 0.95. The exceptions were given by 
anti-E2 -Ab E2 (T =  15°C and 25°C) and by anti-E3-Ab H2 (T =  15°C). In 
these cases, a model with two classes o f  binders (a four-parameter model; K j,
Qi > K2, q2 ) fitted the experimental data better than the elementary model 
(Fig.2). It should be emphasized that the greatest differences in the К values 
of the different regression methods were observed in these cases (Table I).

Generally, deviations from linearity in Scatchard plots o f hapten antibody 
binding were accounted for by the heterogeneity o f the antibody population. 
However, the heterogeneity index a  was as high as 0.86 even for 3H-E2 binding 
by anti-E2-Ab E2 . When binding data from the range B/q greater than 0.8 were 
included, a  exceeded the value 1.0 (Table II).

It is also remarkable that deviations from linearity in the Scatchard plot 
decrease with increasing temperature (see footnote to Table I). The reaction 
enthalpy values were calculated by least-squares linear regression o f van’t Hoff 
plots.
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FIG.I. Calculation o f  apparent association constant K, binding site concentration q and 
heterogeneity coefficient a  from  equilibrium dialysis data. Example o f  apparent homogeneity 
o f  antibody population. 3H-E3/anti-E3-Ab K2; 35° C; t = 60 min, equilibrium dialysis cell 
volume, 0.2 m l ( “Dianorm ”).
(a) Scatchard plot [6]; unweighted least-squares linear regression.
(bj Eisenthal and Cornish-Bowden plot [7]; intersection point is indicated.
(c) Sips and Hill plot [8]; unweighted least-squares regression.

Results and discussion

The thermodynamic quantities are summarized in Tables I and II. From 
these data it was concluded that:

(1) The values calculated for the association constants and binding site concentra
tions are obviously not strongly influenced by the calculation method.
(2) The heterogeneity o f the antibody populations seemed to decrease with 
increasing temperature. Values o f  the heterogeneity index are strongly biased 
by binding data from thé range B/q >  0.8.
(3) The predominantly linear regression according to the elementary 1: 1 model 
of univalent homogeneous reactants fitted well to the experimental data. There
fore, average apparent association constants were calculated.
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( a )

( b )

(4) The values for energy and enthalpy changes did not depend strongly on the 
individual animal nor on the structural differences of the immunodeterminants 
used for immunization. Therefore, generalization o f these data may be allowed, 
at least for phenolic steroids as immunodeterminants and haptens.
(5) It is possible that the values o f  the apparent average association constants 
depend on the concentration o f the binder (Table II). This has been proven by 
systematical experiments for anti-E3-As B9 and excluded for anti-E2-As Cl
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( С )

FIG.2. Calculation o f  apparent association constant K, binding site concentration q and 
heterogeneity coefficient a  from  equilibrium dialysis data. Example o f  heterogeneity o f  the 
antibody population. ъН-Е21апи-Е2-АЬ E2; 15°C; t = 60 min; equilibrium dialysis cell 
volume 0.2 m l ( “Dianorm ").
(a) Scatchard plot [6]; unweighted least-squares linear regression; curvilinear regression by 

four-parameter Newton-Raphson iteration [6]. 
fbj Eisenthal and Cornish-Bowden plot [7]; intersection points are indicated.
(c) Sips and Hill plot [<?]; unweighted least-squares linear regression.

(Fig.3). The protein dependence o f К has also been observed by others; apparently 
this effect is not due to the heterogeneity o f  the antibody population [9 ,10 ,18 ].
(6) The association reaction between estrogens and their corresponding anti
bodies is essentially enthalpic. The derived thermodynamic quantities generally 
represent a complex average value and their relationship to a true thermo
dynamic value is ambiguous. This is particularly true for enthalpy changes 
estimated by van’t H off analysis based on average association constants [11].
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TABLE I. COMPARISON OF ASSOCIATION CONSTANTS OBTAINED 
BY DIFFERENT REGRESSION METHODS

Antibody Hapten

К X IO '9 
(litres • mol-1 )

Scatchard Eisenthal and 
Cornish-Bowden

Sips and Hill

Anti-Ej-Ab H2 3H-Ej 0.42 0.30 0.41

J2 0.80 0.67 0.79

K2 0.14 0.13 0.13

Anti-E2-Ab D2 3H-E2 3.93 3.82 3.7

E2 1.70a 2.50 1.5

F2 0.30 0.28 0.29

Anti-E3-Ab H2 3H-E3 0.44 0.51 0.44

J2 0.77 0.61 0.69

K2 0.77 0.71 0.74

a At 15°C and 25°C (but not at 35°C) a four-parameter model fitted better (Newton- 
Raphson iteration) than the two-parameter model: (q : nmol/1)

T K, Qi K2 Чг
15°C 30.0 0.2 0.8 0.8
25°C 7.4 0.2 0.8 0.6
35 С no convergence

Note. Data were taken from equilibrium dialyses at 25°C; the Scatchard and the Sips and Hill 
plots were evaluated by least-squares linear regression; the Eisenthal and Cornish- 
Bowden plots graphically by the intersection point or by taking the median of the 
intersection points.

However, the data in Table II correspond well also to enthalpy values for 
homogeneous systems that have been estiirçated by direct calorimetric methods 
[10—12]. On the other hand, the data for binding o f steroids by antisteroid 
antisera published recently [13] support the assumption that the association 
reaction constants are temperature insensitive and that the reaction energy is 
provided largely by entropy changes.
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FIG.3. Concentration dependence o f  association constants. Association constant (K) and 
binding site concentration (q) has been evaluated after equilibrium dialysis by Scatchard 
analysis as indicated in Fig.l. The total protein concentration was held constant by adding 
the required amount o f  serum from non-immunized rabbits.
E 3/B9: 3H-E3/anti-E3-As B9, dependence.
E2/С1 : 3H-Ei¡anti-Ei-As Cl, no dependence.

KINETICS OF ESTROGEN BINDING TO CORRESPONDING 
ANTI-ESTROGEN-C6-CONJUGATE ANTIBODIES

Association reaction

A typical plot o f  values obtained during the formation o f estrogen-antibody 
complexes is shown in Fig.4(a). The reaction follows second-order kinetics 
(Fig.4(b)). Results obtained with anti-estradiol antisera are given in Table III.

Dissociation reaction

The dissociation o f estrogen-antibody complexes was followed by three 
methods, as indicated in Fig.5. Since the results are independent o f differences 
in experimental methods, it was assumed that they represent the dissociation 
rate o f the complexes. Some o f the results obtained with 3H-E2 and anti
estradiol antisera are summarized in Table III.
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FIG.4. Complex formation with labelled ligands. 3H-E2 (3.7 nmol - li tr e '1 J and 
anti-E2-As E2 (5.4 nmol ■ litre '1 ) were incubated (5°C). A t intervals o f  about 20 s, samples 
were transferred to precooled charcoal columns and pressed through. The radioactivity o f  
the filtrates was measured (a). Treatment o f  data according to second-order reaction (b) was 
performed after correction for experimental errors (e.g. blanks, non-adsorbed ligand).

TABLE III. ASSOCIATION RATE CONSTANTS k 12, DISSOCIATION 
RATE CONSTANTS k21, THEIR RATIOS, AND THE RESPECTIVE 
EQUILIBRIUM ASSOCIATION CONSTANT К '

Anti-E2 -As k 12 X lO '6 

(litre • mol-1 • s“ 1)

k21 X 104 

(s’ 1)

kio _
—  X 10-9 
k21
(litre т о Г 1)

К X IO '9 

(litre • mol“1)

D2 1.9 3.2 5.9 5.7

E2 1.6 3.5 4.6 3.7

F2 1.4 3.4 4.1 0.7

3H-E2 was used as hapten; the reaction rate constants were determined at 5°C, and the 
equilibrium constant at 15°C.

Results and discussion

(1) The data measured in the course o f  association and dissociation reactions 
fitted well the respective reaction order plot (Figs 4 and 5). The calculated 
reaction rate constants o f  3H-E2 with the different corresponding antisera were 
very similar (Table III). The same was true for the dissociation rates o f  3H-E! 
and 3H-E3.
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FIG.5. Dissociation o f  labelled hapten antibody complexes. Comparison o f  methods.
Competition methods A and B. 3H-E2 (3.7 nmol ■ litre"1 j was incubated with 

anti-Ei.-Äs F2 (about 1 nmol- litre"1 j  at 5°C. A fter at least 30 min, E2 was added 
(0.1 nmol- litre"1 j. From this m oment the dissociation time t was measured. A t different 
time intervals, B /F  separations were performed by adding either dextran-charcoal (A) or 
ammonium sulphate (B) and then the radioactivity was measured.

Adsorption method C. The same concentrations o f  labelled ligand and binder as 
above were incubated at 5°C. After at least 30 min, dextran-charcoal was added and from  
this m oment the dissociation time was measured. A t different time intervals samples were 
transferred, centrifuged and the radioactivity was measured.

Results were expressed as BJBo X. 100 and plotted against t. В о : amount o f  labelled 
complex at dissociation time t = 0; Bt : amount o f  complex labelled at dissociation time t. 
•  data from competition method A
■ data from competition method В
A data from adsorption method C.

(2) The calculated association rate constants (1.4 to 1.9 X 106 litre-m ol-1 -s_1)
are several orders of magnitude less than the theoretical diffusion control limit 
(109 litre • m ol-1 • s ' 1), about two orders o f magnitude less than the data 
reported for binding of DNP amino acids by myeloma protein (temperature- 
jump fluorometry) [11], and about one order o f magnitude less than the data 
reported for binding o f progesterone by progesterone-binding globulin (stopped- 
flow fluorometry) [16] and for binding o f 3H-ouabain by anti-ouabain antiserum
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by a modification of the method described in Ref. [14]. It was suggested that 
diffusion could not be the limiting factor for the association rate and that steric 
restriction and electrostatic repulsion affect the reaction rate [15,16]. The 
differences from the other experimental data can not yet be explained.

(3) The dissociation o f the labelled estrogen-antibody complexes appeared to 
be monophasic to an extent of at least 90% of the initial amount o f antibody- 
bound labelled estrogen, independent o f variations in labelled hapten concentrations 
from 0.4 to 11 nmol/litre.

(4) The dissociation rate constants increase with temperature from
2—3.5 X 10-4 s_1 at 5°C to 12—13 X 10-4 s-1 at 35°C. In this range, energies 
o f activation o f 3H-Ej-, 3H-E2- and 3H-E3-antibody complexes determined by 
Arrhenius plots were 12.4, 10.1 and 11.5 kcal - m ol-1 , respectively. The 
observed half-lives o f 40—50 min at 5°C exceeded previously published data 
considerably [17,18].

(5) In some cases, discrepancies were observed between the calculated kI2/k21 
ratios and the equilibrium association constant К (Table III). These may be due 
to their dependence on binding-site concentration (Fig.3). Since there is no basis 
for deciding which of the methods yields the true values of the parameters, the 
use o f them should be restricted to comparison o f quantities obtained by the 
same method.

MAPPING OF ANTI-ESTROGEN-ANTIBODY BINDING SITES

The size o f ligands bound by an antibody molecule is equal to the volume 
o f six hexoses or four amino acids, as estimated by oligosaccharides and oligo
peptides with increasing chain length as probes [19]. In the opinion o f the authors, 
steroids would be even more suitable as immunochemical probes because o f their 
rigid conformation and, according to our hypothesis, the steroid nucleus would 
just fill the antibody binding space [2] now described by crystallographers as a 
shallow groove ( 1 5 Â X 6 Â X 6  Â), a wedge-shaped cavity (12Â X  1 5 Â X 2 0 Â )  
or a conical cavity (10 Â $i>) [20]. On the other hand, it was assumed by others 
that the steroid nucleus and the “bridge” are recognized together by the anti
body and that “bridge’Mabelled indicator-haptens would not be suitable for 
homologous radioimmunoassays because their affinity would greatly exceed 
that o f the steroid to be determined [21 ]. The “bridge” here means the group 
of atoms in the immunogen that connect the immunodeterminants with the rest 
of the molecule. In the antigens referred to in this study, the “bridge” is the
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region from the C6 atom of the estrogen to the lysine residue of the albumin 
with which it is conjugated:

О
II

> C = N - 0 - C H 2 -C -N H -(C H 2)4 - C H - C -
II I

'O NH
I

In other antigens with steroidal immunodeterminants, the “bridge” is built up 
by, for example, glucuronic acid or tridigitoxoside derivatives [22, 23].

The first experimental evidence for our hypothesis was obtained from 
cross-reactivity studies with ring-A-substituted estrogens. Antisera raised against 
estrone- and estradiol-17ß-C6-conjugates did not exhibit significant affinity with 
estrone- and estradiol-17ß-3-sulphate. In contrast to this, anti-estriol-C6-conjugate 
antiserum exhibited considerable affinity with estriol-3-sulphate, even up to 
100% cross-reactivity with estriol. Hypothetically, this could be explained by 
assuming that estrogens with an additional hydroxy group at С 16a are too bulky 
for the antibody to recognize their C3, since the C3 of the immunodeterminant' 
lies far from the immunodominant ring D region in the neighbourhood o f the 
C6-bridge region.

To establish definitively to what extent links in the bridge region were 
recognized by anti-estrogen antibodies that exhibit high specificity to the ring D 
region o f estrogens [2], ligands were synthesized which contained increasing 
elements o f  the “bridge” region. The binding o f these ligands was studied at 
equilibrium and in the course o f association and dissociation.

Results and discussion

1. At equilibrium, 3H-E2 binding by the antibodies was inhibited significantly 
by all unlabelled ligands tested (Table IV). The non-parallelism of the inhibition 
curves that was probably induced by the heterogeneity o f  the antibodies is obvious. 
On the assumption that the'influence o f binding energy heterogeneity reaches
a minimum at 50% inhibition [24], the doses effecting this degree o f  inhibition 
were taken for ranking the haptens according to their inhibition potencies. The 
ranking sequence was essentially the same with the antisera anti-E2-As A l, B1 
and Cl.

2. The low inhibition potency o f  Е2-Д7 is readily explained by the loss of  
molecular coplanarity after the C7-C8 double bond is introduced. An analogous 
effect was observed when the 5a and 5ß isomers o f  ring-A-saturated C l8 steroids
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TABLE IV. BINDING OF UNLABELLED ESTRADIOL-C6-DERIVATIVES 
BY ANTI-ESTRADIOL-C6-CONJUGATE ANTISERUM 
Relative potencies o f 3H-E2-binding inhibition

ID,s IDS0 id 25

е 2-д 7 3 0.6 0.1

е 2-д 6 112 95 85

e 2 100 100 100

E2 -6a-ol 50 52 54

E2-60-o1 26 26 26

E2 -6- one 169 166 162

E2 -6- oxime-O-ME 73 121 200

E2-6-CMO 58 93 150

E2 -6-CM O-histamine 67 121 219

E2 -6- CMO-ACA 77 128 219

E2-6-CMO-Lys 67 121 219

The inhibition doses (ID) to reduce the 3H-E2 binding by the antiserum to 75%, 50% and 25% 
of B0 are indicated in relationship to the inhibition potency of E2 = 100%.
3H-E2 (0.6 nmol/1) was incubated (30 min at 25°C; 30 min at 5°C) simultaneously with one 
of the unlabelled ligands (0.0 to 10 nmol/1) and with antiserum (anti-Ej-As-Al). At zero dose 
of unlabelled ligand, 50% of the radioactivity was bound by the antiserum (=  B0). With 
increasing amounts of unlabelled ligands, lower amounts were bound (B). B/F separation was 
by the dextran-charcoal technique. Binding curves were established by plotting B/B0 v. dose 
of unlabelled ligand directly and after logit/log transformation.

were compared [4]. Coplanarity of the estrogen molecule is not disturbed when 
a C6-C7 double bond is introduced. Consequently, E2-A6 exhibited an inhibition 
potency like that o f E2.

3. The inhibition potency of E2-6a-OH exceeded that o f  E2-6/3-OH. The
equatorial 6«-OH group probably fits better into the binding site than does the
axial 6j3-OH-group. The analogous effect was observed when the influence o f  the
equatorial 3/3-OH group was compared with that o f the axial За-OH group of 
ring-A-saturated C l8 steroids [4]. To further study these stereochemical 
regularities, the use o f antisera for structure recognition o f unknown steroids
was proposed [25].
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» a > I b )

FIG.6. Complex formation with unlabelled ligands. E2-6-oxime-O-ME (7.4 nmol- litre"1 ) 
and anti-E2-As D2 (7.1 nmol- li tr e '1 j were incubated at 5°C. A t reaction time intervals o f  
about 20 s, samples were transferred to precooled charcoal columns and pressed through.
To the filtrate was added 3H-E2 (3.7 nmol ■ litr e '1 j and 5 min later dextran-charcoal. A fter 
centrifugation the radioactivity o f  the supernatant was measured. The amount o f  unlabelled 
complex В (= q -  B*Q) was plotted against reaction time directly (a), or after transformation 
according to a second-order reaction (b).

TABLE V. BINDING OF UNLABELLED ESTRADIOL-C6-DERIVATIVES 
BY ANTI-ESTRADIOL-C6-CONJUGATE ANTISERUM 
Apparent association rate constants

k n  X 1(T6 
(litre • mol-1 • s ' 1)

Anti-E2 -As Anti-Eî -As Anti-Ej -As
D2 E2 F2

E2-6-one 1.07 0.83 0.70

E2 -6-oxime-O-ME 0.45 0.45 0.43

E2-6-CMO 0.45 0.32 0.34

E2 -6-CMO-Lys 0.36 0.36 0.35

Association rate constants were evaluated and calculated as described before (Fig.5).
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FIG. 7. Binding o f  unlabelled estradiol-C6-derivatives by anti-estradiol-C6-conjugate 
antiserum. Apparent dissociation rates. Anti-E2-A sD2 (about 1 nmol- li tr e '1 ) was 
incubated with and without unlabelled ligands (1.5 nmol ■ li tr e '1 ) at 5°C. A fter at 
least 60 min, dextran-charcoal was added. From this m oment the dissociation time 
was measured. A t different time intervals samples were centrifuged and the supernatant 
was incubated with 3H-E2 (2 nmol - li tr e '1 j. A fter 10.0 min the second incubation was 
stopped by adding dextran-charcoal. From the antibody-bound radioactivity the apparent 
dissociation rate o f  the unlabelled ligand was calculated. By omitting unlabelled hapten in the 
the first incubation the value for bound radioactivity after infinite dissociation time o f  the 
unlabelled complex was obtained. The differences between this value and the values o f  
radioactivity measured after different dissociation times (t = 0 to t) were used as B0 and Bt 
for the plot.

4. The inhibition potency o f E2-6-one was considerably higher than that o f  
E2 and reached the highest inhibition potency observed in the study. E2-6-one 
is considered to be identical with the steroid nucleus o f the immunodeterminant, 
including the sp2 hybridization at C6. To other types o f anti-steroid antibodies, 
pure steroids exhibited also nearly the same inhibition potency as steroids with 
“bridge” elements [3 ,2 2 ,2 3 ]. Inhibition potency is related to the association 
constant [26]. Thus, with respect to the steroid-specific antibody fraction, it is 
highly improbable that the К value o f a steroidal hapten, even when labelled with 
a bulky iodine atom in the bridge region, would exceed the К value o f a pure 
steroid with the same molecular conformation as the immunodeterminant.
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TABLE VI. BINDING OF UNLABELLED ESTRADIOL-C6-DERIVATIVES 
BY ANTI-ESTRADIOL-C6-CONJUGATE ANTISERA 
Apparent dissociation rate constants and average half-life times

k21 X 104 
( s '1)

ti/2
(min)

Anti-E2-As
D2

Anti-E2 -As 
E2

Anti-E2 -As 
F2

E2 -6/3-0 H 4.04 4.15 3.91 28

E2-6a-OH 3.21 3.34 3.32 35

e 2 2.59 2.64 2.64 45

E2 -6-one 1.36 1.18 1.43 80

E2 -6-oxime-O-ME 0.58 0.61 0.59 200

E2 -6-CMO 0.64 0.68 0.64 180

E2 -6-CMO-histamine 0.64 0.64 0.66 180

E2-6-CMO-Lys 0.93 0.92 0.90 130

Dissociation rate constants were evaluated and calculated as described before (Fig.6).

5. К values depend on both the association and dissociation rate constants 
k12 and k2i - Since the geometry o f E2-6-one and E2-6-CMO-Lys differs signi
ficantly, the lower К value o f  the latter may be due to a lower association rate 
rather than to a higher dissociation rate, which is actually a measure o f  
affinity [15].

6. Apparently the association reaction o f unlabelled haptens with antibodies 
can be followed accurately by the “sequential incubation method” (Fig.6). From 
the results in Table V it can be concluded that at least the same trend is 
demonstrated by the data obtained from the three antisera tested: E2-6-one 
associates faster than the haptens containing more elements o f the “bridge” .
In this respect, the absolute values o f  the reaction rate constants are less important.

7. The dissociation reaction o f unlabelled hapten-antibody complexes 
followed by the “sequential incubation method” is obviously monophasic in 
the range up to 90% of the initial amount o f complex (Fig.7). The data 
summarized in Table VI indicate strongly that E2-6-oxime-0-ME is most tightly 
bound by the antibody with twice the half-life of the E2-6-one complex. The
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reliability o f the affinity ranking based on the data o f Table VI is confirmed by 
the half-lives of E2-6/3-OH, E2-6a-OH and E2 whose ranking, in turn, corresponds 
with that o f  the inhibition potency values o f these haptens. Their association 
rates can be assumed to be equal, since the geometry o f these molecules does 
not differ grossly. In summary, it is concluded that the “sequential incubation 
method” for determining reaction rates is a valuable tool for immunochemical 
affinity studies. By means o f kinetic mapping, the binding sites of antibodies 
were estimated to equal the size o f E2-6-oxime-0-ME.
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DISCUSSION

D. RODBARD: You have presented a very fine study o f the physico
chemical properties o f steroid-antibody .systems. I was very interested in the 
apparent systematic relationship between the association rate (kon) and binding 
site occupancy This may represent “negative co-operativity” mediated by kon, 
which would be an exciting new finding. Of course, one must be careful to 
exclude any possible artefacts or biases which might contribute to this effect.
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In your calculation o f kon, you use an approximation, viz. that the reaction 
is irreversible. My paper (SM-220/58) describes the mathematical basis for 
calculating kon and k0ff for the reversible case.

E. KUSS: I probably do not understand your meaning o f “co-operativity” . 
In my opinion, it is expressed by the Hill coefficient o f  equilibrium (Michaelis) 
constant, which is the result of variations o f association and/or dissociation rate 
constants, depending on the degree o f occupancy o f the homogeneous binder 
by one type o f  ligand. I listed the different rates of association of different 
ligands, and you were clearly referring to them. These rates are thought to be 
influenced by steric hindrance or electrostatic repulsion, for example before the 
ligand has found the correct fit. According to this, the lower association rate of 
estrogens with bridge elements, as compared with ‘nude’ estrogens, may be quite 
understandable.

I agree that our approach to the association rate is rather a simple one in 
comparison with the ‘stopped flow’ or ‘temperature jump’. I am therefore not 
yet quite sure about the accuracy of the absolute values. But, since estrogens 
with and without bridge elements have been processed in the same manner, 
and since the differences were reproduced with three different antisera, the 
differences apparently reflect structural variations in the ligands.

I agree that in our calculation the dissociation term of the reaction rate 
equation was neglected. But as you well know, this is permissible when the 
dissociation rate is very slow in comparison with the association rate and the 
measurements are performed in the initial phase o f the reaction. Both these 
conditions were satisfied in our approach.
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Abstract

SPECIFICITY OF DIRECT RADIOIMMUNOASSAYS OF UNCONJUGATED ESTRONE AND 
ESTRADIOL-17/3 IN PLASMA.

Procedures for radioimmunoassay of estrone and estradiol-17/3 in plasma which do not 
include a chromatographic step or even plasma extraction are now described in the literature 
and are recommended in most commercially available kits. Besides leading often to  a systematic 
over-estimation of estrogen concentrations, such techniques are liable to  give results which are 
volume-dependent. Since this defect may be due to the type of antiserum used or to  the mode 
of separating free from antibody-bound steroid, the influence of plasma volume was studied 
either with a modification of the Castanier and Scholler method (i.e. suppression of Sephadex 
LH-20 chromatography, using antisera of different types) or with estrogen kits. The separation 
step in the modified method was by toluene extraction and in the commercial kit procedures 
it was by means of dextran-coated charcoal or polyethylene glycol. The volume effect was 
always found, in varying degrees, according to the plasma sample. It was most marked in plasma 
from hyperlipidemic patients. The addition of fatty  acids, at an upper physiological dose, led 
to a modification of the standard curve, with over-estimation at low levels and under-estimation 
at high levels, resulting in calculated estrogen concentrations depending on volume. The use of 
highly specific antiserum as determined by cross-reaction studies with authentic steroids does 
not necessarily imply the possibility of performing direct assays, procedures for which should 
not be accepted unless they have been shown to be free from the volume effect.

Most radioimmunoassays or radioreceptor assays for the estimation of 
unconjugated estrone (E ^  and estradiol-17/3 (E2) in plasma that have been described 
since 1969 [1 ] have included a chromatographic step for separating estrogens, thus 
allowing their measurement with unspecific antisera generated against 17- 
hemisuccinate derivatives coupled with bovine serum albumin (17-HS antisera).

With the introduction o f antisera highly specific for the authentic steroids
[2] and with the steady increase in routine determinations the diagnostic laboratory 
must cope with, more rapid and practical methods have been published, allowing 
the direct measurement o f E! and E2 in crude plasma extracts [3—7] or even in 
unextracted plasma [8]. This trend has found an echo among kit manufacturers, 
since most commercially available kit procedures do not involve a chromatographic 
step.
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Cameron and Jones [3] and Verdonck and Vermeulen [9] have shown that 
even with the use of antisera to estradiol-6-(0-carboxymethyl) oxime bovine serum 
albumin (E2-6-CMO-BSA antisera), accurate results could not be obtained for low 
values of E2 by an assay performed on crude plasma extract. The results were 
even worse with unextracted plasma, the values being in both conditions over
estimated. The same phenomenon was observed by Doerr et al. [10] when measuring 
E! with a highly specific antiserum to estrone-3-hemisuccinate bovine serum albumin 
(E,-3-HS-BSA antiserum). Such data showed that demonstrated specificity by 
cross-reaction studies with authentic steroids did not guarantee specificity in the 
assay performed with a biological material.

De Hertogh [11] and the authors [12] showed with different separation 
techniques (dextran-coated charcoal [11] and toluene extraction [12]) that 
another pitfall in the use of direct methods was the volume dependency of 
calculated estrogen concentration. De Hertogh’s observation was made with a non
specific antibody to estradiol-17ß-l 7-hemisuccinate bovine serum albumin 
(E2-l 7-HS-BSA antiserum). We used E2-l 7-HS-BSA antiserum as well as Ej and 
E2-6-CMO-BSA antisera, but the possibility existed that this volume effect 
depended on the very antiserum used or on the particular separation technique 
involving toluene extraction. This led us to study the influence o f these two 
parameters using different antisera and different separation techniques — toluene 
extraction, dextran-coated charcoal and polyethylene glycol (PEG) precipitation.
We either followed our usual technique [13] without the chromatographic step 
or we used the material and directions in commercial kits.

1. MATERIALS AND METHODS

1.1. Kits

i The kits were purchased from or provided by the following manufacturers:

3H-estradiol RIA kit; Bio-Mérieux, 69260 Charbonnières-les-Bains, France; 
Estradiol kit (Estr-K); and estrone kit (E-l-K), Commissariat à l’Energie 
Atomique (CEA), 91190 Gif-sur-Yvette, France;
Estradiol kit (code 1864); Biodata, 00176 Rome, Italy.

All these kits recommend direct incubation of an ethereal extract with label 
and antibody. Each kit was shipped at ambient temperature and kept at 4°C in 
the laboratory. Table I compares the salient features of the three types o f kits 
and of the Castanier and Scholler method [13].

The kit procedures are rather similar, apart from the separation step; 
Biodata uses PEG precipitation and the other two use dextran-coated charcoal. 
The Biodata label and standard come in the dried and freeze-dried form,
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respectively, whereas in the two other kits they are found in ethanolic solution 
though the addition o f these reagents is effected in aqueous medium. In the ,
Castanier and Scholler method the label and standard are evaporated. The type 
o f antiserum is anti E2-6-CMO-BSA (Bio-Mérieux and Biodata). CEA'literature 
states only that antiserum is anti E2-6-conjugate or Ej -3-conjugate. Antisera are 
in the freèze-dried form in all cases. Only Biodata instructions indicate the 
dilution o f antiserum after reconstitution with buffer (1 :3, 125). Standards for 
the calibration curve are prepared by serial dilution of the standard provided with 
the kit. The final concentration of charcoal suspension is 109% in the Bio-Mérieux 
kit and 105% in the CEA kit. In both cases, after centrifugation, 0.5 ml o f super
natant is transferred to a counting vial and 10 ml o f Instagel or a Bray-type 
scintillator is added (naphthalene: 60 g, xylene: 250 ml, dioxane: 500 ml, 
ethanol: 150 ml and scintimix: 4 g). The tritium counting efficiency is then 
about 38%.

1.2. Castanier and Scholler method

This method, which is used routinely in our laboratory, was published in 1970. 
Only the main features are given here.

1.2.1. Antisera

Antisera used in the Castanier and Scholler procedure have been raised at our 
Foundation by J. Adeline against E2-l 7-HS-BSA and E2-6-CMO-BSA. The first 
antiserum is used at a final dilution o f 1:7 000 and the second at a final dilution 
of 1:15 000. Another antiserum to E2-6-CMO-BSA (79.520, lot A) was kindly 
supplied by Institut Pasteur Production, Paris, France. The freeze-dried an|iserum 
is reconstituted with 11 ml of our standard phosphate buffer and then used at a 
dilution 1:3. E2-7-CMO-BSA antiserum (lot 3341) [14] was a gift from 
Dr. J.-P. Raynaud (Roussel-Uclaf Research Centre, Romainville, France). It was 
used at a 1:20 000 dilution.

1.2.2. Buffer

Buffer is prepared according to Abraham [15] with addition o f 0.2% gelatin 
(Prolabo, Paris, France).

1.2.3. Steroids

Tritiated steroids were obtained from the Radiochemical Centre, Amersham, 
Bucks, UK: (2, 4, 6, 7(n) 3H) E t and E2 with, respectively, a specific activity 
o f 90 Ci/mmol and 89 Ci/mmol. A stock solution in ethanol is prepared, 
containing approximately 0.1 ¿iCi/ml.

Non-radioactive steroids were obtained from Roussel-Uclaf, Romainville, France.
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1.2.4. Lipids

Non-radioactive lipids were obtained from Sigma Chemical Co., Saint Louis, 
Missouri 63178, USA or from Merck-France, Paris, France.

1.2.5. Solvents

Benzene, toluene and ethanol are from Merck-France, Paris. Ether is from 
Purex ( 13124 Peyrin, France) and is used without further purification.

1.2.6. Radioactivity measurements

All radioactivity measurements are performed in a Nuclear Chicago Isocap 500 
or Delta 300 system using a scintillator mixture o f 4 g of scintimix in 1 litre of 
toluene.

The tritium counting efficiency is 63%.

1.2.7. Glassware and pipetting

Disposable glass tubes are used throughout. Pipetting is done with Eppendorf 
pipettes, except for radioactivity addition which is performed with Pedersen 
pipettes (Copenhagen, Denmark).

1.2.8. Assay procedure

After addition of 18 000 dis/min o f labelled E! or E2, variable volumes of 
plasma are extracted with 5 ml of fresh ether on a Vortex mixer. The plasma 
is then frozen and the ether phase is decanted and evaporated to dryness under 
nitrogen. In the usual procedure, the residue is taken up in about 100 /il of 
benzene-ethanol (85/15, vol/vol.) and deposited on top o f a Sephadex LH-20 
micro-column (Volac Pasteur pipette, internal diameter X height of column:
5 mm X 50 mm). Elution is performed with the same solvent mixture. One 
aliquot o f the eluate is taken for recovery determination and another aliquot 
is processed, after evaporation, through the radioimmunoassay. In the “direct” 
version o f the method, the chromatographic step is omitted and addition of 
radioactivity is effected only at the incubation step. 0.2 ml of the antiserum is 
added to each tube and, after Vortex mixing, the tubes are incubated for 30 min 
at 37°C. Separation o f the bound from the free steroid is performed at 4°C by 
adding 2.8 ml of toluene scintillation fluid. After Vortex mixing, each tube is 
allowed to stand for 30 s in a bath at -  50°C and the scintillation fluid is decanted 
in a counting vial.
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FIG.l. Standard curve for estradiol-17/3, using the E2 Bio-Mérieux kit.

2. RESULTS AND DISCUSSION

Figures 1 to 5 show standard curves obtained with the different methods 
used (the per cent binding is related to a zero standard tube). Figures 6 to 10 
present the mean calculated concentrations o f determinations in triplicate for 
two different aliquots o f plasma samples. The lower the plasma volume assayed, 
the higher is the calculated estrogen level. Further evidence of the volume effect 
is obtained by plotting the measured amount o f estrogen in different volumes 
of plasma as a function o f the volume assayed (Figs 11 ,12  and 13). Deviation 
from linearity is quite clear. Preliminary results show that the same is true for 
the 7-CMO-BSA-derived antiserum. We could not use antisera against an 11-BSA 
derivative o f E2 which may be o f very high specificity, since it was the only one 
to give no over-estimation with a direct procedure in the method o f England et al.
[6], whereas an E2-6-conjugate antiserum did give over-estimation. With such an 
antiserum, Onikki and Adlercreutz [16] studied the effect of plasma volume and 
did not observe any, but their technique included a preliminary purification.step 
involving ammonium sulphate precipitation o f sex-hormone-binding globulin.
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FIG.2. Standard curve for estradiol-17/3, using the E2 CEA kit.

FIG.3. Standard curve for estrone, using the E\ CEA kit.
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FIG.4. Standard curve for estradiol-17/3, using the Ег Biodata kit.

FIG.5. Standard curve for estradiol-17/3, using Institu t Pasteur E2-6-CMO-BSA antiserum.
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E2 BIOMERIEUX KIT

0.1 0.3 0.5 ml PLASMA

FIG.6. Influence o f  plasma volume on the calculated concentration o f  estradiol-17/3, using 
the E i Bio-Mérieux kit.

FIG. 7. Influence o f  plasma volume on the calculated concentration o f  estradiol-17/3, using
the E2 CEA kit.
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FIG.8. Influence o f  plasma volume on the calculated concentration o f  estrone, using the E\ 
CEA kit.

P9

250

01 ' Í 3  ' 0.5 ml PLASMA

FIG.9. Influence o f  plasma volume on the calculated concentration o f  estradiol-17(3, using
the E i Biodata kit.
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PS
15000-

10000-

INSTITUT PASTEUR 
E2 6 CMO BSA 

DEXTRAN COATED 
CHARCOAL

FIG. 10. Influence o f  plasma volume on the calculated concentration o f  estradiol-17/3, using 
Institut Pasteur E2-6-CMO-BSA antiserum and dextran-coated charcoal separation.

F IG .ll. Influence o f  plasma volume assayed on the measured am ount o f  estradiol-17/3, usihg
the E2 Bio-Mérieux kit.
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FIG. 12. Influence o f  plasma volume assayed on the measured amount o f  estradiol-17/3, using 
the E i CEA kit.

ч

p g
INSTITUT PASTEUR 
E2 6 CMO BSA 
TOLUENE EXTRACTION

100

10-

0.01 0.03 0.05 0.07 0.09 m| PLASMA

FIG. 13. Influence o f  plasma volume assayed on the measured amount o f  estradiol-17/3, using 
Institu t Pasteur E2-6-CMO-BSA antiserum and toluene extraction separation technique.

I
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TABLE II. MEAN CONCENTRATIONS OF FATTY ACIDS IN PLASMA OF 
NORMOLIPEMIC SUBJECTS [17]

mg/ml /¿mol/ml

Laurie 0.023 0.115

Myristic 0.061 0.267

Palmitic 0.912 3.562

Palmitoleic 0.137 0.539

Stearic 0.260 0.915

Oleic 0.782 2.773

Linoleic 0.879 3.139

Linolenic 0.018 0.065

Aracliidomc 0.251 0.826

The volume effect seemed to be more marked in cases wliere there was a 
yellowish residue after ether evaporation, i.e. when the ethereal extract seemed 
to be rich in lipid. It was verified that the influence o f plasma volume was the 
most pronounced with hyperlipemic subjects. Fatty acids in salt form were 
added to standard tubes at a dose equivalent to a plasma level o f 5 /¿mol/ml, 
which represents an upper physiological level [17] that may be met after ingestion 
of food (Table II). Figures 14 and 15 demonstrate the influence o f laurate on E! 
and E2 standard curves. The curves before and after addition o f laurate cross 
over each other. This means that any low amount o f estrogen, corresponding to a 
low plasma volume, will be read on the standard curve with an over-estimation, 
and that any high amount, corresponding to a large plasma volume (over 90 pg, 
in Fig. 14 for example), will be read with an under-estimation. Both types of 
wrong readings will result, once they are related to 1 ml o f plasma, in calculated 
concentrations that depend on the volume. Myristic, palmitoleic, stearic, oleic 
and linolenic acids had the same effect.

The observation that the calculation estrogen concentration was inversely 
related to the volume of plasma extracted was made by de Hertogh with an 
E2-l7-HS-BSA antiserum [11] and by the authors [12] with Ei and E2-6-CMO-BSA 
antisera. The same volume effect was described by Duvivier et al. [18] for estriol 
measurement with an E3-6-CMO-BSA antiserum. In the present work, this 
effect was consistently found whatever the source of antiserum used. Thus, 
this phenomenon is not related to the “theoretical” specificity, i.e. as estimated 
by cross-reaction studies with authentic steroids. It could be considered due to
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FIG.14. Influence o f  laurate addition on the standard curve o f  estrone.
----------  standard curve
--------- with added laurate

FIG. 15. Influence o f  laurate addition on the standard curve o f  estradiol-17/3.
----------  standard curve
--------- with added laurate
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a particular type of mode o f separation o f antibody-bound steroid from free 
steroid, since it has been shown that the theoretical specificity of an antiserum 
varied according to the type o f separation technique used [19]. The importance 
o f this step is also stressed by Barnard et al. [20] who reported that it influenced 
the level o f E2 in plasma. Toluene extraction, dextran-coated charcoal adsorption 
and PEG precipitation were used in our work. There was a volume effect under all 
three conditions. Furthermore, the magnitude o f the effect varies greatly from 
sample to sample, the extent of the lowering at higher volumes being 90% of the 
amount measured at lower volumes [12], and it does not depend on the level of 
estrogen measured.

To improve performance, in terms o f time and practicability, direct methods 
are being devised for most radioimmunoassays. However, with the material 
and techniques used in this work, it was impossible to obtain meaningful results 
in the measurement o f E! and E2, for any plasma volume. Perhaps antisera -  
such as the 11-BSA derivatives — could be raised which would be highly specific 
and would not be affected, not only by other steroids, but also by other substances, 
among which lipids seem to be of some importance. With the present antisera, a 
chromatographic step is mandatory.
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DISCUSSION

H.P. KOLM: There is a specificity problem when estrogen haptens are used 
for immunization because o f the possibility of alteration o f structure in the 
17-position o f the steroid molecule by enzymatic action in the animal during 
immunization. What do you think about this point?

J. GRENIER: Enzymatic transformation of estrogen may occur during the 
immunization procedure, but the antisera o f different sources which we used in 
our work were all very specific to authentic steroids; I have tried to show that 
this is different from being specific to the crude biological milieu.

E. KUSS: According to our results (paper IAEA-SM-220/8), after immunizing 
rabbits against E !, E2-l 7a and E2-l 7j3 and investigating the cross-reactivities o f the ' 
resulting antibodies, there is clearly no metabolism o f the estrogen immunodeter
minants in rabbits (Ref. [2] o f the above paper). It should however be borne in 
mind that immunogens are not always well defined and purified, nor is purity 
tested before immunization.
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Abstract

AN ACCURATE RADIOIMMUNOASSAY OF HUMAN GROWTH HORMONE WITH 
SEPARATION ON POLYACRYLAMIDE GEL ELECTROPHORESIS OF FREE ANTIGEN, 
ANTIGEN-ANTIBODY COMPLEX AND DAMAGED LABELLED ANTIGEN: FURTHER 
STUDY OF DAMAGED LABELLED ANTIGEN TO OBTAIN LONG-LASTING LABELLED 
PRODUCTS.

The purpose of this work was to obtain a radioimmunoassay that would be sufficiently 
accurate and precise to provide a suitable means of determining human growth hormone 
(hGH) in both extracts and physiological fluids for specific research purposes rather than for 
routine clinical assays where the labelled products could be used as long as possible. The 
only technique found that could satisfy these requirements was polyacrylamide gel 
electrophoresis (PAGE), though in some respects it is more laborious than other techniques.
By introducing some modifications to the original method of Davis it was possible, with 
11-cm tubes, to separate the free, the antibody-bound, and the damaged labelled antigen on 
the same gel. The method, being able to  detect separately and independently these three 
components and to  give a better control of the analytically dangerous “damaged” antigens, 
furnished accurate and reproducible curves. An example of a determination is the one on 
KABI-Crescormon which compares the results obtained with the present technique with those 
presented by another laboratory. Thanks to this method, the labelled antigen could be used 
for up to one month, after which re-purification on Sephadex enabled the same labelled 
product to  be used profitably for two more months. Parallel to this work, a study has been 
performed on the various components originating in this so-called process of “damaging” , 
and particular importance has been given to a more precise knowledge of the amount of 
antigen, in terms of mass, present in an assay.
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In setting up this radioimmunoassay technique, which had to be applicable 
to the determination of human growth hormone (hGH) in extracts and in 
physiological fluids, there were three main requirements:

1. The determination had to provide accurate and “absolute” values
(an absolute which is, o f course, “relative” to the reference standard only) that 
are perfectly comparable to those obtained in other laboratories using the same 
standard. The difficulty in achieving this has already been mentioned [1 ,2 ].

2. The determination of bound-to-free ratio (B/F) had to be very precise 
and as free as possible from “misclassification errors” due to overlap or incomplete 
separation o f the free antigen from the antigen-antibody complex and from the 
so-called “damaged antigen” , the three components normally involved in this 
assay.

3. Use of the labelled hormone (125I-hGH) had to be prolonged as much as 
possible, without affecting too much the accuracy, precision and sensitivity, so 
that the technique would be less dependent on regular shipments o f 1251 and 
would not involve new labelling and standardization procedures every week or 
second week.

Only polyacrylamide gel electrophoresis (PAGE) could, in our opinion, 
satisfy these requirements though it was, in some respects, more laborious than 
other techniques. The sample, containing antigen, antigen-antibody complex 
and always a certain amount o f the damaged antigen, was added in gel poly
merized on top of the separation gel, according to a modification [3] of the 
original method of Davis [4]. Separation of the free hGH (which moves ahead 
close to the tracking dye) from the complex with the antibody just entering 
the first part o f the separation gel and from the damaged antigen trapped in the 
polymerized sample gel was performed in 8-cm or, better, 11 -cm gel tubes. The 
gel was cut with a gel slicer into segments 0.5 or 0.7 cm long and the radioactivity 
was measured in a well-type gamma counter (Fig. 1).

For the first requirement, the technique was tested on a hGH preparation 
of declared immunoactivity, determined in another laboratory using the same 
standard (WHO hGH 1st IRP 66/217 for immunoassay), but with a different 
separation technique. For clinical use KABI-Crescormon was chosen with an 
activity (4 IU/ampoule, 2 IU/mg) that had been determined by the double
antibody method in the KABI Laboratories o f Stockholm [1]. The technique 
presented here had two definite advantages over the KABI method: the possi
bility o f a separate and independent detection of the three peaks involved 
(antigen, complex and damaged antigen) and no need of a second antibody which, 
as already stated, could introduce a factor o f uncertainty in the determination 
itself [2].
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FIG.l. Polyacrylamide gel electrophoresis using 11-cm long tubes and 5% acrylamide 
separation gel. (a) Purified labelled hormone (incubation blank), (b) The same, incubated 
with antibody at a dilution o f  1 :1 06.
D = damaged antigen, В  = antigen bound to antibody, F  = free antigen.

Before running the radioimmunoassay, the same PAGE technique was used 
to determine the optimal antibody dilution for the assay, the detection range 
and the sensitivity o f the method. One of the curves produced by the present 
technique is shown in Fig.2, and results of determinations carried out with it 
on KABI-Crescormon are presented in Table I.

After this, the exact amount, in terms o f mass (picograms), of labelled 
antigen present in each incubation was determined under the prefixed assay 
conditions. This parameter, which is seldom mentioned in the literature but 
whose importance cannot be overlooked [5 ], especially for comparing 
different labellings, was determined by a method based on the work of 
Berson et al. [6]. The values were then compared with those obtained by the 
method used by Greenwood et al. [7]. A curve, like the one in Ref.[7], was 
used to calculate the amount, in picograms, of labelled hGH that was present 
in each incubation. Of course the same purified hGH used for the labelling 
(in our case NIH RGH HS 2002 F) had to be used for the standard curve.
Instead o f checking the overlapping o f the two curves, we used the standard 
curve to calculate directly the amount o f 125I-hGH present (Fig.3), finding this 
method more reproducible th#n the one based on the monitoring of radioactivity 
at each step in the labelling and purification. Though the average value of 64 pg 
per incubation found by this method is o f the same order of magnitude as that 
furnished by the other approach, it is still not in good agreement.

These results were obtained with a very newly labelled antigen. The possi
bility of extending the application of the same 12SI-hGH to subsequent assays 
for a certain time, without the need of a new labelling reaction, depended mainly
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TABLE I. RADIOIMMUNOASSAY DETERMINATIONS ON 
KABI-CRESCORMON

Experiment
No.

Stated
content
(ng/ml)

Found 
- content 

(ng/ml)

IU/mg

1 2.5 2.50 2.00

10.00 10.60 2.12

2 5.0 5.30 2.12

3 5.0 5.60 2.24

4 2.0 2.40 2.40

4.0 4.35 2.17.

8.0 8.40 2.10

average 2.125

S.D. ±0.1267

S.E. ± 0.0479

fiducial limits (P =  0.95) 
2.008-2.242

on the behaviour of the damaged antigen and on the possibility of avoiding its 
interference in the calculation of B/F. Here again the PAGE technique proved to 
be one o f the best tools available, offering the possibility for separating and, at 
the same time, studying the behaviour of a certain unknown component.

It is known that when a good labelled antigen has been used for about a 
month or even less that the damaged antigen, which in our PAGE technique is 
trapped in the sample gel, increases to values higher than 20% of the total and 
creates problems in the traditional assays. In our case, the first positive approach 
was to repeat the same purification procedure on Sephadex G-75 as is carried out 
after the labelling. This re-purification produced exactly the same peaks as those 
obtained after the first passage, which we have called PI, PII, PHI and PIV. The 
identity o f only two of these is known for sure: PII, which is undamaged hGH, 
and PIV, which is undoubtedly free iodide (Fig.4). The re-purified antigen was
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FIG.3. Determination o f  the amount o f  i25I-hGH, in terms o f  mass, present in a radioimmuno
assay sample. The curve was pre-constructed using various amounts o f  the same hGH that was 
used for the labelling (X  = 64 pg, averageJ.

of course at a higher dilution (about 1:10 with respect to the first passage), but 
this did not affect the assay technique in any way since the labelled antigen was 
used at a much higher dilution (1 :1 0 0  or higher). What was important was that 
the specific activity (in ß d /ß g  o f 125I-hGH) had not changed except for the 
obvious decay o f the 12SI. The capacity o f binding to the antibody, and conse
quently the various assay parameters based on a certain antibody dilution did 
not change. In fact, a second purification one month after the labelling, at the 
same antibody dilution gave the same B/F, but with a little less 125I-hGH activity 
in counts/min. After the second purification, the amount o f damaged antigen 
was insignificant.and it was still lower than 10% after two months of profitable 
use from the time o f re-purification (Fig.5).
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FIG.5. Electrophoretograms onPAG Eof: (a) PII one month after labelling; (b) R-PII 
immediately after re-purification; (c) R-PII two months after re-purification.

More recently, two other types of controls have been introduced into the 
assay technique. Together with the blank of labelled hGH (incubated simply with 
buffer and guinea-pig serum and without antibody), a second control is run in 
which a large excess of standard hGH is added to the already pre-determined 
antibody dilution. This gives information about the minimum B/F we are 
working with, confirms the amount of free and displaceable 125I-hGH, and conse
quently reveals the presence o f what has been called “unspecific binding”. This 
last control is very valuable, especially in the determination of hGH in serum 
and in the evaluation o f hGH treatment, and we intend to investigate its use 
more thoroughly.

We have recently developed, and are still studying, a more systematic 
approach to the problem of damaged antigen. The four peaks (PI, PII, PHI, PIV) 
from the first purification on Sephadex, run on PAGE, give the results such as 
shown in Fig.6. As can be seen, four electrophoretic peaks can appear, but they 
do not necessarily correspond to the four Sephadex peaks. The first one, in 
the sample gel, that had always been considered the only one representing 
damaged hGH, we have called D1. The second one, in the position of the 
undamaged hGH, also appears, strangely enough, in a predominant amount in the 
electrophoretogram of PI. Later it was shown that the incubation of PI with an 
excess of antibody ( 1 : 10s ) presented, on electrophoresis, practically no binding 
of this “ fake undamaged” antigen, whereas the incubation o f PII under the same 
conditions gave almost complete binding (Fig.7). This led us to call it D2, to 
distinguish it from the pure electrophoretic peak that is in the same position and 
that, coming from PII, is certainly good, undamaged 125I-hGH. The third 
Sephadex peak (PIII), though very small and practically non-interfering, was 
constantly found after purification and re-purification. The application of a large 
volume o f this low-activity material gave rise to a third peak on PAGE, which 
we have called D3, and which moved together with the tracking dye, whereas
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immediately after labelling and two months later.
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FIG. 7. Detection o f  the immuno-inactivity o f  the apparently undamaged D2.

hGH and D2 were always two segments behind. Free 1251, appearing as PIV on 
Sephadex, always gave a band on PAGE that was two segments ahead of the 
tracking dye, and is the only component that does not create problems in terms 
of its identification and exclusion. A source of uncertainty could however be 
the behaviour o f different shipments o f Na 12SI. In fact, of two lots of Na 125I 
received in two different months, one showed a small peak (about 5% on the 
total radioactivity) in the D1 position, whereas the other, like peak IV of 
Na 1251 purified on Sephadex, did not show any radioactive component in the 
sample gel (Fig.8).

A further characteristic of these fractions is that with or without purification, 
with or without thawing, whether stored at 4 or at —20°C, the process of damag
ing consistently occurs with liberation o f free iodide. The transformations of 
these samples with time were followed on PAGE, and the last electrophoreto- 
grams obtained two months after labelling are shown in Fig.6. Only PHI is
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unaltered, but a better determination of its rate of mobility (Rm) is needed.
A quantitation o f this phenomenon for PII gave more than 50% of the radio
activity liberated as free iodide, even two months after the labelling.

With regard to the other components, one could guess that D1 is an 
aggregate (as has been mentioned by several authors) and not simply 12SI—hGH 
bound to gamma globulins, because it would enter then the separation gel as 
does the complex, that D2 is uncleaved but im mu no-in active antigen (or even 
something cleaved but carried by albumin), and that D3 are small fragments of 
labelled peptides or amino acids, but no other test has yet been performed in 
our laboratory to identify them. Only one other control was done which, in fact, 
is done regularly in every assay, namely the incubation not only of a blank of 
125I-hGH without antibody, but also of the same amount of labelled antigen 
with an excess of antibody. This is done to ensure that the assay is carried out 
in the absence o f significant “hidden” D2 or, if such is present, to evaluate it 
so that its effect may be subtracted. Further work is being done to try to better 
determine the moment and reason for the production o f this D2. There is some 
hint that the relatively long Sephadex column used according to Cerasi et al. [2 ]4 
might have some influence on its formation.

Thus, requirement (3) o f the radioimmunoassay technique has practically 
been reached through re-purification of the labelled antigen or by complete 
separation on gel of the interfering components, or by both procedures. In this 
way the same labelled preparation has been used for up to four months and has 
still given good, reproducible curves.
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DISCUSSION

P.G. MALAN: Have you considered incorporating free-radical inhibitors 
in the storage medium of your labelled samples? In our laboratory we have found 
that substances which are capable of removing free radicals can protect labelled
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protein and peptide hormones during storage for periods of up to several months. 
It is assumed that the radioactive decay produces free radicals which may cause 
coupling via the örtho positions of two tyrosyl residues to yield a bityrosyl 
residue, either within the protein or, alternatively, between different molecules 
which are then excluded from gel filtration columns.

P. BARTOLINI: No, we did not consider this possibility, but we would like 
to test this type of inhibitor. In fact, we are still in doubt whether the damaging 
process is due to chemical, enzymatic or radioactive effects. A positive action of 
-the free-radical inhibitors would of course indicate the presence of such radicals.

K. von WERDER: Four years ago at the symposium on the same subject 
held in Istanbul we reported some studies similar to yours. At that time we 
described three different peaks of labelled hGH, two eluting on a Sephadex G-75 
column before 125I-hGH and the third being 125I-hGH. We found, as you have 
found in one of your labelled fractions, that all the labelled products — the 
so-called damaged hGH and perhaps the labelled ‘big’ hGH — were bound by our 
antibody but that this binding could not be inhibited or could be inhibited only 
ineffectively by increasing doses o f unlabelled hGH. This, incidentally, explains 
the reduced steepness o f an hGH standard curve if the larger molecular fractions 
are incorporated in the tracer used for the RIA. Did you investigate whether your 
larger fractions which bound to the hGH antibody could be displaced by the 
addition of cold hormone?

P. BARTOLINI: We found only slight binding (perhaps 10% or less) to 
antibody in the case of the so-called ‘damaged’ fraction from Sephadex. It is 
only PII (the undamaged 125I-hGH) which binds almost completely to the 
antibody, while PI binds very little at the same excess. I think it would be inter
esting to carry out the test you mention on this partial binding and to see if  it is 
displaceable. We have performed the test on various occasions, but only to 
check displacement on bound undamaged fractions.

P. VITINS: We can confirm the appearance o f free iodide with time in 
radioiodinated growth hormone. Have you followed this phenomenon to 
determine whether it is linear with time? Would you care to speculate whether 
the radioactivity observed is from a degradation product or from non-specifically 
bound iodine which has been dissociated from the hormone?

P. BARTOLINI: We did not check the linearity of this phenomenon with 
time although we observed that iodine release was continuous and increased in 
five or six months to 80% or more o f the total radioactivity.

I would be surprised to find non-specifically bound iodine, though I cannot 
a priori exclude this possibility. In fact, PAGE has always separated free iodide 
after incubation in the presence o f guinea-pig serum or even cold hGH carrier. 
Moreover, the release o f 1251 is always accompanied by the appearance of other 
damaged components, which should not occur in the case of simple dissociation 
of unspecifically bound iodine.





I AE A-SM-220/15
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Abstract

HIGH MOLECULAR SOMATOSTATIN: A POSSIBLE INTERFERING FACTOR IN 
RADIOIMMUNOASSAY.

CycHc Tyr1-somatostatin (Tyr1-somatotropin release inhibiting factor, Tyr'-SRIF) is 
radioiodinated by the lactoperoxidase method. Purification is achieved by Sephadex G-25 
adsorption chromatography. Specific anti-SRIF serum (FA1) has been raised in rabbits.
A dose-response curve is obtained in the range of 5—5000 pg per tube using an antiserum 
dilution of 1:2000. There is little cross-reaction with linear somatostatin and none with 
oxytocin, (Lys-, Arg-) vasopressin, valinomycin, polymyxin, insulin, glucagon, hGH, LH-RH 
and TRH, each at a concentration of 10 ng/ml.

The percentage of non-specific binding is 17% for a radioimmunoassay (RIA) incubation 
time of 18 h at 4°C. Bound and free antigen are separated by the charcoal technique. With 
the radioimmunoassay described, no native cyclic SRIF could be measured in human plasma.
For recovery tests, extraction procedures are necessary. Thin-layer chromatography (TLC) and 
polyacrylamide disc electrophoresis (disc-PAGE) are performed to  identify the presumed high 
molecular n s I-Tyr1-SRIF associate. This high molecular associate may represent an interfering 
factor in the radioimmunoassay for cyclic SRIF. The following observations provide experi
mental evidence for this assumption:

1. The first elution peak “ V0” (mol.wt. >  5000) of the Sephadex G-25 adsorption 
chromatography increases with the storage time of the labelled Ty^-SRIF.

2. In the radioimmunoassay the non-specific binding value increases from 17% to 
>  30% (В/T) after a longer period of incubation.

3. TLC of “V0” and of the 125I-Tyr1-SRIF fractions from the “retarded” peak of the 
G-25 chromatography shows similar Rf-values in acidic elution systems.

4. Disc-PAGE of 125I-Tyr1-SRIF demonstrates radioactivity in gel fractions corresponding 
to an Rf value of 0.35. This radioactivity can be extracted with acidic solvents.

INTRODUCTION

Recently the development of a radioimmunoassay (RIA) for cyclic 
somatostatin (somatotropin release inhibiting factor, SRIF) was reported [1 ,2 ].
By means of this technique, native SRIF was detected in brain material [3, 4]

* This work was supported by a grant from the Deutsche Forschungsgemeinschaft to 
Dr. H.-J. Quabbe.
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TABLE I.’ LACTOPEROXIDASE-GOD IODINATION (12SI) OF TYR1-SRIF

1 2 4  DIEL et al.

10 jul -  5 Aig Tyr'-S RI F in 7.5 mmol/1 acetic acid 

10 fú  -  0.5 mCi Nan s Ia 0.1 mol/1 phosphate, pH 7.5

10 ßl -  50 ng lactoperoxidase (EC 1.11.1.7)b ammonium-sulphate suspension diluted in Н^О 

10 ¡ú -  500 ng glucose-oxidase (EC 1.1.3.4)b diluted in 0.01 mol/1 phosphate, pH 7.5

Start: 2 X 10 jul 0.15% /З-D-glucose 

Time: 2 X 4  min

Stop: 500 pi -  200 mg Dowex 1 X 10c 200 — 400 mesh in 0.05 mol/1 ammonium acetate, 
pH 6.7

a Amersham-Buchler, Braunschweig, FRG. 
b Boehringer, Mannheim, FRG. 
c Sigma, USA.

and in pancreatic tissue [5]. The fact that no SRIF could be measured in normal 
blood serum may be due to insufficient sensitivity; on the other hand, non
specific binding and possibly polymerization o f cyclic SRIF are interfering 
factors. Chromatographic and electrophoretic studies were carried out to identify 
high molecular associates o f cyclic SRIF.

MATERIALS AND METHODS

1. Radioiodination o f Tyr1-SRIF

Cyclic Tyr1-SRIF (Serono, Freiburg, FRG) was labelled with 125I 
(Amersham-Buchler, Braunschweig, FRG) by the lactoperoxidase glucose oxidase 
(GOD) method: the steps of the enzymatic radioiodination procedure are listed 
in Table I.

After Dowex separation, aliquots were taken either for storage at 4°C or for 
further purification by adsorption chromatography. The chromatography was 
carried out on a Sephadex G-25 (Pharmacia, Frankfurt, FRG), column 
(30 cm X 1.5 cm) using 0.05 — 0.1 mol/1 o f ammonium acetate, pH 6.7, and 1% 
gelatine as elution buffer.

All glass ware was treated with dichlordimethylsilane (Merck, Darmstadt, FRG) 
and all the chemicals were purchased from Merck, Darmstadt, unless otherwise 
specified.
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TABLE II. PIPETTING SCHEME OF THE RADIOIMMUNOASSAY FOR 
CYCLIC SRIF

600 -  0 Ml

100 ¡A antiserum FA I, 1

100 Ml n s I-Tyr-SRIF, ca
2000 dis/min

1 — 500 Ml cyclic SRIF, 6.14

(800 Ml total volume)

3 Dilution buffer = 0.01 mol/1 sodium phosphate
0.14 mol/1 NaCl, 10 mmol/1 
EDTA, 1 g/1 gelatine, pH 7.5

2. Antiserum

Antiserum was obtained by immunizing adult, mixed-bred rabbits with a 
cyclic SRIF-hSG (human serum globulin, Cohn Fraction IV, Sigma, USA) 
conjugate. The conjugate was synthesized with glutardialdehyde as coupling 
reagent. Immunization was performed according to Arimura et al. [1 ]. RIA was 
carried out with antiserum FA1 using a final dilution o f 1:2000. Disc-PAGE- 
binding experiments were performed with anti-SRIF sera at various dilutions.

3. RIA and charcoal separation

The RIA is summarized in Table II. After incubating for 18—20 h, dextran- 
coated charcoal was added and, 30 min later, separated by centrifugation. The 
residues were washed with 0.5 ml o f phosphate buffer and then measured in a 
gamma counter (Packard, USA). The bound-to-total (В/T) ratios were calculated 
and a dose-response curve was established. The extraction o f the serum samples 
is described in detail elsewhere [4].

4. Thin-layer chromatography (TLC)

TLC was carried out on precoated silica-gel thin-layer plates 10 cm X 10 cm 
(Merck, Darmstadt) using the following elution solvents:

( 1 ) Ethyl acetic acid : methanol : 2 mol/1 NH3 (500:200:300)
(2) Acetone:0.42 mol/1 acetic acid (100:100)
(3) n-Butanol:pyridine:acetic acid:H20  (375:250:75:300)
(4) Ethanol:trichloromethane:formic acid:H20  (565:70:35:330)

dilution buffer 

: 250 in dilution buffer3 

in dilution buffer3

-  3068 pmol in dilution buffer3 or neutralized sample extract
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Between 1 and 5 ßg o f synthetic cyclic SRIF, synthetic linear SRIF and 
synthetic Tyr1-SRIF (Serono, Freiburg) as well as 10 pi o f Sephadex G-25 gel- 
filtrated 1251-Tyr1-SRIF were pipetted on silica-gel and dried in a stream o f cold 
air [6]. The peptides were stained with ninhydrine and the radioactivity was 
measured in a gamma counter.

5. Disc-polyacrylamide gel-electrophoresis (disc-PAGE)

The radioiodinated preparations were analysed by disc-PAGE at pH 8.9 
(7.5%) according to Maurer [7]. The volume o f sample pipetted onto the spacer 
gel was 50 /Л. After electrophoresis the gel was cut transversely into sections with 
a razor blade and then each section was further cut into about 30 2-mm slices for 
measurement o f their radioactivity. Alternatively, the gels were treated with 7% 
acetic acid or 12.5% trichloracetic (TCA) by staining them with amido black 10 В 
or Coomassie Blue G 250. The stained sections were measured densitometrically 
at 620 nm (amido black) or 580 nm (Coomassie Blue) in a gel scanner (Zeiss, 
Oberkochem, FRG).

RESULTS AND DISCUSSION 

Radioiodination o f Tyr1 -SRIF

As iodinated Tyr1-SRIF strongly adsorbs to Sephadex G-25, adsorption 
chromatography is used to purify radiolabelled antigens. Immunoreactive antigen 
appears in the later peaks o f the Sephadex G-25 chromatography. Figure 1 is a 
typical elution diagram. The first peak at fraction 10 correlates with dextran-blue 
elution (V0). The main peaks at fraction 28 and at fraction 36 are 125P  and 
12sI-Tyr1-SRIF, respectively. The black bars indicate immunochemical binding of 
the fractions with anti-SRIF (FA1). The yields vary greatly from one separation 
to the other within a range o f 20—50%. The best yields could be achieved by 
pre-eluting the Sephadex with cold I-Tyr1-SRIF. The specific radioactivity 
obtained is very high, 0 .2—0.5 Ci/mol. To prevent radiolysis, the fractions 
containing radiolabelled antigen were diluted immediately and then stored at 4°C. 
The Sephadex G-25 elution diagram of 125I-Tyr1-SRIF changes with storage time; 
peak V0, indicating molecules >  5000 mol. wt, increases whereas the peak with 
the monomeric labelled antigen diminishes until, а/ter ten days, it disappears 
completely (Fig. 2).

Antiserum and RIA

Excess o f antibody FA1 binds 82% of the labelled antigen. In the non
specific binding sample — without antiserum — a high bound/total ratio (B/T)
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FRACTION

FIG.l. Immunochemical binding (black bars) o f  the Sephadex G-25 adsorption chromatography 
fractions with anti-SRIF (FA1 ). Elution was performed at 4°C. (For more detail see Materials 

' and Methods, Section 1.)

3000

FRACTION NUMBER

FIG.2. Sephadex G-25 adsorption chromatography o f  radioiodinated Tyr1 -SRIF after different 
storage times at 4 C. Vo indicates molecules with a molecular weight above 5000 in dextran-blue 
fractions.
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FIG.3. Dose-response curve o f  the radioimmunoassay for cyclic SRIF. (The R IA  conditions 
are described in Materials and Methods, Section 2.) The concentrations o f  the added unlabelled 
SRIF  were plotted logarithmically on the abscissa. Bound (B) and total (T) radioactivities were 
measured after charcoal treatment. Values o fSE M  (n = 5) were calculated. The displacement
o f  5 -  5000 pg/tube cyclic SRIF  (°-----°) is compared with the displacement o f  cyclic SRIF
added and extracted from  normal human serum (*-----*). Cross-reaction with linear SRIF
(a-----aj and other peptides ■ (oxytocin, (Lys-, Arg-) vasopressin, valinomycin, polymyxin,
insulin, glucagon, hGH, LH-RH, and TRH) is demonstrated.

of 17% is measured. After a longer period of RIA incubation (e.g. 96 h) this 
ratio increases from 17% to >  30%. There is a dose-response relation in the 
range of 6—6000 pmol/1 of cyclic SRIF and, as shown in Fig. 3, antigen-free 
serum containing synthetic cyclic SRIF effects a parallel but weaker suppression. 
There is no significant cross-reaction with synthetic linear SRIF. The average 
maximum deviation from the intra-assay mean values is 7.4% (n = 4 —5). No 
suppression was detectable after addition o f 10 ng/ml o f either oxytocin or 
(Lys-) vasopressin, (Arg-) vasopressin, valinomycin, polymyxin, insulin, glucagon, 
hGH, LH-RH or TRH. These results indicate that the specificity of the antibody
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TABLE III. THIN-LAYER CHROMATOGRAPHY (TLC) Rf VALUES OF 
SRIF DERIVATIVES

Elution 125j Cyclic Linear
SRIF

Cyclic 
Tyr1-SRIF

12SI-Tyr1-SRIF
system SRIF

V0 peak “ Retarded” peak

Alkaline
ethyl-acetate/
methanol

n.d.a 0b 0 0 0 0(0.33)c

Acidic
acetone

n.d. 0 .5 -
0.71

n.d. n.d. n.d. n.d.

Acidic
butanol/
pyridine

0.59 0.35 (0.23)
0.34

0.45 (0.21)
0.32

(0.45)

(0.21)
0.32

(0.45)

Acidic
ethanol/
trichlor-
methane

n.d. 0.71 0.76 0.73 0.73

a n.d. = not determined. 
b 0 = no migration distance.
0 ( ) = weak activity.

is high enough for direct measurements with the competitive immunoassay. We 
did not succeed in detecting native SRIF in blood sera, and recovery tests are 
only successful when extraction is done with acidic acetone. The poor ■ 
reproducibility and lack o f inter-assay correspondence seem to be correlated 
with the chemical adsorption behaviour o f the radiolabelled antigen. The dis
appearance o f the immunochemical reactive .peak in the Sephadex G-25 elution 
diagram and the concomitant increase o f the V0 peak demonstrate that high 
molecular SRIF is formed by association during the incubation o f the RIA.

Thin-layer chromatography (TLC)

To characterize monomers and high molecular associates (as they are 
suggested to be eluted in V0), the fractions of the Sephadex G-25 adsorption 
chromatography were separated by silica-gel TLC. In Table III the Rf values of 
SRIF derivatives are summarized according to the different eluting conditions.
With the acidic elution solvents the Rf values o f the V0 fractions and the 125I-Tyr1- 
SRIF fractions from the “retarded” peak are similar: with the acetic acid/acetone
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solvent the Rf values differ according to the amount o f SRIF that is pipetted on 
the thin-layer plate. With the alkaline elution solvent, SRIF and SRIF derivatives 
do not migrate. Since acidic eluting conditions seem to disturb the high molecular 
compound and since no migration was observed when the alkaline solvent was 
applied, disc-PAGE was performed for further identification o f the high molecular 
SRIF compound.

Disc-polyacrylamide gel-electrophoresis (disc-PAGE)

The electrophoretic migration distances o f different SRIF binding 
complexes are given in Fig. 4. Part (a) shows the immunochemical binding 
between labelled SRIF and anti-SRIF serum (a gift from A. Arimura, USA),
(Rf = 0.1); (b) shows results o f the same experiment with antiserum FA 1, 
where a second peak appears (Rf = 0.1 and 0.32). Part (c) shows a run with the 
Sephadex-G-25-purified 125I-Tyr1-SRIF alone, incubated for several minutes 
before electrophoresis. Afterwards the gel was neither extracted with an acidic 
solvent nor treated with a staining solvent. Two peaks could be observed, one 
at Rf = 0.35 and the other at the anodic migrating boundary o f the gel. In 
Part (d) o f Fig. 4, the binding o f SRIF by pancreatic protein is demonstrated 
(Rf = 0.6), and (e) shows the non-specific binding with excess o f BSA in the 
incubation medium. When pancreatic homogenate is incubated with labelled 
SRIF, electrophorized and treated with an acidic extraction solvent, 13% of 
the radioactivity remains in the gel slices at Rf = 0.6 (Fig. 4d). This result 
suggests a stable SRIF-protein complex which does not dissociate during the 
electrophoresis and the dénaturation procedure. In contrast, the radioactivity 
in the peak with the Rf = 0.35 and in the peak o f the migrating boundary 
(Fig. 4c) can be extracted by applying acidic solvents. The amount o f radio
activity in the fraction 0.35 varies according to the incubation and storage time 
o f the radioiodinated Tyr1-SRIF derivative. There is a positive correlation 
between the 0.35 fraction and the radioactivity observed in the V0 fraction of  
the Sephadex G-25 adsorption chromatography.

CONCLUDING REMARKS

The low sensitivity of the radioimmunoassay for cyclic SRIF and the high 
values for non-specific binding after charcoal separation o f bound and free 
antigen suggest that the high amount o f non-immunochemical binding is 
an interfering factor. Association and polymerization into high molecular SRIF 
seems to be possible and could be explained by two chemical properties of 
cyclic SRIF, namely: (1) cyclic SRIF is a tetradecapeptide with a theoretically 
highly variable conformation; (2) according to Holladay and Puett [8], who
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SL IC E  NUÍ1BER

FIG.4. Comparative disc-PAGE o f  radioiodinated Tyr1-SRIF incubated:
(a) with anti-SRIF (Arimura et al. [1]A
(b) with anti-SRIF (FA1) [4]
(cj alone
(d) with pancreatic homogenate [9] 
fej with excess o f  BSA.
Protein was stained with amido black or Coomassie Blue. Gels were cut into slices and radio
activity was measured.

proposed a “hairpin-loop” structure for cyclic SRIF, hydrophilic and hydrophobic 
chemical functions are located at opposite ends of the molecule. Thus, non- 
covalent inter-molecular binding may occur.

High molecular SRIF is a weak associate, as demonstrated by TLC, applying 
acidic elution solvents. It is characterized by disc-PAGE (R f = 0.35) in which it 
can be extracted by treatment with acidic solvents, whereas other SRIF binding 
complexes remain in the gel under the same conditions.
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Abstract

SOLÍD-PHASE GROUP-SPECIFIC ADSORBANTS IN ASSAYS FOR GLYCOPROTEINS.
The focus of the paper is on several technical advances in the assays for glycoprotein 

hormones and enzymes that have been achieved by the use of the solid-phase carbohydrate- 
specific adsorbant concanavalin-A. Purification of glycoprotein radioligand after labelling by 
the Chloramine-T method is readily accomplished using a small column of agarose-bound 
concanavalin-A which separates glycoprotein radioligand from radioiodide and radiolabelled 
unadsorbed contaminants. After concanavalin-A column chromatography, radiolabelled 
glycoprotein hormone preparations exhibited improved binding to antibodies and tissue 
receptors. To increase the effective sensitivity of radioimmunoassays for glycoproteins, 
agarose-bound concanavalin-A is used to extract and concentrate the glycoproteins from various 
biological samples. For example, the effective sensitivity for the detection of human thyrotropin 
in serum was improved approximately 5-fold by using concanavalin-A concentrates of 1.5 ml 
of serum. Partial purification of the glycoprotein dopamine-/3-hydroxylase from serum using 
agarose-bound concanavalin-A resulted in separation of the serum factors that interfere with 
the measurement of enzyme activity. We conclude that in assays for glycoproteins, concana
valin-A is useful for purification of radioligand, for preparation of concentrates of glycoproteins 
from biological samples and for separation of glycoproteins from various interfering factors 
contained in biological samples before radioligand or radioenzyme assay.

INTRODUCTION

Concanavalin-A is a plant lectin that selectively binds to mole
cules containing certain carbohydrates (1). A variety of carbohydrate 
containing protein hormones and enzymes are known to interact with con
canavalin-A (2-4) and these glycoprotein molecules after adsorption to 
concanavalin-A can be displaced by certain sugars, such as a-methyl-D- 
mannoside. Concanavalin-A can be covalently linked to an insoluble 
matrix like agarose (2) creating a solid phase carbohydrate specific 
adsorbant uniquely suited to the extraction and partial purification of

133
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glycoproteins using column or batch techniques. This paper describes 
the application of agarose bound concanavalin-A to resolving several 
technical problems encountered with the assays for glycoprotein hormones 
and enzymes; these problems include: 1) purification of glycoprotein 
radioligand following iodination, 2) extraction and concentration of 
glycoprotein antigen from biologic samples and 3) separation of glyco
proteins from various interfering factors contained in biologic samples 
prior to radioligand or radioenzyme assay.

MATERIALS AND METHODS

Concanavalin-A covalently coupled to agarose was obtained from 
Pharmacia Fine Chemicals, Uppsala, Sweden, and a-methyl-D-mannoside from 
Sigma Chemical Company, St. Louis, Missouri, U.S.A. The various glyco
protein hormones were kindly provided by the National Pituitary Agency, 
National Institutes of Health, Bethesda, Maryland, U.S.A. After radio
iodination by the chloramine-T method (5), the individual glycoproteins 
were filtered on a 10 cm column of Bio-Gel P-60 (Bio Rad Labs, Richmond, 
California, U.S.A.). The binding of radiolabelled human chorionic 
gonadotropin (hCG) was assessed in radioligand-receptor assays using rat 
testis homogenate as described previously (6).

RESULTS AND DISCUSSION

Purification of Glycoprotein Radioligand

For purification of radioiodinated glycoprotein hormones and 
enzymes, a modification of the concanavalin-A chromatography method de
scribed for purification of radiolabelled gonadotropins (3) was used.
The protein peak from a gel filtrate of chloramine-T radioiodinated 
glycoprotein is put on a small column (10x8 mm) of agarose bound concana
valin-A and washed with 5 ml phosphate buffered saline (0.01 M P0., 0.15 
M NaCl, pH 7.4). The adsorbed glycoprotein radioligand is eluted with 
5 ml of 0.25 M a-methyl-D-mannoside in phosphate buffered saline. This 
procedure improved the immunoprecipitability (excess specific antiserum) 
of radiolabelled rat thyrotropin from 45 to 72%, human thyrotropin from 
76 to 89%, and bovine dopamine-ß-hydroxylase from 42 to 70Ж. To further 
test the utility of concanavalin-A adsorption chromatography for purifi
cation of glycoprotein radioligand, a mixture of albumin (10.0 yg) and 
hCG (1.0 yg) was radioiodinated using chloramine-T. The radioligand hCG 
purified from this solution using concanavalin-A chromatography was 
qualitatively and quantitatively essentially the same as hCG radio- 
labelled in the absence of albumin (Table I). Clearly, for purification 
of radioligand, concanavalin-A chromatography is simple and efficient 
and has wide applicability to glycoprotein hormones and glycoprotein 
enzymes from a variety of animal species.

Concentration of Glycoproteins from Biological Samples

Agarose bound concanavalin-A has been used to extract and concen
trate hCG from serum samples for use in a radioimmunoassay (4). The 
concentration procedure increased the effective sensitivity of the
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TABLE I. CONCANAVALIN-A COLUMN CHROMATOGRAPHY OF KCG RADIOLABELLED 
IN THE PRESENCE OR ABSENCE OF ALBUMIN

hCG hCG + Albumin

Specific Activity ^ 1  
(yCi/pg protein) 56 46

Phosphate buffered saline eluate

a) Radioactivity (cpm/50yl) 6914 115171

b) Specific binding to testis 
receptor (%) <0.5 <0.5

a-methyl-D-mannoside eluate

a) Radioactivity (cpm/50yl) 12987 10641

b) Specific binding to testis 
receptor (%) 31.4• 36.9

radioimmunoassay for hCG 10 fold. Prior to adapting this technique to 
extracting glycoproteins from urine and extracts of urine, the effects 
of a wide range of pH's and osmolarities on adsorption of the human 
gonadotropins, hCG, follitropin (hFSH), and luteotropin (hLH), were 
examined. There was no interference with adsorption of radiolabelled 
gonadotropins to concanavalin-A by solutions ranging in pH from 2 to 10 
(Table II), or in osmolarity (urea) from 0 to 5 osmolar. To assess the 
tenacity of the concanavalin-A for glycoproteins, radiolabelled hCG was 
added to specimens of urine and urine acetone concentrates and adsorbed 
to concanavalin-A bound agarose. Approximately 90% of the ini
tially bound hCG remained after washing the gel with 25 volumes of 
phosphate buffered saline. Thus, the adsorption of glycoproteins to 
concanavalin-A was efficient and stable in remarkably diverse condi
tions.

To extract and concentrate the glycoproteins from serum, urine, and 
urine extracts for use in radioimmunoassays, the sample is incubated 
with agarose bound concanavalin-A in radioimmunoassay tubes for 45 min 
at room temperature. Serum (1-2.5 ml) is incubated with 1 ml of a 50% 
(v/v) slurry of agarose bound concanavalin-A in phosphate buffered 
saline. To correct the potency estimates made from the standard curve 
for losses during the concentration procedure, the reference preparation 
serially diluted in a suitable blank serum and the unknown samples are 
concentrated from the same volume using agarose bound concanavalin-A.
The gel containing the adsorbed glycoprotein is washed with several vol
umes of phosphate buffered saline. Solutions containing the radio
immunoassay reagents are added directly to the tubes containing the gel.
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TABLE II. EFFECT OF PH ON BINDING OF THE RADIOLABELLED GONADOTROPINS 
hCG, hLH, AND hFSH TO CONCANAVALIN-A

pH hCG

Bound Radioactivity (cpm) 

hLH hFSH

1 2618 3658 3033

2 5421 6042 6145

3 5045 4748 5358

4 5178 4783 5480

5 5326 4400 5494

6 5321 4275 5523

7 5236 4510 5396

8 5235 4493 5419

9 5580 4188 5291

10 5152 4201 5257

To inhibit binding of the glycoprotein radioligand to the gel and to aid 
in the displacement of bound glycoprotein from the gel, the radioimmuno
assay buffer contains 0.2 M a-methyl-D-mannoside. Preparation of concen
trates of glycoproteins in this fashion increases the effective sensi
tivity of the radioimmunoassays for serum hCGß subunit and human thyro
tropin more than 5 fold. Using concanavalin-A concentrates of 1.5 ml of 
serum, the effective sensitivity for the detection of thyrotropin in 
human serum is 0.36 yU/ml with over 95% of normal subjects having 
detectable thyrotropin levels.

Separation from Factors that Interfere with the Assay

Dopamine-ß-hydroxylase (DBH) is a tetrameric glycoprotein localized 
in chromaffin granules of adrenomedullary cells and in vesicles of peri
pheral and central norepinephrine-containing neurons (7).. Several assay 
procedures for estimating DBH activity have been described (8,9). All 
of the assay procedures described in the literature require that tissue- 
derived inhibitors of DBH be neutralized for optimal estimates of enzyme 
activity. These endogenous inhibitors are neutralized by cupric ion or 
by other sulfhydril-reactive reagents such as N-ethylmaleimide; general
ly, cupric ion results in the most effective neutralization. Since the 
concentration of these inhibitors may be tissue- and species-specific 
(10-11), and may even vary within the same tissue obtained from a
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TABLE III. EFFECT OF CONCANAVALIN-A EXTRACTION ON THE CUPRIC ION
CONCENTRATION REQUIRED FOR NEUTRALIZING TISSUE DOPAMINE-ß- 
HYDROXYLASE INHIBITORS IN RAT SERUM

Serum DBH Activitity

Cupric Ion Extracted Non-Extracted
(yM) (cpm/ml) (cpm/ml)

2.5 21 560 -

5 21 680 8 320

10 20 280 10 880

20 22 880 13 520

40 _ 18 480

common species (12), it is necessary to determine the optimal cupric ion 
concentration for each tissue in order to estimate DBH activity. Addi
tionally, excess cupric ion directly inhibits DBH activity, thus making 
accurate determinations' of cupric ion concentration for each tissue pre
paration and each experimental manipulation a tedious but essential pro
cess. Using agarose bound concanavalin-A we have devised a procedure 
for rapid separation of DBH from rat tissue inhibitory factors that min
imizes cupric ion requirements. This procedure represents an adaptation 
of the use of concanavalin-A for purifying DBH protein from bovine 
adrenomedullary preparations (13).

Rat serum, diluted 1:1 with distilled water, was mixed with an 
equal volume of a 50% (v/v) slurry of agarose bound concanavalin-A in 
phosphate buffered saline at 4°C with frequent mixing for 45 min. Ten 
volumes of distilled water were then added, tubes were mixed, centri
fuged at 1,000 x g for 5 min and the supernatant was withdrawn. The 
agarose was resuspended in 10 volumes of distilled water, mixed, recen
trifuged and the supernatant withdrawn. One volume of distilled water 
was added to the washed agarose layer and DBH activity was determined as 
described previously (9). Rat serum adsorbed to agarose bound concana
valin-A but not subjected to the wash procedure described above was used 
as a comparison preparation. As seen in Table III rat serum DBH extrac
ted with concanavalin-A exhibits maximum enzyme activity at the lowest 
cupric ion concentration tested (2.5 yM, the same concentration neces
sary to obtain maximal activation of highly purified rat DBH protein). 
The reference rat serum preparation (adsorbed to concanavalin-A but not 
washed) revealed maximal DBH activity only in the presence of 40 yM 
cupric ion; this is the same cupric ion concentration needed for maximal 
DBH activity when concanavalin-A is excluded from the assay mixture.
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These studies indicate that rat serum DBH can be rapidly and effectively 
separated from inhibitory factors and measured under optimal conditions 
while bound to concanavalin-A. This procedure eliminates the necessity 
of determining optimal cupric ion concentrations for each experimental 
group, and enables all rat serum samples to be assayed under identical 
conditions. Theoretically, similar procedures should be practical for 
any tissue containing DBH protein and would permit assessment of DBH 
enzyme activity using common and optimal conditions.

We conclude: 1) Concanavalin-A adsorption chromatography is an 
important, simple and practical addition to gel chromatography in the 
routine purification of glycoprotein radioligands for use in radioimmuno 
assays and radioreceptor assays. 2) The use of agarose bound concanava
lin-A to extract and concentrate glycoproteins from serum, urine, and 
extracts of urine results in a remarkable increase (as much as 10 fold) 
in the effective sensitivity of glycoprotein radioimmunoassays. 3) 
Agarose bound concanavalin-A is a useful, convenient tool in the par
tial purification of glycoproteins for use in assays that are suscep
tible to various interfering factors present in serum, urine and tissues
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DISCUSSION/

P. VITINS: Have you investigated whether there are any changes in the 
composition of the radiolabelled gonadotrophin tracer with respect to subunits 
after treatment with concanavalin-A?

B.C. NISULA: Concanavalin-A is a group-specific adsorbant. Both the alpha 
subunit and the beta subunit o f chorionic gonadotrophin contain carbohydrate 
side chains and both bind to concanavalin-A. We routinely use concanavalin-A 
column chromatography to purify the radiolabelled alpha and beta subunits of  
chorionic gonadotrophin for use in radioimmunoassays.

R.M. LEQUIN: Since different molecular forms or fragments, for example 
of hCG, exist in biological fluids, is the concanavalin-A procedure a reliable one? 
For instance, asialo-hCG is adsorbed by concanavalin-A Sepharose, but a molarity 
higher than 0.2M MEM is needed to desorb it. What is the relationship o f solid- 
phase assay values to RIA values in liquid form (unprocessed serum or urine)?

B.C. NISULA: Serum chorionic gonadotrophin and serum thyrotrophin 
levels determined with the use of concanavalin-A concentrates o f serum agree 
quite well with serum levels determined by radioimmunoassay using unextracted 
serum samples. Moreover, levels o f chorionic gonadotrophin determined with the 
concanavalin-A concentrates of kaolin-acetone extracts o f 24-hour urine specimens 
from patients with trophoblastic disease correlate directly with levels of biolo
gically active gonadotrophin determined by mouse uterine weight bioassay.

R.M. LEQUIN: What are the minimal requirements with respect to the 
carbohydrate part of the glycoprotein hormones for binding to concanavalin-A?

B.C. NISULA: The pituitary glycoprotein hormones, which contain 
considerably less carbohydrate than chorionic gonadotrophin, interact with 
concanavalin-A. The minimal carbohydrate content for a suitable interaction 
with concanavalin-A is unknown.

W.D. ODELL: I and my group can confirm your use o f concanavalin for 
purification of radiolabelled glycopeptides. We have used this procedure to 
purify LH, FSH and TSH from several species and hCG. It works beautifully.

D.K. HAZRA: Does concanavalin:A bind the entire amount of glycoprotein 
present in the incubation mixture as measured with labelled glycoprotein 
fragments?

B.C. NISULA: It can be seen from Table I that more than 99% of the 
radiolabelled chorionic gonadotrophin suitable for receptor interaction adsorbs
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to the concanavalin-A column. We have not determined the carbohydrate 
content o f the proteins in the phosphate-buffered saline eluate from the concana- 
valin-A column.

D.K. HAZRA: Does this figure differ for the various glycoproteins with 
respect to each other and with respect to their beta subunits? '

B.C. NISULA: The characteristics o f the interaction o f chorionix gonado
trophin with concanavalin-A differ somewhat from those of luteinizing hormone 
(Ref. [3] o f the paper). However, concanavalin-A column chromatography 
improves the immunoreactivity o f preparations of radiolabelled human pituitary 
glycoprotein hormones, as well as chorionic gonadotrophin.
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Abstract

SOLID-PHASE RADIOIMMUNOASSAYS.
Solid-phase-coupled antibodies were introduced to  facilitate the separation of bound and 

free labelled ligand in the competitive inhibition radioimmunoassay. Originally, the solid 
matrix used was in the form of small particles and since then a number of different matrices 
have been used such as very fine powder particles, gels, paper and plastic discs, magnetic 
particles and the inside surface of plastic tubes. The coupling of antibodies may be that of a 
covalent chemical binding, a strong physical adsorption, or an immunological binding to  a 
solid-phase-coupled antigen. New principles of radioimmunoassay, such as the solid-phase 
sandwich techniques and the immunoradiometric assay, were developed from the use of solid- 
phase-coupled antigens and antibodies. The solid-phase sandwich techniques are reagent-excess 
methods with a very wide applicability. Several of the different variants of solid-phase techniques 
are suitable for automation. Advantages and disadvantages of solid-phase radioimmunoassays 
when compared with assays using soluble reagents are discussed.

Solid-phase radioimmunoassays may be defined as radioimmunoassays 
(RIA) in which antigens or antibodies conjugated to a solid phase are used as 
reagents. These techniques can be divided into primary and secondary solid-phase 
RIAs (Table I). The primary solid-phase RIAs are those in which the solid-phase 
coupled antigens or antibodies (immunosorbents) are involved in the primary 
reaction with the substance(s) to be assayed. The secondary solid-phase RIAs 
are those in which the reaction occurs first in the liquid phase and the immuno
sorbent is then added to bind either the free or bound labelled reagent. The 
coupling reaction to the solid phase may either be a chemical covalent binding 
or a strong physical adsorption.

When RIA was introduced around 1960, the method was based upon the 
principle of competitive inhibition [1 ,2 ]. This principle has also been called 
saturation analysis or limited reagent assay [3]. The first solid-phase RIAs [4, 5] 
were also based upon competitive inhibition and were o f the primary type. 
However, it was soon discovered that RIA systems based upon principles other 
than competitive inhibition could be developed by the use of immunosorbents as

143
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TABLE I. SOLID-PHASE RADIOIMMUNOASSAYS

I. Primary solid-phase RIA

A. Competitive inhibition RIA’

1. Directly coupled antibodies
2. Indirectly coupled antibodies

B. Solid-phase sandwich RIA

1. Two-step assays

a. Labelled antibodies

aa. Assay of reagins (RAST)
ab. Assay of bi- and multivalent antigens

b. Labelled antigens

ba. Assay of bi- and multivalent antibodies

2. Three-step assays

a. Labelled antibodies

aa. Assay of allergens
ab. Assay of blocking antibodies
ac. Assay of bi- and multivalent antigens

II. Secondary solid-phase RIA

A. Competitive inhibition RIA

1. Double antibody solid-phase (DASP)

B. Labelled antibody

1. Immunoradiometric assay

reagents. These were the solid-phase sandwich RIAs [6] which were reagent- 
excess methods [3]. The first sandwich RIA described was the radioallergosorbent 
technique (RAST) in which labelled antibodies and 'solid-phase coupled antigens 
were used for the assay of specific reagins [7].

Examples o f secondary solid-phase RIAs are the radioimmunometric 
assay [8], which also utilizes labelled antibodies, and the double antibody solid- 
phase (DASP) method [9] which is based upon competitive inhibition. The 
coupling technique and the form of the matrix to be chosen for a solid-phase'RIA 
is dependent on whether it is a primary or a secondary solid-phase RIA and whether 
it is a limited reagent or a reagent-excess method.
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COMPETITIVE INHIBITION METHODS

The solid-phase coupled antibodies were introduced as reagents in competitive 
inhibition RIAs to facilitate the separation of antibody-bound and free labelled 
antigen. The solid matrix was in a particle form and was an insoluble polysaccharide, 
cross-linked dextran (SephadexR, G-25, 10—40 jitm) [5] or a plastic, a polymer of 
styrene and polytetrafluoroethylene [4]. The separation was made by simple 
centrifugation and washing steps.

Although both groups who introduced solid-phase RIAs in 1966 used matrices 
in the form o f particles, they subsequently chose different ways of improving the 
techniques. Catt et al. [10, 11] presented techniques in which the solid matrix was 
in the form of a disc or the inside surface o f a plastic test tube in order to further 
simplify the washing step. The coupling of antibodies to the test tubes was made 
by physical adsorption. We [12, 13] found that both the precision and the speed 
of the reaction could be improved by the use o f smaller particles between 1 and 
10 ßm, either Sephadex or cellulose, activated with CNBr for chemical coupling 
o f the antibodies. This coupling technique was very simple to perform when 
compared with the one originally used by us [5]. Chemical coupling is generally 
stronger than physical adsorption and this is essential when a high degree of 
precision and sensitivity in the assay is desirable. In a competitive inhibition RIA 
it is important that a precise amount of the antibodies is added to each test tube.
The very small particles had a sedimentation rate which was slow enough to 
permit dispension of a precise amount to each test tube and fast enough to be 
easily sedimented to the bottom o f the tube by centrifugation.

The antigen-antibody reaction is slower in a solid-phase than in a liquid-phase 
RIA system. The speed o f the reaction is dependent on the form of the solid 
phase and was increased by the use o f smaller particles. However, the particles 
had to be kept in suspension by a slow vertical rotation or vibration of the test 
tubes when assaying larger molecules with a high sensitivity in the method. 
Continuous mixing was not necessary when smaller compounds like thyroid 
hormones or steroids were assayed. When the viscosity o f the medium was 
enhanced the sedimentation rate o f the particles was decreased and the need for 
rotation o f the test tubes diminished [14].

The main'advantage o f using discs or the inside surface o f test tubes as solid , 
matrices was the further simplification of the separation step as centrifuging was 
avoided. Another form o f the solid phase which eliminates the centrifugation step 
is the gel in a column [15, 16]. However, unless automated, the column techniques 
are unsuitable for large batches. Two techniques were recently described that 
omit centrifugation for the separation from the solution o f the solid phase in the 
form o f particles. A sucrose solution ( 10%) added to the bottom o f test tubes 
raises the incubate and forms a layer beneath this. The solid particles then settle 
through the sucrose which serves as a wash fluid [17]. In the other technique,
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iron oxide is incorporated in a cellulose particle to which the antibodies are 
coupled. Magnets can then be used first for mixing and then for separation without 
centrifugation [18]. However, it seems as if the lowest amount o f non-specifically 
bound radioactivity (less than 0.1% of added radioactivity) and the smallest 
misclassification error are obtained when the particles are centrifuged and washed 
several times. A batch o f labelled antigen can usually be used for long periods 
because damaged labelled material is non-specifically bound to a very low degree. 
The washing can be done half-automatically [19], and one technician can easily 
perform the whole washing procedure, including 5 centrifugations of 400 test 
tubes, in less than 45 min with the right equipment.

It has been claimed by some investigators that the solid-phase techniques 
are wasteful o f antisera [20, 21 ]. However, our experience from the use of small 
particles as matrices is that the number of tests obtained with a certain amount 
of an antiserum is similar to that obtained in a liquid system, provided that the 
‘titre’ of the antiserum is more than 30 000 tests per ml and that the comparisons 
are made between optimized assay systems [13. 19, 22, 23]. To retain both high 
binding capacity and high avidity after coupling it can be important to keep the 
antibody/matrix mass ratio low [24]. When coupling neat antiserum to CNBr- 
activated cellulose or ultrafine Sephadex we usually couple only 5—10 ßl to 
100 mg o f the matrix.

When antisera have a lower titre o f antibodies to a protein antigen, a high 
utilization o f the antibodies can be obtained by coupling them indirectly to the 
solid matrix [19]. The antigen is first chemically coupled to the solid matrix 
and the antibody is then bound to the immunosorbent. The free binding site 
of the bound antibody is then used as the binding reagent in the competitive 
inhibition assay. This way o f indirectly coupling the antibodies has several 
advantages in addition to the increased utilization o f low-titre antisera. An 
increased specificity may thus be obtained as only antibodies directed to the 
coupled antigen are ‘extracted’ from the antiserum, and the high-affinity antibodies 
are preferentially bound to the antigen. This coupling technique has been 
successfully used in our laboratory for the assay o f a large number, about 50, o f  
different proteins. When coupling the antigen it is usually important to keep the 
protein/matrix mass ratio very low [19]. The principle is shown in Fig.l.

The solid-phase RIAs have one main disadvantage when compared with 
liquid-phase RIA, namely that o f a lower speed (association rate constant) 
because one o f the reagents is not moving through the solution or is only moving 
slowly [19, 25]. This means that the reactions are usually stopped long before 
they have reached equilibrium. A consequence of this will be a decrease in 
sensitivity. However, this disadvantage is well compensated for by a decreased 
dissociation rate constant [4, 26], a high precision and a low misclassification 
error [19], the net effect sometimes even being an increased sensitivity. As both 
the association rate constant and the dissociation rate constant are decreased,



I AE A-SM-220/202 147

Antigen S o l i d - p h a s e  

c o u p l e d  a n t i b o d y

О О О
o o - j -

o о о
+  o о

о о

L a b e l l e d  a n t i g e n

N \ \ /  /

/ /  I \
\

\  1 /

- h -  •
•  •

•  •  -~

' /  I \ N

O O 

O

FIG.l. The principle o f  a solid-phase RIA  with indirectly coupled antibodies and sequential 
addition o f  reagents.

the equilibrium constant may be unchanged. The low dissociation rate constant 
is an advantage when late addition o f labelled ligand is used (= sequential incubation) 
to increase sensitivity. A very small amount o f unlabelled antigen is dissociated 
from the antibodies during the time which, for practical reasons, is needed for the 
second incubation period.

The assay method can be optimized both for precision and sensitivity. The 
optimal relationship between the amount o f labelled ligand and the amount of 
antibody is dependent on several factors such as the precision profile [3], the 
time o f incubation, the association and the dissociation rate constants and the 
time o f counting. Using the fine powder particles as a solid matrix we have found 
that the precision profile is very close to a constant relative variance for the bound 
fraction [19]. When protein antigens, the size o f 10 000 — 500 000 daltons, 
were assayed with that method using overnight incubations a high sensitivity was 
obtained when only about 10% o f the labelled ligand was bound in the absence 
of unlabelled antigen [19]. When the incubation time was shorter a smaller 
fraction o f labelled antigen was bound to retain a high sensitivity in the assay.
A prerequisite was then a low non-specific binding of radioactive material, a low  
misclassification error and a high precision in the assay.
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FIG.2. Relationship between sensitivity and fraction o f  labelled TSH bound in the absence 
o f  unlabelled TSH. Two incubation periods, 2 + 2 h and 2 + 24 h, are compared. For further 
explanations, see text.

An example o f this is shown in Fig. 2, where TSH was assayed with two 
different sequential incubations 2 + 2 h and 2 + 24 h, keeping the amount of 
labelled TSH bound in the absence of unlabelled TSH constant (6000 counts/
2 min) and varying the fraction o f labelled antigen bound from 0.8 to 50%.
The highest sensitivity, expressed as mU/l assaying 100 ptl o f serum, was obtained 
when only 2% per cent o f the labelled TSH was bound to antibodies in the 
more rapid assay. With the incubation period o f 2 + 24 h, which is the period 
used routinely in our laboratory, the highest sensitivity was obtained when 10% 
was bound. The sensitivity can be further increased about 5—10 times by 
prolonged sequential incubation like 144 + 24 h.

It is sometimes not necessary to have a high sensitivity in the assay. The 
method can then be very simple and precise with a short incubation period, 
e.g. 15—30 min, a fairly large fraction of labelled antigen bound and separation 
by only one centrifugation and décantation step. This simple and rapid variant 
will use more antibodies per test than those mentioned above. When the
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FIG.3. Principle o f  the radioallergosorbent test (RASTJ for the assay o f  reagins.

incubation periods were short the reactions were ‘stopped’ by adding a large 
amount o f diluent to each test tube in the same order and at the same speed as 
the reagents were added.

SOLID-PHASE SANDWICH RIA

The solid-phase sandwich RIAs [6] are now widely applied for the assay o f a 
large number o f different compounds. These sandwich RIAs are direct assays 
based upon the principle o f reagent excess assay and are in several respects 
fundamentally different from the competitive inhibition RIAs. The method 
may comprise two steps. The compound to be assayed is first bound to a 
specific solid-phase-coupled binding agent which is added in excess to the unknown. 
The unknown compound is then detected on the solid phase by binding to a 
second site a labelled reagent which is also added in excess. The solid phase is 
washed after each incubation step to remove that which was not bound.

The method is, in principle, applicable to all substances that have at least 
two binding sites and has been used for the assay o f both antigens and antibodies 
[6]. Larger protein antigens have in general a number o f different antigenic sites 
and most antisera to these compounds have several populations o f antibodies to 
the different structures. Therefore, the same antiserum may be used both for 
binding to the solid phase and for labelling [27, 28].

If the two binding sites have different structures it is possible to achieve a 
very high specificity in the assay (Fig. 3). This was the case with the first 
sandwhich RIA which was the radioallergosorbent test (RAST) for the assay of
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reagins [7]. In this assay, reagins to a particular allergen bind to the allergen 
coupled to a solid phase and these bound reagins are then detected by their 
ability to bind, in addition to the allergen, a labelled antibody to IgE. Both the 
antigen and the antibody binding sites on the reagins were thus utilized in order 
to detect only those reagins which were directed to a specific allergen. A similar 
degree o f structural specificity was obtained in an assay for parathyroid hormone 
in which the antibodies coupled to the solid phase and those which were labelled 
were directed to different parts of the molecule [29].

Fragments o f molecules may have antigenic sites which can bind to antibodies 
directed to sites on the whole molecule. These fragments may have a high ‘activity’ 
in a competitive inhibition system. If the fragments have only one binding site 
'they will have a different influence on the result in the sandwich RIA. Dependent 
on the ‘excess’ o f antibodies on the solid phase, the fragments will either have a 
negligible influence or an inhibiting one and gave rise to a false low value. 
Simultaneous assays with competitive inhibition RIAs and sandwich RIAs can 
sometimes give valuable information in this, respect.

As the reagents are added in excess in the sandwich RIA the amount of 
solid-phase-coupled reagents added to each test tube is not so critical as in the 
competitive inhibition RIA. Therefore, discs o f plastic or filter paper [30—32] 
and the inside of a test tube are suitable as matrices in sandwich RIA and thus 
simplify the washing procedures. The coupling o f binding reagent to the solid 
matrix is preferably made covalently to get a strong conjugate. When labelled 
antibodies are used in the sandwich RIA, the best results with regard to 
specificity, sensitivity and precision are usually obtained with immunosorbent- 
purified antibodies. Such a labelled preparation can be rather pure and the 
non-specific binding o f radioactive material to the solid phase very low.

A low dissociation rate constant, in particular in the first reaction, is a 
prerequisite for obtaining a high sensitivity in a sandwich RIA. The sensitivity 
can, in fact, be very high in these assays provided that the solid-phase-coupled 
binding reagent is added in large excess, the equilibrium constants for the two 
reactions are high, the incubation periods are long enough and the non-specific 
binding o f radioactive material is low. Larger antigens with several antigenic 
sites may bind several labelled antibodies in the second step of the reaction. 
Precision can be very high in these assays as both reagents are added in excess and 
pipetting errors, by the addition of these reagents, have a small influence on the 
final result. The sandwich RIA is more wasteful o f the amount o f antibodies 

' needed for each assay than the competitive inhibition RIA. However, the 
sandwich RIA is a particularly valuable alternative for the assay o f antigens 
which are difficult to label.

The sandwich RIAs have been further developed in various ways. A variant 
is the indirect RAST allergen assay [33] in which reagins to a particular allergen 
are incubated with the allergen in solution before the assay according to RAST.
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The capacity to inhibit the RAST is correlated to the amount of allergen in the 
solution. Another variant is the RAST neutralization test for the assay o f blocking 
antibodies [34]. Sera taken before or after hyposensitization are incubated with 
solid-phase-coupled allergen which neutralizes reaginic IgE antibodies in the serum. 
The remaining activity o f the reaginic IgE antibodies is measured by the RAST. 
When blocking antibodies are present in the serum they compete with the reaginic 
IgE antibodies and the amount o f reaginic antibodies that is neutralized by the 
solid-phase-coupled allergen is decreased.

A further variant o f the sandwich RIAs is a three-step method using three 
different antibodies for the assay o f larger antigens [35]. The antigen to be 
assayed is bound to a solid-phase-coupled antibody from one animal species in 
the first step, an antibody from another animal species and directed to the same 
antigen is then bound in the second step, and in the third a labelled antibody 
directed to the immunoglobulin in the second step is added. This method can 
also be made in two steps if the labelled antibody is pre-attached to the second 
antibody. However, to obtain a low non-specific binding of radioactive material 
it is essential that both the second and the third antibodies are immunosorbent 
purified. The main advantage o f using this three-step variant is that the same 
type o f labelled antibodies can be used for the assay o f several different antigens.

SECONDARY SOLID-PHASE RIA

In the radioimmunometric assay [8] the sample to be assayed is first incubated 
with labelled antibodies and the solid-phase-coupled antigen is then added to bind 
unsaturated labelled antibodies. The double antibody solid-phase (DASP) 
technique [9] is a competitive inhibition RIA in which the first antigen-antibody 
reaction proceeds in the liquid phase. A solid-phase-coupled second antibody 
directed to the first antibody is then added to bind the anti-bound labelled antigen. 
Both in the radioimmunometric assay and in the DASP it is essential that the 
immunosorbents are added in a large excess. Cellulose particles and SepharoseR 
have been used as matrices. An advantage o f the secondary over the primary solid- 
phase RIAs is that the first reaction occurs in a liquid phase which gives a higher 
rate o f the reaction. However, the non-specific binding o f radioactive material 
and the misclassification error are likely to be larger in the secondary than in the 
primary solid-phase RIA.

Several o f the different solid-phase RIAs are suitable for automation. The 
following steps may be critical: the addition of the immunosorbents to the test 
tubes when a precise amount o f this reagent is essential, the continuous mixing 
of the incubate to increase the speed o f the reaction and the separation step with 
repeated washings. The methods based on the use o f iron oxide incorporated in 
cellulose particles [18], on sucrose for separation [17], and on swollen gels [15]
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are examples o f suggested improvements for making the assays more suitable for 
automation. The reagent excess techniques, e.g. the sandwich RIAs, are suitable 
for automation, in particular when discs or the inside surface o f test tubes are 
used as insoluble matrices.

SUMMARY

When compared with liquid-phase RIAs, the main advantages o f the solid-phase 
variants are the simple separation procedures which usually are suitable for 
automation, non-disruptive separation, a small misclassification error, high precision, 
a low dissociation rate constant, and an increased specificity obtained in some 
variants. The main disadvantages are the low reaction rate (association rate constant), 
the need o f more antibodies in sandwich RIA and immunoradiometric assay, the 
need o f a rather high antibody titre for the assay of small compounds with 
competitive inhibition RIA, and the need of immunosorbent purified antibodies 
in most assays in which labelled antibodies are used as reagents.
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DISCUSSION

D.K. HAZRA: Since we are using three-step labelled-antibody techniques 
for estimating glycoproteins at the Middlesex Hospital Medical School, we would 
be interested to know what your experience is as regards the choice between 
diazocellulose and Sepharose.

L. WIDE: In our experience a good matrix for solid-phase sandwich RIA 
is microcrystalline cellulose activated by cyanogen bromide (See Ref. [ 13 ] o f the 
paper). We have found this matrix superior to diazocellulose or Sepharose.

D.K. HAZRA: With solid-phase excess-reagent methods, the non-specific 
binding o f labelled antibody is difficult to reduce below 1 —2% of the total counts 
added, and this limits sensitivity. Can anything be done about this?

L. WIDE: The non-specific binding may be reduced by adding cellulose 
particles to the solution with labelled antibody to adsorb the labelled material 
with the highest tendency to non-specific adsorption before use in the assay.

R.P. EKINS: I cannot let your presentation pass without emphasizing a 
theoretical point which you have so elegantly demonstrated in your very careful 
studies; namely that optimal design in a RIA when misclassification o f free ligand 
as bound is reduced to zero necessitates using antibody concentrations tending
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to zero and a percentage binding of labelled ligand also tending to zero. Only 
when misclassification errors are high are the conventional designs involved in 
RIA in any sense optimal. Nevertheless, by reducing misclassification errors in 
the way that the solid-phase techniques make possible, we can obtain assays 
which are much more precise and more sensitive and which can be carried out in 
a shorter overall time than is possible with usual separation methods.

E. KUSS: I should like to draw attention to the advantages of solid-phase 
RIA with gel-entrapped antibodies. Dr. Thoma and co-workers at our laboratory 
have succeeded, for example, in determining free and protein-bound cortisol by 
gel-entrapped anti-cortisol antibodies. They have also showed that the specificity 
of antibodies could be increased by co-polymerization o f functional groups to 
the gel. This was studied in terms o f the different affinities o f estradiol, estradiol-3- 
sulphate and estradiol-3-glucuronoside to an anti-estriol antibody immobilized in 
various matrices.
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Abstract

A SIMPLE COATED-TUBE ASSAY FOR ALPHA-FOETOPROTEIN FOR CLINICAL USE.
A standard method for coating plastic tubes with antiserum has been applied to coat tubes 

with rabbit antiserum to human alpha-foetoprotein. The coated plastic tubes have been used 
to set up a radioimmunoassay system which is sensitive and convenient for use on the occasional 
clinical sample. For a successful coated-tube assay, it was found necessary to modify the final 
incubation mixture from what was suitable in a standard double-antibody assay system.

INTRODUCTION

The level of serum alpha-foetoprotein (aFP) is o f  considerable clinical 
significance. For example, it usually has a high value in hepatoma patients and a 
rising and then falling pattern in hepatitis type В and in pregnancy [1 ]. However, 
some of the elevated values o f significance are only measureable by the sensitive 
methods of radioimmunoassay (RIA). Whereas it would be desirable to assay 
patient samples as often as the clinical situation might demand, the number of 
requests is small and they come at irregular intervals. To set up a full-scale RIA to 
deal with these clinical samples as they come would be wasteful o f  resources and 
time. It would be convenient if an estimate of the aFP level could be obtained by 
a simple comparison with only two standards — a high and a low one. Rubini [2] 
has demonstrated how this may be done for vitamin Bl2 by using polypropylene 
tubes precoated with intrinsic factor.

Catt et al. [3, 4] have elaborated in detail the requirements for coating plastic 
tubes with rabbit gamma globulin. It therefore becomes a simple matter to set 
up a coated-tube assay system based on rabbit-produced antibodies. If the 
standard curve obtained from such an assay can be linearized, then the assay 
can be used to estimate the unknown antigen in the occassional clinical sample 
by simply determining two points on the linear part of the’standard curve.

The possibility o f setting up a coated-tube assay for aFP has already been 
reported by Kurata et al. [5]. The paper describes the simple exploitation of 
already well-defined principles.
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MATERIALS AND METHODS 

Tubes

The plastic tubes for coating were polypropylene tubes, code REAC-30, 
supplied by CEA in France.

Antiserum

The antiserum was raised in rabbit using a preparation from foetal-cord 
blood. The rabbit serum was then absorbed with pooled normal human sera and 
shown to be satisfactory by the immuno-diffusion method with known positive 
and negative sera.

Standards

In the setting up of the assay procedure, a serum sample from a pregnant 
woman whose aFP level had been established by a previous assay using the double
antibody method was used as standard. A sample from a hepatoma patient was 
similarly used to validate the procedure and, finally, a purified sample o f aFP was 
used to confirm that the basic properties of the assay were unaffected by the 
source o f the sample.

Labelled aFP

To obtain the high-specific-activity labelled aFP required for a good coated- 
tube assay system, it was found necessary to iodinate material locally. Iodination 
was carried out according to the method described by Kurata et al. [5], but 
there was the problem that no pure aFP was available for iodination. The 
material that was iodinated was obtained by cold ethanol treatment o f foetal-cord 
serum which produced a solution rich in aFP but also containing a r , a 2- and 
/З-globulin fractions, as determined by cellulose acetate electrophoresis. The validity 
of using this preparation was checked against commercially available 12SI-iodinated 
aFP.

These impure preparations were used to try to find a solution to the supply 
difficulties.

Coating o f plastic tubes

Each tube was coated by addition o f 1 ml o f  antiserum diluted 1:10000  
in a sodium bicarbonate, sodium carbonate buffer at pH9.6 and incubation at room
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FIG.l. Coated-tube assay o f  aFP in pregnancy serum. The serum was diluted in 1% BSA 
phosphate buffer at (a) pH5.3, (b) pH6.4.

temperature (22°C) for 2 h. The coated tubes were then washed out with physi
ological saline and incubated with 1.5 ml 1% BSA solution and finally dried at 
37°C overnight.

' Incubation

Incubation mixtures were made up of 0.1 ml of phosphate-buffered 1% BSA, 
pH5.3, and 1 ml o f 125I-iodinated aFP in buffered BSA. The samples were 
incubated for 24 h. At the end o f the incubation the samples were tipped out and 
the tubes were washed three times with tap water.

Initial attempts had been made to use an incubation mixture identical to 
that used in a double-antibody assay system already in use in the laboratory 
(Veronal buffer pH8.4, Tween 20). Since this was not successful a suitable 
incubation mixture was sought by varying the pH and introducing BSA.

RESULTS

The most satisfactory results were obtained at pH5.3; this is shown in F ig .l. 
An alkaline pH gave the sort of effect displayed in Fig.2 which is similar to what
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Ä F P  n g / m l

FIG.2. Coated-tube assay o f  aFP in pregnancy serum. The serum was diluted in 1% BSA in 
Veronal buffer at pH8.4. Note the low binding and the kink in the curve.

c ( F P  n g / m l

FIG.3. Coated-tube assay o f  aFP o f  a purified sample and a hepatoma patient sample. The 
two curves have a similar shape (assay pH5.3): (a) purified aFP, (bj hepatoma patient serum.
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FIG.4. Logit plot o f  standard curve o f  hepatoma patient sample assay.

has been reported by Vyzantiadis et al. [6] in the immunoradiometric assay of 
Australia antigen. Figure 3 shows the similar behaviour o f  patient sample and 
purified aFP in an assay under the standardized conditions o f pH5.3 and 1% BSA.

Under these standardized conditions of the assay, the standard curve was 
completely linearized on a logit-log plot and remained so during the three weeks 
of storage investigated (Fig.4).

DISCUSSION

By simply following the well-elaborated procedure for coating tubes it would 
. seem easy enough to convert an assay into a dry-tube system and hence profit from 
the ease and convenience o f such a system. It was therefore surprising to find 
completely new assay conditions, but once this change in conditions is expected 
the problem is no longer very difficult.
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DISCUSSION

D. RODBARD: You have noted that some of your dose-response curves are 
biphasic or even triphasic, with a dip. Do you believe this is a real reproducible 
phenomenon, or might it be explained by an artefact, systematic bias or random 
error? If so, it is unlikely that it is related to the high-dose hook effect seen in 
two-site IRMA or sandwich assays. In that case, the hook is due to incomplete 
washing or to antibody heterogeneity (Rodbard et al., “Kinetics o f two-site IRMA”, 
Immunochemistry, in press).

S. DAKUBU: The phenomenon, which is removed by incubation at acid pH, 
might be due to non-specific effects, probably contributed by the tube wall.
It is interesting to note that the dose-response curve is further improved by 
reducing the pH from 6.4 to 5.3.
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Abstract

PROTEIN-A-CONTAINING Staphylococcus aureus AS AN IMMUNOGLOBULIN-BINDING 
REAGENT IN RADIOIMMUNOASSAY AND IN A NON-RADIOACTIVE SURFACE 
IMMUNOASSAY.

The paper summarizes recent developments in the use of protein-A-containing staphylococci 
as an immunoglobulin-binding reagent in varieus types of radioimmunoassay and some related 
areas, particularly the staphylococcal surface immunoassay. The paper also presents a new 
process for the large-scale production of a freeze-dried preparation of the immunoglobulin-binding, 
killed staphylococci which thereby gain a much improved suspension stability.

GENERAL

The first international presentation o f protein-A-containing heat-killed 
staphylococci as an immunoglobulin Fc-binding solid-phase separation reagent in 
radioimmunoassays in 1973 at the Symposium on Radioimmunoassay and Related 
Procedures [1] actually covered two approaches differing in principle:

Technique A, in which a classical radioimmunoassay reaction mixture 
is subjected to separation of immune complexes from free antigen by the 
addition o f a suspension o f protein-A-containing staphylococci. The 
staphylococci rapidly bind immune complexes as well as free immunoglobulin 
(also from the specimen), leaving free antigen and residual serum proteins 
in solution and thus in the supernatant, which can be simply decanted after 
centrifugation (Fig.l).

Technique B, in which protein-A-containing staphylococci are used as a 
carrier for protein-A-reactive anti-immunoglobulin antibodies which, in a 
second step, have been covalently linked to the cell wall of the bacteria, thus 
producing a double-antibody solid-phase separation reagent.

The reader is referred to Ref.[ 1 ] for a discussion on the relative merits of the two 
techniques, but clearly from the standpoint o f simplicity and rapidity technique A 
would be the obvious choice.
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FIG.1. Schematic representation o f  a protein-A-containing Staphylococcus aureus reacting with 
some o f  the components o f  a classical radioimmunoassay reaction mixture: with test sample IgG 
(open Y-symbols) via the protein-A-reactive structure o f  the Fc part and in the same way with 
the known specific antibody (filled-in Y-symbols) which, via its Fab parts, has bound labelled 
and unlabelled antigen. Thus, free antigen is to be found in the supernatant which can easily be 
decanted after spinning.

Also, for the radioimmunological detection o f specific antibodies, e.g. in 
human serum samples, technique A has proven to be the one preferred by a 
group of investigators including Dr. R.S. Farr [2], partly because of the high 
immunoglobulin-binding capacity of staphylococci. Technique A may be said to 
extend the Farr precipitation technique to methods involving labelled antigens 
that would be co-precipitated non-specifically with immunoglobulin by ammonium 
sulphate, ethanol, etc.

Double-antibody solid-phase reagents on the finely dispersed nucleus of 
staphylococci offer an efficient, alternative separation technique (e.g. where 
technique A fails) typically in a situation where the first antibody of the radio
immunoassay is poorly protein-A-reactive, as is the case with antisera from sheep 
or goats [3]. Furthermore, staphylococcal immunosorbents have also been used 
for the batchwise purification of antigen to be employed in radioimmunoassay 
on the basis o f the fact that the link between specific antibody and the bacterial 
cell wall is readily made resistant to desorbing agents such as 3M potassium 
thiocyanate by applying the bifunctional aldehyde glutaraldehyde [1].
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Protein-A-reactive immunoglobulin G has been found in all the mammalian 
species investigated, but there is great variability between species in thé size of 
the fraction of IgG displaying affinity for protein A [3]. In the human, IgG of 
the subclasses 1, 2 and 4, which usually comprise more than 90% of the IgG, is 
reactive [4]. Also in sub-human primates, dog, rabbit, pig and guinea-pig, more 
than 90% of IgG has affinity for protein A, whereas animals such as sheep, goat 
and cow have quite small fractions of protein-A-reactive IgG [3,5]. In all animals 
with established subclasses of IgG, the protein-A-affinity o f IgG molecules is 
related to their belonging to certain subclasses [6]. Earlier findings based on 
immunoprécipitation studies failed to demonstrate protein-A-reactivity o f human 
IgM and human IgA, but recent studies with radiolabelled monoclonal IgM and 
IgA have shown that approximately 25% of both normal human IgM and IgA will 
bind to protein A [7, 8]. In the case of IgM, the protein-A-reactive fraction has 
been demonstrated to carry a characteristic antigenic determinant [9].

The biochemistry of staphylococcal protein A has been elucidated further 
since the previous IAEA Symposium [1], particularly by Dr. J. Sjoquist and his 
group in Uppsala [10—12]. It has been demonstrated that protein A is a single 
polypeptide chain with a molecular weight of 4 1 0 0 0 —42 000 daltons comprising 
four immunoglobulin Fc-reactive subunits o f about 7000 daltons and a terminal 
of about 15 000 daltons by which the protein is covalently linked to the peptido- 
glycan backbone o f the bacterial cell wall.

The staphylococci used for the first staphylococcal radioimmunoassay 
presented in May 1972 had been “stabilized” by treatment with formaldehyde at 
the relatively low concentration of 0.5% (wt/vol.) for 3 hours [13]. In fact, the 
reagent proved to be a suspension of living staphylococci, though with a limited 
shelf-life o f only about two weeks as a useful reagent. The breakthrough for a 
more widespread use o f  protein-A-containing staphylococci as an immunoglobulin- 
binding reagent came as a result o f successful experiments first performed by 
Kronvall. These were based on the obvious heat-resistance of protein A as 
demonstrated by Jensen’s procedure for heat extraction of protein A from 
staphylococci [14]: formaldehyde-treated staphylococci that were killed by 
heating them above 80°C.for a few minutes still retained significant immuno
globulin binding capacity. The author then arranged the heat treatment according 
to the principles o f pasteurization so that the effects o f  heat and time were kept at 
a balanced, reproducible minimum to achieve killing [15 ,16]. In short, the pro
cedure for preparing the staphylococcal reagent included washing, treatment with 
formaldehyde, washing, heat treatment and washing again. Such a suspension of 
protein-A-containing staphylococci stored at 10% (vol./vol.) concentration at 
4°C has satisfactory stability for about one year [16]. However, on the day o f use 
the staphylococci should be washed to eliminate fragments and soluble matter, 
including protein A that is liberated from the killed bacteria, but without greatly 
reducing their Ig-binding capacity.
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TABLE 1. USE OF PROTEIN-A-CONTAINING Staphylococcus aureus AS A  
SEPARATION REAGENT IN RADIOIMMUNOASSAYS FOR VARIOUS 
ANTIGENS AND ANTIBODIES -  “Staf-RIA” '

Antigens Antibodies to:

Human alpha-foetoprotein [ 16] The listed antigens

Human alpha-crystalline [34] Dextran, using iodinated

Gentamicin and other aminoglycoside FITC-dextran as tracer (unpubl.)

antibiotics (Refs [35, 36] and below) Mycobacterial antigens [40, 41]

Hepatitis-В surface antigen (HBsAg) [37, 38] Insulin [42]

Carcino-embryonal antigen (CEA) (unpubl.)

Pituitary hormones (unpubl.)

IgA, IgE (Ref.[39] and unpublished)

The use o f protein-A-containing staphylococci as a separation reagent in 
radioimmunoassays, “Staf-RIA”, has been successful with a number o f chemically 
widely different antigens (Table I), proving in practice the reagent’s specificity for 
immunoglobulin and its potentiality for widespread use. Also, the fact that the 
reagent can be added in solid phase and in excess binding capacity, which allows 
for a rapid completion o f the separation step, makes it easy to use satisfactorily 
without some o f the tedious controls that are necessary with other separation 
techniques such as double-antibody techniques. The introduction of a freeze- 
dried preparation of staphylococci which may be rapidly reconstituted to sus
pensions with perfectly reproducible qualities (see later) should make the 
protein-A-containing staphylococci still easier to handle.

One principal development in radioimmunoassay methodology, which high
lights the binding characteristics of protein-A-containing staphylococci in relation 
to those of other separation techniques, concerns investigations of specimens that 
might contain a certain antigen or homologous antibodies. For the present, tests 
for immune complexes can be left out o f the discussion. Particularly in clinical 
virology there are frequent situations where, in the natural history of a disease, 
antigen may first be detected in the circulation and then most often disappears 
either before or concomitant with the appearance o f specific antibodies to the 
same antigen. From a clinical point of view, the serological investigations for 
hepatitis-B-surface-antigen (HBsAg) and homologous antibody (anti-HBsAg)' 
constitute an important example o f such a situation to take into account, e.g. when 
radioimmunological test systems are set up.
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TABLE II. DIVISION OF RIA SEPARATION TECHNIQUES INTO TWO 
GROUPS

Group A

Chromatoelectrophoresis [43]

Chemical precipitation, e.g. with ammonium 
sulphate, ethanol, etc.

Charcoal, ion-exchange techniques

Protein А-containing S. aureus, “ Staf-RIA”
= “ technique A”

Group В

Precipitating double antibody

Double-antibody solid phase, “DASP” , 
when on S. aureus “ technique B”

First antibody in solid phase before 
assay, e.g. on the tube walls

Generally speaking, the separation techniques for radioimmunoassays 
according to the classical competitive principle first presented by Yalow and 
Berson may be divided into two groups (Table II) [1 ]: techniques of group A 
evidently treat the specific antibodies o f  the known antiserum and most 
immunoglobulins o f the sample in the same way, whereas separation techniques 
o f group В put the specific antibodies o f  the known antiserum (including immune 
complexes formed by them) into one fraction and tend to leave all other com
ponents o f  the reaction mixture in the other fraction.

Of course, the group В separation techniques include classical and solid- 
phase double-antibody techniques as well as techniques in which the first anti
body has been insolubilized before the test, e.g.- by adsorption or by covalent 
linking to test-tube walls, small particles and paper discs.

As evident from Fig.2, the outcome of a classical radioimmunoassay set up 
primarily for the quantitative detection o f antigen will be influenced in different 
ways according to which group the separation technique used belongs. In essence, 
if a group В technique, e.g. the classical double antibody, is used, the presence of 
specific antibodies in the test sample, binding labelled antigen and thus competing 
with specific antibodies o f the known antiserum for the labelled antigen, will 
tend to make Bb < B 0 and thus give a false indication of the presence of antigen 
in the sample. Therefore, the use o f  separation techniques belonging to group В 
is not acceptable in a clinical situation where test samples may alternatingly 
contain antigen and homologous antibody.

Quite different results are obtained when one of the separation techniques of 
group A is applied. Since immunoglobulins o f the two species involved are 
separated into the same fraction, including the labelled antigen complexed by 
either, the presence o f specific antibodies in the test sample will tend to make 
Вд5* B0. One situation where this phenomenon must have been observed is in
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Вд = Вв<  В0

FIG.2. Centre: representation o f  the pertinent components o f  B0 tubes in a classical radio
immunoassay, i.e. known specific antibody ffilled-in Y-symbóls) and labelled antigen. Left: 
a sample containing (поп-labelled) antigen has been added. Right: a sample containing 
homologous antibody has been added. Thus, in both cases, but because o f  different kinds o f  
competitive effects, there is a reduction o f the amount o f  labelled antigen bound by known 
specific antibody. Separation techniques o f group В yield В <.B0 in both cases and cannot 
differentiate in the simple way characteristic o f  techniques belonging to group A. The presence 
o f  antigen gives Ba <B q and the presence o f  homologous antibody in the test sample gives fiA>  B0.

insulin assays with, for example, ethanol precipitation, applied to specimens from 
diabetics treated with insulin and producing anti-insulin antibodies. As already 
stated, testing for antigen as well as homologous antibodies is often required, e.g. 
in virological serology, and thus the idea o f using one single test system for the 
two tests is attractive. However, since it is rare to have a chemical precipitating 
separation technique to separate free viral antigen and antibody-bound viral 
antigen, only one o f the alternative separation techniques is generally applicable. 
The fact that the staphylococcal separation technique A, which also belongs to 
group A, easily serves the attractive purpose, illustrates its specificity charac
teristics and also the high binding capacity of protein-A-containing staphylococci.

A separate review paper, particularly on non-radioactive methods in laboratory 
immunology [17], lists nine different areas of use for immunoglobulin-binding 
staphylococci. In addition to the applications in radioimmunoassay and immuno
sorbent techniques already cited, the following applications appear worth 
mentioning in a Proceedings that also covers “related procedures” :
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(1) Coagglutination: Protein-A-containing staphylococci may be used 
as carriers o f antibodies specific for bacterial antigens such as group-specific 
antigens o f  Streptococcus pyogenes. The result o f  mixing streptococci and 
staphylococci carrying homologous antibodies is a very rapid agglutination, 
a phenomenon that would not occur, or only very weakly, with the same 
antibodies in solution [15, 18, 19].

(2) Absorption o f  IgG before serological investigations:

(a) Protein-A-containing staphylococci may be used to differentiate IgG 
from IgM and IgA antibodies in a sample where specific antibodies have been - 
demonstrated by a method that responds to antibodies o f many classes, such as 
haemagglutination inhibition for antibodies to rubella virus [20]. In spite o f the 
fact that small fractions o f  IgM and IgA antibodies are absorbed by protein-A- 
containing staphylococci, and that human IgG3 is not bound, the procedure has 
been confirmed as a useful adjunct to rubella serology [21—23].

(b) In situations where abundant specific IgG antibody would tend to block 
the reaction o f specific antibodies of other classes, as for example in class-specific 
investigations with immunofluorescence [24], enzymo- and radioimmunoassay, 
protein-A-containing staphylococci may make the investigations significantly more 
sensitive or more appropriate [24]. In this context mention should also be made of  
the in-vitro use o f  protein-A-containing staphylococci for the elimination of  
so-called blocking factors in the serum o f tumour bearers. These are evidently 
formed by the tumour antigen-specific antibody and its immune complexes with 
soluble tumour antigen which specifically block the cytotoxic effect o f tumour- 
specific lymphocytes on their target cells [25].

It should be pointed out that immunoglobulin absorption by staphylococci 
may be achieved without significantly diluting the specimen o f serum or plasma, 
or a dilution thereof. This can be done by simply resuspending a pellet o f  packed 
staphylococci in the specimen, centrifuging and then removing the supernatant by 
aspiration. In fact, if one volume o f pelleted staphylococci is resuspended in one 
volume of undiluted normal serum or plasma, all protein-A-reactive immuno
globulin is absorbed out.

(3) Detection o f  cell-bound protein-A-reactive immunoglobulin: This 
procedure has been carried out with staphylococci as in the above-mentioned 
applications and also with FITC-labelled bacteria in order to simplify the 
microscopic investigation [26]. Furthermore, purified soluble protein A has 
also been used for this purpose either labelled with a tracer, such as 
fluorescein or 125I, or used as a ligand attached to tanned red cells for 
microscopic studies [27, 28].

(4) Staphylococcal surface immunoassay "Sta-face-ay”: This is a 
rapid and simple immunoassay system based on the phenomenon of 
protein-A-containing staphylococci forming an easily visible deposit on
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antibody that is specifically bound to antigen adherent to a flat surface 
(Swedish patent No.7407139-0, foreign patent pending) [29]. Immune reac
tions taking place on flat or extended surfaces such as microscope slides, 
the inside walls o f tubes etc. may be demonstrated and quantitated 
instrumentally using, for example, radiolabelled, enzyme-labelled or 
fluorescent tracers. Also, it is well known that such reactions may be 
visualized microscopically, as particularly well exemplified with immuno
fluorescence. In recent years, some new techniques have been presented by 
which the binding of an antibody to its antigen, which is somehow adherent 
to a flat surface, may be indicated to the naked eye.

The first technique to be reported is called mixed haemadsorption [30] and 
employs red cells as indicator particles. These are prepared to carry two successive 
layers o f antibody: the first antibody usually has the same origin as the antibodies 
to be detected and the second antibody is an anti-gamma-globulin antibody. The 
method is also complicated by virtue of the necessity to avoid haemagglutination 
and by the moderate shelf-life o f the reagent particles.

A second group o f visualizing techniques is based on physico-chemical 
phenomena dependent on the deposition o f protein on the surface as an intrinsic 
effect o f  antibody binding ; thus, changes in light refraction, wettability to water 
vapour or staining properties with protein dyes may be observed [31, 32]. How
ever, it is not possible with any o f these techniques to readily identify antibodies 
as belonging to one particular immunoglobulin class. The so-called ELISA tech
nique (enzyme-linked immunosorbent assay), as carried out on plastic surfaces like 
microtitre plates coated with antigen, has been demonstrated to easily satisfy the 
latter requirement [33]. On the other hand, the final incubation with substrate 
constitutes one extra working step, and the high cost o f reagents is one additional 
drawback. Against this background, protein-A-containing staphylococci were 
tested as an indicator particle for antibody specifically bound to adsorbed antigen 
on glass or plastic slides [29]; successful results are detailed below.

EXPERIMENTAL

Studies intended to improve the storage qualities and simplify the production of 
protein-A-containing staphylococci

The production o f large amounts of formaldehyde-treated and heat-killed 
staphylococci has an obvious bottleneck in the cumbersome treatment with 
formaldehyde and the washings required. Therefore, in spite of the previous 
contention that formaldehyde is important for preserving the protein-A-activity 
of the staphylococci after heat treatment, an experiment was performed to heat- 
kill the bacteria without formaldehyde treatment. It was found that the IgG- 
binding capacity was repeatedly better than 90—95% the capacity of those treated
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with formaldehyde before heat-killing. However, the staphylococci that were 
heat-killed without prior formaldehyde treatment were found to be less stable when 
stored as a suspension at about 4°C than those that were so treated.

As might be expected, heat-treated staphylococci are stable when stored in 
the lyophilized state; surprisingly, the effect o f lyophilization is even more far 
reaching in that suspensions prepared by reconstituting lyophilized staphylococci 
have a much improved suspension stability, appearing even superior to those stored 
in suspension after formaldehyde treatment and heat-killing. Thus, suspensions of 
protein-A-containing staphylococci with very reproducible properties may be 
prepared from the lyophilized staphylococci. For many purposes the freshly 
reconstituted staphylococci may be used directly without washing, but a single 
wash o f the quite homogeneous suspension, obtained by mixing the material in a 
beaker over a magnetic stirrer for about 10 min, is to be recommended before use. 
One gram o f the lyophilized material yields 25 ml of a 10% (vol./vol.) suspension, 
and the binding capacity has been reproducible at 2 mg o f  IgG per ml o f 10% 
suspension1.

Use o f 12SI-labelled conjugates of protein and o f haptens containing at least one 
primary amino group in a general two-step assay procedure first applied to 
aminoglycoside antibiotics such as gentamicin

In setting up a radioimmunoassay for gentamicin and using staphylococci as 
the separation reagent, we definitely preferred to use a gamma-emitting tracer 
rather than the tritiated ones described previously. Our first successful procedure 
in which we coupled gentamicin to protein with glutaraldehyde in one step has 
been published [35]. Here, a much more reproducible, two-step procedure is 
presented which is suitable for a number o f haptens. The drawback of the earlier 
method in causing a high degree o f polymerization o f the protein has largely been 
avoided. -

Ten milligrams o f human serum albumin (hSA) or another suitable “inert” 
protein is dissolved in 1 ml o f 0.05M barbital buffer at pH8.6. Glutaraldehyde is 
diluted to a concentration o f 2.5 mg/ml in the same buffer. Equal amounts of 
each are rapidly mixed homogeneously and left to incubate at room temperature 
for about 60 min. (Time, temperature, and aldehyde concentration may be varied 
for various haptens to be coupled or for other purposes such as the preparation of  
an immunogen for hapten immunization; however, alkaline pH is mandatory to 
prevent polymerization of the protein when reacted with glutaraldehyde, which 
preferably should bind to the protein with only one o f its two functional groups.)

1 Such lyophilized protein-A-containing staphylococci (patent pending) are produced 
for Stafilum AB, Axvall, Sweden, and are to be marketed by Kabi Diagnostica, S-l 12 87 
Stockholm, Sweden.
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The reaction mixture is then gel-filtered, small aliquots being taken into plastic 
tubes where the protein front is indicated by the eluate starting to wet the tube 
walls. The major part o f  the protein should be recovered in two or three times 
the volume in which it entered the column as this eliminates the need for 
exact quantitation before the next step.

The protein is then mixed with a large excess, e.g. 100 times molar excess, of 
hapten dissolved in barbital buffer. In our experiments, 8 mg o f gentamycin in
1 ml o f buffer was added to an equal volume containing 1.5 mg o f hSA. This 
second step proceeds for 1 hour at room temperature and is terminated by 
dialysis over night against neutral buffer such as a phosphate-buffered saline 
containing 0.1M of glycine or lysine to block any free aldehyde groups that might 
be present.

The resulting conjugate may be divided before storage into aliquots suitable 
for radioiodination. The best way to store microlitre aliquots is to keep them in 
glass capillaries (Dr. A. Voller, personal communication). For radioiodination. 
10-^1 aliquots o f gentamycin conjugate (about 5 ¿ug) were mixed with 10 /Л o f
0.5M phosphate buffer at pH 7.0, then with 0.5 -  1 mCi 125I (RCC, Amersham),
10 jul o f Chloramine-T (Merck AG, Darmstadt), 5 mg/ml, and 60 seconds later 
with 20 ц\ o f sodium metabisulphite (Merck), 2.5 mg/ml. Fifty microlitres of 
potassium iodide (10 mg/ml) are added before gel-filtration. This is usually done 
through a prefabricated column PD-2 or PD-10 containing Sephadex G-25 from 
Pharmacia, Uppsala.

Iodination efficiencies have reproducibly been registered between 30 and 
40%. The tracer protein has been found to contain more than 80% material of 
about the same molecular weight as the protein involved, as indicated by gel- 
filtration studies on Sephadex G-200. The author has used 12sI-labelled tracers 
produced as described for assays of gentamicin, sisomycin, netilmycin, kanamycin, 
tobramycin and amikacin and has also applied them successfully in studies o f the 
pharmacokinetics o f some o f these drugs together with G. Kahlmeter and 
others [35].

Model experiments with the staphylococcal surface immunoassay system, 
“Sta-face-ay”

In these experiments dextran and bovine serum albumin (BSA) were used as 
model antigens. Dilute solutions o f these antigens were first incubated on glass 
or plastic surfaces, preferably polyvinyl chloride (PVC), in the capillary space 
between two slides. After a maximum o f one hour the slides were rinsed with 
adequate amounts o f  saline or distilled water or both and dried with a jet o f 
compressed air. Samples to be tested for specific antibody were then added in 
10-/Л volumes which formed demi-pearls because o f the hydrophobic character 
o f PVC and because the glass was coated with protein and dried. As many as
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30 specimens can be placed on a 25 mm X 75 mm slide. After incubating for 
10-60 min in a humid chamber, the specimens were rinsed with phosphate- 
buffered saline containing 0.1% Tween 20(T-PBS) and then the slides were 
transferred to a glass vessel containing a 0.5 -1%  suspension o f killed protein-A- 
containing S. aureus in T-PBS and incubated at room temperature for 10 min.
After this step the slides were washed again by dipping them into a series o f three 
vessels containing T-PBS and 1 or 2 vessels containing Tween 20 in distilled 
water. Finally they were left to drain with an edge on blotting paper and to 
air dry. Already in the wet state the staphylococcal adsorption phenomenon was 
easily detectable by the naked eye. On spots where drops containing antibody 
specific to the adsorbed antigen had been incubated, the slide was coated with a 
film o f bacteria, whereas areas incubated with specimens containing no specific 
antibodies (e.g. after neutralization with a sample containing antigen) had no 
affinity for the staphylococcal reagent particles. With 10-min incubation periods 
throughout, the detection level for specific antibody to dextran is below 0.1 mg 
per litre (below 0.1 /ug/ml). Antigen is similarly detected down to levels of about
1 mg per litre for a protein like BSA and to about 0.1 mg per litre for a poly
saccharide like dextran.

A staphylococcal surface immunoassay has been found useful as a pharma
ceutical control procedure for the detection o f trace contaminants o f dextran in 
glucose solutions (Jonsson, S and Richter, W., in preparation). The method easily 
detects anti-dextran antibody in normal human and rabbit sera [29]. Antiviral 
antibodies reactive with a purified adenovirus antigen (a gift from Dr. L. Kjellén) 
and with commercially available HBsAg (Electronucleonics Inc.) have been 
specifically detected in various human serum samples. The results were confirmed 
by inhibition studies and by comparisons with results o f other methods. Pre
liminary experiments have indicated that the assay system might be useful in 
studies o f  type III allergic reactions, e.g. by detecting protein-A-reactive antibodies 
binding to penicilloylated hSA.

In addition, protein-A-nonreactive antibodies, specifically bound to adsorbed 
antigen, can be detected by incubating the slide with a protein-A-reactive anti-Ig 
antiserum before the reaction with the staphylococcal suspension or by using 
staphylococci pre-reacted with, for instance, class-specific anti-Ig antibody.
It should be pointed out that specific antigen might also be detected by staphy
lococcal surface immunoassay systems. A suitable dilution of serum containing 
specific antibody is adsorbed onto the slide which is washed and then reacted 
with specimens suspected to contain the antigen in question; this in turn might 
be identified by using specific antiserum and reagent staphylococci. Again, it 
should be pointed out that gamma-globulin preparations as the source of specific 
antibody in reactions with slides should be avoided because o f the appearance of  
very strong reactions between non-specifically adsorbed gamma-globulin 
(aggregates) and staphylococci. In whole serum, gamma-globulin adsorbs to
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FIG.3(a). A schematic diagram o f  the rationale o f  the staphylococcal surface immunoassay 
system. The three steps can be completed within 1 hour.

3(b). In six horizontal rows, sera from-five blood donors and one hyper-immunized rabbit 
have been tested on a plastic slide coated with adenovirus antigen. A ll the specimens are, fo r all 
practical purposes, undiluted. The specimens in the left row are untreated, and the ones in the 
middle row and in the right-hand row have been incubated with 1/10 and 1/100 o f  their volume, 
respectively. The neutralization effect -  in some instances incomplete also with the larger 
amount o f  antigen — expresses the specificity o f  the reaction.

slides preferentially by its reportedly more hydrophobic Fc-part. Incubating whole 
serum on clean surfaces o f  glass, polyvinyl chloride or polystyrene does not lead to 
non-specific adsorption o f staphylococci. On the other hand, without Tween 20  
in the buffers, staphylococci bind readily to exposed surfaces.

Figure 3 demonstrates the rationale o f  the staphylococcal surface immuno
assay system and also the actual test results on a slide coated with a virus antigen 
o f some clinical significance.
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DISCUSSION

I. MARSCHNER: How great is the influence of different amounts of IgG 
occurring naturally in the patients’ sera?

S. JONSSON: In fact, no such influence has been demonstrated except 
where the Ig content of the serum sample simply exceeds the Ig-binding capacity 
of the amount of staphylococci added, which is so calculated as to be in great 
excess [16]. This may happen unintentionally in the case o f myelomatosis sera' 
although for many reasons clinical routine should provide for clearly labelling 
such samples.

4





IAEA-SM-220/30

A NOVEL METHOD FOR RADIOIMMUNOASSAY 
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THE ASSAY OF DIGOXIN*
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Abstract

A NOVEL METHOD FOR RADIOIMMUNOASSAY AND ITS APPLICATION TO THE 
ASSAY OF DIGOXIN.

A novel radioimmunoassay method has been developed for digoxin which eliminates 
the need for centrifugation while retaining a short incubation time at ambient temperature.
The apparatus used consists of a plastic reaction chamber containing a pad of absorbent 
material impregnated with solid-phase antibody. A mixture of tracer and standard (or tracer 
and sample) is pipetted on the antibody-containing pad and at the end of the 30-min incubation 
period radioactivity remaining unbound to antibody is drawn through the pad into an absorbent 
filter by capillary attraction. The specificity, sensitivity, precision and accuracy of the method 
are described. Clinical evaluation of the method has been carried out in two laboratories in 
the United Kingdom and four in the United States of America. The consistency of perform
ance of the new digoxin method as judged by precision and accuracy were quite striking 
compared with the wide variation in performance of routine in-house methods. Thus, results 
for between-assay reproducibility show that coefficients of variation for the novel method 
ranged from 9.6% to 15.5% whereas those for the routine assays ranged from 7% to 27.8%.
The recovery of digoxin added to serum varied from 85% to 117% for the new method and 
from 88% to 164% with in-house methods. In a total of 640 clinical samples the results 
compared well with those obtained with established in-house procedures.

INTRODUCTION

Speed, simplicity and convenience - are important considerations for 
the busy laboratory when selecting new assay methods. In recent years 
the trend in radioimmunoassay has been towards the use of systems where 
antibody is coupled to a solid phase such as cellulose, glass beads or 
plastic tubes. Such methods allow rapid and easy separation of bound 
and free antigeni- Where the antibody is covalently coupled to a 
particulate solid phase, centrifugation is required although this rarely 
exceeds fifteen minutes. When antibody is used to coat a plastic tube, 
separation of bound and free antigen only involves washing the tube and .
thus removing free antigen. Coated tube methods, however, are slower, to
reach equilibrium than their liquid phase counterparts so that incubation
times are longer and carried out at 37°C.

* Gammadisk , Wellcome Reagents Ltd.
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FIG.l. Apparatus used in Gammadisk assay.

The present paper describes a novel radioimmunoassay method which 
eliminates the need for centrifugation while retaining a short incubation 
time at ambient temperature. The method has so far been successfully 
applied to digoxin, insulin and thyroxine.

Description of Apparatus and Method

The apparatus used for the assay is shown in Fig. lj all components 
are disposable. The reaction chamber ta) consists of a plastic moulding 
containing a pad of absorbent material impregnated with solid phase 
antibody. During the assay, a mixture of tracer and standard (or tracer 
and sample) is pipetted onto the antibody-containing pad. A reservoir 
(b) is placed on top of the reaction chamber as soon as pipetting has 
been completed. At the end of the incubation period (30 minutes at room 
temperature for digoxin) wash buffer is pipetted into the reservoir. 
Radioactivity remaining unbound to antibody is drawn through the pad into 
an absorbent filter Cc) by capillary attraction. The radioactivity 
remaining bound to antibody in the reaction chamber is then measured.

The solid phase antibody used in the digoxin system is a pre- 
precipitated double antibody prepared from a rabbit antidigoxin serum and 
a donkey anti-rabbit gamma-globulin serum. The tracer used is a tyrosine 
derivative of digoxin iodinated with ^ 5 j  and standards consist of 
crystalline digoxin diluted into bovine serum.
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EVALUATION

The Kinetics, sensitivity and specificity of the Gammadisk digoxin 
assay system have been determined in the Wellcome Research Laboratories 
in tests using pure preparations of steroid hormones and cardiac 
glycosides and also by testing human serum samples from both normal 
subjects and hospitalised patients. The measurement of the reproduci
bility and accuracy of tests carried out on human serum samples was based 
on results obtained by several different operators using more than one 
manufacturing lot of reagents on a total of at least ten occasions.

User trials of the Gammadisk digoxin assay under clinical laboratory 
conditions were carried out in six independent laboratories, two in the 
United Kingdom (U.K.) and four in the United. States (U.S.). The two 
British laboratories were members of the Supraregional Assay Service; of 
the American laboratories two had extensive experience in the digoxin 
field (one by virtue of work on immunoassay procedures, the other on 
account of pharmacokinetic studies of the drug), one was a commercial 
laboratory handling 30 to 40 specimens for digoxin assay daily and the 
fourth was the routine chemistry laboratory of a major university.

The Gammadisk system was compared with the in-house method for 
digoxin by means of parallel assays of a large number of routine clinical 
samples and coded control specimens by both methods. Comparative.values 
on clinical samples were contributed by only one of the U.K. laboratories 
but by all of the U.S. laboratories: in the case of the U.K. laboratory 
the Garmnadisk assays were performed at the Wellcome Research Laboratories 
using the routine clinical samples which the laboratory had already 
assayed by their in-house method, while in the four U.S. laboratories 
both types of assay were performed locally. The test samples were 
assayed in a series of ten assays each of which included six coded 
specimens provided by the Wellcome Research Laboratories: these control 
specimens were each assayed in all ten assays by both the new digoxin 
method and the in-house digoxin assay but were separately coded on each 
occasion. Two of the control specimens were "recovery” samples of known 
digoxin content in human serum and the remaining four samples were from 
human subjects following oral administration of digoxin.

RESULTS

(a) Kinetics, specificity and sensitivity

The Gammadisk digoxin assay reaches equilibrium in about 60 minutes, 
the reaction being 70% complete after 30 minutés. The separation stage 
is rapid (approximately 3 - 5  minutes) and the reaction is effectively 
stopped within one minute of the start of the separation process.

The specificity of the method in relation to the more important 
sources of likely interference is shown in Table I. No significant cross 
reaction occurs with progesterone or corticosteroids which circulate at 
high concentrations nor with the steroidal antidiureti'c drug spironolactone. 
Cardiac glycosides with the same steroid nucleus as digoxin cross react 
completely with the antibody, while the inactive metabolite dihydrodigoxin 
cross reacts to less than one per cent.

The method is designed to measure digoxin concentrations of 0.5 ng/ml 
or higher. 150 serum or plasma samples from normal volunteers, non- 
digitalised hospital patients, patients treated with spironolactone and
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TABLE I. SPECIFICITY OF THE GAMMADISK 
DIGOXIN ASSAY

STEROID HAPTEN PER CENT CROSS-REACTION

Digoxin 100
Digoxigenin 85.7
Dihydrodigoxin <1.0
Digitoxin 5.4
Progesterone 0.0025
Cortisol <0.002
Spironolactone <0.002

TABLE II. PRECISION OF GAMMADISK DIGOXIN METHOD

SAMPLE CONCENTRATION COEFFICIENT DF VARIATION
ng/ml per cent

Within Assay Between Assay

1 - 1.5 7.4 8.4
1.5 - 3 6.5 7.5
>3 5.1 6.5

TABLE III. ACCURACY OF GAMMADISK DIGOXIN METHOD

EXPECTED VALUE 
ng/ml

OBTAINED VALUE 
ng/ml

C.V.
per cent

PER CENT 
RECOVERY

1 1.07 8.0 107

2 2.00 1 9.6 100

4 3.97 8.7 99.2

women in the third trimester or pregnancy or taking oral contraceptives 
gave apparent digoxin levels below the cut-off point of 0.5 ng/ml on the 
standard curve.

(b) Reproducibility and accuracy

Precision and recovery of added digoxin for the Ganmadisk method, 
based on data collected in the manufacturer's laboratory, are shown in 
Tables II and III.
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TABLE IV. WITHIN-ASS AY PRECISION
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LABORATORY

COEFFICIENT
PER

IN-HOUSE
METHOD

OF VARIATION 
CENT

NOVEL
METHOD

U.K. 1 6.5 7.7
U.K. 2 13.7 13.-2
U.S. 1 * 9.1
U.S. 2 5.8 11.7
U.S. 3 * 13.2
U.S. 4 10.9 9.4

•Data for individual 
unavailable

replicates

TABLE V. BETWEEN-ASSAY REPRODUCIBILITY 
(Based on assays o f  coded samples)

LABORATORY COEFFICIENT OF VARIATION

IN-HOUSE NOVEL
METHOD METHOD

U.K. 1 7.0 9.6
U.K. 2 24.2 15.4
U.S. 1 7.4 14.2
U.S. 2 10.4 12.8
U.S. 3 27.8 15.5
U.S. 4 14.3 10.7

Evaluation in several independent clinical laboratories allows a 
comparison of within and between assay precision and accuracy for both 
the new digoxin method and various routine in-house methods. The summary 
of results shown in Table IV - VII shows that the performance of the 
Gammadisk method varied between laboratories, as might be expected.
However, the consistency of performance of the technique was quite striking 
when compared with the wide variation in quality seen in the different 
in-house methods. For example, the results for between-assay reproduc
ibility show that coefficients of variation (C.V.) for the Gammadisk 
assay ranged from 9.6% to 15.5%, averaging 13%, while those for the routine 
assays ranged from 7% to 27.8% with a mean of 15.2%. The recovery of 
digoxin added to serum varied from 85% to 117% for Gammadisk and from 
88% to- 164% with in-house methods.
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TABLE VI. ACCURACY: RECOVERY
OF DIGOXIN ADDED TO
HUMAN SERUM3
(Based on assays of coded samples)

LABORATORY RECOVERY PER CENT

IN-HOUSE
METHOD

NOVEL
METHOD

U.K. 1 111 117
U.K. 2 164 108
U.S. 1 125 103
U.S. 2 130 85
U.S. 3 126 93
U.S. 4 80 98

a M e a n  of ten results for two samples 

at concentrations of 1.2 and 2.4 ng/ml

TABLE VII. COMPARISON OF IN-HOUSE AND NOVEL METHOD BY 
ASSAY OF ROUTINE CLINICAL SAMPLES (4 U.S. LABORATORIES)

LABORATORY U.K. Ia U.S. 1 U.S. 2 U.S. 3 U.S. 4

Number of samples 70 164 135 142 129

Linear regression :

intercept, ng/ml 0.3 0.17 0.29 0.11 -0.28

Slope 0.93 0.89 0.86 0.98 0.99

r 0.88 0.94 0.79 0.93 0.94

Standard error of 
estimate, ng/ml 0.5 0.30 0.46 0.42 0.34

t-test [paired values!)

t 2.28 0.68 2.78 2.17 9.54

P 0.02 0.5 0.006 0.03 <0.0001

aGanmadisk assays performed at Wellcome Research Laboratories
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On a total of 640 clinical samples the results with the new digoxin
method compared well with those obtained in a variety of established
in-house methods (Table VII). The matched pairs t-test, which is a very 
sensitive indicator of relative bias, showed significant differences by 
the two methods in two cases (U.S. 2 and U.S. 4) but in only one instance 
(U.S. 2) was this finding supported by marked differences in recovery 
values or a deviation from the ideal slope of the regression line.

DISCUSSION

The manufacturer bears a responsibility to substantiate performance 
claims of a new method but the difficulties associated with setting up 
suitable clinical trials is often not appreciated by those outside 
industry. Difficulties lie in both the selection of testing laboratories 
and the final assessment of the data. While it may be tempting to prefer 
the testing to be carried out by an experienced and well known laboratory, 
it may not be representative of the type of laboratory which will
eventually be using the method.

The present study has shown the widely differing performances of the 
laboratories taking part. Some produced consistently good results with 
their own methods while in others control was poor. The performance of 
the better controlled laboratories was superior with their own method 
than with the new digoxin method while the less well-controlled laboratories 
produced much better results with Gammadisk than with their in-house 
method. Thus the overall performance with Gammadisk is seen to vary 
relatively little between the laboratories concerned. These observations 
suggest that the Gammadisk digoxin kit is capable of yielding clinically 
useful results by an unusually quick and simple method. Even more 
importantly, perhaps, it is seen to be a robust procedure which can be 
expected to minimise the variation in assay performance that might 
otherwise result from inevitable differences in technical standards as 
between one laboratory and another.

DISCUSSION

P.G. MALAN: This is a most interesting development o f the measurement 
o f digoxin. I must say that I am not familiar with the manipulations involved 
in this assay technique, but I wonder whether you adopted an experimental 
design, when initially developing this procedure, which enabled you to analyse 
the robustness of the technique statistically.

S.R. LADER: No, we did not.
E. ABISCH: Are there any results about recoveries at very low concentrations, 

such às 0.2 -  0.5 ng/ml?
S.R. LADER: The Gammadish system for digoxin has been designed to 

measure drug concentrations over the clinically useful range, i.e. 0.5 -  4 ng/ml. 
Values less than 0.5 ng/ml cannot be distinguished from zero, so that accuracy 
measurements below 0.5 ng/ml are not relevant.
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Abstract-Résumé

CRITICAL STUDY OF HEAVY EQUIPMENT FOR RADIOIMMUNOASSAY.
The rapid development of radioimmunological techniques has led to the elaboration of

automatic and semi-automatic devices designed to free technicians from tedious manipulations
and to maintain a satisfactory level of analytical precision while increasing the rate of sample
processing. In the selection of equipment attention must be paid to a number of scientific,
technical, human and economic criteria, otherwise its economic practicability may be impaired.
The first part of the paper discusses the qualities of an analysis and those of equipment which
can ease the task of the technician. The purpose of this preliminary summing up is to help with
the objective determination of possible limitations of the automatic systems being proposed to
users. The second part analyses the essential operational characteristics of various items of
equipment. One group of devices includes robots which reproduce manual movements during
all or some of the manipulations; the other group makes use of the continuous flux method
in combination with devices by means of which radioimmunoassay can be performed. The
paper presents a thorough discussion of the respective merits of the systems described.

/
ETUDE CRITIQUE DES EQUIPEMENTS LOURDS DESTINES A L’ANALYSE 
RADIOIMMUNOLOGIQUE.

L’essor des techniques radioimmunologiques a entraîné l’élaboration de dispositifs 
automatiques ou semi-automatiques destinés à libérer les techniciens de manipulations 
fastidieuses, et à maintenir à un bon niveau la précision des analyses tout en augmentant le 
rythme de traitement des échantillons. Le choix d’un équipement doit tenir compte d’un 
certain nombre de critères scientifiques, techniques, humains et économiques, sans le respect 
desquels la rentabilisation pourrait être compromise. La première partie du mémoire rappelle 
les qualités d’une analyse et celles d’un appareil susceptible d’alléger la tâche du technicien. 
Cette synthèse préalable a pour but d’aider à la détermination objective des limites éventuelles 
des systèmes automatiques proposés aux utilisateurs. La seconde partie analyse les 
caractéristiques essentielles de fonctionnement de différents équipements. Une famille 
d’appareils comprend des robots reproduisant les gestes manuels pendant la totalité ou une 
partie des manipulations; l’autre famille utilise la méthode du flux continu, complétée 
d’artifices qui rendent possible l’analyse radioimmunologique. Les mérites respectifs des 
systèmes présentés font l’objet d’une discussion approfondie.
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1. INTRODUCTION
»

L’essor des techniques radioimmunologiques a entraîné l’élaboration de 
dispositifs automatiques ou semi-automatiques destinés à libérer les techniciens de 
manipulations fastidieuses et à maintenir à un bon niveau la précision des analyses 
tout en augmentant le rythme de traitement des échantillons.

La situation actuelle est le fruit d’une évolution par saccades (tableau I), 
au cours de laquelle la distribution à la main a été remplacée par l’intervention 
d’appareils de plus en plus sophistiqués. Différents auteurs ont porté témoignage 
de cette évolution [1—8]. Les progrès observés dans le domaine de la radio- 
immunologie sont étroitement liés aux acquisitions effectuées en chimie 
clinique [9—12].

Nous ferons remarquer à la suite de Mitchell [13] et de Ekins [14] que le 
terme d’automatisation, couramment employé dans nos laboratoires de non- 
cybernéticiens, est impropre dans la mesure où aucun des équipements actuels 
n’est conçu pour assurer une autorégulation du système analytique.

Quoi qu’il en soit, nous allons tenter d’analyser les mérites respectifs des 
différents appareils mis à la disposition des utilisateurs. Cette analyse, limitée aux 
manipulations techniques du dosage proprement dit, sera précédée d’un rappel 
des contraintes liées à la méthodologie et suivie d’une discussion générale qui 
cherchera à déterminer l’ampleur des objectifs réalisés et le prix (au sens large) 
à payer pour atteindre la mécanisation intégrale.

2. PROBLEMES POSES PAR LA MECANISATION DES ANALYSES 
RADIOIMMUNOLOGIQUES

Le choix d’un équipement doit tenir compte d’un certain nombre de critères 
scientifiques [15 ,16], techniques, humains et économiques, sans le respect 
desquels l’appareillage, d’un coût généralement élevé, verrait sa rentabilisation 
compromise.

Il nous apparaît utile de rappeler ici une réflexion de Metáis [17], lors d’un 
colloque de biologie clinique à Pont-à-Mousson en 1970: «De nom breux appareils 
automatiques ou semi-automatiques, simples ou complexes, fru its d 'une imagi
nation et d ’une technicité habile, son t nés, parfois pour un temps très court (le 
temps d ’un pro to type) — e t constituent déjà une liste imposante et instructive.
En effet, chacun d ’eux possède une astuce qui le rend fructueux et rentable ou 
souffre d ’un défaut qui le condamne, lui e t ceux qui en dérivent. »

Nous allons analyser dans un premier temps les différentes étapes d’un 
dosage radioimmunologique, de façon à mieux discerner les contraintes liées à la 
méthode et également à fixer les limites de l’exposé.



IAEA-SM-220/203 187

TABLEAU I. HISTORIQUE DE LA MECANISATION 
DES ANALYSES RADIOIMMUNOLOGIQUES

1959 An 1 de la radioimmunologie (micro-pipettes, 
dilueurs, distributeurs)

1966 Prototype en flux continu

1967 Prototypes de robots semi-automates

1971 Premières versions commerciales de semi- 
automates de bonne performance

1976 Premiers dispositifs de mécanisation intégrale

TABLEAU II. ETAPES D’UN DOSAGE 
RADIOIMMUNOLOGIQUE

Gestion administrative; identification 

Accueil du malade et prélèvement 

Séparation et stockage de l’échantillon 

Sélection d’un protocole de dosage8 

Manipulations techniques proprement dites3

— Extraction préalable du composé; dilution de l’échantillon

-  Incubation, séparation (B ou F), détection de la radioactivité 

Calcul des résultats

Gestion (envoi du résultat, archivage)

a Opérations rentrant dans le cadre de l’exposé.

2.1. Les différentes étapes d’un dosage radioimmunologique

Un dosage radioimmunologique comporte un certain nombre d’étapes 
(tableau II). L’exposé sera limité à l’automatisation des manipulations techniques 
et ne traitera pas de l’intervention de l’informatique au niveau des étapes de gestion 
et d’accès aux résultats.
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Examinons maintenant plus en détail les différents points du protocole de 
dosage, en faisant ressortir les opérations que devrait prendre en charge tout 
système automatique.

2.1.1. Incubation (mélange des réactifs)

Les protocoles prévoient l’addition et le mélange d’un certain volume 
(réduit) des réactifs suivants: hormone froide (standard ou échantillon), hormone 
marquée, anticorps.

Le contrôle de la qualité des résultats implique la préparation de tubes qui 
permettent de déterminer l’activité totale introduite (T) et l’activité non 
spécifique retrouvée avec le complexe antigène-anticorps (NSB); cette dernière 
spécification nécessite une discontinuité dans l’introduction de l’antisérum.

La détection d’éventuels anticorps circulants (NSB sur les sérums), l’analyse 
sommaire de l’hormone marquée et l’étude de l’influence du mode de séparation 
(NSB sur le standard zéro) sont réalisées à ce prix.

Par ailleurs, la recherche d’une meilleure sensibilité pour le dosage conduit 
parfois à retarder l’addition de l’hormone marquée (méthodes de non-équilibre, 
dites avec préincubation).

Enfin, le protocole expérimental préconise une durée optimale pour 
l’inculpation, compte tenu de la température adoptée.

2.1.2. Séparation des form es B (Bound) et F  (Free)

Selon les cas, cette séparation comporte la totalité ou une partie des 
opérations suivantes: addition et mélange de réactifs (solution ou suspension), 
centrifugation (unique ou répétée), aspiration du surnageant ou décantation par 
retournement, lavage du culot de centrifugation, filtration, etc.

2.1.3. D étection de la radioactivité

Les différents échantillons obtenus lors de la phase précédente se présentent 
le plus souvent sous la forme de tubes ou de disques. Le rayonnement y  est de 
loin le plus utilisé, mais certains dosages font appel aux émetteurs ß (certains 
stéroi'des et médicaments). Dans ce cas, l’addition d’un liquide scintillant est 
indispensable. Après cette mention des différentes manipulations techniques, 
nous allons rappeler les qualités attendues d’une analyse, et d’un appareil destiné 
à alléger la tâche des techniciens. Cette synthèse préalable est nécessaire pour 
cerner objectivement les limites éventuelles des systèmes automatiques proposés 
aux utilisateurs.
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TABLEAU III. CAUSES DE LA MAUVAISE QUALITE DES RESULTATS 
DES DOSAGES RADIOIMMUNOLOGIQUES

Qualité en 
question

Cause liée à la méthode Cause liée aux réactifs

Exactitude — Contamination entre les 
échantillons

— Délivrance défectueuse des 
réactifs (volumes faux)

— Problèmes d’extraction

— Correction défectueuse d’une 
inégalité de concentration 
protéique entre standard et 
échantillon

— Non-identité du standard et du 
composé

— Effets sériques non spécifiques

— Concentration protéique différente 
entre standard et échantillon

Précision — Contamination entre échantillons

— Dérive

— Adsorption sur les parois

— Délivrance défectueuse de réactifs 
(irrégularités)

— Mauvaise agitation

— Mode de séparation non 
reproductible

— Durée de comptage mal choisie

— Mauvaise conservation des standards 
ou des échantillons

— Dégradation de l’hormone marquée 
pendant l’expérience

Sensibilité — Mauvais choix du volume total 
de l’incubation et des 
concentrations

— Séparation incomplète de B et F

— Mauvais choix de l’ordre d’addition 
des réactifs, de la durée et de la 
température d’incubation

— Faible affinité de l’antigène pour 
l’anticorps

— Gamme de concentrations défavorable

— Hormone marquée d’activité spécifique 
et de pureté radiochimique 
insuffisantes

Spécificité — Antisérum de mauvaise qualité

2.2. Qualités d’un dosage radioimmunologique

Les qualités d’un dosage radioimmunologique sont les mêmes que celles d’un 
dosage de biologie clinique classique: exactitude, précision, sensibilité (au sens 
du minimum détectable) et spécificité.
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TABLEAU IV. CARACTERISTIQUES FAVORABLES D’UN 
SYSTEME AUTOMATIQUE
(On suppose que les critères scientifiques sont respectés)

1. Allègement im portant des tâches techniques (pouvant aller jusqu’à l’automatisation 
totale): extraction et dilution, incubation, séparation et comptage

2. Simplicité d’emploi (mise en route et surveillance); fiabilité et robustesse

3. Rythme élevé de traitement des échantillons

4. Consommation de réactifs sans gaspillage (volumes morts nuls ou réduits)

5. Capacité importante d’emmagasinage

6. Polyvalence (possibilité d’adaptation à de nombreux dosages); passage rapide et 
commode d’un dosage à un autre

7. Possibilité d’utilisation de réactifs de toute provenance

8. Emploi justifié aussi bien pour les grandes séries que pour les petites séries 
d’échantillons (par exemple: dosage urgent isolé)

9. Prix d’achat compatible avec un amortissement calculé sur une période restreinte (5 ans) 

10. Coût de fonctionnement raisonnable (frais de maintenance et d’achat de réactifs)

Nous allons maintenant déterminer l’influence respective des techniques et 
des réactifs sur la qualité des résultats obtenus (tableau III). Comme on peut le 
voir, le bien-fondé des choix techniques trouve son éventuelle justifi
cation lorsque la précision et la sensibilité atteintes sont satisfaisantes.

La médiocrité des réactifs peut influer directement sur la spécificité, 
l’exactitude et la sensibilité. Ces deux remarques doivent être prises en considéra
tion avant le remplacement d’une technique manuelle par une technique auto
matisée. C’est ainsi que dans l’état actuel de nos connaissances, les dosages de 
TSH et, a fortiori d’ACTH, risquent de décevoir les tenants de l’automatisation.

Quoi qu’il en soit, l’obtention de résultats de bonne qualité n’est pas une 
condition suffisante pour l’adoption d’un équipement; il y a lieu de tenir compte 
également d’un certain nombre de caractéristiques qui rendent un équipement 
plus rentable qu’un autre, à qualité de résultats égale.

2.3. Caractéristiques favorables d’un dispositif automatique

Ce paragraphe concerne les aspects techniques, humains et économiques 
évoqués plus haut. Les caractéristiques favorables d’un dispositif automatique
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sont rassemblées dans le tableau IV. Comme nous le verrons par la suite, ces 
caractéristiques ne sont en pratique jamais réunies dans le même appareil et le 
choix reposera en fait sur un compromis.

3. ANALYSE DES CARACTERISTIQUES ESSENTIELLES ET DU MODE 
DE FONCTIONNEMENT DE DIFFERENTS EQUIPEMENTS

Nous étudierons successivement les semi-automates et les systèmes entièrement 
automatisés.

Deux types de technologie vont être confrontés: une famille d’appareils 
(systèmes discontinus) comprend des robots reproduisant les gestes manuels 
pendant la totalité ou une partie des manipulations; l’autre famille d’appareils 
utilise la méthode classique du flux continu, complétée d’artifices qui rendent 
possible l’analyse radioimmunologique.

Nous présenterons les schémas de fonctionnement non seulement de différents 
appareils commercialisés, mais aussi de plusieurs prototypes qui méritent ici une 
mention dans la mesure où ils ont contribué à résoudre un problème technique 
précis.

3.1. Les semi-automates et quasi-automates

L’utilisation de tels appareils implique une intervention plus ou moins 
importante du technicien tout au long des manipulations.

Les différents modèles (prototypes ou versions commercialisées) ont en 
commun une conception modulaire plus ou moins prononcée et proposent trois 
éléments, un pour l’incubation, un pour la séparation, un pour la détection de 
la radioactivité.

3.1.1. Modes d ’incubation des réactifs

Le module d’incubation diffère peu dans son principe d’un modèle à l’autre.
Le poste de prélèvement (dilueur + distributeur) assure le mélange de l’échantillon 
avec l’hormone marquée et l’anticorps (fig. 1 ); certains systèmes permettent une 
dilution préalable de l’échantillon et l’obtention de tubes «sans anticorps» (NSB).
A ce stade, l’intervention du technicien consiste en la mise en place des échantillons 
et des tubes vides destinés à l’analyse selon un ordre prescrit par le protocole. Le 
format des tubes, des portoirs de tubes et des racks de portoirs constitue bien 
entendu une contrainte à respecter impérativement. Une fois les récipients et 
les tubulures correspondantes remplis des solutions nécessaires, l’appareil assure 
la progression de portoirs (ou d’une chaîne) ou la rotation d’une couronne de
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FIG.l. Module de distribution (Analmatic ч З '  ВТ).

distribution. La contamination entre les échantillons est réduite si la pointe des 
aiguilles de distribution est essuyée par une bande de papier filtre, à surface cons
tamment renouvelée (fig.2).

Lorsque tous les échantillons ont été traités, les tubes, maintenus solidaires 
dans le même dispositif de contention, sont portés à la température choisie pendant 
la durée fixée par le protocole.

Des différences plus marquées entre les modèles se font jour au niveau du 
mode de séparation et de comptage.

3.1.2. Modes de séparation

a) De nombreux systèmes utilisent le module d’incubation pour ajouter 
(éventuellement) le réactif qui provoque la séparation des formes B et F (deuxième 
anticorps en solution, adsorbant en suspension); les portoirs (ou chaînes de 
transfert) sont alors disposés à l’intérieur de centrifugeuses munies de plateaux 
spécialement adaptés. C’est le cas par exemple d’A nalm atic©  (Baird and 

„Tatlock) 118—2 1 ],d ’A n a lym at©  (Gilson France, fig.3), d’UltroRia © _  (LKB 
Wallace), de la station automatique M icrom edic©  [22—24], de Prias®*
(Packard), de la station 1 6 0 0 ©  (Searle), d’un prototype M édicatom e©
(CEA) [25]. La capacité des centrifugeuses varie de 100 à 400 échantillons.

Après centrifugation, le surnageant est décanté par renversement ou aspiré 
(tube après tube) dans un poste automatique; des lavages sont possibles.
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b) La centrifugation, réputée difficile à automatiser, est un problème 
maîtrisé en petite série (36 tubes) dans le système Centria [26,27].

Dans ce cas, les réactifs sont mélangés au niveau d’un disque de transfert, à 
l’intérieur de godets. Le contenu des godets s’écoule sous l’influence de la force 
centrifuge vers une microcolonne d’adsorbant (Sephadex® A 50 DEAE ou G 25). 
Le lavage de la colonne est assuré par l’introduction de tampon; la forme B 
(ou F) est recueillie au fond d’un tube (fig.4).
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FIG.3. Exemple de centrifugeuse adaptée aux portoirs issus d ’un semi-automate 
(A nalym atx^y, Gilson France).

c) Certains auteurs ont rejeté délibérément la centrifugation et ont construit
leur système autour de la filtration, choisie comme méthode de séparation: Darias
(Bagshawe) [28 ,29] et Ria-E-600 (BF) issu d’un prototype conçu par
Marschner [30]. Après la durée fixée pour l’incubation et l’addition du réactif
assurant la séparation des formes B et F, le contenu de chaque tube (ou godet) est
transféré sur une bande de papier filtre, le précipité étant lavé à l’aide de tampon.
La progression de la bande de papier, de la bobine débitrice à la bobine réceptrice,
est synchronisée avec les opérations de transfert de liquide; la contamination
entre les couches successives est évitée par l’interposition d’un film mince (fig.5).

/

3.1.3. Modes de transfert des tubes au niveau du systèm e de détection

a) Certains passeurs automatiques d’échantillons y  acceptent les portoirs de 
transfert déjà utilisés à deux reprises (incubation et séparation); c’est le cas 
notamment dans les protocoles LKB (fig.6), Micromedic, Packard et Searle.

b) Le procédé Centria comporte le transfert manuel d’un anneau portant 
les tubes du module de séparation vers un module de détection. Le temps de 
comptage est généralement fixé entre 0,1 et 10 minutes. Une sonde de détection 
équipée de 3 cristaux à puits se déplace vers les tubes et les compte 3 par 3.



c) Les spots obtenus par filtration dans les systèmes proposés par Marschner 
et Bagshawe, stockés sous la forme d’une bobine de ruban de papier, sont 
analysés 3 par 3 ou 5 par 5 dans un détecteur de conception originale.

Les données fournies par les comptages sont traitées en direct ou en différé 
par un miniordinateur; cette partie du protocole, de même que les étapes 
antérieures, est parfois prise en charge par un microprocesseur.

3.2. Les systèmes entièrement automatisés

Nous arrivons maintenant aux dispositifs dans lesquels l’intervention de 
l’opérateur est maintenue au strict minimum, à savoir la mise en place des 
échantillons et l’alimentation éventuelle en réactifs. Avec ces modèles, il n’est plus 
nécessaire d’intervenir entre les différentes étapes de l’analyse radioimmunologique.

Nous allons examiner successivement les schémas de fonctionnement des 
équipements proposés aux utilisateurs (ou en voie de l’être).

3.2.1. Un systèm e discontinu, le concept 4 (Micromedic) [31 ]

Les goulots d’étranglement de l’analyse sont représentés le plus souvent par 
l’accès à la centrifugeuse et au détecteur de rayonnement de forme conven
tionnelle (cristal à puits). La technique des tubes recouverts d’anticorps permet 
de remplacer la centrifugation par une aspiration séquentielle; le transfert des 
tubes dans le détecteur utilise un mécanisme simple de poussoir vertical, puisque 
la tête de détection, disposée parallèlement à l’axe de progression des tubes, 
comprend deux cheminées verticales. Cet arrangement, qui autorise le comptage 
simultané de deux tubes, réduit l’attente au poste de comptage, ce qui minimise 
les inégalités éventuelles de traitement entre les tubes (notamment en ce qui 
concerne la durée d’incubation).

La contamination entre échantillons est très faible en raison du rinçage 
systématique des aiguilles de prélèvement; il n’y a pas de volume de réactif perdu 
dans une tubulure, puisque l’anticorps est déjà présent sur les parois des tubes et 
que standards, échantillons et hormone marquée sont prélevés au coup par coup.

La préincubation et l’obtention de tubes NSB ne semblent pas compatibles 
avec le maintien de l’automatisation intégrale; la durée d’incubation peut être 
fixée à volonté; la durée du comptage peut varier de 1 à 5 minutes (les temps 
courts devant être adoptés en cas de séparation avant équilibre).

La cadence horaire de traitement des échantillons est au moins de 120; la 
capacité du magasin est de 200; le temps de préparation de l’appareil (mise en 
route) est donné égal à 5 minutes; la polyvalence est liée à la fiabilité de la 
technique des tubes-anticorps.

Il faut signaler que l’appareil est prévu pour n’utiliser que les réactifs fournis 
par la Société (T4, T3, T3-U, digoxine, cortisol, etc.).
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FIG.5. Schéma d ’un dispositif de filtration automatique (emprunté à Marschner et al. [30 ]/
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SUSPENSION

FIG. 7. Essai d ’automatisation en flux  continu [1].

3.2.2. Les sytèm es en flu x  continu

Depuis 1976, les systèmes en flux continu semblent amorcer ce qu’on pourrait 
appeler une «percée» ou un «retour en force». Différentes expériences 
antérieures [1 ,3 2 —36] avaient tenté sans grand succès de résoudre le problème de 
la contamination entre échantillons (fig.7); le dogme de la nécessité, pour la 
réaction antigène-anticorps, d’atteindre l’équilibre imposait alors l’interposition 
de bobines de mélange de dimensions peu compatibles avec la réalisation en routine 
de performances analytiques satisfaisantes. Les progrès réalisés dans l’étude de 
la réaction antigène-anticorps [1 5 ,1 6 ,3 7 ] et le succès des protocoles préconisant 
les techniques de «quasi-équilibre» ont permis de réduire sensiblement les durées 
d’incubation sans, le plus souvent, nuire à la qualité des résultats! Une condition 
essentielle à la réussite de ces méthodes «rapides» est la parfaite constance des 
températures et des durées de contact avec les réactifs d’un échantillon à l’autre. 
Cette condition est en fait l’argument clé des concepteurs d’automates.

Les autres problèmes à surveiller concernent, d’une part, la contamination 
entre échantillons, inévitable en raison des phénomènes de diffusion, de sédimen
tation ou d’adsorption, d’autre part, la durée de comptage, qui doit être suffisante 
pour obtenir une bonne précision statistique.

La contamination entre échantillons est réduite grâce à l’adoption de temps 
d’incubation courts et au rinçage des circuits; le choix du temps de comptage peut 
résulter d’un compromis nécessaire pour respecter une cadence de traitement.
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En fait, trois grands types de méthodes font leur apparition: les premières 
utilisent une colonne de résine pour isoler B de la colonne de liquide, les secondes 
mettent à profit le champ magnétique pour retenir B sur des particules d’oxyde de 
fer, les dernières resposent sur l’emploi d’une colonne d’anticorps au sein de 
laquelle la réaction de compétition peut se répéter de nombreuses fois.

Tous ces systèmes utilisent le principe du flux continu, amélioré en ce sens 
que les réactifs coûteux ou polluants ne sont pompés que pendant le temps 
strictement nécessaire.

Les opérations sont sous la dépendance d’un processeur qui réagit à certains 
signaux, comme le passage d’un segment liquide contenant un radioisotope ou 
une suspension opaque, ou bien respecte un scénario dont les séquences ont été 
préalablement déterminées. La progression du liquide se fait sous pression le 
long d’un circuit parfois complexe, où intervient selon les cas un système de 
valves, de tables tournantes à connexions multiples, de mise à l’évier, de tubulures 
de traversée de détecteur, etc.

a) Système utilisant une colonne pouvant retenir les fractions F de toute une 
série (Gammaflow , Squibb) [38,39]

Principe (fig.8). Les différents échantillons de la série sont traités les uns 
après les autres selon un protocole reproductible; après mélange du composé 
(radioactif et non radioactif) et de l’anticorps, l’incubation a lieu pour une durée 
réglable entre 3 et 21 minutes. Le passage de la radioactivité correspondant au 
mélange en cours de traitement déclenche le fonctionnement de toute une série 
de valves avec les résultats suivants:
— le mélange passe sur une colonne (résine échangeuse d’ions Dowex 1®)
— la colonne est rincée
— l’éluat, contenant la fraction B, gagne le puits de détection; le comptage est 

effectué sur un segment liquidien immobilisé (t = 50 s)
— le circuit est rincé aussi bien en amont (aiguilles de prélèvement, etc.) qu’en 

aval (puits de comptage)
— un nouvel échantillon est aspiré.

Caractéristiques de fonctionnem ent. Le rythme de traitement est de 
60 échantillons à l’heure, la capacité du magasin de 175, le temps de traversée 
variable entre 5 et 20 minutes. Le temps de mise en route est réduit (quelques 
minutes).

La polyvalence est limitée actuellement aux composés dont la forme F peut 
être retenue sur la résine. L’utilisation d’autres adsorbants (Sephadex, etc.) ne 
poserait aucun problème.

L’appareil présente l’avantage d’être accessible aux réactifs «domestiques».
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FIG.9. Schéma de séparation des formes B et F  dans l ’automate Technicon en flux  
continu.
a) Phase de séparation et de lavage.
b) Phase de circulation de B dans le détecteur.

b) Système utilisant l’action discontinue d’un champ magnétique sur des
particules représentant la fraction B (préparée à partir d’échantillons traités 
successivement) (Technicon (2 ?  ) [40,41]

Principe. Un échantillon est mélangé avec le traceur et une suspension 
d’anticorps. Ce réactif, qui représente la pièce maîtresse du dispositif, est 
constitué de particules calibrées d’oxyde de fer magnétique (Fe30 4) recouvertes 
d’un polymère (par exemple: a-cellulose), avec lequel l’anticorps spécifique a été 
couplé par covalence.

Après une certaine durée d’incubation ( 10 minutes en moyenne, dans une 
bobine à retard), le segment liquide opaque (du fait d’une concentration en 
particules de l’ordre de 30 mg/ml), affaiblit le flux lumineux parvenant à une 
cellule sensible. Ce signal est à l’origine des événements suivants (fig.9):
— un premier électro-aimant activé retient la fraction B
— la fraction. F est éliminée
— la fraction B gagne un deuxième électro-aimant pour y subir un lavage



— la fraction В, sous forme de suspension, est entraînée dans une tubulure de 
polyéthylène (2,4 ml) traversant un cristal à puits; la mesure de la radioactivité 
est effectuée sur un segment liquide en mouvement; la durée de comptage est 
de 80 s

— le circuit est rincé
— le deuxième échantillon entre en lice.

»

Caractéristiques de fonctionnem ent. Le rythme de traitement est de 30 à 60 
échantillons à l’heure; la capacité du magasin est de 40 places (recharge aisée), 
le temps moyen de traversée de 15 minutes. Le temps de mise en route indiqué 
est voisin de 30 minutes.

La polyvalence est limitée aux composés pour lesquels un anticorps a pu être 
fixé sur particule magnétique. Actuellement la Société Technicon a introduit 
(ou va introduire) les réactifs concernant par exemple T4 , T3, T3-U, digoxine, 
cortisol et HPL.

c) Systèmes utilisant des colonnes d’anticorps

A titre de préambule, nous mentionnerons les travaux de Updike et al. [42] 
et de Cottrell et al. [43] qui, en 19J5, ont présenté un dispositif issu d’une 
modification du système Wisdocs [44]. Dans ce prototype, chaque mélange 
(composé, puis traceur) gagne la colonne d’anticorps (gel sec à base de poly
acrylamide) qui lui est destinée; la fraction B peut être éluée par perfusion d’HCl
0,01 N. Le système, complexe, est géré par ordinateur; il fait appel notamment à 
une table de distribution tournante et à des systèmes d’interconnexion sur 
24 positions.

Une autre approche originale, et commercialisée, a été réalisée par 
Becton-Dickinson avec le modèle Aria II. Conçu à l’origine pour effectuer des 
dosages de stéroïdes par scintillation liquide (émetteurs ß), il voit son champ 
d’applications s’élargir aux composés marqués par les émetteurs 7  (par exemple: 
thyroxine 1251).

Principe (fig. 10). L’originalité du dispositif réside, entre autres, en l’existence 
d’une «chambre d’anticorps» qui renferme sur un support solide des anticorps 
«recyclables». En clair, cela signifie que non seulement la même chambre 
d’anticorps est utilisable pour toute une série, mais encore que la régénération 
permet de conserver le même réactif pendant plusieurs séries (3000 tubes au moins).

Composé et traceur arrivent dans une boucle de mélange; après filtration et 
ajustage éventuel de la température, le mélange affronte la chambre d’anticorps.
La fraction F gagne directement le détecteur; la fraction B y accède après élution. 
Les deux fractions sont comptées.

Après rinçage du circuit et régénération de l’anticorps, l’automate accepte 
le deuxième échantillon.

IAEA-SM-220/203 ' 203
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Préleveur d'échantillons

FIG. 10. Schéma de principe de l ’automate BD Aria II.

Caractéristiques de fonctionnem ent. L’appareil est programmé pour 
respecter un cycle comprenant 8 périodes. Le rythme de traitement est de 
20 échantillons à l’heure; la capacité du magasin (carrousel) est de 120, le temps 
de traversée du dispositif de 5 à 10 minutes. Le temps de mise en route est réduit 
(2 à 3 minutes) et se résume en un changement de la chambre d’anticorps.
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La polyvalence est limitée aux molécules pour lesquelles existent le réactif 
indispensable fourni par AutoAssay (en mars 1976: aldostérone, oestriol, cortisol, 
progestérone, testostérone; depuis, thyroxine).

L’appareil n’effectue pas les extractions à partir du plasma (ou de l’urine), 
mais il peut effectuer les corrections après calcul du taux de récupération, si les 
échantillons nécessaires ont été préparés.

Signalons enfin que le modèle est équipé de détecteurs d’anomalies 
(détecteurs de niveau de liquide, capteurs de pression).

4. DISCUSSION GENERALE

Après ce rapide inventaire des différents équipements, le moment est venu 
d’essayer de faire le point de manière objective. Nous allons pour cela rassembler 
sous la forme de tableaux les caractéristiques des différents appareils, en traitant 
à part deux aspects: obtention d’analyses de qualité et réalisation de performances 
pouvant assurer la rentabilisation.

Pour la commodité de présentation, nous avons classé les dispositifs en semi- 
automates (stations modulaires construites «autour» d’un portoir), quasi-automates, 
automates à circuit continu ou discontinu.

4.1. Qualités des analyses obtenues à l’aide des différents équipements

On trouvera au tableau V les données fournies par les différents concepteurs, 
promoteurs et utilisateurs. Elles sont rapportées telles quelles, car il nous a paru 
utile d’en faire une synthèse; nous ferons toutefois remarquer que certains 
résultats intéressants n’ont pas toujours été confirmés par une routine de tous les 
instants. Notons que la précision des pipettes automatiques de distribution et de 
dilution (manipulées isolément) et la régularité des débits de perfusion (en flux 
continu) sont satisfaisantes.

L’analyse des coefficients de variation intra- et interessai (qui explorent 
l’ensemble des étapes techniques) montre, parmi les valeurs indiquées ou publiées, 
des valeurs extrêmes de 3 à 13%.

La prévention de la contamination entre échantillons semble avoir porté 
ses fruits puisqu’elle n’est que rarement supérieure à 1%.

C’est peut-être finalement au sujet de la sensibilité (valeur minimale détec
table) que les fiches techniques sont les plus discrètes. La possibilité de pré
incubation paraît exclue dans le cas des automates, au niveau desquels certains 
choix ont dû être opérés lors de la conception, par exemple, la non-réalisation de 
blancs (NSB) ou l’impossibilité d’égaliser éventuellement les concentrations 
protéiques dans les tubes des plasmas et des standards.
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TABLEAU V. PERFORMANCES DES APPAREILS AU NIVEAU DE LA 
QUALITE DES ANALYSES

Coefficient 
de variation 
pipettages 
(%)

Pollution
entre
échantillons
(%)

Coefficient 
de variation 
intraessai 
(%)

Coefficient 
de variation 
interessai 
(%)

Volum
mort

(ml)

Semi-automates

Analmatic ВТ 1 -3 1,3 5,9

Analymat Gilson Fr. 0,5

Médicatome < 1 ,4 0 ,2 -2 2

Prias Packard

Station Micromedic 0 ,5 -1 ,6 3 ,2 -5 ,9 < 7 ,6 ^

Station Searle

UltroRia LKB 1

Quasi-automates

Centria 1 < 1 3,2-15 ,9 6,1 -10 ,6

Darias 0,25

Ria-E-6000 0 ,5-0 ,8 0,5

Automates

Concept 4 Micromedic 1,1 0 ,1 -0 ,9 4 -8 ,2 6 -1 2 ,9 0

Gammaflow Squibb 2,1 < 0 ,1 0

Technicon < 0 ,1 3 ,1 -7 ,6 4 ,4 -7 ,7 0

Becton-Dickinson 3 -5 5 -8 0

Les semi-automates ou quasi-automates se prêtent mieux à la reproduction 
des protocoles techniques (par exemple: NSB chez Darias et Centria), 
laissent le choix des temps d’incubation et de comptage et devraient en principe 
aboutir à une meilleure sensibilité.

Dans l’état actuel des techniques, certains composés, comme l’ACTH, et, à 
un degré moindre, la TSH, posent de délicats problèmes lors du passage à 
l’automatisation.
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TABLEAU VI. CARACTERISTIQUES DE FONCTIONNEMENT DE 
QUELQUES APPAREILS

Capacité de 
chargement 
initial

Cadence
horaire

Temps 
moyen de 
traversée 
(min)

Temps de
préparation
(min)

Prix
approximatif 
(dollars E.U.)

Semi-automates
\

Analmatic 100 300 (a)

Analymat 200 (a) 5 000

Médicatome 100 200 (a) 30 X 2

Prias 96 (a)

Micromedic 100 (a) 24 000

Searle 144 (a)

UltroRia 100 200 (a) 30 000

Quasi-automates

Centria 36 7 0 -140 30 5 35 000

Darias 420 (a)

Ria-E-6000 650 220 (a)

Automates

Concept 4 200 120-240 15 5

Gammaflow 175 60 8 5

Technicon 40 3 0 -6 0 15

Becton-Dickinson 120 20 10 3

(a) Varie avec le protocole expérimental.

4.2. Performances comparées de quelques équipements

La lecture du tableau VI appelle quelques commentaires. La capacité du 
magasin de chargement n’est sûrement pas le critère le plus important à respecter. 
La cadence de traitement est plus élevée dans les semi-automates et les systèmes 
plus élaborés à fonctionnement discontinu.
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Notre tour d’horizon, du côté des semi-automates, nous a permis de constater 
que la mention du «volume mort» (volume de réactif nécessaire pour remplacer 
l’eau dans les tubulures d’accès aux tubes) ne figurait pas dans la liste des 
caractéristiques techniques faisant l’objet d’une publicité.

La tâche du technicien est nettement allégée dans le cas des semi-automates 
puisqu’elle se borne à transférer les portoirs d’un module à l’autre; le progrès est 
encore plus net dans certains quasi-automates, où sont automatisées la filtration 
ou la centrifugation.

Si le temps de travail réel peut être réduit, le temps affecté à la surveillance 
peut être important et il faut arriver aux automates pour bénéficier de la réduction 
la plus importante au niveau de la durée d’accès aux résultats.

Nous avons vu que la réduction de la durée de traversée du circuit (de 8 à 
15 minutes, selon les appareils) était obtenue au prix
— d’une optimisation de la concentration en réactifs (? )
— d’un choix de la technique de «quasi-équilibre»
— d’une diminution du temps de comptage.

La polyvalence (ou versatilité) n’est pas une simple clause de style dans la 
plupart des automates et appareils voisins, de même que la possibilité d’emploi de 
l’appareil pour un dosage unique (par exemple: digoxine ou T4 en urgence). La 
stabilité des réponses dans certains cas serait suffisante pour ne pas avoir à 
réintroduire les solutions de standard qui auraient pu être utilisées quelques heures 
auparavant.

Le prix d’achat des appareils, qui se situe entre environ 5000 et 60 000 
dollars E.U. impose une sérieuse étude préalable de la rentabilité, estimée à partir 
des données de l’activité du laboratoire et des conditions générales de fonction
nement. Cette étude doit aussi tenir compte de l’impossibilité éventuelle d’utiliser 
des réactifs autres que ceux fournis avec l’appareil.

Nous terminerons cette analyse en remarquant que l’introduction de systèmes 
d’alerte est encore loin d’être généralisée (capteurs de pression, détecteurs de 
niveau, etc.). Quant au véritable automate, système qui choisirait les meilleures 
conditions d’analyse en fonction des données multiples parvenant à un processeur 
central et effectuerait les modifications nécessaires, il y a fort à penser qu’il 
restera pour longtemps encore inaccessible au plus grand nombre.
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DISCUSSION

J. GRENIER: With regard to the automatic apparatuses you have just 
mentioned, I should like to ask you whether or not it is possible to change the 
distribution syringes, because there are instruments where these syringes are not 
accessible.

J. INGRAND: Accessibility of the syringes, especially in semi-automatic 
apparatuses, is variable; it is part of the characteristics which should be taken into 
account before the selection is made.

I. MARSCHNER: May I say a few words about positive sample identification? 
With the continuous filtration developed in our laboratory (Berthold RIA E-6000 
ISMATEC), it is quite feasible to incorporate such a system, for example the 
Siemens SIELAB system (Siemens) which uses coded tubes. These codes can then 
be punched into the filter film, optically read from the counter and transferred 
to the punched tape containing the count-rates of the sample. However, the high 
price of such a system does not make it a commercial proposition for the average 
laboratory. The rather rare occurrence of misclassification errors can usually be 
recognized immediately when multiple determinations of serum samples are made.
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Abstract

THE DEVELOPMENT OF A FULLY AUTOMATED RADIOIMMUNOASSAY INSTRUMENT 
BASED UPON SOLID-PHASE, ANTIBODY-COATED TUBES.

A system has been developed to automate radioimmunoassay (RIA) protocols from 
sample introduction through the printing of the final results. To facilitate simplicity of 
instrument design the antibody-coated tube technique was selected as the separation method.
The basic operations of sample transfer, reagent (isotope) addition, incubation, separation of 
bound and free fractions, gamma counting, and data reduction were automated. Iodine-125 
radioassays were developed for L-triiodothyronine (T3), L-thyroxine (T4), cortisol, digoxin 
and T3 uptake. All steps are performed automatically with no manual intervention. Assays 
were validated by proving parallelism, recovery, cross-reactivity and by comparative analyses 
of normal and pathological sera with existing methodologies.

INTRODUCTION
\

Radioimmunoassay testing in medicine has become so widespread, and the 
numbers o f  tests performed have become so voluminous that automation is an 
inevitable necessity. Several approaches to radioimmunoassay automation have 
been described in the literature [1—4]. These techniques differ primarily in the 
method o f separation o f bound and free fractions. While these approaches are 
quite novel, they do not deal very well with the problem o f full automation of  
hapten assays, so that large numbers o f samples can be processed rapidly with a 
minimum of technician time.

Our objective in developing a fully automated instrument was to utilize a 
simple, well-tested separation method and apply it initially to the routine, high- 
volume assays performed in the clinical laboratory, namely T3, T4 and digoxin. 
These assays comprise better than ninety per cent o f  the clinical radioimmunoassay 
testing performed in the United States o f America and Europe.
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TABLE I. CONCEPT 4 STANDARDIZED ASSAY 
PARAMETERS

1. Add sample to antibody-coated tube (2—200 д1)

2. Add buffer containing radioactive label ( 100-1 ООО ¡Л)

3. Vortex

4. Incubate (20—999 min at ambient temp, or 37°C)

5. Aspirate and wash twice

6. Count (iodine-125 or cobalt-57)

7. Calculate

8. Print result

Fully automated radioimmunoassay systems are by definition instruments 
which perform all operations o f the radioassay test from sample introduction 
through printing the final result. These operations may include sample transfer, 
reagent (isotope) addition, incubation, separation o f bound and free fractions, 
gamma counting and data reduction. An instrument which does not meet this 
definition or requires manual intervention is semi-automated.

INSTRUMENTATION

To facilitate simplicity o f instrument design the antibody-coated tube 
technique originally developed by Catt [5] was selected as the separation method. 
The instrument utilizes racks o f ten tubes for both serum samples and assay tubes. 
Up to two hundred tubes or twenty racks may be processed in one batch with a 
choice of assaying in singles or in duplicate. The racks are transported through 
the instrument in sequence by means of a rail system.

Standardized parameters were utilized in the development of each assay, 
as shown in Table I.

As shown in Fig. 1, samples move from left to right through the instrument. 
In the first step the serum sample is transferred to the antibody-coated tube, 
followed in step 2 by the addition o f a buffer containing the radioactive ligand.
At step 3 the tube is vortexed vigorously and the samples are loaded at step 4 
into an aluminium block incubator for a pre-set time at either ambient tempera-. 
ture or 37°C.
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FIG.l. Concept 4, a fully automated radioimmunoassay instrument based upon antibody- 
coated tubes.

The separation of bound and free is effected after incubation at step 5 by 
aspirating the supernate from the tube to which the antiserum is bound. The 
tube is filled and washed two more times to remove the last traces o f free 
radioligand. Each tube moves through the instrument in a six-second cadence. 
This batch wise continuous operation ensures that each tube in the assay receives 
identical treatment with respect to mixing, incubation time, incubation tempera
ture, and separation.

Since the liquid-handling operations may proceed at a pace more rapid than 
the gamma-counting operations, a rack accumulation zone is provided to 
accomodate up to six hundred tubes. The counter has dual crystals for the 
simultaneous counting o f two tubes. The instrument is microprocessor-controlled 
and data reduction is performed on line with a Hewlett Packard 9815 using 
selectable programs as appropriate for each protocol.
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TABLE II. REPRODUCIBILITY IN SERUM TRANSFER CARRYOVER 
STUDIES

20 ¡Ú transfer volume 200 /Л transfer volume

Spiked Normal Spiked Normal

X (counts/min) 40 819 371 423 624 230

a 598 52 653 38

n 10 10 10 10

% Carryover 0.19 0.05

TABLE III. REPRODUCIBILITY OF REAGENT 
DISPENSING

X (counts/min) 64 216

a 151

CV 0.24%

PRECISION

One o f the major advantages o f automating radioassays is the much improved 
precision that is achieved, particularly in large assays which tend to be fatiguing 
for the technologist. To evaluate precision several functions o f the instrument 
were tested. In the first Experiment carryover studies were done on the transfer 
of serum from sample tube to coated tube. Five serum samples, which had 
previously been spiked with iodine-125, were transferred to assay tubes. Each 
spiked sample was followed by a normal unspiked serum to determine carryover 
between samples. The results are shown in Table II.

The reproducibility o f  pipetting assay buffer containing radioligand was also 
tested by dispensing 1.0 ml of solution into 100 tubes for counting. Results are 
shown in Table III.

CHEMISTRIES

Antisera to T3, T4 and digoxin were produced in rabbits. The highest titre, 
highest affinity bleedings were purified to enrich the gamma-globulin fractions
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FIG. 2. Cortisol standard curve.

and antibody-coated tubes were prepared by the method of Catt [5]. Assays 
were validated by proving parallelism, recovery, cross-reactivity, and by comparative 
analyses with existing methodologies.

Examples of standard curves for T3 and cortisol are shown in Figs 2 and 3.
Full details o f the assay development can'be found in the scientific literature [6—8].

One unique feature o f  the system is the choice o f a small 8 mm X 50 mm 
assay tube for separation. The small tube allows equilibrium to be reached much 
more rapidly than do the 12 mm X 75 mm tubes because o f the shorter radius 
for diffusion. The smaller tube also provides a greater surface-to-volume ratio
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for antibody coating, and most important permits the design of a much smaller 
instrument. Another important advantage of the antibody-coated tube separation 
method is that in'the event o f an instrument breakdown the entire assay may be 
run manually. No other commerical instrument has this feature due to the 
unconventional methods chosen for separation o f bound and free.

SUMMARY

The complete automation o f radioassays offers many distinct advantages, 
including the elimination o f human error and unparalleled precision — most 
assays have an intra-assay coefficient of variation of less than 5%. An unskilled 
operator can be trained to operate the instrument in one day and once the ‘Start’ 
button is pushed, the operator may perform other unrelated duties until the 
assay has finished. One instrument can run six different two-hundred-tube assays 
in a single eight-hour working day — 1 200 tubes in all with about one hour of 
actual working time for the technician. The instrument is well suited for per
forming the mass-screening tests, such as T4 assays on neonates.' Since each tube 
receives identical treatment during processing, the chemist has complete freedom 
to attempt the more delicate assay manipulations, such as non-equilibrium 
techniques, without sacrificing accuracy and reproducibility.

At the present time assays are available for T4 (including neonatal), T3, 
digoxin, cortisol and T3 uptake. Assays to be introduced in the near future 
include estriol, vitamin B12, folic acid, human placental lactogen, gentamicin, 
tobramycin, dilantin, progesterone, insulin and TSH.
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DISCUSSION

S.C. GOLDMAN: One o f the problems with this machine and with those 
described in paper SM-220/203 is that there is no way to keep track of the patients.
If a mistake o f placement is made, or if a single tube is placed instead o f a duplicate, ‘ 
the machine will give a completely wrong assay for all patients. Does your machine 
handle this problem? Perhaps Dr. Ingrand would also care to comment.

K. PAINTER: I know o f no foolproof method o f sample identification.
If tubes are individually numbered or identified, it is still possible for someone to 
put a sample in the wrong tube.

Concept 4 identifies each tube by its numbered position in the assay. Although 
tubes may be numbered by hand, this really offers no advantage except perhaps for 
the “confidence” o f the operator. However, you are not thinking in terms o f the 
fully automated system. Once the system starts an assay, there is no reason to know  
where a particular sample is. Try thinking about Technicon Autoanalyzers: does it 
matter where a particular sample is at any point in time?

Concept 4 will not miss a duplicate, however, because in the duplicate mode 
of operation the instrument samples twice from the same serum tube. In other 
words, one loads 200 coated tubes and 100 serum tubes; this completely eliminates 
the “missed duplicate” error.

J. INGRAND: As far as I know, automatic apparatuses, even the most 
sophisticated, require placement o f tubes in a particular order. If the placement 
is erroneous, the effect on the results will depend on the position o f the error.
The effects o f misplacement of standard tubes could be rectified with the help of 
an appropriate calculation program; misplacement of sample tubes is not permissi
ble (except, o f course, if it is only inversion o f duplicate tubes).

It may be regretted that for certain assays the user has to depend on the 
choice to be made by the company selling the automatic apparatus. I should in 
this connection like to ask Mr. Painter whether a user can apply Concept 4 for 
carrying out assays with his own reagents on the assumption that he himself has 
prepared his antibody-coated tubes (observing the dimensions)?

K. PAINTER: Certainly you may use your own reagents on Concept 4.
Tubes made o f either glass or polypropylene may be purchased. I am certain that 
Micromedic would encourage you in the development of new assays. There is 
also nothing to prevent another company from developing assays for use on 
Concept 4, and I am sure this will happen as it has with Technicon Autoanalyzers.

However, I should like to point out the tremendous advantage of an integrated 
instrument/reagent system. If one uses a machine under a reagent agreement, 
the company is bound by contract to produce quality reagents. If they fail, you 
may tell them to come and remove the instrument! The automated system manu
facturer has much more invested in each customer than has a kit supplier, and he 
must make a greater effort to produce quality reagents.
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, G.F. READ: You have mentioned that you are developing an assay for 
progesterone., As we are all aware, a solvent-extraction stage fulfils two functions; 
it abolishes binding to serum binding proteins and with non-polar solvent it renders 
valuable aid to specificity. We have looked at the relative importance o f these 
factors in the assay o f progesterone by comparing ethanol and petroleum-ether 
extracts of the same samples. We found that the ethanol extracts gave significantly 
higher results, presumably because the ethanol extract contains higher concen
trations of C2i cross-reacting steroids. This suggests that the petroleum-ether 
extraction stage is essential. There will thus obviously be problems in developing 
a completely automated assay. Do you have an unusually specific antiserum, or 
have you overcome this problem by some other technique?

K. PAINTER: You are quite correct in your assessment, but one must 
consider the purpose o f the test. Firstly, there are chemical methods for effecting 
the release of progesterone from its binding protein and these are being employed. 
Secondly, the practical limit o f sensitivity o f the direct assay is 200 pg/ml. The 
assay is intended for pregnancy detection by confirming a continual increase in 
progesterone levels after conception and in monitoring pregnancy for threatened 
abortion — it is a superior test in many clinicians’ experience than hCS or serum 
estriol measurement.

However, it is possible to measure lower levels o f  progesterone in males and 
infertile females by first extracting the sample in hexane or petroleum ether, 
and then assaying a larger aliquot on Concept 4. But according to my definition, 
the assay now becomes semi-automated. The antiserum is an 11-conjugated version 
and is quite specific, but not specific enough to measure very low levels of 
progesterone.

It should be pointed out that the use of an extraction solvent to improve 
specificity was first developed by Midgley and 'Niswender at the University of 
Michigan many years ago. Their progesterone assay using petroleum ether as an 
extraction solvent was published around 1973.

W.G. WOOD: Coated tubes have advantages in their simplicity for the user. 
They also have disadvantages that are often not taken into account. In the lower 
dose range, where no pre-incubation before tracer addition is carried out, we have 
found in certain kits for the digoxin assay, for example, an unacceptable coefficient 
o f variation — up to 30% at a dose o f about 0.8 ng/ml. So have you any data on 
the intra-assay coefficient o f  variation with your coated tubes in the low dose 
range?

K. PAINTER: There is no reason why the coefficient o f variation (CV) should 
be so high at 0.8 ng/ml, and I advise you to change your suppliers. The digoxin 
assay developed for Concept 4 has excellent precision — with CV less than 5% 
within assay and less than 8% between assays. It is not unusual to see an intra
assay CV o f less than 2%.
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The coated-tube technique has long suffered from a reputation of poor 
precision, but techniques for coating tubes have improved greatly and the resulting 
CV values are now comparable to, or in many cases better than, those with alterna
tive separation methods.

Our data on this assay is currently in the press in the International Journal 
of Radioanalytical Chemistry.
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Abstract

MULTIPLE STEROID RADIOIMMUNOASSAYS AND AUTOMATION: VERSATILE 
TECHNIQUES FOR REPRODUCTIVE ENDOCRINOLOGY. ' ^

The combination of the efficient steroid-separating properties o f a lipophilic Sephadex 
derivative Lipidex-5000™  and the use of antibodies with carefully selected specificity allows 
the quantitative determination of pregnenolone, progesterone, 17a-hydroxyprogesterone, 
androstenedione, testosterone, 5a-dihydrotestosterone, 5a-androstanedione, androsterone and 
5a-androstane-3a, 17/3-diol in 1- to  2-ml samples of both blood serum and amnio tic fluid as 
well as in 300- to 600-mg pieces of prostatic tissue. The adaptation of the pipetting unit and 
incubator of a discrete clinical chemical analyser, System Olli 3000, for the automation of the 
radioimmunoassays has resulted in a greatly increased through-put and has decreased the 
experimental error of the procedure. In studies on reproductive endocrinology, the methodology 
developed has allowed the detection of a sex difference in androgen composition of the 
amniotic fluid early in pregnancy. Further, it is very likely that the decline in steroid production 
by the testis seen during the first year o f life and then in senescence is affected by basically 
different mechanisms. There are also important differences in the steroid content of normal, 
hyperplastic and carcinomatous prostate.

INTRODUCTION

In studies o f reproductive endocrinology, it is often desirable to apply 
multiple steroid determinations to tissue samples and biological fluids to obtain 
maximum information about their steroid metabolic state. The radioimmunoassay 
of steroids affords particular advantages o f high sensitivity and simplicity compared 
with alternative methods. However, problems are often encountered in assay 
reliability because o f unaccounted pitfalls in specificity. The use o f microcolumn 
chromatography systems for the purification o f samples before radioimmuno
assays offers advantages not only in terms o f specificity, since the potential inter
ference o f other steroidal components is reduced, but it also increases overall

* Part of the investigations described has been supported by the Ford Foundation 
(Grant No. 760—0525).

221



222 VIHKO et al.

sensitivity as several steroids may be measured from a single sample. When a wide 
range of steroids is to be measured, the need arises for manipulative aids to 
accommodate large sample numbers and to decrease experimental error.

We have developed methods which allow the measurement of a range o f  
steroids important in reproductive endocrinology: pregnenolone, progesterone,
17a-hydroxyprogesterone, androstenedione, testosterone, 5a-dihydrotestosterone, 
5a-androstanedione, androsterone and 5a-androstane-3a, 17|3-diol. The paper 
presents a summary of these methods and indicates the extent to which they have 
been usefully employed so far in studies related to the male reproductive system.

ANALYTICAL PROCEDURE 

Chromatography

A detailed description of the method for the radioimmunoassay of seven 
steroids from 1-ml samples o f serum or plasma has been published recently [ 1].
In brief (F ig .l), the method involves solvent extraction of the samples, after 
which the extracts are dried and applied to microcolumns of Lipidex-5000™  
(hydroxyalkoxypropyl Sephadex) supported in 1-ml pipettes. The solvent system 
is petroleum ether: chloroform (98 :2, by vol.) which is contained in 50-ml pipette 
reservoirs placed approximately 1 m above the microcolumns. After sample 
application, the elution solvent in the 50-ml reservoir is applied to the columns 
by way o f Teflon tubing. A three-way stopcock welded to the bottom of the 
microcolumns controls the flow of eolution solvent. The collection o f fractions 
is monitored by the fall in the level o f solvent in the 50-ml reservoir pipette, and 
fractions (up to 20 ml) may be collected in 3-ml glass tubes since a stream of  
nitrogen continually evaporates the eluate during collection.

Automation o f the radioimmunoassays

We have adapted components of a clinical chemical analyser, System Olli 3000  
(Ollituote Oy, SF-02320 Espoo 32, Finland), for the automation of our radio
immunoassays [2]. The principle is as follows: After assay preparations, 200 jul 
of antibody and tracer o f the appropriate concentration, which are generally 
stored in covered reagent dishes at + 4°C, are pipetted using the System Olli 3000 
pipetting module. The reagents are added by the simultaneous delivery of 
twenty-four identical volumes via twenty-four polypropylene dispensing tips 
mounted on a plastic sheet. These sets of twenty-four tips are intended to be 
disposable, but those used exclusively for particular antibodies and tracers have 
been repeatedly washed and re-used over a 6-month period. Incubation is either 
at 37°C for 1 hour or overnight at 4°C. Separation o f bound and unbound ligands

t
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FIG.l. Flow diagram o f  the method.

is achieved by pipetting 600 /ul of a dextran-coated charcoal suspension with the 
pipetting module from a dish in which the suspension undergoes continuous 
stirring. In this way, addition to as many as 144 tubes can be made within 2 min. 
After incubation for 15 min, racks containing assay tubes are transferred to 
centrifuge blocks, and after 5 min at 2000 X g, up to 80% o f the supernatant can 
be removed by the pipetting module and redispensed into counting vials. Tritium 
is counted with 2 ml of scintillator in insert vials which stand inside conventional 
counting pots. Counts and disintegrations per minute are recorded on punch 
tapes from which steroid concentrations are computed.

RESULTS AND DISCUSSION

In the reproductive endocrinology of man, the endocrine function o f the 
testis plays a central role. Also, the main diseases o f the male reproductive tract, 
benign hypertrophy and cancer of the prostate, are androgen dependent. To be 
able to evaluate the endocrine function of the male reproductive organs and 
endocrine influence on these organs, a thorough knowledge o f androgen precursors, 
the androgens themselves and their metabolites is essential. These aspects have 
determined the choice of compounds to be analysed by the procedure described.



224 VIHKO et al.

W
hJс
s

H<
P i
Q
2<

Z
О
U
Q
О
P i
w
Hсл
pHо
zо
<73
H -I

0¿<
eu
S
О
и
С

wН-)«
с
н

н
со
О
oá

w z о
c¿ 
м  
H сл Q
O Z
1/5 
M 
H
P h

О

60

oo
Z
О
M
H
<
P i
Hz

z о
P i
w
HO0о
H 
oo 

S  W 
U  H

zо
H <

L f-1oo W 
О 
tu 
О 
со 
W 
W 
M 
£  

, о W (N
Q
Z<

Z
M

H
M
m
Q

bJ
Ph

U
H H
Hо
z
s<
b-l
<
HM иь О0

P ia>
S
Q1Ö

g

Uh
W
1-1
С
§
tíЦч

тЗС
<

н
к
О

С_о
*3
<

тзс
<

Н
X
О

о
О

t-»(N
О

О

о
00

ГГ

о

о
ó

ооо
V
а

5W•о

$
•Н>О)

*0 о



IAEA-SM-220/88 225

The endocrine function o f the human testis

There are three active periods in the endocrine function o f the human testis, 
the first early in pregnancy, at the time of differentiation o f the secondary sex 
organs [3], the second during the weeks following birth [4], and the third 
commencing early in puberty and continuing, although slightly declined at old 
age, during the rest o f the life o f the individual.

Despite the fact that androgens are very minor compounds in the amniotic 
fluid compared with several oestrogens and C2i -steroids, the purification of the 
samples as described allows their measurement in 2-ml samples o f amniotic fluid 
at the 11th to 20th weeks o f pregnancy. The activity of the foetal testis is most 
probably responsible for the fact that the testosterone concentration is signifi
cantly higher in the amniotic fluid surrounding a male foetus than in that o f a 
female (Table I). When individual values are compared, some overlapping concen
trations between the sexes are observed. However, distinct differences in the 
ratios between testosterone and 5a-dihydrotestosterone, or testosterone and 
androsterone concentrations are seen when amniotic fluids associated with male 
and female foetus are compared [5]. When the mean ± 3 standard deviation range 
of these ratios for the female foetal population is defined, no corresponding male 
foetal value falls within these limits, thus affording a potential tool for the 
determination o f foetal sex early in pregnancy.

In postnatal life, the active periods o f the endocrine testis are characterized 
by a basically similar pattern o f certain plasma steroids (Figs 2—4). Thus, of the 
steroids having a 3-keto-4-ene structure, testosterone is the main compound 
followed by 17a-hydroxyprogesterone, androstenedione and progesterone. The 
same relations also prevail in the spermatic vein o f the adult male [1]. The level 
of serum testosterone reached by 19—20 years of age (Fig.3) is maintained until 
thé eighth decade (Fig.4), whereby declining values are seen. It is interesting to 
observe that the two occasions of declining testicular endocrine function have a 
clearly different mechanism. The infantile testis seems firstly to decrease the 
production of testosterone (Fig.2), whereas during senescence the decrease in 
serum testosterone is preceded by a decrease in serum concentrations of its 
precursors (Fig.4).

Prostate and its diseases

The sensitivity achieved by radioimmunoassay and the specificity afforded 
by the chromatographic purification permit the analysis o f steroids at discrete loci 
within tissues. By using a similar method to that described for serum samples, it 
has been possible to analyse as many as eight steroids from 300—600 mg of 
normal, hyperplastic and carcinomatous prostatic tissues. The mean concentration 
of 5a-dihydrotestosterone (5.33 ng/g o f adenomatous tissue, normal 1.22 ng/g) is
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weeks of age
FIG.2. Serum steroid concentrations in human male infants. TESTOST  = testosterone,
1 7-OH-PROG = 1 7oi-hydroxyprogesterone, ADIONE = androstenedione, PROG = progesterone.

8.5 10.5 12.5 14.5 16.5 18.5
Age in years

FIG.3. Serum steroid concentrations in human males during puberty. TESTOST = 
testosterone, ADIONE = androstenedione, PREGN = pregnenolone, 1 7-OH-PROG =
1 7'a-hy dr oxy progesterone, D HT  = Sa-dihydrotestosterone, ANDRO ST  = androsterone, 
PROG = progesterone.
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Age in y e a rs

FIG.4. Serum steroid concentrations in adult human males. Abbreviations as in Fig.3.

markedly elevated in benign prostatic hypertrophy, whereas 5a-androstane-3a, 
170-diol (1.40 vs. 4.32 ng/g) and androsterone (0.80 vs. 4.15 ng/g) are low [6].
In an untreated prostatic carcinoma sample, the levels o f testosterone, androstene
dione, 5«-dihydrotestosterone and 5a-androstane-3a, 17/3-diol were particularly 
high, whereas 5«-androstanedione and androsterone concentrations were low [6]. 
Increased concentrations o f serum 5a-dihydrotestosterone and 17a-hydroxy- 
progesterone are also characteristic of benign prostatic hypertrophy, and progeste
rone and testosterone also tend to be elevated when compared with normal age- 
matched males [7].
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DISCUSSION

D. FULD: What is the reproducibility-of pipetting in your Olli 3000 system?
R. VIHKO: The reproducibility o f pipetting using the Olli 3000 system is 

very good. Different pre-packed plates of 24 tips are available for different 
volumes, so that we can achieve a coefficient o f variation of <  1 % between 100 ¡jl\ 

and 2 ml.
D. FULD: You must be very severe in selecting the tips used.
W.G. SIPPELL: May I ask you how many columns are used simultaneously 

in your method and what is the variation of elution patterns between columns? 
Also, how long can the Lipidex-5000 columns be used and what is the day-to-day 
variation o f elution patterns?

R. VIHKO: We run 20 columns simultaneously. This is about the optimal 
number that one person can manage alone. The inter-column variation of elution 
patterns is close to perfect. It is monitored before each set of new columns is 
first used by running ~  3000 counts/min of 3H-5a-dihydrotestosterone + 1 ng of 
cold 5a-dihydrotestosterone on every column. During the past two years we 
have consistently observed a peak at 13.0 ml and a sharp return to background 
levels at 16.0 ml. We have never had to change a column because it did not 
conform to this pattern.

We re-use our columns for up to about 10 batches o f serum samples (less 
for tissue samples) but remake them at least every three months, as it is not 
advisable to keep Lipidex-5000 in contact with chloroform for longer periods.
In general, we run several batches of samples in a period o f one to two weeks, and 
then discard the columns, so this means we have upwards of 200 samples to 
analyse for seven or more steroids. Using this type of approach, and judging by 
the recovery of a 3H-testosterone internal standard after chromatography, which 
is 94.5 ± 4.2 (SD) % (n = 120), we find the day-to-day variation o f the chromato
graphy method to be excellent.
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Abstract

MECHANIZED SEPHADEX LH-20 MULTIPLE COLUMN CHROMATOGRAPHY AS A 
PREREQUISITE FOR AUTOMATED MULTI-STEROID RADIOIMMUNOASSAYS.

To establish a procedure for the simultaneous determination of all major corticosteroid 
hormones and their immediate biological precursors in the same plasma sample, two different 
mechanized methods for the simultaneous isolation of aldosterone (A), corticosterone (B),
11-deoxycorticosterone (DOC), progesterone (P), 17-hydroxyprogesterone (17-OHP),
11-deoxycortisol (S), cortisol (F) and cortisone (E) from the methylene chloride extracts of 
0.1 to 2.0 ml plasma samples have been developed. In method I, steroids are separated with 
methylene chloride : methanol = 98 : 2 as solvent system on 60-cm Sephadex LH-20 columns, 
up to eight of which are eluted in parallel using a multi-channel peristaltic pump and individual 
flow-rate control (40 ml/h) by capillary valves and micro-flowmeters. Method II, on the other 
hand, utilizes the same solvent system on ten 75-cm LH-20 columns which are eluted in reversed 
flow simultaneously by a ten-channel, double-piston pump that precisely maintains an elution 
flow rate of 40 ml/h in every column. In both methods, eluate fractions of each of the 
isolated steroids are automatically pooled and collected from all parallel columns by one 
programmable linear fraction collector. As a result of the high reproducibility of the elution 
patterns, both between different parallel columns and between 30 to 40 consecutive elutions, 
mean recoveries of tritiated steroids including extraction are 60 to 84% after a single separation 
and still over 50% after an additional separation on 40-cm LH-20 columns, with coefficients 
of variation below 15% (method II). Thus, the eight steroids can be completely isolated from 
each of ten plasma extracts within 3 to 4 hours, yielding 80 samples readily prepared for 
subsequent quantitation by radioimmunoassay.

, IAEA-SM-220/10

The major advantages of Sephadex LH-20 liquid gel column chromatography 
over other separation techniques like paper or thin-layer chromatography or 
solvent partition are rapidity, negligible blanks even with commercially available 
solvents, high recoveries and excellent reproducibility [1]. In contrast to celite

* Supported in part by grant No. 01-VL-077-ZA/NT SS 0313/6 from the German 
Federal Ministry for Research and Technology (BMFT).
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FIG.l. Diagram o f  chromatographic set-up (method I, from  [2]). For details see text.

columns, LH-20 columns can be re-used without being re-packed over a period 
of 9 to 15 months, maintaining their high performance in reliable separations. 
These features make Sephadex LH-20 column chromatography especially useful 
in combination with sensitive radioimmunoassays of steroid hormones, particu
larly as it permits the simultaneous separation and subsequent determination of 
more than one steroid from the same plasma sample. Whenever more than three 
steroids are to be separated simultaneously on multiple columns which are eluted 
in parallel, mechanization and synchronization o f elution and fraction collection 
become inevitable.
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To establish a method fot the simultaneous determination o f all major 
corticosteroid hormones o f physiological importance and their immediate 
biological precursors from the same plasma sample, we developed two different 
mechanized column chromatographical methods (I and II) for the simultaneous 
isolation o f aldosterone (A), corticosterone (B), 11-deoxycorticosterone (DOC), 
progesterone (P), 17-hydroxyprogesterone (17-OHP), 11-deoxycortisol (S), 
cortisol (F), and cortisone (E) from the methylene chloride extracts o f 0.1 to 
2.0 ml samples of peripheral human plasma.

In method I (Fig. 1), which has been described and evaluated in detail 
elsewhere [2], steroid separation is carried out on LH-20 columns (3) with gel 
dimensions o f 600 mm X 11 mm. With a single linear fraction collector, up to 
eight columns can be eluted in parallel, using a multi-channel adjustable peri
staltic pump (2) behind the solvent reservoir (1), capillary valves (4) with a 
bubble-trap (5) at the bottom of each column, and micro-flowmeters (6) whose 
capillary tubings feed into the mouthpieces o f a volume-triggered (7) linear 
fraction collector ( 8) having a punched-tape programmable control unit (9).
Since the LH-20 gel is floating in the high-density solvent system No. 1 containing 
methylene chloride : methanol = 9 8 :2  [1], no supernatant solvent can be left on 
top o f the gel. This is achieved by precisely adjusting the pumping rate to the 
gravity flow rate o f 40 ml/h which is kept constant over the entire elution period 
by means of the capillary valves (4) and which is monitored by the capillary 
micro-flowmeters (6). Because of the corrosive nature of the organic solvents 
used, only börosilicate glass, Teflon, and stainless steel could be permanently 
utilized as materials coming into contact with these solvents. In the peristaltic 
pump, flexible Viton tubing was used which, however, had to be replaced every
4 to 6 weeks. The peristaltic pump, linear fraction collector, programmable 
control unit, capillary tubing and connectors were purchased from Serva 
Technik (Heidelberg, Federal Republic o f Germany), capillary valves (Rotaflo) 
from Jobling Lab Division (Stone, Staffs., UK), micro-flowmeters from Fischer 
and Porter (Göttingen, FRD), and Sephadex LH-20 from Pharmacia (Uppsala, 
Sweden). All other equipment used was workshop-made according to our 
specifications.

As P, DOC and 17-OHP, the most unpolar compounds among the eight 
steroids to be isolated, could not be completely separated from each other by 
solvent system No. 1, these three steroids were collected as a combined fraction 
and re-chromatographed on 400 mm X 11 mm LH-20 columns using solvent 
system No. 2 (n-heptane : chloroform : ethanol = 50 : 50 : 0.25 plus water to 
saturation [1]), resulting in a complete and rapid separation of P, DOC and 
17-OHP from each other. With graduated cylindrical solvent reservoirs on top, 
up to ten o f these manually operated columns can be eluted simultaneously [3].

In total, with method I, including solvent systems Nos 1 and 2, eight different 
steroids can be isolated from each of eight plasma extracts within about four hours
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TABLE I. RECOVERIES OF TRITIATED PLASMA STEROIDS OBTAINED 
AFTER EXTRACTION AND MECHANIZED MULTI-COLUMN 
CHROMATOGRAPHY 
Method I, 8 parallel columns

Steroid

Radioactivity 
recovered 
± SD
(%)

Number of 60-cm 
columns eluted

Mean inter-column 
(col. 1—8)

CV (%)

Progesterone a 68.2 ± 8.1 200 11.9

11-Deoxycorticosterone3 55.4 ± 13.8 200 24.9

17-Hydroxyprogesteronea 52.0 ± 10.8 200 20.7

Corticosterone 57.5 ± 10.9 200 10.9

11-Deoxycortisol 58.3 ± 12.4 48 19.2

Aldosterone 65.1 ± 11.6 200 12.8

Cortisone 59.7 ± 9.9 200 11,6

Cortisol 56.4 ± 8.7 200 12.1

a Steroids obtained by a subsequent elution on 40-cm Sephadex LH-20 columns.

SD = standard deviation 
CV = coefficient of variation

since P, DOC and 17-0HP can be re-chromatographed while the more polar 
steroids A, E and F are still eluted from the mechanically operated 60-cm 
columns. As an internal standard, tritiated tracer amounts o f each of the eight 
steroids are added to the plasma sample before the extraction step. Their 
recoveries in the isolated steroid fractions, after extraction and one or two 
runs through the chromatographic column, just before the radioimmunoassays, 
are listed in Table I. Mean recoveries from 25 consecutive elutions of eight 
60-cm columns running in parallel are well over 50% even for those steroids 
which are obtained after an additional separation on an equal number of 40-cm 
columns. Thus, enough material is available for quantitation by radioimmuno
assay even with the low-level steroids DOC and A, allowing sensitive measurements 
in as little as 0.5 to 2.0 ml of peripheral plasma.

In method II, which has been developed more recently, ten parallel 
Sephadex LH-20 columns with gel dimensions o f 750 mm X 9 mm are used. 
Instead o f a frit at the bottom, they are fitted at both ends with cylindrical



/I AE A-SM-220/10 233

STZ

FIG.2. Diagram o f  chromatographic set-up (method II). For details see text.

10 mm X 9 mm pieces of Teflon felt serving as gel support within the Teflon- 
sealed screw-cap endpieces (supplied by Bender & Hobein, Munich, FRG). The 
main device o f the chromatographic set-up (Fig. 2) is a ten-channel, pulse- 
damped, twin-piston precision pump ( 2) made from solvent-resistant materials 
(Ismatec Corp., Zurich, Switzerland). Because of its highly reproducible per
formance, on each of the ten channels exactly 40 ml of solvent/h can be pumped 
from the reservoir (1) through the columns (3) in reversed flow, i.e. from bottom  
to top, thus facilitating the elimination of air bubbles or of inhomogeneities 
within the packed gel. Via a Teflon-sealed septum at the bottom (4), 100 jul of 
the sample are injected with gas-tight microlitre syringes into each of the ten 
columns before the pump is,started. Since there is no variation in the elution 
flow rate, either between the ten parallel columns or during one elution or between 
different subsequent elutions, eluate fractions can be collected over fixed time' 
periods by using a simple ten-mouthpiece distribution head at the linear fractibn 
collector (5), thus making micro-flowmetèrs, capillary valves and fraction 
collection by voliime (as in method I) unnecessary. In routine chromatographical 
separations, the 1-ml fractions collected every 90 s are automatically pooled 
within the collection limits o f each steroid peak that have been punched into 
the tape o f the fraction collector’s programmable control unit (6). These 
collection limits within the chromatogram, shown in Fig. 3 (top), are reproduced
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FIG.3. Top: Chromatogram o f  tritiated plasma steroids on 75-cm Sephadex LH-20 columns 
using solvent system No. 1. Peaks eluted: P, progesterone; DOC, 11-deoxycorticosterone; 
17-OHP, 17-hydroxy progesterone; B, corticosterone; S, 11-deoxy cortisol; A, aldosterone;
E, cortisone; F, cortisol. The horizontal bars below the abscissa indicate the limits o f  
automated collection o f  the separated steroid fractions. Bottom left: Séparation o f  the 
P +  DOC fraction on 40-cm LH*20 columns using solvent system No. 2. Bottom right: 
Separation o f  the S  +  A fraction on 40-cm LH-20 columns using solvent system No. 3. '
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very well both from day to day and from column to column, provided that all 
ten columns have been packed uniformly at the same time. For this purpose, it 
is essential to fill each column with exactly the same amount o f gel (14.5 g). In 
our experience, this is achieved most accurately by filling exactly 14.5 g o f the 
dry, unswollen LH-20 gel into each o f the empty columns rather than by using 
a slurry of LH-20 gel which cannot be transferred quantitatively into the columns 
without being diluted considerably. By simply pumping solvent through the 
ten columns intermittently for several hours, homogeneous swelling and packing 
of the gel is achieved in all columns. Before routine use, the chromatogram of 
each column is checked by fraction-to-fraction analysis of a mixture o f tritiated 
steroids. The columns packed uniformly in this way can be repeatedly used well 
over 30 to 40 elutions before repacking becomes necessary. As has been described 
by Murphy and Diez d’Aux [4], the gel can be washed with organic solvents, 
dried and re-used without losing its original separation properties.

As shown in Fig. 3 (top), 17-OHP, В, E and F are readily isolated within the 
collection limits indicated. On the other hand, the combined P + DOC and
S + A fractions are separated from each other using solvent system No. 2 con
sisting o f water-saturated n-heptane: chloroform : ethanol = 50 : 50: 0.25 
(Fig. 3, bottom left) and solvent system No. 3 consisting of methylene chloride : 
acetone = 80: 20 (Fig. 3, bottom right), respectively. These two additional 
chromatographic runs are rapidly performed on two sets of ten parallel, manually 
operated 400 mm X 11 mm LH-20 columns with graduated solvent reservoirs on 
top, whilst the more polar steroids В, E and F are still being eluted from the 
automatically operated 750-mm columns.

With method II, therefore, the eight steroids can be completely isolated 
from each of ten plasma extracts in as little as three hours since the most polar 
steroid, cortisol, is readily collected after fraction No. 115. Thus, 160 steroid 
fractions per day can be prepared for radioimmunoassay analysis. The combin
ation o f the three chromatographic columns results in a far better and much 
faster separation of the eight steroids than would be achieved by a single column 
alone. Such a column would have to be more than 1000 mm long, with a still 
smaller internal diameter and a further reduced flow rate, resulting in unecono
mical^ long elutions and in greatly increased plate heights, causing low recoveries. 
As shown in Table II ¡ mean recoveries obtained from 12 consecutive elutions 
using method II are still higher and considerably less fluctuating than those in 
method I, with coefficients o f  variation within one steroid as well as between 
ten parallel columns below 15%. This applies in particular to the steroids 
isolated by two subsequent chromatographic runs: P, DOC, S and A.

Because o f the combination of chromatographic purification steps and 
sufficiently specific antisera in the different radioimmunoassays, overall 
specificity of the steroid determinations is very high. Whenever there was any 
significant cross-contamination of isolated chromatographic fractions by other
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TABLE II. RECOVERIES OF TRITIATED PLASMA STEROIDS OBTAINED 
AFTER EXTRACTION AND MECHANIZED MULTI-COLUMN 
CHROMATOGRAPHY 
Method II, 10 parallel columns

Steroid

Radioactivity 
recovered 1 
± SD 
(%)

Number of 75-cm 
columns eluted

Mean inter-column 
(col. 1 -10 )

CV (%)

Progesterone3 68.6 ±13.5 120 13.5

11-Deoxycorticosterone3 53.1 ± 6.5 120 10.9

17-Hydro xyprogesterone 84.0 ± 6.6 120 6.8

Corticosterone 75.0 ± 10.2 120 8.6

1 l-Deoxycortisolb 61.4 ± 7.8 120 11.2

Aldosteroneb 55.7+ 7.7 120 10.5

Cortisone 65.3 ± 8.2 120 10.3

Cortisol 60.2 ± 6.3 120 8.6

a Steroids obtained by a subsequent elution on 40-cm Sephadex LH-20 columns with solvent 
system No. 2.

b Steroids obtained by a subsequent elution on 40-cm Sephadex LH-20 columns with solvent 
system No. 3.

SD = standard deviation 
CV = coefficient of variation

steroids o f physiological or pathological importance, or both, e.g. in the case of 
the P fraction which includes A4-androstenedione to almost 100%, or in the 
case of the В fraction which overlaps 10 to 15% of the testosterone peak, 
antisera in the respective radioimmunoassays were chosen [5] which exhibited 
only negligible cross-reactions with contaminating steroids: in these instances 
they were 0.02 and 4.3%, respectively.

In conclusion, both mechanized chromatographic methods provide an 
exact, rapid and very economical approach to the simultaneous radioimmuno
assay o f all major terminal intermediates and end products o f the adrenal steroido
genesis. Such procedures are of particular value in all studies of normal, abnormal 
and altered adrenal steroid production. They are of value whenever very little 
biological material is available (as in paediatric or experimental endocrinology),
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and when frequent plasma sampling is required during episodic secretion studies 
and in clinical drug trials. With appropriate solvent systems and column 
dimensions, these methods can be applied to the automated chromatographic 
isolation o f a wide variety o f other hormones and to substances o f physiological 
or pharmacological significance, or both, which are to be determined simulta
neously by radioligand assays.
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DISCUSSION

F. DIEL: Column chromatography is indeed a rapid separation method 
compared to paper chromatography. As you know, paper chromatography is 
a common separation technique used in multiple steroid analysis. What are the 
elution volumes from your column-chromatographic separations and how long 
does it take to evaporate the elution solvents?

W.G. SIPPELL: If you mean the volumes o f the isolated steroid fractions, 
they are, as you can see from the elution profile in Fig. 3, in no case larger than 
14 ml (combined compound S plus aldosterone peak or cortisol peak).

Since the solvent is 98% methylene chloride which, as you know, is extremely 
volatile, evaporation o f 10—15 ml can easily be performed in an aluminium block 
at 40—50°C in a gentle stream of nitrogen in about 10 min. We use special 
manifolds to evaporate solvents from up to 76 tubes at the same time.

D. FULD: What sort o f tubing do you use in your system?
W.G. SIPPELL: We use Teflon and Viton capillary tubing.
D. FULD: Don’t you have problems with Viton?
W.G. SIPPELL: No, we replace it regularly every 2—3 weeks. We have no 

interference from Viton in our radioimmunoassays.
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D. FULD: We have problems with LH-20 from batch to batch, and I should 
like to hear your experience in this respect.

W.G. SIPPELL: We have never encountered such difficulties. We even re
use the LH-20 after about one year’s service by purifying with organic solvents 
and drying, as has been suggested by Murphy [4].

R. VIHKO: Referring to earlier discussion, I should like to add the general 
comment that it is unnecessary to make a great problem out of sample identi
fication in connection with radioimmunoassay. The same situation occurs in 
all laboratory analyses, and there are several solutions for a positive identification 
system. All these are basically acceptable for identification of RIA samples.
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Abstract

THE FUTURE DEVELOPMENT OF IMMUNOASSAY.
‘Labelled reagent’ methods of microassay have played an increasingly important role in 

endocrinology and other areas of medicine in recent years. In general, such methods have 
relied on highly specific ‘biological’ reagents such as antibodies, specific binding proteins, etc., 
and on ‘labels’ — usually radioisotopes — which enable the reaction behaviour of exceedingly 
small numbers of molecules to be observed and quantitated. The paper endeavours to establish 
a logical classification of such methods based on the fundamental analytical principles upon 
which they rest, and to delineate the relative merits of the two principal approaches used. The 
use of labels, other than radioisotopes, is also discussed and their advantages compared. In 
general, the use of ‘alternative’ labels results in a loss of assay sensitivity and precision in 
‘saturation assay’ procedures (e.g. radioimmunoassay) but are potentially capable of yielding 
sensitivities many orders of magnitude greater than isotope methods in ‘excess reagent’ methods 
(e.g. immunoradiometric assays). Because of the fundamental needs of sensitivity and high 
specificity required of the analytical methods used in medicine, the author concludes that a 
‘universal’ methodology based on solid-phased antibody is likely to emerge maximizing the 
sensitivity and specificity characteristics of both ‘limited reagent’ (saturation assay) and ‘excess 
reagent’ assay techniques.

The past twenty years have witnessed dramatic developments in the micro- 
analytical field. These have contributed enormously to our understanding of 
areas of medicine such as endocrinology, and have provided an ever-increasing 
range of diagnostic techniques, some o f which are ultimately likely to prove of 
great social significance. The fundamental basis on which these developments 
have rested has been the combination o f the specificity characteristics of biolo
gical reagents such as antibodies, naturally occurring binding proteins, cell- 
membrane receptors, etc., together with techniques of molecular labelling (e.g. 
with radioisotopes), which enable the reaction behaviour o f very small numbers 
of molecules to be accurately monitored. We can generally refer to this group of  
analytical techniques as ‘labelled reagent methods’ o f which radioimmunoassay is 
obviously the best-known example.

241
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We are currently witnessing an increasing proliferation of commercial assay 
kits based upon such methods, the application o f ‘labelled reagent’ assays into 
new areas of biological science, such as agriculture, the monitoring o f industrial 
processes, etc., and the development of a miscellany of methodological variants 
relying on the use of types o f molecular label other than radioisotopes. There are 
nevertheless those who predict the replacement o f ‘labelled reagent’ methods by 
other analytical techniques — such as cytochemical assay, mass spectrometric 
methods, etc. — which are claimed to provide even greater sensitivity and speci
ficity. Amidst this intensive methodological activity (in which considerable 
commercial interests are now vested) and the conflicting claims that are made for 
different techniques, it is perhaps difficult for the individual to identify the main 
problems with which we are still faced, and the likely course of technical devel
opment in this area in the foreseeable future.

In order to attempt to do this, I think it would be helpful first o f all to 
clarify some of the general conceptual confusion which has surrounded micro- 
analytical techniques as applied to medicine and biology in the past few years, and 
to draw up a general classification of available methodologies which bears some 
relationship to the fundamental objective and principles upon which they are 
based.

Perhaps the central problem with which we are confronted in this field is 
that many of the substances with which we are concerned are of unknown chemical 
composition and structure; indeed it is increasingly believed that many substances 
which we wish to assay (such as hormones) are structurally heterogeneous.
Whether the minor physico-chemical differences between molecules of a substance 
endowed with a ‘collective’ name such as thyrotrophin are o f physiological 
significance is not something with which we-are concerned here. The funda
mental issue is how should substances of unknown, and possibly heterogeneous, 
composition be measured?

Early workers in the field of bioassay, e.g. Finney [1], distinguished between 
two main forms of measurement: ‘analytical’ assays and ‘comparative’ assays. 
‘Analytical’ assays were originally defined as those in which the substance to be 
measured comprised a single substance of unique molecular structure. The results 
of such a measurement could be expressed in terms either o f the number of 
molecules or of the mass o f the substance under examination; clearly the result 
of the measurement would not be expected to change in consequence o f any 
change in method provided that each technique employed ‘validly’ and correctly 
achieved its analytical objective.

In contrast, the term ‘comparative’ assay was employed to describe those 
assays in which the functional effects (in a biological milieu) o f substances of 
unknown, different, or heterogeneous, chemical nature were ‘compared’. It has 
frequently been emphasized that such observations possess no universal significance, 
and that the results may be expected to vary in consequence o f any change in the 
biological milieu in which the experiment is conducted. Moreover, such assays
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cannot be ‘standardized’ and even minor changes in technique can be expected to 
yield different estimates of the relative activities, or potencies, o f the substances 
compared. Gaddum [2], whilst claiming that such assays have no logical basis, 
emphasized that they had played an important part in the development of medi
cine; for example, they enable the relative effects, or. biological potencies, of 
different drugs or of different hormonal forms, either synthetic, or as found 
naturally in body fluids, to be observed.

It is important to emphasize, in relation to comparative assays, that the 
results they yield can only legitimately be expressed in terms o f arbitrary units o f 
the biological effect observed and do not represent the comparative ‘masses’ o f 
biologically active substances in the preparations compared, even in those cases 
where the ‘unit’ o f activity employed is defined in terms of the effect produced by 
a defined weight of some internationally recognized reference preparation. One 
may illustrate the fundamental difference between the two forms of assay, their 
differing objectives, and the contrast between the units in which results are 
expressed, by using simple physical analogies. For example, an analytical assay is 
comparable to counting the number of people in a room, and a comparative assay 
to measuring the amount o f noise they produce in conversation, the latter being 
expressed in units o f sound effect such as ‘perceived noise decibels’.

There are, in short, two ways in which biological substances can be 
‘measured’, and, in practice, two senses in which the ‘amount’ o f a substance can 
be expressed. Enzymes are almost universally ‘measured’ in terms of their 
activities or effects; hormones are also sometimes measured in this manner (e.g. 
the contents of ampoules of growth hormone used for therapeutic use are 
invariably assessed in terms of their biological effects), albeit in the great majority 
of cases, the objective of hormone assays is the measurement o f the number of  
molecules (or mass) o f the hormone in the assay system. Considerable confusion 
has nevertheless often arisen because the clear distinction that should be drawn 
between these two forms of measurement has been largely obscured. For example, 
international authorities such as the World Health Organization [3] customarily ' 
refer to radioimmunoassays as ‘comparative’ assays, perhaps on the mistaken 
grounds that all such assays in practice involve the comparison, in the assay 
system, of standard and unknown samples. Units of ‘biological activity’ (com
parable in conceptual and ‘dimensional’ status to perceived noise decibels) are 
frequently employed in practice as a measure o f molecular number or mass (or 
‘concentration’). Terms such as ‘biological activity’ and ‘immunological activity’ 
are used as if they possessed a universal significance detached and independent of  
the experimental system in which the biological effect or antibody-binding 
reaction may have been observed.

It is inappropriate here to dwell at length on the conceptual confusions and 
practical problems that have developed with regard to the assay of biological 
substances as a result o f this situation. The particular point that I wish to make in
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this presentation is that the distinction between the forms of assay must be re
emphasized, and attention re-focussed onto the legitimate objectives, the criteria 
of validity, and the dimensional status of the units in which results are expressed, 
which are applicable to each form of assay. However, because the terms 
‘comparative’ and ‘analytical’ assay appear to have been misinterpreted in recent 
years, I believe it has become essential to introduce a new terminology into the 
field, and to distinguish between

(a) ‘functionally specific’ assays, whose objective is the comparison of the 
effects, in a biological milieu of interest, o f substances sharing a common biolo
gical activity or function and

(b) ‘structurally specific’ assays whose objective is the estimation of the 
amount (in terms o f mass or molecular number) o f particular substances of 
unique molecular structure.

The salient differences between these two forms of measurement are sum
marized in Table I. In particular, it is important to emphasize that the validity of 
a ‘functionally specific’ assay depends upon functional identity, and not upon 
chemical or ‘structural’ identity, o f the standards and unknowns employed in the 
assay system. (Analogously, it is entirely valid and legitimate to compare the 
noise produced by a pneumatic drill and a Concorde aircraft.) The units in terms 
of which results are properly expressed are units of biological effect, and possess 
the ‘dimensions’ of the effect concerned. It must also be emphasized that the 
relative effects of two preparations compared are unlikely to remain constant if 
any change is made in the method used or the biological system in which the 
comparison is made; this implies in turn that both ‘biological activity’ and 
‘immunological activity’ (like beauty1, but unlike mass) are not fundamental 
attributes which are vested in biological materials per se, but merely represent the 
quantitative expression o f interactions between particular substances and 
appropriate, responsive, biological systems.

In contrast, a structurally specific assay is ‘valid’ only if the substance 
measured is structurally unique and homogeneous, and, in general, if it is structurally 
identical to the ‘standard’ preparation by which the assay system is calibrated.
The result o f such an assay is expressed in terms o f the number of molecules or 
mass o f the substance measured; thus the units employed will be either dimension- 
less, or possess the dimensions of mass, and are independent of the measuring 
system used.

What are commonly referred to as ‘bioassays’ — a term whose exact meaning 
is becoming increasingly unclear — can be either functionally specific or 
structurally specific, depending upon the objectives of the assayist, the differing

1 “Beauty lies in the eye of the beholder” ч
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TABLE I. PRINCIPAL SUB-CLASSIFICATION OF ANALYTICAL METHODS 
EMPLOYED IN BIOMEDICAL SCIENCE

Functionally specific

‘Comparative’ assays 

Objective

Comparison of effects induced in a 
relevant biological system

Principle criterion of validity

Substances compared must be ‘functionally’ 
identical within the context of the biological 
system used

Mode of expression of results

Relative potency:

Units of activity

Structurally specific

‘Analytical’ assays 

Objective

Measurement of ’am ount’ (i.e. number of 
molecules) of structurally unique substance 
in unknown sample

Principle criterion of validity

Substances compared must be structurally 
identical

Mode of expression of results

Concentration:

Number of molecules

criteria of validity he consequently applies to the assay system, and the dimensions 
of the units employed for the expression of assay results. Radioimmunoassay and 
the other labelled reagent assay systems must be primarily regarded as structurally 
specific assays (at least in intent) albeit many do not, in practice, fulfil the criteria 
of validity that such a status demands. In so far as they fail to satisfy these criteria 
(in consequence, for example, o f structural heterogeneity in either standards or 
‘unknown’ preparations), they in practice resemble functionally specific assay systems 
with regard to the day-to-day instability of the results they yield, the fact that they 
cannot be ‘standardized’ and their dependence on the precise details of the 
methodology followed. Nevertheless, such assays cannot usefully be categorized 
as functionally specific assays since the binding o f a substance to a particular 
antibody is not usually of interest per se, and they should therefore more properly 
be viewed as ‘invalid’ structurally specific (or ‘analytical’) assay systems. Thus, we 
may broadly sub-divide structurally specific assays into those which are ‘valid’ and 
those which are ‘invalid’: in exactly the same way, we may divide functionally 
specific assays into ‘valid’ and ‘invalid’ methods (Table II). In practice, o f  course, 
there is a broad spectrum o f methods o f either genre, some of which are grossly 
invalid, others of which come close to complete fulfilment of the criteria of 
validity which are applicable to the particular form of the measurement. It is
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important to recognize that invalid analytical assays yield numbers which, although 
they may correlate with particular physiological parameters, are quite empirical 
indices without physical meaning and are not true representations o f the amounts 
or concentrations of a particular substance, albeit the phraseology used in the 
expression of assay results may conceal this (e.g. ‘the concentration of TSH in 
normal serum is 0 .5—5 ¿¿U/mi’).

At the present time, there is little doubt that many o f the labelled reagent 
assay systems commonly employed in laboratories throughout the world represent 
invalid structurally specific techniques, and this partially explains the wide 
disparities in assay results that are observed in all national and international 
‘quality control’ schemes and inter-laboratory comparisons. Although, faute de 
mieux, we must learn how to cope with this situation — for example, by the 
distribution o f complete reagent systems, complete with rigorously defined assay 
protocols — it is a state of affairs that is intrinsically unsatisfactory, and there is 
no doubt that assay methodologies must inevitably develop in the direction of 
higher structural specificity in order to satisfy more closely the validity criteria 
which are applicable to them.

In these Proceedings, we are primarily concerned with ‘structurally specific’, 
or ‘analytical’ assays, and it is appropriate at this point to attempt a classification 
of these methods. ,

CLASSIFICATION OF ‘STRUCTURALLY SPECIFIC’ ASSAYS

‘Structurally specific’ assays invariably depend upon interaction between a 
particular molecular grouping located within the biological substance under test 
(the analyte) and a ‘specific’ physical or chemical agent. The specificity of any 
assay system as a whole only resides in part, o f course, on the specificity o f the 
reagent used; it also depends on any separation and purification steps that may 
precede or follow the reaction between test substance and reagent. Clearly the 
greater the structural specificity o f the reagent, the less the need for complex 
purification procedures to isolate either an individual compound before its 
exposure to the reagent, or a particular product o f the reaction. Nevertheless, in 
the case of substances of low molecular weight (such as steroids etc.), separation 
of structurally distinct molecules by physico-chemical means (such as gas-chroma- 
tography, mass-spectrometry, etc.) may be relatively simple and provide the basis 
for valid assay systems regardless o f the specificity of the ‘reagent’ (u.v. light, 
électron beam, etc.) finally employed to quantitate the analyte. However, in the 
case of substances o f larger molecular size, such as proteins, it is only by the use 
of highly specific reagents that we can hope, in the foreseeable future, rapidly 
and simply to distinguish the sometimes quite subtle structural dissimilarities that
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TABLE III. SUB-CLASSIFICATION OF STRUCTURALLY SPECIFIC 
ANALYTICAL METHODS

Depend upon reaction between substance under test and specific ‘reagent’ (chemical, e.g. 
antibody, or physical, e.g. u.v. light)

The greater the specificity of the reagent, the less the need for initial isolation of the test 
substance

exist between them. This fact provides one of the foundations for the enormous 
impact that radioimmunoassay and other similar specific ‘binding’ assays have 
made since their inception in the late 1950s.

Structurally specific assays may be further sub-divided into two main cate
gories on the basis of the fundamental theoretical principles by which they are 
governed (Table III):

(a) ‘Reagent excess’ methods

These comprise methods in which the specific reagent is present in the assay 
system in excess (usually large) vis-à-vis the amount of the substance to be 
measured. The essential and distinguishing feature of such assays is that the 
response ‘parameter’ invariably comprises an observation reflecting the amount 
or proportion of the specific reagent which is converted (following reaction with 
the substance under test) to a second, readily identifiable form.

(b) ‘Limited reagent’, or ‘saturation assay’ methods

These are assays in which the specific reagent is present in a limited and care
fully defined amount or concentration, usually (but not invariably) less than the 
amount of the test substance in the system. In this type of assay, the analytical 
measurement rests on observation of the proportion of the test substance itself 
which, in consequence of interaction with the reagent, undergoes change in its 
physico-chemical form.

Reagent excess methods

Analytical measurement depends on:

Observation of amount of reagent changed 
in state to a characteristic product following 
reaction

Limited reagent methods (Saturation assay)

Analytical measurement depends on:

Observation of amount of test substance 
changed in state following reaction
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In proposing this broad classification, I recognize that certain assay systems 
may not completely fulfil the simple criteria by which the classes are here 
delineated, and I have drawn particular attention above to the fact that it is 
possible to set up ‘saturation assay’ systems in which the concentration o f the 
analyte is less than that of the specific reagent, and the reagent is thus clearly not 
‘saturated’. (Such exceptions — which in practice are few — arise as a direct effect 
of the law o f mass action). Nevertheless, by and large, assays o f the first type 
(excess reagent systems) are normally conducted in circumstances in which the 
specific reagent is present at high relative concentration. This is in marked contrast 
to assays of the second type (saturation assay systems) in which both analyte and 
reagent must be present at comparable concentration. This dinstinction fun
damentally influences the specificity and sensitivity characteristics o f the two 
forms of assay.

GENERAL PRINCIPLES OF ‘REAGENT EXCESS’ METHODS

The majority of classical analytical techniques employed in biochemistry 
and medicine fall within this category. Their underlying principle can be expressed 
by the equation:

Test substance.+ reagent = ‘converted’ reagent + residual reagent (analyte)

In the absence o f limiting effects and other similar perturbations, the amount or 
fraction of the specific reagent converted (e.g. the amount of complex between 
reagent and test substance formed) will be proportional to the amount of the 
test substance in the system.

In the early 1950s, this general principle was linked to the sensitivity of 
detection of radioisotopic techniques in the development o f labelled reagent 
‘derivative’ methods for the measurement of a number o f hormones, amino acids 
and proteins as exemplified in the development o f assays for several steroid 
(Avivi et al. [4]; Peterson [5]; Riondell et al. [6,7 ]) and thyroid hormones 
(Whitehead and Beale [8 ,9]). In their original form, such techniques relied on 
radioactive labelled reagents such as 3H /14C-labelled acetic anhydride, 35S-thio- 
semicarbazide, 14C-fluorodinitrobenzene, etc. which, following reaction with the 
test substances, yielded isotopically labelled derivatives whose radioactive content 
reflected the amount o f the substance present (see F ig .l). Because of the low 
intrinsic specificity of such reagents, and the stringency o f the purification proce
dures thus required, these labelled or ‘excess’ reagent methods were subsequently 
overshadowed by the development, in the early 1960s, o f the saturation assay 
techniques discussed in the next section. However, interest in them was to some
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1. STEROID + ACETIC ANHYDRIDE* — ► ACETYLATED  STEROID* + residual ACETIC ANHYDRIDE* 
(e.g. Aldosterone)

2. GENTAMICIN + ATP*/ENZYME — ► AD EN YL GENTAMICIN* + residual ATP*

3. INSULIN + ANTI-INSULIN ANTIBODY* — •- INSU LIN-ANTI BOD Y COMPLEX* + residual ANTIBODY*

FIG.l. Typical excess labelled reagent assay systems. In each example, the asterisk denotes 
the presence o f  radioactive label in the reagent. N ote the increased specificity o f  methods 2 
and 3 as compared with method 1 arising from the implication o f  a protein recognition site in 
each o f  the reactions on which they are based.

extent restored by the development by Miles and Hales [10,11 ] of the immuno- 
radiometric assay o f serum insulin and, more recently, by methods involving 
enzymic catalysis o f the derivatization reaction (F ig .l). In the latter form of assay, 
typified by the measurement o f gentamicin [ 12], a considerable measure of 
specificity is imparted to the assay system by enzyme catalyst rather than by the 
labelled reagent per se. Meanwhile, immunoradiometric assays rely on the use, 
as labelled reagents, o f radioactively labelled antibodies, specific in their reaction 
with the hormone, and isolated from antiserum by a specific immunoabsorbant 
(see Fig.2). This basic immunoradiometric technique can be made both techni
cally more elegant, and increased in overall specificity, by preceding the reaction 
between labelled antibody and test substance by a preliminary immuno-extraction 
step — using a specific ‘extracting’ antibody attached to a solid matrix — giving 
rise to what is popularly known as a ‘sandwich assay’ (Fig.3). This technique, 
which relies on two separate antibodies raised in different species against the test 
substance, clearly requires the simultaneous presence, on the molecule o f interest, 
of two distinct and separate binding sites, which imparts a very high degree of 
specificity to the overall procedure. The technique has been particularly useful, 
for example, in the measurement of intact hormone in the presence o f hormone 
fragments, as exemplified in the measurement o f parathormone, and has been 
commercially exploited in a widely employed assay for Australia antigen used in 
the screening o f transfusion blood. The principle can also be used for the 
measurement o f antibodies by attaching a specific antigen to the solid material.
For example, the presence o f syphilis antibodies may be detected by attachment 
of the specific antigenic material (a preparation o f Treponema pallidium) to the 
walls of polystyrene tubes, incubation of the antigen with the serum under test, 
and subsequent incubation of the complex with labelled sheep anti-human IgG 
(Veldkamp and Visser [13]).

Further methodological refinement can be attained by labelling, not the 
specific antibody directed against the test substance, but a third antibody as 
illustrated in Fig.4. This device permits the development o f ‘universal’ labels which
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FIG.2. Diagrammatic representation o f  immunoradiometric assay.

Stage I

So l i d  p h a s e -l i n k e d  Лв

St a g e  II

Г - * 1
■ ■  + ) ------► ¿

;/]
Im m u n o -e x t r a c t e d  a n t i g e n .

Re m o v e  r e s i d u a l  l a b e l l e d  Ab  b y  w a s h i n g .

'Count' solid phase linked Ab/Ag/Ab+ complex.

FIG.3. ‘Two-site’immunoradiometric or ‘sandwich’assay.
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Stase I

FIG.4. Two-site sandwich assay using a common (third antibody} labelled reagent.

can be used for the measurement of a wide range o f test substances. For example, 
if we so arrange that the second antibody comprising the ‘sandwich’ in such a 
system is invariably raised in sheep, then labelled anti-sheep 7 -globulin can be 
employed for all such assays.

Labelled excess reagent systems thus allow us easily to combine highly 
specific immuno-extraction techniques with the fundamental analytical reaction. 
Moreover, they potentially permit us to prepare long-lasting labelled reagents that 
can be used in a wide variety o f assays, which is obviously o f great practical 
advantage for any laboratory dealing with a wide range of assays.

The fact that these methods normally involve the use o f a large excess of 
the specific reagent has profound consequences vis-à-vis their specificity and 
sensitivity characteristics as compared with that of the saturation assay methods 
discussed in the next section. It implies, for example, that the reaction between 
analyte and reagent can be ‘driven’ in the forward direction, however low the 
energy of reaction between the two, by raising the concentration o f the reagent. 
Providing the ‘blank’ response (given by the amount o f reagent converted in the 
total absence of the test substance) is kept low, the amount o f reagent used can, 
in principle, be increased idefinitely to overcome the effect of a low reaction 
energy. For this reason, such assay systems are not limited in sensitivity or pre
cision by the equilibrium constant of the reaction. Sensitivity limits in such 
systems are defined in practice by two constraints:

( 1) the ‘blank’ value as defined above,

(2) the ability o f the detector system used to respond to low levels of 
‘converted’ reagent.
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These points were emphasized many years ago by Tait and his colleagues in 
relation to the radioactive-labelled reagent methods then used for the measure
ment o f aldosterone and other steroids (Brodie and Tait [14]). With such methods 
it was common experience that assay sensitivity was restricted by the first of 
these two factors, and not by insensitivity of the radioisotopic techniques avail
able for the estimation o f the radio-labelled acetyl-derivatives formed in the assay 
procedure. In terms of contemporary assay methodology, we thus see that the 
sensitivity and precision of labelled antibody methods are governed by the extent 
of ‘non-specific’ binding o f the labelled antibody observed in the absence of the 
antigen under study, and by the sensitivity of the labelled antibody detecting 
system used. In particular circumstances, either one o f these constraints may 
impose the fundamental limit on assay sensitivity: for example', the lower the non
specific binding or blank value, the greater the dependence of the ultimate sensi
tivity of the assay system on the efficiency of the detection system for labelled 
antibody. It is perhaps worth noting in this context that the efficiency o f measure
ment methods for radioisotopes are quite low: for example, the minimum number 
of 125I-labelled antibody molecules that can be estimated with a 10% error in a 
counting time of 10 min is of the order of 5 - 6  million. It can thus readily be 
visualized that other forms of label, either because they offer the possibility of 
signal amplification (as in the case o f enzymes) or because they respond to a con
tinuous external energy input (e.g. fluorescent markers), may yield much higher 
assay sensitivities in those systems in which efficiency of detection of the label 
constitutes the limiting factor.

A practical illustration of the validity of these concepts is provided by the 
cytochemical assay methods developed by Bitensky et al. [15]. These techniques 
constitute typical ‘excess reagent’ assay systems — fundamentally akin to ‘immuno
radiometric assay’ — in which the analyte recognition system is provided by cell- 
membrane receptors and the cells themselves provide an amplifier mechanism 
whereby the number o f ‘converted’ (i.e. occupied) receptors can be readily 
quantified. These techniques possess a sensitivity many orders o f magnitude higher 
than, for example, radioimmunoassay methods, whose sensitivity is fundamentally 
restricted by other factors as discussed in the next section. Another example, more 
easily recognizable as a ‘labelled’ reagent assay, is that described by Hamaguchi 
et al. [16] using enzyme labelled Fab fragments o f rabbit antibody. These workers 
have reported assay sensitivities o f the order o f 10-18 mol, again implicitly 
illustrating the effects on sensitivity o f the use of ‘excess’ reagent coupled with a 
highly responsibe label-detector method.

A second consequence o f the relative independence of excess reagent methods 
from the energy of the analyte-reagent reaction is that all substances capable of 
reacting with the specific reagent display equal, or closely similar, assay potencies. 
This characteristic contrasts with the behaviour of the ‘saturation assay’ or 
‘limited reagent’ methods (see below) and implies that excess reagent systems are 
intrinsically o f low specificity with respect to cross-reactive substances which
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possess structural similarities with the analyte. Nevertheless, overall assay speci
ficity can be restored and, indeed, greatly enhanced by the use of a ‘purification’ 
step such as is implicit in a sandwich-type immunoradiometric assay.

Yet a further consequence stemming from the use of excess reagent in such 
systems is that ‘non-specific’ effects on reaction energy (which frequently give 
rise to problems in saturation assay methods such as radioimmunoassay, particu
larly when operating at the limits of their sensitivity) have relatively little effect 
on assay results. In this particular sense, therefore, excess reagent systems are 
more specific than the limited reagent methods.

SATURATION ASSAY SYSTEMS

The fundamental principle invoked in saturation assay can be expressed by 
the equation:

Test substance + limited reagent = analyte/reagent complex + residual analyte
(analyte)

This principle governs radioimmunoassay and a number of other techniques 
which depend on alternative classes o f specific reagent such as competitive 
protein-binding assay, radioenzymatic assay, radioreceptor assay, radioligand assay, 
etc. (Fig.5). The two most important features o f this general analytical approach 
are:

( 1) it depends upon observation of the behaviour, within the test system, 
of the analyte itself,

(2) it necessitates the use of an amount of the specific reagent which is of 
the same order as the amount o f analyte to be measured.

These two fundamental features which distinguish saturation assay, or 
‘limited-reagent’ assay, from the reagent excess systems carry a number of technical 
implications. First, to observe the reaction behaviour of the analyte it is generally 
necessary, in practice, for the test substance to be available in relatively pure 
labelled form. Secondly, the constraint on the amount o f the specific reagent 
that can be used in such systems and the associated effects of the law o f mass 
action restrict the sensitivities that are achievable. In general, under the most 
favourable conditions, a detection limit o f the order o f 0 .0 1/K (where К is the 
equilibrium constant of the reaction) represents the highest sensitivity that can 
be attained [17]. Moreover, the use o f a low concentration of specific reagent has 
other consequences. For example, it implies that saturation assay systems are 
particularly vulnerable to environmental influences which alter the equilibrium
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LABELLED ANTIGEN 'LIMITED' ANTIBODY 'BOUND' 'FREE'

Separate ' bound' and ' free '  labelled antigen .

Dis tr ib u tio n  of labelled antigen between free and bound fractions is  a function of total 
antigen present.

FIG.5. Diagrammatic representation o f  typical limited reagent or ‘saturation assay ’ (radio
immunoassay).

constant governing the basic reaction -  especially as we approach their sensitivity 
limits. It also implies that, since competing, or cross-reacting, substances present 
in the incubation milieu display relative potencies approximately equal to their 
relative energies of reaction, such a competing substance — assuming it possesses 
a lower reaction energy than the test substance — will also exhibit a lower 
potency in the assay. Saturation assays are, in short, relatively specific vis-à-vis 
cross-reacting substances, but are vulnerable to non-specific influences which 
affect the energy o f the underlying reaction.

Saturation assays in general, and radioimmunoassays in particular, possess 
the special advantage than an enormous amount of time and effort have been 
spent on their technical development in the last fifteen years, and the particular 
reagents required for these assays are fairly generally available. For'example, it 
is possible to obtain most compounds of biological importance in radioactively 
labelled form, either commercially, or by the use of increasingly simple labelling 
procedures, although paradoxically, the fact that the assay principle involved 
makes necessary the labelling of the test substance itself constitutes one o f its 
fundamental practical disadvantages. Aside from the fact that it is difficult to 
label certain substances satisfactorily, many of the compounds concerned are 
chemically fragile, display a short shelf-life (much shorter, indeed, than the 
effective life of the radionuclide used for labelling), and must therefore be
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S o l i d - p h a s e - c o u p l e d  a n t i b o d y .

FIG.6. Radioimmunoassay based on solid-phase-coupled antibody.

continually repurified or reprepared. This creates logistic problems, naturally, 
but perhaps the most important problem arising from this characteristic is the 
difficulty of assay standardization between laboratories, and poor inter-assay 
replication.

Another source of poor assay reproducibility between assay centres — aside 
from any question of their use of differing reagents — is the variety of separation 
procedures which are commonly employed (and which are obligatory when radio
active labels are used) to separate reacted and unreacted (or ‘bound’ and ‘free’) 
analyte moieties. A particular advantage of the solid-phase techniques as described 
earlier in these Proceedings by Dr. Wide — in which the specific reagent (e.g. 
antibody, Fig.6) is pre-linked to a solid support, such as Sephadex, cellulose, 
polystyrene, nylon, etc. — is that both the specific reagent and the separation 
technique can be widely distributed as a single system in pre-packaged form, thus 
minimizing the possibility of inter-laboratory variation.

This approach also lends itself readily to a further methodological refinement 
— shown in Fig.7 — which relies on so-called ‘delayed addition’ of the labelled 
reagent. Delayed addition of the label is often practised in saturation assay in 
the belief that this manoeuvre increases assay sensitivity. (Although the belief is 
probably true in many cases, it is frequently founded on poor experimental 
evidence.) Delayed addition of labelled analyte using solid-phase-coupled reagent 
can be practised in two different ways:

(a) following the initial reaction between unlabelled analyte and reagent 
(antibody) the labelled analyte is added to the system;
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S o l i d - p h a s e - c o u p l e d  a n t i b o d y ;  d e l a y e d  a d d i t i o n

S t a g e  I

R e m o v e  ' f r e e '  l a b e l l e d  a n t i g e n  f r o m  s o l i d - p h a s e - l i n k e d  m a t e r i a l .

FIG. 7. Solid-phase-coupled antibody radioimmunoassay with delayed addition o f  labelled 
antigen. N ote that this assay comprises an ‘excess-labelled-reagent’ assay for residual (or 
unoccupied) antibody binding sites.

(b) following the initial reaction, the residual unlabelled analyte (and the 
biological medium in which it existed) is removed from the solid-phase-coupled 
reagent, which is subsequently exposed to a high (excess) concentration of the 
labelled material.

The second o f these two strategies emphasizes the fact that delayed addition 
of labelled ligand can be regarded as converting the assay system into an excess 
reagent assay for the residual, unoccupied, binding sites associated with the 
specific reagent. From this it can readily be inferred that highest assay sensitivity 
is obtained by reducing to a minimum the extent of ‘non-specific’ binding of the 
labelled substance (antigen) to the solid-phase antibody support, and by intro
ducing into the assay system a large concentration of the labelled antigen to ensure 
as high a degree o f occupation as possible by labelled material o f unoccupied anti
body binding sites. Under these circumstances the fraction of labelled antigen 
remaining in the ‘bound’ moiety may reach no more — under fully optimized 
conditions -  than 5% or less.

It may be shown on theoretical grounds that this approach to saturation 
assay design enables any defined level o f assay sensitivity to be attained in a time 
that is significantly shorter than is required using the more conventional assay 
protocols involving 50% binding of the label or more. The usual approach, in



258 EKINS

fact, represents the optimal design strategy only where non-specific binding in 
the assay system is high; however, assays characterized by high non-specific 
binding always lead to reduced sensitivity and precision, a shorter working range, 
and prolonged incubation times as compared with systems in which ‘non-specific’ 
binding is minimized, and are generally to be avoided.

A further advantage o f the solid-phase, delayed-tracer-addition, saturation 
assay system in which non-specific binding is essentially reduced to zero (or 
infinitesimal) levels is that such assays are relatively invulnerable to changes 
either in the amount of tracer introduced into the system, or in the purity of the 
tracer — or indeed, to any change in its reaction energy with respect to the specific 
reagent. They thus represent extremely ‘rugged’ systems with respect to tracer 
purity, and are therefore particularly suitable for universal distribution in ‘kit’ 
form.

TOWARDS A ‘UNIVERSAL’ ASSAY PROCEDURE

The fact that the most effective design for a saturation assay system (in terms 
of sensitivity, precision and general ‘ruggedness’) can be visualized as an ‘excess 
reagent’ system for unoccupied reagent binding sites leads to the interesting 
conclusion that identical technical requirements, and a virtually identical protocol, 
pertain to each form of assay technique. To clarify this point, we may set out 
the steps to be followed in the two forms o f assay as follows:

Excess reagent system

Step 1: (a) Incubate:

Solid-phase-coupled (‘extracting’) antibody + biological fluid 
(forms solid-phase-coupled antibody/antigen complex)

(b) Wash

Step 2: (a) Incubate:

Solid-phase-coupled antibody/antigen complex + excess labelled 
2nd antibody

(forms solid-phase-coupled antibody/antigen/labelled antibody 
complex)

(b) Wash

Step 3: Estimate amount of labelled antibody linked to solid support
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Limited reagent (saturation assay) system

Step 1: (a) Incubate:

Solid-phase-coupled ‘limited’ antibody + biological fluid 
(forms solid-phase-coupled antibody/antigen complex)

(b) Wash

Step 2: (a) Incubate:

Solid-phase-coupled residual antibody + excess labelled antigen

(b) Wash

Step 3: Estimate amount of labelled antigen linked to solid support

These two protocols indicate that the essential procedural steps required in 
the two forms o f assay are identical albeit entirely different analytical principles 
are involved. The sensitivity o f each is partially dependent on ‘non-specific’ 
binding of the labelled reagent used to the solid support employed. Where this is 
reduced to an insignificant level, then excess reagent systems are limited with 
respect to sensitivity and precision by the efficiency o f detection of the label 
specifically attached (via antigen) to the solid support.

In contrast, in limited reagent systems, assay sensitivity is additionally 
constrained by the energy of the specific antibody/antigen reaction, which, in 
most current assay systems of this type, represents the fundamental sensitivity- 
limiting factor rather than difficulty in the detection of the labelled antigen per se.

The additional constraint on assay sensitivity arising in ‘limited reagent’ or 
saturation assay systems implies that excess reagent systems are potentially more 
sensitive, and although direct experimental proof of this contention is difficult for 
a number o f reasons, the fact that all the most sensitive assay systems utilized in 
analytical laboratories (such as cytochemical methods) or implicit in nature rely 
on ‘excess’ of a recognition ‘reagent’ (such as hormone or pheromone receptor 
site) coupled to various forms o f chemical amplifiers, provide general support for 
this view. In addition to this particular advantage, the added structural specificity 
attendant on the use, for example, o f a dual antibody recognition system would 
suggest that this approach represents the most likely longer-term evolution of 
micro-analytical techniques used in the measurement of biological substances. 
There are nevertheless groups o f substances (such as steroids and many drugs) 
which are of molecular size which renders it unlikely that such substances will 
simultaneously interact with two antibody molecules as is demanded in the sand
wich technique discussed already. Under these circumstances the intrinsically
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higher structural specificity of ‘limited’ reagent methods (assuming participation 
of a single antibody binding site in the reaction) implies that these are likely to 
be preferred for the assay of such substances.

Summarizing these concepts, we distinguish the existence o f two assay 
principles governing the use of labelled reagents in microanalysis. In one group, 
the specific reagent (e.g. antibody or other specific binding substance) is present 
in excess, and its reaction behaviour with the analyte is observed (by appropriate 
labelling), the observation providing the response parameter for the measurement. 
Conversely, limited reagent techniques depend upon observation of the analyte 
in its reaction with specific reagent and thus implicitly rely upon labelled analyte. 
The specificity characteristics o f each of these approaches are different; they 
also differ in the nature of the constraints that restrict assay sensitivity. Aside 
from the reduction in assay sensitivity arising from non-specific binding effects in 
both forms o f assay, the overall sensitivity o f excess reagent assays is primarily 
constrained by sensitivity of detection of the label; conversely, limited reagent 
methods are primarily constrained by the energy of the underlying analyte/ 
reagent reaction.

FORMS OF LABEL: RADIOACTIVE AND NON-RADIOACTIVE

I have, in the previous sections, dwelt at particular length on the basic 
principles of the two forms o f labelled reagent techniques available in order more 
clearly to identify the particular virtues and disadvantages of the different types 
of label that can be used in such techniques. Many authors, discussing the merits 
of so-called ‘alternative’ (i.e. non-radioisotopic labels), commit the fundamental 
error, in my view, of comparing unlike methods; for example, contrasting so- 
called ELISA techniques — which are essentially excess-reagent antibody ‘sand
wich’ methods, relying on enzyme as label for one antibody of the sandwich — 
with conventional radioimmunoassay. By so doing, such authors confuse the 
relative merits o f alternative labelling techniques with the relative advantages of 
different analytical principles.

Many different forms o f non-radioactive labels can be discussed in this 
context: indeed, as I indicated earlier, a cell can be viewed as constituting a bag 
of enzymes which together act so as to amplify the signal resulting from binding 
of ligand to the membrane receptor. Likewise, tanned red cells, onto which 
antigen is adsorbed, can also be seen as comprising labels which signal the binding 
of antibody to antigen. It is usual, however, to restrict discussion in this context 
to labels such as single enzymes, fluorescent markers, phages, free radicals, etc., 
each o f which can be used coupled either to antigens and employed in techniques 
analogous to radioimmunoassay, or coupled to antibody in a manner exemplified 
by immunoradiometric assay. Several recent reviewers (e.g. Wisdom [18]) have
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1. Limited shelf-life; variability of labelled analyte from batch to  batch impedes assay 
standardization.

2. Very small fraction of labelled molecules ‘observed’ during count-time of acceptable 
duration (0.0008%/min for 12SI): may limit sensitivity of some assays.

3. Separation of reacted and reacted labelled molecules essential. (Implicit ‘misclassification’ 
errors may affect assay sensitivity and precision.)

4. Real, imaginary and legal problems associated with use of radioisotopes.

5. Unfamiliarity of staff with radioisotopes, and novelty of counting equipment.

catalogued the particular techniques in which such alternative labels have been 
used and the methodologies employed in labelling etc., and it is inappropriate to 
cover the same ground in detail here. My particular objective is to indicate the 
general advantages and disadvantages that alternative labels possess with respect 
to radioisotopes, and the circumstances in which they are likely to prove superior. 
To make a legitimate comparison, however, it is obligatory to distinguish their 
use in ‘excess reagent’ and ‘limited reagent’ methods.

ALTERNATIVE LABELS IN ‘SATURATION ASSAY’ TECHNIQUES

These techniques require labelling o f the analyte (i.e. antigen when the 
specific reagent is an antibody) and observation o f the free and bound fractions 
of analyte following reaction. The particular disadvantages o f radioisotopes in 
this context (see Table IV) are their limited life, the radiation hazard (albeit 
small) that they present, the cost of radioisotopic manipulation and counting 
equipment, and the fundamental reqirement that free and bound fractions must 
be separated before estimation of the amount of label residing in each moiety.
It is necessary to emphasize, in order to present a balanced picture, that the 
instability and loss of immunoreactivity of many labelled antigens used in radio
immunoassay represents chemical instability of the labelled molecule perse, 
rather than instability associated with radioisotopic decay. Meanwhile, radiation 
hazards are, in fact, quite minimal (particularly in laboratories which purchase, 
and do not themselves prepare, the labelled antigens they use) and represent far
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1. Measurement of radioactivity extremely simple, and estimates totally unaffected by 
chemical composition of reaction milieu, or other environmental effects.

2. Measurement of magnitude of radioactive signal does not currently limit assay sensitivity 
or precision in any contemporary, labelled reagent, technique.

3. Relatively simple and reliable radiolabelling procedures now available. Many labelled 
compounds commercially available.

4. Manual radioactive counters cheap. Automatic counters are standard equipment and are 
efficient:, simple and reliable.

5. Labels are of relatively small atomic dimensions and do not normally affect reaction 
kinetics. Labelled ‘ligands’ in saturation assays frequently virtually chemically identical 
to unlabelled material, thus maximizing precision and sensitivity.

less o f a danger to laboratory staff than, for example, the possible presence of 
hepatitis virus in samples under test. The cost o f isotope counting equipment is 
also frequently over-emphasized by critics o f radioisotopic methods: basic radio
isotope counters are, indeed, extremely inexpensive, and the relatively high cost 
of most instruments is primarily due to the automatic sample changing and data 
recording and processing mechanisms with which they are usually (and sometimes 
unnecessarily) equipped. Finally, although separation of free and bound fractions 
represents a technical step which is difficult to automate successfully, and always 
represents something of an impediment to the smooth passage of samples through 
an assay procedure, it is not a step which can readily be avoided whatever form 
of label is used, if high sensitivity, precision and accuracy are required.

The particular advantage of isotope methods (see Table V) is that the 
measurement of radioactivity (given even a simple counter) is extremely easy and 
reliable, and the activity o f the label is entirely unaffected by changes in the 
physical or chemical environment in which the isotope is situated. Moreover, no 
significant radioisotopic ‘background’ is normally present in assay samples, 
implying that assay measurements are not affected by a spurious activity unrelated 
to the labelled molecules under observation.

A considerable amount of work, particularly by commercial companies, has 
been directed towards the use o f alternative ‘labels’ which obviate the disadvantages 
of radioisotopes discussed above. Enzyme labels have probably received the 
greatest attention, although fluorescent markers, bacteriophages and others are also 
under active study. The principal advantages that they possess (see Table VI) are
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1. Long shelf-life of label (though not necessarily of labelled reagent). Offers possibility of 
universal distribution and assay standardization.

2. Eliminates the need for radioisotopic processing facilities and equipment.

3. Some techniques permit elimination of the need for physical sequestration of reacted 
(bound) and unreacted (free) labelled molecules.

4. All labelled molecules may contribute to the signal implying increased efficiency of label 
detection. Alternatively, ‘amplification’ of primary signal possible (e.g. enzyme labels). 
Possibility of increased sensitivity in certain assays (e.g. immunoradiometric assay).

5. Manual equipment for ‘signal’ measurement cheap and relatively familiar. Some techniques 
can be performed without recourse to equipment of any kind.

that the labels themselves are relatively long-lived, so that, provided the molecules 
to which they are linked are themselves stable, then the labelled reagents so 
formed potentially possess a much longer shelf-life than those labelled with the 
shorter-lived isotopes such as 12SI. Some enzyme/substrate systems present 
chemical or carcinogenic hazards; nevertheless enzyme labels may be selected 
which are perfectly safe to use, and this offers a significant advantage, particularly 
in those countries in which regulations relating to the use o f radioisotopes are 
particularly stringent. Some label-detection equipment (e.g. colorimeters, fluori- 
meters, etc.) is commonplace in routine clinical chemistry departments, and staff 
are familiar with its use: this constituted a particular impediment to the intro
duction o f radioanalytical methods some years ago, but this situation is rapidly 
changing at the present time. Finally, it is possible to devise techniques in which 
the activity o f the label is in some way altered or suppressed in consequence of  
binding of the labelled analyte molecule (e.g. antigen) to the specific reagent 
(e.g. antibody). This implies that no separation o f free and bound moieties is 
theoretically necessary in such techniques. Typical o f this approach is the enzyme- 
inhibition technique (Fig.8) employed in commercially available assay kits for the 
measurement of certain drugs, thyroxine and other small molecules [18,19].

The fundamental disadvantage of enzymes, fluorescent markers and other 
such labels (see Table VII) is that the activity o f the label per se is vulnerable to 
environmental effects (temperature, chemical milieu, etc.) and that other 
substances present in assay incubation mixtures may simulate the activity o f the 
label. In practice, such effects set a lower limit to the amount of label that can 
successfully be employed, and invariably render the measurement of the label
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E n z y m e - i n h i b i t i o n  t e c h n i q u e .

Э + □  mIti + шЛ

ADVANTAGE

DOES NOT REQUIRE PHYSICAL SEPARATION OF FREE AND BOUND FRACTIONS 

DISADVANTAGES

1 .  LIM ITED TO SMALL LIGANDS

2 .  PO SSIB L E REDUCTION OF REACTION ENERGY BETWEEN ANTIBODY AND LABELLED LIGAND 

LEADING TO LOSS IN SE N S IT IV IT Y

3 .  'E F F E C T IV E ' ANTIBODY I S  THAT WHICH REACTS WITH LABELLED MOLECULES AND IMPEDES^ 

ENZYME SUBSTRATE INTERACTION. P O S S IB IL IT Y  OF LARGE 4 IS C L A S S IF IC A T IO N  ERRORS

FIG.8. Diagrammatic representation o f  enzyme-inhibition technique in which coupling o f  
antibody to antigen results in inhibition o f  enzyme label activity. Analogous techniques are 
available using fluorescent labels.

itself a more difficult and technically vulnerable operation than the measurement 
of radioactivity. The combined effect o f these factors is implicitly a loss of assay 
sensitivity. Such problems are most severe with assays designed to obviate the 
physical separation o f free and bound fractions, so that, although such techniques 
possess obvious practical advantages, many technical difficulties stand in the way of 
their application in situations where high sensitivity is required. It should also be 
noted that the ‘non-separation’ techniques are only applicable in practice to the 
assay of substances o f small molecular size, where binding of the substance to the 
specific antibody or other binding reagent is likely to affect the activity of the 
label to which it is linked.

Further difficulties that are likely to arise with many non-isotopic labels stem 
from their relatively large molecular size. This implies that the reaction between 
labelled ligand and specific binding reagent is likely to be impeded and the energy 
of the reaction between the two reduced. This factor will likewise contribute to 
a loss in sensitivity and precision — at least in radioimmunoassay and other similar 
saturation assay techniques as they are conventionally conducted at the present 
time.
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1. ‘Non-specific’ effects on ‘signal’ arising in incubation medium leading to loss o f sensitivity, 
precision and accuracy.

2. Additional steps required (in some techniques) for ‘signal’ determination. They are therefore 
likely to be more complex, time-consuming, expensive and hable to error than radioactive 
measurement.

3. Labelling and purification steps may be complex.

4. Many labels require equipment of greater complexity and cost than radioisotope counters.

The combination o f these factors has meant, in practice, that non-isotopic 
saturation assay methods have only been successfully employed, in general, in 
situations in which the concentration o f the analyte is relatively high, and where thev 
loss in sensitivity stemming from non-specific effects on label activity, ‘blank’ 
effects, loss of reaction energy and (in ‘non-separation’ methods) misclassification 
errors, is not of importance. In such situations, the logistic advantages offered 
by non-isotopic labels may amply justify their use.

Two final points should be emphasized in relation to the comparison of 
alternative labels in saturation assay methods. The first is that, as emphasized 
earlier, the chief constraints on the sensitivity and precision of the radioisotopic 
methods are the equilibrium constant o f the reaction and the ‘experimental’ or 
‘manipulation’ errors incurred in the course o f the procedure. Rarely, if ever, is 
the sensitivity o f such a system significantly restricted by insensitivity o f the 
isotope-detecting system per se, and it is now well known that increasing the 
specific activity o f the label beyond certain limits yields no significant increase in 
assay sensitivity [20]. This implies that one should be extremely sceptical of any 
claim of increased sensitivity arising from the use o f a non-isotopic label in this 
form of assay system.

The second is that the higher the concentration o f the analyte to be 
measured, the faster the fundamental reaction, and the greater the concentration 
of labelled analyte that can be employed. Thus, although one o f the claims made 
for some non-isotopic methods is that they are rapid, and that label-detection and 
measurement may also be accomplished extremely speedily, this would be equally 
true of the corresponding radioisotopic technique operating at the same concen
tration level.
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ALTERNATIVE LABELS IN ‘EXCESS REAGENT’ ASSAYS

Enzyme and other non-isotopic labels can likewise be attached to the specific 
reagents used in ‘reagent excess’ methods, as in the technique referred to as ELISA 
(enzyme-linked, immunosorbent assay as originally developed by Engvall and 
Perlman [21, 22]. This technique has been successfully applied to the measurement 
of a number o f substances, including antibodies, and has been claimed to be of 
such promise as to offer the prospect o f  replacing radioimmunoassay as the general 
method of the future [23]. (As originally described, the labelled antibody is 
prepared by conjugation with alkaline phosphatase using gluteraldehyde. After 
reaction with the antigen — which in turn is bound by extracting antibody attached 
to the walls of polystyrene tubes or plates — the enzyme is ‘developed’ by 
exposure to p-nitrophenyl phosphate to yield yellow p-nitrophenolate — a reaction 
which takes some 1 to 2 hours.)

This particular technique has many attractive features, not the least o f which 
is that the enzyme reaction takes place in a milieu from which the original biolo
gical sample has been removed, and thus is not subject to the chemical effects to 
which enzyme labels in other forms o f assay may be exposed.

Amongst the substances to which ELISA methods have been applied are 
viruses or viral proteins (of which perhaps the best known is hepatitis-B antigen). 
The technique is being used extremely effectively in areas such as agriculture, 
where it is employed for the rapid identification of plant diseases, and there is 
little doubt that this type of method will replace many serological tests in the 
future. All such techniques aré clearly equally readily applicable using radio
isotopic labels: the particular advantages that the enzyme labels possess in this 
context are the particularly long shelf-life of the reagents so-labelled, and — in the 
simpler tests at least — observation of the colour produced following the enzyme/ 
substrate interaction can be carried out by eye without recourse to measuring 
equipment of any kind. Nevertheless, it is also possible to use colorimeters of 
various degrees of sophistication if quantitative measurements are desired, and 
there is no reason to believe that, in many situations, assay results derived using 
an enzyme label are any inferior to those using a radioisotope.

This technique has been primarily applied to the measurement of substances 
which occur in biological fluids at relatively high concentrations, and it would not 
be appropriate to infer that, at the present stage of development o f these methods, 
the use of an enzyme label (in the context o f a labelled antibody or ‘excess 
reagent’ technique) necessarily offers any advantage or disadvantage from the 
point o f view o f assay sensitivity when compared with analogous radioactive 
methods. However, there is little doubt that, in principle, labels such as enzymes 
which result in signal amplification can lead to higher assay sensitivities than are 
possible with isotopic methods for the reasons outlined in an earlier section. 
Indeed, since the minimum number of radiolabelled ( 125I) antibody molecules 
that can be detected in an acceptable counting time lies in the region o f 106, it is
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predictable that sensitivities some three or four orders of magnitude greater than 
obtained with radioisotopic techniques are in principle attainable using some of 
the alternative labels.

To summarize these brief observations on the relative merits o f isotopic and 
non-isotopic labels, it is in the realm of excess reagent methods -  particularly 
when allied to the solid-phase immunosorbent techniques — that the logistic 
advantages of non-isotopic labels are likely to be combined with sensitivities 
comparable with, or even greatly superior to, the corresponding radioisotopic 
techniques. However, in assessing the general directions that assay methodology is 
likely to take in the next few years, my own view is that the nature of the label 
that is likely to be preferred in techniques of this kind is a matter o f domestic 
rather than fundamental importance. Of greater interest is the challenge presented 
by the need to develop techniques which are of far higher structural specificity 
than those currently available — this requirement being imposed not only by the 
need to elucidate the physiological importance o f structural heterogeneity in the 
molecules of substances of biological interest, but also by the need to develop 
‘rugged’ standardizable assays for routine clinical use. Because radioimmuno
assays and other saturation assays rely, in practice, on the interaction between a 
single binding site on the analyte molecule with the specific reagent, such 
techniques lack the overall higher structural specificity o f ‘sandwich’, excess- 
reagent, assays. Moreover, the ease of preparation and the long-term chemical 
stability of the labelled reagents used in the ‘excess-reagent’ assay system, and their 
intrinsically higher sensitivity, suggest that these will ultimately displace ‘satu
ration assay’ methods such as radioimmunoassay in those cases in which the 
analyte is capable of simultaneous reaction with two structurally specific recogni
tion sites. On the other hand, for analytes of small molecular size, capable of 
binding to, or reacting with, only a single molecule of a specific reagent, the 
intrinsically higher specificity o f limited reagent systems is likely to ensure that 
threse will remain the methods of choice.

Nevertheless, as I have endeavoured to show, both mathematical modelling' 
and practical experimentation indicate that limited reagent systems yield higher 
sensitivity and precision, and are generally more rugged, when they are designed 
essentially as ‘back-titration’ systems for unoccupied binding-sites on the specific 
reagent. In this form, they can be regarded as excess reagent systems vis-à-vis 
unoccupied sites, and the technical requirements that they must fulfil are closely 
comparable to conventional excess-reagent systems. The upshot o f these parallels 
is that both excess-reagent and limited-reagent assays are likely to converge on a 
common methodology, both relying on the use of solid-phase. coupled reagent 
(usually antibody), and on the measurement o f the selected label adhering to the 
solid surface as the response variable.

The label used in such a common methodology may continue to be a radio
active isotope, but may equally constitute an enzyme or fluorescent marker, 
depending upon the particular logistic context governing the performance o f the
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assay. Because detection and measurement of the label is carried out in the 
absence o f the incubation mixture, thus avoiding the non-specific effects associ
ated with its presence, the disadvantage normally associated with non-radioactive 
labels can thus be largely nullified. On the other hand, the measurement of radio
active material adhering to a solid surface can be rendered technically very simple 
with exceedingly cheap equipment, and I have no doubt that the technical 
ruggedness o f radioactive measurement will ensure the continued use of radio
labels in microanalysis for many years to come.
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DISCUSSION

A. BOSCH: It is quite possible to use enzymatic labels in competitive type 
assays. By measuring the enzyme activity in the bound fraction, we can easily 
eliminate the factors which may interfere with the enzyme reaction.

R.P. EKINS: You are quite right in pointing out that assay protocols can 
be devised whereby the varying chemical environments with different sera present, 
and which may affect enzyme activities, can be avoided. This is implicit, for 
example, in the common assay protocol which I have presented. The use of 
enzymes in “saturation” assays merely offers certain logistic advantages — for 
example, the shelf-life o f the labelled material — which have to be balanced 
against the logistic and practical disadvantages associated with them, such as the 
increased number o f steps involved in the assay protocol, the increased liability to 
experimental error, and implicitly the decreased precision likely to be observed 
in comparison with radioactive techniques.

It is in the area of ‘excess reagent’ assays that the increased complexity of 
enzyme methods is likely to be rewarded by increased assay sensitivity which, 
in regard to the measurement of certain substances, may be o f importance.

D. RODBARD: First, I would note that the distinction between ‘limited 
reagent’ and ‘excess reagent’ methods, although o f some interest from a didactic 
point o f view, really represents something o f an oversimplification. Obviously, 
these two cases represent the ends of the spectrum ; the ‘north’ and the ’south’ 
poles of a continuum. Personally, I regard the distinction between ‘reversible’ 
and ‘non-reversible’ reactions as being of more fundamental importance. I should 
like to emphasize that it is possible to practise delayed addition of the labelled 
ligand, without necessarily using the labelled ligand in ‘excess’. Likewise, it is 
possible to perform a ‘sandwich’ assay (two-site immunoradiometric assay) using 
a small concentration o f the second, labelled antibody (Rodbard, D., Feldman, Y., 
et al., Immunochemistry (in press)). Moreover, delayed addition o f labelled 
ligand can result in improvement o f the sensitivity of the assay, but rarely by 
more than a factor of two or three. Hence I am somewhat less optimistic than 
you with regard to the degree o f  reduction of the minimal detectable dose 
achievable by this approach. This depends on our assumptions regarding the 
source and nature of the errors.

It seems that your use o f the term ‘misclassification error’ differs from mine; 
if I interpret you correctly, you take it to be synonymous with non-specific 
counts, whereas I have used it to apply to the random errors in the separation of 
bound and free, and hence we must distinguish two types of such errors: free 
erroneously counted as bound, and bound erroneously counted as free (cf.
Ref. [ 1 ] of paper SM-220/58).

You have presented some very curious results, e.g. advocating the use of 
RIAs with a (B/T)0 o f only 2 or 3%. I would emphasize that this is Only feasible
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when you have essentially ‘zero’ non-specific counts and ‘zero’ misclassification 
errors, and in the special case where the standard deviation of the response is 
directly proportional to the response, i.e. the standard deviation of the response 
approaches zero as the counts bound approach zero. When we are dealing with 
5—8% non-specific counts or 1 or 2% misclassification errors, we obtain much 
more realistic optima using a (B/T)0 ratio of 20-30% ; this is in much better 
agreement with the optimal conditions found empirically in most assay systems. 
Our ‘rule o f thumb’, which corresponds to what is used in most laboratories 
throughout the world, is ( 1 ) to use as high specific activity as possible without 
loss o f immunoreactivity; (2) to use 10 000 counts bound for zero dose; (3) to 

 ̂use a (B/T)0 o f 25—35% or slightly higher if  counting the free fraction; this is 
obtained by adjusting the antibody concentration according to the rule 
(B/F) 0 oc [Ab° ]; (4) when using delayed addition to allocate approximately two- 
thirds of the time to the first incubation (prior, to the addition of labelled ligand). 
These rules, though not infallible, usually work quite well (Yanagishita, M., 
Rodbard, D., Anal. Biochem. (in press)).

R.P. EKINS: Le't me deal with these questions in turn.
First, I agree with you that the subdivision into ‘excess’ and ‘limited’ reagent 

methods may not represent the best nomenclature to use in identifying the two 
different concepts that underlie present-day assay methodology. As I pointed out 
in my paper, the more fundamental distinction involved is that, in one class of 
assays, we observe the distribution of analyte between free and bound (or 
‘unreacted’ and ‘reacted’ forms), and in the other, we observe the distribution of 
the specific reagent. The logical consequences of this are:

(a) that the methods may entail labelling o f the analyte, or the specific reagent, 
respectively.

(b) that in the labelled analyte methods, the amount o f reagent is generally less 
than the amount o f analyte in the system; the converse is generally true in 
the labelled reagent (i.e. ‘excess reagent’) systems.

(c) that the ‘limited’ reagent (or ‘labelled analyte’) systems are inevitably limited 
in sensitivity by the equilibrium constant of the underlying reaction. This
is not true of the excess (labelled) reagent systems.

Although-I agree with you that the nomenclature I have used may not be the 
best that one might choose, I disagree with you that the basic distinction is less 
important than the distinction between ‘reversible’ and ‘non-reversible’ reactions. 
A non-reversible reaction is merely one in which the equilibrium constant is 
infinitely high, but this also, of course, merely represents one end of a continuum. 
In practice, many antibody/antigen reactions are virtually irreversible; never
theless, one cannot exploit the sensitivity-potential implicit in an irreversible 
reaction because to do so would imply leaving reaction mixtures to incubate for 
infinite time (in a ‘limited reagent’ system).
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Indeed, in practice, we do not generally observe true equilibrium constants 
under usual assay conditions, because in any reasonable and finite incubation 
time the reagents are not at equilibrium. So even an irreversible reaction may 
yield an apparent equilibrium constant which is less than infinity under normal 
operating conditions.

In short, I fail to understand why you believe a reaction characterized by 
an infinitely high К is fundamentally different from others. I take your point 
that it is possible to perform a ‘sandwich’ assay with less than an excess amount 
of the labelled antibody — indeed, I think the point is obvious, although it does 
presuppose that the amount of labelled antibody used and the energy of 
antigen/antibody reaction are such that only a fraction of the labelled antibody is 
bound, and that this fraction changes as the amount of antigen adhering to the 
solid phase changes. Such an approach is certainly not the best way to perform 
an assay of this kind, but might be forced upon the experimenter by, for example, 
high ‘non-specific’ binding o f the labelled antibody.

Regarding the advantages o f delayed addition o f labelled ligand, I would be 
the last to claim that delayed addition is likely to yield a very significant reward 
in terms of assay sensitivity, and do not think I said this in my presentation. Very 
many years ago we demonstrated in our computer optimization studies that in 
correctly optimized assay systems, the improvement in sensitivity might be o f the 
order o f two to three (Ekins1).

Nevertheless it is demonstrable that the best way to set up an RIA as 
regards precision and sensitivity is in this way, other things being equal; in 
addition there are other advantages associated with this approach that I discussed 
in my presentation. In particular, it is possible to incubate the unlabelled antigen/ 
solid-phased-coupled antibody complex, which is the product of the initial 
reaction, with excess labelled antigen in the complete absence o f serum, with the 
implicit reduction in non-specific effects on the labelled material.

Meanwhile, I agree with you that the nature and magnitude of the errors 
involved in the assay system significantly affect the benefits with regard to 
sensitivity that can accrue from delayed addition o f labelled antigen.

The term ‘misclassification error’, as you say, is used in different ways, and 
I may inadvertently have been slovenly in employing the term myself. First we 
must identify the phenomenon of misclassification o f ‘bound’ counts as ‘free’ 
and vice versa; these have the effect of flattening the slope of the response curve 
as, for example, the ‘true’ (i.e. specific) bound counts approach zero. In addition 
there is the random variation in the extent o f this misclassification, which mani
fests itself as an additional source of error (or ‘noise’) in the response variable.

1 EKINS, R.P., “Automation of radioimmunoassay and other saturation assay 
procedures” , Radioimmunoassay and Related Procedures in Medicine (Proc. Symp. Istanbul, 
1973) 1, IAEA, Vienna (1974) 91.
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The combination o f these effects can be ruinous to assay precision. For example, 
if we are working with a misclassification of free activity as bound o f 10%, and 
the extent of this misclassification randomly varies between 9% and 11% or more 
(as we might observe when decanting supernatant from an immuno-precipitated 
antibody) then, if we are working in a range where, say, only 5% of the activity 
is specifically bound the total activity observed in the bound fraction would be 
of the order o f 15% with a variation of from 14% to 16%. Bearing in mind the 
small change in the specifically bound radioactivity in response to change in 
ligand concentration under these conditions, one can readily visualize the great 
loss in precision of measurement o f ligand that would stem from the existence 
of misclassified radioactivity. This in turn implies that one is confined to working 
with high values of specific binding and that the working range o f the assay is 
severely restricted.

This brings me onto answering your next point regarding my advocation of 
the use o f RIAs with very low initial binding. Of course, as you point out — and 
I have repeatedly done likewise— this is only feasible when we are measuring the 
bound activity and the misclassification of free as bound (i.e. ‘non-specific 
binding’) is low. Conversely, when misclassification o f free as bound is high (say 
10% or more), one is restricted to working with relatively high values o f ‘fraction 
bound’. It is this phenomenon, combined with the theoretical analysis provided 
by Berson and Yalow, which relies entirely on consideration o f the slope of the 
response curve, and with which I have always profoundly disagreed, which has 
sanctified the mythology that one should set up assays with an initial (B/T)0 ratio 
of the order o f 30% or more (33%, Berson and Yalow2; 50%, Yalow and Berson3). 
Your rule o f thumb, in short, represents a reasonable response to the achievement 
of highest sensitivity using a ‘bad’ assay system characterised by high non-specific 
binding (i.e. misclassification o f free activity as bound). The fact that this rule 
of thumb is adopted, and works reasonably well in many laboratories throughout 
the world, reflects both a widespread misunderstanding of the theory of RIA and 
the fact that the importance of non-specific binding is frequently largely 
disregarded.

The fundamental point that one should emphasize in this context is that 
the elimination of non-specific binding has profound effects on the performance 
of an assay. Amongst these are:

(a) a much wider working range,
(b) greater sensitivity and precision,

2 BERSON, S.A., YALOW, R.S., “Immunoassay of protein hormones” , The Hormones: 
Physiology, Chemistry and Applications (PINCUS, G., THIMANN, K.V., ASTWOOD, E.B., Eds)
4, Academic Press Inc., New York (1964) 557.

3 YALOW, R.S., BERSON, S.A., “General principles of radioimmunoassay” , Radio
isotopes in Medicine: In Vitro Studies, USAEC, Oak Ridge (1968) 7.
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.(с) assays o f  reduced incubation time,
(d) relative invulnerability to the effects of damaged labelled ligand, and hence

greater inter-assay reproducibility.

These are all extremely important consequences o f the use o f a good separation 
technique and reasonable care in its use.

It transpires that aS the non-specific binding component in the bound 
moiety is reduced, so the optimal design of an RIA (assuming the bound activity 
to be the response variable) tends towards progressively lower values o f (B/T)0 
for maximal sensitivity.

Whenever drawn into discussion regarding this point, I invariably refer to the 
work o f Dr. Wide, who has developed a wide range o f excellent assays based upon 
solid-phased coupled antibody and whose experimental procedures conform 
exactly to the concepts I have been discussing. Dr. Wide pays particular attention 
to washing the antibody-bound moiety, with the result that the misclassification 
of free activity as bound is reduced to extremely low levels. In detailed experi
mental studies, Dr. Wide has demonstrated that maximal sensitivity is achieved 
when the bound fraction is very low by conventional standards, ranging between 
some 2%—3% to 15%—20% depending on the assay system under consideration 
and such parameters as the specific activity of the labelled hormone used etc.
This corresponds closely to our theoretical optimization analysis o f RIA systems, 
albeit Dr. Wide is restricted, in practice, to varying fewer of the relevant assay 
parameters in his experimental studies than we are able to in computer simula
tions. I should also emphasize that in Dr. Wide’s systems rb2/b rather than rb/b 
is constant as the ‘fraction bound’ (b) varies, so that the general conclusions that 
we can draw are not limited to the special case of constancy of the coefficient of 
variation.

The important point I want to make is that there is no fundamental theo
retical reason for the selection o f 30% (or 50%) initial binding as the basis for the 
selection of antibody concentration in a RIA; this value is ‘reasonable’ for the 
attainment of maximal sensitivity in a poor system marked by significant mis- < 
classification of ‘free’ as ‘bound’ activity, but is not optimal in a good system 
characterized by zero misclassification. Furthermore, many other significant 
advantages stem from the use o f low misclassification systems quite aside from 
the effect on assay sensitivity.

L. WIDE: Speaking from a practical point of view, we haven’t found that 
we gain anything in sensitivity by washing the solid phase after the first incubation 
when using late addition o f labelled antigen in competitive inhibition RIA. This 
is especially true after a long first incubation period. However, it may be an 
advantage when the labelled antigen may be damaged by components in seruiji.

My second comment concerns the solid phase sandwich RIA versus compe
titive inhibition RIA. In the sandwich RIA it is usually necessary to assay the 
unknown in two dilutions due to the ‘hook’ effect in the high concentration range.
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R.P. EKINS: I agree that washing the antibody/antigen complex in delayed 
addition, ‘saturation’ assays would be expected to result in only a marginal 
increase in sensitivity, if any. I have included this step in my ‘model’ protocols 
essentially because, as you imply, it yields a ‘cleaner’ system in which the non
specific degradative effects on the labelled antigen are likely to be minimized.
But the washing step is neither mandatory nor does it necessarily improve assay 
results.

With regard to your second point, the ‘hook’ effect is not an inevitable 
corollary of labelled antibody methods, and I feel sure that modification of our 
current methodologies could eliminate it.

R.D. HESCH: Dr. Rodbard may be right to some extent in saying that one 
does not need ‘excess reagent’ to carry out an ‘excess reagent assay’. In my 
experience, the sensitivity of the ‘labelled antibody’ procedures depends very 
much on the number o f binding sites either at the ligand or the antibody and this 
is also the reason why the procedure is limited to molecules whose molecular 
weight is not smaller than ~  3000. Furthermore, this number o f binding sites 
ultimately determines, apart from the affinity constant of the antiserum, the 
specificity of the assay. Hence it is very important to'extract the labelled anti
serum properly and to characterize it with intact hormone and hormonal fragments. 
The advantages depend, theoretically, on the characteristics of the labelled anti
serum in excess and its kinetic behaviour with respect to defined structures o f the 
ligand under test.

R.P. EKINS: Thank you for your valuable comment. What I have 
endeavoured to indicate is that the theoretical restrictions on assay sensitivity 
imposed by ‘saturation’ assay methods do not apply in the case o f ‘excess’ reagent 
systems, and this fact underlies the direction of the methodological development 
currently being undertaken in my own laboratory. I have also attempted to 
indicate that specificity considerations suggest that labelled antibody methods 
are probably less readily applicable to the assay of small molecules.

R.M. LEQUIN: The present status of protein hormone measurements is that 
they are invalid analytical assays. Your message then is: go back to the bench and 
try to find the nature of the analyte. Perhaps another problem will then arise, 
namely, even if the characteristics of the protein hormone analyte are fully known 
and the material is available, eliciting antisera may result in a population o f anti
bodies with different К-values and perhaps also different specificities. This makes 
the methodological aspects even more complicated.

R.P. EKINS: The presence in an antiserum o f multiple antibodies, some of 
which are directed against common antigenic determinants on different molecules, 
can lead to lower specificity. On the whole, therefore, I agree with the general 
thrust of your comment. The response to this problem should be the development 
of techniques for the isolation of antibody species directed against a single anti
genic site, and the use o f  double antibody systems in two-site sandwich-type
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assays. This is also a cornerstone of the methodological development currently 
being undertaken in my own laboratory.

D. FULD: Do you expect a difference in heteroscedasticity of error distri
bution between RIA and sandwich assay?

R.P. EKINS: All assay systems display heteroscedasticity of error along the 
response curve. The degree o f heteroscedasticity also depends upon the co-ordinate 
frame in which dose and response variables are plotted. Moreover, the form of 
the error distribution depends to a very great extent on the exact details o f the 
assay methodology, for example the way in which free and bound fractions are 
separated and so on. These factors make it difficult to give a general answer to 
your question.

R.H. DECKER: I wish to comment on the specificity of the ‘sandwich’
RIA principle. The method does, indeed, possess a significant advantage in 
specificity over competitive RIA because o f the two antibody identification 
steps. This, along with other features, makes the immunoradiometric procedure 
another generation of RIA. One point of caution should be made, however. With 
varying frequency, patient sera can contain anti-antibodies, i.e. antibodies directed 
against the reagents, so that they function instead as antigens; a false sandwich 
will then be formed. This has been reported by us and by other workers 
(Ling, С .M., et al., J.Lab.Clin.Med. 86 (1975); Prince, A.M., et al., Lancet i (1973) 
1346). By far the largest number of the anti-antibodies are directed against 
species 7 -globulins and are therèfore most likely to occur when the two antibody 
reagents used are raised in same animal species. The false reactions can be 
virtually eliminated if antibodies from two different species are used as reagents 
and/or if unlabelled species-blocking sera are incorporated into the diluent used 
for the labelled antibody. This phenomenon applies, o f course, to sandwich 
EIAs as well.
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Abstract

EVALUATION OF A SOLID-PHASE RIA TECHNIQUE AND A SOLID-PHASE ELISA 
TECHNIQUE FOR DEMONSTRATING HEPATITIS-B SURFACE ANTIGEN.

The sensitivities of a solid-phase radioimmunoassay (RIA), a solid-phase enzyme 
immunoassay (ELISA) and a haemagglutination test (RPHA) for the detection of the 
hepatitis-B surface antigen (HBsAg) were compared (1) by screening a panel of 300 sera 
(97 positives and 203 negatives), and (2) by titrating serial dilutions of 10 positive sera. 
Ninety-seven sera were positive by RIA, 95% were detected by ELISA and 81% were 
detected by RPHA. In the serial dilutions, the average end-points of the titrations were
0.005 ng/ml for RIA, 0.01 ng/ml for ELISA and 0.04 ng/ml for RPHA. It can be concluded 
that the sensitivity of the ELISA test is intermediate between that of the RIA and the RPHA. 
The ELISA and the RPHA tests seem to be a little more sensitive for the detection of subtype 
ay than for the detection of subtype ad.

1. INTRODUCTION

The development of sensitive and specific serological techniques for the 
detection o f hepatitis-B surface antigen (HBsAg) has resulted in the clarification 
of various aspects of the epidemiology of hepatitis type B. It has also provided 
a means by which blood donors, potentially infected with the hepatitis-B virus, 
may be screened from the blood-donating population, thus reducing the risk of 
transmitting hepatitis type В through the administration o f blood and blood 
products.

Since 1969, a variety of methods has been developed for the detection of 
HBsAg. The most widely used techniques are immunodiffusion (ID), counter
electrophoresis (CEP), complement fixation (CF), reverse passive haemaggluti
nation (RPHA) and radioimmunoassay (RIA). Up to 1975, CEP was most frequently

' i l l
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ID

СЕР

RPHA

2 4 8 16 32 64 128 256 512 1024 2048 4096 dilutions

used for large-scale testing. During the past years it has been replaced to a great 
extent by RPHA and RIA. The relative sensitivity o f these techniques is shown 
in Table I [1 -3 ].

RIA is undoubtedly today the most sensitive technique for the detection 
o f HBsAg.

Recently, a new very sensitive technique has been introduced, the enzyme- 
linked immuno-sorbent assay (ELISA), which is essentially very similar to RIA. 
In both methods the solid phase is formed by a plastic wall to which anti-HBs 
is attached and both use labelled anti-HBs to detect HBsAg caught by the solid- 
phase anti-HBs. In the RIA, anti-HBs is labelled with 125I which can be detected 
in a gamma counter. In the ELISA, anti-HBs is marked with an enzyme which 
can be demonstrated by colour changes during the enzyme reaction.

2. MATERIALS AND METHODS

We compared the sensitivity o f a solid-phase RIA, an ELISA and a RPHA 
in two ways:

1. by screening a panel of 300 sera which contained known positives and 
known negatives;

2. by titration o f serial dilutions of 10 known positives (5 of subtype y and 
5 of subtype d).

The solid-phase radioimmunoassay (Fig. 1)

The Ausria II-125 system uses a “sandwich principle” to measure HBsAg 
levels in serum or plasma. Plastic beads coated with guinea-pig antibody are 
supplied in the kit. Patient sera or plasma are added and HBsAg, if present, is
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О = serum proteins with 125 I
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after washing : high impulse counts after washing : low impulse counts

FIG .l. Principle o f  the Ausria II-l 25 solid-phase RIA  for detection o f  HBsAg. The curved 
base lines indicate the surface o f  the plastic beads.
I, II, II I  = steps o f  the reaction
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fixed to the antibody during incubation. When 125I-tagged antibody is added, 
it binds to any HBsAg on the bead, creating an antibody-antigen-antibody 
“sandwich”. Within limits, the greater the amount of antigen in the serum 
specimen, the higher the final count-rate. After each reaction step, unbound 
material is removed by washing.

The enzym e-linked im m unosorbent assay (Fig. 2)

Hepanostika is an enzyme immunoassay based on a “sandwich” principle. 
The wells o f a polystyrene micro-ELISA plate are pre-coated with sheep antibody 
to HBsAg: solid-phase anti-HBs. The sera or plasma under investigation are 
incubated in the wells. HBsAg, if present in the sample, is bound to the solid- 
phase anti-HBs.

Unbound material is removed by washing. Subsequently, a second, soluble, 
sheep anti-HBs, antibody, which is labelled with the enzyme horse-radish 
peroxidase (enzyme-labelled anti-HBs) is added. This second antibody is bound 
by the (previously formed) solid-phase antibody-antigen-complex, so that the 
enzyme-label is fixed to the solid phase. Unbound material is removed by 
washing. On addition of the appropriate enzyme substrate, a yellow-orange 
colour will develop as a result o f the enzyme reaction if  the test sample is 
positive for HBsAg. If the test sample does not contain HBsAg, no enzyme 
will be bound and no colour will develop. The test results can be read with the 
naked eye or with a colorimeter.

Reverse passive haemagglutination

Antibody globulins are readily bound to the surface o f red blood cells that 
have been, treated with tannic acid. Highly purified antibody isolated from 
horse antiserum to HBsAg may thus be attached to tanned turkey erythrocytes 
to yield a “sensitized” cell suspension which agglutinates in the presence of 
HBsAg.

3. RESULTS

3.1. Screening o f the panel of 300 sera

The panel contained sera from blood donors, from patients with disturbed 
liver functions and from dialysis patients. In the RIA test, 203 o f these sera 
were negative and 97 sera were positive. Each sample found positive by RIA 
was confirmed by a second technique (CEP or RPHA) or by the RIA neutrali
zation test o f Prince [4]. In this panel we found 78 positive sera by means of 
RPHA and 92 positive sera by means o f ELISA. 1
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О = HBsA3 u
у = anti-HBs |c = anti-HBs labelled

q  = serum proteins with peroxidase

О О
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о

О  о

after washing : peroxidase activity after washing : no peroxidase
activity

FIG.2. Principle o f  the ELISA technique for detection o f  HBsAg. The curved base lines 
indicate the surface o f  the polymer.
I , II, III = steps o f  the reaction
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TABLE II. SCREENING OF A REFERENCE PANEL WITH RIA, RPHA 
AND ELISA

RIA, RPHA, 
ELISA
positive

RIA, RPHA 
positive 
ELISA 
negative

RIA, ELISA 
positive 
RPHA 
negative

RIA
positive 
ELISA, RPHA 
negative

Total positive

RIA 76 2 16 3 97

RPHA 76 2 - - 78

ELISA 76 - 16 - 92

TABLE III. HBsAg DETECTION TESTS APPLIED 
TO A PANEL OF 300 SERA 
203 HBsAg- and 97 HBsAg+

Technique

HBsAg positive 

Number %

CEP 67 70

RPHA 78 81

ELISA 92 95

RIA 97 100

Of the 97 positive sera, 76 were found positive by the three tests. Two 
were positive by RIA and RPHA and negative by ELISA. Sixteen sera were 
positive by RIA and ELISA and negative by RPHA. Three sera were only 
positive in the RIA. Tables II and III show the results o f this comparison.

Subtyping of 90 positive samples by a CEP or a RIA technique revealed 
59 antigens o f subtype “ay” and 31 antigens of subtype “ad” (7 antigens could 
not be subtyped for lack o f serum).

Of the 59 ay antigens, 51 (87%) were detected by RPHA and 56 (95%) by 
ELISA. Of the 31 ad antigens, 21 (68%) were detected by RPHA and 29 (94%) 
by ELISA.
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3.2. Titration of serial dilutions

The results are listed in Figs 3 ,4  and 5.
The RIA method was more sensitive than the ELISA method for all the sera 

which we used. Comparison o f the results obtained by means o f RIA and 
ELISA (read with the naked eye) shows that RIA results were generally four 
times more sensitive. The sensitivity of the ELISA could be improved by using 
a colorimeter to read the results, in which case there was only an advantage of 
one or two dilutions in favour o f RIA.

There was also a difference in the ability of each technique to detect a 
particular subtype. RIA was twice (one dilution) as sensitive as ELISA (colori
metric reading) in detecting ay subtype, and four times (two dilutions) more 
sensitive for subtype ad. *

The results o f  the RPHA method compare well with those of the ELISA 
technique read with the naked eye, but they are noticeably inferior to those of 
the ELISA test improved by colorimetric reading.

Finally, it was noticed that the average end-points o f the titrations in the 
serial dilutions were approximately as follows: RIA 0.005 ng of HBsAg/ml,
ELISA 0.01 ng of HBsAg/ml and RPHA 0.04 ng o f HBsAg/ml.

4. CONCLUSIONS

In our hands, the RIA technique was more sensitive than the ELISA 
technique and could consequently detect smaller concentrations o f HBsAg. In 
its turn, the ELISA technique was more sensitive than the RPHA technique; 
this was more evident in the panel screening than in the serial-dilution titration.

The ELISA and the RPHA tests seem to be a little more sensitive for the 
detection of subtype ay than for the detection o f subtype ad.

In laboratories where RIA cannot be used, the ELISA technique can be 
very useful for HBsAg screening.
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DISCUSSION

D. RODBARD: I would like to ask three questions. First, have you 
compared the sensitivity and general performance of a RIA system and of a 
two-site immunoradiometric assay system based on the same reagents (i.e. 
purified antibodies)? I am unaware o f any carefully controlled studies o f this 
type. Second, would you please indicate the statistical criterion used to define 
the minimal detectable dose, i.e. the sensitivity o f the assay systems used?
There has been considerable confusion and ambiguity in this regard. Third, 
have you observed the presence o f a ‘high-dose hook effect’, i.e. a paradoxical 
fall in the high-dose region? This appears to be a general phenomenon observed 
in two-site IRMA or ELISA, and is attributable to incomplete washing after the 
first incubation (even a 1 % carry-over of free ligand will produce such an effect) 
or to the presence of a large amount o f low-affinity sites on the solid-phase 
matrix (cf. Rodbard, D., Feldman, Y., Jaffe, M.L., Miles, L.E.M., Immunochemistry 
(in press)).

R. VRANCKX: The RIA and ELISA we compared were not based on the 
same reagents. In the RIA the solid phase was coated with anti-HBs from 
guinea-pigs and the antibodies labelled with 125I were o f human origin. In the 
ELISA, sheep antibodies to HBsAg were used in the solid phase and as labelled 
antibodies.

To define the criteria leading to positive detection we used the statistical 
criterion proposed by Wagner et al. (Influence o f counting statistics on borderline 
detection o f hepatitis В antigen by a solid phase radioimmunoassay, Vox Sang.
31 (1976) 87).

Lastly, we did indeed observe a “high-dose hook effect” in the RIA.
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Abstract '

ENZYME IMMUNOASSAY FOR PROGESTERONE AND ESTRADIOL: A STUDY OF 
FACTORS INFLUENCING SENSITIVITY.

Enzyme immunoassays (EIA) for progesterone and estradiol have been developed at 
the Tenovus Institute using horseradish peroxidase conjugates and a solid-phase system for 
separation of free and bound steroid. The sensitivity of these assays was inadequate and 
precluded their use for the assay of low-titre samples. Attempts to increase the sensitivity 
of the assay by reducing the affinity o f the conjugate for the antiserum by altering the 
bridge groups were unsuccessful. Decrease in the molar incorporation of the steroid into 
the enzyme conjugate effected a significant improvement, increasing the sensitivity in the 
progesterone assay by 50% and in that of estradiol by 70%. Initial attempts to replace the 
solid-phase separation technique by a second antibody procedure based on a sheep, anti
rabbit IgG serum were of limited success. Increased sensitivity in the progesterone radio
immunoassay (RIA) was achieved but severe problems with high non-specific binding 
remained. The apparent specific binding in the estradiol assay did not exceed 30% and a 
viable system could not therefore be established. An improved second antibody produced 
in guinea-pigs to a wider spectrum of immunoglobulins, when used in the EIA of pro
gesterone, increased sensitivity 50-fold compared with the solid-phase assay. The sensitivity 
of the estradiol assay was increased 8-fold compared with the solid-phase system, and is now 
comparable with that of the RIA (2.0 pg/0.7 pg). The significant improvement in sensitivity 
in EIA associated with the use of double antibody separation procedures, and the importance 
of tailoring the affinity of the second antibody to the immunoglobulin profile of the first 
antibody are emphasized.

Binding assays in which enzyme conjugates replace conventional radio
active labels have the advantages of the relatively long shelf-life o f the conjugate, 
low running costs, lack of radiation hazards and potential for automation. An 
enzyme immunoassay (EIA) for plasma progesterone was therefore developed 
using a horseradish peroxidase (HRP) conjugate and Sepharose-coupled anti
serum [ 1 ]. The sensitivity [2] o f this EIA (200 pg) was low in comparison with 
that achieved by RIA (2 pg) using a dextran-coated charcoal (DCC) separation 
procedure. Although eminently suitable for routine monitoring of luteal phase

289
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TABLE I. ENZYME IMMUNOASSAY
Effect of varying molar incorporation ratios on sensitivity (solid phase)

RIA E2-6-0CM0-
HRP

E2-6-OCMO-
HRP

E2-6-OCMO-
HRP

Molar incorporation ratio - 11 2.6 2.2

Sensitivity (pg) 2 62 44 17

Mass of enzyme label (ng) - 20 20 20

TABLE II. ENZYME IMMUNOASSAY
Effect of bridge heterology on sensitivity (solid phase)

RIA HMS1 DMS2 HP3 HHHP4

Molar incorporation ratio 3.7 4.3 2.2 3.1
Sensitivity (pg) 2 105 89 90 179

Mass of enzyme label (ng) 20 20 100 100

1. HMS — Hemisuccinate bridge
2. DMS — Dimethylsuccinate
3. HP — Hemiphthaiate
4. HHHP — Hexahydrohemiphthalate

plasma samples, the EIA was not acceptable for progesterone determination in 
low-titre samples. Parallel studies with estradiol showed a similar lack of 
sensitivity, the lower limit o f sensitivity in this assay being 30-fold greater than 
that of the RIA (2 pg), (see Table I). EIA cannot therefore replace RIA for the 
routine assay o f steroids until a marked improvement in ‘sensitivity’ is achieved.

It was thought that sensitivity might be improved by better matching of 
the affinity of the label and steroid. The enzyme labels for progesterone 
(progesterone 1 la-hemisuccinyl-HRP) and estradiol (estradiol-6-O-carboxymethyl 
oxime-HRP), prepared using a mixed anhydride procedure, were modified by 
introducing different bridging groups. The bridging groups investigated were: 
dimethylsuccinate (DMS), hemiphthaiate (HP) and hexahydrohemiphthalate 
(HHHP). Unfortunately however the binding of these labels was so-low that 
a much larger mass o f label was required; there was consequently no improve
ment in sensitivity (Table II).
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In a further attempt to increase sensitivity the molar incorporation of  
steroid into HRP was investigated. The use o f conjugates with lower molar 
incorporation o f both progesterone and estradiol gave significant increases in 
sensitivity, the increase being 50% and 70% respectively. Despite this improve
ment the methods were still unsuitable for use with low-titre samples.

A preliminary note by Abraham [3] suggested that the characteristics of 
an antiserum depended on both the immunoglobulin population and the separa
tion procedure used. These results are in accord with our own observations in 
a cortisol RIA in which the change to a solid-phase separation procedure was 
associated with a reduction in sensitivity. It was therefore considered worth 
while to investigate the possibility o f replacing the solid-phase separation pro
cedure in the EIA by precipitation of the bound steroid with a second 
antibody.

The second antibody used was raised in sheep to a fraction precipitated 
from normal rabbit serum at pH 7 by ammonium sulphate. The antigen 
was mainly IgG, containing only trace amounts of IgM and IgA. This sheep 
anti-rabbit preparation was of proven value in the routine assay of polypeptide 
hormones at the Tenovus Institute. Initial data indicated that in steroid assays 
second antibody procedures were generally poor. Binding of label to second 
antibody serum alone was high and only very few o f the many antisera screened 
had a binding capacity approaching that observed in reference RIA procedures.

The presence in the second antibody serum of steroid binding proteins 
was first thought to be responsible not only for the high non-specific binding 
but also for the comparatively low binding seen in most second antibody assays. • 
Low apparent binding could well occur if the tritiated label was bound to 
second antibody proteins since it would not then be available to the first anti
body and would therefore not be precipitated by second antibody in the separa
tion procedure. Removal of possible binding proteins from second antibody 
serum by chromatography on an ion-exchange cellulose column met with limited 
success. Considerable improvement in the progesterone assay was observed, 
the percentage binding being increased to within 5% of that of the reference 
RIA procedure. However, the percentage binding in the estradiol assay remained 
considerably lower than that seen in the reference RIA. Low binding was 
therefore due to causes other than non-specific binding by second antibody 
proteins.

A second explanation for the low binding in second antibody assays could 
be that the first and second antibody populations are not matched. If antibodies 
raised to steroid conjugates in rabbits contained a significant proportion of 
IgA and IgM, then these antibody populations could bind the tritiated label but 
would not be precipitated by second antibody since this antibody population 
was raised mainly to an IgG antigen. Thus, antisera could have high binding 
in the DCC assay but not in the second antibody procedure. This possibility.
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could only be investigated using a testosterone RIA system since multiple 
bleeds from several animals were available only for testosterone but not for 
progesterone and estradiol. First, second and final bleed (I^ , B2 and BF) from 
one animal were fractionated at a fixed pH on a DEAE cellulose column using 
a concentration gradient [4]. Three fractions were obtained which were shown 
to be mainly IgG, IgA and IgM, respectively, by an Ouchterlony agar plate 
diffusion technique [5] using specific antisera to these rabbit immuno
globulins. The IgA fraction contributed significantly to the binding in all . 
bleeds tested, but showed only extremely faint precipitin arcs in the diffusion 
test with unpurified second antibody. In both latter bleeds (B2 + B F) significant 
binding was observed in the IgA and IgG fractions, but only the IgG fractions 
showed strong precipitin arcs on testing against second antibody. The IgG 
fractions o f both these bleeds when used in a second antibody assay had binding 
within 10% o f that achieved using DCC separation. It was therefore concluded 
that in separation procedures based on second antibody precipitation, matching 
of the second antibody to the immunoglobulin population o f the first antibody 
is mandatory. The progesterone and estradiol antisera known to be unsatis
factory in second antibody assays were tested by immunodiffusion. Most 
antisera tested showed no or only very faint precipitin arcs with unpurified 
sheep second antibody.

The possibility of improving the second antibody procedure by generating 
second antibody having affinity for a broad spectrum o f immunoglobulins was 
investigated. Steroid antisera from early and late bleeds were pooled and IgG,
IgA and IgM were precipitated by ammonium sulphate, after correct buffering 
to optimize precipitation of each immunoglobulin. The precipitates were 
combined and used in a pilot study to immunize a group o f guinea-pigs. Twelve 
days after the third set o f intradermal injections the guinea-pigs were 
exsanguinated.

In the gel diffusion test, all fractions from all three bleeds showed strong 
precipitin arcs for guinea-pig second antibody. When the guinea-pig second 
antibody was used in the assay, antisera showed binding within 5% of that 
seen in the DCC assay (F ig.l).

It was encouraging to find that the progesterone and estradiol antisera which 
gave no precipitin arcs with sheep second antibody all gave strong precipitin 
árcs when tested against guinea-pig second antibody. The sensitivity achieved 
with these antisera when the guinea-pig second antibody separation procedure 
was used was not significantly different from that o f  the reference RIA 
technique (Table III). Comparison of sensitivity in the EIA procedures for 
progesterone and estradiol using guinea-pig second antibody and solid-phase 
separation procedures shows that sensitivity in the solid-phase system is unsatis
factory, whereas that in the liquid-phase procedure showed a very close approxi
mation to that o f the reference RIA technique (Table III). Investigation of
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F IG .l. Titration o f  second antibody against estradiol antiserum ( R \B S 1 : 1 6  ООО j In itia ted  
estradiol.

TABLE III. COMPARISON OF SENSITIVITY DATA FROM 
RADIOIMMUNOASSAY AND ENZYME IMMUNOASSAY

Separation procedure
DCC(RIA)

EIA .

Steroid ^  ^ Sepharose AB 2
(Guinea-pig)

Estradiol (pg) 0.7 17 2.0

Progesterone (pg) 1.9 105 1.8

factors influencing the sensitivity o f EIAs would indicate that solid-phase 
separation procedures have limited sensitivity which restrict their use to assay 
of high-titre samples only. Liquid-phase separation procedures, when attention 
is given to correct matching of first and second antibody populations, have great 
potential. The lower limit o f  sensitivity achieved with progesterone (2.0 pg) 
and estradiol (1 .8 pg) is as good as that achieved by conventional RIA proce
dures. Provided that adequate supplies o f  matched second antibody can be
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raised in sheep, EIA could be used for assay o f steroid hormones in routine 
clinical chemical laboratories. These liquid-phase EIA techniques, which avoid 
radioactive contamination, and eliminate costly time-consuming counting 
procedures, have the added advantage o f being easily adapted to standardized 
high throughput equipment.
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DISCUSSION

O. von STETTEN: Was your double antibody assay a homologous or a 
heterologous system with regard to bridge groups in the immunogen and HRP- 
labelled steroid?

B.G. JOYCE: The assay selected was homologous with regard to bridge 
structures and to the sites o f conjugation.

0 . von STETTEN: Are you aware of van Weemen’s paper dealing with a 
dramatic increase in the sensitivity of an enzyme immunoassay for estrogens 
when a heterologous system was applied? Would you please comment on your 
contrasting findings?

V B.G. JOYCE: I am aware of van Weemen’s paper, and I also know that 
in some cases use of a heterologous assay might improve sensitivity. However,
I think I am correct in saying that many o f those systems tried by van Weemen 
lacked specificity due to the bridge heterology. The system I used was not 
heterologous with respect to the steroids but involved merely an alteration in 
the shape and size of the bridge itself.

A. BOSCH: In some cases the heterologous EIA system is more sensitive 
than the homologous system, but this is not a general rule.

H. MEINHOLD: May I ask a question regarding the sensitivity of enzyme 
immunoassays as compared to that of radioimmunoassays? Besides other 
factors, the sensitivity of a radioimmunoassay depends on tracer concentration, 
which is related to the specific radioactivity of the labelled antigen. Is it
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possible to define a ‘specific enzyme activity’ of an enzyme-labelled antigen 
which can be compared with the specific radioactivity o f a radioisotope-labelled 
antigen?

B.G. JOYCE: There is no way, as far as I know, of directly relating the 
specific activity o f a radioactive label with the enzyme activity o f the enzyme- 
labelled steroid. We do estimate the activity o f the enzyme both before and 
after conjugation to the steroid.

E. KUSS: Did you observe a decrease in the amount of specific IgM as 
compared with that o f specific IgG?

B.G. JOYCE: The proportions of IgA and IgG were roughly equal in the 
two latter bleeds, as determined by titre and antibody concentration for each 
fraction. There was a significant proportion of both IgA and IgM in the first 
bleed. The amount of IgM in the latter two bleeds used was fairly small, when 
compared with the levels o f IgA and IgG.
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Abstract

USE OF A CYTOCHEMICAL BIOASSAY FOR DETERMINATION OF THYROID 
STIMULATING HORMONE IN CLINICAL INVESTIGATION.

Recently a highly sensitive cytochemical bioassay (CBA) for the determination of 
human TSH has been developed. The authors could show that this assay is specific for TSH 
and measurements done on plasma of normal euthyroid persons agree very well with radio- 
immunological findings. Because of the extreme sensitivity of the CBA it was possible to detect 
low but measurable TSH levels in patients with primary hyperthyroidism that were not increased 
by TRH treatm ent before therapeutic treatment. After therapeutic treatment, TRH application 
was able to stimulate additional biologically active TSH release which, however, barely reached 
the lowest limit of detection by RIA. In certain pathological cases it was possible to detect 
elevated plasma TSH levels which were active immunologically but inactive biologically.

INTRODUCTION

Classical bioassays were not sensitive enough to determine TSH levels in 
plasma o f normal euthyroid persons. Only after the radioimmunoassay (RIA) 
had been developed could normal TSH levels be measured. However, even RIA 
is not sensitive enough to detect decreased plasma TSH levels like those found 
in patients with hyperthyroid Graves’ disease.

Recently, a highly sensitive cytochemical bioassay (CBA) for TSH has been 
developed (Bitensky et al. [ 1 ] ) which is based on the ability of TSH to stimulate 
colloid endocytosis o f thyroid follicle cells. The colloid vesicles fuse with lyso- 
somes, thus increasing the permeability o f the lysosomal membranes.

* This study was supported by the Deutsche Forschungsgemeinschaft.
** Research fellow of the Alexander-von-Humboldt Foundation.
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ASSAY PROCEDURES

Segments o f fresh guinea-pig thyroid-gland tissue are maintained for 5 h 
in Trowell’s T8 maintenance culture medium (Trowell [2] ) at pH 7.6 to remove 
the tissue from the endogeneous hormonal environment and to allow the cells 
to recover from the trauma o f excision. During this maintenance culture the 
lysosomal membranes in the thyroid follicle cells are being stabilized 
(Chayen et al. [3] ), The culture medium is then replaced by fresh medium 
containing graded concentrations of human TSH (MRC research standard A at 
1СГ4 to 10' 1 AiU/ml). Each thyroid segment is thus incubated for 7 min with 
one particular concentration of TSH. It has been shown that the membranes 
o f lysosomes in the thyroid follicle cells become more permeable under the 
influence o f TSH (Bitensky et al. [1]). The incubated thyroid segments are 
then shock-frozen in cold hexane at — 70°C. This method prevents ice-formation 
in the tissue (Chayen et al. [4] ). The chilled tissue is then mounted on a chilled 
metal chuck (see Chayen et al. [4] ) and sectioned at 10 jum with a cryostat 
microtome (Bright FS/CS/M/LT) at a cabinet temperature o f below -30°C and 
with the knife being cooled to -70°C by packing C 0 2 ice around the handle.
The sections are flash-dried onto warm slides (room temperature) which are 
incubated in a substrate solution at 37°C (see Chayen et al. [4] ). The substrate 
L-leucyl-ß-naphthylamide penetrates into the lysosomes where it is hydrolysed 
by intra-lysosomal naphthylamidases. The liberated naphthylamine is coupled 
to a diazonium compound (Fast Blue B) to produce a coloured precipitate. The 
colour reaction increases with the amount o f substrate that is able to enter the 
lysosomes. This step is dependent on the permeability of the lysosomal mem
branes and increases under the influence o f TSH. As the thyroid segments were 
exposed to graded (logarithmic) concentrations of TSH before being chilled, we 
can expect to get a standard curve showing graded intensities of colour precipitate. 
The amount of this precipitate can be measured in each cell by means of a 
scanning and integrating microdensitometer (Vickers M85).

SENSITIVITY OF THE CBA
/

A typical standard curve for the CBA is presented in Fig. 1 where it is compared 
with a typical RIA standard curve. The abscissa indicates the logarithmical 
arrangement of the TSH concentration in microunits (ß\J) o f MRC research 
standard A. Whereas the RIA standard curve can only register TSH values 
between approximately 0.1 and 20 jiU, the CBA standard curve can detect TSH 
values at a ten-thousand times lower concentration (range 10"‘ to 10'4 pU).

By using 100 //I of plasma, the TSH range of euthyroid persons is covered 
by the lightly dotted area on both standard curves. Levels below approximately
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FIG .l. Comparison o f  a typical cytochemical bioassay (CBA) standard curve with a typical 
radioimmunoassay (RIA) standard curve. Values are taken from Lemarchand-Béraud [5] (1), 
Petersen et al. [6,7], Döhler et al. [S] and this paper (2), and Petersen et al. [6, 7] (3).

1.0 juU TSH/ml plasma can barely be detected by RIA. This is different with the 
CBA. By using 100-д1 plasma samples, which are diluted 100-fold with TrowelPs 
T8 medium, it is not only possible to measure the whole range of euthyroid TSH 
levels (approximately 0.3 to 3.0 juU/ml; measured by Petersen et al. [7] and by 
us in this paper), but also the low levels.in hyperthyroid patients (Petersen et al.[7]; 
Döhler et al. [8] and this paper) and the even lower levels after T3-treatment for 
seven consecutive days (Petersen et al. [7] ). These values correspond to plasma 
TSH levels between 0.015 and 0.072 /uU/ml.

SPECIFICITY OF THE CBA

The specificity o f this assay is indicated in Fig.2. Plasma o f a normal 
euthyroid person was incubated with various concentrations of a specific anti
body to human TSH (Kabi). The TSH-antibody complex was precipitated by a 
double-antibody solid-phase method (Dasp from Organon) and the TSH remaining 
in the supernatant was determined. At an antibody dilution of 1: 50 000 — with
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FIG.2. TSH determination in human plasma by CBA after precipitation o f  TSH with 
different antibody concentrations.

reference to the total volume o f serum plus antibody — TSH was completely 
precipitated and was therefore undetectable in the supernatant. This indicates a 
high specificity of the CBA for measurement of human TSH in plasma.

SOME EXAMPLES FOR CLINICAL APPLICATION OF THE CBA

1. TRH-test in euthyroid patients

Plasma TSH levels were measured by CBA in euthyroid patients before 
treatment and 30 min after treatment with 200 ¡xg o f TRH. Basal plasma TSH 
levels increased 7- to 2 0 -  fold after TRH treatment (Table I). These values are
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TABLE I. TRH-TEST IN EUTHYROID PATIENTS

Patient

Plasma TSH (¿íU/ml)a

Before TRH treatment 30 min after treatment with 
200 jug TRH

и.о. 1.06 20.25

D.S. 1.20 8.5

D.A. 2.3 18.5

В.Р. 3.2 19.0

a Measured by CBA.

in good agreement with values measured by RIA and indicate that biological 
and immunological activities o f TRH-stimulated TSH are identical. Similar data 
have also been obtained by Petersen et al. [6,7] by use of the CBA.

2. TRH-test in patients with hyperthyroid Graves’ disease

Plasma o f patients with hyperthyroid Graves’ disease showed low, but 
detectable, biological TSH-like activity (Table II). As long-acting thyroid- 
stimulating hormone (LATS) activity can also be detected with the CBA, 
although not until after at least the first 10 min of incubation (Bitensky et al. [ 1 ], 
Petersen et al. [6,7] ), we wanted to check whether the detected low biological 
activity was due to TSH or already due to early acting LATS. As treatment of  
the plasma with a specific antibody to human TSH reduced the biological activity 
to undetectable levels (Table II), it became evident that the low biological activity 
measured with the CBA was indeed due to low concentrations of TSH in the 
plasma o f patients with hyperthyroid Graves’ disease. After TRH treatment, 
biologically active TSH remained low in the plasma o f these patients (Table II), 
thus confirming data obtained by RIA.

3. TRH-test in hyperthyroid Graves’ disease after therapeutic treatment

Two patients with primary hyperthyroidism were subjected to a TRH-test, 
one (E.L.) 2 years after thyroidectomy, the other (W.K.) 4 years after radioiodine 
therapy. Basal plasma TSH levels were low but measurable with the CBA. After
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TABLE II. TRH-TEST IN PATIENTS WITH HYPERTHYROID 
GRAVES’ DISEASE

Plasma TSH (/LtU/ml) a

Patient Before TRH 
treatment

30 min after 
treatment with 
200 Aig TRH

Plasma treated with 
TSH antibody b

M.B. 0.11 0.10 Undetectable

A.D. 0.14 0.14 Undetectable

A.R. 0.19 0.15 Undetectable

a Measured by CBA.
k Plasma treated in vitro with antibody to human TSH at a dilution of 1 : 50 000.

TABLE III. TRH-TEST IN TWO HYPERTHYROID PATIENTS AFTER 
THERAPEUTIC TREATMENT a

Plasma TSH (MU/ml)b

Patient Before TRH treatment 30 min after treatment with 
200 ßg TRH

E.L. 0.28 1.25

W.K. 0.18 1.80

a See text for further details, 
b Measured by CBA.

TRH treatment, plasma TSH levels increased 5- to 10-fold (Table III). Measure
ments which had been done by RIA were unable to detect this rise in either case 
as the plasma TSH levels o f these two patients were below, or just barely at, the 
lowest limit o f detection by RIA. These data indicate that after therapeutic treat
ment, patients with originally primary hyperthyroidism may respond to TRH 
treatment with biologically active TSH release. This release, however, may be 
too small to reach concentrations which can be detected easily by RIA.
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4. TRH-test in patients with “euthyroid goitre”

It has been shown that approximately 10 to 15% of clinically euthyroid 
patients with goitre do not respond to TRH injection with TSH release as 
measured by RIA (Hesch et al. [9] ). By use o f the CBA it was clarified recently 
that this lack in response was not due to inadequate sensitivity o f the TSH-RIA 
system (von zur Mühlen et al. [10]). Ten patients with goitre and negative TRH- 
test (by RIA) were used for this study after hyperthyroidism due to either 
Graves’ disease or autonomous adenoma had been excluded by means of radio
iodine uptake study, scintigraphy and by determination of T3 and T4 . Basal 
plasma TSH levels (range from 0.11 to 0.34 /xU/ml) were lower than in healthy 
euthyroid persons (range 0.3 to 3 ди/ml, measured by CBA). After TRH injec
tion, no increase in plasma TSH levels (range 0.1 to 0.33 /uU/ml) could be 
demonstrated by use of the CBA. Therefore, in the presence of diminished 
plasma TSH levels, but normal levels o f thyroid hormones, a certain degree of  
thyroid gland automony and of pituitary or hypothalamic receptor defects or 
both has to be considered.

5. Dissociation o f biological and immunological activity o f TSH
in human plasma

Two patients with normal plasma thyroid hormone levels and with no signs 
of thyroid autoimmune antibodies or pituitary tumour showed elevation of basal 
plasma TSH levels when determined by RIA. A further increase in immunologically 
active TSH was measured after TRH injection. Determination o f biologically 
active TSH by means o f the CBA, however, revealed low basal levels of TSH in 
the plasma, with no increase in concentration after TRH stimulation (Table IV). 
Although the clinical relevance of these data cannot yet be determined with 
sufficient satisfaction, the advantage of the use of a highly sensitive bioassay for 
hormone determination becomes quite obvious.

CONCLUSION

The need for more sensitive assays for the measurement of TSH has already 
been discussed by Hall [11]. Neither the more recent bioassays nor RIA are 
sensitive enough to detect sub-normal circulating TSH levels in man. Recently 
developed cytochemical bioassays (Chayen et al. [12]) show promising advances 
also in regard to determination of plasma TSH (Bitensky et al. [ 1 ] ). The great 
advantages of the CBA for TSH are the high sensitivity and the fact that 
the true biological activities are measured. Furthermore, we have shown 
that under the described assay procedures (see also Chayen et al. [3,12],
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TABLE IV. DISSOCIATION OF BIOLOGICAL AND IMMUNOLOGICAL 
ACTIVITY OF TSH IN HUMAN PLASMA

TSH (AlU/ml)

Patient Date of
blood sampling

Before TRH treatment
30 min after treatment 
with 200 ßg TRH

RIA a CBAa RIA CBA

G.H. 4.5.
i

90 0.28 120 0.32

• 24.6. 81 0.15 125 0.27

G.M. 4.5. 66 0.13 101 0.12

17.5. 54 0.19 82 0.22

18.6 35 0.14 51 0.14

a The same reference standard (MRC research standard A) was used for RIA and for CBA.

Bitensky et al. [1,13]) the assay is highly specific for TSH. We and others 
(Petersen et al. [6, 7] ) found good agreement between data measured 
by RIA and by CBA in normal euthyroid subjects, which includes TSH levels 
before and after TRH stimulation. Low, but measurable, TSH levels were detected 
in patients with primary hyperthyroidism; these levels were not increased by TRH 
treatment before the therapeutic treatment. After therapeutic treatment, TRH 
application was able to stimulate additional biologically active TSH release which, 
however, barely reached the lowest limit o f detection by RIA. In certain patho
logical cases we were able to detect elevated plasma TSH levels which were active 
immunologically but inactive biologically.

At present the CBA for TSH is not advanced enough to be used for clinical 
routine. The technical procedures are still very laborious and time-consuming, 
and the throughput of samples is very low. However, advances have been made 
recently in the development of this assay as a section assay (Gilbert et al. [ 14]) 
which exists already for the measurement of ACTH (Alaghband-Zadeh et al.[ 15]); 
this would allow a much greater throughput o f samples.
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DISCUSSION

R.P. EKINS: I should like to make the fundamental point that a cyto- 
chemical assay represents essentially an ‘enzyme-labelled’ receptor assay in which 
the receptor concentration is greatly in excess of the hormone to be measured. 
The very high sensitivity observed in the cytochemical method which you have
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described in detail confirms the basic point I wish to make regarding assay sensi
tivities. I likewise believe that the sensitivity achieved by cytochemical assays 
is also achievable by labelled antibody methods with much less experimental 
effort, and at much less cost.

L.WIDE: Have you had a chance to apply the cytochemical assay to highly 
purified TSH preparations and to compare the results with those of other bioassays 
or RIA?

K.-D. DÖHLER: In collaboration with Erhardt and Scriba (see F.W. Erhardt 
and P.C. Scriba, Acta Endocrinol. 85 (1977) 698 and F.W. Erhardt and 
T. Hashimoto, Acta Endocrinol., Suppl. 208 (1977) 1) we measured various 
human pituitary TSH fractions after purification with Sephadex G-200. The 
data obtained by CBA correlated very well with those obtained by RIA. In the 
same study we also measured purified “big TSH” from human pituitaries. There 
was again good agreement between the data obtained by CBA and those yielded 
by RIA.

W.D. ODELL: I am puzzled by the different normal values for TSH obtained 
by cytochemical assay and radioimmunoassay shown in Fig. 1. Assuming that the 
same reference preparation was used in both assays (HTSH Ref. Prep. A), this 
suggests something in the plasma sample reacts in the radioimmunoassay but not 
in the cytochemical assay. Would you please comment on the differences in 
normal ranges in the two assay techniques?

K.-D. DÖHLER: Let me first explain that although we used identical volumes 
o f plasma in the two assay systems indicated in Fig. 1, we have to multiply all 
values read off the CBA standard curve by a factor 10 times higher than in RIA, 
owing to the different dilutions performed. But you certainly have a point. The 
range of normal values obtained by CBA is approximately between 0.3 and
3.0 /Ш TSH/ml plasma. In RIA it is somewhere between 0.8 and 8.0 /uU/ml.
The discrepancy is due to the fact that CBA readily measures the whole range of  
the normal distribution of TSH values, whereas RIA is unable to measure the lower 
end o f this normal distribution. In the case of elevated TSH levels (as after TRH 
stimulation), both assay systems are able to measure the whole range of the 
distribution and the mean values are readily comparable.

Ph. De NAYER: Do you have information on the effects o f TSH on the 
lysosomal membrane? Since this is the basis o f your assay, it could be important. 
In addition, could you please say something about specificity?

K.-D. DÖHLER: Bitensky et al. (Clin. Endocrinol. 3 (1974) 363) have 
described the effect of TSH on lysosomal membranes. The same effect — induc
tion o f permeability — is exerted by an acidic medium. Therefore, it is extremely 
important to keep the pH values constant for all segments. Long-acting thyroid 
stimulator (LATS) also induces permeability of lysosomal membranes. However, 
whereas the maximum of lysosomal membrane response to TSH is obtained after 
7 min o f incubation, this response to LATS begins to appear only after 10 min
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and reaches a maximum at about 30 min (Petersen et al., J. Clin. Endocrinol. 
Metab. 41 (1975) 199). Therefore, if the incubation time is restricted to 7 min, 
there will be no danger of LATS interference.

B.C. NISULA: We have found that the thyrotropin radioimmunoassay 
using agarose-bound concanavalin-A to concentrate serum thyrotropin results 
in useful discrimination of the thyrotropin levels of normal subjects from those 
of patients with hyperthyroidism due to Graves’ disease, multinodular goitre or 
exogenous hormone abuse. In the cytochemical bioassay, do the levels observed 
in hyperthyroid patients with Graves’ disease differ from those seen in patients 
with toxic multinodular goitre? If thyroid stimulating immunoglobulins are not 
active in the cytochemical bioassay as performed by you, how do you explain 
the difference between the thyrotropin levels detected in the cytochemical 
bioassay in the sera of T3 -treated patients and those of patients with endogenous 
hyperthyroidism?

K.-D. DÖHLER: We measured TSH levels in patients with euthyroid goitre 
who did not respond to TRH stimulation (see von zur Mühlen, A. et al., Acta 
Endocrinol., Suppl. 208 (1977) 110) but did not measure TSH in patients 
with euthyroid goitre who showed a response to TRH. The TSH levels were 
definitely lower than in normal euthyroid persons, but were somewhat higher 
than in patients with Graves’ disease.

As regards your second question, I can only speculate that the fact that 
plasma TSH levels in T3 -suppressed persons were lower than in patients with 
hyperthyroidism was possibly due to higher circulating T3-levels after the severe 
treatment with 120 /igT3/day for 7 days (Petersen et al., J. Clin. Endocrinol. 
Metab. 41 (1975) 199). This possibility was not checked by those authors.
They could show, however, that the higher biological TSH activity in Graves’ 
disease was definitely not due to the action o f thyroid stimulating immunoglobins. 
They separated the TSH fraction (4S) in such plasma from the LATS fraction (7S) 
by chromatography on Sephadex G-200. The 4S fraction gave a response charac
teristic o f TSH with a peak effect at 7 min incubation time. The 7S fraction 
showed no response at 7 min but gave a peak effect at 30 min. That means the 
effects of TSH and LATS in the plasma o f patients with Graves’ disease were 
readily distinguishable.
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Abstract

A DIRECT RADIORECEPTOR ASSAY FOR HUMAN GROWTH HORMONE IN SERUM 
USING CULTURED HUMAN LYMPHOCYTES.

Lesniak and co-workers have developed a radioreceptor assay (RRA) for hGH by using 
cultured human lymphocytes containing binding sites highly specific for hGH only. Because 
of the relatively low affinity constant of the receptors for hGH, the experimental sensitivity of 
the RRA (3.5 ng/ml) was distinctly better than that of the RIA (0.5 ng/ml) used. This imposes 
limitations on the use of the assay when hGH is to be measured in serum from normal 
individuals — particularly in pediatrics. When, for reasons of sensitivity, relatively large amounts 
of serum (0.1 ml = 15.4%) are added to the incubate, “ unspecific displacement” of labelled 
hGH occurs. This unspecific displacement could not be avoided completely by modifications 
of the assay conditions. Experimentally, we were able to show that sera taken at different time 
intervals from patients without measurable hGH (RIA) exhibit a constant unspecific displace
ment. Furthermore, standard curves run with different hGH-free (RIA) sera were parallel.
Thus, if a series of samples from the same individual were available in which one contained 
hGH (RIA) below the sensitivity threshold of the RRA, the unspecific displacement could be 
estimated. Also, for each set of samples, an individual standard curve could be constructed 
whose slope would be given by the measured standard curve. With this approach, immuno
assay able and receptorassayable hGH concentrations were compared in 154 samples from 
children. The overall RRA/RIA ratio (0.76) was below unity (p < 0 .05); after injection of 
hGH the ratio was indistinguishable from unity.

I. INTRODUCTION

Binding o f peptide hormones to cell membrane receptors depends on the 
potency o f the hormone, as determined by bioassay procedures. Radioreceptor 
assays (RRA) can therefore serve as a means to determine the biological rather 
than the immunological activity o f a hormone [ 1 ]. By now several RRA for 
human growth hormone (hGH) have been developed differing in the type of 
receptor material used [2 -6 ] . Since liver appears to be the appropriate target 
organ for growth homone (GH) and since liver from humans is hardly available,

1 This work was supported by the Deutsche Forschungsgemeinschaft Bi 7 7 /1 1.
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many systems were developed with receptor material from rodent liver [3—5]. 
This material appears to be unsuitable for determining hGH because the specific 
receptors bind lactogenic hormone as well as growth hormone [4, 7].

Lesniak et al. [2] have developed a RRA using a line o f cultured human 
lymphocytes containing binding sites highly specific for hGH only. On grounds 
of specificity and ease of availability o f receptor material compared with other 
human tissues, this system appeared favourable for use in hGH determinations. 
Since growth problems occur in children from whom only small amounts of 
serum (plasma) can be obtained, it was attempted to develop a system suitable for 
direct determinations on serum to allow a comparison to be made between 
immunoassayable and receptorassayable activity o f  circulating hGH in various 
physiological and pathological states.

II. MATERIAL AND METHODS 

Labelling of hGH

The hGH (HS 2002) was labelled with Na K5I ( The Radiochemical Centre) 
according to a modification of the Chloramine-T method o f Hunter and 
Greenwood [5, 8]. The average specific activity was 120 ¿¿Ci/jug. Repurification 
of the labelled hGH was achieved by gel filtration on a Sephadex G-75 column 
(1 cm X 43 cm) each week, enabling the material to be used for up to 4 weeks 
after labelling.

Radioimmunoassay (RIA) for hGH

The RIA for hGH was a conventional double-antibody assay with delayed 
addition of tracer. The materials used (except the 125I-hGH) were commercially 
available. The first antibody was purchased from Serono/FRG (code 2706, 
lot 80—1, guinea-pig). The sensitivity and intra- and inter-assay variabilities are 
given in Table I. For the RIA as well as for the RRA, hGH Serono/FRG 
(code 4703, lot E 326—3, 2 IU/mg) was used as the standard. This material was 
found to have the same potency as the hGH used for labelling when it was tested 
by the RIA and the first-published version o f the RRA [2].

Radioreceptor assay (RRA) for hGH

Human lymphocytes (IM-9 line) with favourable binding characteristics for 
hGH were cultured in RPMI 1640 medium enriched with foetal calf serum and 
appropriate amounts o f  antibiotics. The cells were a gift from Dr. Lesniak (NIH). 
The cells were harvested by centrifuging them (500 X g, 5 min) at the late
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TABLE I. SPECIFICATIONS OF RIA AND RRA FOR hGH

RIA (n = 9) RRA (n = 5)

Sensitivity
(ng/ml) 0.5 3.5

Intra-assay (at 4.5 ng/ml) 5.3 (at 6.25 ng/ml) 3.9
variability
(CV in per cent) (at 25 ng/ml) 2.7 (at 50 ng/ml) 4.3

Inter-assay (at 4.5 ng/ml) 10.2 (at 6.25 ng/ml) 14.6
variability
(CV in per cent) (at 25 ng/ml) 15.1 (at 50 ng/ml) 18.8

logarithmic phase o f cell growth when cell densities o f approx. 1—2 X 106 cells/ml 
were reached. Viability o f the cells was tested by exclusion o f 0.4% Trypan blue. 
Only cell preparations with a viability above 95% were used. Cell concentrations 
o f 107/ml and more were used per incubation tube. The cell suspension and all 
dilutions were made in a complex Tris-HCl buffer (pH7.35) o f composition 
50 mM Tris-HCl, 120 mM NaCl, 5 mM KCl, 1.2 mM MgS04 ,1 mM EDTA,
10 mM dextrose, 15 mM Na acetate and 0.5 bovine serum albumin. The increase 
of the Tris-HCl strength from 25 mM [2] to 50 mM minimized the pH variations 
after the introduction of serum into the incubate. The incubation mixture 
consisted o f 0.4 ml of cell suspension, 0.1 ml o f  serum and 0.1 ml o f 125I-hGH 
containing approx. 1 ng/ml o f hGH and 0.05 ml o f unlabelled hGH. At the end 
of the incubátion period, 0.5 ml o f the mixture was transferred on to 2 ml o f  cold 
(4°C) buffer, and the cells were immediately sedimented by centrifugation 
(1500 X g, 5 min). After decanting the supernatant, the activity bound to the 
pellet was counted. The assay procedure is schematically illustrated in Fig.l.
The sensitivity and intra- and interassay variabilities are given in Table I.

Considerations for the use of serum in the RRA

Typical examples o f displacement curves o f the RIA and the RRA are shown 
in Fig.2. As illustrated in Table I, both RIA and RRA showed very similar intra- 
and interassay variabilities. However, the limit o f  sensitivity o f the RRA was
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RRA-hGH: IM-9 CELLS

1. GROWTH IN RPM I1640 * 10%FCS

3. ASSAY: Tris Buff. pH 735; 106 CELLS/0.65ml

125IhGH: Ing/ml 

PLASMA: 0.1ml 
20°C-, 20 hours

4. SEPARATE BOUND and FREE: 2500g.5min

5. COUNT PELLET

FIG.l. Schematic diagram o f  the R RA procedure for hGH using cultured human lymphocytes 
(IM-9).

05  1 3 10 25 60

hGH (ng/ml)

FIG.2. Typical examples o f  displacement curves o f  the RIA (oj and R R A  (*) for hGH.
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substantially higher. The sensitivity of the RRA can be altered by modifying the 
assay conditions, but is essentially limited by the low affinity constant (K) o f the 
one class o f  binding sites present at the surface o f  the cells (K = 1 X 109 mol/1) [2,9]. 
The fact that the least detectable dose o f hGH found experimentally was quite 
high imposed limitations on the use of the assay and led to the introduction of 
large amounts o f  sera into the system when GH concentrations were expected to 
fall within the physiological range. When serum (plasma) was introduced, even 
if hGH (RIA) was found to be absent, all points o f a displacement curve fell 
below those o f  a serum-free system. This effect of the serum, which for reasons of 
brevity will be called “unspecific displacement” , was found to be consistent, but 
unpredictable in magnitude. An analysis o f a series o f standard curves derived with 
different GH-free (RIA) sera (n = 9) revealed parallelism of the curves after logit 
transformation of the response (p < 0.01).

In another series o f  experiments with sera from patients with hypopituarism 
in which no hGH could be detected by RIA (10 patients, 50 samples), it was 
found that the unspecific displacement remained constant (p < 0 .0 5 ) for each 
patient when sera were drawn at different times over a period of several hours. If 
one assumes that these findings justify generalizations, then the following conclu
sions can be drawn: When the “unspecific displacement” of a given sample is 
known, an individual standard curve for this sample can be constructed whose 
slope is given by the measured standard curve with GH-free (RIA) serum. The 
unknown starting point of this individual standard curve — B0 — (which 
expresses the “unspecific displacement” for a series of samples from the same 
patient) can be read from those samples in a series which contain hGH concen
trations far beyond the sensitivity threshold of the RRA based on RIA determina
tions (Fig.3).

Comparison of RIA and RRA concentrations o f hGH in sera

With the assay conditions outlined,the determination of each sample in 
triplicate and the determination o f the unspecific binding for each sample by 
addition o f excess (2 /ug/tube) hGH, both RIA and RRA required a total o f only
0.75 ml o f serum, an amount easily available also from small children. We have 
tested this approach by comparing immunoassayable and receptorassayable hGH 
concentrations in 154 samples from children. Forty-six samples were from 
GH-deficient children who had received 4 IU o f hGH (Kabi A/S) i.m. and the 
other samples from patients whose nocturnal GH secretion was observed. There 
was a good positive correlation between the RIA and RRA values (r = 0.81, 
p < 0 .0 1 ), see Fig.4. ■ The regression line had a slope o f 0.76, significantly (p < 0 .0 5 )  
below unity. The RRA/RIA ratio (1.16) in samples obtained after GH injection 
was indistinguishable from unity, whereas the ratio after spontaneous GH secretion 
(0.74) was significantly (p < 0 .0 1 ) below unity (Fig.4).
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FIG.4. RIA and R R A  measurements o f  hGH in 154 samples taken from  children. The dotted  
line is the line o f  identity. R R A /R IA  = 0.76 (p < 0.05) for all samples.

III. DISCUSSION л

The RRA using cultured human lymphocytes (IM-9) is highly specific for 
hGH. It is handy and reproducible, with good precision and specifications 
expected from a feasible laboratory technique. Because o f  the low affinity o f  the 
receptors for GH, which is observed in all preparations known at present [2—4 , 6,7] 
and imposes limitations on the sensitivity o f  the assay, it has been particularly 
used for measurements on sera from acromegalics [10]. When limitations in 
sensitivity have led to the introduction o f relatively large amounts of serum into 
the assay system, a reduction in GH binding has been noted [10] even if  GH could 
not be detected in the sample by RIA and even if the absence o f  GH could be 
assumed with a high degree o f certainty, as after hypophysectomy. This effect, 
which we have termed “unspecific displacement” , may be caused by a variety o f  
serum factors such as non-hormonal peptides and ions not directly interacting 
with the receptors for hGH. However, it remains unproven as to whether some 
factors are interacting directly with the sites, so the term “unspecific” remains in 
question. The approach to the problem offered here is based on experimental 
evidence that standard curves constructed in the presence and absence o f serum
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are parallel. Isolated results o f experiments in which GH-containing sera were 
measured at different dilutions and where standard GH was added at different 
concentrations indicate that there may not always be such parallelism. In the 
samples obtained after spontaneous GH release there was a small but significant 
increase in the immunoreactive over receptoractive hGH concentrations, whereas 
in samples obtained after hGH injection the RRA/RIA ratio was indistinguishable 
from unity. The results for samples containing secreted hGH thus resemble those 
for acromegalics [10]. This indicates that circulating hGH is also heterogeneous 
in normals. Therefore, cases where the two types o f  assay show marked differences 
indicate the need to repeat the RRA after the removal o f  non-hormonal serum 
elements, e.g. by gel filtration [11, 12]. The approach outlined can thus serve as a 
means to screen serum samples from patients with growth disorders in order to 
evaluate whether altered GH activities that are not recognizable by RIA alone 
are the underlying cause. This would open the door for a wider clinical application 
o f the new RRA technique.
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DISCUSSION

W.D. ODELL: It is o f course possible that there is a substance present in the 
plasma of hypophysectomized patients which reacts in the RRA but not in RIA -  
a substance not known at present.

I would offer a word o f caution. Some of what we term receptors may not 
be receptors but binding sites for other systems, for example degradative enzyme 
systems. Particularly, low-affinity sites should be viewed with caution.

H.-J. QUABBE: Have you compared results from two different RRAs for 
the plasma sample, e.g. one using lymphocytes and one using liver (all membranes)? 
Or do you know of such comparisons made by others?

B.M. RANKE: I did not do such experiments, nor am I aware o f such 
investigations in the literature. However, there are investigations comparing RIA 
and RRA with different types of antibodies showing differences in the RIA/RRA 
relationship.

W.D. ODELL: I can offer one example of discrepancies within or between 
two ‘receptor’ or binding-site assays. Dr. Heber and I used binding assays for 
gonadotropin releasing hormone. There is a high-affinity site in the pituitary and 
the hypothalamus (109 —1010) and a low-affinity site in the liver (10s ). In binding- 
site assays a great difference exists in the G—RH analogue reaction when each is 
studied in the two ‘receptor’ assays.

D. RODBARD: Your studies represent an ingenious approach to improving 
the sensitivity o f a radioligand assay, especially in the presence of serum effects on 
the B0 and/or non-specific counts. The ultimate validation of this approach 
remains difficult in the absence of any independent approach for measurement of 
receptor-active material. Is there any cross-reactivity with prolactin in this system? 
Also, to what extent does delayed addition of labelled ligand improve the sensitivity?
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В.M. RANKE: Prolactin does not interfere with the assay. In reply to your 
second question, we adopted several approaches to overcome the problem by 
altering the assay conditions, including ia te  addition’ of tracer. This enabled the 
sensitivity to be reduced by about one half. However, with this approach we 
had difficulties in obtaining the same inter-assay variability. So we felt that 
‘late addition’ did not essentially improve the system.
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Abstract-Résumé

COMPARISON BETWEEN A RADIOIMMUNOASSAY AND A RADIORECEPTOR ASSAY 
FOR THYROTROPH IN-RELEASING HORMONE (TRH).

Two techniques for the assay of TRH, a radioimmunoassay (RIA) and a radioreceptor 
assay (RRA) were compared for sensitivity, specificity and the absolute values of TRH to 
which they lead. The radioimmunoassay of TRH was carried out with an antiserum obtained 
in the laboratory and having an affinity of the order of 1.3 X 10~9 M. The radioreceptor 
assay uses a cultured antehypophysis strain (clone GH3); these cells have binding sites with 
a pronounced affinity for TRH (Km : 4 X 10-9 M); the latter stimulates the release of 
prolactin into the culture medium. The radioimmunoassay sensitivity (4 pg) is 50 times 
higher than that of the radioreceptor (200 pg). None of the hypothalamus hormones tested 
show any interference in the two techniques and neither do the TRH degradation products.
On the other hand, methylated analogues of TRH, especially the compound [NT-Me-His]-TRH, 
can be recognized to varying degrees by the antiserum as well as by the GH3 cell receptors.
The measurement of biological samples by each of these assay methods leads to comparable 
absolute values, provided that partial purification has been carried out beforehand. The two 
techniques are therefore complementary: although the radioimmunoassay is more sensitive, 
the radioreceptor assay can be used for correlating the binding of a substance on antehypophysis 
receptors with its biological activity on the release of prolactin.

COMPARAISON ENTRE UN DOSAGE RADIOIMMUNOLOGIQUE ET UN DOSAGE PAR 
RADIORECEPTEUR DE LA THYREOLIBERINE (TRH).

Deux techniques de dosage de la thyréolibérine (TRH): un dosage radioimmunologique 
(RIA) et un dosage par radiorécepteur (RRA), ont été comparés pour leur sensibilité, leur 
spécificité et les valeurs absolues de TRH auxquelles elles conduisent. Le dosage radioipimuno- 
logique du TRH utilisé par les auteurs a été mis au point avec un antisérum obtenu au labora
toire, dont l’affinité est de l’ordre de 1,3 X 10-9 M. Le dosage par radiorécepteur utilise une 
lignée antéhypophysaire maintenue en culture (clone GH3); ces cellules possèdent des sites 
de liaison à haute affinité pour le TRH (Km : 4 X 10~9 M); ce dernier stimule la libération 
de prolactine dans le milieu de culture. La sensibilité du dosage radioimmunologique (4 pg) 
est 50 fois plus élevée que celle du radiorécepteur (200 pg). Aucune des hormones hypo- 
thalamiques testées, non plus que les produits de dégradation du TRH, ne présentent d ’inter
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férence dans les deux techniques. Par contre, des. analogues méthylés du TRH, en particulier 
le composé [NT-Me-His]-TRH, sont reconnus à des degrés divers par l’antisérum aussi bien 
que par les récepteurs des cellules GH3. La mesure d’échantillons biologiques par chacun de 
ces dosages conduit à des valeurs absolues comparables, à condition qu’on ait préalablement 
effectué une purification partielle. Ces deux techniques sont donc complémentaires: si le 
dosage radioimmunologique est plus sensible, le dosage par radiorécepteur permet de corréler 
la liaison d’une substance sur des récepteurs antéhypophysaires avec son activité biologique 
sur la libération de prolactine.

INTRODUCTION

Le dosage d’une neurohormone hypothalamique comme le TRH 
(<  Glu-His-Pro-NH2 ) requiert une technique à la fois sensible puisqu’on le 
détecte en très faibles quantités dans certains échantillons biologiques, et 
évidemment très spécifique car la dégradation rapide de cette hormone in vivo 
conduit à des peptides de structure très voisine. L’obtention d’un antisérum 
pour la mise au point d’un radioimmunodosage (RIA) nécessite le couplage du 
tripeptide à une protéine porteuse. Dans ce type de dosage, on risque alors de 
mesurer une population hétérogène de déterminants antigéniques dont certains 
peuvent être sans rapport avec l’haptène. Par contre, l’utilisation de récepteurs 
biologiques à haute affinité assure la spécificité du dosage par radiorécepteur 
(RRA). Nous avons précédemment décrit un tel dosage pour le TRH [1 ], qui 
utilise une lignée antéhypophysaire maintenue en culture (clone GH3) [2]; ces 
cellules possèdent des sites de liaison à haute affinité pour le TRH 
(Km = 4  X 10-9 M) [3].

Dans beaucoup de dosages hormonaux décrits à ce jour, les mesures faites 
par l’une ou l’autre de ces techniques conduisent à des valeurs absolues diffé
rentes; le radioimmunodosage surestime les teneurs en hormone somatotrope [4], 
folliculostimulante [5] et en insuline [6] par rapport au dosage par radiorécep
teur; c’est l’inverse pour l’hormone lutéinisante [7 ,8] et l’hormone chorionique 
gonadotrope [9]. Il paraissait donc intéressant de comparer pour une petite 
molécule comme le TRH un dosage très sensible (RIA) avec une technique 
connue pour sa spécificité, le RRA.

MATERIEL ET METHODES 

Dosage radioimmunologique

Le dosage a été couplé par la benzidine bis-diazotée, selon la technique de 
Bassiri et Utiger [10], à une protéine végétale, de poids moléculaire 100 000: 
la protéine de la graine de tournesol, préparée par les docteurs Mossé et 
Baudet [11] (Versailles).



IAEA-SM-220/73 321

Les antisérums, obtenus chez le lapin, ont été chauffés à 56°C pendant 
20 minutes pour inactiver les peptidases dégradant le TRH.

Le traceur radioactif utilisé est le 3H-TRH préparé par le docteur Levine-Pinto 
à Saclay (laboratoire du docteur Fromageot); son activité spécifique est de 
60 Ci/mM et sa pureté de près de 100% [12].

L’antisérum (1/22 000 final) est incubé 24 heures à 4°C en tampon phosphate 
isotonique pH 7,0, en présence de 50 pg de 3H-TRH et soit de TRH de synthèse 
(UCB Bioproducts, Bruxelles), soit d’une aliquote de l’échantillon à doser. La 
précipitation du complexe antigène-anticorps se fait par l’addition de polyéthylène- 
glycol 6000 (Merck) à 20% final en présence de 0,05% de 7 -globulines bovines 
(Miles Laboratories). Le précipité est redissous dans l’eau et sa radioactivité est 
comptée en milieu toluène-triton, après digestion par du NCS Tissue Solubilizer 
(Amersham, Searle).

Dosage par radiorécepteur

Ce dosage utilise les récepteurs à haute affinité d’un clone de cellules 
antéhypophysaires maintenues en culture, les cellules GH3 [13]. Les cellules 
attachées à leur boîte de culture sont incubées en milieu Ham F 10, 30 minutes 
à 37°C, en présence de 200 pg de 3H-TRH et de TRH non radioactif. Après 
lavages à froid, les cellules sont grattées dans l’eau, soumises à une désintégration 
ultrasonique et leur radioactivité est déterminée comme décrit dans le cas du 
RIA.

Purification des échantillons biologiques

Les tissus à doser sont prélevés dans du méthanol acide pour arrêter toute 
dégradation du TRH, homogénéisés au polytron, puis soumis aux ultrasons. Les 
échantillons sont évaporés, remis en solution dans du méthanol à 90% dans l’eau 
et réévaporés (étape 1). Le résidu est resuspendu dans de l’eau, centrifugé et 
lyophilisé (étape 2).

Le matériel obtenu soit après l’étape 1, soit après l’étape 2 est mis en solu->
tion dans du Ham F 10 ou dans le tampon utilisé pour le radioimmunodosage.

Origine des produits utilisés

Les produits suivants ont été utilisés: sérums et milieux pour la culture 
cellulaire: Eurobio; LH-RH : R.O. Studer (Bâle); analogues du TRH: Bachem; 
somatostatine: Pr. A.V. Schally (New Orleans, USA); lysine-vasopressine:
Sandoz.
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Dosage radioimmunologique

L’affinité de l’antisérum anti-TRH, qu’elle soit mesurée par liaison directe 
de quantités croissantes de 3H-TRH ou par déplacement du 3H-TRH par du 
TRH de synthèse, est de l’ordre de 1,3 X IO-9 M.

TRH ( p g / t u b e )

FIG .l. Dosage radioimmunologique du TRH.
L ’antisérum (1/22 000) est incubé en présence de 50 pg de 3H-TRH (B/T: 26%) et de 

quantités croissantes de TRH de synthèse. Chaque point représente la moyenne de trois 
déterminations ± erreur standard.

A. Représentation semi-logarithmique.
B0 = 5600 dpm 3H-TRH liés en l ’absence de TRH de synthèse. La deuxième courbe montre 
le déplacement provoqué par des quantités croissantes d ’un extrait hypothalamique.
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TRH ( pg /  tube )

B. Transformation log-logit de la courbe précédente. Le logit du pourcentage de 
liaison du 3H-TRH sur l ’antisérum est représenté en fonction du logarithme de la concentration 
en TRH. La teneur en TRH peut être estimée par régression linéaire simple entre 20% et 80% 
de déplacement, à condition que la courbe standard comporte huit doses et que chaque point 
soit fait au moins en doublet [ i 9 ].

La sensibilité de la courbe de référence (fig .l) est d’environ 4 pg et il faut 
60 pg de TRH pour provoquer un déplacement de 50%. La représentation 
log-logit [14] de la courbe de référence conduit à une droite entre 20 et 80% 
de liaison. Le coefficient de variation (écart-type divisé par la moyenne) est de 
4,5% à l’intérieur d’une expérience et de 4% d’une expérience à l’autre autour 
de 50% de déplacement.

La spécificité de cet antisérum a été testée vis-à-vis d’hormones ou 
d’analogues à des doses allant de 10 pg à 100 ng (tableau I). Aucune des 
hormones (LH-RH, somatostatine, lysine, vasopressine) ni des produits de 
dégradation du TRH, même aux fortes doses, ne déplacent le 3H-TRH de ses 
anticorps. Néanmoins, les analogues méthylés interfèrent avec le TRH, et plus 
particulièrement les analogues méthylés sur le cycle imidazole de l’histidine. 
L’analogue [NT-Me-His]-TRH présente 43% de réaction croisée avec le TRH.



TABLEAU I. COMPARAISON DE LA SPECIFICITE DU DOSAGE 
RADIOIMMUNOLOGIQUE DU TRH (RIA) ET DU DOSAGE PAR 
RADIORECEPTEUR (RRA)
Différentes hormones hypothalamiques et des peptides voisins du TRH ont 
été testés à des doses variant de 0,25 nM à 250 nM dans les conditions 
d’incubation propres à chacune des deux techniques

3 2 4  GROUSELLE et al.

Peptides % Réaction croisée

anti-antisérum récepteurs 
TRH des cellules 

GH3

TRH <  Glu-His-Pro-NH2 100 100

Hormones Lysine-Vasopressine
hypothalamiques LH-RH < 0 ,0 1 <0 ,01

Somatostatine

Produits de <  Glu-His-Pro-OH
dégradation du TRH <  Glu-His-OH < 0 ,0 1 < 0 ,01

His-Pro-OH

Analogues <  Glu-His-Pro-NH (CH3) 0,15 28,5
méthylés <Glu-His-Pro-N-(CH2)2 0,01 10

<  Glu-Np-^-Me-HisJ-Pro-NHj 14 2

<  Glu-N[r -Im-Me-His]-Pro-NH2 43 333

Dosage par radiorécepteur

Des études antérieures ont montré que l’affinité pour le TRH des cellules 
GH3 attachées à leur boîte de culture est de 4 X 10-9 M et que le maximum de 
la liaison est atteint après 15 à 30 minutes d’incubation. C’est également le 
moment de la réponse maximale pour la libération de prolactine dans le milieu 
d’incubation [15].

La sensibilité du dosage par radiorécepteur est 200 pg (fig.2), soit 50 fois 
plus faible que celle du dosage radioimmunologique. La transformation log-logit 
conduit à une représentation linéaire entre 200 pg et 5 ng de TRH dans la courbe 
de référence. Le coefficient de variation reste de l’ordre de 4% à l’intérieur 
d’une même expérience, comme d’une expérience à l’autre.
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TRH [ng/m l j

FIG.2. Dosage du TRH par radiorécepteur (représentation log-logit).
Les cellules GH3, à raison d ’un million par boîte, ont été incubées en présence de 

0,54 nM (200 pg) de 3H-TRH (B0 = 12 ООО dpm/mg de protéines cellulaires) et de quantités 
croissantes de TRH de synthèse. Chaque point correspond à la moyenne de trois boites 
± erreur standard. On a représenté le déplacement provoqué par des quantités croissantes 
d ’extraits biologiques après purification partielle.

La spécificité de ce dosage a été testée pour des doses d’hormones ou 
d’analogues comprises entre 2 ng et 2 jug (tableau I): il n’y a aucune interférence 
pour les hormones hypothalamiques ni pour les produits de dégradation du 
TRH. Par contre, comme dans le RIA, les analogues méthylés sont reconnus 
par les récepteurs des cellules GH3.

Là encore, c’est le [NT-Me-His]-TRH qui est le plus actif: sa capacité de 
déplacement du 3H-TRH est 333 fois plus forte que celle du TRH lui-même.

Mesure d’échantillons biologiques

Des échantillons biologiques ont été mesurés le même jour par les deux 
techniques. Quatre hypothalamus et quatre cerveaux de souris mâles adultes 
ont été prélevés et préparés comme il a été décrit dans Matériel et méthodes.
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TABLEAU II. COMPARAISON DES TENEURS EN TRH MESUREES PAR 
DOSAGE RADIOIMMUNOLOGIQUE (RIA) ET PAR RADIORECEPTEUR 
(RRA) DANS DES EXTRAITS BIOLOGIQUES
Deux extraits biologiques: 4 hypothalamus de souris mâles adultes et leurs 
4 cerveaux correspondants, ont été mesurés le même jour par les deux méthodes, 
à deux étapes de purification différentes (cf. matériel et méthodes). Les 
résultats sont exprimés en ng TRH dans l’extrait ± erreur standard.

RIA

TRH mesuré 
(ng ± ES)

RAA

Hypothalamus

Cerveau extra-hypothalamique

étape 1 

étape 2 
étape 1 

étape 2

2,3 ± 0 ,2  

2,44
2,01 ± 0,7 

2,09 ± 0,7

2 ,64+ 0,3

2,7
5,1 ±0 ,4  

3

La moitié de l’extrait a été traité jusqu’à l’étape 1 seulement, tandis que l’autre 
était purifié jusqu’à l’étape 2.

En ce qui concerne l’extrait hypothalamique, les deux techniques conduisent 
à la même valeur, quelle que soit l’étape de purification (tableau II).

Par contre, pour le cerveau, on voit que si le RIA n’est pas sensible à 
l’étape de purification, le RRA conduit à une surestimation des valeurs quand 
la purification n’est poussée que jusqu’à l’étape 1.

DISCUSSION

Les deux techniques de dosage du TRH que nous décrivons ici conduisent 
donc aux mêmes valeurs absolues pour des échantillons biologiques, si l’on a 
pris soin de leur faire préalablement subir une purification partielle. Grâce à 
l’utilisation dans les deux cas du 3H-TRH comme traceur, les coefficients de 
variation sont du même ordre de grandeur (5%).

• Il n’est pas étonnant de constater que le RIA permet une meilleure sensibilité 
que le RRA. Cependant, il est intéressant de noter la spécificité tout à fait 
comparable des deux dosages, vis-à-vis de substances présentes in vivo dans 
l’hypothalamus ou le cerveau: autres peptides hypothalamiques et surtout 
produits de dégradation du TRH.
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Les analogues méthylés, qui n’ont jamais été décrits in vivo, interfèrent dans 
les deux systèmes, en particulier le [NT-Me-His]-TRH. Leur liaison sur les 
récepteurs au TRH des cellules GH3 est en bonne corrélation avec leur activité 
biologique sur la libération de prolactine [16]. La plus forte affinité du 
[NT-Me-His]-TRH pour les récepteurs des cellules GH3 n’est pas un artefact dû 
au fait que cette lignée est transformée, puisque, in vivo, Vale et al. [17] ont 
montré que ce composé avait aussi une activité biologique plus forte que le TRH 
sur la libération de TSH.

En ce qui concerne la reconnaissance du [NT-Me-TRH] par les anticorps 
anti-TRH, on peut l’expliquer par le fait que le couplage par la BDB se produit 
vraisemblablement sur le ou les carbones adjacents aux atomes N77 et Nr du 
cycle imidazole [10], ce qui peut partiellement masquer un m otif ajouté si près 
du point d’attachement de l’haptène [18].

En conclusion, ces deux techniques sont donc complémentaires: si le RIA 
est plus sensible, le RRA permet l’étude d’analogues et la corrélation entre leur 
liaison et leur activité biologique. Il offre en outre un contrôle important de 
spécificité quand on se trouve dans des situations biologiques (étude du 
développement, cultures) où le métabolisme du TRH est encore inconnu.
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DISCUSSION

A. MALKIN: In comparing RIA and RRA, we should not necessarily assume 
that RRA is a specific measurement of biological activity. This is illustrated in 
studies comparing displacement o f TSH bound to thyroid cells by anti-thyroid 
antibodies with the capacity of the antibodies to stimulate thyroid adrenyl cyclase 
activity. Would you care to comment?

A. FAIVRE-BAUMAN: RRA can o f course be used only as a method of 
assaying a compound. But for studies of analogues it is necessary to be able to 
correlate the binding capacity with a biological function, which has to be accurately 
defined. The same hormone — and this is the case with TRH — can exercise 
several actions on the same cell but with different kinetics, receptor sites or sub- 
cellular targets.

H.P. KOLM: Is there a high biological activity of the methylated molecule 
in vivo?

A. FAIVRE-BAUMAN: Yes. Vale and co-workers have shown that there is 
good agreement between the binding activity of this analogue and its capacity 
to increase TSH release in a mouse bioassay.
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Abstract

LABELLED ANTIBODY TECHNIQUES IN GLYCOPROTEIN ESTIMATION.
The problems in the radioimmunoassay of the glycoprotein hormones (pituitary LH,

FSH and TSH, and human chorionic gonadotrophin, hCG) are reviewed, namely the limited 
specificity and sensitivity in the clinical context, the interpretation of disparity between bio- 
and radioimmunoassay, and the interlaboratory variability. The advantages and limitations of 
the labelled antibody techniques — classical immunoradiometric methods and two-site or 
125I-anti-IgG indirect labelling modifications — are reviewed in general, and their theoretical 
potential in glycoprotein assays examined in the light of previous work. Preliminary experi
ments in the development of a coated-tube two-site assay for glycoproteins using 125I-anti- 
IgG labelling are described, including conditions for maximizing solid-phase extraction of 
the antigen, iodination of anti-IgG, and assay conditions such as temperature of incubation 
with antigen, use of ‘hormone-free serum’ and heterologous serum as well as detergent washing, 
Experiments with extraction and antigen-specific antisera raised in the same or different species 
are described, as exemplified by LH and TSH assay systems, the latter apparently promising 
greater sensitivity than radioimmunoassay. Proposed experimental and mathematical 
optimization and validation of the method as an assay system are outlined, and the areas for 
further work are delineated. The use of this technique to enhance specificity and sensitivity 
or to provide a ‘universal tube’ ‘universal label’ method is discussed with special reference to 
the potential value of universal techniques in extending hormone estimations to peripheral 
hospitals in developing countries. The relative merits and demerits of isotopic and non-isotopic 
enzyme, fluorochrome or other labels in such labelled antibody techniques is discussed in the 
light of recent developments such as ELISA.

1. INTRODUCTION: LIMITATIONS OF RADIOIMMUNOASSAY 
TECHNIQUES

Conventional saturation analytical ‘limited binding reagent’ techniques such 
as radioimmunoassay [ 1 ] have been limited by numerous problems in the assay 
of glycoprotein hormones (notably thyroid-stimulating hormone, TSH, follicle 
stimulating hormone, FSH, luteinizing hormone, LH, and human chorionic

329
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gonadotrophin, hCG). These include: (1) limited specificity due to cross
reactions; (2) limited sensitivity in relation to certain clinical situations, e.g.
TSH estimation in euthyroid and hyperthyroid subjects or the study o f the basal 
unstimulated gonadotrophin levels in prepubertal subjects; (3) the interpretation 
of the disparities between bioassay and radioimmunoassay; (4) the choice of 
reference preparations for measurements in serum and urine; (5) between- 
laboratory variability.

1.1. The problem o f nonspecificity in differentiating between various 
hormones, or between intact hormones and their fragments such as alpha and beta 
subunits, arises in certain situations, for example in the diagnosis o f subclinical 
hypothyroidism by raised TSH levels in postmenopausal females with elevated 
gonadotrophin levels. In the very early diagnosis o f pregnancy, or trophoblastic 
and nontrophoblastic tumours, it would be desirable to differentiate reUably 
between LH, hCG and hCG fragment signals. Further, if hyperthyroid sera are 
used as hormone-free sera in TSH assays, cross-reacting FSH can interfere since 
hyperthyroidism elevates gonadotrophin levels. This nonspecificity is not entirely 
accounted for by the common alpha subunits in the immunogens [3]. Radio
immunoassay utilizing heterologous or anti-beta antisera has been proposed, but 
sera from some choriocarcinoma patients deviated from parallelism with the 
second international hCG standard where labelled beta subunit was used as 
tracer, though not with labelled intact hCG [4].

1.2. Between-laboratory variability arises not only from the use o f different 
reference proportions o f non-serum origin and from variable immuno/bio potency 
ratios [2], but also from: (i) the necessity to use hormone-free serum in the 
standard tubes to ensure a comparable milieu to the test serum samples, such 
hormone-free sera being variously derived (from hypophysectomized or pituitary 
suppressed subjects, or from ‘synthetic’ or heterologous sera); (ii) the use of 
different àntisera despite otherwise identical reaction protocols; (iii) factors 
related to labelled antigen, namely variable iodination damage o f the labelled 
antigen which alters its immunoreactivity, its short shelf-life that necessitates 
continued repurification or repreparation which, apart from being tedious, lead 
to poor between-assay reproducibility and difficulty o f assay standardization;
(iv) the variety o f separation procedures with different misclassification errors 
which are used to separate the ‘bound’ and ‘free’ fractions.

2. LABELLED ANTIBODY TECHNIQUES

Labelled antibody techniques operating under conditions o f excess binding 
reagent, such as the immunoradiometric techniques [5], offer several potential 
advantages [6, 7]. The sensitivity o f saturation analytical techniques is limited
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by a detection limit o f about 0.01/К, where К is the equilibrium constant o f the 
antigen-antibody reaction [7]. They are also extremely vulnerable to environ
mental nonspecific factors in the samples which change the equilibrium constant. 
Since only a single binding site is involved in the antigen-antibody reaction, 
cross-reactions can occur.

Unlike such systems, excess reagent methods enable the whole o f the 
' unknown to react and allow measurement against a low background ; the 
sensitivity is limited not by the equilibrium constant but by a reasonable counting 
time and the background radioactivity which suggests a detection limit o f  the 
order o f 2 X 10-17 mole [8].

Further excess reagent techniques are comparatively immune to factors 
which change the equilibrium constant. By using immunoadsorbents, antibodies 
with a high affinity and a high specificity can be selected. Two-site immuno
radiometric methods [9] offer the potential o f  increased specificity by the 
recognition of two different antigenic determinants. This has been exploited in 
the differentiation o f parathyroid hormone and its С or N terminal fragments, 
and has suggested similar use in the glycoprotein field. This may be important 
not only in differentiating between various glycoproteins and their fragments 
but may possibly enable differentiation o f various forms o f gonadotrophins 
believed to exist in polymorphous states [ 10].

Cycling the unknown sample with immunoadsorbents allows atraumatic 
hormone extraction, enhancing sensitivity and minimizing incubation damage 
by nonspecific factors in the serum sample.

The logical extension of two-site immunometric-radioassay was the develop
ment o f double-sandwich assays using labelled anti-IgG instead o f labelling 
specific antisera; these have been reported for ferritin, hGH and insulin [11, 12] 
(Fig.l and Tables I and II). We describe here our work at Middlesex Hospital, 
London, on the application o f such systems to glycoprotein assays.

3. APPLICATION TO GLYCOPROTEIN ASSAY

LP 2 polystyrene tubes 3.8 mm X 37 mm (Luckham, UK) were selected for 
coating with extraction antisera as they offer a high surface-to-volume ratio. 
The coated tubes were incubated with 200 jul o f the antigen sample to be 
assayed, then reacted with a second specific antiserum and finally incubated 
with a 125I-labelled anti-IgG serum and counted. Various extraction antisera 
were tested including both a nonspecific “universal” antiserum (Rabbit AS 194) 
capable o f  extracting various glycoproteins (FSH, TSH and LH) and a specific 
antiserum (guinea-pig anti-TSH, NCI). The former envisages a universal tube 
system for multiple hormonal assay. Conditions for maximizing solid-phase
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TIME (HOURS)

FIG.2A. Relation o f  coating time to 1251-LH uptake.

TIME (HOURS)

FIG.2B. Relation o f  coating time to 12SI-FSH uptake.

extraction o f the antigen (coating time, pH, antiserum dilution) were deter
mined. Coating with extraction antisera for 6 h at a dilution o f 1:5000 in a 
0.05M bicarbonate buffer at pH9.5 appeared to be optimal as measured by 
subsequent uptake o f labelled antigens (Figs 2A, В and C). Pre-treatment of 
the coated tubes with absolute alcohol appeared to enhance antigen uptake 
(Table III).
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ANTIBODY DILUTION

FIG.2C. Relation o f  extraction antiserum dilution during coating to labelled antigen uptake.

For the second-stage antigen-specific antiserum, systems utilizing antisera 
derived from the same or from different species as the first extraction antiserum 
were studied (Fig.3). The third-stage antiserum was a labelled anti-IgG directed 
against the species o f origin o f the second antiserum. Labelled anti-IgG was 
prepared by the method o f Woodhead [13] modified from the Miles and Hales [5] 
technique using diazocellulose immunoadsorbent. No useful standard curve could 
be obtained when the second-stage and extraction antisera were derived from the 
same species. This is in contrast to earlier reports about growth hormone. The 
heterologous anti-IgG. reacts with both the antibodies, the direct reaction with the 
extraction antibody being independent o f the presence o f the antigen. Further, 
the use o f unlabelled anti-IgG before addition o f the second-stage specific anti
serum to block such direct reactions was unsuccessful. Therefore, sera from 
different species were used for the extraction and the second stage. Sequential 
addition o f the third-stage antiserum (Fig.4) was preferred to the use o f pre
combined double antibody [12] (Fig.5) to retain the universality of the labelled 
reagent.

Guinea-pig-specific extraction antisera-coated tube-antigen/rabbit-specific 
antiserum/12sI donkey anti-rabbit IgG systems were, therefore, used for both LH 
and TSH estimations. Preliminary experiments with such systems yielded assays
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TABLE III. PRETREATMENT OF TUBES BEFORE COATING IN RELATION 
TO LABELLED ANTIGEN (LH) UPTAKE

(Extraction antiserum rabbit anti-glycoprotein AS 194)

Washing agent Tube counts 
(mean ± ISD)

% of total counts

None Coated 10 609.0 26.5
± 281.4 ±0.7

Uncoated 811.0 2.0
control ±168.3 ±0.4

Water Coated 11 324.6 28.3
±694.4 ±1.7

Uncoated. 779.5 1.9
control ± 57.2 ±0.2

10% ethanol Coated 12 532.0 31.3
±548.7 ±1.4

Uncoated 816.0 2.0
control ±264.5 ±0.7

0.15M saline Coated 10967.0 27.4
±1206.3 ±3.0

Uncoated 165.0 0.4
control ±26.7 ' ±0.1

Ethanol Coated 14891.5 37.2
±1710.5 ±4.3

Uncoated 874.0 2.2
control ±207.5 ±0.5

sensitive to the order o f  LH concentrations o f 0 .6 2 5 -1 .2 5  U/litre and TSH 
concentrations o f 0 .25—0.50 juU/ml, the latter being more sensitive than con
ventional RIA (Fig.6).

The effect o f various factors (temperature o f incubation and serum effects 
due to 25 and 50% addition o f human or heterologous hormone-free serum to 
the incubation mixture) on the antigen incubation stage was studied in the LH
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A.Extraction and antigen specific 
antisera of same species. Heterologous • 
anti-IgG reacts with both the antibodies, 
the reaction with the former being 
independent of the presence of antigen.

B.Extraction and antigen specific 
äntisera of same species. Cold 
heterologous anti-IgG used to block 
the reaction of the labelled anti-IgG 
with extraction antisera.

Ç. Extraction and antigen specific 
antisera of different species; anti-IgG 
cannot react with extraction antibody.

^  TUBE WALL : ANTIGEN

^  : RABBIT EXTRACTION AS ф  '. RABBIT AG SPECIFIC AS 

ф :GUINEAPIG EXTRACTION AS

: LABELLED ANTI-IgG :COLD ANTI-IgG

FIG.3. Two-site anti-IgG assay.
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FIG.4. 1251-anti-IgG two-site technique: sequential addition. Solid phase coated with extraction 
antibody (A), incubated successively with antigen (B), antigen-specific antibody (Cj and labelled 
anti-IgG (D), and counted (E) after removing unreacted label.

FIG.5. l2sI-anti-IgG two-site technique: precombined double antibody. Antigen-specific 
antibody and labelled anti-IgG added in a single stage (C), as precombined double antibody 
counted (D), after removing unreacted double antibody.

0 0-5 10 5 10 50 100
ANTIGEN (ll/litre)

FIG. 6. TSH assay: extraction and antigen-specific sera for different species.
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ANTIGEN (U/litre)
\

FIG. 7. LH assay: effect o f  serum.

ANTIGEN (U/litre)

FIG.8. LH  assay: effect o f  temperature o f  incubation with antigen.
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A N T I G E N  (U/litre)

FIG.9. LH  assay: different concentrations o f  antigen-specific serum.

system. The serum effects were small (Fig.7). Higher temperatures increased 
the counts in the zero antigen tube from 0.6—1% of the total radioactivity added, 
but did not significantly increase the.maximal dose response (Fig.8).

The amplitude o f the dose-response curve was greater when the second-stage 
antiserum was added at higher concentrations ( 1:10 000 as compared to 1:100 000), 
Fig. 9.

For maximal assay sensitivity, zero-antigen response should ideally be zero 
but, in fact, it ranged from 0.5—2% o f the total counts. To study whether this 
could be reduced, 0.5% Tween 20 and Tween 40 detergents were added to the 
washing media. They reduced the nonspecific zero-antigen binding but unfortunately 
they also reduced the specific binding (Fig. 10).

Further assay validation, specificity analysis and the effect o f various assay . 
conditions on the TSH system are currently under study. Experimental and 
mathematical (including computer) optimization o f assay conditions is being 
attempted.
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A N T I G E N  ( U /litre)

FIG. 10. LH  assay: effect o f  detergent in final washing (0.5% Tween 20 and Tween 40). 
Extraction antiserum: guinea-pig anti-LH GP46. Antigen-specific antiserum: rabbit anti-LH F87 
(1:100 ООО). Labelled anti-IgG: donkey anti-rabbit BW.

4. DISCUSSION

The labelled anti-IgG two-site assay can, it appears, be exploited to confer 
enhanced specificity or sensitivity, or both, in glycoprotein assay. With a non
specific extraction antiserum (such as anti-alpha subunit), “universal” coated 
tubes o f  long shelf-life could be centrally distributed for diverse glycoprotein 
assays.

4.1. The possibility o f  differentiating polymorphous forms o f glycoproteins 
from each other and o f differentiating the glycoprotein fragment from intact 
hormones needs experimental study, in view o f increasing recognition o f the 
natural existence o f polymorphous forms o f subunits in the circulating blood and 
their possible diagnostic implications.

4.2. The use o f  labelled anti-IgG rather than labelling individual antisera 
has certain obvious benefits. Firstly, a single universal labelled reagent can be 
used in a variety o f assays. Secondly, the wastage o f scarce specific antisera 
during attempted purification and iodination is avoided, anti-IgG being readily 
available in large quantities. Thirdly, it is possible that the signal is amplified
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because the specific antibody can be labelled with up to three molecules of  
iodinated anti-IgG [14]. Further, the indirect labelling o f antihormone antibody 
avoids potential decreased immunoreactivity due to iodination damage to anti
body sites that are possibly crucial for the specific antigen-antibody reaction.
The potential limitations o f these methods, like ( 1 ) the hook effect at high 
antigen concentrations, (2) non-antigen mediated interactions between the plastic, 
extraction antiserum and the labelled antiserum, and (3) the serum effect, as 
well as ways to overcome them, have been discussed elsewhere [6, 11].

4.3. In our hands, labelled anti-IgG has shown great stability, being suitable 
for use over periods o f six months even without repurification (unpublished 
observations). Universal label techniques would be of great value in extending 
antigen estimations to peripheral hospitals in developing countries that do not 
have the facilities for safe radioiodination. The universal reagent (radio-labelled 
anti-IgG) could be distributed from a central source for use as a relatively stable 
off-the-shelf reagent. The widespread assay of glycoprotein antigen in district 
hospitals could be o f major importance in clinical endocrinology, oncology, 
reproductive biology and family planning [15].

5. NON-ISOTOPIC LABELS FOR LABELLED ANTIBODY TECHNIQUES

The replacement o f the isotopic label by a non-isotopic enzyme, fluoro- 
chrome, bacteriophage ór free-radical labels is a subject o f  current interest [16]. 
The use o f  enzyme-labelled methods in the detection o f spirochaetal antigens is 
being extended to numerous areas. The advantages of ELISA, which stem from 
the use o f labelled antibodies under excess reagent conditions, have been con
fused with those stemming from the use o f  a non-isotopic label [7, 17],

5.1. Non-iso topic labels are not limited by radioactive decay and therefore 
universal distribution and assay standardization are feasible. Radioiodination ' 
facilities are not required. The real and imaginary health and legal hazards with 
the use o f isotopes are eliminated. All the labelled molecules contribute to the 
signal instead o f the very tiny fraction o f the radioactive disintegrations observed 
during the given count time. Some enzyme techniques do not even require the 
separation o f bound and free labelled molecules.

5.2. However, the measurement o f  radioactivity is extremely simple; it is 
not affected by chemical or physical features and is highly sensitive. The isotopic 
label is so small that it normally does not affect reaction kinetics. Labelling 
techniques, labelled compounds and automatic radiation counters have already 
been highly developed and are freely available. There are no problems arising 
from autofluorescence or quenching which hamper the measurement o f a
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fluorescence signal. A sensitive device for measuring fluorescence and enzyme- 
developed colour intensities is not really significantly cheaper than radiation 
counters.

5.3. The radio-labelled anti-IgG methods, such as those being developed
for glycoproteins, offer similar advantages to those o f  the non-isotopic techniques 
in that they enable better assay standardization, the use o f an ‘off-the-shelf’ 
reagent o f long shelf-life and the freeing o f peripheral hospitals from the technical 
and health hazards o f  radioiodination. Like other solid-phase techniques, they 
offer the possibility o f  bound and free separation by-simple pipetting, which is 
far simpler, cheaper and more compatible with automation than the use of  
refrigerated centrifuges. This also constitutes a great advantage for use in small 
hospitals.

5.4. Labelled antibody techniques for glycoproteins may be exploited in 
two directions (a) the development o f high sensitivity or high specificity assays, 
and (b) the development o f  the cheap qualitative kit systems with plus/minus 
readings for qualitative diagnosis. Both have obvious clinical and research 
applications.
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DISCUSSION

D. RODBARD: Have you been able to demonstrate improved specificity 
by virtue o f the use o f a sandwich or “two-site immunoradiometric assay”?
For instance, have you utilized one antiserum directed against the alpha subunit 
and the second antiserum directed against the beta subunit o f the glycoprotein 
hormones? Theoretically, this should reduce problems due to cross-reaction 
with the free subunits.

D.K. HAZRA: We have referred to the use o f anti-alpha subunit and anti
beta subunit antisera as extraction antisera and second-stage antisera respectively1. 
These studies, which were interrupted owing to my return to India, have now been 
resumed. It is obviously o f great interest to see whether this approach will 
improve specificity and enable quantitation o f circulating free fragments.

D. RODBARD: Have you applied these methods to clinical samples?
In other words, do these methods perform satisfactorily in the presence of 
serum or plasma?

D.K. HAZRA: Preliminary experiments suggest that the serum effect is 
very small but we are still in the process o f adapting the method to routine 
clinical use.

1 HAZRA, D.K., Immunoradiometric Methods in the Study of Glycoprotein Hormones, 
M.Sc. Thesis, London University (1975).
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D. RODBARD: Have you attempted to correlate the results obtained by 
two-site IRMA or sandwich assays with those obtained by conventional RIA with 
labelled ligand?

D.K. HAZRA: We are right now embarking on a study in which we are 
comparing the results obtained by two-site IRMA with those obtained by 
conventional RIA as well as other methods such as the in-vitro LH bioassay 
developed by Robertson at Stockholm.

R.M. LEQUIN: I wish to comment on the different temperatures (4° or 
37°C) used during incubation, especially where glycoprotein hormones are con
cerned. In my laboratory it was found that LH and hCG preparations in solution 
as well as quality control serum samples underwent spontaneous dissociation 
into subunits during incubation at 37°C or above. This effect will not be seen 
with assay systems employing antisera against the intact hormone; however, 
assay systems employing antisera to subunits will face an apparent increase in 
hormone concentration, thus giving deceptively high values.

R.P. EKINS: As is evident, Dr. Hazra’s work on a labelled antibody method 
for TSH was o f a preliminary nature, and was temporarily interrupted by his 
return to India. Meanwhile, I should point out that a commercial TSH kit has 
recently been introduced; it is based on the same approach, and we are currently 
examining its performance very carefully. My feeling is that it may represent 
an early example o f  an increasing trend.
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Abstract

THE EFFECTS OF VARIATIONS IN THE SPECIFICITIES OF THE ANTIBODY 
COMPONENTS ON A TWO-SITE IMMUNORADIOMETRIC ASSAY FOR FERRITIN.

Variations in the sub-unit antigenic structure of ferritins derived from various human 
tissues are reflected in the differing specificities of antisera raised against these ferritin 
preparations. In this study it was shown that antibody specificity played an im portant role 
in determining the sensitivity and overall binding of labelled antibody in a two-site immuno
radiometric assay for ferritin. Homologous assay systems, in which solid phase and radio
labelled antibodies were of similar specificities, were generally less sensitive and showed lower 
binding than heterologous assay systems, in which solid phase and labelled antibodies were 
of different specificities. The source of the ferritin which was used as assay standard also 
played an im portant part in determining the sensitivity and overall binding in homologous 
antibody systems, spleen ferritin standards yielding assays superior to those obtained with 
placenta or liver ferritin standards. However, these differences between standards were not 
seen in a heterologous system employing solid-phase antibodies directed against liver ferritin 
and labelled antibodies directed against placenta ferritin. The nature of the ferritin used 
to prepare immunoadsorbant for the purification of antibodies before radioiodination also 
affected the assay characteristics; antibodies prepared on spleen ferritin immunoadsorbant 
being more reactive than antibodies prepared on placenta ferritin immunoadsorbant, which 
in turn were more reactive than antibodies prepared on liver ferritin immunoadsorbant.

INTRODUCTION
\

The measurement of serum ferritin has been shown to provide a means 
of accurately assessing iron storage in the body [1, 2]. The ferritin 
molecule consists of a protein shell composed of 24 sub-units surround
ing a crystalline core of hydrated ferric oxide-phosphate СзЗ» and it 
is thought that differences in the sub-unit structure may account for 
the high degree of micro-heterogeneity observed with purified ferritin 
preparations Ü4]. A number of isoferritin bands can normally be demon
strated by the technique of iso—electric focussing and these isoferritin 
components vary both quantitatively and qualitatively in different human 
tissues.

347
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These variations in isoferritin profiles can result in discrepancies 
between levels of serum ferritin measured in immunoassays employing 
standards of different tissue origin or antisera raised against different 
tissue ferritins [5]. In the two-site immunoradiometric assay for 
ferritin two antibody components are employed - a solid phase antibody 
which binds ferritin present in the assay sample and a radiolabelled 
antibody which reacts quantitatively with the ferritin bound by the solid 
phase antibody. Each of these antibody components could be expected to 
exert an influence on the ferritin assay. In this study the effects of 
variations in the antibody specificities on a two-site immunoradiometric 
assay for ferritin were examined. Antisera raised against human liver 
and placenta were employed in both homologous systems (solid phase and 
radiolabelled antibodies of similar specificities) and in heterologous 
systems (solid phase and radiolabelled antibodies of different speci
ficities) .

The influence of antibody specificities on the assay cannot be 
considered in isolation, as variations in the isoferritin profiles of 
the ferritin used as assay standards or as the immunoadsorbant (employed 
in purification of the antibodies for radiolabelling) would be expected 
to affect the antigenic behaviour of these components. Consequently 
ferritin standards and immmoadsorbants prepared from human liver, 
spleen and placenta were employed in the study.

MATERIALS AND METHODS 

Purification of ferritin

Ferritin was isolated and purified from human liver and spl’een 
according to the following procedure. Tissue was homogenized in 
distilled water and the homogenate filtered by passage' through glass 
wool. After heating at 70 С for 2 minutes the filtrate was centrifuged 
and the supernatant liquid was brought to 50°/o saturation with ammonium 
sulphate. The resulting precipitate was collected by centrifugation, 
dissolved in water and dialysed first against 0.1M acetate buffer, 
pH 4.8 and then against 0.1M phosphate buffer, pH 7.4. Centrifugation 
at 100,000 X  g for 60 minutes at 4 С yielded a precipitate which was 
dissolved in the phosphate buffer and chromatographed first on Sephadex 
G-200 and then on Sepharose 6B. The ferritin peak was collected and 
concentrated in an Amicon ultrafiltration cell.

The placental ferritin used in the studies was kindly supplied by 
Dr. H. Bohn (Behringwerke, Marburg).

All ferritin preparations were judged to be at least 959̂  pure by 
two-dimensional electrophoresis and iso-electric focussing.

Antiserum production

Antisera for coupling to the solid phase were raised in sheep and 
antisera for radiolabelling were raised in rabbits. A primary immuni
sation of ferritin in Freund's adjuvant was followed by booster doses 
with no adjuvant.
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Radiolabelling of antibodies

Inmninoadsorbants were prepared by coupling ferritin to cyanogen 
bromide-activated Sepharose 6B. Antisera were purified on immunoadsor- 
bant columns, specific antibody fractions being eluted with l.OmM HC1. 
The specific antibodies were radiolabelled with 1-125 by a modification 
of the method of Greenwood, Hunter and Glover [6].

Preparation of standards

The protein concentrations of ferritin stock solutions were 
estimated by the method of Lowry et al.[7]. Ferritin assay standards 
were prepared by appropriate dilution of ferritin stock solutions in 
protein buffer.

Performance of the assay

Antisera were coupled to polymer beads by a modification of the 
method of Faulstich et al.[в]. For the assayj single beads were 
placed in tubes and reacted for 5 hours at 37 С with 100yl of ferritin 
standard diluted with 200p,l 0.1M borate buffer, pH 8.6, containing 0.5$ 
BSA. After washing with 2 ml distilled water, the bead was reacted 
with 300)j,l of radiolabelled antibody solution (approximately 30»000 dpm) 
for l6 hours at 37 C. After a final wash with 2 ml distilled water the 
radioactivity remaining bound to each bead was counted. The radio
labelled antibody bound was recorded as a percentage of the counts 
measured in 300^1 of radio-labelled antibody dispensed into "total" 
tube s.

RESULTS

Homologous antibody systems

Two homologous antibody systems were studied. In the first, both 
the solid phase and labelled antibodies were directed against placenta 
ferritin, while in the second, both antibody preparations were directed 
against liver ferritin. Standard curves obtained with the first of these 
homologous systems are shown in Fig. 1. With liver and placenta ferritin 
standards the curves were parallel, although overall binding was slightly 
greater with the liver ferritin standards (2 - 5$ more 1-125 antibody 
bound at all points on standard curve). Spleen ferritin standards, 
however, yielded a more sensitive assay (steeper slope) with the range 
0 - 320 ng/ml ferritin being covered by a k j$ difference in the amount 
of 1-125 antibody bound, compared with a 30$ difference with liver and 
placenta ferritin standards.

The second of the homologous antibody systems yielded results 
which were essentially similar (Fig. 2), although in this instance 
placenta ferritin standards bound 2 - 5$ more labelled antibody than 
liver ferritin standards, at least in the range 0 to I60 ng ferritin per 
ml. Again, spleen ferritin standards were superior to liver and placen
ta ferritin standards in terms of sensitivity and overall binding.
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Ferritin (ng/ml)

FIG .l. Homologous antibody system. 
Solid-phase antibodies: anti-placenta ferritin 
Labelled antibodies: anti-placenta ferritin

Heterologous antibody systems

Heterologous assay systems employing antibodies directed against 
liver and placenta ferritin were investigated. The first system 
utilized solid phase antibodies directed against placenta ferritin 
and labelled antibodies directed against liver ferritin. With this 
assay (Fig. 3)» overall binding with placenta ferritin standards was 
up to 10P/o less than that obtained in either homologous antibody system. 
Results obtained with liver and spleen standards were similar to those 
seen in the homologous system using anti-liver ferritin antibodies.
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FIG.2. Homologous antibody system. 
Solid-phase antibodies: anti-liver ferritin 
Labelled antibodies: anti-liver ferritin

The second heterologous antibody combination consisted of solid 
phase antibodies directed against liver ferritin and labelled antibodies 
directed against placenta ferritin (Fig. 4). In this system all three 
standard ferritin preparations yielded assays which exhibited higher 
sensitivity and overall binding than were' observed in any of the other 
systems studied. All curves showed differences of approximately У ?/о  

in binding of 1-125 antibody between the 0 ng/ml and 320 ng/ml ferritin 
standards, compared with a maximum of W j/o seen in any of the other 
systems. Furthermore, in this system, differences between the curves 
with liver, placenta or spleen standards were minimal.
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FIG.3. Heterologous antibody system . 
Solid-phase antibodies: anti-placenta ferritin 
Labelled antibodies: anti-liver ferritin

Role of immunoadsorbant in selection of anti-ferritin antibodies for 
the assay

In the previous experiments, antibodies for radioiodination had been 
purified by affinity chromatography on their homologous inmmnoadsorbants 
i.e. anti-placenta ferritin antibodies on a placenta ferritin immuno
adsorbant and anti-liver ferritin antibodies on a liver ferritin immuno
adsorbant. As the specificity of the labelled antibody had been shown 
to play an important part in determining the assay characteristics, the 
role of the immunoadsorbant in defining antibody specificity was
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FIG.4. Heterologous antibody system. 
Solid-phase antibodies: anti-liver ferritin 
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FIG.5. Reactivity o f  labelled antibodies purified on different immunoadsorbants. 
Solid-phase antibodies: anti-liver ferritin 
Standard preparation: liver ferritin
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examined. In this study, anti-placenta ferritin aritisera were purified 
on human liver, spleen and placenta ferritin immunoadsorbants. The 
radioiodinated antibody preparations were tested in a system comprising 
solid phase anti-liver ferritin antibodies, together with liver ferritin 
standards. Results are shown in Fig. 5, from which it will be seen that 
the nature of the ferritin immunoadsorbant markedly affects the assay. 
Radiolabelled antibodies purified on a spleen ferritin immunoadsorbant 
were more reactive than those purified on a placenta ferritin immuno- 
adaorbant, showing 5 - 1 'J'/o  more binding at each ferritin standard con
centration. Antibodies prepared on liver ferritin adsorbant were least 
reactive, with a binding of 42c/o  with the 320 ng/ml standard, compared 
with 6 (У /о  for placenta ferritin and 67% with spleen ferritin immunoadsor
bant. Assay sensitivity was also inferior, with a relatively shallow 
curve having a difference of only ^ (f/o between the 0 ng/ml and 320 ng/ml 
standards (compared with and 66°/o  respectively for the placenta 
ferritin and spleen ferritin immunoadsorbant purified antibodies).

DISCUSSION

It has been reported that radioimmunoassays employing either anti
liver or anti-spleen ferritin antisera yield identical values for liver 
ferritin standards [9]. It is possible, however, to devise radioimmuno
assays which do exhibit some organ specificity C í o ] ,  although in these 
instances, ferritins of somewhat dissimilar antigenic compositions 
(e.g. spleen, heart) are employed. If antisera are rendered isoferritin- 
specific by immunoadsorption, then assays of organ specific isoferritins 
are possible [ill. Immunoradiometric assays for organ specific iso
ferritins have also been described [12] in which immunoadsorbant 
purified antisera can discriminate between heart and spleen ferritin.

The present study indicates that the specificities of the solid 
phase and radiolabelled antibodies, and the source of ferritin used for 
standard and immunoadsorbant preparation all contribute to the variations 
observed in the immunoradiometric assay of human ferritin.

Homologous antibody systems (solid phase and labelled antibodies of 
similar specificities) yielded rather insensitive assays with low overall 
binding. It. is possible that sub-units with similar antigenic deter
minants are in close proximity on the ferritin molecule, so that when the 
molecule is attached to a solid phase antibody, binding of a radiolabelled 
antibody of similar specificity in the second reaction is sterically 
hindered. The antisera employed in these studies had not been rendered 
isoferritin-specific so that even in the homologous systems antisera 
would still react to some extent at ’non-specific* sites (i.e. sites on 
sub-units with non-organ specific determinants). It is perhaps signifi
cant that placenta ferritin standards yielded the least sensitive assay in 
the homologous anti-placenta ferritin system, but liver ferritin yielded 
the least sensitive assay in the homologous anti-liver ferritin antibody 
system. However, spleen ferritin, in which reaction with antibodies is 
presumably mainly at 'non-specific' sites (possibly a combination of 
placenta and liver ferritin sub-units), does not differentiate between 
the two homologous systems. Also spleen ferritin bound moi'e 1-125 
antibody than liver or placenta ferritin in both systems, possibly
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indicating that antigenic determinants of similar specificities are not 
closely grouped on the spleen ferritin molecule; thus constraints due to 
steric hindrance in the homologous antibody system can be avoided.

In a heterologous system with solid phase anti-liver ferritin anti
bodies and iodinated anti-placenta ferritin antibodies, the assay was 
much more sensitive than in the homologous assay employing anti-placenta 
ferritin antibodies, with a difference in binding between the 0 ng/ml and 
320 ng/ml standards of 56$ in the heterologous system and 30$ in the 
homologous system when, for example, liver ferritin standards were 
employed. Furthermore, differences between placenta, liver and spleen 
ferritin standards were greatly reduced in the heterologous system.
These results suggest that the sub-unit areas of the ferritin molecule 
carrying liver or placenta ferritin antigenic determinants are separated 
on the molecule so that steric hindrance between solid phase and 1-125 
antibodies is reduced, resulting in binding of more of the latter in the 
second reaction. Although binding of 1-125 antibodies by spleen ferritin 
is relatively unaffected by steric hindrance in the homologous systems, 
reactivity in the heterologous system is still greater, possibly because 
in this system, solid phase antibodies can bind to liver ferritin 
determinants and 1-125 antibodies can bind to placenta ferritin deter
minants on the spleen ferritin molecule. In the homologous system only 
liver or placenta ferritin determinants could be occupied at any one time.

The second heterologous antibody system studied - solid phase anti
placenta ferritin and labelled anti-liver ferritin antibodies - did not 
approach the high sensitivity described previously. Labelled antibodies 
prepared on liver ferritin immunoadsorbants were shown to be less reactive 
than antibodies purified from the same antiserum on placenta or spleen 
ferritin immunoadsorbants and this low reactivity may account for the 
poor sensitiity and overall binding of 1-125 anti-liver ferritin anti
bodies even in the heterologous antibody system. The variation in the 
reactivities of antibodies prepared on different immunoadsorbants may 
result from selection of different antibody populations from the antiserum 
applied to the affinity column. The antibody population selected by the 
spleen ferritin immunoadsorbant was more reactive in the system studied 
than that selected by placenta ferritin immunoadsorbant, which was in 
turn more reactive than the antibody population selected by the liver 
ferritin immunoadsorbant.

These results suggest that variations in the specificities of anti
body components must be carefully considered in the design and standard
isation of human ferritin assays. It has been shown that these varia
tions can influence the two-site immunoradiometric assay for ferritin at 
four points: l) solid phase antibody, 2) radiolabelled antibody, 3) 
nature of ferritin immunoadsorbant used for purification of labelled 
antibody and 4) specificity of antibodies in relation to the organ source 
of ferritin used as assay standard. Thus the assay sensitivity, overall 
binding and degree of organ specificity can all be varied by the selec
tion of antisera of various specificities and by the choice of ferritin 
standard and immunoadsorbant. Considerations of organ specificity are 
particularly important in the assay of serum ferritin as such assays are 
generally standardized against tissue ferritin preparations. Because 
the assay of ferritin can be subject to variations related to the source 
of standard employed, it is particularly important to select an inter
national standard against which all assays could be compared. We agree
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with the suggestion of Hazard et al.[5] that liver ferritin would provide 
a suitable international standard on the grounds that the purification of 
the material is relatively easy. Furthermore, we suggest that, of the 
systems examined in this study, the assay employing solid phase anti
bodies directed against liver ferritin and labelled antibodies directed 
against placenta ferritin, be recommended as the system of choice for 
measuring serum ferritin,as this assay is least affected by variations 
in the source of ferritin standard.
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DISCUSSION

M. JOUSTRA: Could you please give some more details of your immo
bilization procedure, bead material and coupling procedure?

5.1. COWAN: We have used many different polymer materials as the solid- 
phase antibody carrier in our studies, but the nature of the polymer is not related 
to the effects o f antibody specificity on the assay. For this particular series of 
experiments we used polyamide beads activated by the method of Faulstich.

J.P. KALTWASSER: Does the iron content influence the reactivity of 
ferritin used as the standard in the assay and in the preparation of antiferritin 
antibodies?

5.1. COWAN: The iron content does not influence the reactivity of ferritin 
when used either for immunization or as the standard in the assay. It does however 
affect the estimation o f protein by the Lowry method. This leads to a major diffi
culty in assigning values to standards, again indicating the need for an international 
reference preparation o f ferritin.

A. MALKIN: There appears to be a need at the moment for more specific 
ferritin estimations in order to differentiate the acid iso-ferritins which are 
apparently found frequently in patients with solid tumours. The development 
of a heterologous system may not be particularly helpful in this respect.

5.1. COWAN: The assay was designed primarily to measure serum ferritin 
as an index o f body storage iron. Our aim was therefore to produce an assay 
which did not preferentially estimate any single iso-ferritin.

I agree that the measurement o f specific iso-ferritins could be useful and 
that our assay might not be valid in these circumstances. However, I think that 
specific iso-ferritin assays might prove easier to develop than the non-specific 
assays, since fewer variables would have to be considered.

J. MARCHAND: Why do you use an immunoradiometric assay and not 
a conventional RIA, and have you tried to extract heart and tumour ferritins?

5.1. COWAN: An IRMA is used for two reasons. Firstly ferritin is very 
difficult to label to a sufficiently high specific activity for use in a conventional 
RIA. High specific activity, when achieved, results in an unstable product 
unsuitable for use in a commercial kit; secondly, as Dr. Ekins illustrated earlier, 
two-site assays are capable o f higher sensitivity than RIAs in the estimation of 
large molecules.

We have not extracted heart or tumour ferritin but I agree, as I have stated, 
that assays for specific ferritins may well prove valuable.

L. WIDE: I’ll say a few words if I may on the problems of labelling ferritin 
for use in the conventional competitive inhibition RIA. We have developed a 
solid-phase RIA using ferritin labelled with the Bolton-Hunter ester (Wide, L., 
Birgegârd, G., Upsala J. Med. Sei. 82 (1977) 15). This method is reproducible, 
robust and suitable for assay o f ferritin in serum. Simultaneous assay by a
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competitive inhibition RIA and the sandwich RIA may reveal non-specific 
interference or interference by fragments in the different assays.

K. PAINTER: Would you please elaborate on your attempts to label 
ferritin by direct and indirect radioiodination methods?

S.I. COWAN: Besides labelling ferritin with 1251, we tried direct labelling 
with 59Fe and S7Co. In addition, the indirect radioiodination by the ‘tagit’ 
method was carried out.

None o f these preparations yielded RIA systems which were as sensitive 
and stable, and as easy to perform, as the two-site IRMA.
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Abstract

ASSAY OF SERUM FERRITIN BY TWO DIFFERENT IMMUNORADIOMETRIC METHODS 
AND ITS CLINICAL SIGNIFICANCE.

The determination of body iron stores is important in diagnosis and differentiation of 
anaemias and iron overload. Serum ferritin, which can be measured immunoradiometrically, 
provides a new means for the quantitation of iron stores. In the present study two different 
immunoradiometric ferritin assays were compared. The correlations between serum ferritin and 
other parameters for storage iron (bone-marrow iron, intestinal iron absorption, quantitative 
phlebotomy) were evaluated. The clinical significance of serum ferritin is discussed. The 
intra- and inter-assay variations of both immunoradiometric assays used are comparable. In 
50 serum samples with ferritin concentrations ranging from 1 to 8000 /ig/1, the correlation 
coefficient between the two methods was found to be 0.98. Significant differences ( p < 0.001) 
between the serum ferritin concentrations of normal males (mean value 131 fig/1; SD 1.59) 
and normal females (mean value 67 jug/l; SD 1.79) could be observed. In patients with iron- 
deficiency anaemia, ferritin concentrations are below 20 jug/1 and in patients with iron overload, 
concentrations of more than 1 mg/1 may be found. A direct correlation was found between 
serum ferritin and storage iron measured by phlebotomy (r = 0.90, p <0.001). There is also a 
direct relation to  stainable bone-marrow iron. An inverse correlation could be demonstrated 
between serum ferritin and intestinal iron absorption (r=  -0.83, p <0.001). Therefore, serum 
ferritin assay provides the practical advantage of a virtually non-invasive method for the 
measurement of body iron stores. It is particularly useful in distinguishing different stages of 
iron deficiency and iron overload as well as in the control of iron therapy.

INTRODUCTION

The amount o f storage iron is an important parameter for the assessment of 
body iron status, particularly in the diagnosis o f iron depletion and iron-deficiency 
anaemia. Current methods for the estimation of iron stores from biopsy samples 
(bone marrow, liver), intestinal iron absorption or the differential desferrioxamine
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test are rather limited in clinical applicability. Serum ferritin assays provide a new 
means of assessment o f body iron stores. Until recently, ferritin was thought to 
be an intracellular iron storage protein that appears in the serum only in pathologi
cal states, such as acute hepatitis, when the protein might be expected to escape 
from necrotic cells. In 1972, however, Addison et al. [1] were able to measure 
ferritin in the serum o f healthy subjects and even in patients with iron deficiency by 
using immunoradiometric assay. In subsequent work, different types of immuno
radiometric assays for the determination of serum ferrin have been 
developed [2—4]. The purpose o f the present study was:

To compare the results o f the Addison assay with those obtained from a 
different test kit which is commercially available;

To evaluate correlations between serum ferritin and other parameters of 
iron storage;

To discuss the clinical significance of serum ferritin.

MATERIALS AND METHODS

The following groups of patients were included in the study: 62 patients 
with iron-deficiency anaemia, 30 patients with latent iron deficiency, 48 patients 
with pre-latent iron deficiency, 33 patients with iron overload, 78 healthy male 
volunteers and 92 healthy female volunteers.

Serum ferritin was measured by two methods: ( 1 ) by the immunoradiometric 
assay developed by Addison et al. [1 ], and (2) by a commercially available two- 
site immunoradiometric assay [2].

Intestinal iron absorption from a ferrous iron test dose (1 mg of iron as 
Fe(II) sulphate) labelled with s9Fe was measured by means of a whole-body 
counter. Bone-marrow iron content of sternal aspirates was evaluated after the 
method o f Hausmann et al. [5]. Additionally, peripheral blood count and 
serum iron concentration as well as total iron binding capacity were determined 
by standard methods.

RESULTS '

To evaluate intra-assay variation, three serum samples were each measured 
10 times in both assays. For the Addison assay the coefficients o f variation 
were 4.8% at 22 jzg/l, 7.6% at 96 jug/1 and 4.6% at 839 Mg/1. The respective 
values in the two-site assay were 12.2%, 6.4% and 6.7%. For inter-assay variation, 
12 determinations o f ferritin concentration o f a test serum (66 and 87 Mg/1, 
respectively) were performed within 8 weeks. The coefficient o f variation for the 
Addison assay was found to be 5.9% and for the two-site assay, 4.6%. In 50 serum



IAEA-SM-220/62 363

S e r u m f e r r i t i n  ( M ILES ■ Assay ) [¿ig I ij

FIG.l. Correlation between 50 serum samples measured by two different immunoradiometric 
ferritin assays.

samples with ferritin concentrations ranging from 1 to 8000 Mg/1, the correlation 
coefficient between the two methods was found to be 0.98 (F ig.l). Higher 
deviations were mainly observed in the upper and lower ranges.

Serum ferritin concentration in healthy persons follows a log-normal 
distribution. The significant difference (p < 0 .0 0 1 ) between male (mean value 
131 /ig/l; SD 1.59) and female volunteers (mean value 67 /ug/1; SD 1.79) corres
ponds to the lower storage iron contents in healthy women. Whereas in iron 
overload extremely high concentrations o f serum ferritin of more than 1 mg/1 
were found, a stepwise fall of mean values could be observed in the following 
sequence: male and female controls, pre-la tent, latent and manifest iron deficiency 
(Fig.2). In iron-deficiency anaemia, serum ferritin concentrations between 1 and 
20 |xg/l have been measured.
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FIG.2. Serum ferritin concentrations in patients with manifest, latent and pre-latent iron 
deficiency, in healthy controls and in patients with iron overload.

A direct correlation (r = 0.90, p < 0 .0 0 1 ) was found between serum ferritin 
and storage iron mobilized by phlebotomy. There is also a direct relation to  
stainable bone-marrow iron (Fig.3).

An inverse correlation could be demonstrated between serum ferritin and 
intestinal iron absorption (r = -0 .83, p < 0 .001  ) which is currently regarded as 
the most sensitive indirect measure o f iron stores (Fig.3).
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FIG.4. Haemoglobin(a) and serum ferritinfb) concentrations during oral iron treatment o f  
patients with post-haemorrhagic anaemia compared with those o f  patients with chronic 
haemorrhagic anaemia.

In contrast to serum iron and iron-binding capacity, serum ferritin is a 
quantitative parameter for the total range from iron-deficiency anaemia to extreme 
iron overload. Therefore, it is suggested that measurements o f serum ferritin 
concentration should replace iron absorption and stainable bone-marrow iron as a 
parameter o f iron stores.

/
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The findings presented in Figs 2 and 3 refer to the evaluation of body iron 
status in untreated subjects. However, not only is the primary diagnosis of 
clinical interest but also the follow-up o f iron stores during treatment, such as 
iron supplementation in iron-deficiency anaemia or iron removal by venesection 
o f patients with haemochromatosis.

In contrast to bone-marrow biopsy or iron absorption tests, serum ferritin 
can be measured as often as necessary without disturbance from an already 
started therapy. During iron therapy the serum ferritin determination allows the 
repletion o f body iron stores to be followed [6]. Figure 4 shows the effect o f  
oral iron supplementation on haemoglobin and serum ferritin in two groups of 
patients with iron-deficiency anaemia. In uncomplicated post-haemorrhagic 
anaemias, serum ferritin increases very shortly after the initiation o f iron therapy 
to a level o f  about 30 Mg/1 and remains at this level until haemoglobin has reached 
a constant value. Then, serum ferritin increases further to values indicating 
normal body iron stores. However, when blood losses are continuous, as in patients 
with chronic haemorrhagic anaemia, serum ferritin values remain in a subnormal 
range during treatment. In contrast, haemoblobin values do not differ significantly 
after 4 months o f iron treatment.

DISCUSSION

The close correlation between serum ferritin and body iron stores in iron 
deficiency and iron overload has already been demonstrated by other 
investigators [1 ,7 , 8]. Our results confirm these findings. For healthy individuals 
there still remains some controversy about the value o f serum ferritin for the 
quantitation o f iron stores. Whereas Walters et al. [7] reported a significant 
correlation between serum ferritin and iron stores 'derived from quantitatively 
phlebotomized healthy volunteers, Birgegârd et al. [9] could not confirm this with 
the same technique.

In patients with disturbed iron metabolism, our results provide evidence that 
iron stores are reflected by serum ferritin. Therefore, the determination o f serum 
ferritin is a useful criterion for the detection and differentiation o f iron deficiency 
as well as of iron overload. The assay of serum ferritin enables the clinician to 
easily follow up the effect o f iron and phlebotomy treatment. It also allows 
different types o f  anaemias, especially iron-deficiency anaemia and the anaemia 
o f chronic disorders, to be readily distinguished.

With respect to the frequency o f disorders in iron metabolism, the routine 
assay o f serum ferritin in medical practice may become one o f the most often 
used radioimmunological methods.
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DISCUSSION

E. NIEMANN: You have measured rather high values o f  ferritin in serum.
I assume you had to dilute the sera. If so, what diluent did you use, and did you 
get any dilution effect?

J.P. KALTWASSER: We are using BSA phosphate buffer (pH4) as diluent 
applying the method of Addison and co-workers.

In the lower and normal ranges there is no significant dilution effect, but in 
very high concentrations, where much higher dilutions are required, the dilution 
effect may be greater and can affect the precision of the results.

I don’t believe that dilution effects alone are responsible for the differences 
in ferritin concentrations measured by the different assay systems. As we learnt 
from paper SM-220/28 by Cowan and co-workers, there are also other factors 
influencing assay procedures. For the moment I think nobody can say that he is 
measuring the “true” serum ferritin concentration. It is therefore necessary to 
standardize the assay systems before individual assay results can be meaningfully 
criticized.

B. HEICKE: Serum ferritin may be increased in the case of liver cell damage 
and chronic inflammation, and may thus lead to serious overestimation of iron 
body stores if ferritin determination is the only basis.

As for the normal range, the crucial point seems to be the considerable 
overlap between normal and iron-deficient females. I did not notice this overlap, 
which is highly significant clinically, between your values for normal females and
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anaemic patients, but it could be seen in the “probably iron-deficient” cases.
What criteria did you use for iron deficiency, and is there a “grey zone” (e.g.
10—20 ng/ml) instead o f a lower limit o f the normal range?

J.P. KALTWASSER: Patients with depleted iron stores (pre-latent iron 
deficiency), whom you called “probably iron-deficient” , were selected by 
estimating the stainable bone-marrow irort and/or intestinal iron absorption.
Patients with completely exhausted iron stores (latent iron deficiency) were 
selected on the basis o f an increased total iron binding capacity (TIBC) and an 
absence o f stainable bone-marrow iron. Iron-deficiency anaemia was defined by 
the above-mentioned criteria plus a haemoglobin concentration below 120 g/litre.
As for the “grey zone” you mentioned between the different stages of iron 
deficiency, I would say that there must be such a zone because in a population 
you cannot expèct clear divisions between groups of patients defined by parameters 
which are so different with respect to their methodological precision as serum 
ferritin and bone-marrow iron. However, in the case of simple iron-deficiency 
anaemia, all ferritin concentrations are below 20 jug/litre in our assay system.

In defining a “ true” normal population, it is very important in my opinion 
to use medical history, peripheral blood count, serum iron and serum total iron 
binding capacity as well as stainable bone-marrow iron and intestinal iron 
absorption as selection criteria. This was not done in our normal persons; however, 
we are now trying to collect a new normal group satisfying all the criteria 
mentioned, and hope to arrive at a better definition of our normal serum ferritin 
values.

A. PFAU: Measuring serum ferritin levels may be of use in the diagnosis of 
iron disorders in humans. However, I wonder whether this test could replace all 
the other procedures, such as serological, cytochemical or whole-body s9Fe 
absorption tests. Especially in the case of pre-latent iron deficiency, which most 
of our females are suffering from, the whole-body 59Fe absorption test with a 
4ir whole-body counter appears to be superior. With a test dose of 10 /nmol 
ferrous iron as s9Fe a 50% or higher absorption signifies a pre-latent iron deficiency, 
while all the other Fe blood parameters are “normal”, as has been clearly established 
during the last decade by Prof. Heinrich’s group at Hamburg University. Further
more, there seems to be some interference reducing the reliability of the serum 
ferritin test. As you have demonstrated, the serum ferritin levels rise immediately 
after the start o f  iron therapy, indicating nearly normal iron storage levels, but 
this cannot be truly related to the Fe dose administered and absorbed. If I 
remember correctly, even a common cold can influence the serum ferritin levels.

Can you give the means ± SD for serum ferritin in pre-latent and latent iron 
deficiency, and how do these means correspond to whole-body s9Fe absorption 
in your set-up?

J.P. KALTWASSER: The mean serum ferritin in patients with pre-latent 
iron deficiency was 39 Mg/litre (SD 2.04) and that in patients with latent iron
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deficiency 15 jug/litre (SD 2.50). The means corresponding to the results o f 
intestinal iron absorption measured with a whole-body counter were 64 ± 20% 
and 76 ± 20%, respectively.

A. PFAU: Did you take into consideration the interference of factors 
influencing the results in your screening tests, and can you explain the rise of 
serum ferritin levels just after the beginning o f iron therapy, which is in contrast 
to the concept o f serum ferritin levels as a measure o f body storage iron?

J.P. KALTWASSER: We selected our normal volunteers and patients from 
hospital staff and hospital patients, avoiding the inclusion of patients with liver 
diseases, malignancies, etc. The rise in serum ferritin levels just after the 
beginning of iron therapy is a very constant finding, as has been confirmed by 
other investigators. This can be interpreted as an early reconstruction of some 
of the body iron stores. The rise is usually observed only at the beginning of 
therapy. With further iron supplementation ferritin remains at a subnormal 
level or decreases again because o f increasing activity o f erythropoiesis. The 
constant increase in ferritin levels occurs again when the haemoglobin level 
reaches a normal value, without increasing any further. In my opinion, therefore, 
serum ferritin seems to reflect the body iron stores likewise accurately during iron 
treatment.
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Abstract

PERFORMANCE OF VARIOUS MATHEMATICAL METHODS FOR CALCULATION 
OF RADIOIMMUNOASSAY RESULTS.

Interpolation and regression methods are available for computer-aided determination 
of radioimmunological end-results. We compared the performance of eight algorithms 
(weighted and unweighted linear logit-log regression, quadratic logit-log regression, Rodbard’s 
logistic model in the weighted and unweighted form, smoothing spline interpolation with a 
large and small smoothing factor, and polygonal interpolation) on the basis of three radio
immunoassays with different reference curve characteristics (digoxin, estriol and human 
chorionic somatomammotrophin (hCS)). Great importance was given to the accuracy of the 
approximation at the intermediate points on the curve, i.e. those points that lie midway 
between two standard concentrations. The concentrations of these samples were obtained 
by weighing, but were treated as unknown. With digoxin and estriol the polygonal inter
polation provided the best results whereas with hCS the weighted logit-log regression proved 
superior.

INTRODUCTION

The number o f radioimmunological analyses performed as part o f the 
routine work of clinical chemistry is increasing rapidly. The graphical determina
tion o f results is time-consuming and expensive, and quality control for this 
method is difficult. For these reasons there has been a widespread change to 
computerized methods. Several widely differing mathematical models have 
been proposed in the past and their efficiencies and suitabilities compared. The 
criterion for comparison has been either the agreement o f the computer curve 
with the manually produced reference curve [1—4] or the deviation o f the 
calculated standard concentration values from the true values [4—6].

The graphical method is not a good model for comparison, both for 
statistical reasons and by definition. To limit the comparison to the standard 
values is equally unsatisfactory as interpolatory methods, by definition, reflect 
the input values more closely and in some cases exactly.
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Precision and accuracy are two o f the major requirements in clinical- 
chemical analyses. In earlier papers [7, 8] we have rated the analytical methods 
by the extent to which their results could be reproduced. In practice, however, 
accuracy is often more important. The present study therefore compares the 
efficiencies o f various analytical methods, with the stress on their accuracies, 
on the basis o f  independent true values not used in the calculation in addition 
to the standard values. It is thus possible to come to a definite conclusion.

MATHEMATICAL METHODS

For a computer to produce a reference curve, an algorithm must be 
developed according to which the program will run. Basically, there are two 
methods for doing this, regression and interpolation.

In the regression method, simple defined functions, e.g. straight lines, are 
matched with given measured values in such a way that the sum o f the squares 
of the distances between the measured values and the value of the function is 
a minimum.

The lOgit-log method, suggested by Rodbard in 1968 [9], is the most 
frequently used regression method for RIA analyses. A linear regression is 
calculated. For this method it is necessary that the dose-response curve after 
the logit-log transformation is either nearly linear or parabolic. For a number 
of RIA analyses this is not the case.

Another regression function suggested by Rodbard [10] is the so-called 
logistic model which needs iterative algorithms for the computation of which 
large computers are necessary.

In the interpolation method, a function, e.g. a polynomial of suitable high 
degree, is so calculated that, at the point where the standard concentration 
value is used (=  ordinate point), the value o f the function is exactly that of 
the measured value (for single data) or the mean value (for grouped data).
Between the ordinate points, however, the shape o f the curve can vary widely 
depending on the type of the function used. Clearly, in this type o f curve 
approximation the result is more dependent on the number o f standard 
concentrations than in the regression method.

A method which gives good results is the spline interpolation in which the 
desired curve is constructed not as a single function, but as several sections, 
usually consisting of 3rd degree polynomials. The spline interpolation is 
attractive because the curve can be fitted to any finite number o f prescribed 
ordinate points and — given the function is finite — nothing need be known about 
the type of curve.

In addition, the smoothing spline interpolation allows irregularities in the 
shape o f the curve, i.e. more thán one turning point, to be compensated for by
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using a suitable smoothing factor. Greater smoothing entails stretching the 
curve — in the extreme case to linearity. In 1974, Marschner [11] recommended 
an algorithm of this type developed by Reinsch [12,13] for radioimmunological 
assays. Since then this method has occupied a prominent place in RIA. Some 
authors [5,11 ], in fact, see it as being superior to the other methods in all cases.

In polygonal interpolation, an interpolation method presented by us [14,15], 
the measured or mean values are linked by a polygonal curve, i.e. a curve con
sisting o f single, joined linear sections. Besides being very efficient, as will be 
shown, this procedure has the advantage that it requires little data and program 
storage and can therefore be implemented on desk-top calculators.

METHOD OF COMPARISON

The only objective criterion for the comparison o f mathematical procedures 
is, in our opinion, the accuracy with which concentrations are reproduced, above 
all between the ordinate points of the reference curve. To measure the calcula
tion methods against this criterion we worked according to the following 
scheme.

We tested the RIAs o f digoxin, estriol and human chorionic somato- 
mammotrophin (hCS) using ordinary commercial kits. The reference curves 
obtained by these analyses are in each case examples o f the groups into which 
RIA reference curves can be empirically sorted according to their curvature 
characteristics. A first group with digoxin (binding capacity 28%) conforms, 
in the main, to linear logit-log regression. A second group with estriol (binding 
capacity 31 %) can be approximated by quadratic logit-log regression and a third 
group with hCS (binding capacity 61%) can be approximated by neither linear 
nor quadratic logit-log regression.

For all three RIAs, 20 reference curves were drawn on different days. For 
these curves we used the number of standard concentrations prescribed in the 
respective commercial kit: for estriol, 6 standard concentrations (S) and 
5 intermediate values (I); for digoxin, 5 S and 4 I and for hCS, 4 S and 3 I.
The counts for the intermediate values (I) were used as unknown assays.

The following methods were used in the calculation:

— linear logit-log regression
— weighted linear logit-log regression
— quadratic logit-log regression
— unweighted logistic model
— weighted logistic model
— polygonal interpolation
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— smoothing spline interpolation beginning with smoothing factor 0,
N N
1б ’ 8 ’

— smoothing spline interpolation beginning according to Reinsch’s method 
with smoothing factor N +1 —-^/2N+2 where N =  the number o f ordinate' 
points

— graphical methods (manual)
I

With hCS, the weighted logit-log regression was calculated after mathematical 
optimization o f the B0 values.

The question to be answered in the statistical analysis is whether 
significant differences are to be found in the deviation from the true value when 
alternative mathematical procedures are used.

The method of paired comparisons is indicated as the data constitute 
matched samples. We used the Wilcoxon ranking test. The absolute deviation 
from the nominal value was used in each case as the input value. The nominal 
value at the intermediate points for digoxin and estriol is the concentration 
obtained by weighing and for hCS it is the concentration obtained by mixing 
two reference standards. Errors in weighing or mixing are certainly less than 1%.

To condense the statistical results into an evaluation index, we have added 
together for each method the significantly better approximations according to 
Wilcoxon as plus points and the significantly worse as minus points. In addi
tion, we calculated the mean relative deviation from the nominal values. The 
method which showed the largest evaluation index as well as the smallest mean 
relative deviation was considered the most suitable one o f those we investigated.

RESULTS AND DISCUSSION

For estriol, logit-log regression is known to be unable to approximate the 
dose-response curve. The deviations are correspondingly large, weighted 
logit-log regression being rather better than unweighted regression. Quadratic 
logit-log regression gives a clearly better result. The unweighted and the weighted 
logistic models yield better results than logit-log regression but — if one dis
regards the manual method — the interpolation methods are the most successful. 
Splines with a large smoothing factor do not as a rule approximate the dose- 
response curve as closely as splines with a small smoothing factor. Polygonal 
interpolation, being a pure interpolation method, shows the largest evaluation 
index as well as the smallest mean relative deviation (see Table I).

For digoxin, although logit-log regression is generally considered to 
approximate closely the dose-response curve, basically the same relationships 
are found as for estriol. Quadratic logit-log regression gives better results than
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Evaluation indices and mean relative deviations for linear logit-log regression, weighted linear 
logit-log regression, quadratic logit-log regression, polygonal interpolation, spline interpolation 
with large smoothing factor, spline interpolation with small smoothing factor, weighted logistic 
model, unweighted logistic model and manual method. In the evaluation index the results of 
the Wilcoxon tests are condensed. For this purpose the number of points with significantly 
better approximations are added together as plus points and the number of points with 
significantly worse approximations as minus points.

unweighted logit-log regression and weighted logit-log regression still better 
results, the latter being superior to the unweighted and weighted logistic models. 
Polygonal interpolation again gives the best results (see Table I).

The statements made for estriol and digoxin are largely valid also for hCS. 
Weighted logit-log regression gives the best results followed by polygonal inter
polation and spline interpolation with a small smoothing factor. t

CONCLUSIONS

Polygonal interpolation is the best method for estriol and digoxin, while 
weighted logit-log regression is the best for hCS.

An important discovery we made through our method o f investigation 
using objective intermediate true values is the possibility to check whether the 
chosen standard concentrations lie close enough together. Thus we found that 
in the region between 1.01 jug/ml and 3.4 Mg/ml hCS no method was able to 
provide a satisfactory approximation to the dose-response curve. In this region 
another standard concentration must be inserted.
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To select the most suitable method we recommend, for practical purposes, 
the following procedure. Weighted logit-log or quadratic logit-log regression 
are definitely to be preferred if  they provide a good approximation to the dose- 
response curve because they can be further checked by the reference curve. If 
both regression models prove insufficient, one of the interpolation methods, 
i.e. polygonal interpolation or spline interpolation with a small smoothing 
factor, can be used. The practical benefits o f the polygonal interpolation 
method, however, must be stressed. This method requires little programming 
and data storage and can be easily implemented, even in desk-top calculators, 
to provide first results. A graphical representation o f the reference curve should, 
however, always be considered mandatory.
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DISCUSSION

D. RODBARD: Let me compliment you on a very careful study; indeed, 
it seems to be the first to use an objective and unbiased procedure to evaluate 
the performance o f various methods. I would emphasize that the use of 
“alternating” or “intermediate” dose levels is o f the utmost importance. 
Evaluating the “goodness-of-fit” at dose levels used in the computation results 
in a bias in favour o f the polygonal, spline, polynomial and other “empirical” 
approaches. For instance, the point-to-point linear interpolation would be 
erroneously regarded as “perfect” if we had a single replicate at each dose, even 
if the curve were extremely erratic. This at least partially invalidates studies of 
the type reported by Schöneshöfer, M., et al. (Clin. Chim. Acta 7 7  (1977) 101). 
Hence I suggest that we confine our attention to the performance of the various 
methods at the intermediate points only. Moreover, the logit-log and logistic 
methods perform better than the other methods for several o f your assays by this 
criterion. However, it would be hazardous to extrapolate from the results in one 
laboratory, using one set o f reagents and one set o f  conditions, to another 
laboratory. The fact that “method X works better than method Y” for your 
estradiol assay cannot be extrapolated to other laboratories. Instead, each 
laboratory should make the kind o f comparisons which you have made, and 
evaluate the performance o f the method in its own environment.

Lastly, while your “polygonal” method has the advantage o f  simplicity, 
and hence ready adaptability to desk-top calculators, we have recently developed 
a computational method (called “ 2 +  2” regression) which enables us to use the 
four-parameter logistic model on a desk-top or even hand-held calculator, 
applying only the methods o f linear regression (cf. Appendix A o f paper 
SM-200/58); we first evaluate the slope and intercept o f  the logit-log plot, 
adjust the values o f B0 and N, using linear regression, and then repeat the 
process.

T.A. WILKINS: During the presentation, when you illustrated the per cent 
deviation o f fitted values from the expected (true) values against dose for some 
fitting techniques for estriol and digoxin, I found that virtually all o f the 
per cent deviations were negative. Can you explain this unexpected observation?

P. SANDEL: There are two reasons for this effect. The first and more 
important reason is that these are relative deviations. It is therefore likely that
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small positive per cent deviations at high concentrations are balancing large 
negative per cent deviations at low concentrations. The second reason lies in 
rounding errors due to an off-line step between calculation o f reference curves 
and the unknown concentrations on one hand and calculation o f the comparisons 
on the other, and at this off-line step we reduced the numbers to four digits.

I. MARSCHNER: First of all, I should like to point out that the spline 
program which you use deviates from our original program as published 
in the proceedings o f the 1973 Istanbul Symposium.

Secondly, with four standard curve points and with a polygonal inter
polation how do you recognize and compensate for outliers? You have 
attempted to compare different mathematical approaches using standard curves 
with an insufficient number o f data points. Does this not worry you?

P. SANDEL: Our program indeed deviated from yours and I have to agree 
that your program and your quality control routines are much easier to handle. 
However, our algorithm is the same as yours.

We make a plot of each reference curve. If there is any outlier, it is easily 
detected. If we cannot accept the assay, then we repeat it. As to your second 
question, the number of data points is not insufficient at all because we 
performed our comparisons with 20 reference curves. This means that for 
each pair of calculation methods we had 20 pairs of values at each point. Twenty 
pairs of values are sufficient for the Wilcoxon test, as you know.

D.W. WILSON: Have you carried out any simulation experiments to deter
mine how the number and distribution of standard hormone concentrations 
affect your assessment o f efficiency of the various mathematical models 
investigated?

P. SANDEL: No, we have not investigated the distribution o f the data 
points. We did not consider this necessary because we used a distribution- 
independent statistical test, namely the matched-pair Wilcoxon test.

T.A. WILKINS: I wonder if Dr. Rodbard would wish to comment on two 
observations in this paper regarding the logistic model: ( 1) weighting did not 
significantly improve the fitting o f the model in relation to the unweighted 
fit; (2) the logistic fits did not perform as well as the splines or polynomial 
fits. As regards the latter point, may I suggest that this is due to the symmetric 
sigmoidal shape of the logistic function. Mass law models predict the possibility 
of asymmetric sigmoidal curve shapes.

D. RODBARD: When experimental errors are small (say, less than 4%), 
and if  we have a sufficient number of points on the dose-response curve, then 
use o f weighting (in the logit-log or logistic models) will have only a minimal 
effect on the calculated regression line or curve. However, the weighting becomes 
extremely important, not for estimating the regression parameters, but rather 
when we seek to estimate the per cent coefficient of variation for the potency 
estimât^ or to calculate 95% confidence limits for results. Failure to use weighting
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will then result in a systematic underestimate of the standard error in one portion 
of the curve but in a severe overestimate o f the error in another portion. Weighting 
becomes more important when we deal with “noisy” data, or when the preci
sion varies tremendously along the curve (as is often the case with bio-assays, in- 
vitro bio-assays and two-site IRMAs). Moreover, if Dr. Sandel based his weighting 
on some logit-log programs distributed by commercial concerns, then there is a 
possibility that an inappropriate scheme was used. In the context o f the logit- 
log model, it is essential to weight according to the smoothed, predicted variance 
of the response variable and not according to the observed sample standard 
deviation o f the response (or logit) based on duplicates or triplicates. Use of 
weights based on small numbers o f degrees of freedom is tantamount to weight
ing by a random number and may actually degrade the performance o f the 
regression routine. This difficulty is avoided in my programs (cf. Refs [1 ], [3] 
and [24] of paper SM-220/58).

As for your second comment, I think you will find that at the “intermediate” 
dose levels, i.e. dose levels interspersed between those used to construct the 
dose-response curve, the logit-log and the four-parameter logistic models per
formed on average as well as or better than the other methods which you 
mentioned. As I pointed out earlier, use of the dose levels at which the curve 
fitting procedure is applied results in an automatic bias in favour o f the poly
nomial, spline, polygonal and “point-to-point” methods. Besides, when there 
was a difference, it was usually pretty small. In practice, an RMS error o f  5.8 
does not differ significantly from an RMS error o f  5.9. In actual fact, for most 
o f the assay systems analysed by Dr. Sandel, almost all o f the curve-fitting 
methods performed nearly equally well. Hence, in such cases, I would prefer 
to use the logit-log or logistic methods, since they provide a simple yet complete 
statistical characterization o f the standard curve, permit testing o f  parallelism 
and provide an estimate o f  per cent error for any point on the dose-response 
curve (provided that appropriate weighting is used).

I agree with you that the logit-log method and the four-parameter logistic 
method require the curve to be smooth and symmetrical. In this respect these 
models are less flexible than the polynomial or spline models. This may be an 
advantage. For a suitably optimized RIA using a (fairly) homogeneous binding 
reagent, we can demonstrate that the dose-response curve should be smooth and 
symmetrical (cf. Ref. [36] of paper SM-220/58). Lastly, in those cases where 
the curve is clearly asymmetrical, we can use various extensions and generaliza
tions of the logistic model to accommodate this problem (cf. Appendix A, 
paper SM-220/58). Indeed, the spline methods may be performed in terms of 
the logit-log co-ordinate system; systematic departures from linearity can be 
used in an attempt to estimate parameters for the five-, six- or seven-parameter 
logistic models. Once these additional parameters are “set” , we can use the 
extended model with little or no more complexity than the original models.
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Abstract

RIA ANALYSIS BY MEANS OF NON-LINEARIZED RESPONSE FUNCTIONS: 
APPLICATION TO AN AUTOMATED RAT-GROWTH-HORMONE ASSAY.

The paper presents a new mathematical model for curve-fitting in radioimmunoassay 
(RIA) by means of non-linearized response functions. The computer program developed is 
applicable to  any protein-binding assay performed to date and is demonstrated together with 
a RIA for rat-growth hormone. This RIA is sensitive to 2 ng/ml, reproducible and shows no 
cross-reaction, particularly with prolactin. The assay is performed on the modified automatic 
module system RIA-E 6000. This system, which is especially designed for a high throughput 
of samples, was modified so that the filtration unit is replaced by a centrifugation step which 
allows the use of a conventional gamma-counter.

I. MODEL FOR RIA ANALYSIS

Since the introduction o f the radioimmunoassay (RIA) various methods 
have been proposed whereby the necessary calibration of the response curve can 
be performed by linearization and subsequent determination of the unknown 
parameters by linear regression methods [1,2]. Although such procedures 
appear to be conceptually complicated and may contain artificial sources of 
errors [3], they obviously offer many advantages when only small computers 
can be used.

However, when a larger computer is available for the analysis o f  data, 
linearization loses most o f its attractiveness. One o f the most direct methods 
for calibration o f the response curve is then through the use o f spline functions
[4].

An alternative procedure, which is conceptionally simple, is described in 
the following.

The calibration curve is chosen from the class o f functions which are the 
response functions theoretically corresponding to the simplest case, involving

383
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a single species o f binding site and an univalent ligand. This class o f  functions 
can be parametrized as [ 1 ]

where y is the total radioactivity T divided by the bound radioactivity B, and 
X is the total concentration of unlabelled ligand, which is contributed by 
standard or unknown. The three parameters a, ß, y  can be expressed by the 
physical quantities of the reaction [1 ]. Although this equation is derived under 
the restrictive conditions mentioned, its form contains enough freedom to allow 
the expectation that it applies with free parameters to a great number o f cases 
where these conditions are not strictly met.

Equation (1) is an ordinary quadratic equation for the bound radioactivity 
В or the free radioactivity F = T -  B. By solving, we obtain

for F with 5 = T and for В with 5 = —T, respectively. Because F and В measure 
directly counts/time, the term + e  has been added on the right-hand side of 
Eq. (2) in order to account for background and поп-specifically bound radio
activity.

Once the set o f parameters {P} =  {a, ß, у , 8, e} =  {Pb P2, P3, P4, Ps} 
has been determined, unknown unlabelled ligand concentrations x are 
calculated, given counts/time, from

with f  = F — e if F has been measured and f = B + 6 —e i f B  has been measured. 
The parameter set {P} is determined by the requirement that the sum o f squared 
differences between the calculated values f  (at concentrations x¡) and the 
measured calibration values Ej,

(1)

+e

- 6+e

( 2)

(4)

is minimal or

(5)
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Equation (5) can be solvêd by numerical iteration methods. It must, however, 
be taken into account that because of the square-root expression in Eq. (2), 
f({P}, x) is not necessarily real for all combinations o f parameters which may 
occur during the iteration procedure. Inserting into Eq. (4) the Taylor expansion 
for some given set{P0},

where all derivatives on the right-hand side are to be taken at {P} = {P0}. Using 
the identity

f({P 0 +  5P},xi) = f({P 0},Xi) +

+  higher order terms ( 6)

we obtain

0 =
ЭРт

ЭМ

K I
3f

—  5Pg +  f({P 0}, X i )  -  Ej

£

+  complex conjugate (7)

-(v w *  +  wv*) = R e v  Re w +  Im v lm w (8)

and remembering that for the final parameter set f  must be real, we can rewrite 
Eq. (7) in the matrix form

Д ( 6Р) = Ь (9)

with

(10)

and

(11)

1

Eq. (9) is iterated until all SP are sufficiently small.
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In the simplest case, which is described by Eq. (1), the parameter ß = P2 
is proportional to the inverse o f the reaction constant [ 1] and can therefore be 
extremely small. If ß were exactly zero, the five parameters would not be 
independent and no unique solution of Eq. (5) would exist. Even though ß 
never completely vanishes, the matrix Д in Eq. (9) is often almost singular and 
then cannot be inverted numerically. If this occurs, only the numerically non
singular part o f Д is inverted by a slightly modified version of the Gauss- 
algorithm, and the rest of Д -1 is put equal to zero. This means that in the 
corresponding iteration step only those parameters are shifted which belong to 
the non-singular part of Д.

II. PROGRAM

The punched paper tape produced by the teletype linked to the gamma- 
counter is read by the photoreader o f the computer (Hewlett-Packard Model 
2100S, 16K). Three programs are stored on a magnetic tape and used for 
treatment o f the data: the program RIA calculates the calibration curves, 
WERTE allows the handling o f data and calculates the concentrations o f the 
unknowns and TEST allows addition of statistical evaluations. The parameters 
of the calibration curve, once calculated, are present in the core memory of the 
computer, independent o f successive calls for WERTE and TEST.

Program RIA

RIA reads the data o f the standard curve and calculates the best fit to the 
above-mentioned non-linearized response function in two ways: first, with all 
five parameters free and second, with P4 and Ps fixed. The maximum number 
of independently treated points in the standard curve is 60, and 1 /6 th o f them 
can be eliminated for the final calculation o f the fit. Erroneous values due to 
failures in punched tape, for example, are corrected by hand. The results o f the 
better o f the two fits are printed and displayed on a line-printer (Figs la  and lb). 
A short protocol o f the assay which was typed at the very beginning is included. 
The column #  gives the differences between the measured and calculated cpm 
for every point. The value “Durchschnittliche Abweichung” is the mean o f these 
differences and is, together with the relative standard error in the last column, 
the indicator of the quality of the assay calibration curve.
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WERTE is called directly by RIA at the end o f its output. A repeated cycle 
in WERTE allows the positioning o f the punched tape by skipping data (the last 
skipped datum is printed) and the handling o f data in series of identical experi
mental conditions (number o f replicatfes, dilution factor . . . ). The capacity is 
220 values with 1 to 4 replicates, but WERTE can be called several times if the 
experiment exceeds this capacity. A simple test eliminates the replicate with 
the greatest differences (in cpm) from the mean if this difference is bigger than 
a level introduced by the usef. The output consists o f the mean cpm values of 
the replicates and the corresponding concentrations multiplied by the dilution 
factor. For every value, the RSE for its prediction from the measured cpm is 
given. Different diagnostics after the calculated values facilitate their critical 
assessment.

Program WERTE

III. APPLICATION

A. RIA for rat growth hormone

Two rhesus monkeys were immunized and both o f them produced anti
bodies suitable for RIA. In the following we give a brief description o f one of 
them.

Im m unization schedule

The hypophyses o f 10000 rats were extracted1 according to Neill et al. [5] 
and purified by column chromatography on Sephadex G-100. A relatively crude 
preparation, which was essentially free of prolactin contamination, was used for 
the immunization. Three milligrams o f the hormone were emulsified in Freund’s 
complete adjuvant (Difco) and injected at different sites. One month later, the 
same procedure was repeated. Two weeks after this booster injection, the titre 
of the antiserum was high enough to establish an assay. Nevertheless, 18 months 
later, a 2nd and 3rd booster injection were given within 6 weeks with either 1 mg 
or 10 jug o f hormone in Freund’s incomplete adjuvant. The titre o f the antiserum 
rose by a factor of 10 relative to the first bleeding. Intensive characterization of 
this new batch was performed, but no change in behaviour was observed. The 
antiserum received the code anti-rGH-B3.

1 We wish to thank Dr. R. Huguenin from the Chemical Department of Sandoz for this 
work which he carried out in collaboration with Dr. W. Niederer.
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Labelling o f  the antigen

rGH 79/9, which is a very pure fraction from the extraction procedure, was 
used for iodination. This material proved to be at least as convenient as NIAMD- 
Rat GH-I-22. A somewhat modified Chloramine-T method [6] was used such 
that 5 fig of the hormone in 20 p\ of phosphate-buffer (pH 7.4, 0.5M) were 
brought in contact with 1 mCi o f iodine-125 (Amersham IMS.30) and with 
20 fig o f  Chloramine-T in 10 jul o f water. The reaction was stopped after 20 s 
by the addition of 500 pi of barbital-buffer (pH 8.6, 0.05M, 0.5% BSA) and the 
mixture transferred to a 1.5 cm X 40 cm column o f Ultrogel AcA 44  (LKB) and 
eluted with the same barbital buffer. The immunoreactivity o f the fractions was 
checked by short incubation with excess antibody, the best fractions being 
aliquoted and deep-frozen. An aliquot was used within 3 days, or was then 
repurified on the same column just mentioned.

Immunoassay procedure

Fifty microlitres of sample or standard were incubated with 200 of 
antibody, 1 :6 0  000. After 0 or 24 hours, 100 fil o f labelled antigen (10 000 cpm) 
were added and the incubation continued for 24—72 hours at 4°C. Free and 
bound antigen were then separated by the addition o f 100 fil o f 2nd-antibody 
(produced in a goat in our laboratory) and centrifugation after the appropriate 
time (24—72 hours). The non-immune monkey serum was added together with 
the label (1: 200). All solutions and dilutions were made up in 0 .0 1M phosphate 
buffer, pH7.6, containing 0.5% BSA, 0.9% NaCl, 0.025M EDTA and 0.01% NaN3.

B. Adaptation of the modular analyser system RIA-E 6000

The modular analyser system RIA-E 6000 (Ismatec, Berthold) was developed 
by Marschner et al. [7]. This module system is especially designed for double
antibody radioimmunoassays and a high throughput o f  samples. The first two 
modules o f  the system were used in our laboratory, namely the diluting system 
and the pipetting unit. Instead o f using the filtration unit and the specially 
designed gamma-counter, we adapted a centrifuge (Christ Cryofuge 6—6) so 
that 4 to 6 times 48 tubes could be loaded directly within the sample carrier 
chain. The supernatant was then removed by simple décantation and the tubes 
loaded without any support to the racks o f the gamma-counter (Wallac 1270 
Rack-gamma) or to any conventional counter model.

2 We wish to thank Dr. A. Parlow and the NIAMD Rat Pituitary Hormone Distribution 
Program for providing this and all later-mentioned radioimmunoassay material.
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Position
У

GH
(ng/ml)

m ± S D CV

Beginning 24.1

Sample 1 Mid-range 23.7 24.8 ± 1.57 6.3%

End 26.6

Beginning 438

Sample 2 Mid-range 376 418 ±36.7 8.8%

End 441

The samples were measured at different positions in one assay.

C. Results

The described radioimmunoassay for rat growth hormone fulfils the 
criteria for a sensitive, reproducible and specific assay. As can be seen from 
Fig. 1, the sensitivity limit is about 2 ng/ml. If the samples are diluted 1: 5, as 
is routinely performed, then the basal values of conscious as well as nembutal- 
anaesthetized male rats are situated in the steepest part o f the standard curve 
and elevated as well as suppressed levels o f the hormone can be accurately 
measured.

Within- and between-assay variability

The within-assay variability was determined by measuring samples of 
different hormone content at the beginning, in the mid-range and at the end of 
a normal assay with 100 samples. The coefficient of variation was well in the 
range of the relative standard error o f  the standard curve in this concentration 
range (Table I). The between-assay variability has not the same importance 
because complete assays were always measured with their own control group. 
Nonetheless, this parameter was, with 10-15% , quite satisfactory and comparable 
with other assays described in the literature.
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FIG.2. (a) Cross-reaction o f  the rGH-antiserum with (a) NIAMD-Rat Prl-RP-1, (*■)
NIAMD-Rat Prl-I-1 and (o) NIAMD-Rat LH-RP-1. N ot shown is the figure 
with NIAMD-Rat FSH-RP-1, where no cross-reaction was found, 

fbj Parallelism o f  sample GH with standard GH. (o, a) are two different sera, 
diluted from  1:1 to 1 :16  and 1:32, respectively.

Specificity

The specificity was checked against NIAMD-Rat LH-RP-1, NIAMD-Rat 
FSH-RP-1, NIAMD-Rat Prl-I-1 and NIAMD-Rat Prl-RP-1. Only with NIAMD- 
Rat Prl-RP-1 was there a significant cross-reaction o f 7.4% (Fig. 2a). The 
striking parallelism of the two curves and the absence o f any cross-reaction with 
NIAMD-Rat Prl-I-1 shows that 7% cross-reaction occurred because of contamination 
of the reference preparation. When 20 samples, which ranged in their GH content 
over the whole standard curve, were studied with our assay system and with the 
complete NIH kit, a correlation coefficient o f 0.97 and a slope of 1.07 were 
obtained. A further indication, but certainly not a proof for specificity, is the 
striking parallelism o f sample dilutions with the standard curve (Fig. 2b).
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Characteristics o f the automate

Reproducibility

Results o f these studies are given in Table II. The experiments were 
conducted under normal laboratory conditions without special precautions.
If labelled samples were offered to the diluting system (16 000 cpm/50 ßl) and 
14 triplicate dilutions performed, the coefficient of variation (CV) for all 42 
samples was 1.1% and varied for the triplicates from 0.5 — 1.3%. If one sample 
was measured 42 times at the same position o f the gamma-counter3, then the 
corresponding CV were 0.67% and 0.1 — 1.1%, respectively. In a further experi
ment, samples were diluted with labelled solution (6 0 0 0 0  cpm/200 /Л). Over 
42 steps, the CV was 0.57%, and it was 0.3% when the sample was measured 
42 times at the same position o f  the counter. The pipetting unit had a CV of 
1.45% when 45 steps were performed.

Carry-over e ffect

When a sample with 500 ng/ml hormone was followed by a sample with 
no antigen, the second sample measured 5.5 ng/ml. However, the first replicate 
of the second sample measured 15 ng/ml but the second and the third replicates 
only 1.5 ng/ml and <  1 ng/ml, respectively. The computer program will eliminate 
the first replicate because it deviates certainly more than the allowed “deviation 
o f replicates” and the expressed value for the empty sample will be <  1 ng/ml.
So, for practical reasons, the carry-over effect o f the diluting system is negligible.

Centrifugation step

The specially designed supports take up 48 chain links and up to 6 units 
can be loaded. The centrifugation is at 3000 X g and allows the separation of 
the free and bound fractions within 20 min.

Decanting step

When 50 tubes were filled with 10 000 cpm in 450 ¡A o f buffer and decanted 
by the ordinary procedure, i.e. (a) décantation and (b) standing on end on filter 
paper for 30 min (or longer), the residual radioactivity in the tubes accounted 
for 4.6%, with a CV o f 6.4%. This is true when Greiner’s reaction tubes No. 2224, 
which are equivalent to Eppendorfs No.3812, were used. No outflow o f precipi
tate was recorded when the tubes stood on their ends for hours, as was also

3 In these experiments a Packard Model 5260 Auto-Gamma-Spectrometer was used.
4 Purchased without caps from Dispolab, Regensdorf, Switzerland.



394 MARBACH et al.

mentioned by Shorey [8] for his system. It was not necessary to further clean 
the mouths o f the tubes. During thousands o f measurements there was no 
contamination o f the gamma-counter.

IV. DISCUSSION

As soon as a somewhat larger computer can be used for the analysis o f  RIA 
response functions, it is no longer necessary to linearize. If the theoretical dose- 
response function is still used as the starting point, the method presented here 
is an elegant way to solve the mathematical problems and to computerize data 
from radioimmunoassays or other “saturation assays”. We use this program not 
only for rGH-assays but also for prolactin (human5 and rat6), lutropin (rat7), 
human growth hormone [10], rat follitropin8, insulin7, glucagon9, cAMP10, 
cGMP10 and salmon calcitonin7.

The method is also applicable to every commercially available kit used to 
date, such as insulin, renin, human lutropin and follitropin and progesteron11. 
The output o f the relative standard error for the prediction o f the unknown 
concentrations at any point of the standard curve together with the possibility 
to recognize bad replicates gives an optimal basis for decisions o f the accuracy 
o f measured values.

On the grounds of sensitivity, specificity and reproducibility, the described 
RIA for rat growth hormone fulfils the criteria for an accurate assay. It has 
proved to be useful now in about 1000 assays. It was used, for example, to 
show the effect o f centrally acting a-sympathomimetica on GH in rats [11].

With respect to the adaptation o f the RIA-E 6000 to our purposes, it can 
be summarized that this module system is extremely reproducible. One of the 
advantages o f a module system is that if one part fails, this step can be performed 
manually. The original system [7] consists o f four modules: a diluter system, a 
pipetting unit, the filtration unit and the specially designed gamma-counter.

In the adaptation described here the last two module units are replaced by 
much simpler and cheaper, but by no means slower, methods. The disruption 
o f the sample chain into parts o f 48 tubes makes it necessary to enumerate 
them. This is easily done on the outside o f the first link. Up to 288 tubes can

5 According to Hwang et al. [9].
6 Authors’ own assay, publication in preparation.
7 Authors’ own assay, not published.
8 NIH-kit.
9 With Unger’s antiserum 30K.

10 Assays of Dr. Markstein, personal communication.
11 All purchased from Radium-Chemie, Teufen, Switzerland.
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then be centrifuged at once within 20 min. The counting time o f samples in 
the gamma-counter is clearly the rate-limiting step. However, if one has the 
opportunity to use more than one counter, the overall counting time for three 
assays becomes the same as with one counter which has three counting positions.
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DISCUSSION

P.G. MALAN: You have presented an interesting application o f a single 
binding-site system to the fitting of RIA standard curves. May I ask how you 
handle outlier points: is rejection based on the deviation from the fitted curve 
or on excessive replicate scatter of data points?

P. MARBACH: Outlier points are rejected on the basis o f deviation from 
the fitted curve. If such points are to be identified on the basis o f excessive 
replicate scatter, the number o f replicates per standard would have to be 
drastically increased, and an analysis o f replicate distribution would be necessary.

S.C. GOLDMAN: I wish to point out that with nine or more points your 
method starts to approach a straight-line fit with outlier rejection, a technique 
requiring a large computer with massive active core storage.

The four-parameter logistic method has been successfully programmed for 
a desk-top calculator by K.F. Hatch et al. (Clinical Chemistry 22 (1976) 1383) 
using only about half o f a 4K memory for the actual mathematics. This Program 
Adjusted Logit-Log program is being used successfully in over 100 laboratories.



396 MARBACH et al.

P. MARBACH: Although the example shown in Fig. 1 has 10 standards, 
the program of course also works for fewer standards. However, regardless of  
the mathematical model applied, the use o f more standards is never a disadvantage.

The actual mathematics o f almost all calibration procedures (including ours) 
can be put into a desk-top calculator, and a large central memory is not necessary. 
The difference lies in the comfort and ease o f handling and in the possibility of 
conversational use o f the computer. The point is that if one uses a “somewhat 
larger computer” for these reasons, transformations of data which hide the 
nature o f the response curve are no longer attractive.

D. RODBARD: I should like to point out that the use o f the first-order 
mass-action law to describe the RIA dose-response curve was first introduced by 
R.B. McHugh and C.L. Meinert ( “A theoretical model for statistical inference in 
isotope displacement immunoassay” in: McArthur, J.W. and Colton, T.,
Statistics in Endocrinology, The MIT Press, 1970; see also Meinert, C.L. and 
McHugh, R.B., Mathematical Biosciences 2 (1968) 319. Your model goes 
beyond theirs, since you introduce additional parameters to describe the total 
counts, non-specific counts and possibly the mass of tracer. This method will 
provide a satisfactory description of the dose-response curve only when the 
Scatchard plot is linear, corresponding to a single class of sites (after suitable 
correction for non-specific counts). The use o f a linear Scatchard plot has been 
proposed (Rodbard, D., Bridson, W.E., Rayford, P.L., J. Lab. Clin. Med. 74 
(1969) 770), and provides a method readily adapted to desk-top calculators.
I should like to ask: (1) What is the physical meaning of the parameters in your 
model? (2) What was your choice for the dependent variable (bound counts, 
free counts, В/T, etc.)? (3) Do you provide for weighting in the case o f non
uniformity o f variance for this dependent variable? (4) Do you provide a means 
to test “parallelism” o f standard and unknown preparations?

P. MARBACH: If we calculate the Scatchard plot of our example (Fig. 1) 
on the assumption that 100 pg label is added per tube, it turns out that the plot 
is linear for the first seven standards only. The curve then turns downwards and 
even backwards; this situation is discussed, for example, by Taylor (Biochemistry 
14 (1975) 2357). However, our program fits the whole range of ten standards.
We have calculated the Scatchard plots of many different calibration curves from 
different assays. Only a few are linear over a certain range but most of them give 
clear evidence for heterogeneity of the binding sites. Very often downward 
concave Scatchard plots are obtained. There is no doubt that the described model, 
in spite of the restrictive assumptions, has enough freedom to give good fits also 
for more complex systems. The advantage o f a non-linear curve-fitting procedure, 
as compared to the linearization o f a Scatchard plot, is discussed, for example, 
by Engel (Analytical Biochemistry 61 (1974) 184).
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Now my answers to your questions are:

( 1 ) The physical meaning o f the parameters can be ssen by comparing our 
Eq. (1) with Eq. (3) o f Ref. [1 ], replacing Px by x. The parameters 5 and 
e are defined in the main text. In the practical calculations it is convenient 
to utilize for T the radioactivity at zero concentration (ABL) and to give 
x a dimension, e.g. ng/ml.

(2) The dependent variable can be either counts o f bound phase or counts of 
free phase.

(3) In the present version of the program no weighting is provided.
(4) An automatic test o f  parallelism based on confidence limits o f  the standard 

curve is being studied.
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Abstract

NON-LINEAR LEAST-SQUARES CURVE-FITTING OF A SIMPLE THEORETICAL MODEL 
TO RADIOIMMUNOASSAY DOSE-RESPONSE DATA USING A MINICOMPUTER.

By using the simple univalent antigen/univalent antibody equilibrium model the dose- 
response curve o f a radioimmunoassay (RIA) may be expressed as a function of Y, X and the 
four physical parameters o f the idealized system. A compact but powerful mini-computer 
program has been written in BASIC for rapid iterative non-linear least-squares curve-fitting and 
dose interpolation with this function. In its simplest form the program can be operated in an 
8K byte mini-computer. The program has been extensively tested with data from 10 different 
assay systems (RIA and CPBA) for measurement of drugs and hormones ranging in molecular 
size from thyroxine to  insulin. For each assay system the results have been analysed in terms 
o f (a) curve-fitting biases and (b) direct comparison with manual fitting. In all cases the quality 
o f fitting was remarkably good in spite o f the fact that the chemistry o f each system departed 
significantly from one or more o f the assumptions implicit in the model used. A mathematical 
analysis o f departures from the model’s principal assumption has provided an explanation for 
this somewhat unexpected observation. The essential features of this analysis are presented in 
the paper together with the statistical analyses of the performance of the program. From these 
and the results obtained to  date in the routine quality control of these 10 assays, it is concluded 
that the method of curve-fitting and dose interpolation presented in the paper is likely to be 
of general applicability.
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1. INTRODUCTION

The objective o f this study was to provide a reliable general curve-fitting 
routine for on-line computer processing o f  data for purposes o f  quality control 
o f commercial assay kits. -
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2. RATIONALE BEHIND CURVE-FITTING APPROACH

No curve-fitting technique is perfect. In selecting a method for RIA dose- 
response data, compromises have to be made. The methods used by other workers 
to date may be broadly grouped into four categories, (a) transformation o f Y and/or 
X variables followed by linear regression [1 ], (b) polynomial regression for Y 
against X or log X [2], (c) spline fitting for Y against X or log X [3] and (d) non
linear regression o f smooth functions for Y against X [4]. Because o f the exacting 
requirements o f the above objective and the number o f standards in the kits 
studied (4—6), the compromises contained in the existing methods were considered 
unacceptable. Method (a) was rejected because the linearization techniques are 
not generally applicable and the variance o f  the transformed Y variable is usually 
markedly heteroscedastic; the latter may be overcome by application o f weighting 
factors in the regression but this technique can create as many problems as it 
solves [5]. Methods (b) and (c), although quite good, involve functions that can 
be too flexible between data points. To work well, they require assays to have 
more standards than are present in our assays. Methods o f  type (d) (Ref. [4] and 
references within) are compatible with the numbers o f standards in our assays, but 
unfortunately are not sufficiently flexible to fit a wide range o f assays [6, 7].

In our laboratory, dose-response data are obtained in terms o f Y = antibody 
bound cpm or bound cpm/total cpm (В/T) and X = antigen dose. No correction 
is made to bound cpm data for blank effects. From the statistical standpoint 
[6, 7] it is frequently more desirable to fit a suitable mathematical function to 
non-linear X, Y data as received rather than carry out linear regression on trans
formed data.

An examination [8] o f  Y-variances relative to X-variances for our assays has 
indicated that, with the exception o f the ACTH assay, the two sources o f  variance 
are comparable. Furthermore, this study has demonstrated that the X-variances 
have a negligible effect on least-squares curve-fitting methods. An analysis o f 
Y-variances with respect to Y is summarized in Fig.l for a range of seven assays. 
With the exception o f  the T4 assay, the variance in Y increases approximately 
2- to 4-fold on going from X = Xmax to X = 0. Non-linear least-squares fitting 
techniques are sufficiently robust to enable them to be used with data possessing 
the small degree o f heteroscedasticity illustrated in F ig .l, without the need to use 
weighting.

3. THEORETICAL CONSIDERATIONS IN CHOICE OF 
MATHEMATICAL MODEL

The simple physical model proposed by Ekins [9] for an ideal RIA system 
describing a univalent antigen/univalent antibody reaction at equilibrium has
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provided much insight [10, 11] into the chemistry o f RIA. This model, however, 
has found only limited application in curve-fitting [12—15]. We have studied the 
model, its assumption and alternative models arising from departures from its 
assumptions in an attempt to derive a smooth function for a general-purpose 
curve-fitting algorithm. We report the important features o f  that study here.

Univalent antigen/univalent antibody equilibrium model

From the model, dose-response equations compatible with our data are as 
follows:

К = equilibrium dissociation constant 
P = antibody concentration 
A = labelled antigen concentration 
X = unlabelled antigen concentration
Y = antibody bound counts/total counts (not corrected for blank or NSB 

counts)
b = fraction o f total counts due to NSB

The six principal assumptions behind the model are 
( 1 ) Antigen and antibody are both monovalent
(2) The reaction is at equilibrium
(3) Equilibrium constants o f the labelled and unlabelled antigens are identical
(4) Bound and free antigens are perfectly separated
(5) Absence o f cross-reacting species
(6) Antibodies form a single population

Divalent antibody/univalent antigen model at equilibrium

Rodbard et al. [16] have solved this problem by numerical techniques. In 
our approach we have derived the following analytical solution:

( 1)

Y = Z(1 — b) + b (2)

K + P +  A + X +  \ /{ ( K -  P + A + X)2 + 4KP}
(3)

where

■X-1 -  Z
z 2

(4)
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FIG.l. Normalized Y-variance versus normalized dose for seven radioassays.

where Kj and K2 are the stepwise dissociation constants. (N.B. These are a 
function o f  intrinsic dissociation constants and statistical factors [16]).

Equation (4) has 1:1 correspondence with E q.(l) when 4K t = K2. Provided 
4К^ is of the same order o f magnitude as K2 (this is usually the case even for large 
antigens) the term K2(Kj -  K2/4)(Z/(1 - Z ))2 is weak for medium and high values 
of X. This suggests that E q.(l) may be fairly generally applicable as an approxima
tion for Eq.(4).

Time-dependent univalent antibody/univalent antigen model

The dose-response equation is:

2P
Z = -------------------------------------------  (5)

К + P + A + X + X coth(X/k! t)

where
kj = forward rate constant 
k2= backward rate constant 
t = time
К = k2/k t -  equilibrium constant 
X = V ( K - P  + A +  X)2 + 4KP
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When k! t ->• Eq.(5) becomes identical to Eq.(3), the equilibrium model.
When k jt -> 0, Eq.(5) becomes:

2P
K + P + A +  X +  2/kjt 

For a given value o f t, expression (6) is the form:

M
Z —--------  (where M and N are constants)

N + X

This has the same mathematical form as Eq.(3) when К = 0, i.e.

P
Z = --------

A + X

Hence, E q.(l) is a good approximation for Eq.(5).

The effect of incomplete separation o f bound and free on the univalent 
antibody/univalent antigen model

The dose-response equation for the equilibrium state is:

Pa К

(6)

X ■H> ( Z - ß )  ( l - Z / t t )
- A  (7)

where
a  = fraction o f bound antigen recovered 
ß = fraction o f free antigen included with the bound

Equations (2) and (3) may be combined to form a single expression including the 
blank parameter [b]

X = (1 — b)
К

( Y - b )  ( 1 - Y )
(8)

The first, second and fourth terms o f Eq.(7) have 1:1 correspondence with their 
respective counterparts in Eq.(8). The third terms (function o f K) o f both equa
tions are similar but not identical. These terms only become important when 
X — 0. In practice, however, for assays optimized for routine clinical use 
K /(l — Z/a) — K /(l — Y) even when X — 0. Equation (1) should therefore be 
a good approximation for Eq.(7).
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The effect o f different dissociation constants for labelled and unlabelled 
antigens on the univalent antigèn/univalent antibody model

For equilibrium, the dose-response equation is:

x  = -  ■“  -  l A r  + (KA -  P)(l - r ) ]  -  A(1 -  r)y (9)y 1 -  Y

where
Kx  = dissociation constant o f unlabelled antigen 
KA = dissociation constant o f  tracer 
r = KX/KA

Clearly, when Kx  = KA , Eqs (9) and (1) are identical. In general, the two expres
sions are not identical and an analysis is required to assess the degree of similarity.

The constants in (9) may be grouped such that the equation can be written 
in the form:

P' K'
X = Ÿ " Y - ^ - A ' + d Y  (10)

For any given point Y¡, Eqs (1) and (10) can be matched. Similarly, their 
respective 1st, 2nd, 3rd and all even differentials o f  X with respect to Y may 
also be matched. Under these conditions:

P '=  P - d Y f

K'= K - d ( l  -  YO3

A' = A + d(3Yi — 1)

The general expression for the error ДХ incurred in using E q.(l) in place o f  
( 10) is given by:

Ay = d
Y i3 ( 1 - Y j ) 3

Y  1 -  Y
+ 1 + Y -  3Y¡

The associated Y-error (AY) is given by:

K'AY = AXi P ^ ________
Y2 (1 — Y)2

+ d (11)
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FIG. 2. Difference (A Yj between Eqs (1) and (10) against Y, when К x Ф К Y.

From Eq.(l 1) it can be shown that AY->0 when Y -*0,1  or Y¡. At Y = 0 
and Y = 1, the slope of Eq.(l 1) is linear and respectively a function o f Y and 
(1 -  Y). At Yi a ‘cubic region’ exists in which the slope is zero. From these it 
may be deduced that expression ( 11) will be smooth and well behaved between 
the limits Y = 0 to 1 (see Fig.2). To summarize, the error (AY) resulting from 
using E q .(l) in place o f (10) will be zero when Y = 0, 1, or Y¡ and will be finite 
but small for all other values o f  Y.

Before leaving this problem it is worth while considering the special case o f  
Kx  ^  KA. Dose-response characteristics for a clinical assay can only be achieved 
when both A and P are small relative to the dose regions o f clinical interest. 
Under these circumstances, Eq.(9) can be approximated by:

Y  -----------^ ------------
K/r + P/r + A/r + X

Equation (1) readily fits this when К = 0, P = P/r and A = A/r + K/r.
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FIG.3. E ffect o f  a low-affinity antibody in a group o f  antibodies.

The effect of multiple populations of antibody avidities

Ekins has demonstrated [11] for the case where the concentrations o f  the 
different avidity sites are similar that the system behaves as though it possesses 
a single population o f antibodies with parameters К and P defined as follows:

-  2K¡ Pi 
K = K̂

(SK iP i)2
P = P

2 K?P¡

where
i = ith binding site type 
К = average dissociation constant 
P = average antibody concentration

For a system containing a number o f antibody populations wherein the jth 
population is present in a greater concentration than the others but has a much 
lower avidity than the others, the dose-response curve will be biphasic (Fig.3).
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At low dose levels the curve shape will appear similar to a system containing a 
single antibody with К  =  К  and P  =  P  defined above. At high antigen concentra
tions the curve shape will approximate that for a single antibody population 
characterized by К  = K j  and P  =  P j.  This type o f curve can be approximated by 
the simple univalent model by increasing the blank parameter (b) above the system’s 
measured non-specific binding.

The conclusion from this part o f  the study is that the simple univalent antigen/ 
univalent antibody model is unlikely to be a good representation of the chemistry 
of RIA. From the mathematical viewpoint, however, its dose-response Eqs (1) 
and (2) or (2) and (3) are likely to be good approximations for a wide range o f  
RIA dose-response curves provided that the four parameters K, P, A, b are con
sidered to be variable cürve shape parameters rather than physical observables.

COMPUTER CURVE-FITTING

The complete form o f the dose-response equation for the univalent model is: 

2 P ( 1  - b )
Y  =

К + P + A + X + V (K  - P  + A + X)2 + 4KP
■ + b ( 12)

Provided that the restriction К >  0 can be enforced, Eq.(10) has mathematical 
properties making it suitable for non-linear regression methods o f the Gauss- 
Newton type.

A compact but powerful mini-computer program has been written in BASIC 
for curve-fitting Eq.(12) by the Deming method [17] for iterative non-linear 
least-squares regression in which, K, P, A, b are treated as the parameters to be 
fitted. Dose interpolation is achieved through the inverse Eq.(8). X and Y 
weighting can be used if  required. The results reported in this paper, however, 
were obtained with all X weights Wx  = 0 and all Y weights WY = 1. The program 
in its simplest form can be operated in an 8K mini-computer.

In order to reliably achieve rapid convergence the iterative routine requires 
good initial estimates o f  К, P, A, b. These are obtained by the following method. 
The inverse Eq.(8) can be re-arranged to form Eq.(13).

XY = [bA + (K +  P)(l -  b)] + [b]{X}+ [-A {Y }+ [—K(1 - b ) 2] 

This has the form:

XY = + a2{X }+ a3{Y }+ a4

1
1 — Y

(13)

1 - Y
(14)
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( Data y

Initial Estimates Initial Estimates

K,P,A,b о:р,а,ь

4 - Parameter 

D e m i n g  Fit 

K.P.A.b

3- Parameter

D e m i n g Fit

O.P.A.b

FIG.4. Computer program flow  diagram.

Equation (5) can be fitted by direct least-squares solution with the transformed 
variables XY, X, Y and 1/(1 -  Y). From the fitted parameters , a2 , a3 and a4, 
estimates o f K, P, A and b may be obtained.

b = a2

A = ~ a 3

К = ■
-a4

( 1 - b )2

a, — bA
P=T ^ - - K

A flow diagram o f the program is illustrated in Fig.4.
Quality control o f  individual assays is achieved by comparing the sums of 

squares o f  the deviations about the fitted line with sums o f squares o f deviations



IAEA-SM-220/36 409

A s s a y Æ &к
Y . *  <О '' о 

0>° '
< *
*° ■' ■ гAntigen

T3 R IA u IB И il И и S m a l t  m o l e c u l e

T 4 RIA ■ ■ ■ и И сд S mo  11 m o lee ul  e

Oestriol R IA ■ ■ П\ шивЕЭ QI S t e r o i d

Insulin RIA ■ ■ и  ■ И □ P o l y p e p t i d e

A C T  H RIA ■ ■ и  ■ и ш Pol y p e p t i d e

H P L  -(A) RIA ■ il 01 и и я P o l y p e p t i d e

H PL -(C) RIA ■ ■ Ёй 1Ц ш и P o l y p e p t i d e

Folate C P B A Ш ш ш и т т S m a l l  m o l e c u l e

Cortisol C P B A Ш 11 И ■ и □ S t e r o i d

Phenytoin RIA ■ ■ ■ ■ и в D r u g

Validity of A s s u m p t i o n

least likely И И [Ц И HI M o s t  likely

FIG.5. Evaluation o f  the m odel’s assumptions for 10 clinical assays.

about the means o f replicates. The latter is an estimate o f the experimental error. 
The ratio o f the two sums o f squares is a measure o f  the goodness o f fit. This 
ratio = 1 for a perfect fit.

5. RESULTS AND DISCUSSION

The program has been extensively tested with data from ten different clinical 
assay kits (20—64 assays/kit) during routine quality control o f these products at 
The Radiochemical Centre, Amersham, Bucks, UK. These assays are listed in 
Fig.5 together with a qualitative assessment for each assay of the departures from 
the primary assumptions o f the simple model used. (Note: The HPL assay has 
two ranges. The А-range covers 1—10 Mg'mP1 and the С-range covers 0—1 Mg'ml” 

Along with the computer-fitted results, manual curve-fitting using ‘flexi- 
curves’ was carried out for all assays.
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FIG. 6. Y-residuals versus dose.

A statistical analysis o f  the curve-fit data was carried out covering three 
aspects, (a) biases at standards, (b) biases in the regions between standards, and 
(c) comparison o f manual and computer-fitted results for control sera. In the 
latter, a variety o f techniques was used for the statistical comparisons consisting 
o f  paired t-tests, Scheffé least-significant difference tests and analyses o f variance 
(ANOVAs).

Biases in Y-residuals at standards

These were examined by t-testing the mean residual rY against its expectation 
(zero) for each standard o f a given assay.
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FIG. 7. Y-residuals versus dose.

_ rY -  E(rY)

°Y

where E(rY) = 0 and aY is estimated from the summed within-assay residual (Y) 
variances.

The results are presented graphically in Figs 6, 7 and 8. In most cases the 
mean residuals are either not statistically different from zero or are very small 
when compared to the within-assay cty  . The exception is the ACTH assay. The 
biases for the 4th and 5th standards appear moderate. This may well be a statistical 
artefact. This assay has a random-error-prone sample extraction step which results 
in ctx  being significantly larger than cty  in relative terms [8]. This effect could 
cause apparent biases in the Y-direction in an analysis considering Y-errors only.
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FIG. 8. Y-residuals versus dose.

Comparison o f manual and computer-fitted control sera results

These results are presented as means and standard deviations in Tables I—X. 
In the estriol, HPL-(C), insulin, T3 and cortisol assays, very small differences 
between manual and computer-fitted values were detected statistically for one 
or two sera. These differences were very small indeed and merely reflect (a) the 
good experimental precision o f  the assays and (b) the high power o f  the statistical 
methods used.

Examination o f the control sera coefficients o f variation presented in 
Tables I—X for each method reveals that the overall precision o f the computer 
method is either equal to or slightly better than that achieved by the manual 
method.
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TABLE I. CONTROL SERA RESULTS FOR ESTRIOL
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Control
(ng.ml-!)

Manual 
x %CV

Computer
X 5<CV ,

Statistical 
Significance 
of Mean

A 303 8.7 306 9.0 N.S.
В 118 6.4 115 6.2 P=0.01
С 37.0 8.4 37.1 8.6 N.S.

64 Assays (4 Labels, 2 Antisera, 2 Enzymes, 4 Time points)

TABLE II. CONTROL SERA RESULTS FOR FOLATE

Control
(ng.ml-1)

X

Manual
&:v

Computer
X %CV

Statistical 
Significance 
of Mean

A 5.9 6.1 5.9 6.6 N.S.
В 9.1 10.0 9.2 9.0 N.S.
С 3.4 4.8 3.4 4.7 N.S.
D 6.0 6.3 6.0 6.0 N.S.

' E 9.2 12.5 9.3 12.3 N.S.
F 1.78 9.7 1.77 9.7 N.S.

W. Blood 9.0 13.3 9.1 13.4 N;S.

64 Assays

TABLE III. CONTROL SERA RESULTS FOR ACTH

Manual Computer Statistical
Control X %CV x %CV Significance
(pg.ml-!) of Mean

С 27.7 19.6 27.4 14.7 N.S.
D 47.8 15.0 46.2 13.2 N.S.

18 Assays
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TABLE IV. CONTROL SERA RESULTS FOR HPL-(A)

Control
(p.g-ml

(d.f.) 
-1)

Manual Computer Statistical 
Significance 
of Mean

X 5ÉCV X % cv

A (6) 1.90 9.6 1.84 5.1 N.S.
В (5) 5.1 4.1 5.2 3.0 N. S.
С (7) 7.9 1.6 7.9 1.9 N.S.
A2 (16) 6.2 3.9 6.2 3.9 N.S.
A3 (16) 4.8 4.3 4.8 3.2 N.S.
A4 (8) 2.4 5.5 2.3 3.3 N.S.

TABLE V. CONTROL SERA RESULTS FOR HPL4C)

Control(d.f.) 
(p.g.ml-l)

Manual Computer Statistical
Significance
of MeanX %CV X
COV*CMU 0.31 6.4 0.31 3.5 N.S.

C4 (4) 0.25 8.1 0.25 7.6 N.S.
C5 (24) 0.085 5.5 0.087 5.3 P=0.05

TABLE VI. CONTROL SERA RESULTS FOR INSULIN

Control
ClU.ml"1)

Manual Computer Statistical 
Significance 
of MeanX %CV X

С 59.1 15.3 60.7 15.2 N.S.
D 73.4 13 74.3 16.3 N.S.
HT4 36.2 10.7 35.8 11.3 N.S.
T 70.9 16.8 72.7 17.3 P=0.01

24 Assays
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TABLE VII. CONTROL SERA RESULTS FOR T3-RIA
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Manual Computer Statistical 
Significance 
of MeanControl

Cng.ml- )̂
X %ZV X %CV

A 0.55 11.4 0.58 10.0 N.S.
В 1.29 6.3 1.26 5.9 N.S.
С 2.24 6.7 2.21 5.6 N.S.
D 0.49 8.5 0.51 9.0 N.S.
E 1.27 5.3 1.23 4.3 P=0.05
F 2.52 9.5 2.52 4.6 N.S.
P 1.08 7.2 1.06 6.3 N.S.

48 Assays (3 Batches, 2 Temps, 4 Time points)

TABLE VIII. CONTROL SERA RESULTS FOR T4-RIA

Control
(ug-dl”l)

Manual Computer Statistical 
Significance 
of MeanX 5ÉCV X %cv

A 3.5 7.9 3.4 8.3 N.S.
В 7.0 4.5 7.0 4-5 N.S.
С 15.6 6.5 15.6 5.5 N.S.
P2 9.9 7.9 10.1 9.5 N.S.
P3 9.4 4.5 9.7 4.7 N.S.

64 Assays (4 Labels, 2 Antisera, 4 Time points)

TABLE IX. CONTROL SERA RESULTS FOR CORTISOL

Control
(VLg.dl- )̂

Manual Computer Statistical 
Significance 
of MeanX %CV X %CV

В соГ-1 7.0 11.8 6.5 N.S.
С 39.0 6.0 38.9 7.6 N.S.
D 4.4 10.4 4.6 10.3 P=0.01
E 33.3 5.0 32.7 5.2 P=0.01

33 Assays
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416 WILKINS et al.

Control 
(p.g.ml~ )

Manual Computer Statistical 
Significance 
of Meanx %CV x KCV

A 4.4 6.0 4.6 3.7 P=0.05
В 15.7 4.0 15.6 3.6 N.S.
С 32.9 4.9 32.2 4.8 P=0.05
D 8.5 3.1 8.5 3.1 N.S.

18 Assays (3 Tracers, 3 Antisera, 2 Occasions)

TABLE XI. USE OF INTERMEDIATE STANDARDS FOR BIAS 
TESTING BETWEEN POINTS: T4-RIA

T4 - Values (iig.dl 1)

Expected Manual Bias Computer Bias
Test Test

x %CV x %CV

2.5 2.7 9.1 P=0.05 2.6 7.1 P=0.01
8.45 8.5 3.5 N.S. 8.5 2.4 N.S.
16.45 16.4 4.1 N.S. 16.3 ' 2.3 N.S.

64 Assays (4 Tracers, 2 Antisera, 4 Time points)

TABLE XII. AN EXAMPLE OF THE USE OF THE FITTING TECHNIQUE 
FOR EXTRAPOLATION: CORTISOL CPBA

Dilution 
(High, Low)

Expected
Value

(lig.dl-!)

Curve-Fit
Value

(̂ ig.dl- )̂
cr t Assay

Standards

- 2.0 1.78 0.98 N.S. «—  2.2
1:20 4.65 4.58 0.28 N.S.
1:9 7.3 7.39 0.34 N.S. —  6.4
1:3 15.25 15.25 0.76 ■ N.S.
1:2 19.67 19.62 0.83 N.S. 4— 18.0
2:2 28.5 28.23 1.13 N.S.
3:1 41.75 42.11 2.36 N.S. «— 41.2
- 55.0 57.9 5.52 N.S.

10 Assays
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X-bias testing in the region between standards

A direct and simple technique has been developed. Assays were carried out 
Using intermediate standards. These were prepared by mixing equal volumes o f  
adjacent standards which were then assayed as unknowns. The experimental 
results X j j  were compared with the expected results, E ( X ¡ ) ,  for each intermediate 
standard using the purpose developed test statistic below:

2  X  [ X i j - E ( X i ) ] 2

F-ratio = —-—  -------------—-----
E SlXij-xj2
i j

where i = assay
j = replicate

This test is statistically very powerful and can therefore detect very small 
biases. An example o f its use with the T4 assay is given in Table XI. No biases 
were detected for the 8.45 and 16.45 jug'dl-1 standards. Small biases were 
detected for the 2.5 jug'dl-1 standard for both methods. The computer method, 
however, resulted in the smaller bias. In both cases the biases would certainly 
not be o f any clinical significance.

Extrapolation outside the range o f  the standards

Unlike some curve-fitting methods [1—3], the program treats data from a 
zero standard in the same manner as the other standards. Thus, low-dose inter
polation is no problem. Because the technique is based on a theoretical model, it 
has some capacity to extrapolate outside the highest standard. An example o f  
this is given in Table XII for the cortisol СРВ assay. A series o f eight ‘unknowns’ 
was made from dilutions o f 2.0 and 55.0 fig'dl“1 serum standards. These were 
assayed in 10 assays containing four standards ranging from 2.2 to 41.2 jug'dl-1 . 
The dose values o f the eight sera were obtained using the curve-fit program and 
these were t-tested against their respective expected values. For all eight sera, 
the experimental and expected values were not significantly different from each 
other. The highest unknown was ~  33% higher in value than the highest standard 
used and its concentration was thus estimated by considerable extrapolation.

To place this result in context it should be pointed out that this СРВ assay 
departs markedly from at least two o f the assumptions in the simple model. The 
assay’s separation step (Sephadex), although highly convenient in its manner o f  
use, is not highly efficient in the separation o f bound and free antigen. Also, the 
binding constant o f the tracer with the transcortin binding protein is significantly 
lower than that for unlabelled cortisol.
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TABLE XIII. SEVEN- AND FOUR-STANDARD COMPUTER FITS 
FOR T4-RIA

7 Standards 4 Standards Statistical 
Significance 
of MeanControl

X -1 (•p.g.dl )
% CV * _1 

(vig.di )
% CV

A 3.3 7.6 3.4 8.3 P = 0.05
В 6.9 4.5 7.0 4.5 NS
С 15.8 5.2 15.6 5.5 NS

P2 10.1 8.6 10.1 9.6 NS

рз 9.6 3.6 . 9.7 4.7 NS

64 Assays (4 tracers, 2 Antisera, 4 Timé points)

TABLE XIV. COMPARISON OF COMPUTER AND EXPERIMENTAL 
ESTIMATES OF TRACER CONCENTRATION AND BLANKS FOR T4-RIA

Parameter Computer Experimental t-test
-1 -1A (Tracers 1 and 2) 2.26 ± 1.99 ng.ml 1.21 ng.ml NS
-1 -1A (Tracers 3 and 4) 2.20 ± 0.91 ng.ml 2.06 ng.ml NS

b 5.4 ± 1.7% 4.95 ± 0.55% NS

64 Assays (4 tracers, 2 Antisera, 4 Time points)

Numbers o f standards required for computer fitting

To obtain an assessment o f  the numbers o f standards required, 64 T4 assays 
were carried out with seven standards in each assay. Computer fitting was carried 
out with four o f the standards (0.1, 4.9, 12.0, 20.9 /xg'dl-1 ) and with all seven 
standards (2.5, 8.45, 16.45 /xg'dl-1 also). The results are recorded in Table XIII. 
The two methods yield identical values for the five control sera. The precision of 
measurement by the seven-standard fit is not significantly better than that o f the 
four-standard fit.
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Curve-fit parameters

The information obtainable from the parameters is limited for reasons 
outlined previously and because the method o f fitting produces estimates o f K,
P, A and b that are statistically highly correlated. In the cases where the model 
used is a good representation for the assay, the parameters may be useful. In the 
study mentioned in the previous section (T4-RIA), experimental and computer 
estimates of tracer concentration and blanks were compared. These are listed 
in Table XIV. There were no significant differences for either parameters 
between experimental and computer values.

6. CONCLUSIONS

The simple univalent equilibrium model for RIA has been adapted for use for 
computer curve-fitting. A compact and very powerful mini-computer program 
has been written in BASIC for curve-fitting and dose interpolation. This has been 
extensively tested with ten different types o f clinical assays. From the theoretical 
studies and experimental results presented in this paper it is concluded that this 
method o f curve-fitting is good, reliable and likely to be o f general applicability.

Since the completion o f this study, the program has been in routine use in 
our laboratory for about 9 months. To date, 2357 assays have been processed 
without a single failure. (Note: Copies o f the program are available on request 
from The Radiochemical Centre Ltd.)
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DISCUSSION

D. RODBARD: We should be extremely cautious in attempting to perform 
non-linear least-squares curve-fitting for a model involving four parameters when 
dealing with only four points on the standard curve. The model is severely ill- 
conditioned under these circumstances, and we obtain no information on the 
standard errors o f  the parameters. Indeed, the model might be regarded as empi
rical in these circumstances, and it is doubtful whether its performance would 
differ appreciably from, say, a four-parameter polynomial, except that you ensure 
monotonicity and avoid oscillations to some extent.

It is unfortunate that you have developed a new nomenclature system differing 
from that o f Berson and Yalow, Ekins and numerous other authors. This tends 
to add some confusion to the literature; Ekins and I consistently use “p” to 
designate antigen and “q” to represent antibody; you use “p” to denote antibody 
concentration. I hope we can work towards some standardizaton in this area.

Your model is similar to that of McHugh and Meinert, with the addition of 
a term to describe non-specific binding (corresponding to K3N 3 o f Baulieu and 
Raynaud, or K3 o f my approach) and the estimation o f mass o f  tracer. A.J. Naus, 
P.S. Kuppens and A. Borst (Clinical Chemistry 23 (1977) 1624) have proposed 
a similar model, which also allows one to estimate the К value for the unlabelled 
ligand and a different affinity, K*, for the labelled ligand, on the basis o f an 
equation o f R.P. Ekins, G.B. Newman and J.L.H. O’Riordan.

In evaluating the performance of a computational method based on “per 
cent coefficient o f  variation” (% CV), one should use weighting to compensate 
for the non-uniformity o f % С V over the dose range o f interest.

T.A. WILKINS: In reply to your first question (fitting a four-parameter 
model to a four-point standard curve), I would say that the actual fitting is not
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ill-conditioned. As far as parameter estimates are concerned, I have mixed views 
on the subject o f standard error estimates. At first sight there are no degrees of 
freedom available for such estimates and therefore one ought to see a great varia
tion in estimates o f  the parameters when one studies a large number o f assays from 
a given system. We have carried out fitting to 64 assays using pur T4-RIA, firstly 
fitting to seven standards and then to four. The coefficients o f  variation for para
meters К and A (my terminology) increase by approx. 20% on going from seven- 
standard to four-standard fits, while the estimates for P and blank hardly change 
at all. My conclusion from these observations is that the methods most people 
currently use for estimating parameter standard errors are o f little value when 
applied to non-linear curve-fitting with models o f  the type we have used. The 
most likely cause of the problem lies in the high degree o f statistical correlation 
between the parameters, particularly К and A. I therefore question the value of  
estimating parameter standard errors for any smooth function model where fitting 
produces correlated estimates o f  parameters.

Your point that the way in which we use the law o f mass model could be 
considered as empirical is probably a fair one. However, I would urge you not to 
underrate the value o f  ensuring monotonicity and the avoidance o f  oscillations.
The latter is vital when interpolating from any curve. Also, ensuring these two 
properties enables extrapolation to be a real possibility as we have shown.

Your comment on nomenclature is well taken.
Your description o f Meinert and McHugh’s work is quite correct. They put 

the model into a quadratic form and estimated two o f the four parameters (namely 
N.S.B. and tracer concentration) experimentally, obtaining the other two para
meters by curve-fitting. Our approach o f course has the model in the % bound (Y) 
versus dose (X) form and we estimate all four parameters by curve-fitting. Our 
theoretical studies and experimental observations clearly demonstrate that our 
approach is considerably more flexible. The more recent work by Naus et al. is 
quite interesting. They also fit a four-parameter model. They correct for N.S.B. 
experimentally, thus omitting such terms from the fitting functions but include '
an extra term K* for the affinity constant. In theory, their approach and ours 
are not identical, although I suspect that in practice the two are virtually equi
valent. In their approach, weighting is absolutely mandatory to overcome the 
problems o f heteroscedasticity. With our approach, although weighting can be 
used, we feel that it is not absolutely essential.

This leads me on to your question on weighting. We fit to our data in the 
form o f % antibody bound cpm (not corrected for N.S.B.) against linear dose.
For most o f our assays the relative change in Y-variance is two- to fourfold across 
the standard curve. Because o f the statistical robustness o f the least-squares 
technique it is probably not essential to have weighting for this level o f hetero
scedasticity. You may be interested to know that Mr. J. Hinde o f the Department 
o f Statistics at the University o f Kent, Canterbury, UK has been looking in depth

/
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into the heteroscedasticity o f the X- and Y-variances in our data and the relative 
magnitudes o f  both. The conclusions from his work, which will be published 
elsewhere, are that with the exception of our ACTH RIA the use of X- and 
Y-weights produces only a very very marginal improvement in both parameter 
estimates and interpolated values o f unknowns with respect to unweighted fitting; 
and thus for practical purposes (except ACTH RIA), unweighted fitting would 
be more than adequate.

You also asked me if we estimate confidence limits on unknown samples.
The answer to this question is no. My laboratory is a quality control laboratory 
o f a commercial radioimmunoassay kit manufacturer. Our approach has always 
been to determine within- and between-assay variations for all batches o f com
ponents and kits directly by experiment, rather than compute them indirectly 
from the computer curve-fitting. Furthermore, I have very serious reservations 
regarding the value o f the techniques currently in use for estimates o f such con
fidence limits. Let us assume, for purposes o f  discussion, that a perfect technique 
exists. For an unknown sample determined in duplicate or triplicate the confi
dence limits o f that sample will contain a within-assay contribution based on a 
small number o f degrees o f freedom and an estimate o f the contribution to 
between-assay variation due to curve-fitting, based hopefully on rather more 
degrees o f  freedom. In my experience the variation due to between-assay variation 
arising from curve-fitting is very small compared to environmental factors such as 
operators, temperatures, ages o f components, etc. Thus even for an ideal calculation, 
at best, the confidence limit estimators' consist o f a poor estimate o f the within- 
assay variation (a sizeable component) and a good estimate o f a small fraction of  
the between-assay variation, and ignore all the more important environmental con
tributions to between-assay variation. The situation, however, is probably in fact worse 
than this. When one calculates confidence limits including the component due 
to curve-fitting, probably the best technique available involves the application of 
Fieller’s theorem. As far as I know only Professor Finney1 in Edinburgh is using 
this method for RIA. Even then it is valid only if  one has established beforehand 
that, statistically speaking, the fit is good2 .

R.D. HESCH: I have a rather provocative question. You have very nicely 
demonstrated that the data you get using your computer model are surprisingly 
close to those obtained manually from the standard curve. Do you think that 
we still need all these different models (and computer equipment), o f  which I 
recall at least ten, mostly contradicting each other?

T.A. WILKINS: The simple answer to your question is: No, you do not 
need these computer methods if  you have technicians as good as ours!

1 FINNEY, D.J., Biometrics 32 01976) 721.
2 FIELLER, E.C., J. Royal Statistical Soc. 8 (1940) 1.
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However, in our laboratory where we have a staff o f  20 technicians we 
estimate that we would need 2 \  technicians more to cope with the extra work
load caused by manual curve-fitting if we did not have our computer systems. In 
these days o f high labour costs this represents a substantial, unnecessary expen
diture (about £25 000 if you include overheads). The financial saving introduced 
by computer systems is really worth while only if you have one or two good curve- 
fitting models which work well and are simple to use.
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Abstract

A MULTI-BINDING SITE MODEL-BASED CURVE-FITTING PROGRAM FOR THE 
COMPUTATION OF RIA DATA.

Over the past four years in this laboratory, we have found that virtually all of the radio
immunoassays performed can be fitted satisfactorily by cubic splines, or if the data are first 
transformed appropriately, by straight lines. Paradoxically, the flexibility of the spline function 
constitutes a disadvantage when uncertainty exists concerning the validity of particular 
experimental points which comprise the standard curve; whilst not all assays can be accommo
dated by simple empirical transforms of the data intended to  yield a straight-line fit. By 
contrast, a further approach is the fitting of curves defined by equations derived from the 
fundamental physico-chemical reactions underlying radioimmunoassay. Advantages of 
employing a model-based curve-fitting procedure of this kind lie in its general applicability to  a 
variety of data, whilst the constraints imposed by the model enable the user more readily to 
identify outlier points. Additionally, the fitted parameters, i.e. the concentration and equi
librium constant of each binding site, are useful for further refining the assay conditions by 
use of computer optimization techniques. The ability of the multiple binding-site model to 
provide satisfactory curve-fits to RIA data has been compared with other curve-fitting procedures 
over a range of assays: a selection of the results obtained, and of the comparison procedures 
used, is presented. Our experience so far would suggest that this procedure is superior to all 
others used, in covering a wider range of assay types, and in respect of the other advantages 
outlined above; it is therefore being incorporated into a data-processing package for the 
processing of routine RIA data.

INTRODUCTION

Several programs have been published for computer fitting o f radioimmuno
assay standard (or calibration) curves, and the computation o f assay results. They 
may be divided into two broad categories characterized by. different philosophical 
approaches:

(1) Those based on a mathematical model representing the fundamental 
physico-chemical kinetics o f the reagents employed in the assay system (i.e. 
‘model-based’ fitting procedures);
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(2) Those which disregard the physico-chemical basis o f radioimmunoassay, 
and which employ empirical models to fit the experimental response points 
yielded by assay standards (referred to as ‘data-based’ fitting procedures).

The essential distinction between these two approaches is that the latter implies 
a fundamental confidence in the data points, such that any ‘lack o f fit’ is due to 
a deficiency o f the empirical curve-fitting procedure used. Meanwhile, the 
methods employed by workers using theoretical models based on the law of mass 
action have been moderately successful, but they suffer from the simplifying 
assumptions which have been imposed in attempts to implement the resulting 
curve-fitting procedures on relatively small computers or calculators.

In this paper, a comparison is made of model-based and empirical curve- 
fitting procedures. We also describe the implementation of a multiple binding-site 
curve-fitting model which will successfully fit a wide range o f assay data, and 
which can be run on a mini-computer. The latter sophisticated model also 
provides estimates of binding site concentrations and the values of the respective 
equilibrium constants present: the latter have been used for refining assay 
conditions using computer optimization techniques [ 1].

SIMPLE PHYSICO-CHEMICAL MODELS

(a) One binding-site mass-action model

Ekins et al. [2] showed that the solution to the law o f mass action for a 
single ligand and a single binding site is represented by an hyperbola, when either 
the bound-to-free (B/F) or free-to-bound (F/B) ratiô  is plotted against ligand 
concentration. The latter curve (shown in F ig.la of Ref. [2]) is an approximately 
straight-line dose-response relationship. By the addition o f sufficient labelled 
ligand to “saturate” the binding site present, the curvature at the low end o f the 
standard curve may be largely or completely obscured. The point at which the 
standard curve intercepts the ordinate is usually referred to as (F/B)0.

It may be demonstrated that the slope of the asymptote to the F/B vs. ligand 
hyperbola has a slope equal to the reciprocal of the binding-site concentration 
(i.e. 1/q). If only one binding site is present, and the labelled ligand saturates 
this site, then the experimental curve and its asymptote lie very close together 
and would be indistinguishable experimentally. Hence, under these conditions, 
the equation o f the standard curve may be approximated by a straight line:

F/B = p/q + (F/B )0 (1)

where p is the standard ligand concentration, and q is a constant given by the
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binding-site concentration in this system. Similarly, it is equally legitimate to 
plot total-to-bound (T/В) ratio against ligand, since:

which yields essentially the same form of response curve displaced by unity from 
the F/B curve.

The influence o f ‘non-specifically’ bound labelled ligand may be viewed as 
resulting from the presence o f a second species of binding site of low affinity 
and high capacity. This has the effect o f decreasing the F/B ratio at high ligand 
concentrations (see Ref. [2]), and causes curvature o f the F/B (or T/В) response 
curve. A simple conventional method of correcting for this effect is to subtract 
the non-specific term (N), which re-linearizes the response curve:

where m represents the slope o f the straight line.

(b) The log-logistic model

The two-parameter logit-log model advocated originally by Rodbard [3] 
has the form :

where - r  is the slope of the line, log a is the ordinate intercept, and b is the 
fraction bound minus the non-specific term ((B —N)/T). Equation (4) may be 
re-arranged:

T/B = (F + B)/B = F/B + 1 (2)

(F + N)/(B -  N) = m p + (F0 + N)/(B0 -  N) (3)

logit (b/b0) = logl
\ l - b / b 0

b/b0
= -r - lo g  p + log a (4)

from which we obtain:

l / b  =  p r / ( a - b o ) + l / b o (5)

or

T /(B ~ N ) = m p r + (T/(B - N ))0

Following from the.relationship in Eq.(2), the simple mass-action model 
(Eq.(3)) and the log-logistic model (Eq.(5)) are thus formally identical when the
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FIG .l. Plot o f  reciprocal o f  fraction bound against ligand concentration, fo r values o f  r o f  0.8, 
1.0 and 1.2 in the power-function equation derived from the logit-log expression (Eq.(5j, in text).

slope of the logit plot is unity, i.e. г = 1. The way in which the log-logistic model 
may empirically accommodate data which does not provide a straight-line dose- 
response relationship on a F/B vs. ligand plot is illustrated in Fig.l for values of r 
which are greater than or less than unity. Thus, the log-logistic model is capable 
of producing a reasonable fit to data, even when poor, or incorrect, estimates of 
(F/B)o and non-specific binding are used.

Other methods o f curve-fitting which rely essentially on one or other of these 
two models have been published by several groups [4—9]. However, if an assay 
system does not conform to the conditions where a single species of binding site 
is saturated with labelled ligand, and the reactions are at or near equilibrium, then 
the above models may fail or require some modification.

EMPIRICAL CURVE-FITTING PROCEDURES

(a) Extensions to the simple model

An improvement to the simple model was introduced originally by Healy [10] 
and later by Rodbard and Hutt [11]. Since the power-function (Eq.(5)) derived 
from the log-logistic model is not strictly obtained from the kinetic equations 
describing the equilibria, modifications of the latter model have been considered 
to be further extensions o f the empirical approach. The experimental estimates 
of B0 and non-specific (N) are subject to assay imprecision, so the fitting procedure
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is used to estimate B0 and N, as well as the slope and intercept, as fitted para
meters. This complicates the computational methods, but a more general fit to a 
variety of S-shaped curves is achieved. In a similar way, we modified the Taljedal 
and Wold [8] algorithm to accommodate a wider range o f assay data [12].

(b) Spline functions

An extension o f the approach in which polynomial curve-fitting is employed 
is to use the more flexible cubic spline functions. A cubic spline is a function 
consisting o f a number o f cubic polynomial arcs or segments, each arc smoothly 
joining its neighbours, at points known as knots, with the same value, slope and 
curvature. The knots are selected first according to an appropriate strategy, and 
the spline is then fitted to the standard points using a linear algorithm. Marschner 
et al. [13] have adopted the technique [15] where a knot is placed at every 
experimental point, and suitable weighting of points, plus a superimposed 
smoothing function, are used in combination to yield a fit to the standard curve.

For the past four years, we have been using a different approach by employing 
a numerically stable algorithm for least-squares cubic spline fitting developed at 
the National Physical Laboratory [14]. A spline function which has one or two 
knots placed within the range o f the data is fitted to the experimental points. The 
number o f knots is always chosen to be at most equal to the number o f fitted 
points minus five: such a choice ensures that the number o f degrees of freedom 
of the fit is less than that o f the data. A least-squares fit to the data is thus 
obtained, which may be either weighted or un-weighted. Since cubic functions 
tend towards plus or minus infinity in the ordinate (y) direction, it is often difficult 
to obtain a satisfactory fit (i.e. one free from oscillations) near the ends of the 
range o f assay data plotted in the normal manner, where the curves contain flat 
regions in the abscissa-direction, e.g. per cent bound vs. log (ligand). We have 
chosen to fit the curve as log (ligand) on the у-axis, against per cent bound: the 
logarithmic axis spaces the data approximately evenly when doubling-dilutions of 
the standards are used.

The spline-fitting technique is carried out interactively, by allowing the 
operator to change the knot positions. The quality o f the fit is assessed according 
to several criteria including minimizing the residual sum o f squares, the magnitude 
and number o f sign-changes of the residuals, and the local and global behaviour 
of the fit itself. This procedure could possibly be automated, but we feel that it 
gives the operator a clearer understanding o f the fitting procedure, and it also 
ensures that the operator assesses the criteria o f ‘goodness o f fit’. In only a very 
few cases, such as where a simple, straight-line model would suffice, or where 
distortion o f the curve occurs because o f outlier data points, does the spline 
function occasionally yield an inferior curve-fit [16].
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DEVELOPMENT OF A MULTIPLE BINDING-SITE MODEL

Because o f the difficulty in assessing whether data points should actually be 
treated as outliers, and in order to improve the generality of curve-fitting proce
dures, we have examined the following multiple binding-site model which was 
originally formulated by Ekins et al. [2]:

In this equation, R is free-to-bound ratio (F/B), j represents the species o f binding 
sites from 1 to n, while qj and Kj are the concentration and equilibrium constant 
of the jth site, respectively; p is the total ligand concentration present. Non- ' 
specific binding may be modelled as either the nth term in this equation, with a 
low affinity and high capacity, or as the combined (n+  l ) th term as shown in 
parentheses in Eq.(6).

This model constitutes a non-linear implicit model (i.e. the parameters 
appear non-linearly); the response o f F/B ratio cannot be expressed explicitly in 
terms of p, or vice versa, except in very simple casés, e.g. where n = 1. The above 
model has been re-expressed in terms of transformed variables, and satisfactory 
fits to a variety of RIA data have been obtained using a computer program written
at the NPL in ANSI FORTRAN [17], which minimizes a non-linear functioni
subject to prescribed lower and upper bounds on the parameters (i.e. K’s and q’s): 
details o f this technique will be published elsewhere. The program is running on 
our Mod. Comp, mini-computer, and satisfactory convergence has been obtained 
in relatively few iterations (usually about 10, to a maximum of 200), even from 
poor starting values o f the parameters. Table I shows the results obtained from 
seven different assays and, in addition, similar satisfactory results have been 
obtained with assays for aldosterone, arginine vasopressin and vitamin B12. 
Examples of the results obtained using this program may be compared with the 
starting values used, which were derived graphically from Scatchard analysis o f 
the data (Table I). In all cases, the number of parameters which yielded a reason
able fit has been selected, and the agreement is very acceptable when the limitations 
of the graphical procedure are considered.

Since no objective criteria exist for assessing the superiority of one curve- 
fitting method over another, we have taken a representative standard curve from 
a growth hormone assay and have asked eighteen experienced assayists to draw a 
curve manually, and then interpolate 19 points from the F/B vs. hormone plot to  
yield the hormone concentrations at each point. Two non-parametric statistical 
tests [18 ,19] were applied to these data, and the outlying result from one indivi
dual was excluded (P <  5%); the remaining data were pooled to obtain the mean

n

p /(l + l /R )+  1/Kj
(6)

j = 1
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FIG.2. Comparison o f  different curve-fitting algorithms with the mean fi t  to the data obtained 
manually by 1 7 experienced assayists fo r a human growth-hormone assay. The differences 
between the fitted  and manual results are plotted against standard concentration, and the shaded 
region indicates ± 1 SD o f  17 manually fitted  curves. The lines represent the following different 
curve-fitting algorithms: Li2 -  a straight line, and Q3 -  a linear quadratic (both with 
y  = T/(B-N), and x = p); LL2 -  the logit-log [4]; M4 -  our non-linear hyperbolic function  [12] 
(with y  = %B, x  = p); R 4  -  the Rodbard and H utt four-parameter model [10] (with y  = %B, 
x  = pj. The same data were also derived for Sp3 -  the spline-fit [16], after adjustment o f  the 
knots, and MB3 -  the multiple binding-site model, after alteration o f  the number o f  parameters, 
to obtain the conditions under which the fi t  was most satisfactory.

and standard deviation at each point of interpolation. A generalized, non-linear 
least-squares program [20] was used to generate curve-fits to the un-weighted data 
using the algorithms described in the legend to Fig.2: finally, computer inter
polation was performed at the same 19 points as were read off the standard curve 
manually.

The difference between each o f the computer-interpolated and the manually 
derived ligand concentrations is plotted in Fig.2. The difference for each curve- 
fit may be compared with the error envelope (± 1 SD) for the manual fits. The 
three-parameter multiple binding-site model, the quadratic fit and the spline fit 
is each considered to be reasonable, while the two four-parameter, non-linear,
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empirical models are not too bad. The un-weighted logit-log and linear fits were 
not satisfactory, even though the former results lay within the confidence limits 
for the ligand which were derived from the error relationship for this assay (i.e.
± ДН in Fig.2).
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DISCUSSION

D. RODBARD: The multi-site mass-action law model is indeed a useful one 
for many assays. We have also tested this method extensively (cf. Appendix B, 
paper SM-220/58); we provide a two-, three-, four- and/or five-parameter Scatchard 
plot analysis automatically as part o f  our programme for routine analysis o f  RIA 
results (cf. Refs [16—21 ] o f paper SM-220/58). This method is highly advantageous 
when we are dealing with a variable mass o f labelled ligand, as in the case o f those
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assays where we use a preliminary extraction or chromatography step which is 
monitored by the addition of labelled ligand. However, I would caution that these 
methods may behave very poorly in assays involving delayed addition of labelled 
ligand, in which case very severely distorted Scatchard plots can be observed (cf.
Ref. [22] o f paper SM-220/58). (For steroids and other small molecules which 
reach or approach equilibrium in the available time, this may not be a problem, 
but it can be a serious nuisance for slowly equilibrating proteins.) This imposes a 
significant limitation on the use o f  equilibrium mass-action law models.

The use of subjective, graphical methods for “validation” o f a computational 
method is hazardous. Obviously, several observers within a given laboratory may 
all be subject to the same subjective biases when constructing a standard curve 
“by eye” . Hence, the Fig.2 in your paper does not provide validation of the 
method used. The objective method used by Dr. Sandel (paper SM-220/9) would 
be preferable, particular attention being paid to the results obtained at the “inter
mediate” dose levels.

Lastly, may I ask what you use for the dependent variable? Do you routinely 
use weighting to compensate for non-uniformity o f variance, and do you routinely 
provide a test o f parallelism?

P.G. MALAN: On the basis of our experience so far, I must disagree with 
you that curve-fits to assays performed by delayed addition o f label (disequili
brium assays) may be poorly behaved. I am aware of the severe distortions to 
Scatchard plots which can arise using disequilibrium conditions. However, the 
model formulation we are fitting is not that o f the Scatchard, but that o f  the 
standard curve, and under these conditions excellent fits have been obtained to 
data from standard curves for estriol and insulin assays, both o f which were 
delayed-addition assays and which showed characteristic distortions of the 
Scatchard plot, such as those you have already published yourself. In both cases, 
the parameters for the fit (the equilibrium constants and binding site concentrations) 
were obviously meaningless and did not correspond with those obtained under 
equilibrium conditions: however, the fits obtained to the standard curves were 
excellent, even for the disequilibrium assay for the protein hormone insulin. I 
therefore think that the multiple binding-site mass-action model provides an 
extremely flexible, general and reliable method for curve-fitting for a very wide 
range o f assay types.

In answer to your second point, I would agree that validation o f a computa
tional method by comparison with a manual fit is dangerous. However, we have 
only employed the manual curve-fits to compare the various computational 
methods. Experienced assayists have an in-built model, based on experience, o f 
the shape o f RIA standard curves. You will note that we took the pooled results 
from 18 separate individuals, after they had read off results at 19 intermediate 
points which were not coincident with the standard concentrations, and that 
statistical tests were applied to reject one individual’s results. The purpose o f this
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comparison was to demonstrate thé sort o f variations which may be obtained 
using manual methods on the same data. Comparison o f the different fitting 
methods with the manual method in Fig.2 serves only to demonstrate the differ
ences between the fits, and the fact that two o f these fits are totally unsatisfactory: 
it cannot possibly validate any one method. It is obviously essential to compare 
results at all dose levels throughout the range o f the assay, and the objective 
statistical test proposed by Dr. Sandel is indeed an excellent method for compari
son; however, I would hesitate to claim that even this procedure provided 
validation of one method over another.

In reply to your last three questions:
1. The dependent variable we use in the multiple binding-site model is that 
given in Eq.(6), i.e. 1/R.
2. Our data-processing programs perform a detailed error analysis o f  the 
replicate scatter o f all samples within an assay, and this response-error relationship ' 
may be used to provide weights for curve-fitting to any o f the models examined in 
this paper. However, it was not used in this comparison, and in any case as
Dr. Sandel has shown, weighting, although statistically desirable, does not greatly 
influence the results, except perhaps in the case o f the two-parameter logit-log 
method.
3. We have not experienced the need to provide a test o f parallelism in 
processing routine assays. Where this has been necessary for research or prelimi
nary relative potency estimates, we use another program and examine the data 
more extensively than is possible in an already relatively large data-processing 
program.

T.A. WILKINS: Can you give some estimate o f the proportion of assays 
which require the use o f the multi-site model in preference to the single-site?
You can get some feel for this from (a) the confidence limits of your fitted para
meters, and (b) the parameter variance/co-variance matrix.

P.G. MALAN : At least 80% of assays which are now performed may be 
fitted with the use o f the simple mass-action model with a single binding-site (i.e. 
two parameters, Kx and qj), either with or without a single “non-specific” term 
which is expressed as the lumped K2q2 term in Eq.(6). The initial criteria of 
“goodness of fit” applied are: (i) reduction in the residual sum o f squares;
(ii) magnitude o f the individual residuals; and (iii) the number of sign changes 
and runs o f the residuals. Requirements for a second order of binding site (K2 
and q2), with or without the lumped K3q3 term, are assessed on the basis o f these 
criteria. This enables a choice to be made between the number o f parameters 
required in any particular case, but the number o f parameters used is obviously 
limited by the number o f degrees o f freedom o f the data.

In those cases where a poor fit is obtained on the basis o f the above criteria, 
•the confidence limits o f the fitted parameters will additionally reflect the 
unsatisfactory fit. A parameter variance/co-variance matrix could be somewhat
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difficult tö assess, in the way you imply, since the model is transformed for 
numerical reasons to minimize ill-conditioning effects. On the basis o f “goodness 
of fit” criteria alone, it is easy to identify ‘outlier’ points with some certainty 
using this model. Once these points are eliminated, we usually find that a relatively 
simple model suffices. In only very few cases are we actually forced to use a more 
complicated model with more than four parameters; the advantage o f such a 
model, however, lies in its generality.
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Abstract

AN ‘INTELLIGENT’ APPROACH TO RADIOIMMUNOASSAY SAMPLE COUNTING 
EMPLOYING A MICROPROCESSOR-CONTROLLED SAMPLE COUNTER.

The enormous impact on medical science in the last two decades of microanalytical 
techniques employing radioisotopic labels has, in turn, generated a large demand for automatic 
radioisotopic sample counters. Such instruments frequently comprise the most important 
item of capital equipment required in the use of radioimmunoassay and related techniques 
and often form a principle bottleneck in the flow of samples through a busy laboratory.
It is therefore imperative that such instruments should be used ‘intelligently’ and in an optimal 
fashion to avoid both the very large capital expenditure involved in the unnecessary prolifera
tion of instruments and the time delays arising from their sub-optimal use. Most of the current 
generation of radioactive sample counters nevertheless rely on primitive control mechanisms 
based on a simplistic statistical theory of radioactive sample counting which preclude their 
efficient and rational use. The fundamental principle upon which this approach is based is 
that it is useless to continue counting a radioactive sample for a time longer than that required 
to  yield a significant increase in precision of the measurement. Thus, since substantial experi
mental errors occur during sample preparation, these errors should be assessed and must be 
related to the counting errors for that sample. The objective of the paper is to demonstrate 
that the combination of a realistic statistical assessment of radioactive sample measurement, 
together with the more sophisticated control mechanisms that modern microprocessor techno
logy make possible, may often enable savings in counter usage of the order of 5- to 10-fold 
to be made.

INTRODUCTION

A frequently voiced objection to the use o f radioactive labels in labelled 
reagent assay procedures (such as radioimmuno- and radioreceptor assay, im
munoradiometric assay, etc.) is the cost o f radioisotopic sample counting equip
ment, and the time delays involved in isotope measurement. Such criticisms 
frequently misrepresent the relative merits o f isotopic versus non-isotopic 
label measurement techniques (since a major part o f the cost attaching to 
automatic radioactive-sample-counting equipment relates to sample transport 
and data-logging mechanisms rather than to radioisotopic detection per se).
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Nevertheless, the counting o f  samples frequently constitutes a major bottleneck 
in the flow o f samples through laboratories with a heavy radioimmunoassay 
commitment.

The customary response to this problem is the purchase of additional 
counting equipment; not uncommonly, therefore, institutions engaged in 
significant radioanalytical activity are equipped with a large number o f counters 
representing a substantial capital outlay and burdensome maintenance costs.
One interesting recent development has been the introduction, by one nuclear 
instrument manufacturer1, o f a gamma-counting device incorporating sixteen 
closely matched counting heads. This machine enables sixteen samples to be 
simultaneously counted, thus increasing sample throughput and decreasing 
delays by this order o f magnitude at no increase in cost as compared with that 
of conventional, automatic, ‘single sample’ sequential machines. Although the 
new instrument is manually operated, and there are situations in which its use 
might involve minor domestic and logistic difficulties in regard to laboratory 
organization, there is no doubt that it represents a sensible and useful response 
to the radioimmunoassay sample counting problem.

An alternative, and — to some extent — complementary solution is to 
use isotopic counting equipment more ‘intelligently’. The basis upon which this 
belief rests is the observation by the authors that users o f  counting equipment — 
even those long experienced in the radioisotopic techniques — commonly count 
radioimmunoassay samples for times which are grossly overlong in relation to the 
statistical reward that a prolonged counting time will bring. This is an under
standable tendency arising from the emphasis that in the past has been placed, 
in textbooks dealing with the theory o f particle counting, on the statistical 
implications of extending the sample counting time (thereby accumulating 
increasing numbers o f ‘counts’) in isolation, without reference to other 
‘experimental’ or ‘sample preparation’ errors involved in isotopic measurement.
It is commonly emphasized, for example, that a sample count o f 1000 counts 
leads to a statistical counting error of the order o f 3%, whilst this error is 
reduced to 1% by extending the sample count to 10 000 — a threefold (more 
exactly ,^ /10 ) increase in precision for a tenfold increase in counting time. In 
practice, the improvement in precision arising from prolonging the sample count 
time in this manner may be considerably less than is commonly supposed. Thus, 
if the ‘experimental’ errors arising from sample preparation are themselves o f the 
order, for example, of 3%, then the combined, or overall, sample measurement 
error (assuming a sample count o f 1000) will be 4.36%, whilst the overall error 
observed following an extension o f the sample count to 10 000 will be 3.16%
(see Fig.l). This relatively marginal improvement in sample precision may, or 
may not, be o f importance to the investigator, but in practice, he or she is usually

1 Nuclear Enterprises Ltd.
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Total  counts

FIG .l. Curves relating overall precision o f  measurement o f  samples as a function o f  total 
counts in the presence o f  different levels o f  ‘sample-preparation’, or 'experimental’ error.

not aware of the overall statistical implications o f his or her choice o f counting 
time when setting the controls o f an automatic instrument; nor, in current 
machines, are such controls related to the investigator’s essential interest, which 
is the precision o f the assay result rather than the statistical counting error per se. 
For this reason, automatic isotope counting equipment is, in practice, frequently 
operated in a manner which bears little relation to the fundamental interest o f 
the user, which is to obtain an acceptably precise sample measurement in as short 
a time and as economically as possible.

The opportunity to control counting times in a more rational manner, thereby 
increasing the efficiency o f use o f automatic sample counting equipment, has 
arisen in consequence o f the recent development of relatively cheap micro
processor and calculator devices. Many automatic radioisotope sample counters 
are now offered with such equipment as a ‘back-end’ accessory, its primary 
purpose being to process raw counting data to facilitate the calculation and 
interpretation o f radioimmunoassay results. The more sophisticated instruments 
equipped in this way offer complete radioimmunoassay curve fitting and data 
processing packages enabling fully computed assay results to be offered as the 
standard output o f the counter. A particularly important aspect o f the best of 
such packages, albeit one which, in general, is not sufficiently emphasized, is the 
statistical evaluation o f assay results which enables confidence limits on assay 
values to be estimated, ‘outliers’ to be identified and the ‘quality’ o f an assay
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as a whole to be checked and controlled. (Such analysis represents, in our view, 
one o f the main benefits stemming from the availability o f relatively cheap 
computational facilities, outweighing in importance the mere replacement of 
manual curve fitting and dose interpolation by machine methods, which may 
itself generate considerable error.)

The fundamental burden o f the present paper is that such statistical data 
analysis provides the basis for the ‘feedback control’ o f automatic sample - 
counters so that the counting o f individual samples may be terminated at a 
time when no useful improvement in sample precision stems from prolonging 
the sample count. Such control may be exercised by making an initial estimate 
of the sample count and an evaluation o f the anticipated experimental error in 
the sample, on the basis o f which the sample counting time is computed. We 
have, in our laboratory, implemented this concept by attaching a small, cheap, 
microprocessor control device to present generation automatic gamma-sample 
counters. In addition, a commercial manufacturer2 has incorporated this prin
ciple in the design o f a microprocessor-controlled automatic gamma counter 
specifically designed for radioimmunoassay purposes. Experience with these 
two machines suggests that, even in single-sample sequential counting, improve
ments in sample throughput of up to tenfold are commonplace. Further improve
ments in computer software, and the design of counting heads permitting the 
counting o f duplicate or triplicate sample tubes, are likely to increase yet further 
the efficiency o f use of sample-counting equipment at relatively low cost, thus 
largely obviating the delays experienced with current generation equipment.

THEORY

The basic principle underlying our approach is that the choice of counting 
time relating to a radioactive sample should ideally be governed by the effect on 
the ‘overall’ or ‘total’ error associated with the sample measurement rather than 
by the statistical counting error viewed in isolation. There is, in short, little 
justification in prolonging sample counting time beyond the acquisition o f a 
few hundred counts in samples in which pipetting and other sample-processing 
procedures have generated ‘preparation’ or ‘experimental’ errors of the order 
o f 10% or more; conversely, when sample preparation errors are low, then the 
accumulation o f a large ‘total’ count for each sample may be statistically justified, 
albeit the increase in precision attained may not serve any useful clinical or experi
mental purpose. In these circumstances, sample counting should ideally be 
terminated when sample measurement has attained the degree of precision which 
satisfies the interpretational needs of the investigator.

2 LKB/Wallac, Turku, Finland.
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Though this paper is concerned primarily with the implementation of this 
concept in the context o f radioimmunoassay, it will be evident that the same 
principles should ideally underlie all situations in which radioactive sample 
counting is implicated.

' In radioimmunoassay procedures, it is conventional to prepare replicate 
assay tubes for each biological sample under test — usually duplicate or triplicate 
incubations are relied upon although some investigators routinely set up a greater 
number o f replicates. Following sample processing, and separation of ‘free’ and 
‘bound’ moieties, the radioactivity either in the bound or free fractions alone, 
or that in both fractions, may be estimated, and the assay ‘response metameter’ 
(e.g. ‘fraction bound’, ‘free/bound’ ratio, etc.) calculated. Here, we shall consider 
specifically the common situation in which ‘bound’ fractions alone are counted: 
identical principles apply both to the counting o f ‘free’ fractions alone, and to 
the counting o f both moieties, which we shall not therefore consider in detail.

Replicate assay tubes invariably display inter-replicate variations in observed 
count-rates. This variation can be represented by the standard deviation (s), or 
variance (s2), o f the observations in the conventional way (N.B. the standard 
deviation o f duplicates is given by the difference between the observations 
divided by \J 1  ). The inter-replicate variation comprises the statistical sum of 
the counting error (given by the standard deviation sc) and the sample ‘pre
paration’ or ‘experimental’ error se. Thus, the total variance is given by the sum 
of the experimental and counting variances so that:

S2 = s 2 + s 2e

or

se =  \/s2-  sc

From this simple relationship, it is a relatively uncomplicated matter to 
calculate the error component in individual samples arising from sample processing 
per se. Thus, the ‘experimental’ component of inter-replicate variation may be 
calculated in this fashion for all samples in an assay run. Considerable differences 
will invariably be observed in the estimates of experimental error associated with 
different samples, these differences largely stemming from the statistical variation 
generated by the small number o f sample replicates usually taken. Nevertheless, 
by plotting the experimental error estimates as a function o f the response variable, 
a characteristic pattern or relationship will normally be observed relating the 
magnitude o f the experimental error in the response variable to the magnitude 
of the response. Thus, in Fig.2, we have illustrated the results that would typi
cally be observed by plotting the experimental error in a typical response variable
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FIG.2. Response-error relationship relating the experimental error (variance, S 1) in a radio
immunoassay response variable (fraction bound) to the magnitude o f  the response. In a more 
typical case, many more data points (each representing an individual sample) would be plotted. 
Data may also be ‘binned’ to increase the precision o f  the data points.

(‘fraction bound’) as a function o f ‘fraction bound’ and the curve which may 
subsequently be fitted to these data which represent the underlying ‘response 
error relationship’ (RER). This relationship may often be more readily visually 
discerned by ‘binning’ the data: for example, all samples yielding ‘bound’ fractions 
lying between 0 and 5%, 5 and 10%, 10 and 15% etc. may be grouped together, 
and the mean experimental error within each ‘bin’ determined. Because o f the 
greater precision o f the resulting error estimates, the relationship between error 
in the response variable (counts or fraction ‘bound’) and the magnitude o f the 
response is thus rendered more clearly visible.

This form o f statistical analysis o f assay data has been discussed in relation 
to the estimation o f confidence limits for assay results and the weighting of'data 
for curve-fitting purposes by a number of authors, notably Rodbard and Hutt [ 1 ] , 
Midgley et al. [2 ] , Wide et al. [3] and Finney [4]. The determination of such 
error relationships is also o f fundamental importance in relation to assay design 
(see Ekins and Newman [5] ). Various authors have proposed different simple 
mathematical expressions describing the RER; for example, Rodbard has 
suggested that the expression:



IAE A-SM-220/61 443

sb =  öl + 0b + 7 b2 ( 1)

where sb =  standard deviation in the fraction bound 
b =  fraction bound 
a ,ß  and y  are constants

describes the error relationship observed in many assays (see also Midgley et.a l.[2]).. 
More recently, Rodbard et al. [6] have claimed that, because of the statistical 
uncertainties associated with typical assay data, any one o f a number of such 
expressions can be regarded as adequately representing the error relationship.
In our experience, both the form o f the mathematical expression describing 
the RER and the values taken by the parameters within this expression, depend 
to a large extent on the nature o f the assay protocol and, in particular, on the 
exact procedure adopted in separating free and bound fractions. It should also 
be emphasized that most authors (such as those cited already) have, for legitimate 
reasons, been primarily concerned with the ‘total’ (i.e. ‘experimental’ +  ‘counting’) 
errors observed in the response variable. In contrast, in the present context, we 
are specifically identifying and isolating the ‘experimental error’ component o f the 
RER, which for purposes o f clarity we will term ‘(RER)e’ in the following 
discussion.

For the purpose o f illustration o f the concepts discussed in this paper, we 
shall assume that the (RER)e is adequately described by the simple relationship

Although such an expression may not exactly represent the error relation
ship seen in all radioimmunoassays, it corresponds to the general pattern seen 
in many systems, which is one o f  a decreasing absolute error in the fraction or 
percentage bound as the percentage bound decreases. It also emphasizes, in 
particular, the common observation that as the value o f b (fraction bound) falls, 
so the relative error (i.e. coefficient o f variation, sb/b) increases. Thus, whereas 
the relative error in a sample containing a ‘fraction bound’ o f 0.3 may be 1 —2%, 
the error in a sample containing a ‘fraction bound’ o f 0.05 may commonly be 
as high as 10 or 20%. The magnitude o f errors observed in practice will naturally 
depend upon many factors, including the experience o f  the individual assayist 
performing the assay, and even his or her emotional state on the day on which 
the assay is conducted. Nevertheless, under normal circumstances, the relationship 
will be essentially characteristic o f the assay procedure per se, depending very 
largely on the equipment used for pipetting, the method o f separation of free and 
bound fractions and so on.

s£ =  a  +  j3b (2)
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The implication o f the existence of such error relationships is that the statisti
cal error arising specifically from sample counting may be permitted to vary for 
different samples within an assay without significant loss in overall assay precision. 
In practice, a number o f different ‘strategies’ o f sample counting may be pro
posed which are based on the pre-existing experimental errors characterizing 
individual samples. For example, we may elect to count samples for such time 
as to permit a factorial increase (e.g. 20%, or one-fifth) over and above the 
‘experimental’ error in all samples. Thus, samples characterized by an experi
mental error o f 5% might be counted for such time as to yield a final, overall, 
error of 6%; samples with an ‘experimental’ error o f 2% would be counted to 
yield a total error o f 2.4% and so forth. (We shall henceforth term this ‘factorial’ 
option ‘strategy Г.) A possible alternative strategy (strategy 2) is to count 
samples for such time as to allow an absolute rather than a factorial increase 
in the percentage error. Thus, if the permitted increase in error arising from 
counting were defined as 1%, then samples characterized by a 2% experimental 
error would be counted until the combined error equalled 3%; those with an 
experimental error o f 10% until the total error equalled 11% etc.

These represent but two o f a number o f different counting strategies pri
marily designed to ensure that sample counting is not prolonged beyond a point 
at which no useful increase in overall precision in sample measurement is gained. 
The common feature characterizing such strategies is that fewer counts are 
accumulated for, and less counting time is devoted to, samples characterized 
by high ‘experimental’ errors. A further possible refinement is that the level 
o f precision attained for different samples may be allowed to vary depending 
upon the clinical or experimental significance o f the final result. This possibility 
will be explored further in the discussion section o f the paper.

IMPLEMENTATION

The essential technical requirements for the implementation o f these 
concepts o f isotope sample counting are:

1. that the counting equipment should possess the ability to assess the 
‘experimental’ error in a sample being counted and

2. that, following such assessment, a feed-back computer control system 
should estimate the required counting time to fulfil the counting strategy 
defined by the operator, and terminate the count at the appropriate time.

By coupling a relatively small and cheap microprocessor to a typical 
counting instrument, these requirements may be readily fulfilled (the calcula
tions involved are well within the capacity of small hand-held programmable 
calculators, disregarding problems o f interfacing).
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To enable the counter to assess the ‘experimental’ error associated with 
individual samples, the parameters defining the RER are first introduced by the 
operator into the microprocessor store. (Such information may, for example, 
take the form o f numerical values for and in Eq.(2).) Furnished with this 
information, and also with data enabling the machine to identify key samples 
in an assay run (e.g. a sample containing the ‘total’ counts introduced into all 
incubation tubes), the counter may be programmed to assess, on the basis of  
an initial observation o f the sample count-rate occupying a few seconds:

(a) the value o f the response variable (e.g. ‘fraction bound’) in the sample, and
(b) the corresponding ‘experimental’ error associated with the sample.

On the basis o f these estimates, and o f the particular ‘counting strategy’ that 
the counter has been instructed to pursue, a counting time required to fulfil 
the statistical requirements defined by the strategy is computed and the count 
allowed to proceed.

The computations involved in the calculation o f the required counting 
time are quite straightforward. For example, in the case of ‘strategy Г (and 
assuming the ‘experimental’ RER is o f the form given in Eq.(2)) the counting 
time for each sample is given by:

where T =  ‘total’ count-rate (i.e. activity introduced into incubation tubes) 
f  =  factorial increase in error defined by counter operator.

what imprecise, in consequence o f the short ‘inspection’ time and restricted 
accumulation of counts on which the estimate is based, the microprocessor 
may be programmed to update the estimate iteratively as counting proceeds. 
However, these are aspects of microprocessor software organisation that are 
unnecessary to discuss in detail here.

The operation o f a counter governed in this manner clearly implies 
abandonment o f the traditional ‘pre-set time’ and ‘pre-set count’ control 
facilities supplied on conventional instruments. As a substitute for these 
traditional limits on sample counting times, the operator is required to input 
information relating to experimental errors associated with a particular assay 
protocol (in thç form of the selection o f a particular mathematical expression 
defining the RER, and values based on past experience for the error parameters),

t = (3)

Although the initial estimate o f the required counting time may be some-
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and the increase in overall error consequent upon counting that he is willing to 
accept (e.g. he may define ‘strategy 1’ counting and a particular value for the 
fractional increase in error that he is willing to accept). At first sight, these 
requirements may appear to require considerable sophistication on the part 
of the user as well as knowledge regarding the precision characteristics o f their 
assay techniques which many radioimmunoassayists are not accustomed to 
evaluate and may not have at their disposal. Further discussion o f the statistical 
procedures which may be employed to estimate the values for the parameters 
relating to the RER is to be found in Vol.II o f these Proceedings in connection 
with Quality Control. It is sufficient here to emphasize that the analysis o f  
assay data with these objectives in view is quite simple; moreover the data- 
processing packages provided in the microprocessor software accompanying 
instruments o f this type provide the relevant parameter values which enable 
succeeding assays to be counted on the basis o f the general principles already 
described. In practice, therefore, given even a rudimentary knowledge o f the 
revised principles of counter operation that we have here discussed, an inexperi
enced user can utilize counter-time to much better advantage than is currently 
usual.

RESULTS

Counters operating on the basis of the general principles described in this 
paper (both home-built and commercial prototypes) have been in operation in 
our laboratory for more than a year. It is nevertheless difficult to portray 
accurately the increase in sample throughput and the savings in instrument 
occupation time yielded by the adoption of microprocessor-mediated counting 
strategies. To a large extent, the increase in efficiency in counter usage seen 
will depend upon the extent to which counting instruments have been ‘misused’ 
before the introduction of the more rational modes o f counting here described. 
This depends, in turn, on the experience o f laboratory staff, and the intuitive 
understanding they may have developed for the inter-relationship between sample 
manipulation errors and counting errors which ideally should govern their choice 
o f control settings on conventional counting equipment. Nevertheless, in spite 
o f the considerable experience in radioimmunoassay procedures amongst the 
technical staff in our own laboratory, we have frequently experienced factorial 
increases in sample throughput as a result o f the introduction of microprocessor- 
controlled isotope counters.

The effect upon overall assay precision o f different counting strategies 
is perhaps best represented by the ‘precision profile’ that they yield. - (The 
term ‘precision profile’ is here used to describe the curve relating precision in 
the dose measurement as a function o f the dose (see Figs 3 and 4.) The precision
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Dose H

FIG.3. The calculation o f  the error in the ‘dose’ variable (AH). This is given by the error 
in the ‘response’ variable (A R ) divided by the slope o f  the response curve. Note that in all 
radioimmunoassays, either A R  or the slope o f  the response curve (or both) vary at different 
points along the curve so that A H  is not constant.

Ligand concentration H

FIG.4. Two methods o f  expression o f  the ‘precision profile’ o f  an assay, i.e. the curve 
relating A H  to the dose H. (The ‘response’ variable in this illustration has been assumed 
to be the ‘fraction bound’, b).
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D O S E  H

FIG.5. Computed precision profiles in a representative radioimmunoassay. The ‘basal’ 
curve is that calculated on the assumption o f  a zero counting error component, i.e. 'experi
mental error’ only. Other curves are based on sample counting either fo r pre-set times (1 and 
10 min) or a pre-set count (10 000), or on an ‘optimal’ microprocessor-controlled, counting 
strategy based upon a permitted 20% (one-fifth) increment upon the ‘experimental’ error. 
The inserts describe the response curve and response-error characteristics for the assay, and 
the ‘optim al’ counting times for samples at different points in the concentration range. (See 
also Table I.)

of the dose estimate is calculated by dividing the error in the response metameter 
by the slope o f the response curve at the corresponding point. Figure 5 
illustrates the precision profiles computed for a typical assay on the basis of  
the following assumptions:

1. that there is no counting error (i.e. that samples have been counted for 
infinite time),

2. that various preset times or counts have been chosen for defining sample 
counting times in a conventional machine,

i
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3. that counting times are defined by a microprocessor-controlled machine , 
operating in accordance with ‘strategy 1’, with a permitted increase in 
error, due to counting, o f one-fifth with respect to the experimental error.

I

For the purpose of calculating the profiles shown in this illustration, 
certain assumptions (typical o f common radioimmunoassay procedures) have 
been made regarding the relationship between error and response (illustrated 
in the insert in Fig. 5) in the total activity introduced into incubation tubes 
(10 000 counts/min) and the form o f the response curve (also shown in an insert 
in Fig.5). From the curves shown in this figure, we can'rapidly assess the statis
tical effect of different counting strategies on the precision of measurement o f  
any defined ligand concentration. In particular, it may be noted that, although 
the counting o f samples to 10 000 counts maximizes the precision o f samples 
containing high concentrations o f ligand, the loss o f precision consequent upon 
using ‘strategy 1’ in the manner described is quite inconsequential; indeed this 
strategy results in higher precision at low ligand concentrations although the 
total time occupied in counting all samples in a run possessing the characteristics 
portrayed in Fig.5 would be likely to be considerably less when compared with 
a strategy based on the counting o f all samples to 10 000 counts. Paradoxically, 
samples containing lower activities would be counted for less time than those 
containing high activities in pursuance o f strategy I in the circumstances defined 
in Fig.5 (see also Table I).

A typical practical illustration o f the statistical effects of counting in a 
‘rational’ manner is shown in Fig.6. In this illustration, the observed precision 
characteristics o f assay results following counting by a relatively experienced 
technician using conventional counting equipment, and subsequently recounting 
on a microprocessor-controlled instrument governed by strategy 1, are compared. 
From a practical point o f view, the difference in precision is insignificant, albeit 
the second counting run occupied less than a tenth o f the time used in the first. 
Although this figure probably misrepresents the normal extent o f counter misusage 
in our laboratory, factorial increases in throughput o f this order o f magnitude 
have not been unusual.

DISCUSSION

Here we have made the general claim that significant increases in throughput 
using a radioisotope sample counter can be achieved by a clearer understanding 
of the statistical implications o f sample counting upon the overall precision of 
assay results combined with the use o f  counter-control mechanisms specifically 
designed to relate statistical counting errors to sample preparation errors arising 
in radioimmunoassay procedures. Although the validity of such a claim is likely
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F S H  concentration u / l

FIG. 6. Precision profiles fo r a typical assay following conventional and microprocessor- 
controlled counting.

to be readily acknowledged by workers familiar with the use of isotopic counting 
equipment, it is difficult to estimate the magnitude o f  the savings in counter usage 
that are likely to be achieved in particular circumstances. In our laboratory, 
overall sample counting times have commonly been reduced by factors o f up 
to tenfold as a result o f the introduction o f the counting techniques described 
in this paper. Although reductions o f this order o f  magnitude may indicate 
previous laboratory mismanagement, they reflect at least in part the difficulty 
that even experienced assayists have in visualizing the statistical effect on assay 
performance o f their choice o f  settings o f  counter controls when using conven
tional instruments. The particular virtues o f  the approach that we have pursued, 
and the statistical data-processing procedures upon which it rests, is that it 
clarifies and makes explicit the effects upon the precision o f sample measure
ment o f various counting strategies that otherwise, in practice, remain obscure 
and ill-recognized. The inevitable consequence is a more rational use of counting 
equipment, whatever the exact magnitude o f the improvement in counter through
put and reduction in assay delays that are observed in practice. (Indeed, there are 
circumstances in which increased counting times, as compared with those a counter 
user might conventionally define, may yield useful improvements in assay pre
cision. Such circumstances are nevertheless rare.)
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H

FIG. 7. Predefined precision profile defining permissible counting errors at different dose 
levels.

At the present time we are working on further refinements in counter design 
and microprocessor software to improve further the efficiency o f counter usage 
and the reduction in delays arising from sample counting. Simultaneous counting 
of duplicates or triplicates in dual or triple detector machines clearly does not 
conflict with the requirements o f feed-back control o f counting time described 
in this paper. We are also refining microprocessor programs which, in effect, 
enable the counter operator to adjust sample precision (and hence sample counting 
time) to clinical requirements. For example, a thyroxine assay value falling 
clearly and unequivocally within the hyper- or hypo-thyroid, or ‘normal’ ranges 
can be estimated with a precision somewhat less than values which fall in either 
of the clinically important borderline zones surrounding the normal range and 
upon which clinical decisions are based. This implies that sample counting can 
be terminated considerably sooner in the case of unequivocal results than in those 
in which maximal precision is clinically valuable (see Fig.7). This facility is clearly 
particularly applicable in screening programmes such as discussed-in Session VIII 
o f these Proceedings in relation to the diagnosis o f neonatal hypothyroidism.
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By pursuing more sophisticated counting strategies o f this kind, the bottle
necks commonly encountered in the counting o f radioimmunoassay samples 
may be largely obviated, and fully processed assay results, complete with a full 
statistical assessment o f confidence limits and overall assay performance, obtained 
within a total o f a few minutes counting time for each assay run.

It is perhaps inevitable that the particular solution offered to the problem 
o f radioimmunoassay sample counting in this paper should be compared with 
the merits o f  multiple-sample counters discussed earlier. Our own view is that 
the two approaches are complementary, and that each solution will be appropriate 
to particular laboratory environments. Although operation o f the instruments 
described in this paper implies a somewhat deeper understanding o f the statistical 
performance of assay procedures than, unfortunately, is currently common amongst 
assayists, this is a necessary development in the radioimmunoassay field quite 
irrespective of the exploitation o f such statistical analysis to the control of 
isotopic sample counting times. The particular virtue of our approach is that 
it combines, in fully automatic machines which can be operated on a 24-hour 
basis, complete assay data processing, and statistical and quality control assess
ment with a very high sample throughput at little or no extra cost as compared 
with both conventional automatic, or multiple-sample manual, machines.
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DISCUSSION

W.D. ODELL: This is a good example o f a “thinking” way to increase the 
efficiency of counter use. However, can you give us an estimate of the cost o f  
converting a standard non-computerized counter into a controlled-throughput



counter such as you describe? And could you estimate how much it would cost 
to pay the technicians “time and a h a lf’ to come in at night in order to reload 
the counter?

R.P. EKINS: Apart from the problem o f interfacing — which I believe 
is likely to be soon resolved — the calculations involved áre well within the 
capacity of hand-held calculators, as will be evident from Dr. Dudley’s paper 
(SM-220/121). Nevertheless, I would agree that the approach I have described 
is more readily applicable with new-generation counters, which incorporate 
microprocessors for the analysis o f assay data.

As regards your second point, it may be feasible by increased sample through
put to dispose o f the counting load during working hours. Increased efficiency of 
counter use may also imply the use of larger sample ‘turntables’ to accommodate 
overnight running. Alternatively, one might resign oneself to counting samples 
intelligently by day, and ‘unintelligently’, i.e. inefficiently, by night.

D. RODBARD: Obviously it is folly to select a counting time o f 10 or 
20 min to reduce counting errors to negligible levels, while we have a large experi
mental error (e.g. 3%). My general rule has been to reduce counting errors so that 
they are o f about the same magnitude as the pipetting (experimental) and mis- 
classification errors. While I accept the validity o f your mathematical argument 
and agree that a variable counting time may have advantages in some cases, I 
would argue that the use o f a constant counting time can do nearly as well. Thus, 
your “intelligent” approach to computing the counting time will do only marginally 
better than a properly selected constant counting time. Your Fig.l shows that 
when the experimental error is 1%, we should attempt to reduce counting errors 
to approximately 1%. In this case we should select a counting time such that 
10 000 counts are accumulated for the zero dose tubes above the level for the 
non-specific counts, i.e. (B0 — N) =  10 000. This is precisely the counting strategy 
recommended by W.D. Odell, P.L Rayford and G.T. Ross (J. Lab. Clin. Med. 70 
(1967) 973). In the event o f about 3 to 5% experimental errors, one can reduce 
the counting time so that (B0 — N) is only equal to 3000 counts. Using this simple 
rule of thumb, one can do nearly as well as with the counting time optimized for 
each individual tube. Pre-set time is preferable to pre-set counts; the latter spends 
most o f the time on the tubes in the high-dose region, where precision is usually 
less o f a problem (assuming that we are counting the bound fraction only).

R.P. EKINS: I largely agree with you: there is no doubt that counting for 
constant time is generally better than counting to constant counts (assuming 
we are counting the bound fraction in a typical RIA), because this strategy tends 
to yield high counting precision when the ‘experimental precision’ (as reflected 
in the coefficient o f  variation o f the response parameter) is high and vice versa.
This is the counting strategy that we have generally adopted in my own labora
tory since our earliest entry into the field o f  saturation assay. Nevertheless, 
with the advent o f  a generation o f counters under microprocessor control, and

4 5 4  EKINS et al.
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capable o f  a considerable degree o f  data processing, including the statistical 
analysis required to calculate confidence limits on assay results etc., the ‘feed-back’ 
control of the counter to ensure that counting proceeds only as long as it is 
statistically useful seems to be a simple and totally logical step to take. By pro
viding this facility, we eliminate the total arbitrariness o f  the choice o f settings 
by which a counter is customarily controlled, and focus the counter user’s atten
tion on the key statistical parameters which should dictate the operation o f the 
instrument. My experience has been that the upshot is beneficial both from the 
point o f view o f education o f the user as well as reduction in counter usage.
Even a factor o f two in the reduction o f counting times implies a significant 
economic gain. Moreover, such feed-back control permits far more sophisticated 
counting strategies than those based solely on the relationship between counting 
and experimental errors — in particular, the relating o f  counting time (and hence 
precision) to the clinical significance o f the result. Such strategies — which are 
limited in diversity only by the time required to write the software — may be 
made very readily comprehensible to the user, and, because o f  the increasing 
cheapness o f microprocessors, do not imply expensive hardware. As we shall 
see, Dr. Dudley’s very elegant and cheap counter, which is under the control o f 
a ‘hand-held’ calculator (HP97), relies on counting strategies such as I have 
described. I cannot see any valid argument against their adoption.

B.C. NISULA: Using this method, how do you take into account the 
variability o f the experimental error from assay to assay when programming 
the counting times for an individual assay?

R.P. EKINS: The counter is programmed.in relation to the “average” 
response-error relationship observed for the particular assay protocol. In a 
well-controlled assay, the error relationship should not vary greatly from assay 
to assay. If it does, then corrective action should be taken. In any case, a counter 
programmed for the average experimental errors will, in practice, yield acceptable 
statistical counting errors, regardless o f the actual experimental errors encountered 
in a particular run.
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WELL SCINTILLATION COUNTER 
WITH AUTOMATIC SAMPLE CHANGING 
AND DATA PROCESSING 
An inexpensive instrument 
incorporating consumer products
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International Atomic Energy Agency,
Vienna

Abstract

WELL SCINTILLATION COUNTER WITH AUTOMATIC SAMPLE CHANGING AND DATA 
PROCESSING: AN INEXPENSIVE INSTRUMENT INCORPORATING CONSUMER 
PRODUCTS.

An automatic well scintillation counting system suitable for in-vitro assays with 125I has 
been designed with the express purpose of allowing effective operation and maintenance in 
laboratories in developing countries. The system incorporates comparatively simple components, 
notably two consumer products: A Kodak Carousel slide projector as sample changer and a 
Hewlett-Packard HP-97 programmable printing calculator as system controller and data processor. 
The instrument can accommodate 80 counting vials of dimensions 12 mm ф X 75 mm, or 
40 vials of 16 mm ф X 100 mm. The calculator provides on-line control and data reduction with 
the mediation of an interface somewhat resembling that required between a scaler and a printer. 
Its progràm capacity is adequate for fairly complicated on-lirie operations, including, for example, 
deduction of concentration of hormone in unknown sample by interpolation from a standard 
curve in logit-log space, calculation of error in hormone concentration, and termination of 
counting when the counting error is reduced to a prescribed fraction of the composite of other 
random assay errors (as stored in the calculator’s memory). This system is inexpensive, robust, 
and capable of being operated manually if automatic accessories fail. It could be improved in 
several ways, particularly by providing for operation from batteries and, no doubt in the 
immediate future, substitution of the next generation of cheaper and more powerful calculators 
for the calculator used at present. The instrument may be cost-effective in any small to medium- 
sized laboratory.

I. INTRODUCTION

The circumstances surrounding the acquisition, maintenance, and use. o f 
nuclear medicine instruments in developing countries often differ radically from 
those found in developed countries. Since most instruments now found in 
developing countries were however designed to meet the requirements in developed 
countries, their characteristics are frequently not optimally matched to local needs.
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One o f the tasks o f the International Atomic Energy Agency is to seek a better 
match. Some o f the problems and objectives o f  such an endeavour have been 
described in reports o f two meetings held by the Agency in the last two years [ 1,2]. 
This paper describes a prototype automatic well scintillation counter system 
designed with the context o f developing-country laboratories in view. It is 
probable that the instrument could also find effective use in many other 
laboratories.

II. DESIRABLE ATTRIBUTES OF NUCLEAR MEDICINE INSTRUMENTS FOR 
DEVELOPING COUNTRIES

While conditions are by no means alike in all laboratories in developing 
countries, one may list attributes that would have distinctive importance in many 
such laboratories:

(1) Low  cost — Financial resources are often very limited. Moreover, as a 
protection against the effects o f breakdowns, instruments should ideally be 
acquired in duplicate.

(2) Robustness — Environmental conditions are often severe, and when 
breakdowns do occur the necessary repairs can often be accomplished only after 
long delays.

(3) Graceful degradation — Again because o f characteristically long delays in 
repair, it should be possible to operate the instrument manually even after loss 
o f some automatic function.

(4) Accessibility o f  spare parts and service — Since administrative and currency 
exchange problems may prevent or seriously delay acquisition across national 
boundaries o f  spare parts and service, both should be available within the country.

(5) Invulnerability to  disturbances in electrical mains pow er — Large fluctuations 
may occur in mains voltage, and power failures may be frequent.

(6) Sim plicity o f  operation — Operators may have less specialized experience 
than is commonly the case in large laboratories.

(7) Provision o f  quality assurance in measurements — In the presence o f the 
above hazards, frequent tests o f the integrity o f the measurement process are 
desirable.

(8) Versatility — By virtue of the financial limitations and the difficulty of 
maintaining a diversity o f  instruments, over-specialization o f instruments is 
disadvantageous.
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All o f  these attributes would be welcomed also at laboratories in developed 
countries, although not necessarily with a priority over-riding all other characteristics.

III. DESIGN OF AN INSTRUMENT FOR IN-VITRO ASSAYS

With the foregoing requirements in mind, a prototype instrument system for 
in-vitro assays based upon 125I has been designed and constructed in the Agency’s 
laboratory. A basic consideration has been to exploit, in this system, products 
developed for a mass-consumer market and therefore benefiting both from 
economies o f scale and from a world-wide dissemination of maintenance services.

The instrument as now constituted has four parts: ( 1 ) a sample changer 
consisting o f  a Kodak Carousel projector [3] for 35-mm slides, (2) a Mini-Assay 
manual radionuclide counter made by Mini-Instruments, (3) a Hewlett- 
Packard HP-97 programmable printing calculator, and (4) an interface among the 
foregoing components, built in the Agency’s laboratory. The counts accepted 
by the counter’s threshold discriminator are recorded in parallel in the counter’s 
scaler and in a scaler in the interface. From the latter they are transferred every 
15 s to the calculator, as if to a serial printer. The calculator then determines if 
the measurement may be terminated according to whatever statistical or other 
criteria are specified in its program. If not, it awaits the next increment o f counts, 
and upon receiving them, repeats the test. If so, it calculates from the total 
accumulated counts whatever results its program calls for and prints them out.
The initiation o f printing is sensed by the interface and causes the Carousel to 
deliver the next sample to the detector.

A. Sample changer

Our Kodak Carousel projector is a heavy-duty type, S-AV 2000 ( ~  $250). 
Certain elementary modifications, limited to the removal of easily accessible 
parts, were found to be desirable. In an endurance test it changed half a million 
samples without evidence of mechanical wear. It was designed to hold 80 slides, 
and in our version it accommodates 80 counting vials o f dimensions 
12 mm 0 X 75 mm (or smaller), or 40 counting vials o f  16 mm ф X 100 mm.

The vials are suspended outboard from the Carousel, each in its own holder. 
A holder for 12 mm 0 X 7 5  mm vials is illustrated in F ig .l. It consists o f a steel 
rod o f 3-mm diameter bent into a rectangular frame with a horizontal arm, at 
the end o f which is soldered a short steel tube. This tube not only supports the 
vial but also, during counting, completely shields out 12SI radiation from-adjacent 
vials. Vials o f other sizes require holders o f other dimensions. The frames are 
mounted like slides in the Carousel slide tray; as each frame drops in turn into
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FIG.l. Sample holder with counting vial. Holder consists o f  steel rod bent into rectangular 
frame with horizontal arm, to whose end is soldered a short steel tube which supports and 
shields the counting vial.

“projection position”, its vial correspondingly drops into counting position in an 
appropriately located well scintillation detector. The presence o f the sample 
changer does not impede manual positioning o f counting vials if such is desired.

Two mechanical problems were experienced with this sample-changing 
mechanism: ( 1) dropping o f a frame into “projection position” was occasionally 
prevented by its tilt, caused by the overhanging weight o f  the vial, and (2) lifting 
of a sample holder after completion of a count was sometimes prevented by the 
jamming o f its steel tube under that of an adjacent holder. Both problems appear 
to have been reliably solved by addition o f a simple passive device that ( 1 ) prevents 
the frame from tilting as it drops into “projection position” and (2) spreads apart 
the two sample holders adjacent to the one in counting position so that the latter 
may be raised unhindered.

B. Counter

The Mini-Assay counter (~  $750) has a 25 mm ф X 25 mm Nal(Tl) well 
crystal, HV, threshold discriminator, scaler, and preset timer, its thin-walled
detector is intended for 125I, but retains reasonable counting efficiency at S7Co/
energies. It requires power from the electrical mains, but can be adapted for 
operation from a 12-V battery. In our system the manual use of the counter is 
not compromised by addition o f  any of the automatic accessories.
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C. Calculator

The HP-97 calculator (~  $750) is equivalent to the current top-of-the-line 
Hewlett-Packard pocket calculator, but by virtue o f a built-in miniature thermal 
printer is better described as a briefcase calculator. It offers a 224-step program 
memory and 26 registers, both of whosè contents may be stored on 1 cm X 7 cm 
magnetic cards. It is powered by a rechargeable battery that can be left permanently 
connected to mains and will bridge over a power failure, if such occurs, for as 
long as 4 h.

Our use o f this calculator requires that it be adapted for automatic read-in 
and read-out. A transistor has been soldered inside the calculator across the 
contacts o f  each digit key and also those o f several user-definable keys. Read-in 
is accomplished by electronically closing these transistor switches across the 
desired digit keys in turn for a period o f about 0.1 s per key, then similarly 
actuating a user-definable key to call the program into action on the transferred 
digits. Read-out is confined to sensing (with the aid o f an opto-electronic coupler) 
the appearance of a 5-V signal that drives the printer. These adaptations o f the 
calculator compromise the warranty but, according to our information, would not 
discourage an HP service centre from repairing the calculator if  some defect 
should subsequently arise. From an electronic point o f view this adaptation is 
elementary, and should not endanger the calculator. A modest manipulative 
finesse is however required to introduce these connections in the limited space 
available.

These modifications do not alter in any way the normal operation o f the 
calculator, either purely by hand or with the aid o f a stored program. Thus, the 
calculator in its own right would constitute an important bonus in any laboratory 
acquiring this instrument system.

The role o f the calculator in on-line control o f the measurement process, data 
reduction, and quality assurance is discussed later.

D. Interface

The present interface device is a proof of principle rather than a product 
optimized for use in the field. Its functions are basically simple: (1) record in a 
scaler the counts from the counter, (2) time a counting interval o f (for example)
15 s as specified by the setting o f a thumb-wheel switch on its panel, (3 ) at the 
end o f an interval, transfer to a “latch” the accumulated counts, reset the scaler, 
and immediately start accumulating counts in the following interval, (4) serially 
transfer the digits from the latch to the calculator and thereafter close a user- 
definable calculator key to initiate calculation, and (5) cause the Carousel to 
advance by a prescribed number o f steps (as specified by the setting o f  a thumb
wheel switch on the interface panel) when the printer motor starts. Some
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“housekeeping” logic is also required: when a print signal is sensed, the counts 
accumulated in the current counting interval are discarded, and any further print 
signals up. to the end o f the next interval are prevented from initiating a change 
of samples.

Possible future modifications of the interface are discussed later.

IV. PERFORMANCE OF INSTRUMENT SYSTEM

The instrument system has shown very satisfactory performance characteristics.
One issue examined has been the reproducibility of counting a sample in view 

of the fact that the vials drop rather abruptly into the well and droplets o f solution 
splash up their sides. This was found to cause a standard deviation in replicate 
measurements of about 0.5% for small vials containing 1 ml t>f solution and 0.1% 
for larger vials containing 4 ml o f solution. For those measurements (if any) for 
which these deviations would be excessive, presumably certain counter-measures 
(e.g. gelling the solution) are available.

Another issue has been the magnitude o f cross-talk among samples as 
possibly allowed by their inevitable proximity to each other. With 125I, cross
talk has been eliminated: a vial one step removed from the counting position 
gives a counting rate less than 0.005% of that found when it is in counting 
position. For higher-energy gamma rays, shielding is incomplete. For example, 
when the Carousel is loaded in every position with small vials each containing 
1 ml o f  131I solution, cross-talk from each first neighbour o f the vial being counted 
amounts to a slightly irreproducible 0 .2% (of the neighbour’s own counting rate 
when it is in counting position); for each second neighbour, 0.03%; and for each 
third neighbour, 0.02%. Similarly, when the Carousel is loaded in every second 
position with large vials each containing 4 ml o f 131I solution, cross-talk from each 
nearest neighbour is 0.04%; from each second neighbour, 0.02%; and from each 
third neighbour, 0.01%. With samples o f very disparate activity levels, such cross
talk may not be quite negligible. However, its importance can be reduced by 
about one order o f magnitude (the limits being set by the degree o f irreproduci- 
bility o f the sample-changing process) with the aid of the calculator, as described 
below.

The capability o f the comparatively simple calculator to control the counting 
process and reduce the accumulated data has been o f major interest. Program 
and register capacity is o f course not to be compared with that o f the much more 
expensive calculators and computers used in sophisticated automatic machines.
For example, a spline function fit of a curve to data points recorded on standard 
sources is presumably beyond the practical reach o f the HP-97. Yet its capability 
is impressive. A thorough evaluation o f this capability will probably require the 
pooled experience o f several laboratories.
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Calculation speed seems to be sufficient that for most programs a decision 
to terminate counting can be reached within 10 s, and analysis o f one sample and 
printout of results can be completed within 30 s, after transfer of the last increment 
o f counts. This allows a counting interval o f 15 s, and a corresponding dead-period 
o f only 15 s between samples. Some programs may require a slightly longer 
interval.

One program we have been able to accommodate in the memory performs the 
following tasks in a radioimmunoassay type of measurement. The calculator keeps 
track of sample number, thereby identifying background sources and reference 
sources which precede and follow the unknown sources in the sample tray. It 
processes the counting data from each o f the three types o f sources according to a 
different subprogram; displays shifts in background or reference counting rates; 
converts counts on unknown samples to hormone concentration via a 7-point 
standard “curve” (inserted into its memory registers from a previous tray of 
standards) using liner interpolation in logit-log space; measures each unknown to 
an individually prescribed statistical accuracy in hormone concentration; averages 
the hormone concentration in replicate unknowns for each “patient”; and prints 
out for the composite replicate for each “patient” the “patient” number, average 
concentration, observed standard error o f  average concentration (based upon 
scatter among replicates), expected standard error (extracted by linear inter
polation from a pre-inserted 7-point “curve” o f  such errors as a function o f  
hormone concentration in this type o f  assay), and a running subtotal of x2 (i.e. 
a quantity which allows, at the end o f the batch of samples, a x2 test as to 
whether the expected and observed overall errors are mutually consistent).
In this program the individual prescription as to the statistical accuracy to which 
the hormone concentration should be counted allows efficient apportionment 
o f counting time among the unknown samples: the program prescribes for each 
sample an error in its hormone concentration, as limited by counting statistics, 
equal to 0.7 times the composite o f other random errors (at the particular hormone 
concentration obtaining). Thus, for each unknown the random error including 
counting statistics is about 1.2 times the random error excluding counting sta
tistics [4]. A modification o f the program would accommodate other prescriptions 
as to counting accuracy as a function o f hormone concentration.

This program illustrates how even this small calculator can, in principle,
( 1) supervise the flow o f samples with efficient apportionment o f  time among 
them, (2) monitor the integrity o f  the measurement process and announce a 
loss o f  integrity, (3) carry out fairly complex data reduction, and (4) display a 
running record o f random errors. Not least, the program forces the technician to 
adhere to a prescribed measurement discipline, and, should the head o f the 
laboratory wish, the program could be modified to abort the measurement if 
successive results revealed that the measurement discipline (or instrument integrity) 
had been breached.
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Another quite different program illustrates another potential role of the 
calculator: correction for cross-talk among samples. This is o f little relevance in 
radioimmunoassay itself, but may confer on the instrument system the versatility 
it would need to perform other nuclear medicine tasks employing radionuclides 
emitting gamma rays o f higher energy. This program causes counting data on 
successive samples to be stored until the four nearest neighbours on each side of a 
particular source have been measured. Using previously determined and stored 
cross-talk coefficients for the measurement conditions obtaining, it then calculates 
and subtracts out the cross-talk contribution to the source in question and prints 
out the corrected results, complete with counting errors (including, to first order, 
those caused by cross-talk). This procedure appears to be capable of reducing 
cross-talk errors by roughly a factor o f 10. For routine measurements — the sort 
for which automatic operation is most desired — this improvement should be 
both useful and practical.

It is noteworthy that with such uses o f the calculator the measurement 
procedure may be reliably reconfigured for altogether distinct routine assignments 
merely by the insertion o f a few magnetic cards; hence the demand for operator 
skill is minimal. (Should the cards inadvertently be mixed up, confusion in the 
measurement procedure would ensue, but o f  such a disastrous magnitude as to be 
immediately detected.) Of course, it will be recognized that the preparation of 
complicated programs is not elementary. However, this is a task that can be shared 
among laboratories and supported by such agencies as ours without any of the 
barriers of currency or customs that so ensnarl the acquisition and alteration of 
hardware.

V. FUTURE DEVELOPMENTS

The instrument can be further improved, and will benefit from impending 
technological progress.

One desirable feature would be to power all components o f the system by 
rechargeable batteries, if possible using a method like that now available in the 
HP-97 whereby the battery would provide a perpetual buffer against mains 
voltage fluctuations and bridge over power failures lasting several hours. Electronic 
instruments for which battery operation is foreseen may now be designed (e.g. 
using CMOS components) for very low power consumption, thereby simplifying 
battery problems. However, since the sample changer requires 100 W of AC power, 
the mediation o f an inverter would be required if it were to be operated from a 
battery. To avoid this expense and complexity, an alternative solution would be 
to leave the sample changer on mains, but to give the interface sufficient additional 
intelligence as to recognize when a sample change had actually been accomplished. 
If mains power were to fail during a count on a particular sample, that count
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would be completed but initiation o f the next would be postponed until sample 
change was finally accomplished (automatically, or by hand). Such a system 
would be fairly simple, yet largely invulnerable to voltage fluctuations and frequent 
brief power failures; its output would be significantly reduced in quantity (but 
not in quality) only if cumulative power failures represented a significant fraction 
o f the day.

Individual components o f the system might be improved as follows:

Counter

While the present counter is satisfactory for in-vitro assays with USI, greater 
versatility, as probably desirable in a developing-country laboratory, would be 
achieved if  the detector were replaced by a 5 cm ф X 5 cm well crystal and the 
electronics by a single-channel analyser system. Such a counter would be useful 
for all radionuclide procedures. The counter might include the interface as an 
integral part.

Calculator

The rush o f developments in small calculators will give the instrument 
concept described here ever greater power. Already another calculator system1 
has appeared on the market with more than double the program and register 
capacity o f the HP-97, for a price o f about $450. (It is unfortunately mains- 
powered in its printing configuration.) Furthermore, as these calculators penetrate 
the consumer market the accessibility o f  service will rapidly improve. A laboratory 
could select for its instrument system whatever calculator were most easily 
obtained or serviced in its neighbourhood.

Interface

Probably closure o f  calculator keys should be accomplished through reed 
relays -  devices more likely than transistors to be immediately compatible with 
a range o f different calculators. If the interface were incorporated in the counter, 
duplication o f scaler, timer, and power supply could be avoided. The interface, 
whether as a part o f  the counter or a separate unit, could be given greater 
intelligence, for example as would be possible if it incorporated a microprocessor. 
Beyond the task mentioned earlier o f monitoring completion o f sample change, 
other possible supervisory functions can be identified. For example, the calculator 
could under program control send messages to the interface in the form o f coded 
interval durations between print signals, whereupon the interface could set length

1 Texas Instruments: TI-59 calculator and PC-100A printer.
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o f counting interval, number o f steps per Carousel advance, or even single-channel 
analyser windows, directly from the stored program on the magnetic cards. We 
are examining such possibilities.

• At some level o f virtuosity in communication among the components of the 
instrument system a more sophisticated and secure method o f interfacing, such as 
that embodied in the IEC standard bus system, might be preferred to that which 
we have adopted. However, we believe that increases in the virtuosity o f the 
present communication system (as distinct, perhaps, from the power o f the calcu
lator) would offer comparatively little increase in the value o f the results yielded, 
and that this increase would not, under present conditions, be commensurate with 
the increased cost o f the IEC standard interface.

VI. CONCLUSIONS

The in-vitro assay instrument system described here has many o f the attributes 
listed earlier as desirable in nuclear medicine instruments intended for use in 
developing countries. Indeed, it might be found cost-effective in any small or 
medium-sized laboratory. It can be further improved, and will benefit in particular 
from future developments in the calculator field.
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DISCUSSION

P.G. MALAN: I wish to compliment you on an extremely useful development. 
Is there any particular reason why you decided to plot the standard curve in logit- 
log co-ordinates when a total/bound or 1/(fraction bound) plot against ligand 
concentration would also yield an approximately straight-line response from which 
you could perform the linear interpolation which you described? This would have 
the advantage o f providing a slightly more uniform variance than does the logit-log 
model, although it would still o f course be heteroscedastic.

R.A. DUDLEY: We used the logit-log transformation because it is commonly 
employed and also because o f its nearly straight-line character, to which you refer.
It is quite possible that some other might be better — at least in certain types of 
assay — and we would welcome suggestions on this point.

D. RODBARD: I would like to congratulate you on your development o f a 
computational method for a small desk-top calculator which should be readily 
adaptable to the programmable hand-held calculators. Your method is versatile, 
flexible and simple; it is preferable to many of the commercially available systems. 
Indeed, it demonstrates that it is possible to estimate the 95% confidence limits or 
the expected per cent coefficient o f variation (%CV) for each potency estimate, 
using a very small calculator. This is something which should be incorporated 
into every program for RIA data reduction. I would point out that with the use 
o f the “2 + 2 regression” approach (Appendix A, paper SM-220/58) it would be 
possible to adapt the four-parameter logistic function to a small calculator such 
as the one you utilize. The important thing, however, is that, irrespective o f the 
method used to construct the dose-response curve, the %CV can be calculated for 
any dose level, provided that the relationship between the standard deviation of 
the response and the response level has been characterized (cf. Ref. [24] o f  paper 
SM-220/58).

R.A. DUDLEY: I will be interested to examine your suggestion about 
fitting a four-parameter logistic curve, using our small calculator. However, as I 
pointed out, we have in our present program consciously avoided approximating 
the standard curve by a single straight line, however fitted, on the assumption 
that many standard curves will not indeed be straight lines. Our calculator- 
assisted manual fitting process stores in the calculator’s memory a standard curve 
made up o f six straight-line segments.
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Abstract

IMPROVED CURVE-FITTING, PARALLELISM TESTING, CHARACTERIZATION OF 
SENSITIVITY AND SPECIFICITY, VALIDATION, AND OPTIMIZATION FOR 
RADIOLIGAND ASSAYS.

A new computer program has been developed to simultaneously “fit” a family of 
curves, based on the four-parameter logistic equation. This provides an optimal test of 
“parallelism” , permits estimation of shared parameters based on all of the available data, 
and provides “ combined potency estimates”. This method is especially useful for analysis 
of agonist-antagonist interaction at hormone and neurotransmitter receptors, DNA-RNA 
hybridization, and in-vitro bioassays.

Several simple general methods have been developed to permit testing of “parallelism” 
of standard and unknown preparations, irrespective of the method used for dose interpola
tion. For instance, one can utilize a weighted log-log least-squares linear regression between 
the amount detected per tube, and the volume of serum introduced into the test tube. One 
can then estimate standard errors for the “combined” potency estimates. These methods 
have been validated, and are readily adaptable to small desk-top computers.

The use of the mass-action law equations to describe RIA dose-response curves and for 
dose interpolation has been extended to apply to cases involving up to three independent 
classes of sites (one “non-saturable”), corresponding to a five-parameter Scatchard plot 
model. Parameters are estimated by weighted least-squares non-linear regression using a 
cubic equation relating bound-to-total ratio for ligand to the total ligand concentration.
The program selects the “ best” of the two-, three-, four- and five-parameter models; program 
“POTENT” is then used for dose interpolation. This method can readily be generalized to 
handle virtually any case of antibody heterogeneity, and positive or negative cooperativity, 
by use of spline fitting of the Scatchard plot or the binding isotherm.

The authors discuss a statistically meaningful definition of the minimal detectable 
dose in an assay. The detection limit is calculated by use of a one-sided Student’s t-test in 
terms of the response variable with the appropriate number of degrees of freedom. This 
analysis should include the uncertainty in the response for zero dose as well as the uncertainty 
in the response for the “unknown” .

Simple computer programs have been developed for analysis of the typical “recovery” 
experiment, i.e. when graded doses of unlabelled ligand are added to serum, to test the 
validity of the assay. We use a weighted regression, and test whether the intercept (a) is
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significantly different from zero and/or whether the slope (b) is different from unity. If 
appropriate, the program then calculates the weighted regression line forced through the 
origin. Related programs are used to compare the results from two different assay methods, 
when both measurements are subject to error.

A new program has been developed to provide least-squares estimation of parameters 
for the association and dissociation kinetics of RIA and radioreceptor assay systems, based 
on simultaneous analysis o f all relevant data.

Improved programs have been developed for optimization of conditions of RIAs 
employing delayed addition of labelled ligand.

INTRODUCTION

This paper discusses several recent developments in terms o f mathematical 
and statistical theory and computer programs which provide improved methods 
for analysis of radioligand assay data. First, we have developed a practical 
program for implementation of the “constrained four-parameter logistic model” . 
This outgrowth o f the logit-log method and the four-parameter logistic model 
retains the advantages of both: it permits rigorous testing of “parallelism” 
in the context o f a non-linear model, and provides optimal utilization of the 
available data. In those cases where logistic models appear inappropriate, we 
have developed an improved program for RIA curve-fitting and dose interpola
tion, based on the first-order mass-action law, involving up to five parameters. 
This appears advantageous for certain assays meeting the stringent requirements1, 
and facilitates an exact correction for variable mass o f labelled ligand. Use of  
constrained curve-fitting for mass-action law models again can provide a rigorous 
method for testing parallelism. We have also developed a series o f  very simple, 
generally applicable, and easily programmed methods for testing of parallelism 
which are valid for any kind o f dose interpolation (e.g. graphical, spline func
tions, etc.). A statistically valid approach to calculation of minimal detectable 
dose (sensitivity) has been developed, based on the use o f a one-sided Student’s 
t-test in terms of the response rather than the dose metameter. This permits one 
to pool estimates of variance based on small numbers of degrees of freedom, and

1 Analyses based on the mass-action law usually invoke several assumptions. Almost 
always, one must assume that the reaction has reached equilibrium, or as a minimum, that all 
reagents have been added simultaneously, so that В/T is the same for labelled and unlabelled 
ligands. The specific activity of the tracer should be accurately known in order to  provide 
a good estimate of the mass of tracer. The affinity of the antibody for the labelled and the 
unlabelled antigen should be the same (K = K*). Use of these methods is extremely hazardous 
whenever dealing with delayed addition of labelled ligand, which can generate some rather 
bizarre Scatchard plots having little or no relationship to the underlying properties o f the 
antiserum [22].
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to examine the relative contributions arising due to uncertainty in the posi
tion of the dose-response curve and due to the uncertainty in the mean response 
for an unknown.

The analysis o f typical “recovery” experiments has usually been treated with 
simple unweighted linear regression. This can lead to biased results. Instead, 
one should use weighted regression, and/or log-log transformations o f the data. 
Similar problems arise in the comparison o f results from RIA with other assay 
methods: weighted log-log regression should be used, with suitable correc
tions for the presence o f random errors in both “dependent” and “independent” 
variables.

We have developed new programs for analysis o f  association, dissociation, 
and equilibrium data simultaneously: this provides improved estimation o f  
kinetic rate constants, binding capacities, and the equilibrium constant o f  asso
ciation. These data then permit optimization o f assay conditions (concentrations 
of antibody, labelled antigen, delayed addition o f labelled ligand, etc.), using 
a fully computerized approach.

1. The “constrained” four-parameter logistic model: rigorous
statistical testing o f parallelism and computation of a
combined potency estimate for sigmoidal curves

In the validation o f any radioimmunoassay, it is essential to demonstrate 
that the standard and unknown materials result in dose-response curves which 
are “parallel” . Likewise, in characterizing the specificity o f  any radioimmuno
assay system it is conventional to express the cross-reactivities o f various 
substances in terms o f  the ratio o f  their EDS0 to the EDS0 for the standard 
material. The logit-log method provides estimates o f the EDS0 and its standard 
error [1 ] and facilitates testing o f  parallelism (e.g. by use o f a Student’s t-test 
for slopes). It also permits calculation o f a combined “parallel line potency 
estimate” when the two curves are constrained to be parallel by forcing the 
slopes to be equal. If the curves are significantly non-parallel, one can still use 
their EDS0 ’s and standard errors to obtain a “relative potency” estimate. The 
four-parameter logistic model is an extension and generalization o f the logit-log 
method, in which the computerized curve-fitting process will adjust the values 
o f response for zero and “infinite” dose (B0 and N, respectively), in order to 
obtain optimal “goodness o f fit” over the entire range of the dose-response 
curve [2 ,3]2 . This method still provides estimates o f the EDS0 and its standard 
error, but does not provide the equivalent o f the “parallel line potency estimate” , 
wherein all o f  the “points” on one curve are compared simultaneously with all

2 Appendix A provides a computing algorithm for the four-parameter logistic model 
based on iterative linear regression techniques alone.
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FIG.I. Schematic representation o f  dose-response curves for a standard and several unknowns. 
Simultaneous fitting o f  all curves provides improved estimation o f  common parameters 
(B0, N, slope), and improved ability to detect curves which are non-parallel or have different 
B0, N, or (B0~N).

of the points comprising another (or even several) dose-response curves. We 
now wish to combine the advantages of the four-parameter logistic function 
with those o f the logit-log approaches, in order to perform rigorous testing of 
parallelism, and to calculate a potency estimate or a ratio of ED50’s based on 
all data simultaneously. This is advantageous, not only when initially setting 
up and characterizing an assay system, but also for the routine calculation of 
potency estimates [4, 5].

The problem is shown schematically in Fig. 1. Curve 1 represents the 
standard curve. Curve 2 shows the dose-response curve for a typical unknown



which has been assayed over a very wide range o f  dose levels, so that it encom
passes the entire range o f  response. Curve 3 shows what happens when we assay 
a relatively weak preparation over a limited dose range, so that it barely results 
in significant displacement from the response for zero dose. Thus, curve 3 
provides informatibn about the parameter B0 (also designated as “a”) but no 
information about slope, EDS0, or non-specific counts (also designated as “b” ,_ 
“c” or “d”, respectively). In contrast, curve 5 shows what happens when we 
have assayed a very potent preparation at very high dose levels which give 
essentially 100% displacement o f the labelled ligand from the antibody (or 
receptor) at all o f the dose levels studied. Hence, curve 5 provides information 
about parameter N (or “d”) but no information about B0 , slope or ED50.
Curve 4 illustrates what usually happens when we analyse an unknown in a 
radioimmunoassay at a few well-chosen dose levels, which (fortunately) fall 
near the central region o f the dose-response curve, in terms o f response. Hence, 
data from curve 4 will provide information regarding the slope and EDS0 for 
this curve, but no information whatever regarding “a” or “d”. Curves 6 and 7 
are clearly “non-parallel” with the standard curve. In such cases, we can still 
estimate the ratio o f the EDS0’s for these curves relative to that for the 
standard curve, and utilize this as a relative potency estimate, or as an index 
of crossTreactivity [4 ,6,7 ].

Figure 1В shows schematic dose-response curves for materials which have 
different values for B0 and N (“a” and “d”) than the standard curve. However, 
the shape and slope for curve 9 are comparable to those for curve 1 (i.e. they have 
the same slope factor (“b”) and the same value for (B0 — N) or ta —d)). Perhaps 
curve 9 was obtained under conditions where the serum concentration in the 
assay tube was different than for curve 1, thus interfering with the method for 
separation of bound and free.

What is the optimal method for computational analysis o f this kind of 
data? The first approach might be to utilize the four-parameter logistic function 
in an attempt to describe each curve individually. This would probably be satis
factory for curves 1, 2, 6 and 7 in Fig. 1. However, for curves 3, 4 and 5 there 
would be insufficient information within the data points comprising the curve to 
define all four o f  the parameters. However, if we were to have several curves of 
the variety shown by 3, these might contribute significantly to improving our 
estimate of the parameter “a” . Likewise, if  we were to have several curves o f the 
variety shown by curve 5, this might improve our estimation o f the parameter 
“d”. If we were to have several instances of the variety shown by curve 4, this 
would enhance the precision o f our estimate for the parameter “b” (slope), 
which is presumably shared by most o f the curves. However, we would have to 
be careful to exclude curves o f the variety shown by 6 and 7. These would 
result in a biased estimate o f the parameter “b” . Likewise, curves such as 8, 9 
and 10 in Fig.IB would give rise to erroneous estimates o f  “a” and/or “d”.

IAEA-SM-220/S8 4 7 3 ^
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Thus, after having “fit” each curve individually and having inspected the data 
in attempts to remove outliers (e.g. by graphical, cluster or discriminant analysis), 
one can then attempt to fit all o f  the data simultaneously, forcing most o f  the 
curves to share the same parameters B0 , slope and N (“a”, “b” and “d”). Other 
curves such as 6 and 7 might share the same values for B0 and N, but have widely 
disparate values for “b” . Still other curves (Fig.lB) might be forced to have the 
same values for slope, but have differing values for B0 and N (although we might 
wish to force the difference (B0 —N) to be exactly the same as for the other 
curves).

This approach to RIA data analysis is designated as the “Constrained 
Four-Parameter Logistic” method. Ideally, the selection o f shared parameters 
should be done in a conversational manner. The program provides statistics to 
permit us to evaluate whether use of an individual slope factor (“b”) for each 
curve gives rise to a significantly “better fit” than if we force (“constrain”) all 
of the curves to have exactly the same slope factor.

We have recently developed a computer program to perform these analyses 
automatically [4]3 . Assuming that the curves of interest obey the four- 
parameter logistic model, this should provide optimal utilization of the data.
This type of analysis is applicable not only to radioimmunoassays, but also to 
a wide variety of other data, such as in-vivo and in-vitro bioassays, DNA-RNA 
hybridization, and to radioreceptor assays for a variety o f drugs and 
neurotransmitters [4]4 .

Generalizations: The same type o f “constrained curve-fitting” may be 
applied using a variety o f different models. In the case o f  asymmetrical curves, 
we have developed five-, six- and seven-parameter extensions o f the logistic 
equation (Appendix A). In the event that one has severe heterogeneity o f  
binding reagent, such that it contains sites o f widely varying affinities, then one 
may utilize a summation o f several logistic terms [8].

A similar approach could be utilized in the context o f the models based 
on the principle o f mass action. Given sufficient data, one could characterize 
the К values for each o f several antibodies with both the standard and the 
unknown. This application o f the general “n by m ” case o f Feldman [9] could 
then be utilized for dose interpolation. We might constrain the standard and

Further description of this approach is provided elsewhere [4]. The computer 
program is at present implemented in extended BASIC for a DEC-10 computer, but without 
the use of matrix inversion statements: as such, it is readily adaptable to the larger desk-top 
calculators.

4 Simultaneous curve-fitting of dose-response curves has also been advocated by 
Waud [45] for data analysis of pharmacological experiments. He suggested the use of a 
three-parameter logistic equation (EDS0, slope factor and maximal response) and tested for 
parallelism by forcing the curves to share the same slope factor.
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unknown to have the same К value for one class o f combining sites, while 
allowing them to have differing affinities for others. Unfortunately, this rapidly 
leads to such multiplicity o f  parameters that unique determinations can usually 
no longer be made on the basis o f practical amounts of data.

The “Constrained Four-Parameter Logistic” approach provides for a much 
more rigorous testing o f parallelism (or for the ability to share any one, two, 
three or even all four o f the parameters) than other methods developed to 
date3 . As such, it provides considerable advantages over empirical methods, 
such as polynomials and spline functions. However, potentially, it should be 
possible to develop approaches to spline fitting, which would also constrain 
the standard and unknown curves to be “parallel” everywhere. This approach 
would improve the statistical efficiency o f  these methods, and provide an 
objective test o f parallelism.

2. Simple general methods for testing parallelism of
dose-response curves

The logit-log, four-parameter logistic and related methods for RIA dose 
interpolation permit formal testing of parallelism of dose-response curves for 
standard and unknown, and calculation o f a “combined parallel line potency 
estimate” , based on all observations, using classical statistical theory [10]. 
However, most other methods for RIA dose interpolation do not provide this 
information, which is necessary for validation of the assay system and to 
combine potency estimates obtained at different dose levels. Small departure 
from parallelism may be difficult to detect, but still invalidate the assay system, 
since they indicate that the material being analysed is non-identical with the 
standard material. We shall now discuss approaches to testing parallelism and 
combining potency estimates which are applicable to any method o f dose 
interpolation and are applicable to even the smallest calculator or computer.

A. Analysis o f  variance: within-dose versus between-dose

Rennie has suggested the use o f an analysis o f variance (ANOVA) in which 
he compares the ratio o f the variability between doses to the variability within 
doses [11]. This is an efficient procedure when samples have been analysed 
at only two dose levels. One can examine the ratio of between-dose variability 
to within-dose variability, utilizing a conventional analysis o f variance (ANOVA) 
approach. To achieve satisfactory uniformity o f variance, it may be desirable 
to utilize logarithmic transformations o f  the potency estimates, except in the 
very low dose region.
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Fou r W a y s  To Test " P a ra lle l is m "
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FIG.2. Schematic representation o f  four simple methods for testing parallelism o f  standard 
and unknown dose-response curves, using simple linear regression on a desk-top calculator.
A. Potency estimate versus dose level: Ideal slope = 0.
B. Log (potency estimate) versus log(dose): Ideal slope = 0.
C. Am ount detected versus dose: Straight line through origin, slope = potency estimate.
D. Log (amount detected) versus log (dose): Ideally, a straight line with slope o f  unity: 

intercept = log (potency estimate).
In general, weighted regression should be used for all four cases. The log transform 

provides improved uniformity o f  variance except in the very low dose region.

B. Linear regression o f  po tency estimate versus dose level

When a sample has been analysed at three or more dose levels, then itm ay  
be advantageous to utilize a linear regression of the potency estimate versus 
the dose level (Fig.2A). In principle, this should be more efficient than the 
ANOVA approach, since this provides a test of whether there is a systematic 
trend between potency and dose level, rather than just “heterogeneity” of  
results from different dose levels. Due to the non-uniformity o f variance for 
the potency estimates, it would be advisable to utilize a weighted regression, 
with weights inversely proportional to the predicted error for the potency 
estimates, based on the confidence limits constructed for the standard curve.
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C. Log-log regression o f  po tency estimate versus dose level

One can exploit the relatively good uniformity o f variance for the 
logarithm of the potency estimate by use o f a regression o f the logarithm of 
the potency estimate versus the logarithm o f the “dose level” for the unknown. 
Ideally, the slope o f this line should not be statistically significantly different 
from zero (Fig.2B). Obviously, when using the log-log method it is necessary 
to exclude any samples which result in a potency which is not appreciably dif
ferent from zero. Weighting is still advisable (though not obligatory) to com
pensate for the moderate degree of non-uniformity o f variance for the logarithm 
of the potency estimate. If the dose-response curves for standard and unknown 
are linear but non-parallel, then the slope o f the log-log regression o f potency 
estimate versus dose level has an expected value equal to the difference in 
slopes for the two lines.

D. Regression o f  “am ount d e tec ted” versus dose level

An alternative but nearly equivalent procedure is to make a graph o f the 
“amount” of substance found per assay tube versus the dose level (e.g. volume 
of plasma) o f the unknown sample entered into the tube. This should result 
in a straight line passing through the origin (Fig.2C). By use of a weighted 
regression of Y on X one obtains the slope, which corresponds to the combined 
potency estimate, and its standard error. Weighting should be utilized to 
compensate for the potentially severe non-uniformity of variance whenever 
dose or volume levels cover more than a threefold range.

E. Log-log regression o f  ",am ount de tec ted” versus dose level

One can utilize a log-log regression o f the amount of material detected 
per tube versus sample volume (Fig.2D). This should be a straight line with 
slope of unity. Departure from linearity, or significant departure of the slope 
from unity, is indicative o f non-parallelism of standard and unknown curves. 
This can be evaluated objectively by a Student’s t-test, and a warning printed 
if appropriate. If the regression line has a slope compatible with unity, we may 
refit the line, constraining it to have a slope o f unity, and then recalculate the 
intercept and its standard error. From these we obtain an estimate o f the log 
potency and its standard error.

In a large-scale comparison o f the above methods with the use o f classical 
parallel line bioassay statistics based on a logit-log regression analysis [ 12], we 
have found the results to be generally in excellent agreement. However, there 
is a subtle but important philosophical difference between the standard errors 
of the potency obtained by the above methods and those obtained by the
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FIG.3. Schematic representation o f  the "parallel-line potency estimate". The uncertainty 
in the potency estimate depends on the errors in the position o f  the standard curve as well 
as the error in the observations fo r the unknowns. The former component is not included 
in the methods shown in Fig.2.

classical approaches. In the above methods, we have implicitly assumed that 
the standard curve was known “perfectly”. Hence, if a sample were to have 
exactly the same relative potency at each of several dose levels, then we would 
calculate a standard error of the potency estimate of zero. This would be 
erroneous, since it is based on a very low number o f degrees o f freedom, and 
we have not taken into account the uncertainty in the position o f  the standard 
curve itself. In contrast, the classical parallel line potency estimate technique 
for logit-log regression [ 1, 10] includes the effect o f uncertainty in the position 
of the standard curve as well (Fig.3).

If we were only interested in comparing potency estimates for various 
samples within a single assay, then it would be appropriate to ignore the 
uncertainty in the standard curve itself. Thus, the above methods are not 
seriously biased when we have a very well-defined standard curve (e.g. based 
on 20 points) while the unknown preparation is assayed at only a few points.
In contrast, if both standard and unknown have been analysed using about 
the same number o f dose levels, then both will contribute about the same 
degree of uncertainty to the relative potency estimate. H.E. Grotjan (personal 
communication) has suggested one approach to estimate the uncertainty in the 
standard curve: by regarding the points comprising the standard curve as though 
they were unknowns, one can estimate the apparent amount o f material present
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for each dose level5 . In this manner, we could estimate the approximate 
standard deviation of an individual point, and hence the standard error o f  the 
overall mean. Alternatively, one could utilize the estimate of standard error 
o f the EDS0 (“c” in the four-parameter logistic model) as the estimate o f  the 
uncertainty in the position o f the standard curve. For instance, if there were 
a 5% error in the position o f the standard curve, and ± 10% variability in the 
potency estimate o f the unknown with respect to the standard, then there would 
be an approximate overall error o f v^lO2 + 52 =1 1 % error for the relative 
potency estimate.

The above methods are so readily implemented on small desk-top, mini- 
or micro-computers that routine testing for parallelism for each sample can 
be performed in every RIA laboratory. Further, one may utilize an analysis of 
covariance to evaluate that the mean slope for all samples is not significantly 
different from zero in Figs 2A or B, that the mean intercept in Fig.2C is not 
different from zero, or that the mean slope in Fig.2D is not different from 
unity. This will provide sensitive methods for detection of minor degrees o f  non
parallelism which are not evident for a single sample, but become apparent for 
the unknowns when evaluated collectively.

3. Use o f the mass-action law for RIA dose interpolation

The principle o f  mass-action provides the basis for radioimmunoassay.
The first serious attempt to utilize the mass-action law as the basis for dose 
interpolation [16] considered only the case o f the univalent homogeneous 
antiserum reacting with a univalent homogeneous antigen. This method utilized 
the bound-to-total ratio for labelled antigen as the response variable, and the 
total ligand concentration as the independent variable. This was a considerable 
advance from a statistical viewpoint compared with the use of simple linear 
regression applied to the Scatchard plot, since there is a serious correlation in 
the errors in B/F and bound such that neither can be regarded as an independent 
variable. Numerous laboratories have developed methods for characterization o f  
the binding isotherm in the case o f two or more classes o f independent sites 
[12, 17—20]. Recently we have developed an improved computer program 
(“SCATFIT”) for analysis o f  a two-, three-, four- or five-parameter Scatchard 
plot (Fig.4) by utilizing either the bound-to-total ratio or the amount bound as 
the dependent variable and the total ligand concentration per tube as the inde
pendent variable [2 1]1. Provision is made for weighting, according to any o f a

5 This approach would be applicable only to those methods of dose interpolation 
which do not force the standard curve through each of the points; it would not be applicable 
to point-to-point interpolation nor to interpolating splines.
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FIG.4. Use o f  a five-parameter Scatchard model as the basis for describing the RIA dose- 
response curve, fo r dose interpolation and for correction for a variable mass o f  labelled ligand. 
К i, Кг, Qi and q 2 are the affinity constants and the binding capacities o f  the two saturable 
classes o f  sites; К  3 is the B /F  ratio for the third class o f  non-saturable sites.

variety o f models: the program provides a graph o f the variance o f the response 
variable versus the response (i.e. o \ '  versus ÿ), and provides automatic estima
tion o f the weighting coefficients, if desired.

We utilize another new program (“POTENT”) to compute the potency 
estimates for unknowns. This uses the equation for the Scatchard plot as the 
basis for dose interpolation, and permits an exact correction for the extra mass 
of labelled ligand and the extra radioactive counts which are introduced into 
each assay tube whenever one utilizes a preliminary extraction and chromato
graphy step, as frequently is the case for steroids, prostaglandins, drugs and 
other small molecules6 (cf. Appendix B).

The mass-action models often provide the methods o f choice whenever the 
“logit-log” or four-parameter logistic methods fail to provide a satisfactory curve 
fit. This method can be readily generalized to handle virtually any case o f  
antibody heterogeneity and/or positive or negative cooperativity: by use of

6 R.P, Ekins ([23] and personal communication) has pointed out that it is unnecessary 
to use a mass-action model for this purpose: whenever the labelled and unlabelled ligand are 
chemically identical, one can use any method which uses total ligand (X +  X*) as the 
independent variable; of course, in this situation, the mass-action law is amenable to use.
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arbitrary functions such as polynomials or splines to describe the Scatehard 
plot (or the Michaelis-Menten plot, Hill plot or other forms of the binding 
isotherm), one may combine the advantages of the empirical models with those 
of the mass-action law. Thus, if we must resort to empirical methods, we might 
as well examine the data in meaningful coordinate systems (Fig. 5) which also 
avoid the need for extrapolation outside the usable range of the assay 
(cf. Appendix C).

4. Statistical estimation o f minimal detectable dose (“MDD”)

Numerous definitions have been advanced for the “minimal detectable 
dose” (MDD) which is usually regarded as the operational definition o f the 
sensitivity of an assay. Unfortunately, there has been considerable controversy 
and confusion in this area. Many workers use a dose level which is “two standard 
deviations” removed from zero. This is approximate at best. One should use 
the Student’s t-distribution rather than percentiles of the Gaussian distribution, 
since our estimate of the “standard deviation” is based on a limited number of 
degrees o f freedom. Further, one should use a “one-sided” rather than a “two- 
sided” Student’s t-distribution, since “negative” values for potency are physically 
impossible. Further, one should include the effect o f uncertainty, not only in 
the observed (or mean) response for the unknown, but also for the uncertainty 
in the position of the dose-response curve. A formal statistical treatment o f  
MDD in terms of the dose variable is difficult because we cannot assume a 
Gaussian distribution for values with a true mean o f zero: this distribution is 
artificially terminated at zero. Hence, it is desirable to define the MDD as the 
dose level which results in an expected response which is statistically significantly 
different from the expected response for a “blank” or zero dose tube. Thus, we 
should perform a one-sided Student’s t-test in terms o f the response, rather than 
in terms o f the “dose” (Fig.6). This has several advantages since we may now 
consider the uncertainty in the observed or predicted response for zero dose as 
well as the uncertainty in the response for the unknown which we are attempting 
to measure. The equation is simply:

Ÿi - Ÿ 2
t = —;------ —— л --------  ( 1)

(s’ /n , + s \ /n 2y'>

Here, Yj, Si, П[ and Y2, s2, n2 represent the mean response, standard 
deviation and number o f replicates for zero dose and for the minimal detectable 
dose, respectively. We can say that Ÿ 2 is statistically significantly different 
from at the desired probability level, when the t-ratio calculated by E q.(l)



482

Coordinate Systems for Spline Fitting

RODBARD et al.

FIG.5. Coordinate systems for use with “spline functions”:
A. Bound counts versus log (dose), as suggested by Ref. [37].
B. Bound counts (or В/T, B /B 0) versus dose on a linear scale.
C. Logit (B/B0) versus log (dose).
D. 1 /(bound counts) or T/В or Bo/B versus dose.
E. Scatchard plot.
F. Michaelis-Menten-type binding isotherm, i.e. concentration o f  bound ligand versus free 

(or total) ligand on linear or logarithmic scales.
G. “Hill plot", i.e. logit o f  fraction o f  binding sites filled versus log o f  free (or total) ligand 

concentration.
Note: Method A  requires estimation o f  two asymptotes, and is usually implemented 

by creating “imaginary" data points at the assumed position o f  the upper and low plateau. 
Method В facilitates interpolation in the low dose region, and requires estimation o f  only one 
asymptote. Coordinate systems С and D provide nearly linear models, with the spline 
providing relatively minor “corrections”, i f  needed. However, these latter two coordinate 
systems require special attention to weighting, in view o f  severe non-uniformity o f  variance 
o f  the response variable. The use o f  familiar coordinate systems for analysis o f  mass-action 
law models (E,F, G) combines many o f  the advantages o f  the mass-action law approach with 
those o f  empirical curve-fit ting. This corresponds to the use o f  a binding isotherm o f  
arbitrary shape, allowing any possible degree o f  heterogeneity or cooperativity. Such methods 
are very desirable, i f  we meet the basic assumption that К  = К*, and i f  the mass o f  labelled 
ligand is known reasonably accurately. Further, this permits use o f  an exact correction f o f a  
variable mass o f  labelled ligand. Methods E, F, G or any method based on total (labelled and 
unlabelled) ligand (viz. X  +  X*) are advantageous, since they avoid the need to extrapolate 
to zero on a logarithmic scale, as used by [37].
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FIG. 6. Schematic representation o f  one definition o f  the minimal detectable dose (MDD): 
this is the dose with an expected response which is statistically significantly different from  
the expected response for zero dose, using a one-sided S tuden t’s t-test. Pooling o f  estimates 
o f  variance, or the use o f  an analytical function such as the four-parameter logistic model to 
describe the dose-response curve can reduce the uncertainty in the position o f  the dose- 
response curve for zero dose.

is greater than the tabulated percentiles o f Student’s t-distribution. We then 
utilize dose interpolation to translate this response into the MDD.

In the above formula it is desirable to utilize the original or “natural” 
response variable, e.g. actual counts bound or free. It is permissible to utilize 
a linear transformation o f the axes (e.g. В/T, B/B0), but seriously inappropriate 
to use a non-linear transformation such as the logit. In the “natural” response 
variable, we should have a nearly perfectly Gaussian distribution o f random 
errors.

One may increase the number o f degrees of freedom for the estimate of 
the standard deviation o f the response in the low dose region by use o f an 
analysis o f Sy versus y or Sy versus y [24]. If the four-parameter logistic model 
is appropriate, then one can use the variance o f parameter “a” (s2) in lieu of 
sJ/nj [25].

The above methods o f  calculation provide an estimate o f the dose level at 
which we can be reasonably certain that “something” is present in the unknown 
specimen. This does not ensure that the unknown contains the same material 
as the standard: we have no assurance o f “parallelism”, much less immuno
chemical specificity. We may be dealing with a “serum effect” or perhaps 
competition from some other related (or even unrelated) ligand. Hence, the 
calculation o f minimal detectable dose by the above formula takes into account
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random errors, but provides no protection against systematic errors (i.e. “plasma 
blanks”). Consider the example where we have a radioimmunoassay for hCG 
and wish to utilize this as a pregnancy test, or as a test for the presence o f hCG 
producing tumours such as choriocarcinoma. Due to the random error in the 
pipetting, counting, separation o f bound and free, etc., we might find that at 
zero dose we have 10 000 counts bound with a standard deviation of 200 counts. 
Thus we might have about 2% error in counts bound at zero dose, in the absence 
of serum or serum extracts. If we were to introduce serum from a patient and 
find that the bound counts were reduced to 9 000 counts, we would say, by the 
above criterion (Eq.(l )), that there is something “detectable” in the tube.
However, it is essential to establish the frequency distribution for the degree 
of displacement caused by sera from normal (i.e. non-pregnant, or otherwise 
non-hCG producing) subjects. We would be likely to find that it is possible to 
have a “displacement” to as low as 8000  counts at the 5% probability level [26].
In this case, the contribution o f the “uncertainty” of the response for a “zero 
dose” patient sample is vastly larger than the measurement error for the 
response for the standard curve prepared in buffer, or the variability between 
replicates for any given sera. Thus, the “biological” or “between-subject” 
variability is vastly larger than the “analytical” variability between duplicates 
or replicates for the same specimen. However, the statistical principles 
enumerated above still apply. If we wish to test whether there is “something” 
present, we should make a one-sided Student’s t-test between the mean o f the 
distribution of the responses for the unknown specimen, and the mean o f the 
distribution o f the responses (using the same number of analytical replicates) 
for different subjects who are “known” to be totally lacking this substance in 
their, blood. Use o f this one-sided Student’s t-test approach is particularly 
useful when a serum from a given patient has been measured repeatedly, as in 
the course of long-term management o f patients with choriocarcinoma. In this 
way we can make reliable interpretations o f whether or not the patient’s 
tumour has recurred. The above approach is also applicable to the two-site 
immunoradiometric assays (e.g. serum hepatitis virus antigen), or to any assay 
system.

5. Analysis of “recovery experiments”

We shall now discuss methods to establish validity o f a radioligand assay 
and to compare results from two assay methods. A wide variety o f  criteria are 
commonly utilized for validation o f a radioimmunoassay [27]. We shall 

t consider two o f the most important steps for the validation o f a radioimmunoassay:

( 1) Analysis of a “recovery experiment”, and
(2) Comparison with an independent method o f assay, for a variety o f  

samples.
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It is customary to take a serum containing a small amount (or preferably 
none) o f the material o f interest: to this we may add progressively larger doses 
o f the sample we wish to analyse. We then analyse each o f these samples, and 
calculate the apparent amount o f material present. The samples should 
encompass the intended dose range for the assay and usually cover more than 
one order o f magnitude. The most common way to analyse the results o f  this 
type of experiment is to plot the amount o f material detected on the ordinate 
and the amount introduced (“dose”) on the abscissa. Most workers then 
calculate a straight line by means o f  simple, unweighted least-squares regression 
analysis and summarize the results by the slope, intercept and correlation 
coefficient. While the intention is correct, this is very frequently inappropriate 
(and sometimes severely biased) from a statistical viewpoint. When the samples 
cover one or more orders o f magnitude, it is likely that there will be severe 
non-uniformity o f variance. Hence, it is essential to utilize a weighted regres
sion. The weighting function can be derived by analysis o f  the variance o f Y 
versus the Y level [24]. Use o f weighting will often make an appreciable dif
ference in the interpretation o f results. After having fitted this regression line 
and obtained estimates of the slope and intercept and their standard errors, 
one should test whether or not'the intercept is significantly different from 
zero, using a Student’s t-test. Likewise, one should test whether the slope is 
statistically significantly different from unity. In addition, one should test the 
joint hypothesis: “that the intercept is zero and the slope is unity, simultaneously”, 
by an F-test which will have two degrees of freedom in the numerator and 
(n—2) degrees of freedom for the denominator, where n is the number o f  
points [28]. If the intercept is not statistically significantly different from zero 
(i.e. if we are dealing with a truly ligand-free serum or plasma), then it may be 
appropriate to repeat the analysis forcing the regression line through the origin.
We have developed computer programs to provide these analyses automatically.

When comparing results from two different assay methods, we encounter 
the same problem o f pptentially severe non-uniformity o f variance. Accordingly, 
weighted regression analysis is usually appropriate and desirable. Alternatively, 
use o f  a “log-log” regression will usually provide reasonably good uniformity 
of variance over the range o f  interest. In addition, we encounter the problem 
that both the measurements which are regarded as “dependent” and 
“independent” variables are both subject to random errors. If the analytical 
variation in the “reference” method is extremely small, then we may regard 
these values as the “true” or “correct” values, and the data analysis becomes 
identical to that o f the recovery experiment discussed above. However, if there 
are errors o f comparable magnitude in both assay methods, then we are faced 
with a more difficult problem. This has been discussed in a very preliminary 
way in Ref. [29]: one might utilize the regression of Y on X and the regression 
of X on Y, and then essentially bisect these regression lines to obtain some kind
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CORRELATION OF TWO ASSAY METHODS

FIG.7. Comparison o f  results from  two different analytical methods. In general, there 
will be errors in both the x  and y  variables, such that neither can be regarded as an error-free 
independent variable. Further, there is usually significant non-uniformity o f  variance for 
both x  and y. I t  is necessary to analyse replicates, to obtain a smooth, predicted relationship 
between о and p. fo r both x  and y, and then use a weighted linear or non-linear curve fitting  
program to obtain a least-squares estimate o f  the underlying regression line. This will be 
intermediate between the regression o f  y-on-x and the regression o f  x-on-y. The regression 
line can be tested for the null hypotheses that intercept = 0 and slope = unity, simultaneously.

o f an average between what we would obtain if only the Y values were subject 
toerror, and what we would obtain if only the X values were subject to error. 
Alternatively, we can use the “orthogonal” regression line corresponding to the 
major axis o f a bivariate Gaussian distribution, although the validity o f this 
model is questionable. These methods are quite reliable when there are nearly 
comparable errors in X and Y, and when the relationship between X and Y is 
near the line o f identity. More appropriate statistical methods have been 
reviewed and proposed by [30,31]. As a simplistic but generally available 
approach, one can make a graph of the results from each o f two methods and 
evaluate whether the line passes through the origin and whether the scatter o f  
points around the line is proportional to the dose level. If so, then we may 
easily obtain the slope of a weighted regression line forced through the origin 
simply as the mean ratio o f  (Y/X) and its corresponding standard error. If the 
above assumptions are satisfied, then the use o f the mean ratio o f Y/X (or of 
X/Y) will, in general, be superior to the use of unweighted least-squares linear 
regression o f Y on X. A brief statistical statement o f the problem is given in 
Appendix E and Fig.7.
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6. Estimation o f kinetic rate constants

To characterize a radioligand assay system and to compute optimal 
conditions for non-equilibrium assays, it is necessary to have a reliable estimate 
o f both the association and dissociation rate constants, к and k', based on 
“association” and “dissociation” time curves. Many workers utilize the equi
librium data alone in order to calculate the equilibrium constant o f association 
(K) and the number of binding sites (q). One can combine this information 
for q with the association kinetics to obtain estimates o f the association rate 
constant. Alternatively, some workers utilize an estimate o f k' obtained from 
dissociation studies, together with the equilibrium constant o f association, in 
order to estimate к =  KX k'. Numerous approximations have been utilized, 
either assuming that the kinetics are irreversible, that they are pseudo-first order 
(with ligand concentration massively in excess o f that o f the receptor), or based 
on use of the initial reaction velocity [32]. None o f these methods extracts all 
of the information obtained from these kinetic studies. Ideally, one should 
utilize simultaneous curve-fitting for the association curves, dissociation curves 
and the equilibrium data, involving several different ligand and/or receptor 
concentrations [33]. We have developed a computer program (KINFIT) which 
permits these analyses to be made on small computers, using extended BASIC. 
The necessary equations are given in Appendix D. In effect, we are constraining 
the association, equilibrium and dissociation data to share all parameters in 
common; this provides a more reliable test of the “goodness o f fit” o f the 
simple bimolecular model.

7. Optimization o f conditions for radioligand assays

As shown by Ekins et al. [14] and subsequently by several other workers, 
there are unique optimal conditions for a radioimmunoassay once we have 
specified the dose level at which we wish to optimize precision. Ekins has 
developed a series of nomograms for this purpose [14]. The philosophy in our 
laboratory has been that very few workers would utilize this mathematical 
approach to RIA if they have to rely upon manual estimation o f К values, 
association and dissociation rates, etc. and manual calculation or interpretation 
o f nomograms. Instead, we have attempted to computerize the entire process. 
Program “SCATFIT” described above provides an extensive analysis o f the 
equilibrium data to evaluate whether there is one or several classes o f binding 
sites. This program allows for weighting, utilizes either the bound-to-total 
(В/T) ratio or the concentration o f bound ligand as the dependent variable, and 
the total concentration o f ligand as the independent variable (Appendix B). 
Program KINFIT can then be utilized to estimate K, q, k, and k' in the case 
o f a single class o f sites.
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Log 10 [A g’Ab]

FIG.8. Results o f  Monte-Carlo analysis o f  RIAs at equilibrium and with delayed addition 
o f  labelled ligand. Abscissa: Concentration o f  bound labelled ligand (proportional to bound 
counts) for zero dose o f  unlabelled ligand. Ordinate: standard deviation o f  concentration 
o f  bound labelled ligand. We have introduced a 2% random Gaussian error into the concentra
tions o f  labelled antigen fp*j, antibody fq), unlabelled antigen, total reaction volume, 
association and dissociation rates (к, к ), and incubation times both before and after addition 
o f  labelled ligand (t\ and t2). Each “d o t” represents one set o f  parameters (p*, q, t¡, t2), 
and covers all conceivable ranges o f  reagent concentrations and incubation times. Note that 
the standard deviation is directly proportional to the amount o f  bound labelled ligand 
(constant coefficient o f  variation), with approximately a 2.5% error for all sources o f  error 
combined. This validates the error model used in our programs (RIAO PTand RR VJOP) for  
optimization o f  conditions for a RIA , and vastly shortens computation time, by avoiding the 
need for a Monte-Carlo simulation for each individual case in the future.

Armed with these estimates o f equilibrium and association/dissociation 
rate constants, we may proceed to calculate the optimal conditions for an 
equilibrium assay, utilizing program “RIAOPT”. We may calculate the optimal 
conditions for a non-equilibrium radioimmunoassay with delayed addition o f  
labelled ligand [15 ,22], utilizing a program designated “RRVJOP”, again based 
on the equations o f Appendix D. The performance o f these programs has 
been reasonable and satisfactory, though far from perfect [34]. Problems arise 
due to the error in the estimate o f the К values, which result in corresponding 
errors in the estimate o f the minimal detectable dose and in the recommended
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concentrations o f labelled ligand and antibody. There is often a twofold vari
ability in the К value and hence optimal concentrations of reagents. There is 
a very broad “plateau” on the “sensitivity” and “precision surfaces”: if  the 
labelled ligand and antibody concentrations are within a factor o f three o f their 
ideal values, the assay performance will suffer by only an imperceptible 
degree [34]. For non-equilibrium radioimmunoassays there may be even larger 
discrepancies between theoretical prediction and experimental results in view 
o f the greater uncertainties in the estimation o f к and k' [34]. It is possible that 
more complicated reaction schemes will adequately describe the antigen-antibody 
reactions o f many RIA systems [35].

An extensive series o f Monte-Carlo studies has been performed to validate 
the model used for prediction o f the errors in the radioimmunoassay dose- 
response variable in these programs. We use the remarkably general rule that 
introduction o f a 2% error into the pipetting o f tracer, antibody, standard, 
unknown, and a 2% error in K, k, k', reaction volume, incubation times, etc. 
gives rise (surprisingly) to a 2.5 to 3% error in the number o f counts bound (or 
free) at zero dose o f unlabelled ligand (Fig.8). This finding is applicable to both 
equilibrium and non-equilibrium assays for all conceivable combinations o f  
conditions, and confirms our earlier results with regard to equilibrium assays 
only (Fig.l4H  o f [36]).

NOMENCLATURE

a,b,c,d constants, with special use in logistic model
a response for X =  0
b exponent in four-parameter logistic model

(corresponds to ± slope o f logit-log plot)
с ED so
d response for “infinite” dose

B0 response for zero dose
B/F bound-to-free ratio
N non-specific counts
К equilibrium constant o f  association
к association rate constant
к' dissociation rate constant
q binding capacity
x dose
Y. response
n b n2 number o f replicates
S i ,  s2 standard deviation
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Appendix A

A SIMPLE “LINEAR” METHOD FOR 
FITTING THE NON-LINEAR 

FOUR-PARAMETER LOGISTIC MODEL

The advantages o f using the four-parameter logistic over the logit-log method 
for analysis o f RIA, IRMA and other sigmoidal dose-response curve data have 
been discussed elsewhere [8]. However, fitting the full four-parameter model 
using a generalized Newton-Gauss, Marquardt-Levenberg curve-fitting routine 
requires a substantial computing facility [40]. With a new method, called 
“2+2 regression”, we are able to fit the four-parameter logistic (two parameters 
at a time), using only linear regression methods, well within the capability of 
small desk-top computers, and lately, even some programmable hand-held 
calculators.

The fact that the four-parameter logistic model 

a — d
Y = ------------- - + d  (A l)

1 +  (X /c)b

is linear in parameters “a” and “d” has been pointed out by Healy [2] and 
again by M. Zivitz (personal communication). Healy suggests using a Nelder- 
Mead pattern search algorithm to find the best values for parameters “b” and “c’ 

However, by use of the logit-log transformation, one can “linearize”
E q.(l) in terms o f parameters “b” and “c”.

log
Y - d

-b log(X) -  b log(c) (A2)
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By combining these two linearizations, it is possible to perform successive linear 
regressions first for “b” and “c” in the logit-log coordinates, then for “a” and 
“d” in the “natural” coordinates, to iteratively approach the simultaneous 
solution for a,b,c and d.

The procedure is the following:

1. Make initial estimates for “a” , “d” .
2. Transform X and Y to logit(Y) and log(X), and then use weighted 

linear regression to estimate “b” and “c” .
3. Perform (weighted) linear regression in the un transformed Y versus X 

coordinates to obtain improved estimates o f “a” and “d” .
4. Repeat steps 2 and 3 until the sum o f squares o f residuals changes by

less than 0 .01%. :

We have programmed this algorithm in BASIC, and have made several 
benchmark comparison runs with a Newton-Gauss curve-fitting algorithm. Our 
experience suggests that with reasonably precise data and reasonable starting 
estimates as are likely to be available for RIAs, the “2 + 2 ” method is extremely 
competitive in terms of computer time. With poor starting values for the 
parameters, or with data which leave some parameters ill-determined, con
vergence is slower than with the Newton-Gauss method.

The main advantages o f the “2+ 2 method” over the Newton-Gauss are the 
following: 1. The method is a simple, easily understood extension to the ordinary 
logit-log method. It does not require an understanding o f non-linear regression.
2. The “code” is likely to fit in any machine which can handle the original ^ 
logit-log method. The generalized Newton-Gauss requires a fairly large machine, 
often beyond the means of many RIA users. Since the “2+2 method” can fit 
into smaller machines, it opens up the general application of the four-parameter 
logistic method to routine RIA use.

Another method (“Program Adjusted Logit-Log” or “PALL”) is also an 
extension o f logit-log approach [38]. It uses essentially successive iterations of 
non-linear regression to fit the parameters “a”, “b” and “c” , then “b”, “c” 
and “d” , in terms o f the logit-log coordinate system (i.e. with logit as the 
dependent variable). While possibly useful in improving slightly the fit o f the 
logit-log model, it may be criticized on two counts: 1. As published, it apparently 
does not use weighting. Hence, like the unweighted logit-log, it is subject to 
distortions o f parameter values due to the severe, systematic non-uniformity o f  
variance introduced by the logit transformation. Thus, it loses one o f the advan
tages of the four-parameter model, i.e. fitting in a coordinate system with rela
tively good uniformity of variance. The “2+2 method” maintains this advantage. 
2. The “PALL” method is needlessly complicated since it involves successive 
three-parameter non-linear regressions. 3. “PALL” does not provide estimates



492 RODBARD et al.

of confidence limits for all four parameters. By transforming the confidence 
limits for “b” and “c” from the transformed linear regression, and by direct 
use of the confidence limits for “a” and “d” from the second regression, the 
“ 2+2 method” can give approximate limits for all four parameters which closely 
approximate the asymptotic limits given by non-linear curve fitting methods.

Generalizations of the four-parameter logistic model

Significant, systematic lack o f fit of the four-parameter logistic curve to 
dose-response data is usually due to a small degree o f asymmetry o f the curve. 
We have made several attempts to generalize the logistic model by adding one 
or more new parameters to describe this asymmetry.

Prentice [41] suggests the following as a one-parameter extension:

a — d
+  d (A3)

[1 +  (X /c)b]m

where m is the new asymmetry parameter, 0 <  m <  °°. Prentice gives inter
pretations for the model when m =  0 or m =  °°, but we will primarily treat m 
as an empirical constant to expand the class o f functions we can fit. Unfor
tunately, only moderately asymmetrical curves may be fit by Eq.(Al).

This problem has lead us to consider another class o f extensions to the 
logistic. When transformed by the logit-log transformation, any logistic curve 
will be partially linearized. However, an asymmetrical sigmoid may yield a 
smooth hyperbola-like curve in logit-log coordinates. If we begin with a curve 
whose slope in the logit-log coordinates is changing smoothly from b! to b2 , 
a sigmoid curve with almost any desired degree o f  asymmetry can be produced. 
An example of such a smooth curve is:

Y' = f(Z) = (b2 - b j )  X ln [(1 + e z )/2] +  b x(Z) (A4)

In fact, this is the integral of another sigmoid: 

dY'
slope = ----- = f'(Z) = (b2 — b x )/( 1 + e - z ) +  b! • (A5)

dz

Note, f '(-°° )  =  b b f'(+ °°) =  b2, and Y' corresponds to B/B0. The resulting 
five-parameter asymmetrical sigmoid curve is:

a — d
Y = ---------------------------— ------- —  +  d (A6)

1 + ( X / c ) b i  [(1 + X / c ) / 2 ] b > - b i
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where X =  exp(Z). This may be regarded as two sigmoids, one with slope b j , 
another with slope b2,joined smoothly when X =  c, the EDS0. We may adjust 
the speed o f change from slope b, to b2 by introducing a sixth parameter f:

1 + (X /c )bi [(1 +  (X /c)f) /2]b2~ bi
+  d (A7)

Finally, we may add a parameter g for arbitrary location o f the change from 
slope bj to b2:

a — d
+  d (A8)

1+(x/c)b/i±w^'rb‘
V l +  (g/c)f /

Seldom will data warrant fitting all seven parameters. However, it may be 
possible to set certain parameters to fixed values a priori (e.g. on the basis o f  
long-term experience) and then fit the remaining parameters. This would allow 
greater flexibility in the types o f data amenable to analytical curve fitting.

Another extension to the basic four-parameter logistic allows fitting o f  
sigmoid curves with steps or bumps, as in the case o f  titration curves with 
multiple sites:

Y -  - - " d У  ( ------—-----—  ) + d  (A9)
L j  \1  +(X/q)bi
i=l

*4 
i=l

For that matter, any function o f the form: 

a — d
Y = --------^ T + d  (A10)

1 +  eh(Z)

where h is monotonie, and h(— oo) =  —  to h ( +  °°) =  4- oo, may be used as an 
extension o f the logistic; h is the function which would be seen in the logit-log 
coordinate system. The quadratic or parabolic logit-log is similar to this class, 
although it does not satisfy the condition o f  monotonicity. Other candidates 
for h include spline functions, exponentials, polynomials, etc.
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-Appendix В

MASS-ACTION LAW MODEL FOR 
TWO SATURABLE CLASSES OF SITES 

AND ONE NON-SATURABLE SITE

The five-parameter mass-action law model given here is conceptually 
identical to that o f  [17], except that we utilize the bound-to-total (В/T) ratio 
as the dependent variable, as this provides better uniformity of variance than 
B/F. However, in general, weighting is still advisable. Here Y =  В/T and 
X =  total ligand concentration (labelled and unlabelled). Usually, X is a suitable
independent variable. For curve-fitting, we must solve (analytically, or by an
iterative root finder) the cubic equation:

A Y 3 + B Y 2 + C Y  +  D = 0  (Bl)

where

A = X2K ,K 2.(K3 +  1) (B2)

В = - X 2K iK 2(3K3 + 2 )

-X [K j K2(q, + q 2) +  (K, +  K2) (K3 +  1)] (B3)

С = Х2К !К 2(ЗК3 +  1)

+X [2K , K2(4l + q 2) +  (Kj + K 2) (2K3 +  1)]

+  Kl4 l  + K 2q2 + K 3 +  1 (B4)

D = - X 2 K, K2 K3 -  X[K, K2 (q, +  q2) +  (K, +  K2) K3 ]

- ( K iqi + K 2q2 + K 3) (B5)

For dose interpolation, we simply solve the quadratic equation:

A X 2 +  В Х  +  С = 0 (B6)

where

A = У ^ К . К г  +  З К з - У О + К з ) ]

+  K 1K2K3 - Y K 1K2 (1 + 3 K 3) (B7)
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В =  Y 2 [K1K2(q 1 + q 2) +  ( l + K 3) ( K I + K 2)]

— Y[2 K, K2(qi + q2) + (2 K3 + 1)(K,  + K2)] (B8)

+ [Kj K2(q1 + q2) + (K 1 + K2)K3]

С = ( l - Y ) ( K , qi + K 2q2 + K 3) - Y  (B9)

The unlabelled ligand is then calculated as the difference between total ligand 
and the labelled ligand.

Appendix С

APPLICATION OF SPLINE FITTING TO RIA CURVES

The method o f fitting o f cubic spline functions to RIA data has become an 
increasingly popular analysis technique since its introduction by Marschner [37]. 
Splines seem to be well suited to the problem of interpolating and smoothing 
noisy data. However, in the context o f  RIA data analysis, it should be realized 
that there is not one but many types of spline function analysis.

First, we may distinguish between “interpolating” and “smoothing” 
splines. Interpolating splines are fit to data solely on the basis o f the principle 
of least squares: in one sense, they represent the best fit o f their class. Since 
interpolating splines are linear in all of their parameters, the computational 
complexity is no greater than that for linear regression. More importantly, 
linearity allows application o f the enormous statistical theory already developed 
for linear regression [42]. With interpolating or “least-squares” splines, we must 
make arbitrary decisions regarding locations o f knots. The problem of auto
matic placement o f knots is a difficult one and, as yet, not satisfactorily solved. 
Examples can easily be produced where the least-squares spline yields an 
apparently disasterous result due to poor choice o f knot locations with respect 
to the data points. If knots are placed at every data point, then noisy data may 
cause the spline to take wild oscillations between knots, making dose interpola
tion very unreliable. Knot locations which are optimal in the least-squares sense 
may be chosen by automated algorithms, but sufficient data for this purpose are 
rarely available [43].

To combat the unreliability o f interpolating splines, a smoothing criterion 
is often introduced [44]. Here, one selects the least-squares best-fitting “smooth” 
spline where “smooth” is defined in a precise mathematical way. This adds a 
non-linear constraint to the interpolating spline, thus invalidating the conven
tional least-squares statistical theory. The statistics for such splines are extremely 
complex and have not yet been fully developed.
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With an appropriate choice of smoothing parameter, smoothing splines seem 
to work well empirically. The smoothing parameter may be chosen subjectively 
with an interactive computer program or, if the data contains replicates, may be 
calculated on the basis of the data themselves, provided some simple outlier 
detection rules are built in. The latter method is preferable for-routine RIA 
applications, since it eliminates a possible source o f  subjective experimental 
bias. This feature has apparently not yet been incorporated into currently 
available spline-fitting RIA programs [37]. Moreover, it has been repeatedly 
pointed out that for RIA, data points should be weighted inversely according to 
their predicted, rather than observed, variance [1 ,3 ,5 ,24] .  This feature could 
easily be implemented in computer programs which perform spline-function 
analysis o f RIA data, and should improve their reliability in the long run.

Splines may be fit to RIA data in any coordinate system, so the question 
arises: Which coordinate system is best? In the counts versus log dose system 
employed by [37], the upper and lower limits o f  the RIA curve asymptotically 
approach B0 and N. Splines have inherent difficulty with these asymptotes, 
often overshooting the asymptote unless they are “nailed down” at experi
mentally determined values of B0 and N. This precludes interpolation below 
the lowest non-zero dose or above the highest “non-infinite” dose, and limits 
the analysis to the central portions o f the curve.

Splines may easily be fit in the logit-log coordinates where the data are 
already essentially linearized, thus eliminating the asymptote problem. This 
could be a useful approach for testing for systematic departure from the logistic 
model over the course o f numerous assays. On the basis o f such analyses, one 
should be able to modify the analytical function to provide a satisfactory model 
for the particular RIA system (cf. Appendix A). In this context, the spline and 
“logistic” approaches are complementary and self-correcting. Scatchard, 
Michaelis-Menten, and Hill plots may also be appropriate coordinate systems 
since they can provide some information regarding the physical chemistry of 
the assay system, and may avoid the problems o f disparate curvatures (see text 
and Fig.5).

One disadvantage of the spline method for routine use is the following:
The spline will fit “bad” assays nearly as well as good ones. This property is 
not shared by an appropriately chosen parametric model such as the logit-log 
or mass-action models. With a parametric model which has successfully fit a 
certain assay numerous times, systematic lack of fit (as indicated by non- 
linearity, or non-random residuals) obtained on a given day may be evidence of 
a “bad” assay. This built-in quality control is not shared by the spline method.

While parallelism testing is easily done in parametric models such as the 
four-parameter logistic, it has not yet been developed in a thorough statistical 
fashion for the spline approach. Only the relatively simplistic and approximate 
methods o f the kind shown in Fig.2 are available at present. Another approach
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would be the following: First, fit splines to both standard and unknown curves, 
e.g. in terms o f counts versus log dose. Then, after the relative potency, c, is 
estimated, shift all the data for the unknown curve by the factor c, and fit a 
new spline (with the same overall “smoothness” , if smoothing splines are used) 
to the composite data. This forces parallelism by fitting the same spline to both 
standard and unknown. Lack o f parallelism will be indicated by a significant 
increase in the residual sums of squares, tested with the F statistic and/or tests 
for non-randomness of the residuals. Note that since the relative potency с is 
not known a priori, it too must be fit to the data using conventional non-linear 
least squares. The same F-test may be used in this case, modified by the loss of 
one degree o f freedom for c. This approach to fitting “constrained splines” 
removes a major limitation o f this class o f  methods, and should significantly 
enhance its attractiveness.

Appendix D

ASSOCIATION AND DISSOCIATION KINETICS '

The following is a brief introduction to the analytical solution to the dif
ferential equations describing reactions o f labelled and unlabelled ligand with a 
single class o f binding sites.

These equations are used as the basis for curve-fitting (program KINFIT) 
o f association and dissociation curves simultaneously (Fig.D l), and for optimiza
tion o f conditions for equilibrium assays. They are preferable, computationally,
to the forms given previously [15], since they involve negative rather than 
positive exponentials.

к
P +  Q -  PQ 

k'

к
R +  Q ^  RQ (Dl)

к

In the following, we adopt the arbitrary convention that P represents the 
labelled and R the unlabelled ligand,

U = [PQ] +  [RQ] (D2)

U is the total concentration o f occupied receptors and q is total receptor 
concentration.
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FIG.Dl. Illustration o f  a typical experiment to be analysed by KINFIT. Low, intermediate 
and high doses o f  the labelled ligand are first allowed to react with the antibody. Then 
dissociation o f  the labelled ligand is promoted by adding a massive excess o f  unlabelled 
ligand. The association and dissociation rate constants can be most accurately estimated i f  
both the association and the dissociation phases are performed within the same experiment. 
Such accurate estimates may be required for RIA optimization.

The differential equation describing total binding U is:

—  = k . ( p + r - U ) - ( q - U ) - k ' - U  (D3)
dt

p = [P] +  [PQ] (D4)

q = [Q] +  [PQ] +  [RQ] (D5)

r = [R] +  [RQ] (D6)

where p and r are the total concentrations o f labelled and unlabelled ligands and 
t is time. Combining Eq.(D3) with statements o f  conservation of mass 
(Eqs (D4), (D5) and (D6)), and Eq.(D2), results in a Ricatti differential 
equation:

—  = aU2 — bU +  с 
dt

♦

(D7)
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where

= к

= k ( p + q + r + l  /К) 

= k ( p + r ) - q

(D8)

(D9)

(DIO)

This equation has the exact analytical solution:

U =
U,

u2 — U0 
[и,-и0

- u 2 exp { —a(U2—U,)t}

U2 Uq
l-Ui -U o

- e x p  {—a(U2—Uj)t}

where:

U0 = U(0) = [PQ] +  [RQ] when t = 0 

Uj = [b — (b2 — 4ac) 1/2 ]/(2a)

U2 = [b + (b 2 —4ac)1/2]/(2a)

( D l l )

(D12)

(D13)

(D14)

When both labelled and unlabelled ligands are present, but were not added at 
the same time, different bound-to-total ratios result and we must solve the 
following differential equation simultaneously with Eq.(D3) in order to 
describe the binding o f labelled ligand P:

jdB
dt

= к (q — U) (p — B) — k'B (D15)

Here В is the concentration o f PQ as a function o f time and U is the function 
of time given by Eq.(Dl 1). Equation (D15) can be re-arranged as:

dB
dt

+  (kq +  k' -  aU)B = к (q -  U) p (D16)
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and has the  so lu tion :

В = p • U + B0 -
P

•U 0
P+r p +  r

U2- U
U j ^ U q

• exp { - ( k q  + k ' - a U , ) t }

(D17)

where B0 is the value o f В when t =  0, and other symbols are as defined above.

Appendix E

STATISTICAL COMPARISON OF TWO METHODS

When comparing results from two different analytical methods, we have 
the problem that both the “x ” and “y” variables are subject to errors. Further, 
we may have significant non-uniformity of variance, with ax and сту changing 
systematically with x and/or y. Accordingly, simple linear regression is invalid 
and inappropriate.

Numerous discussions of the problem o f regression with errors in both x 
and у have been presented [30,31 ]. If the regression line is to be used to predict 
у-values given an x-value, then ordinary linear regression may give the correct 
result [39].

When comparing two analytical methods, we wish to establish the under
lying relationship, and test whether it is compatible with the line of identity.
This requires knowledge o f  the nature and relative magnitude of the errors 
intrinsic to each method.

If independent measurements are made on the same sample, we can assume 
the errors for each method are uncorrelated. Then, instead o f minimizing simply 
the squares of deviations for the dependent variable, SCyj-a-ßXj)2 , as with 
ordinary regression, we should minimize a weighted sums of squares.

2  w (y j-o i-ß x j )2 (El)

where a  and ß are the intercept and slope, and the weights, w, are inversely 
proportional to the variance of у (о2 ) added to the variance of x (a2 ), adjusted 
by the slope /3 [31]:

w =  l/(Oy + ß2 ff2) (E2)
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This weights each residual (y¡ — ßxi -  a)  by the inverse of its variance 
(a y +  ß2 a2) and is a maximum-likelihood method when a y and ax are known 
and errors are assumed to be independent Gaussian [46]. It is equivalent to 
minimizing

Z { [ ( x j -  x¡)/ax ]2 +  [(yi - ÿ i ) / a y ]2} (E3)

. where (x¡, ÿj) is the most probable point on the fitted line from which the data 
point (xj, yj) could arise. The predicted point (x¡, ÿj) may be found graphically 
(Fig.7) where the fitted line intersects a line connecting (x¡, y¡) to that point 
on the probability tolerance ellipse where the tangent is parallel to the fitted 
line. In the case where ax = ay , the predicted point is simply the point on the 
fitted line closest to (x¡, y¡) since the ellipse is now a circle.

This method should provide a correct estimate of ß when the errors are 
uncorrelated, provided we have precise information about ax and ay , or at 
least their relative size, À = ау/стх . If we have replicate measurements for each 
o f two methods, we may use the standard deviation as an estimate of a. To 
stabilize these estimates, it is desirable to pool the standard deviations from many 
determinations, after testing for homogeneity o f  variance. When measurements 
span more than one order of magnitude, the standard deviation will vary 
systematically with the concentration o f material being analysed. Therefore, 
instead of pooling, we should attempt to establish a smooth, continuous func
tion relating о2, a2 to concentration. For instance, if  it were acceptable to 
assume »y/а 2 is constant, we might use simple linear functions:

&y = X (a +  bx)

ctx = (a +  bx) (E4)

Alternatively, a quadratic or power function is useful to describe the relation
ships Сту versus у and ctx versus x [24].

The predicted variances are used to generate a pair o f weights for each 
data point. These weights may then be used in a pattern search minimization 
of expression (El ) to estimate the “true” slope ß. Initially, we may base the 
weights on an unweighted linear regression for ß. To further refine this 
estimate, we may iterate the minimization procedure using weights based on 
the previous iteration estimate of ß and predicted variance based on the pre
viously predicted у or x. An alternate approach to calculating the estimates for 
a  and ß is given by Bard [46]. Here we minimize the expression (E3) with respect 
to the parameters a, ß, x¡, y¿ subject to the constraints: ÿj = a  +  px¡, where 
i =  1 j ........ n. One should use the approximate confidence limits on the para
meters a  and ß to test the hypothesis that two analytical methods yield identical 
results (i.e. { ß =  1, a  = 0}).
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Madansky [31] and Acton ([30], p .135, Eq.(10)) provide analytic e_xpres- 
sions for the least squares and maximum likelihood estimates o f ß in the case 
of uniformity o f variance. These methods may be used in the comparison of 
two methods if the data range over only a small scale (so that there is uniformity 
of variance), or if the data are transformed to stabilize the variance.
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DISCUSSION

B.C. NISULA: In using your “ALLFIT” program, what assumption allows 
you to make a relative potency estimate when curves are not parallel?

D. RODBARD: The question whether “valid” potency estimates can be 
made in the case o f non-parallel curves has been very eloquently treated in the 
statistical literature. In particular, the debate between Cornfield and Finney is 
illuminating (cf. Refs [6] and [7]). Cornfield argues that meaningful, inter
pretable, useful and reproducible potency estimates can indeed be obtained in 
the case o f non-parallel curves; for instance, one can use the ratio of the ED50s. 
Whether you call this a potency estimate, or simply a “per cent cross-reactivity” , 
is a philosophical and semantic matter. In the case o f  non-parallelism, we find 
that the potency estimate depends on the dose level or levels used, in addition 
to other experimental conditions. Very often crude preparations will generate 
a dose-response curve which is non-parallel to the standard; yet, the assay may 
be used in a valid manner for monitoring purification o f the crude material.
Using the “constrained four-parameter logistic model” implemented in the 
“ALLFIT” program in BASIC, we attempt to obtain a parallel-line potency 
estimate. When the curves are significantly non-parallel, we can still obtain a 
ratio of the “c” values (ED50s), or the EDgoS, etc. Use o f  the constrained curve- 
fitting procedure (forcing the curves to have common values for “a” and “d”) 
still results in a more efficient utilization o f data than simply analysing each 
curve individually (cf. Ref. [45]).

P.G. MALAN : In your paper you briefly discuss the analysis o f variance 
as it is applied to the within-dose versus the between-dose situation (Section 2A). 
Before performing this analysis of variance, do you first test for homogeneity 
of variance?

D. RODBARD: Rennie has proposed an “analysis o f variance” approach 
to testing “homogeneity” of potency estimates obtained at different dose 
levels. When one is dealing with only two dose levels (as is commonly done in 
many laboratories), this approach will be just as efficient as the regression 
methods illustrated in Fig.2 and described as methods B, C, D, E in the text.
If the dose levels are widely separated (e.g. more than a factor o f  three apart), 
there is likely to be non-uniformity of variance. In such event we would have 
a more efficient test o f parallelism by using the log o f the potency estimate 
(provided that the potency estimates are sufficiently far removed from zero). 
Alternatively, use of a transform such as log(X +  c), where с is a small constant, 
will generally provide satisfactory uniformity o f variance. With three or more 
dose levels the regression-based methods described in my paper should be more 
efficient than the “ANOVA” approach.
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D. RODBARD: I wish to thank the Chairman for allowing me a few minutes 
to provide a general introduction to this discussion on methods for data analysis 
in RIA.

Literally dozens o f methods have been developed for the analysis o f RIA and 
IRMA dose-response curves. No single one o f these is clearly, universally “best” , 
or else we would not have such a proliferation o f methods. Also, when we speak 
o f “best” , we must distinguish among various criteria which may be used, e.g. 
simplicity, ease o f  graphical analysis, “informativeness” from a statistical point 
o f view, size o f smallest applicable computer or calculator, etc. Each of the 
methods has its own pros and cons. I have attempted to provide a ranking of 
several o f  the more popular methods with regard to “ease o f  graphical analysis” 
in Table A. There may be some discussion regarding the relative positions o f  the 
various methods, but I believe that the overall order would be generally accepted. 
Likewise, Table В ranks the methods in order o f “simplicity” . Again, there is 
some subjectivity here, and perhaps this should be regarded only as a personal 
opinion or guideline. Next, Table С lists some o f the more popular methods in 
order o f  “statistical information” . I should point out that even the simplest 
methods can be programmed in such a way that they will provide information 
regarding the relationship between the standard deviation o f the response and 
the response level, the relationship between the standard deviation and/or 
coefficient o f  variation o f the potency estimate and the dose level, tests of 
parallelism, a “slope” parameter and an estimate o f  the EDS0. However, to date, 
these kinds o f analysis have been implemented most extensively in terms o f the 
logit-log and four-parameter logistic approaches. My point is that almost any 
method can be nearly equally informative from a statistical point o f view, if the 
proper additions are made to the corresponding computer programs. There 
are many other “lists” which we could draw up, corresponding to various criteria 
to evaluate the different methods for dose interpolation. An attempt at an 
overview is given in Table D. However, this is relatively difficult to interpret.
I believe that a more useful approach is to examine a “two-dimensional” approach 
such as that shown in Fig. A. Here we classify the methods on the ordinate in 
terms o f “statistical information” and on the abscissa in terms of increasing 
complexity. As can be seen, most o f  the methods fall along the main diagonal, 
i.e. there is a trade-off between “complexity” and “information” . Of course, 
the “complexity” is “internal” , i.e. within the computer program (in the same 
sense that a spectrophotometer is internally complex), but this complexity o f  the 
software does not necessarily affect the user. Indeed, the more complex systems 
may be the easier ones to use.
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TABLE A. COMPARISON OF METHODS FOR ANALYSIS OF RIA DOSE-
RESPONSE CURVES
Criterion — ease o f  graphical analysis

1. Point-to-Point
l

2. В/T  ^

3. log(Y) vs. log(X+ X*)

4. Logit(B/B0) vs. log(X)

5. Simple mass-action law (linear Scatchard)

TABLE B. COMPARISON OF METHODS FOR ANALYSIS OF RIA DOSE- 
RESPONSE CURVES 
Criterion — simplicity

1. Point-to-Point
1

2- (В/T) vs' X

3. log(Y) vs. log(X+ X*)

4. logit(B/B0) vs. log(X)

5. Splines and polynomials

6. Four-parameter logistic

7. Simple mass-action law

8. Complex mass-action law

TABLE C. COMPARISON OF METHODS FOR ANALYSIS OF RIA DOSE-
RESPONSE CURVES
Criterion — statistical information

1. Four-parameter logistic

2. Logit-log (weighted)

3. Simple mass-action law (McHugh and Meinert)

4. log(Y) vs. log(X+ X*) and related hyperbolic methods

5. Splines and polynomials

6. Point-to-point

7. Complex mass-action law
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TABLE D. GENERAL COMPARISON OF METHODS FOR ANALYSIS OF 
RIA DOSE-RESPONSE CURVES

Л? *5 y

EMPIRICAL

Pointto-Point ++++ - + + - + + ♦ 180

Polynomials ++ + ■f + - + + 180

Splines + + + + - + + + 300

Exponentials + ± - + + - - + 100

Log (log) polynomial + - + + - + 100

HYPERBOLIC

Reciprocal +++ ± + - 2 + + + + +++ + 100

Log (Bound Counts)
vs.

log (X+X* ) .+++ ++ ++ +++ + + + + + + 100

LOGIT-LOG

Logit-log +++ +++ +++ - 3 +++ ++ + ♦ +++ + 100

4 parameter logistic + •H-++ + + +++ ± + 500

Constrained
4 parameter logistic +++ + +++ +++ - + 5000

MASSACTION LAW

Mass Action-
Simple +++ ♦++ + - + ++++ + + + + 100

Mass Action-
Complex - - + ++ +_ + 5000

Figure A does not show all o f  the methods discussed in the preceding papers. 
For instance, the “polygonal” method o f Dr. Sandel should be positioned more 
or less intermediate between the “point-to-point” method and the “spline” 
methods, near the position o f the polynomial methods. The three-parameter 
models o f Burger, Lee and Rennie (J. Lab. Clin. Med. 80 (1972) 302) and of 
Arrigucci et al. (in The Endocrine Function of the Human Testis, Academic Press, 
New York (1972)) would be positioned between the logit-log and the four- 
parameter logistic. Waud (Waud, D.R., Advances in General and Cellular 
Pharmacology 1 (1976) 145) has introduced the equivalent of a “constrained 
three-parameter logistic model”, which is especially useful for analysis o f dose- 
response curves for many problems in pharmacology. This should be located 
immediately below and to the left o f the constrained four-parameter logistic. The 
use o f  “exponentials” , or polynomials involving the logarithm o f the response 
(rather than dose) should be located immediately to the right and below the oval 
denoting polynomials.
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COM PLEXITY-- - - - - - -

FIG.A. Evolution o f  methods for analysis o f  R IA  dose-response curves.

In Fig. A, I utilize different shapes to denote methods in various classes. 
For instance, the empirical methods (starting with point-to-point linear inter
polation) are shown in ellipses. The logit-log and logistic models are shown in 
rectangles. The “exact” representations o f the mass-action law models are shown 
in squares. The position o f  the last-mentioned models is most difficult to fix. 
Certainly, when dealing with a single class o f binding sites, when errors are very 
small, then one can estimate the two parameters o f  the Scatchard plot by very 
simple graphical and/or regression methods (cf. Method 5 o f Rodbard, D.,
Bridson, W., Rayford, P.L., J. Lab. Clin. Med. 74 (1969) 770). This approach 
provides much information (since К and binding capacity are excellent quality 
control parameters), a rational approach to analysis o f the dose-response curve, 
and such simplicity that all calculations can be done on a machine without 
involving logs or antilogs. In contrast, with the inclusion o f additional classes of 
binding sites, and hence fitted parameters, the complexity increases, and one 
encounters problems o f non-convergence and ill-conditioning o f parameters 
(i.e. the parameters are no longer uniquely determined (if they can be determined 
at all! )). Similar problems are encountered as one attempts to add additional 
parameters to the logistic models (i.e. the five-, six- and seven-parameter logistic 
approaches). These attempts to provide greater flexibility and generality are at the 
cost o f increased complexity, and a diminished ability to determine the parameters 
of the model.

The “hyperbolic” methods, such as the reciprocal o f  В/T versus arithmetic 
dose, are shown in an octagonal form in Fig.A. This approach is given a rating
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o f higher complexity because of the potentially severe non-uniformity o f  
variance introduced by use of the reciprocal transformation. This necessitates the 
use o f  a weighted regression (cf. Rodbard, Bridson, Rayford, as cited above).
The closely related “log-log” method introduced by Gilman1 is also based on an 
approximation to the mass-action law, when dealing with a single class o f sites 
which are at or near “saturation” . However, this method has several desirable 
statistical properties: the curve is linear over a wide range, there is very nearly 
perfect uniformity o f  variance o f the response variable over a very wide range, so 
that weighting is unnecessary, and this approach is amenable to approaches to test 
“parallelism” by objective criteria. Thus, it provides much more “information” 
with minimal increase o f complexity relative to the use o f “reciprocals” , and is 
very nearly competitive with the logit-log family o f methods. However, as á 
general rule, the logit-log method will provide a satisfactory curve fit whenever 
the reciprocal or log-log methods are satisfactory, but the reverse is not always true.

By viewing the choice among the various methods from at least a two- 
dimensional perspective, we see that there is no one-“best” method. Also, the 
interrelationships among the various methods are more clearly visible. I hope that 
Fig.A will provide an appropriate background for our general discussion on the 
matter of dose interpolation. The various methods should not be regarded as 
mutually exclusive or competitive. Instead, the various approaches are complemen
tary, and can provide.insights into the behaviour o f  one another. With the very 
rapid improvement in the performance o f digital computers, with cost and size 
decreasing by orders of magnitude, it is not difficult to foresee the day when all 
o f these methods can be incorporated into an “RIA chip” , i.e. a microprocessor , 
specifically designed for RIA users. This would make it possible for a given curve 
to be evaluated by several different methods, and the best method selected. How
ever, such choice among methods is itself a sophisticated statistical problem: the 
simple use o f a correlation coefficient (especially the correlation coefficient 
based on an unweighted or an inappropriately weighted regression) can be mis
leading. Goodness o f fit should be based on the weighted residual variance, 
together with tests for randomness o f  the residuals around the regression line.
Also, tests for goodness o f  fit should be combined “over-assays” , in order to 
detect small systematic departures o f  the data from the model which are not 
significant for a small body o f data. Before long, the cost o f  such a “chip” should 
be well within the availability of most small and medium-scale laboratories. But 
the proliferation o f computing machines has led to another problem, viz.: the 
proliferation o f software which has flaws, bugs, and even gross errors. Perhaps 
international organizations, such as the International Atomic Energy Agency or 
the World Health Organization, could perform a service by facilitating the distribu
tion and communication o f programs which have been extensively tested, de-bugged 
and approved by competent statisticians and programmers.

1 GILMAN, A.G., Proc. Natl. Acad. Sei. 67 (1970) 305.



510 GENERAL DISCUSSION

P.G. MALAN: It puzzles me why you imply that the “statistical information” 
derived from the multiple binding-site model is so low. Is this because you are 
basing “statistical information” on assessments of parallelism, or because you 
feel that the errors on the estimates of the fitted parameters are difficult to obtain? 
In fact, it is possible to derive the parameters with estimates of their standard 
errors, and I personally feel that the “statistical information” derived from the 
multiple binding-site model is certainly as great as, if not greater than, that derived 
from the spline and the five-, six- and seven-parameter logit models which you 
describe; the latter method is equivalent to applying a rather basic spline technique 
in the logit domain. .

D. RODBARD: The evaluation of “statistical information” is subjective, 
unless we are discussing a particular data-set in reference to a particular question.
I think you will agree that, if we “fit” a four-parameter mass-action law model 
to four points (as discussed by Dr. Wilkins), then we have no “statistical information”, 
i.e. no way to estimate the intrinsic error in the data or model. Even when we have 
10 or 20 data points, the use o f a four- or five-parameter mass-action law model 
is still subject to problems of “ill-conditioning” : the final parameter values may 
depend on initial estimates, and at least some of the parameters may have 
±50% errors. Also, unless we are very careful to satisfy all o f the assumptions 
(equilibrium, perfect separation, etc.) the estimated parameters may not correspond 
at all to the true, underlying thermodynamic properties o f the system. The mass- 
action law model also has severe “interaction” between parameters: it is not 
sufficient to consider the approximate standard error o f parameters such as 
К and q: instead, it is necessary to examine the joint confidence limits for two 
or more o f the parameters simultaneously. For instance, K2 and q2 may have 
enormous confidence limits, but the product K2q2 may be very well determined.

It is in this context that I would evaluate the multiparameter, multisite 
mass-action law models as providing relatively little “statistical information” . In 
general, we need at least six data points for each parameter we wish to estimate. 
Ideally, the amount o f data should increase as a power function o f the number of  
parameters, with a coefficient approaching 2 (i.e. the data should be proportional 
to the square o f  the number o f parameters). The same applies to the extensions 
of the logistic model. Hence, in such cases, we would seek to “ fix” some o f the 
parameters on the basis o f previous experience. For instance, if we know that 
the logit-log plot can be described by two linear segments, and the “break” 
always occurs at the same dose level (or same response level), and that the ratio 
of the slopes for the two segments is constant in several assays, then we may 
apply a six- or seven-parameter logistic model, but only have to fit four parameters 
for any given curve, because o f the constraints based on previous experience.

In summary, the term “statistical information” is somewhat ambiguous and 
subjective when discussed in the abstract sense; nevertheless, the overall arrange
ment shown in Table D o f my opening remarks for this discussion should serve as 
a general guideline for discussion.
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D. FULD: I consider that before going further into more refined models it is 
necessary to be sure about the experimental results.

We have made measurements on 32 000 RIA results. They comprise tests 
using solid-phase (first-antibody and second-antibody bound), charcoal and 
double-antibody techniques. The following assays have been put into the data: 
folic acid, androstenedione, aldosterone, cortisol, DHEA, 11-desoxycortisol,
DHT, a-foetoprotein FSH, hGH, insulin, LH, prolactin, estrone, estradiol, 
progesterone, testosterone, TSH and vitamin B12. The results show that in 
each case T2y = aY for approximately 95%.

D.W. WILSON: At the Tenovus Institute we have used the four-parameter 
logistic model for the past three years. Whereas this model is not a panacea for 
all assay systems, we have found it to have wide applicability to those assay 
systems currently under investigation. Furthermore, the parameters in this model 
can be used to assist trouble-shooting in RIA when used in conjunction with 
internal quality control schemes designed to locate inter alia temporal changes 
in assay performance (Wilson, et al., J. Endocrinol. (1977),  Kemp, et al., J. 
Endocrinol. (1978)).

R J. BAYLY: We must remember that assays are not primarily for the 
benefit o f  “curve-fitters” . Curve-fitting is to help assayists. The “best” method 
o f fitting will be different for a typical clinical user, a quality control laboratory 
and a research laboratory setting up a novel assay.

In a similar vein I would emphasize that in designing an assay the standards 
should be spaced in the best way for its clinical use, not in the best place to suit 
curve-fitting.

T.A. WILKINS: I wish to make three general comments on computer 
curve-fitting.

First, most people use computer techniques to save labour. In our laboratory 
we estimate that without such techniques we would need to employ three extra 
technicians over and above the 30 we have at present.

Second, to the biochemists I say: Do not worry if  you have difficulty in 
understanding the complexities o f  the mathematics o f curve-fitting. You aré 
in good company. I believe there is only one statistician in the world who really 
understands the principles fully. He is Professor Finney in Edinburgh.

Third, following from my second point the best advice I can give you is to 
select a technique that fits well in your laboratory and concentrate on external 
quality control o f  your assays by traditional techniques.

In the final analysis, when the statisticians finally solve the problems o f •
X- and Y-errors, heteroscedastic distributions, I suspect that the tech
niques proposed by most workers today for predicting confidence limits on 
unknowns will be shown to be o f no value and that external quality control of  
the assays will ultimately be the best and most practical technique.

D. RODBARD: I agree. Finney and Deming would be the people I would
pick.
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The only comment I might make is that in Appendix E of my paper I do 
discuss errors in X and Y and heteroscedasticity and the importance o f  these when 
comparing the results from radioimmunoassay, and indeed results from other 
assay systems in which the same considerations apply to the construction o f the 
dose-response curve.

A. MALKIN: There appears to be a dichotomy between the sophisticated 
mathematics o f  curve-fitting and user requirements. Attempts should be made to 
resolve this problem.

R.P. EKINS: I should like to make the general point that one can adapt ■ 
one’s program to whatever is o f  clinical interest and that one may have a very 
broad view o f what that would be. In thyroxine measurements, for example, it 
will extend to values far above normal and one does not need very much 
information to make a diagnosis in such a case.

A. MALKIN: Well, if  you consider thyroxine, the lower limit o f normal and 
the upper limit o f  normal would be areas o f clinical interest. But large numbers 
of females are on Oral contraceptives and this changes these parameters tremen
dously. So you really have to be interested in the whole scale — you can’t have 
particular areas of interest in that one example. If you consider growth hormone 
and prolactin, here you have two hormones that are very responsive to stress.
What are you going to do with your assays then? Where are you going to place 
your areas of interest? The mathematics may be highly sophisticated and very 
admirable, but I just don’t know whether it is important in relation to the 
biological problems.

P.G. MALAN: Could I first o f all comment on your last point. Variation 
in counting error is really just a technical procedure that one often does in the 
laboratory in order to increase the throughput of samples. One could also use 
this procedure to increase the precision in particular areas which might be 
important clinically. However, I don’t think that such an approach would be 
much use clinically at present, but all one needs is the clinical information in order 
to derive the technique.

Could I now briefly return to curve-fitting. I referred in my presentation to 
the multiple binding-site model. I think in fact that a lot o f the simple models 
that have been mentioned are adequate, and I agree with everything Dr. Wilkins 
said. Our reason for going on to the slightly more complicated model is that our 
program should be able to accommodate — and from the information we have 
so far, does accommodate — variations in ordinary data that would not be fitted 
by single binding-site models. And at this moment we are considering the 
possibility of compressing the relevant optimization routine so that it will work on 
microprocessors.

R.D. HESCH: Referring again to the origin of all reactions underlying the 
very simple principle o f radioimmunoassay, I would like to ask Professor Ekins 
whether there is a general formula which can describe the signal we observe in 
such “dose-response” assays. The observation of full signal is common to all
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techniques, i.e. the “limited reagent procedures” and the “excess reagent 
procedures” , so that there must be a “common denominator” in describing the 
signal, that is the “underlying reaction” and the “statistics” .

R.P. EKINS: Are you asking if there is a simple mathematical model which 
describes all assays? I suspect that there is not.

Quite apart from the use o f computers or microprocessors and so on for 
curve-fitting, I think that one o f the most important things is the analysis of 
errors that are produced in an assay system. Perhaps not sufficient attention has 
been directed towards the precision profile concept that we discussed earlier.
I would like to emphasize that the only way in which you can decide that one of 
two procedures is better than the other is by statistical analysis of the data in the 
way that I hope will emerge, so as to produce these precision profiles. In no 
other way can you decide whether you should put more or less antibody into an 
assay system, whether a system gets “worse” as the label gets less pure etc. Now, 
this analysis has not been generally done, and for this reason the radioimmunoassay 
field is full of mythology. For example, it may be that an assay will not get worse 
as the label deteriorates. Some of us have just come from a training course in 
Costa Rica where we proved that a particular assay got better as the label 
deteriorated.

T.C. SMEATON: Coming from a clinical laboratory I should like to urge the 
mathematicians in laboratories with complex computer facilities and expertise to 
get together and look at a wide range of assays in order to consider which type of 
data analysis is suited to which assay. I wonder whether a service could be set up 
to which a laboratory could submit data and from which it could obtain a 
recommendation as to the type of analysis which should or could be carried out 
with its existing calculating facilities.

D. RODBARD: May I respond to the question by Dr. Hesch and to other 
earlier questions, first regarding which method is best and second about the 
dichotomy between the very sophisticated mathematician on the one hand and 
the practical user on the other. On the first point, I would like to observe that 
there is no one best method, as is clearly evident by the multiplicity of methods. 
With regard to a universal equation, I would have to concede that the spline fit 
comes closest to such an equation, because it is a spline. The spline can do 
anything that a flexi-curve can do; in fact it is simply a computerized flexi-curve.
As a result it is the closest one can come to a universal curve and this is why all 
of us should have a spline program available to us, whether we like to use it or not. 
On the second point, I would remind you that the size and cost of computers have 
decreased by orders of magnitude over the past 30 years. Whereas 10 years ago 
most of us were lucky if  we could do a computerized linear least-squares fit, within 
the next one or two years everyone o f us here will be able to do generalized non
linear least-squares curve-fitting on a hand-held calculator. In fact, this is feasible 
today oh hand-held calculators costing less than $200. We may anticipate that 
within five to ten more years the cost and size of computers will have come down
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still further, so that our computers will be able to run our data through all possible 
programs — spline, logistic and mass-action — and then pick the best one . ,

P.G. MALAN: Can I just comment on Dr. Smeaton’s question about labora
tories that “have” trying to assist those that “have not” . A lot of people do in 
fact come to us to ask if we can provide assistance in curve-fitting and data 
analysis and also in setting up assays. We have extensive computer packages now 
available for curve-fitting, data and error analysis, assay quality control of various 
sorts arid also assay optimization, and we do in fact provide a lot o f such assistance in 
order to enable people to obtain better assays. I am not sure that one can advocate 
any particular curve-fitting method that will suit every assay in every laboratory at 
this particular time and I think that all one can do is make a suggestion, for 
example, take a spline method and see how it operates in your particular 
environment.

S. SCHWARZ: Coming from a clinical laboratory with limited capacity and 
only a few technicians, I too would like to make a comment. One aspect which, 
in my opinion, does not get sufficient mention is that mathematical models for 
RIA data reduction should provide the experimenter not only with a statistically 
valid and “best-fitted” standard curve for the performed assay but also with 
sufficient data expressing the quality of the assay. It seems to me that when 
these very sophisticated models are used, the reality of a sub-optimal assay may be 
sometimes “mathematically” hidden. What I really want to point out is that the 
experimenter, and the technician too, should always learn from any performed 
assay to make better assays in future. If an assay was sub-optimal, then this 
fact should come out clearly from the calculation procedure. More important 
than a “best fit” is information on what actually has been wrong or bad in the 
assay. From such information conclusions can be drawn easily regarding assay 
optimization and better assay design. And for just that purpose, for internal 
quality control, it is in my opinion better to use only one simple and clear-cut 
model, with standardized and mathematically exact calculations and without a lot 
o f smoothing and weighting factors, iterations, end-point parameter adjustments 
and so on, for example a simple unweighted logit-log algorithm. In my experience 
this is perfectly applicable to most RIAs. And as far as I know, the vast majority 
of such assays are based on the competitive inhibition or, according to 
Professor Ekins, the “limited reagent” principle. If we use a sophisticated model, 
the information on assay quality is probably hidden. If we use a very simple 
logit-log model, we have parameters from which we can see whether an assay is 
good; our assays should then get better.

S.L. JEFFCOATE {Chairman): I may point out that this whole question of 
whether assays are good or not should be dealt with in much more detail in 
Session V.

I feel that the present session has been a most instructive one and I would 
like to thank all who have contributed to it.
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ANNEX

CHARACTERISTICS OF COMMERCIALLY AVAILABLE 
WELL SCINTILLATION COUNTING SYSTEMS AND  
LIQUID SCINTILLATION COUNTING SYSTEMS

A.C. MORRIS, Jr., R.A. DUDLEY 
International Atomic Energy Agency,
Vienna

INTRODUCTION

This annex contains tabulated data on commercially available well 
scintillation counting systems and liquid scintillation counting systems, 
collected during 1977 by the staff of the Medical Applications Section,
Division of Life Sciences, IAEA. The data on well scintillation counting 
systems also appear as Appendix 2 of Report IAEA-201, Well Scintillation 
Counting Systems for Nuclear Medicine Applications in Developing Countries, 4 
International Atomic Energy Agency, Vienna', 1977 •

An attempt was made to include in the tabulation all such instruments 
currently available. However, it is inevitable that some of their manufacturers 
remain unknown to the Section. Furthermore, some known manufacturers failed to 
provide adequate information.

Many manufacturers offer a choice of instruments, which may be still 
further differentiated by inclusion or exclusion of options. It has been 
impossible to include all configurations in the tabulations. Instead, only 
representative systems covering the range of sophistication have been included. 
For certain features, the availability of options beyond those identified in 
the tables has been specifically noted.

Every effort has been exerted to make the data complete and accurate. 
However, some data are still missing, a fact reflected by blanks in the 
tables. Undoubtedly some errors remain, and these should be brought to the 
attention of the Section. In any case, as specifications and prices are 
subject to change without notice, and as a great diversity of instruments can 
be synthesized according to which options are included or excluded, confirma
tion of all information should be sought from the manufacturers prior to 
purchase.
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Section A deals with well scintillation counting systems'and section В 
with liquid, scintillation counting systems. Each is divided into 4 parts. 
Part 1 is an explanation of column headings and coding used in Parts 2 and 3. 
Part 2 is a tabulation of the data sorted according to manufacturer 
(in alphabetical order) and thereunder according to price. Part 3 offers 
the ваше data, sorted according to sample capacity and thereunder according 
to price. Part 4 is a list of manufacturers, with their addresses and 
instrument models, and a key to abbreviations for manufacturers and models 
used in Parts 2 and 3.

A. WELL SCINTILLATION COUNTING SYSTEMS

1. Explanation of column headings and coding

MANUFACTURER. Name of firm or facility producing instrument, in abbreviated 
form to fill 4 spaces.
MODEL. Instrument model identified by manufacturer's description, contracted 
if necessary to fill 5 spaces.
PRICE. Price category (for export, FOB factory, as of July 1977) for the 
instrument as described in the tabulation, but excluding those items identified 
as optionally offered or "available” (A).

A 1,000
В >* 1,000 - s 2,000
С >* 2,000 - $ 4,000
D >* 4,000 - t 6,000
E >$ 6,000 - t 10,000
F >* 10,000 - t 15,000
G >s 15,000 - s 20,000
H 20,000 - $ 30,000
I >* 30,000 - t 40,000
J >* 40,000

PHS. Pulse-height selection.
1 -ж Threshold discriminator only
2 = Single-channel analyzer
3 = More than one single-channel analyzer, or a multi-channel analyzer.

PHS OPT. Does manufacturer optionally offer any other pulse-height selection?
Y = Yes
N = No

ISOTOPE SEL. Is preset isotope selection offered?
Y = Isotope selection by button, plug, card, etc.
N = Isotope selection only by dial(s), or no adjustment outside cabinet.

XTAL ф (mm). Outside diameter of crystal as quoted by manufacturer, to nearest 
mm*
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XTAL ф OPT. Does manufacturer optionally offer crystals of other diameters?
Y = Yes 
N = No

WELL f (mm). Diameter of largest counting vial that will fit into crystal well, 
as quoted Ъу manufacturer, to nearest mm.
WELL Í  OPT. Does manufacturer optionally offer wells of other diameters?

Y = Yes 
N = No

WELL TYPE.
W = Well with closéd bottom, and scintillator between bottom of well 

and photomultiplier tube 
T = Through-side-hole --- no scintillator at bottom of well.

SHIELD (mm). Thickness of lead shield, as quoted by manufacturer, to nearest mm. 
NO. OF SAMP. Sample capacity of instrument per loading.
DATA REDUCTION. Data reduction capability of instrument.

0 = None
1 = Basic calculations: e.g., background subtraction, counts per minute,

counting standard deviation
2 = Same as (l), plus ability to convert counts per minute to concentrâ

tion in unknowns from data on standards, using procedures simpler 
than spline curve fits

3 = Same as (2), plus ability to perform spline curve fits.
INTERFACE. Does manufacturer include interface to a computer or programmable
calculator for on-line data processing?

Y = Yes 
N = No
A = Available, but not included with this entry.

QUAL. ASS. Quality assurance available for sample counting.
0 = Nothing more than preset timing
1 = Preset count, coefficient of variation, etc.
2 = Same as (l), plus•comparison of background with previous background,

external standardization, etc.
VIS. DISP. Is at least one visual display included?

Y = Yes 
N » No
A = Available, but not included with this entry.

PRINTER. Is printer included?
Y = Yes 
N = No
A = Available, but not included with this entry.

OFF-LINE COMP. Does manufacturer include output (e.g., teletype punch, paper- 
tape punch, magnetic tape unit, etc.) that allows data to be transferred 
off-line to a computer?

Y = Yes 
N = No
A о Available, but not included with this entry.
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POWER OPT. Power options available
E = European: 220 VAC/50 Hz
A = American: 120 VAC/60 Hz
U = Both E and A, or can be ordered for either E or A.

WATTS. Rated power consumption in watts.
BATTERY OEER. Is it possible to operate instrument using standard or optional 
battery supplies, or are power requirements less than 50 watts such that a 
battery-inverter supply can be conveniently used?

Y = Yes 
N = No

NIM, САМЛС CONST. Are NIM, CAMAC, or equivalent forms of modular construction 
employed?

Y = Yes 
N = No
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2. Well scintillation counting systems sorted according to manufacturer, then price
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A B B T L 1 0 1 B С 2 N Y 3 S N 1 6NW 1 5 1 ON 1 Y A Y U 1 OC N N
А В Э Т L 1 I 1 B С 2N N 3 8 N 16N W 1 5 1 ON 1 Y A Y u 1 0 0 N N
A B B T A L  1 2 1 E 2 N N 5 1 N 2 0 N W 5 1 1 0 0 1A 1 Y Y Y и 3 6 0 N N
A B B T A L  1 0 1 E 2N N 5 1 N 20 N W 5 1 1 0 0 1A 1 Y Y Y u 3 6 0 N N
A B B T A L  i l l E 2 N N 5 1 N 20 N W 5 1 1 0 0 1A 1 Y Y Y u 3 6 0 N N

A L O K J D 1 1 3 C 1NN 4 4 Y 19Y W 7 6 1 ON 0 Y N N u 1 8 Y N
A L O K T N C 1 C C 2 N Y 4 4 N 15N W 5 0 1 IN 1 Y N N u 9 0 N N
A L O K J D 7 0 1 D 2 N Y 4 4 Y 1 9 Y W 7 6 1 I N 1 Y N N u 9 0 N N
A L O K AR  2 2 1 F 2 N Y 1 3  w 2 0 C OY 0 Y. Y N u 2 7 0 N Y
A L O K A R 2 5 1 G 2 N Y 1 3  w 5 0 0 OY 0 Y Y N u 2  7 0 N Y
A L O K AR  3 2 1 H 2 N Y 1 3  w 2 0 0 1Y 0 Y Y N u 2 7 0 N Y

A M E S T H Y R I C 2 N N 5 1 N 16N W 6 1 I N 0 Y N N E 3 0 Y N
A M E S GAMMA F 2 N Y 5  1 N 1 7 N T 3 8 5 0 I N 1 Y Y N U 2 0 0 N N

B A  I  ft B A 9 8 7 D 2 Y Y 4 5 Y 17Y W 6 4 t 1A 1 Y A A u 8 5 N Y

B E C K G M 1 0 0 D 2N Y 3 8 N 18N W 1 IN 1 Y N N u N N
B E C K B I O I I H 3 Y Y 7 6 N 12N W 2 0 0 1 Y 1 N Y Y u N N
B E C K G 7 0 0 0 H 3 Y Y 7 6 N 2 5 N W 3 0 0 1 Y 2 Y Y Y ü 8 0 0 N N

B E R T B F 2 0 7 D 2 N N 4 0 Y 1 9 Y t f 3 0 1 OA 1 Y N A u 1 2 0 N Y
B E R T B  F  5 3 0 G 3 Y Y 5  1 Y 2 2 Y T 1 0 0 3 0 0 1Y 1 Y Y Y u 3 6 0 N Y
B E R T L B S tO I 2NN 5 1  Y 2 2  VW 100 5 1 0 3 Y 2 Y Y Y u 3 6 0 N N

C A N B # 2 0 0 0 0 2Y N 5  1 Y 16Y W 5 1 1 ON 1 Y A A u 2 0 0 N Y
C A N 8 O M E G A E 3 N Y 4 4  Y 16Y W 2 5 1 OA 0 Y Y A u 2 2 0 Y N

E B E R S A M - 2 D 3 N N 5  IN 16Y W 4 8 1 I N 0 Y A N u 1 7 Y N

E C I L G R S 2 3 C 2 Y N 4 4 N 1 7NW 51 1 ON 0 Y N A E 2 0 0 N Y

E L S C I N S 3 0 C 2N N 5 1  Y 1 7YW 5 1 1 ON 1 Y N N u 3 0 N N
E L S C I N S U D 2 N N 5 1 Y 1 7 Y W 5 1 1 ON 1 Y N Y u 3 0 N N
E L S C E L N IM 0 2 Y N 5  l  Y 17Y W 5 1 1 ON 1 Y N Y u 2 0 0 N Y
E L S C R A 1 2 5 F 3 N Y 3 8 N 16N W 7 1 2 6 0 I N 1 Y Y Y u 3 5 0 N N

F R I E R I  AM T G Y 2 5 16N W 3 1 2 2 Y 2 Y Y A U Y

G AM A N Z 1 3 8 D 2 Y N 7 6 Y 1 6 Y W 5 0 1 I N 1 Y Y Y E 1 0 0 Y N
G AM A N Z 3 1 0 E 3 Y N 7 6  Y 17Y W 5 1 1 0 0 ON 1 Y Y Y E 2 0 0 N N
G AM A N Z 3 2 2 E 2 N N 5 0 Y 1 3 N T 3 0 2 5 6 I N 1 Y Y N E 1 0 0 N N

HARW # 6 0 0 0 C 2 Y N 5 1 Y 1 7YW 5 1 1 OA 0 Y A Y U 2 0 0 N Y

IC N L 4 0 2 S T A 1N N 4 4 N 1 8NW 1 3 1 ON 0 Y N N u 5 0 Y N
IC N L G A M 5 0 D 2 N Y 5  1N 1 8 N T 3 0 5 0 1 Y 1 Y Y Y u 1 5 0 N N
I C N L G 3 . 3 3 F 3 Y N 5 1Y 1 8 Y T 5 0 3 0 0 1Y 1 Y Y Y ü 1 8 0 N Y
I C N L G S S O O G 3 Y N 5  1 Y 1 8 Y W 2 0 0 5 0 0 1A 1 Y Y Y u 4 0 0 N N

I  N O T I N P P 9 A 2 N N 2 5 N 1 8NW 1 ON 0 Y N N u 1 Y N
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J P E N S C  1 2 0 E 2N N 5  l  Y 19Y W 5 0 1 2 0 ON 1 Y Y A U 2 5 0 N N
J P E N J S C 6 0 E 2 N N 5  1Y 1 9 Y W 5 0 6 0 ON 1 Y Y A u 2 5 0 N N
J P E N MC 1 2 0 F 3 Y Y 5  1 Y 19Y W 5 0 1 2 0 OA 1 Y Y A u 2 5 0 N N

J P E N M S C 6 0 F 3 Y Y 5 1 Y 19Y W 5 0 6 0 OA 1 Y Y A u 2 5 0 N N

K O N T MR 1 0 1 С 2 N N 3 2 N 16N W 1 0 1 IN 1 Y N N u 1 0 0 N N
K O N T M R 2 5 2 F 2 Y Y 7 5 Y 16N W 2 5 2 5 2 1Y 1 Y Y Y u 2 5 0 N N

K O N T M l 0 3 2 H 2 Y Y 7 5 Y 16N W 8 0 1 0 3 2 3 Y 1 Y Y Y u 7 0 0 N N

L K B I R 1 2 7 0 F 3 Y N 5  1N 1 2 N T 3 0 5 0 0 1 Y 1 A A A u 1 7 0 A N

L K B I R 1 2 7 0 H 3 Y Y 5 1 N 1 2 N T 3 0 2 0 0 0 3 Y 2 A A A u 1 7 0 Y N

L K B I Ü 1 2 8 0 H 3 Y Ÿ 5  1 Y 1 7 Y W во 3 0 0 2 Y 2 Y A Y u 2 7 0 N N

L K B I U 1 2 8 0 I 3 Y Y 5  î  Y 1 7Y W 8 0 9 0 0 2 Y 2 Y A Y u 2 7 0 N N

L U D L L 2 0 0 0 C 1NN 4 5 Y 1 6Y W 3 8 1 ON 0 Y N N A 5 0 Y N

L U D L L 2 2 0 0 D 2 N N 4 5 Y 16Y W Зв 1 ON 0 Y N N A 5 0 Y N

L U D L L 2 6 0 0 D 2 N N 4 5 Y 1 6 Y W 3 8 1 I N 1 Y N N A 3 0 Y N

M IC R M S S 8 8 H 3 Y N 7 6 Y 15Y W 7 6 5 8 8 OA 1
i

Y
k

Y Y U 4 0 0 N Y

M I N I M 1 6 2 0 A 1N N 2  5N 16N W 1 3 1 ON 0 Y A N U 1 5 Y N

N U C E N P S R 6 C 2 N N 4 4 Y 1 7 Y W 4 4 1 ON 1 Y N N u 2 0 Y N

N U C E N E S R 5 C 2 N N 4 4 N 17Y W 4 4 1 0  W 1 Y N Y u 6 0 N N

N U C E N E S T 6 c 2 N N 4 4 N 17Y W 4 4 1 ON 1 Y N N u 6 0 N N

N U C E N 1 6 0 0 F 2 N Y 2  5N 16N W 2 5 1 6 1Y 1 Y Y Y E 2 0 Y Y

N U C L N U 6 0 0 B 2 N N 3 8 N 1 7 N T 1 5 1 I N 0 Y N N u 2 0 Y N

N U C L N 1 0 0 0 c 2 N N 3 8 N 18N W 1 8 1 ON 1 Y N N u 4 0 Y N

N U C L N 1 2 0 0 D 2 N Y 4 4 N 19N W 1 9 2 4 I N 1 Y Y N u 6 0 N N

N U C L N 1 4 0 0 D 2 N Y 4 4 N 19N W 1 9 4 8 I N 1 Y Y N u 6 0 N N

O R T C * 4 8 0 0 E 2 Y N 5 1  Y 1 6YW 6 2 1 OA 0 Y Y A u 1 5 0 N Y

P A C K P 5 1 0 5 D 2 N Y 3Ô N 18N W 2 5 1 I N 1 Y N N u 1 0 5 N N

P A C K P 5 1 7 6 E 2 N Y 3 8 N 18N W 2 5 7 5 IN 1 Y Y N u 4 5 0 N N

P A C K PRIAS G 2 Y Y 5  IN 1 7 N T 5 5 2 4 0 3 Y 2 Y Y A u 9 9 9 N N

P A C K PMODI G 2 Y N 5 1 N 1 7 N T 6 5 3 0 0 OY 1 N Y Y u 4 0 0 N Y

P A C K M O D V I H 3 Y N 7 6 Y 1 7 N T 1 1 5 6 0 0 1 Y 1 Y Y Y u 4 0 0 N Y

P A C K M O D I I H 3 Y N 7 6 N 3 0 N T 8 9 3 0 0 I Y 1 Y Y Y u 4 0 0 N Y

P A C K MD 111 H 3 Y N 7 6 Y 1 7 N T 115 3 0 0 1 Y 1 Y Y Y u 4 0 0 N Y

P A C K P 5 9 1 2 I 3 N N 7 6 N 1 7 Y T 115 6 0 0 OY 1 Y Y Y u 9 9 9 N Y

P A N X M A B IO B 2N Y 3 2 N 2 0 N W 2 0 1 ON 1 Y N N E N N

P A N X R R A 3 1 B 1N N 3 2 Y 1 8Y W 3 2 1 ON 1 Y N N u N Y

P A N X A U B IO E 2 N Y 3 2 N 2 0 N W 2 0 1 0 0 ON 1 Y Y Y E N N

P A N X N A A 1 7 G 3 Y N 4 5 Y 1 9 Y W 7 5 1 6 0 ON 0 Y Y Y U N Y

P H I L M N C T R D 2 N Y 4 5 Y 1 6 Y W 5 0 1 ON 1 Y Y Y u 1 5 0 N N

P H I L A U S C H E 3N  Y 7 5 Y 18Y W 5 0 1 0 0 ON 1 Y Y A u 1 5 0 N N

P H I L P 4 5 8 0 G 3 Y Y 7 6 Y 1 6 Y T 7 6 3 1 0 OY 1 Y Y A u 1 8 0 N N
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T E C H C C C 4 R В 1 Y N 3 2 N 1 6N W
P A N X R R A 3 1 В IN N 3 2 Y 1 8 Y W
T E C H F M W 2 3 С 2 N N 5  IN 17Y W
N U C L N 1 0 0 0 с 2 N N 3 8 N 18N W

N U C E N P S R 6 с 2 N N 44Y < 17Y W
T E N N T 2 0 0 0 с 2 Y N 5  1 Y 19Y W
A L O K J D 1 1 3 с IN N 4 4  Y 1 9 Y W
J P E N M S 3 1 1 с 2 N N 5  IN 1 9NW
N U C E N E S R 5 с 2 N N 4 4 N 17Y W
N U C E N E S T 6 с 2 N N 4 4 N 17Y W
T E C H F M W 24 с 2 N N 5  IN 17Y W
A L O K T N C 1 C с 2 N Y 4 4 N 15N W
HARW 0 6 0 0 0 с 2 Y N 5  1 Y 17Y W
A M E S T H Y R I с 2 N N 5 1 N 16N W
K O N T M R1 0 1 с 2 N N 3 2 N 1 6N W
T E N N T 2 1 0 0 с 2Y N 5 1 Y 19Y W
Л В 8 Т L 1 0 1 B с 2 N Y 3 8 N t  6NW

E L S C I N S 3 0 с 2 N N 5  1 Y 17Y W
L U D L L 2 0 0 0 с IN N 4 5 Y 16Y W

E C I L G R S 2 3 с 2 Y N 4 4  N 17N W
A B B T L 1 1 1 B с 2N N 3  8N 1 6 N M
C A N B # 2 0 0 0 0 2 Y N 5 1  Y 1 6  Y W

L U D L  . L 2 2 0 0 0 2 N N 4 5 Y 16Y W
L U  OU L 2 6 0 0 0 2N N 4 5 Y 16Y W
B E R T B F 2 0 7 D 2 N N 4  OY 1 9 Y W
A L O K J D 7 0 1 D 2 N Y 4 4 Y 1 9YW

P H I L M N C T R 0 2 N Y 4 5 Y 16Y W
R A Y T S IG M 2 D 2 N N 5 1 1 7  M
E B E R S A M - 2 0 3 N N 5 1 N 16Y W
T E N N T 2 2 0 0 0 2 Y N 5  l  Y 19Y W
B E C K G M 1 0 0 D 2 N Y 3 8 N 18N W
G AM A N 2 1 3 8 D 2 Y N 7 6 Y 16Y W
E L S C I N S 1 1 D 2 N N 5 1 Y 1 7 Y W
B A IR B A 9 8 7 0 2 Y Y 4 5 Y 17Y W
E L S C E L N IM 0 2 Y N 5 1 Y 1 7 Y W
P A C K P 5 1 0 5 D 2 N Y 3 8 N 1 8NW
tfE N Z W E N IM Е 2 Y N 5 1 Y 18Y W
O R T C # 4 6 0 0 Е 2 Y N 5 1 Y 16Y W
C A N S O M E G A Е 3 N Y 4 4 Y 1 6 Y W

N U C E N 1 6 0 0 F 2  NY 2 5 N 16N W

N U C L N 1 2 0 0 0 2 N Y 4 4 N 1 9NW

U N IN C E N T R Н 2 N Y 4 4 N 18N W
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1 3 1 ON 0 Y A N U 1 5 Y N
1 ON 0 Y N N U 1 Y N

1 3 1 ON 0  . Y N N U 5 0 Y N
1 5 1 1N 0 Y N N U 2 0 Y N

2 5 1 ON 0 Y N N U 2 0 Y N

2 0 1 ON 1 Y N N E N N
5 1 1 ON 1 Y N N U 1 5 N Y
2 5 1 OY 1 Y N A U 1 5 N N
3 2 1 ON 1 Y N N u N Y
5 1 1 OY 1 Y N A u 1 5 N Y
1 8 1 ON 1 Y N N ü 4 0 Y N
4 4 1 ON 1 Y N N u 2 0 Y N
5 1 1 OA 0 Y A A u 1 0 0 N Y
7 6 1 ON 0 Y N N u 1 8 Y N
5 0 1 ON 1 Y A A u 1 0 0 Y N
4 4 1 OW 1 Y N Y u 6 0 N N
4 4 1 ON 1 Y N N u 6 0 N N

5 1 1 OY 1 Y Y A u 1 5 N Y
5 0 1 1N 1 Y N N u 9 0 N - N
5 1 1 OA 0 Y A Y u 2 0 0 N Y

6 1 1N 0 Y N N E 3 0 Y N
1 0 1 1N 1 Y N N u 1 0 0 N N

5 1 1 OA 0 Y A A u 1 0 0 N Y
1 5 1 ON 1 Y A Y u 1 0 0 N N
5 1 1 ON 1 Y N N u 3 0 N N
3 8 1 ON 0 Y N N A 5 0 Y N
5 1 1 ON 0 Y N A E 2 0 0 N Y
1 5 1 ON 1 Y A Y u 1 0 0 N N

5 1 1 ON 1 Y A A u 2 0 0 N Y
3 8 1 ON 0 Y N N A 5 0 Y N
3 8 1 1N 1 Y N N A 3 0 Y N
3 0 1 OA 1 Y N A U 1 2 0 N Y

7 6 1 1N 1 Y N N U 9 0 N N
5 0 1 ON 1 Y Y Y U 1 5 0 N N
5 1 1 ON 1 Y N N A N N
4 8 1 1N 0 Y A N U 1 7 Y N

5 1 1 OA 0 Y A A U 1 0 0 N Y
1 1N 1 Y N N U N N

5 0 1 1N 1 Y Y Y E 1 0 0 Y N
5 1 1 ON 1 Y N Y U 3 0 N N
6 4 1 1A 1 Y A A U 8 5 N Y
5 1 1 ON 1 Y N Y U 2 0 0 N Y
2 5 1 1N 1 Y N N u 1 0 5 N N

1 OA 1 Y A A u 1 9 0 N Y
6 2 1 OA 0 Y Y A u 1 5 0 N Y

2 5 1 OA 0 Y Y A u 2 2 0 Y N

2 5 1 6 1 Y 1 Y Y Y E 2 0 Y Y

1 9 2 4 1N 1 Y Y N U 6 0 N N

6 3 6 3 Y 2 Y Y Y U 3 4 5 N N
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N U C L N 1 4 0 0 D 2 N Y 4 4 N 1 9NW 1 9 4 8 IN  ’ 1 Y Y N U 6 0 N N

IC N L G A M 5 0 D 2 N Y 5  I N 1 8 N T 3 0 5 0 1Y 1 Y Y Y U 1 5 0 N N

A M E S G AM MA F 2 N Y 5  1 N 1 7 N T 3 8 5 0 1N 1 Y Y N U 2 0 0 N N

J P E N J S C 6 0 E 2 N N 5  1 Y 19Y W 5 0 6 0 ON 1 Y Y A U 2 5 0 N N
J P E N M S C 6 0 F 3 Y Y 5 1 Y 19Y W 5 0 6 0 OA 1 Y Y A U 2 5 0 N N

P A C K P 5 1 7 6 E 2 N Y 3 8 N 18N W 2 5 7 5 1N 1 Y Y N U 4 5 0 N N

W I L J « 2 2 0 1 D 2 N Y 3 3 Y 18N W 2 5 1 0 0 1A 0 Y Y A U 1 7 5 N N

P H I L A U S C H E 3 N Y 7 5 Y 1 6 Y W 5 0 1 0 0 ON 1 Y Y A U 1 5 0 N N

A 0 B T A L  1 2 1 E 2 N N 5 1 N 2 0 N W 5 1 1 0 0 1A 1 Y Y Y U 3 6 0 N N
A B B T A L 1 0 1 E 2 N N 5 1 N 2 0 N W 5 1 1 0 0 1 A 1 Y Y Y u 3 6 0 N N
G AM A N Z 3 1 0 E 3 Y N 7 6 Y 17Y W 5 1 1 0 0 ON 1 Y Y Y E 2 0 0 N N
A B B T A L  1 1 1 E 2 N N 5 1  N 2 0 N W 5 1 1 0 0 1A 1 Y Y Y U 3 6 0 N N

P A N X A U B IO E ’ 2 N Y 3 2 N 20 N W 2 0 1 0 0 ON 1 Y Y Y E N N

J P E N SC  1 2 0 E 2 N N 5 1  Y 1 9 Y W 5 0 1 2 0 ON 1 Y Y A U 2 5 0 N N

J P E N MC 1 2 0 F 3 Y Y 5  1 Y 1 9 Y W 5 0 1 2 0 OA 1 Y Y A U 2 5 0 N N

P A N X N A A 1 7 G 3 Y N 4 5 Y 19Y W 7 5 1 6 0 ON 0 Y Y Y u N Y

A L O K A R 2 2 1 F 2 N Y 1 3  W 2 0 0 OY 0 Y Y N u 2 7 0 N Y
P I C K P A C E ! G 3 Y Y 5  1Y 1 6 N T 7 0 2 0 0 2 Y 2 Y Y Y u 4 5 0 N Y
T E S L N R 6 0 3 G 3 Y Y 6 0 N 1 7 N T 8 0 2 0 0 1N 1 Y Y N E 2 8 0 N Y
S H IM A L 2 0 1 H 2 N Y 5 0 2 2  W 6 0 2 0 0 1Y 2 Y Y N A 4 0 0 N N
9 E C K B I O I I H 3 Y Y 7 6 N 12N W 2 0 0 1Y 1 N Y Y U N N
A L O K A R 3 2 1 H 2 N Y 1 3  W 2 0 0 1 Y 0 Y Y N U 2 7 0 N Y

P A C K P R IA S G 2 Y Y 5  1N 1 7 N T 5 5 2 4 0 3 Y 2 Y Y A u 9 9 9 N N

K O N T M R 2 5 2 F 2 Y Y 7 5 Y 16N W 2 5 2 5 2 1Y 1 Y Y Y u 2 5 0 N N

G A M A N 2 3 2 2 E 2N N S O Y 1 3 N T 3 0 2 5 6 1N 1 Y Y N E 1 0 0 N N

S E A R 1 1 9 0 A F 2 N Y 3 8 N 1 5 N T 6 7 3 0 0 2 A 2 Y Y A u 2 3 5 N N
IC N L . G 3 . 3 3 F 3 Y N 5  1Y 1 8 Y T 5 0 3 0 0 1Y 1 Y Y Y u 1 8 0 N Y
S E A R S I  1 9 7 G 3 Y N 5 1 N 2 3 N W 6 7 3 0 0 2A 2 Y Y A u 2 7 0 N N
B E R T B F 5 3 0 G 3 Y Y 5 1 Y 2 2 Y T 1 0 0 3 0 0 1Y 1 Y Y Y u 3 6 0 Ñ Y
P A C K P M O D I G 2 Y N S 1 N 1 7 N T 6 5 3 0 0 OY 1 N Y Y u 4 0 0 N Y
S E A R 1 1 7 5 Z H 2 Y Y 5 1  N 16N W 5 1 3 0 0 2 A 2 Y Y Y u 2 7 0 N N
S E A R 1 1 8 S U H 3 Y Y 5  1 Y 15Y W 1 2 7 3 0 0 2 A 3 Y Y Y u 2 7 0 N Y
B E C K G 7 0 0 0 H 3 Y Y 7 6 N 25 N W 3 0 0 I Y 2 Y Y Y u 8 0 0 N N
P A C K M O D I I H 3 Y N 7 6 N 3 0 N T 8 9 3 0 0 1Y 1 Y Y Y u 4 0 0 N Y
P A C K MD I I I H 3 Y N 7 6 Y 1 7 N T 1 1 5 3 0 0 1Y 1 Y Y Y u 4 0 0 N Y
L K B I U 1 2 8 0 H 3 Y Y 5 1 Y 17Y W 8 0 3 0 0 2 Y 2 Y A Y u 2 7 0 N N

P H I L P 4 5 8 0 G 3 Y Y 7 6  Y 1 6 Y T 7 6 3 1 0 OY 1 Y Y A u 1 8 0 N N

F R I E R I  AMT G Y 2 5 16N W 3 1 2 2 Y 2 Y Y A N Y

P I C K P A C E 1 H 3 Y Y 5  1Y 1 6 N T 7 0 4 0 0 2 Y 2 Y Y Y u 4  5 0 N Y
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L K 8 I
A L O K

R I  2 7 0  
A R 2 5 1

F
G

3 Y N
2 N Y

5 1 M 1 2 N T  
1 3  W

3 0 5 0 0
5 0 0

1Y
OY

i
0

A
Y

A
Y

A
N

u
u

1 7 0
2 7 0

A
N

N
Y

I C N L G S 5 0 0 G 3 Y N 5  1 Y 18Y W 2 0 0 5 0 0 1A i Y Y Y u 4 0 0 N N

T O S H R I 5 2 A H 2N N S I 1 7  W 5 0 5 0 4 1 i Y Y Y A 9 9 9 N N

B E R T L E I5 1 0 I 2 N N 5 1 Y 2 2 Y W 1 0 0 5 1 0 3 Y 2 Y Y Y U 3 6 0 N N

M I CR M S S flS H 3 Y N 7 6 Y 15Y W 7 6 5 8 8 OA I Y Y Y U 4 0 0 N Y

S H IM R A 6 0 0 G 2 N Y 5 0 2 2  W 6 0 6 0 0 1 Y 2 Y Y N A 3 5 0 N N

P A C K M C ID V I H 3 Y * | 7 6 Y 1 7 N T 1 1 5 6 0 0 l Y 1 Y Y Y U 4 0 0 N Y

P A C K P 5 9 1 2 I 3 N N 7 6  N 1 7 Y T 1 1 5 6 0 0 OY 1 Y Y Y U 9 9 9 N Y

IN T R C 4 -0  0 0 H 3 Y N 5  1 Y 18Y W 1 0 0 7 6 0 1Y 1 Y Y Y u 6 0 0 N N

L K B I U l  2 8 0 I 3 Y Y 5  I V 1 7 Y W e o 9 0 0 2 Y 2 Y A Y u 2 7 0 N N

S E A R 1 2  6 5 C J 3 N Y 2 4 N 12N W 4 1 0 0 8 2 Y 3 Y Y Y u 2 7 0 N N

K O N T M l 0  3 2 H 2 Y Y 7 5 Y 16N W 8 0 1 0 3 2 3 Y 1 Y Y Y u 7 0 0 N N

E L S C R A  1 2 5 F 3 N Y 3 8 N 16N W 7 1 3 6 0 1N 1 Y Y Y u 3 5 0 N N

L K B I R 1 2 7 0 H 3 Y Y 5 1 N 1 2 N T 3 0 2 0 0 0 3 Y 2 A A A u 1 7 0 Y N
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4. Manufacturers of well scintillation counting systems and their instrument models
\

N
A 8 0 T  A B B O T T  L A B O R A T O R I E S »  IN C «  L 1 0 1 B  = L O G I C  1 0 1 B

D I A G N O S T I C S  D I V I S I O N  L U I S  = L O G I C  1 1 1 8
NOR TH  C H I C A G O *  I L . 6 0 0 6 4  A L 1 0 1  = A U T O L O G I C  101
U S A  A L t l i  = A U T O L O G I C  111

A L 1 2 1  = A U T O L O G I C  121
T E L ;  0 0 0 / 3 2 3 - 9 1 0 0

A L O K  A L O K A  CO« LTD# T N C I C  = T N C - 1 C  
J 0 7 0 1  s  J D C - 7 0 1С / О  К • ARAÑ O  & C O * « L T D .  

C E N T R A L  P . O .  B O X  1 7 0 1  
TO K YO  1 0 0 - 9 1  
J A P A N

A R 2 2 1  = A R C - 2 2 1  
A R 2 5 1  s  A R C - 2 5 1  
A R 3 2 1  = A R C - 3 2 1  
A R 3 5 1  = A R C - 3 5 1

J D 1 1 3  = J 0 C - I 1 3 - S

T E L :  6 6 6 - 8 1 5 1

A M ES  A M E S  CO M PAN Y T H Y R I  s  T H Y R I M E T E R  
GAMMA = GAMMACORD  I I( D I V I S I O N  OF  M I L E S  L A B S « * I N C . )  

1 1 2 7  M Y R T L E  S T R E E T  
E L K H A R T *  IN«  4 6 5 1 4  
U S A

T E L :  2 1 9 / 2  Ê 4 - 8 6 3 5

B A I R  B A I R D  A T O M IC  I N C . B A 9 8 7  = * 9 8 7 - 1 0  WELL
N U C L E A R  D I V I S I O N  
1 2 5  M I D D L E S E X  T U R N P I K E  
B E D F O R D *  MA« 0 1 7 3 0  
USA

T E L : 6 17 / 2 7 6 - 6 0 0 0

B E C K  B E C K M A N  IN S T R U M E N T S  CO« GM IO O  «  G A M M A -M A T É  1 0 0
S C I E N T I F I C  IN S T R U M E N T S  D I V I S I O N  B I O I I  = 0 1 OGAMMA I I
2 5 0 0  H A R BO R  B O U L E V A R D  G 7 0 0 0  = GAMMA 7 0 0 0
F U L L E R T O N ,  C A . 9 2 6 3 4  
USA

T E L :  7 1 4 / 8 7 1 - 4 8 4 8

B E R T  B E R T H O L D  L A B O R A T O R I U M  B F 2 0 7  « B F - 2 0 7
C A L M B A C H E R S T R A S S E  2 B F 5 3 0  = B F - 5 3 0 / 2 G
P O S T F A C H  1 6 0  L B S  10  я  L B - M A G - 5 1 0 / 1G 2 5
D - 7 5 4 7  W IL D B A D  
F E D *  R E P • OF G E R M AN Y

T E L :  0 7 0 8 1 / 3 9 8 1

C A N S  C A N B E R R A  I N D U S T R I E S *  IN C «  * 2 0 0 0  = * 2 0 0 0  N I M  S Y S T E M
4 5  G R A C E Y  A V E N U E  OMEGA = OMEGA W E L L  C O U N T IN G
M E R ID E N *  C T . 0 6 4 5 0  S Y S T E M
U S A

T E L :  2 0 3 / 2 3 8 - 2 3 5 1

E B E R  E B E R L  IN E  I N S T R U M E N T  C O R P .  S A M - 2  = S A M - 2  W ITH  D R M -1
A I R P O R T  ROAO R A T E M E T E R  AND R 0 - 1 5 U  S H I E L D
S A N T A  F E *  NM «8 7 5 0 1
U S A

T E L :  5 0 5 / 4 7 1 - 3 2 3 2
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E C I U  E L E C T R O N I C S  C O R P .  OF  I N D I A  L T D .  G R S 2 3  = G R S 2 3  N IM  S Y S T E M  
M A R K E T I N G  GR OUP  
H Y D E R A B A D  5 0 0 7 6 2  
I N D I A

T E L :  7 8 3 1 1

E L S C  E L S C I N T  L T D .  I N S 3 0  = I N S - 3 0  W E LL  C O U N T ER
S C I E N T I F I C  I N S T R U M E N T S  D I V I S I O N  I N S l l  = * I N S 1 1 S  C O U N T ER
A D V A N C E D  T E C H N O L O G Y  C E N T E R  E L N I M  = N IM  S Y S T E M
P . O .  8 0 X  5 2 5 8  R A 1 2 5  = * R A - 1 2 5  R A D I O -
H A I F A  3 1 - 0 5 1  IM M U N O A S S A Y  A N A L Y Z E R
I S R A E L

T E L Î  5 2 2 5 1 6

F R I E S E K E  & H O E P F N E R  GMBH« R I A M T  »  R IA M A T *  3 1 2  S A M P L E  A U T O M A T IC
D - 8 5 2 0  E R L A N G E N  C O U N T E R  W IT H  O I E H L  D S - 3 0 0
FED# R E P *  OF G E RM AN Y  C O M PU T ER

t e l : 0 9 i 3 i / 6 3 0 i

GAMMA M UEVEK N 2 1 3 8  = N Z - 1 3 8  W E L L  C O U N T ER
F E H E R V A R  I UT 8 5  N Z 3 1 0  = N Z - 3 1 0  C O U N T E R
P F . l  N Z 3 2 2  »  N Z - 3 2 2  C O U N T E R
H UN GARY

TEL.* 4 5 3 - 5 2 0

HARW H A R W E L L  I N S T R U M E N T A T I O N  H 6 0 0 0  = « 6 0 0 0  N I M  S Y S T E M
B U I L D I N G  3 4 7 / T 1 
H A R W E LL «  0 X 1 1  ORA 
UN I  TE D  K IN G D O M

T E L :  A B IN G D O N  ( 0 2 3  5 ) 4 1 4 1 - 2 4 6 8

I C N L  I C N  P H A R M A C E U T I C A L S  N . V .  
A N T W E R P S E  S T E E N W E G  2 7 7  
9 - 2 8 0 0  M E C H E L E N  
B E L G I U M

T E L :  0 1 5 / 2 1 - 6 3 - 5 1

G A M 5 0  = G A M M IN I  5 0  CO U N T ER  
G 3 . 3 3  = GAMMA 3 . 3 3  
G S 5 0 0  = GAMMA S E T  5 0 0  
4 02  ST = 4 0 2 S - T  E D U C A T I O N  

CO U N T E R

IN O T R O N  L T D .  I N P P 9  = 1 - 1 2 5  GAMMA C O U N T E R
N E W LAN D  HOUSE
NEW LAND  S T R E E T
EYN SH AM *  O X FO R D  0 X 8  1QW
U N I T E D  K IN G D O M

T E L  : 0 8 6 5 / 8 8 0 4 7 9

I N T E R T E C H N I Q U E  C 4 0 0 0  »  CG 4 0 0 0  C O U N T IN G
F - 7 8 3 7 0  P L A I S I R  S Y S T E M
F R A N C E

t e l : 1 / 4 6 0 3 3 0 0

J . &  P . E N G I N E E R I N G  ( R E A D I N G )  L T D .
P O R T M A N  HOUSE
C A R D I F F  ROAD
R E A D IN G «  RG1 8 T F  B E R K S .
U N I  T E D  K IN G D O M

M S 3 1 1  = 0 M S 3 1 1  -  * E P 1  
C O U N T ER  

J S C 6 0  «  S C  6 0  S Y S T E M  
S C I 2 0  = S C  1 2 0  S Y S T E M  
M S C 6 0  = MSC 6 0  S Y S T E M  
M S 1 2 0  = MSC 1 2 0  S Y S T E M

t e l : 0 7 3 4 / 5 9 8 5 4 4
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KONT K ON TR O N  T E C H N I K  GMBH 
B I O C H E M I S C H E  A N A L Y T I K  
O S K A R - V O N - M I L L E R  S T R A S S E  1 
0 - 8 0 5 7  E C H I N G  B E I  MUENCHEN  
F E D .  R E P .  OF G ERM AN Y

M R 101  = M R - 1 0 1  C O U N T I N G  S Y S T E M  
M R 2 5 2  = M R - 2 5 2  C O U N T IN G  S Y S T E M  
M 1 0 3 2  в  M R - 1 0 3 2  C O U N T I N G  SY STE M '

T E L :  0 3 1 6 5 / 7 7 - 1

L K B  P R O D U K T E R  AB  R 1 2 7 0  = 1 2 7 0  R A C K G AM M A
S - I  6 1 2 5  BROMMA U 1 2 8 0  = 1 2 8 0 - 0 0 4  U LTRO G AM M A
SW EDEN

T E L :  3 0 1 / 7 5 5 - 7 0 0 0

L U D L  L U D L U M  M E A S U R E M E N T S .  I N C .  
1 2 1 9  E A S T  BROAOWAY 
SW EET WATER. « T X .  7 9 5 5 6  
USA

t e l :  9 1 5 / 2 35 -54 9 4

L 2 0 0 0  = MODEL  * 2 0 0 0  P O R T A B L E  
S C A L E R

L 2 2 0 0  = M ODEL  * 2 2 0 0  P O R T A B L E  
S C A L E R  R A T E M E T E R  

L 2 6 0 0  = M ODEL  * 2 6 0 0  
S P E C T R O M E T E R

M I C R  M I C R O M E D I C  S Y S T E M S .  I N C .  M S 5 8 8  = M S - 5 8 8  C O U N T E R
1 0 2  W ITM ER  ROAD 
H O R S H AM .  P A . 1 9 0 4 4  
USA

T E L :  2 1 5 / 6 7 4 - 8 5 0 0

M I N I  M I N I - I N S T R U M E N T S  L T D .  M I 6 2 0  = M I N I - A S S A Y
8 .  S T A T I O N  I N D U S T R I A L  E S T A T E  
B U R N H A M - O N - C R O U C H .  E S S E X  CMO 8RN 
U N I T E D  K IN G D O M

T e l : 0 6 2 1 / 7 8 3 2 8 2

NU CE  N U C L E A R  E N T E R P R I S E S  L T D .  
S I G H T H I L L
E D IN B U R G H *  S C O T L A N D  E H H  4 EY 
U N I T E D  K IN G D O M

T E L :  0 3 1 - 4 4 3 - 4 0 6 0

N P S R 5  = * S R 5  C O U N T E R  
N E S T 6  = *  S T 6  S P E C T R O M E T E R  
N 1 6 0 0  = NE  1 6 0 0  M U L T I S A M P L E  

CO U N T E R  
N P S R 6  = P S R 6  P O R T A B L E  

S P E C T R O M E T E R

N U CL  TH E  N U C L E U S *  I N C .  
P . O .  BOX R 
OAK R I D G E .  T N . 3 7 8 3 0  
U S A

T E L :  6 1 5 / 4 8 3 - 0 0 0 8

N U 6 0 0  = * 6 0 0  GAMMA T E C  
N 1 0 0 0  *  1 0 0 0  C L I N I C A L  

S P E C T R O M E T E R  
N 1 2 0 0  = 9 1 0 0 0 / 1 2 0 0  S Y S T E M  
N 1 4 0 0  = » 1 0 0 0 / 1 4 0 0  S Y S T E M

O RTC  O R T E C *  I N C .  * 4 8 0 0  *  N IM  # 4 8 0 0  S Y S T E M
1 0 0  M I D L A N D  ROAD 
OAK R I D G E *  T N . 3 7 8 3 0  
USA

T E L :  6 1 5 / 4 8 2 - 4 4 1 1

P A C K  P A C K A R D  IN S T R U M E N T  COMPANY* 
2 2 0 0  W A R R E N V I L L E  ROAD  
DOWNERS GROVE*  I L . 6 0 5 1 5  
USA

t e l : 3 1 2 / 9 Ъ 9 - б о о о

P 5 1  0 5 = * 5 1 0 5  S Y S T E M
P R I A S = P R I A S  S Y S T E M
PMODI = M OD U M AT IC  I
MOD 11 = M O D U M A T IС I I
MDI I I = M O D U M AT IC  I I I
MOOVI = MOOU MATIC  V I
P 5 1 7 6 0 5 1 7 6  S Y S T E M
P 5 9 1 2 = # 5 9 1 2  MCA GAMMA

S Y S T E M
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P A N A X  E Q U IP M E N T  LTD #  
WILLOW  L A N E
M IT C H A M *  S U R R E Y  C R 4  4U X  
U N I T E D  K IN G D O M

T E L Î  0 1 - 6 4 6  7 0 6 0

M A B I O  a  M A N U A L - В I O S C I N T  
R R A 3 1  = C . 0 9 2 1 / R R A - 3 1 / 6  
A U B I O  = AUTO—B I O S C I N T  
N A A 1 7  = C . 0 5 1 2 / N A A - 1 7 B

P H I L  P H I L I P S  M E D I C A L  S Y S T E M S  
C O M B I N E D  S A L E S  D I V I S I O N  
C O N C E R N  P R O J E C T S  GROUP 
E IN D H O V E N  
N E T H E R L A N D S

A U S C H  = A U T O M A T IC  S A M P L E  
,  CH A N G E R

MNCTR  = M ANUAL  C O U N T E R  
P 4 5 6 0  = PW 4 5 8 0  S Y S T E M

T E L :  3 1 5 4 9 0 1 8 2 9 1

P I C K E R  I N T E R N A T I O N A L  C O R P .  P A C E !  = P A C E  1 W ITH
M E D I C A L  P R O D U C T S  D I V I S I O N  C A L C U L A T O R
5 9 5  M I N E R  ROAO 
C L E V E L A N D «  O H . 4 4 1 4 3  
USA

t e l :  2 1 6 / 449-3000

R A Y T  R A Y T H E O N  C O .  S I G M 2  = S I G M A  2  W ITH  2 3 0
M E D I C A L  E L E C T R O N I C S  W E LL  C O U N T E R
P . O .  BOX 3 9 7  
BUR L 1 N G T 0 N .  M A . 0 1 8 0 3
USA

T E L :  6 1 7 / 2 7 2 - 7 2 7 0

G* D .  S E A R L E « INC# 1 1 9 0 A = 0 1 1 9 0 A S Y S T E M
2 0 0 0  N U C L E A R D R I V E S 1 1 9 7 = 0 1 1 9 7  S Y S T E M
D E S  P L A I N E S . 1 L . 6 0 0 18 1 1 7 5 Z = 0 1 1 7 5 Z  S Y S T E M
USA 1 1 8 5 1 в 0 1 1 8 5 U  S Y S T E M

1 2 8 5 C = 0 1 2 8 5 C  S Y S T E M
T E L :  3 1 2 / 2 9 8 - 6 6 C 0

S H K M A D ZU  S E . I S A K U - S H O «  L T D R A 6 0 0  = R A W - 6 0 0  S Y S T E M
I Y O K I K I  J I G Y O - B U  A L 2 0 1  = A L - 2 0 1 A  S Y S T E M
K U W A B A R A -M A C H I  t .  N I S I N O K Y O
C H U K Y OK U
K Y O T O - S H I t  6 0 4
J A P A N

t e l :  075 / 8 1 1 - 1 1 1 1

T E C H N I C A L  A S S O C I A T E S  FM W 2 2  *  F M W -2 2
IN S T R U M E N T A T I O N  F O R  N U C L E A R  R E S *  FM W 23  = F M W -2 3
7 0 5 1  E T O N  A V E N U E  FMW 24 = F M W -2 4
C A N O G A  P A R K «  C A . 9 1 3 0 3  C C C 4 R  = C C C - 4 R
U S A  C O M P A R AT O R

S Y S T E M
S Y S T E M
S Y S T E M
C L I N I C A L  COUNT

T E L :  2 1 3 / 8 8 3 - 7 0 4 3

T E N N E L E C .  I N C .
6 0 1  O AK  R I D G E  T U R N P I K E  
OAK  R IO G E «  T N . 3 7 8 3 0  
U S A

T 2 0 0 0  «  T M - 2 0 0 0  S Y S T E M  
T 2 1 0 0  «  TM—2 1 0 0  S Y S T E M  
T 2 2 0 0  * TM—2 2 0 0  S Y S T E M

T E L :  6 1 5 / 4 8 3 - 8 4 0 5
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T E S L  T E S L A  • N R 6 0 3
K 0 V O  F O R E I G N  T R A D E  C O R P .
S O U D R U Z S K A  2 0 6 1  '
1 0 0  0 0  P R A H A  tO  S T P A S N I C E  
C Z E C H O S L O V A K  I A

TO SH  T O S H I B A  M E D I C A L  S Y S T E M S  CO» R I 5 2 A
2 6 - 5 «  3 - C H O M E  i
HONGO* B U N K Y O - K U '
T O K YO *  1 1 3  
J A P A N

T E L  Î 0 3 / 8 1 5 - 7 2 1 1

U N I N  U N IO N  C A R B I D E  C O R P O R A T IO N  C E N T R
C L I N I C A L  D I A G N O S T I C S  
4 0 1 TH EO D OR E  FR E M D  A V EN U E  
R Y E *  N Y . 1 0 5 8 0
USA

T E L ?  9 1 4 / 9 6 7 - 7 0 0 0

WENZ W E N Z E L  E L E C T R O N I K  W ENIM
W A R D E I N S T R A S S E  3  
D - 8 0 0 0  M UE N CH E N  
F E D • R E P *  OF G E R M A N Y

T E L :  0 8 9 / 9 8  6 5  5 8

W I L J  W I L J  I N T E R N A T I O N A L  L T D .  # 2001
K I N G S N O R T H  I N D U S T R I A L  E S T A T E  # 2 2 0 1
A S H FO R D *  K E N T  T N 2 5  2LW 
U N I T E D  K IN G D O M

N R G  6 0 3  GAMMA AUTOMAT 
W ITH  P R I N T E R

* R D I - 5 2 A  S Y S T E M

C E N T R I A  C O U N T E R /  
C O M PU T ER

N IM  S Y S T E M

0 2 0 0 1  M AN U AL  C O U N T ER  
* 2 2 0 1  A U T O M A T IC  
C O U N T ER

T E L :  0 2 3 3 / 3 2 1 3 1



В. LIQUID SCINTILLATION COUNTING SYSTEMS
V

1. Explanation of column headings and coding
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MANUFACTURER. Name of firm or facility producing instrument, in abbreviated 
form to fill 4 spaces.
MODEL. Instrument model identified by manufacturer's description, contracted 
if necessary to fill 5 spaces.
PRICE. Price category (for export, FOB factory, as of July 1977) for the 
instrument as described in the tabulation, but excluding those items identified
as optionally offered or "avail:

A ¿ $ 1,000
В 1,000 - $ 2,000
С »* 2,000 - % 4,000
D 4,000 - S 6,000
E >$ 6,000 - s 10,000
F 10,000 - $ 15,000
G 15,000 - $ 20,000
H >* 20,000 - $ 30,000
I 30,000 - $ 40,000
J 40,000

PHS. Pulse-height selection.
1 = Threshold discriminator only
2 = One single—channel analyzer
3 = Two single—channel analyzers
4 = More than two single-channel analyzers, or a multi-channel analyzer.

'PHS OPT. Does manufacturer optionally offer any other pulse-height selection?
Y = Yes
N = No

ISOTOPE SEL. Is preset isotope selection offered?
Y = Isotope selection by button, plug, card, etc.
N = Isotope selection only by dial(s), or no adjustment outside cabinet.

SAMP. VOL. Volume of largest liquid sample that is ordinarily counted, as 
quoted by manufacturer, to nearest ml.
SAMP. VOL. SEL. Does manufacturer optionally offer detector assemblies optimized 
for other sample volumes?

Y = Yes
N = No

SAMP. <f>. Diameter of largest counting vial that will fit into sample well, as 
quoted by manufacturer, to nearest mm.

PUT'S. Number of phototubes in detector‘assembly.
REFRIG. Is refrigeration of phototubes provided?

Y =. Yes 
N = No
A = Available, but not included with this entry.
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SHIELD (mm). Thickness of lead shield, as quoted Ъу manufacturer, to nearest mm.
SPILL PROT. Is some method of spill protection in the form of plastic inserts, 
provided, or are motor-stopping switches included to limit sample-changing 
motion in case of jammed vial?

Y = Yes 
N = No
A = Available, but not included in this entry.

NO. OF SAMP. Sample capacity of instrument per loading.
EFF. TRITIUM. Percent counting efficiency for tritium as unquenched sample 
in toluene or equivalent at background level given in next entry.
BKG. TRITIUM. Background level in counts/minute for counting tritium as 
unquenched sample in toluene or equivalent at efficiency given in last entry.
EXT. STAND. Chemical symbol for external standardization source used (e.g.,
Ra, Ba, Cs, Am, etc.). Letters "XX" signify that external standardization 
is not used, "00" that external standardization source is not known.
DATA REDUCTION., Data reduction capability of instrument.

0 = None
1 = Basic calculations: e.g., background subtraction, automatic

calculation of quench correction, counts per minute, etc.
2 = Same as (l), plus ability to convert counts per minute to

concentration in unknowns from data on standards.
QUAL. ASS. Quality assurance available for sample counting.

0 = Nothing more than preset timing
1 = Preset count, coefficient of variation, etc.
2 = Same as (l), plus comparison of background with previous background,

comparison of reference with previous reference, etc.
VIS. DISP. Is at least one visual display included?

Y = Yes
N = No
A = Available, but not included with this entry.

SIMUL. VIS. DISP. Does each channel have separate visual display so that 
channel counts may be simultaneously observed?
. Y = Yes 
N = No
A = Available, but not included with this entry.

Figure 1 signifies single-channel instrument with a single display, 0 that 
no visual displays are included or available.
PRINT OR TTY. Is printer included?

Y = Yes 
N = No
A = Available, but not included with this entry.

INTERFACE. Does manufacturer include interface to a computer or programmable 
calculator for on-line data processing?

Y = Yes 
N = No
A = Available, but not included with this entry.



534 MORRIS and DUDLEY

OFF-LINE COMP. Does manufacturer include output (e.g., teletype punch, paper— 
tape punch, magnetic tape unit, cassette tape unit, etc.) that allows data to 
be transferred off-line to a computer?

Y = Yes
N = No
A = Available, but not included with this entry.

POWER OPT. Power options available.
E = European: 220 VAC/50 Hz
A = American: 120 VAC/60 Hz
U = Both E and A, or can be ordered for either E or A.

WATTS. Rated power consumption in watts.
BATTERY OPER. Is it possible to operate instrument using standard or optional 
battery supplies, or are power requirements less than 50 watts such that a 
battery-inverter supply can be conveniently used?

Y = Yes 
N = No

NIM, CAMAC CONST. Are NIM, CAMAC, or equivalent forms of modular construction 
employed?

Y = Yes 
N = No
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2. liquid scintillation counting systems sorted according to manufacturer, then price
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A LO K L C 7 5 1 H 3 N Y 7 N 1 7 2N
A LO K L C 6 7 3 I 4 YN 2 0 N 2 8 2N

B E C K L S I  0 0 с 4 N Y 2 0 Y 2 8 2 A 5 0  Y
B E C K L 3 1 5 5 H 4 NY 1 8 N 2 8 2 A 5 0  Y
B E C K L 9 0 0 0 I 4 Y Y 1 8 N 2 8 2 A 5 0  Y

B E R T B F 5 2 3 I 4 NN 2 0 Y 2 8 2 Y 6 5 Y
B E R T B F Ö 2 0 J 4 N Y 2 0 Y 2 8 2 Y 1 0 0 Y

EC  I L L S S 2 0 e 3 Y N 2 0 N 2 8 2N 13N
Í E C I L L S S 3 4 с 3 YN 2 0 N 2 8 2N 1 3 Y

Î C N L C M 1 0 1 F 3 Y N 3 Y 2N 51  N
I C N L C 2 7 2 4 H 3 N Y 2N

I N T R I S L 3 2 H 4 N Y 2 0 Y 2 8 2Y 51  N
I N T R S 4 2 2 1 I 4 N Y 2 0 Y 2 8 2 Y 5 1 N

KOMT M R 3 0 0 T 3 Y Y 2 0 Y 2 8 2 Y

L K B Í * 1 2 1 0 I 4 NY 2 0 N 2 8 2 Y 70  Y
L K B I # 1 2 1 5 J 2 0 Y 2 3 2 Y

N U C E # L S M  1 D 2 Y N 2N
N U C E # L S C l F 3 YN 2 0 Y 2 8 2N
N U C E N 8 3 1 0 H 4 Y N 20 2N

P A C K P R I  AS H 3 N N 7 Y t  7 2N 4 0 N
P A C K # 2 4 2 5 H 3N N 2 0 Y 2 8 2A 60 N
» A C K # 3 2 5 5 H 3 N Y 2 0 Y 2 8 2 Y 6 0 N
p a c k # 2 6 5 0 J 3 M Y 2 0 Y 2 8 2 Y 6 0 N

P H I L P 4 5 4 0 H 4 Y Y 2 0 Y 2 5 2 Y 7 6  Y

S E A R D L 3 0 0 F 3 N Y 2 0  2 8 2N
S E A R « 6 8 9 2 H 3 N Y 2 Y
S E A R MKI  I  I H 3 N Y 2 Y

T E C H S S S 1 2 c 2 N N 9 9 Y 5 1 1N 51  N

5 0 0 60 15 e s 11 YN Y N N
2 0 0 6 0 2 0 C S 11 YN Y Y N Y

1 00 5 7 2 4 CS 11 YN Y NN U 6 0 0 N N
3 0 0 6 0 2 4 C S 11 YNY YA J 8 6 4 N N
3 0 0 6 0 2 0 CS 22 YN Y Y Y U 8 6 4 N N

3 0 0 5 7 16 CS 2 2 YN Y Y Y U 5 7 5 N N
3 0 0 5 7 15 CS 22 YN Y YA J 3 5 0 N N

1 4 0 8 0 X X 01 Y Y A NA e l  10 N Y
1 0 0 3 0 1 0 0 X X 01 YN Y NA E 3 5 0 N Y

1 RA 01 YN Y NN U N N
2 0 0 6 0 2 4 00 11 YN Y Y N N

2 0 0 6 0 2 2 RA 11 YN Y YY U 1 1 7 0 N N
4 0 0 6 0 2 2 RA 2 2 YN Y YY u 1170 N N

3 0 0 BA 11 Y N Y AY y N N

2 0 0 5 8 13 P A 2 2 Y N Y Y Y u 5 0 0 N N
3 0 0 6 0 Y Y Y N N

1 51 3 8 X X 01 YAN NN A 4 6  * Y N
1 5 5 2 5 X X 00 Y Y A NA U 1 2 5 N Y

4 0 0 5 5 18 CS 2 2 YN Y YA N

2 4 0 6 0 1 5 R A 1 1 Y N Y NA u 9 3 6 N N
1 5 0 6 0 15 PA 11 YNY NA u 4 50 N N
3 0 0 6 0 15 RA 2 2 Y N Y Y Y u 9 0 0 N N
4 5 0 6 0 15 RA 2 2 YN Y Y Y u 1 1 70 N N

3 0 0 6 0 1 8 0 0 11 YN Y YY u 6 5 0 N M

3 0 0 6 0 BA 1 1 NOY NY u 2 70 N N
3 0 0 6 3 B A 11 NOY Y J 9 0 0 N N
3 0 0 6 0 1 8 S A 22 YN Y Y Y u 1 0  80 N N

1 XX 01 Y I  A NN J 15 Y N
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3. Liquid scintillation counting systems sorted according to sample capacity, then price
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T E C H S S S 1  2 С 2N N 9 9 Y 5 1 IN 5 I N 1 XX 01 Y I  A NN U 15
N U C E # L S 4 t 0 2 Y N 2N 1 51 3 8 XX 01 Y A N NN A 46
EC  I L L S S 2 0 E 3 Y N 20SÍ28 2N 134 1 4 0 8 0 XX 01 Y Y  A NA F 1 10
NU C E # L S C 1 F 3 Y N 2 0 Y 2 8 2N 1 5 5 2 5 X X 00 YY Ü NA u 1 25
I C N L C M 1 0 1 F 3 Y N 3Y 2N 5 1N 1 RA 01 Y N Y NN и

EC  I L L S S 3 4 F 3 Y N 2 0 N 2 8 2N ï  3Y 1 0 0 3 0 1 0 0 XX 01 Y N Y NA E 3 5 0
B E C K L S I  0 0 с 4 N Y 2 0 Y 2 3 2 A 5 0 Y 1 0 0 5 7 2 4 c s 11 Y N Y NN ■J 6  00

P A C K # 2 4 2 5 H 3NN 2 0 Y 2 3 2  A 6 0 N 1 5 0 6 0 1 5 RA 11 YNY NA u 4 5 0

t C N L С 2 7 2 4 'H 3 N Y 2N 2 0 0 6 0 2 4 0 0 11 YN Y Y
IM T R I S L 3 2 H A N Y 2 0 Y 2 3 2Y 5 1 N 2 0 0 60 2 2 RA 11 YN Y Y Y и 1 1 7 0
A L O K L C 6 7 3 I 4 Y N 2 0 N 2 8 2N 2 0 0 6 0 2 0 C S 1 1 YN Y Y
L K B I # 1 2 1 0 I 4 N Y 2 0 N 2 B 2Y 70  Y 2 0 0 5 8 13 PA 2 2 YN Y Y Y и 5 0 0

P A C K O P I  A S H 3N N 7 Y 1 7 2N 2 4 0 6 0 15 P A 1 1 YN Y NA и 9 3 6

S E  AO D L 3 0 0 F 3 N Y 2 0  2 9 2N 3 0 0 6 0 BA 11 NOY NY и 2 7 0
S E A R # 6 0 9 2 H 3 N Y 2Y 3 0 0 6 3 BA 11 NOY Y и 9 0 ?
P A C K # 3 2 5 5 H 3 N Y 2 0 Y 2 8 2Y AON 3 0 0 6 0 15 RA 2 2 Y N Y Y Y и 9 0 0
B E C K L. 31 5 5 H 4 N Y 1 3 N 2  8 2 A 5 0  Y 3 0 0 6 0 2 4 C S 11 YNY Y A и 8 6 4
S E A * MKT I I H 3 N Y 2Y 3 0 0 6 0 1 8 BA 22 Y N Y Y Y и I 0 8 0
P H I L P 4 5 4 0 H 4 Y Y 2 0 Y 2 5 2 V 7 6 Y 3 0 0 6 0 1 3 0 0 11 Y N Y YY и 6 5 0
KHNT M R 3 0 0 I 3 Y Y 2 U Y 2 8 2 Y 3 0 0 BA 11 YN Y AY и
B E R T B F 5 2 3 T 4 N N 2 0 Y 2 3 2Y 6 5 Y 3 0 0 5 7 1 6 C S 2 2 YNY Y Y 11 5 7 5
B E C K L 9 0 0 0 I 4 Y Y 1 0 N 2 8 2  A 5 0  Y 3 0 0 6 0 2 0 cs 2 2 YN Y Y Y и 8 6 4
B E R T B F 8 2 0 J 4 N Y 2 0 Y 2 8 2 Y 1 0 0 Y 3 0 0 5 7 16 cs 2 2 YNY YA и 3 5 0
L K B I # I 2 1 S J 2 0 Y 2 8 2Y 3 0 0 6 0 Y  Y Y

N*JCE N 8 3 1 0 H 4 Y N 20 2N 4 0 0 5 5 1 8 cs 2 2 YN Y YA
I N T R S 4 2 2 1 I 4 N Y 2 0 Y 2 3 2 Y 51 N 4 0 0 6 0 2 2 RA 2 2 YN Y Y Y и 1 1 7 0

P A C K # 2 6 5 0 J 3 N Y 2 0 Y 2 8 2 Y 6 0 N 4 5 0 6 0 1 5 RA 2 2 YN Y YY и 1 1 70

A LO K L C 7 5 1 H 3 N Y 7 N 1 7 2N 5 0 0 6 0 15 cs 11 YN Y
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4. Manufacturers of liquid scintillation counting systems and their instrument models

A L O K A  C O • L T O .
С / О  К • AFGANO Д СО* • LTD«  
C E N T R A L  P . O .  BOX 1 7 0 1  
TO K YO  1 0 0 - 9 1  
J A P A N

L C 7 5 I  = L S C - 7 5 1 5  M I N I - V 1 A L  
, 5 0 0  S A M P L E  CO U N T ER

L C 6 7 3  = L S C - 6 7 3 ;  H IG H  P E R F O R M A N C E  
2 0 0  S A M P L E  CO U N T ER

T E L Î  6 6 6 - 8 1 5 1

B E C K M A N  IN S T R U M E N T S  C O .  
S C I E N T I F I C  IN S T R U M E N T S  D I V I S I O N  
2 5 0 0  H AR BO R  B O U L E V A R D  
F U L L E R T O N .  C A . 9 2 6 3 4  
USA

T E L :  7 1 4 / 8 7 1 - 4 8 4 8

L S - I O O C ;  1 0 0  S A M P L E  
L I Q U I D  S C I N T I L L A T I O N  S Y S T E M  
L S - 3 1 5 5 P J  3 0 0  S A M P L E  
L I Q U I D  S C I N T I L L A T I O N  S Y S T E M  
L S - 9 0 0 0 T ;  3 0 0  S A M P L E  
L I Q U I D  S C I N T I L L A T I O N  S Y S T E M

B E R T H O L D  L A B O R A T O R I U M  
C A L M B A C H E R S T R A S S E  22  
P O S T F A C H  1 6 0  
D - 7 5 4 7  W IL D B A D  
F E D .  R E P .  OF G E RM AN Y

8 F 5 2 3  = B F - 5 2 3 - S 1 Î  3 0 0  S A M P L E
L I Q U I D  S C I N T I L L A T I O N  S P E C T .  

B F 8 2 0  = B F - 8 2 0 ;  3 0 0  S A M P L E  
M U L T I - U S E R  L S C

T E L :  0 7 0 8 1 / 3 9 8 1

E L E C T R O N I C S  C O R P .  OF I N D I A  L T D .  
M A R K E T I N G  GROUP 
H Y D E R A B A D  5 0 0 7 6 2  
I N D I A

S S 2 0  = L S S 2 0 • M A N U A L  L I Q U I D  
S C I N T I L L A T I O N  S Y S T E M  

L S S 3 4  = L S S 3 4 • 1 0 0  S A M P L E
L I Q U I D  S C I N T I L L A T I O N  S Y S T E M

T E L :  7 8 3 1 1

I C N  P H A R M A C E U T I C A L S  N . V .  
A N T W E R P S E  S T E E N W E G  2 7 7  
B - 2 8 0 0  M E C H E L E N  
B E L G I U M

C M I O l  * C M F - l O i ;  CO R U F LO W .  F L O W - T Y P E  
L I Q U I D  C O U N T I N G  S Y S T E M  

С 2 7 2 4  = CORUM AT  * 2 7 2 4 / 2 L $  2 0 0  S A M P L E  
L I Q U I O  S C I N T I L L A T I O N  C O U N T E R

T E L :  0 1 5 / 2 1 - 6 3 - 5 1

IN T R  I N T E R T E C H N I Q U E  
F - 7 8 3 7 0  P L A I S I R  
F R A N C E

T E L :  1 / 4 6 0 3 3 0 0

S 4 2 2 1  = S L 4 2 2 1 * 4 9 0  S A M P L E  L I Q U I D
S C I N T I L L A T I O N  C O U N T IN G  S Y S T E M  

I S L 3 2  = S L 3 2 ;  2 0 0  S A M P L E  L I Q U I D  
S C I N T I L L A T I O N  COUNTER

KONT K O N T R O N  T E C H N I K  GMBH M R 3 0 0  = M R - 3 0 0 ?  3 0 0  S A M P L E
B I O C H E M I S C H E  A N A L Y T I K  L I Q U I D  S C I N T I L L A T I O N  C O U N T E R
O S K A R - V O N - M I L L E R  S T R A S S E  1 
D - 8 0 5 7  E C H I N G  B E I  M UENCHEN 
F E D .  R E P .  OF G ERM AN Y

T E L :  0 8 1 6 5 / 7 7 - 1

L K B  P R O D U K T E R  AB  
S - 1 6 1 2 5  BROMMA 
SW ED EN

T E L :  3 0 1 / 7 5 5 - 7 0 0 0

0 1 2 1 0  -  # 1 2 1 0  U L T R A B E T A :  2 0 0  S A M P L E  
L I Q U I D  S C I N T I L L A T I O N  C O J N T E R  

# 1 2 1 5  *  # 1 2 1 5  R A C K B E T A ;  3 0 0  S A M P L E
L I Q U I D  S C I N T I L L A T I O N  C O U N T ER
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S I G H T H I L L
E D IN B U R G H *  S C O T L A N D  E H 1 I  4 E Y  
U N I  T E D  K IN G D O M

T E L  î  0 3 1 - 4 4 3 - 4 0 6 0

#LSM 1  S L S M - i ;  m a n u a l

L I Q U I D  S C I N T I L L A T I O N  C O U N T E R  
# L S C I  = L S C - i ;  m a n u a l

L I Q U I D  S C I N T I L L A T I O N  C O U N T E R  
N 8 3 1 0  = N E 8 3 1 2 *  4 0 0  S A M P L E  A U T O M A T IC  

B E T A  S P E C T R O K fë T E R

P A C K A R D  IN S T R U M E N T  COM PAN Y*  
2 2 0 0  W A R R E N V I L L E  ROAD  
DOW NERS GROVE*  I L . 6 0 S 1 5  
USA

T E L :  3 1 2 / 9 6 9 - 6 0 0 0

P R I A S  = P R I A S ;  2 4 0  S A M P LE
L I Q U I D  S C I N T I L L A T I O N  C O U N T E R  

* 2 4 2 5  = # 2 4 2 5 ;  1 5 0  S A M P L E
TR  I - C A R В S P E C T R O M E T E R  
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T R I - C A R B  S P E C T R O M E T E R  
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T R I - C A R B  S P E C T R O M E T E R

P H I L  P H I L I P S  M E D I C A L  S Y S T E M S  P 4 5 4 0  = P W - 4 5 4 0 ;  3 0 0  S A M P L E  L I Q U I D
C O M B I N E D  S A L E S  D I V I S I O N  S C I N T I L L A T I O N  A N A L Y 2 E R
C O N C E R N  P R O J E C T S  GROUP 
E I N D H O V E N  
N E T H E R L A N D S

T E L :  3 1 5 4 9 0 1 6 2 9 1

G«D* S E A R L E *  IN C *
2 0 0 0  N U C L E A R  D R I V E  
D E S  P L A I N E S .  I L . 6 0 0 1 8  
U S A

t e l :  3 1 2 / 29 8-6600

# 6 8 9 2  = # 6 6 9 2 ;  3 0 0  S A M P L E  L I Q U I D
S C I N T I L L A T I O N  S P E C T R O M E T E R  

M K I I I  = MARK H i ;  3 0 0  S A M P L E  L I Q U I D  
S C I N T I L L A T I O N  S Y S T E M  

I S 3 0 0  = I S O C A P  3 0 0 ;  300 S A M P L E  _ 1 Q U ID  
S C I N T I L L A T I O N  C O U N T IN G  S Y S T E M

T E C H  T E C H N I C A L  A S S O C I A T E S  S S S 1 2  = S S S - 1 2 ;  M A N U A L  C O U N T IN G  S Y S T E M
I N S T R U M E N T A T I O N  FO R  N U C L E A R  R E S *  S C I N T I L L A T I O N  A N A L Y Z E R
7 0 5 1  ETON A V E N U E  
C A N O G A  P A R K .  C A . 9 1 3 0 3  
USA

T E L :  2 1 3 / 8 8 3 - 7 0 4 3
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The following conversion table is provided for the convenience of readers and to encourage the use of SI units.

FACTORS FOR CONVERTING UNITS TO SI SYSTEM  EQUIVALENTS*

SI base units are the metre (m), kilogram (kg), second (s), ampere (A), kelvin (K|, candela (cd) and mole (mol).
[For further information, see International Standards ISO 1000 (1973), and ISO 31/0 (1974) and its several parts]

Multiply by to obtain

Mass

pound mass (avoirdupois) 1 Ibm = 4.536 X IO '1 kg
ounce mass (avoirdupois) 1 ozm = 2.835 X 101 g
ton (long) {= 2240 tbm) 1 ton = 1.016 X 103 kg
ton (short) (= 2000 Ibm) 1 short ton = 9.072 X 102 kg
tonne (= metric ton) 1 t - 1.00 X 103 kg

Length

statute mile 1 mile = 1.609 X 10° km
yard 1 yd = 9.144 X 10“1 m
foot 1 ft = 3.048 X 10“1 m
inch 1 in = 2.54 X 10-2 m
mil (= 10‘ 3 in) 1 mil = 2.54 X 10~2 mm

Area

hectare 1 ha = 1.00 X 104 m2
(statute mile)2 1 mile2 2.590 X 10° km2
acre 1 acre = 4.047 X 103 m2
yard2 1 yd2 = 8.361 X 10“' m2
foot2 1 ft2 = 9.290 X 1 0 '2 m2
inch2 1 in2 = 6.452 X 102 mm2

Volume

yard3 1 yd3 7.646 X 10’ 1 m3
foot3 1 ft3 = 2.832 X 1 0 '2 m3
inch3 1 in3 = 1.639 X 104 mm3
gallon (Brit, or Imp.) 1 gal (Brit) = 4.546 X 10"3 m3
gallon (US liquid) 1 gal (US) = 3.785 X 1Ö'3 m3
litre 1 I = 1.00 X 10“3 m3

Force

dyne 1 dyn = 1.00 X 10_s N
kilogram force 1 kgf = 9.807 X 10° N
poundal 1 pdl = 1.383 X 1 0 '1 N
pound force (avoirdupois) 1 Ibf = 4.448 X 10° N
ounce force (avoirdupois) 1 ozf = 2.780 X 10"‘ N

Power

British thermal unit/second 1 Btu/s = 1.054 X 103 W
calorie/second 1 cal/s = 4.184 X 10° W
foot-pound force/second 1 ft ■ Ibf/s = 1.356 X 10° w
horsepower (electric) 1 hp = 7.46 X 102 w
horsepower (metric) (= ps) 1 ps = 7.355 X 102 w
horsepower (550 ft lbf/s) 1 hp = 7.457 X 102 w

* Factors are given exactly or to a maximum of 4 significant figures



Multiply by to obtain

Density

pound  m ass/inch3 1 lb m / in 3 = 2 .768  X  104 kg /m 3
pound  m ass/foo t3 1 lb m / f t3 = 1.602 X  10* k g /m 3

Energy

B ritish  the rm a l u n it 1 Btu = 1.054 X 103 ' J
calorie 1 cal = 4 .1 8 4  X 10° J
e lec tron -vo lt 1 eV 1.602 X 1 0 '1!> J
erg 1 erg = 1.00 X  1 0 "7 J
fo o t-p o u n d  fo rce 1 f t  ■ Ib f = 1.356 X  10° J
k ilo w a tt-h o u r 1 kW -h = 3 .60  X  106 J

Pressure

new tons/m etre2 1 N /m 2 = 1.00 Pa
atm osphere3 1 atm = 1.013 X 10s Pa
bar 1 bar = 1.00 X 10s Pa
centim etres o f  m ercu ry (0°C) 1 cm Hg = 1.333 X 103 Pa
dyn e /ce n tim e tre 2 1 d y n /c m 2 = 1.00 X 10_1 Pa
fee t o f  w a ter (4°C) 1 f tH 20 = 2.989  X 103 Pa
inches o f  m ercu ry  (0°C) 1 inHg = 3 .3 8 6  X  103 Pa
inches o f  w a te r (4°C) 1 in H 20 = 2.491 X  102 Pa
k ilog ram  fo rce /ce n tim e tre 2 1 kg f/c m 2 = 9 .807  X  10“ Pa
pound  fo rc e /fo o t2 1 I b f / f t 2 = 4 .788  X  1 0 1 Pa
pound  fo rc e /in c h 2 (= ps i)* 1 Ib f / in 2 = 6 .895  X 103 Pa
to r r  (0°C ) (=  rnmHg) 1 to rr = 1.333 X 102 Pa

Velocity, acceleration

inch/second 1 in/s = 2.54 X  1 0 ' m m /s
foo t/secortd  (= fps) 1 f t /s = 3 .048  X  10~‘ m /s
fo o t/m in u te 1 f t /m in = 5 .08  X  Ю ^3 m /s

Í4 .4 7 0  X  1 0 '1 m /s
m ile /h o u r (= m pb) 1 m ile /h

[1 .6 0 9  X  10° k m /h
kn o t 1 kn o t = 1.852 X 10° km /h
free fa ll,  standard (= g) = 9.807  X 10° m /s2
fo o t/se co n d 2 1 f t /s 2 = 3 .0 4 8  X 1 0 " ‘ m /s2

Temperature, thermal conductivity, energy/area- time

Fahrenhe it, degrees —32 ° F - 3 2 \ 5 r ° c
Rankine °R  I 9 1  к
1 B tu - in / f t2 s- °F = 5 .189  X  102 W /m -К
1 B tu / f t -s -  °F = 6.226  X  1Ö1 W /m  К

1 ca l/cm -s*°C = 4.1 8 4  X  102 W /m  К

1 B tu / f t2 -s = 1.135 X  104 W /m 2

1 ca l/cm 2 m in = 6.973  X  102 W /m 2

Miscellaneous

fo o t3 /second 1 f t 3 /s 2 .832  X 10 "2 m 3 /s
fo o t3/m in u te 1 f t 3 /m in = 4 .719  X  10"4 m 3 /s
rad rad = 1.00 X 1 0 '2 J /kg
roentgen R = 2 .580  X 10"4 C/kg
curie Ci = 3 .7 0  X 1010 d is in tegra tion /s

*  a tm  abs: atmospheres absolute; 
a tm  (g): atmospheres gauge.

Ь Ib f / in 2 (g) { =  psig): gauge pressure;
lb f / in 2 abs (= psia): absolute pressure.
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