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FOREWORD

Measurements of radioactivity in body organs in vivo
entail physical and other problems which do not arise in measure-
ments of radioactivity in vitro. Prom 8-12 December 19̂ 9 the
International Atomic Energy Agency convened at its Headquarters
in Vienna a panel of experts to review the existing status of
techniques for such measurements. The report of this panel has
been submitted for publication to scientific journals in the
English, Franch, Russian and Spanish languages.

The various working papers presented during the meeting
of the panel, which contain information supplementary to that
given in the report, have been gathered together in this document,
in order that they may be available to all interested persons.
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MEASUREMENT OF RADIOISOTOPE UPTAKE IN BODY ORGANS.
INTRODUCTORY SURVEY WITH SPECIAL REFERENCE TO THE

USE OF EXTERNAL STANDARDS

N. Veall
Radioisotopes Division

Medical Research Council, Clinical Research Centre
Harrow, Middlesex, England

ABSTRACT

This paper analyses the general problems of measurement of
radioactivity in body organs in vivo in terms of the radiation
field in and around the body of the subject and the sensitivity
field of the detector. Two situations are distinguished, that
in which radioactivity is present only in the organ under study
and that in which radioactivity is also present in adjacent
organs or regions. The applicability of methods involving
calibration with an external standard in these two situations is
considered. This is shown to depend on the contribution of
radioactivity in adjacent organs or regions to the measurements.
Methods of reducing this contribution based on collimation of
the detector and on adjusting its spectral response are described.
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Introduction
Most in-vitro radioactivity measurements consist of the com-parison of the activity of a sample with that of a counting

standard (which is usually an aliquot of the administered dose)
under effectively identical conditions. It is relatively easyto satisfy this requirement, particularly when Y~i"ay activity
is measured in a well-type scintillation counter, so that themain preoccupation is with sensitivity and background levels as
they affect the statistical accuracy of the measurements.

When the sample to "be measured consists of a particular
organ within the body, and the measurements are carried out
with one or more external detectors, the statistical factorsare still operative, but various other factors which have such
a trivial effect on in-vitro measurements that their influencetends to be overlooked assume major importance. It thenbecomes a much more difficult problem to ensure that the coun-
ting standard and the "sample" are being measured under effec-tively the same conditions.

Some 20 years ago (1) an attempt was made by the present
writer to outline the problems associated with in-vivo radio-
activity measurements in patients. The problems remain, and
further complexities have been introduced with the availabilityof more sophisticated radiation detectors in the form of scin-
tillation spectrometers. However, at the instigation of theICB.U, some preliminary work has been done in recent years witha view to developing a more precise formulation of the overallproblem.

In clinical studies it is generally assumed, often withlittle Justification, that the observed count rate obtainedwith a detector placed in the vicinity of a particular organ
bears some simple relationship to the radioactive content ofthat organ. The primary question is to what extent is theassumption valid in a given situation ? What appears to be auseful approach to this question was suggested by Albarède (2).In brief, as a result of the presence of radioactivity within
the body, there exists a radiation field in and around the body
which is superimposed on the field due to background activity.The field at any point P is characterised by its intensity andits energy spectrum, that is to say, the overall intensity isthe sum of the intensities due to the different fields which
correspond to different regions of the energy spectrum.Similarly, a given radiation detector system can be character-ised by a series of sensitivity fields corresponding to differ-ent radiation energies and the observed sensitivity field isthe sum of the sensitivities over the entire energy spectrum.The observed counting rate obtained under given experimentalconditions is the resultant of the interaction of the radiationfield with the sensitivity field of the counter.
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The radiation field
One may consider a small volume of tissue dV situated withinsome organ of the body, containing a concentration C(V,t) jjiCi/cm? of a Y-eiBitting nuclide at time t and its contribution tothe radiation field at a point P outside the body. If therewere no activity in any region other than dV, the contributionto the radiation field R at point P due to radiation from theelement dV would be given by

where \i is a constant whose value is dependent on the primaryY-ray energy (it is assumed that the body tissues are of effec-tively uniform elementary composition and density), r is thedistance between dV and P, and x is that part of the distance rwhich lies within tissue. For the present purpose a unit fieldintensity corresponding to a specified energy can be regardedas the field at 1 cm from a point source of 1 p,Ci emittingmonochromatic Y~rays of the specified energy. Under theseconditions the radiation field at point P due to the element dVis proportional to the activity C and is fairly readily calcula-ted. Furthermore, the energy spectrum at the point P remainsunmodified.
In actual situations there is always activity in regionsother than the volume element dV, with the result that there isa radiation field with a continuous energy spectrum at thepoint in space occupied by the element dV. This field is thesum total of all the contributions made by the activities inall the other volume elements which go to make up the wholebody. The interaction of this radiation field with the mattercontained in the volume dV results in the emission of scattered

radiation from dV, which contributes to the radiation field atthe point P. The energy spectrum of this contribution is a
continuous one, superimposed on that of the primary radiation,
and its shape is determined by a large number of factors. Theimportant point is that, as a result of the scattering processeswithin the body, the volume dV acts as a virtual source ofradiation whose strength is independent of the radioactivityconcentration C within the volume element and which would stillexist even if 0 were zero in the element dV. Thus, the radia-tion field at the point P due to the element dV is no longerdirectly proportional to the concentration C within the elementdV, and is no longer amenable to calculation except in a fewsimple cases and with the use of complex statistical techniquesand advanced computer facilities (the Monte Carlo method).Nevertheless, the concept is worth exploring further.

The actual intensity of the radiation field at P is the sumtotal of all the contributions from all the elements dV in thebody. The energy spectrum of the field at this point will bethe sum of all the spectra from the elements dV weightedaccording to their intensities, the latter will, of course,consist of a number of spectra when the nuclide has more than
one Y-ray. Finally, the variation of the intensity and energy
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Usually, the response pattern of the detector system isdetermined by moving a point source in a single plane. Thisresults in a pattern of the type shown in Pig. 2a. Although
Fig. 2
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J,principle such a diagram embodies the information necessaryfor the evaluation of a particular detector system, it tendsto be misleading by giving an overoptimistic impression; andfurther processing of the data is desirable if a meaningfulpicture is to be obtained. Any recommendation as to how thismay best be done involves subjective judgements and istherefore open to argument. However, there can be littledoubt that the first step should be to take into account thefact that the response field is three dimensional and not aplane. Pig. 2b shows the effect of multiplying the observedvalues by 2 frr.Ar to show the response to successive cylindri-cal shells containing activity. It can be seen that, becauseof the larger volumes concerned, activity outside the 1C$ linecontributes a good deal towards the observed count rate, andit is highly desirable that measurements be extended at least
to the 1% level.
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Interaction between the radiation field around the body and thesensitivity field of the detector
Evidently, the objective in in-vivo organ uptake measure-

ments will be to secure the maximum interaction between
component (1) of the radiation field as defined above and the
sensitivity field of the detector. The two maxima will liewithin the organ itself and, in the case of a single detector,
within the sensitive element of the detector respectively. Itfollows that the optimum conditions are achieved if the organand detector coincide. In practice the situation is approxi-
mated when an interstitial detector is used, or converselywhen a 4-^ detecting system is used.

The more usual situation is for the detector to be located
outside the body. Evidently, it is desirable that the detec-tor be situated as close as possible to the organ under study(geometrical reproducibility permitting); even so, the regionof maximum sensitivity will not then coincide with the region
of maximum intensity of the relevant radiation field. Theproblem then is to displace the sensitivity maximum along theaxis away from the sensitive region, i.e. to achieve three-dimensional resolution. This can be done, with a considerableloss in counting sensitivity, by coincidence methods in caseswhere the radionuclide emits at least two y-raye in cascade,e.g. 24-Na (3) and 75se (4). Of greater potential value is the
spectrum subtraction technique (to be discussed separately inthe last Session). The more well known possibility is the useof two or more detectors directed towards the organ of interest,in this case the same result may be achieved by rotating the
source or detector with respect to one another during theperiod of measurement.

It is not possible to discuss the numerous situations whichoccur in practice in the framework of a short communication.However, some important conclusions can be drawn from the
examination of a representative example.
Measurement of organ uptake

Given that it is required to measure the radioactive contentof a particular organ in terms of that of a counting standardcontaining a known fraction of the administered dose, it isimportant to distinguish between two situations:-
(a) The activity is only present in the organ understudy.
(b) Activity is also present in adjacent organs orregions.
In the first case, the counting standard can be made upwith a volume and shape corresponding roughly to that of the

organ and immersed in a water-filled phantom to correspondroughly with the adjacent regions of the body. To achievethe highest contribution from activity in the organ as compared
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with that of the "background, it is desirable to include theradiation scattered from adjacent regions of the body as wellas the direct unmodified radiation. This implies wide angle
collimation and a wide energy window to include the lower
region of the spectrum. Under these conditions, errors due todifferences between the crude phantom and the actual anatomicalsituation tend to be minimised. It is interesting to notethat the same conditions are desirable in whole-body counting,
but for different reasons.

In practice, it is condition (b) which always applies to a
greater or lesser extent. The problem now is to measure the
radiation from the organ, while minimising the contributions
from other tissues and background radiation listed under (2),(3) and (4) above. In the first place, the sensitivity fieldof the detector can be modified by narrowing the collimation sothat the angle of acceptance is that subtended at the sensitiveelement of the detector by the organ under study. Because of
penumbra effects there has to be a compromise between loss of
primary radiation from the organ at the edges of the field of
view and inclusion of that from other tissues. Primary radiat-
ion from overlying tissues is not eliminated. Most of the use-ful information in the form of counts from the organ scatteredby surrounding tissues is lost.

Secondly, the spectral response of the detector can be adjus-ted so that only the radiation falling in the photopeak isrecorded. This will to a large extent eliminate the contribu-
tion due to scattered radiation from surrounding tissues, and
will also tend to reduce the background contribution. On the
other hand, one loses the contribution due to radiation origina-ting in the organ but scattered by the source or other tissues
and a substantial fraction of the primary radiation which,
because of the inherent imperfection of the detector, appears in
the lower energy regions of the spectrum. At the same time,
the system remains highly sensitive to activity in overlyingtissues. This latter difficulty, incidentally, is not avoided
by the use of an internal standard.

It seems clear that so long as there is any activity in thevicinity other than that in the organ under study a single mea-surement of organ uptake by means of a fixed detector is unlike-ly to yield anything better than a crude estimate subject to
large errors of uncertain sign. In cases where the tracerkinetics in the organ are considerably different from those ofthe neighbouring tissues, some improvement may be gained ,by
carrying out repeated measurements over a period of time,
especially if the kinetics of the tracer content of the inter-
fering tissues can be determined by means of a second detectorover a "neutral" region of the body. The few cases whereuptake measurements have been carried out with any degree ofsuccess are those where condition (a) applies to a very large
extent. In general, however, of all the techniques to be
discussed at this Panel meeting the conventional method of
uptake measurement is probably the one which is least to be
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It is probably true to say that up to now those who havesome familiarity with the problems involved share the view that
accurate measurement of organ uptake in the presence of inter-
fering activity is not practicable, and that it is best to
design diagnostic tests and experimental procedures which avoidthe necessity for placing faith in the results of such measure-
ments. However, with the increasing use of the indicator
fractionation technique for blood flow studies and with thepotential applications of in-vivo activation analysis becomingapparent, the time seems ripe for a fresh attack on the problem.In this connection, the concept of a radiation field interactingwith the sensitivity field of a detector system seems likely to
be a useful one from the theoretical point of view and for the
experimental evaluation of particular systems.
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MEASUREMENT OP ORGAN UPTAKE OF RADIOISOTOPES

L. Donate
Centre di Medicina Nucleare

Clinica Medica Générale
Université di Pisa, Pisa, Italy

ABSTRACT

This paper reviews the general problems of measurement of
radioactivity in body organs with particular reference to the
sensitivity and selectivity of the measurement system. The
chief factors determining these parameters are shown to be the
intrinsic efficiency of the detector for the measured radiation,
the geometric efficiency of the detector - collimator combination
and its spatial distribution, and the transmission co-efficient
of the measured radiation. The different selectivities achieved
with divergent, cylindrical and convergent collimators are
described. Other methods of enhancing selectivity based on the
use of a lead filter or pulse height selection to limit the
spectral response of the detector are discussed. The alternative
methods of calibration of the measurements in terms of total
radioactivity in the organ or in terms of concentration of radio-
activity are compared and the effect of non-uniform distribution of
radioactivity on accuracy of measurement considered.
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Radioisotope uptake studies are usually performed with one of the
following purposes»

(a) Measurement of the total activity taken up by an organ.
(b) Measurement of the concentration of activity in an organ.
(c) Measurement of the time course of activity in an organ.

SELECTIVITY OF COUNTING
A requirement common to all types of uptake studies is that of achieving

the maximum possible detection efficiency for activity in a given organ, with
minimal contribution from surrounding tissues.

This requirement can never be fulfilled, but there are various factors
which may be varied in order that it may be approached.

The problem of selectivity is always to be considered along with that of
detection efficiency, since improvement in selectivity can in general be
obtained only at the expenses of a reduction in efficiency.

The following equation delineates the factors involved in uptake measure-
ment, although in a somewhat simplified way*

R
fV C^o

K(\ 1c1(v)g. (v)Tn(v)dv + 2c (v)g (v)T (v)dv) (l)
J O 1 1 1 J 0 * * d

where
R = external counting rate
K = a coefficient depending on the characteristics of the radioisotope

and detector (usually a Nal(Tl) scintillation detector) used
(intrinsic efficiency)

V^ » Vp are tiie v°lumes of tissue contributing to the measurement, the
subscripts 1 and 2 respectively indicating the organ of interest and
other tissues in the field of the detector

c-^(v) and c^(v) are the concentrations of radioactivity at any point in
V1 and V2

gjCv) and e2(v] are the geometrical efficiencies, i.e. the fractions of
the primary radiations emitted from any point in V and V in the
direction of the detector

T-̂ v) and T?(v) are the overall transmission coefficients for radiations
emitted from any point in V and V ; these take account of scattering
towards the crystal of radiations primarily directed elsewhere and
absorption of radiations primarily directed towards the crystal.
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Collimated counters placed over the area of interest are ordinarily used

for uptake studies. In some cases, the recording of a profile of activity in
the body area in which the organ is located is preferred. Collimated counters
integrate the counts coming from a tissue volume according to equation (l).
Profile counting yields the convolution of the distribution of activity in the
body into the distribution of efficiency of the counter itself. Since the
latter is measurable, the activity distribution may be obtained from the profile,
and the integral of organ activity may be obtained by integration of the
corresponding peaks.

The possibility of obtaining selectivity in a given measurement, and the
particular technique to be used depend on the factors which enter equation (l).
The greater the value of the first integral in comparison with the second, the
more selective is the measurement.

Factors depending on the source
(a) The size of the organ to be explored. '

Small size organs may easily be entirely included within the angle of
acceptance of a collimated detector, and, provided other conditions are taken
care of, it is then possible to estimate the total activity within the organ.
This becomes impossible for large size organs, in which it is preferable, when
possible, to use profile counting to locate and define the limits of the
activity distribution.

(b) Concentration of activity attained in the organ
in comparison with surrounding tissues.

The greater the concentration gradient between the organ and the surround-
ing tissues, the less strict are the collimation requirements since the second
integral of equation (l) is minimized.

(c) The depth of V.. in the total volume explored.
Increasing depth of V, in the volume explored tends to enhance the

importance of V .
Physical factors

(a) The intrinsic efficiency, K, of equation (l), depends on the
crystal used. It is a constant for any type of measurement and fo-r a given
radioisotope, but it varies with the energy of the emitted radiation. In general,
it depends on the size of the crystal, which should be appropriate to the energy.
Thus, high energy gamma rays require thicker crystals than low energy gamma rays.
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(b) The geometrical efficiency, g(v), is a characteristic of the crystal-
collimator system, independent of the radioisotope or type of measurement
performed. It varies inversely with the square of the distance, so that g(v).

Od(v) is constant.
The distribution of geometrical efficiency of a detector is usually

expressed as "resolution" in a given plane; it is very convenient to know the
entire distribution of g(v) in air, for a series of planes covering all the
possible locations of the radiation source in the prevailing type of measurement.
The distribution of g(v) is the main factor determining the selectivity of a
counter, and it depends on the type of collimator used. Three general types of
collimators can be considered»

(i) Conical divergent collimators•(wide angle)? These collimators
have no selectivity on their own, and the possibility of using them in organ
uptake measurement is therefore confined to cases in which (a) essentially alli
the activity in the field of vision is concentrated in the organ of interest,
with none or negligible activity in surrounding tissues (G_«:CI), or (b) an
estimate of total organ activity is not required, but rather one of the
concentration of activity in a large thick organ, of which the counter sees no
more than .a part (V.pS»V ) i In this latter case the use of wide angle collimators
allows representative measurements on the organ, since the decrease of efficiency
with increasing distance is compensated by the enlargement of the field.

(ii) Conical convergent (focusing) collimatorst These collimators
have the characteristic of selectivity in depth, favouring the more superficial
tissues and blurring out of focus the deeper ones (the focal distance depending
on the angle of convergence). They are of no use in organ uptake studies except
on small and superficial organs (lymph nodes, tumours, etc.), with small
differences between c. and cp. The reduction of efficiency for V achieved with
a focusing collimator may be quite important in some cases.

(iii) Cylindrical collimators« These are the most versatile and
efficient collimators for uptake studies, since they can be adapted to the variou:
cases and, with suitable choice of values for the length of the collimator channel
and its aperture, may be used for all the possible uses of the other types,
avoiding their limitations. Short collimators with narrow aperture approach the
behaviour of focusing collimators, because of the marked drop of efficiency for
deep layers, without the limitations of the conical collimators in which the focu;
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is fixed. Long collimators with large aperture (of the order of magnitude of
the organ under study) can advantageously replace wide angle collimators in
most applications, with sharp drop of efficiency outside of the central field,
thus making selectivity less dependent on concentration gradient.

One of the main advantages of this type of collimator is the simplicity with
which geometrical efficiency may be defined. Indicating "by _b the radius and by
ji the length of the collimator, g(v) is zero outside of a circle of radius
(2b/a) x in a plane at distance x from the end of the collimator, and smaller
than 50 % outside of a circle of radius (b/a) x. It is thus possible to change
b and a to make the volume contributing to the measurement as close as possible
to V^

However, if the crystal to source distance is increased as a consequence of
the elongation of the collimator, g is reduced for every point in the field of
vision, though to a greater extent for the more peripheral points. This may
give rise to the problem of excessive reduction of counting rate and consequently
to the need to administer larger doses.

It is thus a good rule to derive the maximum possible advantage from the
crystal-to-source distance when planning elongation of collimators. It makes no
sense to use a cylindrical collimator and keep it away from the body surface.

It should also be kept in mind that elongation of the collimator increases
lateral selectivity whilst decreasing selectivity along the counter axis, and
vice ve_rsa_. The choice of collimator for a particular measurement thus depends
on the prevailing lateral or posterior location of the most critical part of V .

The use of collimators with septa (compound collimators) may be valuable in
providing increased selectivity without proportional loss of efficiency.

(c) The transmission coefficient, T(V), varies with the radioisotope used
and the material traversed by the radiations, its density and distribution.
Multiplied by g(v) it determines the actual counting efficincy *j(v) = g(v).T(v)
for activity at any point in V-, and V . The effect of T(V) is that of modifying
the selectivity and the efficiency of the cryslal-collifficJtor in respect to the
situation in air, which is represented by the distribution of g(v). The modifica-
tions induced by T(V) are in general adverse to the ideal conditions that one
would like to achieve in measuring organ uptake, since they reduce the counting
efficiency in the field of vision (in which V is located) for primary radiation
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reaching the crystal, and increase the size of V and the penumbra due to
radiation scattered towards the crystal from points outside the field of vision.
The net effect may be visualized as one of enlarging the total volume contributin,
to the measurement, and smoothing out differences in efficiency. It is maximum
with gamma rays of average energy, which undergo Compton scattering and photo-
electric absorption to a similar extent, while it is less marked for gamma rays
of very low energy, for which photoelectric absorption largely prevails over
Corapton scattering, and for rays of high energy, for which both Compton and
photoelectric interactions are of lesser importance..

Elimination of scattered radiation may thus become of paramount importance
in the attempt to achieve selectivity in uptake measurements. Since scattered
radiation is of lower energy than primary radiation, a lead filter in front of
the crystal reduces the former mois.than the latter, thus making the distribution
of ^ (v) approach that of g(v) . Pulse height discrimination achieves the same

i
effect, with the advantage,in comparison with the lead filter method, of reducing
the background counts.

A practical and efficient way to choose the discriminator voltage or the
thickness of the absorber is to compare the distribution of 7(v) ^° a point
source in a Perspex absorber with the corresponding g(v) distribution, and to
select the voltage or the thickness which makes ^ (v) closest to g(v) without
reducing the counting rate in the centre of the field below values which would
require the administration of too large a dose.

(d) Other methods of enhancing selectivity. None of the approaches indicate
in the previous paragraph reduce significantly the contribution to the measuremen
of radiation from the V space, if this space is mostly interposed between the
detector and the organ of interest and therefore in a region of high ^ (v).
Corrections for this contribution may be derived from estimates of blood activity
based on early blood uptake measurement and subsequent measurements of blood
activity changes, from the simultaneous use of other indicators with prevailing
distribution in the V space, or from the subtraction of background counts
measured over other parts of the body.

CALIBRATION OF UPTAKE MEASUBEMENTS
With the exception of the case in which only the time source of the activity

in the organ is of interest, all types of uptake measurement demand some sort of
calibration.
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Calibration consists, in one way or another, in the derivation of a
proportionality factor between the counting rate over the organ and its total
activity or the concentration of activity within it. This involves several
difficulties which arise from the same factors as were considered with regard
to selectivity.

Assuming the external counting rate to "be representative of only V ,
the problem of calibration may be considered by introducing into equation (l)
expressions for g(v) and T(v), based on the definition of an average distance
d from the crystal to the centre of the activity in V »

g^v; = g u z a •
T(v) = f.e ±^£(v) (3)

where g and T indicate the values which g(v) and T(V) would have if the whole
activity in the field of vision were concentrated at its centre, £ (v)
being the distance of any point V from this centre. Equation (l) (neglecting
the second integral) would then become»

H - K g , * , ! cn(v) 11 t S^L I e -^^dv (4)

-
Since! c(v) dv = cV, where c is the average concentration in V, with

JOsome simplifications equation (1) becomes»

g T c V ± K g T c (v)£(v) 2 N ,, fc\+ -=r) dv (5)

If the concentration c (v) is constant throughout V , (5) reduces to»

R = cl (K gx Tl V1) = c1 (K ̂  V1) = c1 ̂  (6)
f

where W = g^ T^ V^ and is defined as the effective volume of the measurement»
it represents a virtual volume which would obviously be equal to V.. if K, g^
and T, were all equal to unity.

Equation (6) immediately indicates the requirements to be met for calibra-
tion of uptake measurements, provided that a uniform concentration c,may be
assumed in the organ.
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Calibration in terms of concentration of activity in the organ (c.. = R/W, )
demands the measurement of the effective volume W. This may be effected under
certain circumstances»

(a) A sample may be taken and its concentration of activity measured at
the same time as the counting rate is measured (this happens in calibration
of cardiac output studies by precordial counting, a blood sample being taken
and measured at the same time as a measurement over the heart).

(b) In measurements of concentration of activity in organs larger than
the field of vision, as in uptake measurements over the liver with a collimated
counter, W can be evaluated from the measurement on a container about the
size of the region to be explored filled with a solution containing a known
concentration of activity.

•p
Calibration in terms of total activity in the organ (v _ - = c1 V ) demands

vl ithe inclusion of the entire organ in the field of vision (a problem of selectivit,
and the estimate of K n~.

The estimate of K M may be effected»

(a) By reproducing the conditions of measurement with the aid of phantoms;
this is the usual approach in measuring thyroid uptake, but obviously it has
marked limitations.

(b) By estimating the depth of the centre of activity, d1, then correcting
the measurements using the calculated approximate value of to.

The estimate of d, may be obtained by taking repeated measurements at
various distances along the same axis, or by independent approaches (X-ray
examination, etc.).

Calibration in absence of uniform distribution. Uneven distribution of the
activity in the volume V.. limits the possibility of calibrating external measure-
ments by means of the above methods.

The errors arising from non-uniformity in concentration can be derived
from equation (5) as*

error
" Jo cl
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It is seen that the only way to reduce this error is to increase the

distance 5.. . For an infinitely great distance the error reduces to*

error 1c1(v)£.(v) dv, (8)

the range of which is determined by the maximal thickness of matter which
the radiations have to traverse.

It is also obvious that the smaller the linear absorption coefficient,
the smaller the error inherent in calibration.

One of the advantages of this analysis is that it permits the prediction
of the degree of confidence with which measurements carried out on a given
organ may be calibrated. This may easily be done by assuming patterns of
activity distribution in the organ.
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MESURES DE LA FIXATION DES RADIOISOTOPES
DANS LES ORGANES DU CORPS. METHODES COMPORTANT

DES MESURES AU MOYEN D'ETALONS INTERNES.

P. Espinasse
Faculté de Médecine et de Pharmacie
Laboratoire de Physique Biologique

Lyon, France

ABSTRACT

This paper reviews methods for the measurement of radio-
activity in body organs in which corrections are applied for the
depth of the organ under study in the body tissues on the basis
of observations of the counting rates due to two photons of
different energies which are differently attenuated in the tissues.
The photons in question may be derived from a single radioisotope
or from two radioisotopes of the same element administered
simultaneously in the same chemical form. Calibration is usually
effected with an external standard. The mathematical basis of
these methods is described and they are shown to have wide
applicability. Other methods involving the use of coincidence
counting techniques to observe the pairs of photons emitted in
cascade by certain radioisotopes are similarly reviewed. These
methods are absolute in nature and do not require calibration of
the measurements. Their applicability is strictly limited to
measurements on point sources of radiation. Nevertheless, they

125offer promise for the measurement of I in the thyroid gland.
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Introduction

Lors des mesures sur échantillons, l'utilisation d'un étalon interne
est susceptible d'apporter une grande précision. En effet une activité connue
d'un radioisotope servant de standard est adjointe à l'échantillon d'activité
inconnue. Activité du standard et activité inconnue sont mesurées non seule-
ment dans des conditions identiques mais rigoureusement reproductibles.

Lors de la mesure externe de l'activité d'un organe l'incertitude
porte sur deux ordres de faitst
1. la géométrie de chacun des éléments actifs
2. l'atténuation du rayonnement entre chaque élément et le détecteur.

L'extension à la mesure des organes de la méthode de l'étalon interne
ou standard interne permet seulement de lever l'incertitude portant sur
l'atténuation du rayonnement.

Nous pensons que font également partie de notre sujet les méthodes
dites de mesure absolue utilisant les coincidences photoniques. Ces méthodes
sont indépendantes, avec certaines réserves, à la fois de la géométrie de
mesure et de l'atténuation mais elles ne s'appliquent avec rigueur qu'aux
sources ponctuelles.

Utilisation d'un étalon interne
Conditions nécessaires

Un étalon interne pouvant servir à la mesure de la fixation d'un traceur
par un organe doit répondre aux impératifs suivantst

1. fixation sur les mêmes sites que le traceur
2. fixation sur ces sites au même taux que le traceur
3. émission gamma ou X d'énergie suffisamment différente de celle

du traceur.
Les deux premières conditions sont presque nécessairement liées puisque

seuls des sites semblables sont capables de fixer deux traceurs au même taux.
Elles peuvent être réalisées en utilisant deux radioisotopes d'un"même élément
dans un état chimique simple, ex J ( l), ( l) mais il n'est pas exclu de
pouvoir utiliser une même molécule complexe marquée sous une forme par un radio-
élément et sous une autre forme par un autre radioélément. Remarquons que les
deux premières conditions sont obligatoirement satisfaites si l'étalon et le
traceur sont représentés par deux émissions X ou gamma d'énergies différentes
d'un même radiotraceur.
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La troisième condition est nécessaire pour que la différence d'atténuatit
entre les deux rayonnements à travers les tissus puisse apporter une information
significative quant à cette atténuation.

Principe général
Traceur et étalon sont administrés simultanément à l'organisme entier.

L'organe étudié fixe la même proportion des deux. Une mesure externe à l'aide
d'un ensemble comprenant une sonde et un spectromêtre donne les taux de comp-
tages revenant respectivement au traceur et à l'étalon.

Notons que la distinction entre étalon et traceur est purement
arbitraire. Cependant nous convenons d'affecter 1'indices i aux paramètres qui
concernent le radioisotope appelé traceur et l'indice e aux paramètres qui
concernent le radioisotope appelé étalon. '

Nous avons les relations»

Ni = S ri Ei Ai P (1)

et Ne - g re ae AQ P (2)

avec»
A l'activité en photons X ou gammas choisis pour la mesure.
N le taux de comptage revenant à ces photons
r le rendement de détection pour ces photons
a le facteur d'atténuation de ces photons à travers les tissus
g le facteur de géométrie
P le taux de fixation.

Des expériences réalisées sur des éléments non vivants fournissent la
valeur des paramètres r et a.

En utilisant des épaisseurs croissantes d de tissu de l'organe étudié
ou à la rigueur un material de numéro atomique moyen équivalent, on étudie i
a. = f(d), a = f'(d) et on en déduit la fonction :-L G

a. = jT ( — ) (3)
e

On dispose donc de trois équations » (l)> (2), (3) dont les inconnues
sont au nombre de 4 ' P> g» a.> a .1 G

Le seul moyen d'obtenir la fixation P est de rendre constant ou de
considérer comme tel le paramètre de géométrie g.
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Considérations pratiques

Bornes spectrométriquest

Les détecteurs proportionnels d'usage courant aujourd'hui sont encore
les sondes à scintillations dont on connaît la mauvaise résolution en énergie.
Le comptage d'un groupe de photons monoénergétiques à l'émission est obligatoi-
rement effectué entre deux "bornes d'énergie assez éloignées qui constituent la
fenêtre spectrométrique de mesure. Une certaine proportion de photons diffusés
est donc comptée; elle dépend de la largeur de la fenêtre spectrométrique de
mesure. En conséquence, les atténuations a et a. seront évaluées de façons
légèrement différentes selon les largeurs de fenêtre utilisées. Il convient
donc de bien préciser ces fenêtres lors de l'établissement de la fonction "£
et elles devront être identiques à celles utilisées lors de mesures externes.

Soustraction du rayonnement diffusé!

A partir du spectre d'impulsions provenant de la sonde il faut tirer les
informations N. et N déjà définies.

1 G

Supposons (mais ce peut être le contraire) que ïï corresponde à des photonsG
de plus haute énergie que H. î E ^> E..i e i

Le compte N ne pose alors pas de problème mais le compte N. este i
représenté par l'aire d'un pic qui surmonte la base monomorphe du,spectre du
rayonnement diffusé provenant de l'étalon. Entre deux seuils délimitant une
fenêtre de largeur A E un comptage brut donne N. + SF . Le rayonnement diffusé
N se compose lui même d'une partie revenant à la diffusion dans le cristal
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soit N et d'une partie revenant à la diffusion dans la source soit ïï ;C S
N = U + W . C'est un problème analogue à celui qui se pose lors dud e s
comptage sur échantillons doublement marqués mais ici les choses se compliquent
du fait de la valeur fluctuante de W, non seulement en fonction de N mais end e
fonction de l'importance des tissus de l'organe et autour de l'organe mesuré.
L'obtention du compte N. pose des problèmes techniques difficiles. L'inter-
position d'un écran absorbant à 99 i° pour l'énergie E. permet d'obtenir N maisi c
il faut alors que N soit négligeable. Il semble que la solution rigoureuseS
soit l'utilisation d'un analyseur multicanaux associé à un dispositif
électronique d'interpolation sous le pic.

Solutions tendant à rendre constant la paramètre de
géométrie g*

Etant donné qu'il est impossible de connaître le paramètre g, il faut i
que, la position de la sonde étant fixée par rapport à des repères extérieurs,
le paramètre de géométrie g soit aussi peu dépendant que possible de la position
de l'organe et de son étendue. La solution généralement adoptée est l'éloigne-
ment du détecteur. Cette solution qui permet du même coup une collimation
facile a l'inconvénient de dimineur considérablement le rendement de détection.

Van Dilla préconise au contraire de rapprocher au maximum de l'organe,
une sonde munie d'un cristal aussi large que possible. Dans ces conditions le
rendement est excellent mais la solution est extrêmement onéreuse.

Perspectives
La méthode de l'étalon interne doit pouvoir assez facilement se

généralizer à l'époque actuelle qui voit passer dans la pratique courante les
mesures par spectrométrie avec utilisation de compensateur de dérive. Bien
souvent, il sera inutile d'avoir recours à un mélange de radioélément car dans
leur émission X ou gamma beaucoup d'entre eux possèdent deux raies d'énergies
suffisamment différentes comme c'est le cas pour l'iode 131 (30 KeV, 364 KeV).
La méthode permet d'augmenter la précision lors de la mesure de l'activité d'-
organes mais il ne faut pas perdre de vue l'inévitable incertitude sur la
géométrie de mesure. De plus il sera peut être possible de rendre automatique
le calcul de l'activité corrigée pour l'auto absorption. L'intérêt d'une telle
correction automatique est peut être à envisager lors de la pratique de la
scintigraphie.
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Méthodes de mesure absolue
Principe
On doit à Brinkman et ses collaborateurs d'avoir développé une méthode

de mesure absolue d^une source lorsque celle ci émet des photons en cascade et
Sutherland et Buchanan ont déjà fait une bonne mise au point de la question.
Soit deux photons y-i e"t Yo émis en cascade dans un intervalle de temps très
inférieur à la durée de l'impulsion d'un détecteur proportionnel, il apparaît
sur le spectre, à côté des pics d'absorption totale dans le détecteur des deux
gammas simultanément. Le nombre N de désintégrations est donné part

A, A
N = l 2

 + T (4)
A12

t
avec A et A l'aire des pics d'absorption totale pour y-, e"t Yo respectivement,
A l'aire du pic "somme" et T l'aire sous le spectre total. La méthode est
théoriquement applicable à deux gammas en cascade, à des radiations X de
fluorescence en cascade à la suite de conversion interne et de capture élec-
tronique, à une combinaison quelconque X, gamma, et même aux gammas d'annihila-
tion lors de l'émission depositrons dans un milieu absorbant ces particules.

La méthode est en principe indépendant à la fois de la géométrie de
mesure et de l'absorption des rayonnements.

Limites
Les conditions de validité sont les suivantes:

1. le rendement de détection doit être le même pour toutes les parties
de la source

2. les chances de détection doivent être les mêmes pour chacun des
deux photons de la cascade.

La condition 1 conduit donc à éliminer toute source ne pouvant être considérée
comme ponctuelle. La condition 2 conduit à éliminer toutes les cascades
présentant une corrélation angulaire d'émission, si le compteur utilisé a une
géométrie de mesure inférieur à

II y a de quoi décourager de vouloir utiliser la méthode pour la mesure
de l'activité d'organes.
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Cependant le rapport de Sutherland et Buchanan sur l'erreur commise dans
la mesure de sources étendues de I 125 e~t de Co 60 montre que cette erreur peut
devenir acceptable si la géométrie de mesure est grande et si la corrélation
angulaire est nulle ou faible.

Application à la mesure de la radioactivité d'organes

Nous avons appliqué la méthode des coïncidences photoniques à la mesure
de la fixation thyroïdienne de l'iode 125. Ce cas est particulièrement favorable
pour deux raisons»

II n'existe aucune corrélation angulaire dans les cascades d'émission
X, X ou y » X.

La thyroïde est un organe petit et superficiel qui peut aisément être
mesuré dans une excellente géométrie. L'erreur a été mesurée grâce à l'utilisa-
tion de fantômes de cous comportant des thyroïdes de différentes grosseurs pour
une sonde de diamètre 4". Cette erreur par défaut passe de 2 fo pour une thyfoïde
de 5 S> à. 25 fo pour une thyroïde de 60 g lorsque le détecteur est au contact du
cou. Par ailleurs sur un patient on a pu montrer que l'erreur de mesure est
négligeable pour des déplacements de la sonde de l'ordre du centimètre, par
rapport au cou.

Si on considère que la masse de la thyroïde peut être estimée même
grossièrement à partir de la scintigraphie, la méthode paraît tout à fait valable
dans son application. Une activité de l'ordre de 0.1 fj.Ci dans la glande est
amplement suffisante pour une mesure précise; neanmoirïs 1'exigeance de doses
minimales de 1 'ordre de 1 |̂ Ci pour pouvoir pratiquer une scintigraphie nous a
conduit à construire un spectrometre à électronique rapide et à opérer des
corrections de temps mort et de sommations fortuites.

Nous n'avons pas eu connaissance d'application de la méthode des coïn-
cidences photoniques à la mesure de l'activité d'autre organe que la thyroïde,
mais il n'est pas exclu que l'on puisse trouver d'autres organes facilement
mesurables dans une bonne géométrie pour lesquels il existerait des radio-
traceurs appropriés.
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MEASUREMENT OF ORGAN UPTAKE BY WHOLE-BODY COUNTING
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ABSTRACT

This paper reviews methods for the measurement of radio-
activity in body organs based on whole-body radioactivity
measurements. Such measurements can of course only be used to
measure radioactivity in a body organ when the radioactivity is
exclusively localized in the organ or when the ratio of radio-
activity in the organ to that in the whole body is known from
other sources of information. They find particular applications,
however, when the organ is so widely dispersed throughout the
body that more localized measurement is impossible. Examples of
situations in which whole-body radioactivity measurements have
been used in this way are cited. The more important techniques
used for such measurements are described and their respective
advantages and disadvantages indicated. The importance of uni-
formity of counting efficiency with position of source through-
out the body is stressed. Simple systems incorporating sodium
iodide crystal scintillation detectors are shown to combine
satisfactory sensitivity and uniformity of efficiency for clinical
measurements of radioactivity in body organs and have the addition-
al advantage that they can be readily adapted for profile scanning.
Systems incorporating plastic or liquid scintillation detectors are
less convenient in this respect.



T. Scope of Problem

V/hole-bocy counting must be considered of peripheral relevance
to the measurement of the uptake of radi oictivity into organs of the
body since the "whole "body", which is the unique province of the
technique, can scarcely be called an organ, nevertheless, there are
a number of circumstances where the method gives useful information,
Some of these applications are identified below.

All whole-body counters, by definition, should be capable of
i

measuring the amount of radioactivity in the total body. Some designs
are intrinsically incapable of providing- any information on the localiza-
tion of the activity throughout the body, while other designs do have
such capabilities in varying degrees. In the former category would be
induced any instrument making use of o single stationary detector
( a large "4̂ " liquid scintillator, a plastic or Fal(Tl) detector used
in the conventional "chair" or "arc" measurement geometries, etc.).
In the latter category would be included instruments using multiple
stationary detectors (for example, the arc-ay of 54 Nal(Tl) crystals
•vToove and belov the reclining subject, as described by Cohn et al. (l9"9))
and instruments using one or more detectors that move reinfcive to the
body during the course of the measurement (e,g., Y/amer and Oliver, L966).
Thus a number of instruments are not only v/hole—"body counters but also

crude scanners. In tMs paper reference is net rrrde to inform-- —
yielded by such devices used in their scanning mode, as this subject



is more properly discussed elsewhere in this meeting under profile or
area scanning. Instead, the scope of the present review is limited
to measurements on the whole-body without further spatial subdivision
of the recorded counts. It should be borne in mind, however, that
clinical whole-body counters of the future may very well develop
particularly in the direction of supplying localization information
in addition It " ̂ lr-—body information.

II. Applications of Y/hole-Body Counting to Organ Uptake Measurements

In principle one can distinguish two areas in which the measurement
of organ uptake, broadly interpreted, has been undertaken with whole-
body counters. First, the "organ" in question myy be so widely dispersed
throughout the body that any more localized measurement is impossible '
(e.g., skeleton, muscle, blood). Second, a localized organ may contain
nearly all of the radioactivity in the body, such that the determination
of the whole-body activity is also a determination of the organ activity
(e.g., thyroid, liver). In either case, the accuracy of the result
depends upon the accuracy with which activity inevitably deposited in
other organs can be allowed for, Tn the second case, -//hole-body counting
vould probably not be the method of choice.

In some of these applications one -r.ny speik of "organ uptake
measurements" only in a qualified sense, Thus, if no significant route
of excretion from the body exists after the radionuclide has first
entered the blood, whole-body counting may reveal information about
absorption from the gut, but little if any about the metabolic
characteristics of the organ(s) in which the radionuc"1 ide is sub-
sequently deposited.

1, Skeleton

The retained fraction of p-.-my rad Lonuclides is located almost
exclusively in the skeleton beyond a fe'.v days or weeks after administra-
tion, and assay of these radionuclides by whole-body counting is common,
Notable among them are of course the alkaline earths. After a sufficiently
long time most other elements are probably also so distributed. One
common purpose of skeletal uptake measurement is to aid in the assess-
ment of radiation dose, a toxicological issue, Alternatively, the



purpose may reflect a physiological interest, as in the study of
skeletal accretion and turnover using Ca or Sr.

2. Kuscle
One of the most common clinical applications of whole-body counting

is the assay of K. About 98 ft> of the body's potassiiim is in cells,
and about 60 - 65 '."" is in muscle, In one sense such measurements can
be considered z determination of organ uptake, although not in con-
ventional terrs as a percentage of administered potassium, and not
with great accuracy in view of the comparatively large fraction of
potassium located elsewhere.

3. Blood

One classic -application of whole-body counting is the determinat ion
59of the absorption of orally administered Pe. Ten days after administra-

tion about 85 fa of the absorbed activity is in the blood, and the in-
testines are virtually emptied of the tracer. Therefore a whole-body
measurement can be quite reliably interpreted in terms of uptake of the
tracer into blood. However, it must be recognized that the measurement
says little if anything about the blood itself; the measurement directly
reflects only processes occurring in the GJ system, although in certain
pathological conditions these processes in turn reflect the condition
of the blood.

4- Thyroid
131A few days after oral administration of I as iodide to a normal

subject, virtually al] of the body's activity is concentrated in the
thyroid, I-Tence whole—body counting can be used in this case to measure
organ uptake. Such a procedure is not normally to be recommended, a
more direct measurement should have both better sensitivity and better
accuracy, particularly for abnormal cases when the iodine is not at the
time of measurement highly localized in the thyroid,

5. Thyroid métastases

If thyroid métastases are in the body of a patient whose thyroid
gland has been totally removed, the whole-body measurement of I
administered as iodide will a few days after administration reflect

131rather accurately the J I uptake of the métastases.



6, Liver
The liver is one of the body's chief repositories for many sub-

stances. However, for perhaps none of these is a whole-body measure-
ment used to reveal anything of significance about the physiology of
the liver itself. For example, vitamin B-.̂  is deposited mainly in the
liver soon after reaching the blood stream. Measurements with whole-

(-«7 cQ £f\body counters of persons to whom Co-, Co-, or Co-labelled
vitamin B^ has been administered are very useful in elucidating in-
testinal abdorption, but they provide little or no information about
the liver. Again, many colloidal substances are selectively cleared

bJ.o.Qjd...by_ the liver* However, since prompt degradation of the
ïff the liver followed by "excretion "of $he tracer. "Eeora.Ttlie Body

l circumstance, and since wholevbftây ïg0untîft̂  fay
definition reveals nothing about any competition for the particles be-
tween liver and other organs, liver physiology can seldom be thus in-
vestigated. On the other hand, if a particular radioactive substance
is known to be in the liver, and the amount can be determined by whole-
body counting, such measurements can be important from a toxico logical

7.
Insoluble aerosols containing radionuclides may be deposited in

the lungs and a part may remain there or in the regional lymph nodes
persistently thereafter. By quantifying the radioactivity in the
lung region, whole-body counting may provide information either about
the lung's handling of such aerosols or about the radiation doses
associated with particular deposits.

ITT. Whole-body counting techniques

'.'/hole-body counting techniques that reveal some information about
spatial localization of activity have already been excluded from this
paper and left to other speakers. All that can be asked of the remaining
techniques is that they have a uniform efficiency for measuring radio-
activity in different parts of the organ in question (and preferably
in the whole body), that they have adequate sensitivity, and occasionally
that they have adequate spectral selectivity for distinguishing among
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different radionuclides. These issues have been examined in innumerable
papers and conferences, and cannot be thoroughly reviewed here. Instead,
a few comments are made on the performance of two types of instruments
which have distinctive properties for this type of work. Other types
may also give good results,

1, Nal(?l) detectors in "scanning geometry"
Among all types of whole-body counters that use 'Mal(Tl) detectors,

the author considers that those employing some form of "scanning geo-
metry" are generally to be preferred. In this measurement procedure
the subject reclines on a bed, and the Nal(Tl) detector(s) are traversed
during the course of the measurement along the length of the body. It
is immediately obvious that by addition of a slit collimator the de- t
tector could be made sensitive to only a short segment of the body, and
that the recording of counts in comparable segments of the traverse
would yield a profile scan of the body. Consequently, it is the author's
opinion that if information on spatial distribution of activity is really
desired, this type of whole-body counter should indeed be used overtly
as a profile scanner since it lends Itself to this improvement so easily,
Such a procedure is, however, outside the scope of this paper, and for
ruch widely dispersed organs r, s the skeleton rrr-y have no advantages
over the simpler procedure without collimator. It is hereafter assumed
that counts are summed during the course of the entire traverse, yielding
no spatial information.

Almost every conceivable variant of this "scanning geometry" seems
to have been favored in one laboratory or another, but special mention
may be made of 2 variants: (l) A single detector is used, with crystal
face 35 - 50 cm. above the bed, and the measurement is performed first
with the subject prone, second with the subject supine, (2) Two de-
tectors are used, one above and one below the body at 25 - 50 cm from
its center line; a single traverse along the reclining body suffices,
but somewhat better uniformity of response may again be achieved by
making two successive traverses, first of the prone, and second of the
supine subject. Given this general measurement procedure, numerous
conditions remain to be adjusted so as to optimize performance with
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respect to uniformity of efficiency throughout the body, sensitivity,
and spectral selectivity. These may be briefly examined in turn, taking
the reverse order:

a. Spectral selectivity
Mal(Tl) is of course a favorable detector for y-ray spectrometry,

If analysis is cased on counts recorded in the peak region only, this
familiar attribute of these detectors is fully exploited. In clinical
investigations it would be important if dual or multiple tracer in-
vestigations v/ere conducted.

b. Sensitivity
Sensitivity is influenced by crystal size, distance between crystal

face and bed, traverse length, spectral energy range, and shielding.
The quantitative effect of crystal size on counting efficiency

may be taken fron numerous systematic compilations (e.g., Miller and
Snow, 196l). In our own laboratory we have tabulated results for
several crystal sizes, y-ray energies, and spectral energy bands as
measured in uncoilimated "scanning geometry" (Dudley and ben Haim, 196Sa).

The number of counts recorded during the measurement is approximately
proportion?! to the inverse first power of the subject-crystal distance-
Dint-vnces of Iocs th,--n 25 en between crystal face and center line of
subject are impractical, and distances greater than perhaps 50 cm offer
no -n avant age s compense ting for their reduced efficiency.

Traverse length is established primarily on the basis of require-
ments for obtaining uniform efficiency of assay along the body: it
should be at le«st as long as the body in order to count head and feet
with the sane efficiency as the abdomen. At the expense of uniformity,
greater average efficiency can be obtained with shorter scans.

An energy br-.nd covering most of the spectrum of the radionuclide
in question if likely Lo give somev/hat higher sensitivity, in terms of

r~)

the conventional S /B criterion, than is a narrow energy band centered
on the photopeak. Quantitative details, however, depend on~crysta]
size and shielding conditions.

"By use of the so-called "shadow-shield" principle (Palmer and
"Roesch, 1965), which is easily adapted to the "scanning geometry", most
of the shield can be concentrated in the immediate vicinity of the



detector(s). Palmer and Roesch, Tor example, found that with 5 tons
of Pb deployed :n T shadow shield they were able to reduce background
above a spectral energy of about 0.3 T>'eV to the same value achieved in
a complete steel room weighing the order of 10 times as much. This
ease of shielding is one of the attractive attributes of the "scanning
geometry".

c, Uniforrity of efficiency throughout body
The variation of counting efficiency for points distributed along

the length of the body can be made negligible in several ways: traver-
sing at constant speed a total distance extending somewhat beyond the
head and feet; traversing at constant speed through a distance equ-1
to the length of the body, but with a pause at each end; traversing
the length of the body, but with speed reduced toward the ends. i

The more consequential problem is to achieve uniform efficiency
of assay throughout all points in a transverse cross section of the body.
Attenuation of the y rays in the body tends to give lower efficiency
for deeper—lyin:: regions, and geometry tends to give lower efficiency
for off-center regions. Attemiation can be largely offset by selection
of a suitable spectral energy band, and unfavorable effects of geometry
can be largely compensated by proper selection of the shield configvr"—
ti on,

A simple r-tionale underlying selection of spectra] bane is the
f o] lowing, ?irst, nearly every y ray emitted in the body ultimately
emerges from it, although often degraded in energy after undergoing
one or more Corvptcn scattering events. Sllett (l9'̂ 9) has made "onto
Carlo calculations to determine the number of photons smerg:n,g from -m
elliptical cylinder (20 cm x 36 cm x 124 cm) of tissue-like material
having at its center a y-ray point source. Table 1 shows for various
energies of the primary y rays the total percent emerging (whether or
not degraded in energy) and the percent emerging with the full primary
energy. Second, rather large Nal(Tl) crystals of the sort used in
whole-body counting (e.g., 3"0 x 3" or greater) have a fairly high
probability of registering a pulse (although not necessarily a total
absorption pulse) for incident y rays of any energy; therefore the
detection probability does not depend strongly on energy. These two
features combined suggest that if all the pulses in the entire spectrum
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are summed, the effects of attenuation are almost eliminated and
deeper-lying regions of the "body can "be counted with nearly the same
efficiency as superficial regions.

Table 1

Primary energy

80 ke7
160
364
662
1460

Percent of y rays emerging from phantom
T7i th or v/i thout ,- - - . n . -,, .Vi thout enerrv lossenergy loss

54
76
88
95
97

6,J> <->
10,0
16.5
23,7
36.2

This simple rationale is of course only qualitatively correct,
A still "better approximation to uniform effiency can "be attained by
trial and error selection of the energy "band v.'ith this end a] one in
viev.', Some authors have found best results "by using roughly the upper
half of the Cor^pton continuum of1 the spectrum, omitting the total ab-
sorption peak (e.g., Palmer et al., 1969). Others have considered
uniformity adequate when all pulses above a chosen lov/-energy
threshold are accepted (e.g., Oliver and "ïarner, 1966; Dudley and ben
Ilaim, 1968a t-ndi 19"8b).

"figure 1 illustrate? the Latter situation v/ith data recently
collectée1 in cvr 1 '-bora tory on a simple clinical v/hole-boây counter.
This "e^ice uses the "scanning geometry" and s "shadow shield", v/ith
one 4"0 •<• 3" ?'T-aT(?l) crjstal above the reclining subject and another
belov.r (crystal faces 64 cm -part), By slightly raising the head, arms,
and feet of the supine subject, h^s center line can be brought nearly
into the mid-pi -ne of the detector pair- V/e have studied the properties
of this counter v/ith the aid of tv.ro unit— density Presdwood phantoms into
vhich point sources of various radi oisotopes are inserted. These
phantoms are elliptical cylinders representing respectively rather
heavy and rather light adults; specifically, the axes of the phantoms
are 18 cm x 36 cm, and 15 cm x 30 cm, respectively. Figure 1 shows
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593 sets of data recorded during measurements on a point source of Fe ,
and the issue of interest is the degree of similarity among all the
numbers. One set of data (see inset legend) was taken with the point
source located in turn at the indicated positions in the heavy phantom,
A second set was similarly recorded for the light phantom. The third
set was recorded with no phantom present, "but with the source at the
same geometrical positions, in air, as for the first set. A single
normalization condition was used for all sets, and in all sets all
counts in the spectrum above 0.17 î-eV were summed. It is evident that
within a few percent the assay efficiencies are the same for all con-
ditions, irrespective of whether much, little, or no absorbing "tissue"
was present, From related measurements in our own laboratory (Dudley
and ben Haim, 1968a and 196~8b) and in other laboratories, we know that
very similar results can be obtained for a wide variety of crystal sizes'
and y-ray energies.

Y/hile the results in 'Pig. 1 are highly satisfying, they display
recognizable departures from uniformity of counting efficiency through
unfavorable effects of geometry: the points toward the right (or left)
side of the "body" are counted somewhat less efficiently than those in
the center because of their greater distance from the detectors, This
defect v:e expect to eliminate through a simple modification alre^d;/
adopted by 7/arner (1969). Specifically, the shape of the le=i<3 shield
around the crystals will be slightly modified so thnt the crystals
view at any one instant a slightly longer segment of the body along
its sides than along its center-line. This will increase the counting
efficiency at the sides of the body, giving a closer approximation to
unity for all positions in the body,

V/orkers at many laboratories have investigated the properties of
who le -"body counters of the general type described above, for example
Palmer, ̂ oesch, et al. at Ilnnford; V/'arner, Oliver, et al. at Oxford;
Boddy et al, at East Kilbride; and Faversten, Liden, et al, at Lurid,
Our own tests (Dudley and ben Haim, 1968a and 1968b) were directed
specifically toward comparing a wide range of measurement geometries,
crystal sizes, photon energies, sizes of phantoms and humans, and
distributions of radionuclidss throughout the phantoms and humans.
The measurements on humans clearly confirmed the expectations raised
in the phantom studies, namely that efficiency of assay can be nearly
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uniform throughout the entire tody. Most of our measurements on
humans were performed with a single 8"0 x 4" Wal(Tl) crystal, the
subject lying first prone, then supine. Under these conditions, and
using a single normalization condition wherein counting efficiencies
on people were expressed relative to those determined for the same
activity at prescribed positions in one of the Presdwood phantoms,
we found the following remarkable result when summing all counts above
a low energy threshold: Tn 77 measurements, including many different
nuclides in bodies of many sizes at many times after administration
of the nuclide, the greatest departure of the normalized efficiency
from its mean value of 0.95 v;as 0.07.

One therefore concludes, in the context of this meeting: simple
whole-body counters using îTal(Tl) detectors are available that combine ,
good sensitivity and good uniformity of efficiency for y-ray emitting
isotopes distributed in on y pari; of the body. If a radionuclide is
knov.-n through independent evidence to be located in one organ only,
or if the relative amounts present in each of several organs are
known, then whole-body counting can reveal the activities in these
organs with an accuracy of a few percent. If crystals as l~rge as
C"0 £ 4" snd he^vy shielding are used, this ;-. ccur^cy can be achieved
at activity levels even H s lov/ as 10 - 20 nCi, And happily, by simple
codifications such counters can be converted to profile scanners capable
of yielding information on spatial localization of the r?-d: onuclide
r.nd therefore even more suited to organ uptake' studies.

2. Organic scintillation detectors in "4 7r geometry"

",/hole-body counters using large organic scintillators and
approaching a counting geometry of 4̂ T" represent the second major
category of instrument. They are much less commonly used than bhose
based on Nal(Tl" because of their greater cost and complexity, and
therefore less detailed information is available on their performance.
Attempts to simplify these instruments (Earnaby and Jasani,- ]960a) nay
lead to their increased popularity. However, they do not lend them-
selves to easy modification so as to yield information on spatial
distribution of activity in the body, and for organ uptake measurements
their role is therefore limited,,
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Host of these instruments reflect the pioneering developments
based on liquid scintilla tors at Los Alamos (e.g. Van Dilla and Anderson,
1962), Somewhat modified philosophies are represented "by Barnaby and
Jasani (l968a ;.nd 19oSb), v;ho used an inexpensive liquid scintilla tor,
container, and shield, and by Delv/aide (1969), v;ho used a plastic
scintilla tor,

a. Spectral selectivity
The spectral selectivity of these instruments is poor, and they

are therefore not Vvrell adapted to multiple tracer investigations.
Coarse distinctions (e.g. Cs from K) can nevertheless be made.

h. Sensitivity
The great advantage of such large v/hole-body counters over those

based on Nal(Tl) is their high sensitivity. The "simple" system of ,
Barnaby and. Jasani, with liquid scintilla tor tanks 30 cm thjck, gave

/! Oabsolute counting efficiencies as high as 26 f- for K and 39 ̂  for
•̂ 'Co. Even v:ith inexpensive ch?lk shielding, background <.vas lov/ enough

R°, 59to permit an assay of 10 nCi •''Go or Fe to a statistical accuracy of
2 fo jn about 5 mirâtes, Tore elaborate instruments have shown still
higher efficiencies and sensitivities (Van Dill?, and Anderson, 19^2) <,

c. Uniformity of efficiency throughout body
These detectors can offer good uniformity of counting efficiency

for sources in different regions of the body for the same reasons as
already discussed in the c? se of !Tal(Tl) detector?.., Tr ovra ver, less
control i s available over the spectral region fro:'' which counts are
taken, T?irst, the energy resolution ir poor,, Second, background
becones excessively high at lo-- energies, therefore setting a lo,ver
energy limit bo the uceable spectru;i. Barn'-.by and Jar-ani (l96.?b) give
data sho'.ving assay efficiency constant to about 20 ',» for a source of
42X at various positions -":i a v/ater phantom o ̂  dimensions conipr.rablo
to tliose of an adult human, Soniev/hat better perforrrance '-ould be given
by detectors of length exceeding that of the body so as to el inimité
"end effects".

In conclusion: organic scintillation dotector-s used as whole-body
counters with almost 4^ geometry can count -y-ray emitters v;ith high
sensitivity and good uniformity of efficiency throughout the body.
Like Nal(Tl) systems, they can therefore give reliable results in
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organ uptake measurements provided independent evidence is available
on the distribution of the activity in the organs of the body. They
cannot, however, be readily adapted to yield good information on
spatial distribution of activity.
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TECHNIQUES BASED ON ANALYSIS OP PROFILE SCANNING DATA
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ABSTRACT

This paper reviews methods for the measurement of radio-
activity in body organs "based on the analysis of profile scanning
data. The various techniques used for profile scanning are
discussed and the factors determining the sensitivity and resolu-
tion of the detector system, in particular the characteristics of
the collimator, discussed. The dependence of sensitivity in
depth of source in the body observed with single-detector systems
is shown to be largely avoided with twin-detector systems having
two opposed detectors, especially if the geometric rather than
the arithmetic mean of the counting rates of the two detectors is
recorded. Techniques for the calibration of measurements based on
the analysis of profile scanning data are described.
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Introduction
The aim of profile, or linear scanning, is the determination in

one dimension of the distribution of radioactivity in a subject. Under some
circumstances the records obtained can be analysed to provide a measurement
of the amount of activity in a defined part of the body. The technique
shares with two-dimensional scanning the ability to select fche area studied
after scanning has taken place, and although less positional information is
obtained, a much greater sensitivity is available.

Profile scanning was first described by Pochin (1) in 1950. This
early work was carried out using a G.Mo counter as the detector, and in
1956 Corbett, Cunningham, Hainan and Pochin (2) published an account of the
calibration of this device, describing how quantitative estimates of organ
radioactivity could be obtained.

Scintillation detectors offer much greater sensitivity, and their
incorporation in profile scanners has been described (3,4,5,6,7)» However,
not much attention seems to have been paid to quantitative analysis of their
performance or methods of calibration. This paper includes descriptions
and analyses not yet published.

Description of Apparatus
The counter of Pochin (1) used a single long G.M» counter,

housed in a shield with a fixed slit collimator (2)„ Concannon and
Bolhuis (3) added a fixed rectangular slit collimator -to a small
scintillation counter. Alfrey, Cook and Pittman (7) used two 2 in. X 2 in»
counters side by side under a couch, again with fixed collimation. The Oak
Ridge scanner (4) is more elaborate, containing a row of six 2 in. Nal
crystals on each side of the patient separated by a distance of 1 m. The
counters are housed in a shield fitted with hinged collimation, the opening
being variable from zero to 4 in. The patient is transported between the
heads on a moving table. Display is by ratemeter and recorder.

I
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ADJUSTAHi CCMUMATOt

j>
Fig. 1

\NBLOC>BOAHD BASE 0* HQVmt TKOIHT

The profile scanner used by the present author is constructed by
adding appropriate collimation to a shadow-shield whole body counter.
Fig. 1 illustrates the design, which usesi two 5 in. X 3j in. crystals 70 cm
apart. Parallel jaw collimators can be set at any separation, and other
special collimators can be inserted. The patient lies on a couch which
can be moved through a tunnel between the crystals at speeds varying from
21 to 190 cm/min. Outputs from the two detectors can be fed either
separately or together to ratemeters and recorders, or to a multichannel
analyser used in the sealer mode. Alternatively, pulses may be recorded,
after amplification and pulse height analysis, on magnetic tape, for
subsequent processing.

Counter characteristics
When considering the quantitation of the results of profile

scanning it is necessary to pay attention to resolution and sensitivity, to
the variation of response to sources in different positions in the body and
to calibration procedures. The result of a profile scan is usually
displayed as a plot of count rate against distance or time, giving a peak
as a source is traversed. The area under this peak, corresponding to the
total number of counts accumulated at a given scanning speed, is a
convenient measure of sensitivity, and positional resolution is often
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expressed as the width at half maximum height of such a peak obtained
with a point source.

With single slit collimation the resolution varies proportionally
with the vertical distance from the crystal and with the collimator opening.
Geometrical considerations predict that for a detector with constant width
across the body, the sensitivity varies as the square of the collimator
opening. With circular crystals used end-on, the width is not constant
as the collimator is opened and sensitivity does not increase quite so
much. The relationship between resolution and sensitivity is illustrated
in Fig. 2, in which count-rate is used as the ordinate, and shows the high
price paid for good resolution.

POINT SOURCE DISTRIBUTIONS FOR DIFFERENT COLLIMATOR
OPENINGS.

Fig. 2

In order to obtain improved resolution without a sacrifice of
sensitivity, focused collimators may be used. Fig. 3 illustrates a design
used by Tothill. The sensitivity is about four times that of a plain
collimator having the same mid-plane sensitivity. A further advantage is
that resolution varies much less with distance from the crystal. GOKgora
et al. (8) have also described a multi-slit focused collimator for profile
scanning.
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Fig. 3

For the derivation of quantitative results, it ±s important
-, to consider the variation of response with the position of a source

.-•' within the body. The transverse variation is usually small. The
isoresponse curves published by Morris (4) for the Oak Ridge scanner,
show a drop of less than 1O% at the edges of an average trunk. A
single central crystal leads to greater transverse variation, and the
point source sensitivity of the author's scanner is some 15% low at
15 cm lateral to the mid-line. However, in an elliptical phantom
the sensitivity is practically uniform along a transverse line atv
any given depth, as attenuation is less towards the edges.

The variation of response with depth of a source in the
body is more important. A slit collimator scanning system has the
property that the in-air count-rate varies inversely as the distance
of a source from the collimator, and not as the square. The addition
of counts from two opposed detectors leads to a response in air which
is fairly uniform over the central 20 cm. However, attenuation in
overlying tissue is not compensated by this means.

Methods of calculation and calibration

Corbett et al. (2) developed a method of calibration for
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a profile counter operating on one side of the body only. They showed
that for a point source in air, the product of the peak height (h) and
the square of the peak width (W) is constant, and independent of the
distance of the source from the detector. Fora point source in an
absorbing medium, W can still be used to deduce the distance of the
source from the collimator, and hence its depth in the medium.
Attenuation can then be allowed for. The strict analysis breaks down
for extended sources, but the method is found empirically to give
reasonable accuracy, as the errors introduced largely compensate each
other. For large sources it is necessary to base an organ depth on
anatomical knowledge rather than the profile scan.

The method relies rather heavily on an accurate determination
of peak width, is complicated by general body background radioactivity,
and is difficult to apply for adjacent sources.

With a scintillation counter operating from one side of the
body, it is possible to obtain some compensation for attenuation by
counting in different energy ranges. However, spatial resolution is
then impaired. It seems preferable to count from both sides of the
body to reduce dependence on source position, and to use the information
to compensate for attenuation.

Using only the photopeak, almost complete independence of
response on the depth of a point source in a scattering medium can be
obtained by using the geometric mean of the counts from the two sides.
If the depth of the source is d in a medium thickness t the response
of the top crystal is proportional to exp(-|j.d), that of the bottom
crystal exp(-|_i(t-d)) . The geometric mean, exp(-p.t/2) is independent
of d. The use of this concept for two-dimensional scanning has been
pointed out by Sharma (8) „ The effectiveness of this technique for
profile scanning is illustrated in fig. 4., for three very different
y-ray energies. In each case summed counts exhibit a minimum for a
source in the centre of the phantom, while the geometric mean is
practically constant for all depths.
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VAHATIOM OF COUNT-RATE WITH HEIGHT OF A POIKT
SOURCE.

» > « » I 10 It M U » !0cm

For multiple or extended sources this gratifying résultais not
necessarily maintained, as the products of sums are not equal to the sums
of products. However, in practice there is a close approximation to
constancy of response. Fig. 5 illustrates the responses from spheres of
different sizes filled with I-131;suspended at different depths in water
2O cm deep. The geometric mean of counts from both sides provides the
least dependence on depth, but for many purposes the arithmetic mean is quite
acceptable. This is fortunate, as operation in this mode is much simpler.
The counts obtained with the sources central were independent of source
size.
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The responses are not, of course, independent of the thickness
of the body, and it is necessary to determine the attenuation. For

"\ organs within the abdomen or pelvis, and medium to high energy gamma
radiation, measurements under scanning conditions in a water phantom
suffice, coupled with a thickness measurement on the patient.
Attenuation in the thorax is, however, much lower, and varies markedly
in different positions. It would seem that it is best determined on
the individual subject, using an external gamma ray source. The
source is placed on the surface of the patient and a scan carried out.
In order to determine the effective attenuation for r.adiation from a
large organ such as the lungs, a number of scans may be performed, with
a small source in different positions on the surface, a weighted mean
attenuation being calculated. Alternatively, the surface source may
be distributed (on filter paper^ for example) corresponding to the
projected area of the organ of interest.

It is likely that in some areas of the body the use. of low
energy radiation would call for direct attenuation measurements to allow
for the difference between soft tissue and bone, as well as air cavities.
This technique of calibration is necessarily approximate, as the
radiation from the internal and external sources follows rather different



paths. However, it does seem to offer the best alternative to an
anthropomorphic phantom completely matching the subject.

Not the least difficulty in assessing profile scans is the
assignment of a peak to a particular organ and the drawing of the appropriate
base-line corresponding to activity in blood and other tissues. It may be
possible to obtain the pattern corresponding to a compound emitting similar
gamma radiation and known to be confined to the vascular or extracellular
space. Only infrequently can this be achieved for the actual subject
investigated, but it is possible to build up experience of distributions
of Cr-51 labelled red cells or 1-131 albumin for example, for different
sizes of patient, which can then be related to the individual through

) the count rate over some part of the body away from the concentrating organs.

Sometimes the patient can act as his own control, through
variations of distribution with time. An example is illustrated in fig. 6,
which shows the profile scans of a patient injected with 1-131 labelled
macro-aggregated albumin. Shortly after injection practically all the
radioactivity is concentrated in the lungs, as evidenced by the scan
itself and by blood sampling. Four hours later the peak is obviously
lower, but it is not clear that there is any concentration in an adjacent
organ until the two peaks are compared, with an appropriate adjustment of
scale. The difference represents concentration in the stomach. The
pattern has changed considerably at 22 hours, with concentrations in
thyroid, lungs, stomach and bladder, together with a general body distribution.

H5I MACtO-AtOIOTCT «MUM*

Fig. 6



The collimation of a profile scanner is usually designed to cover
the full width of the body. In some instances it may be useful to confine
attention to part only of the transverse section. The author's scanner
has available collimators which limit the field of view to the central
strip or to one side or the other. As well as allowing the examination
of selected organs or volumes, this facility is useful in reducing the
variation of blood background with longitudinal distance, and may make
it easier to draw a baseline for such a central organ as the thyroid gland.
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ABSTRACT

This paper reviews methods for the measurement of radio-
activity in body organs "based on the analysis of scintigraphic
data and their applications. The physical problems arising in
the use of scintigraphic systems for such measurements are
compared with those arising in the use of non-imaging fixed
detectors. Since the inverse square law effect is to a large
extent absent with scintigraphic systems, the dependence of the
sensitivity of such a system on depth of source in the body is
due mainly to attenuation of radiation in the tissues; this may
be largely overcome by the use of a system with two opposed
detectors. Location of the organ presents no problem in scinti-
graphy provided that a suitable organ-specific radiopharmaceutical
is available. Delineation of the organ depends on the resolution
of the system, and in particular on the dependence of resolution
on depth of source. Again, this dependence may be largely over-
come by the use of a system with two opposed detectors. The
problem of overlapping of the images of closely adjacent organs
is briefly discussed. Techniques for the calibration of measure-
ments based on the analysis of scintigraphic data are described.
Corrections must usually be applied for the overall background
and for variation in body thickness over the area as well as for
physical decay of the radioisotope. These corrections can most
conveniently be made by computer analysis of the data. Various
applications of the methods are described.
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INTRODUCTION
Quantitative scintigraphy refers to the technique of measuring absolute

or relative activity within an organ by the use of a scanner or camera. Griff i-1
et al. (l) have described the use of a dual detector scanner for the study of
stomach emptying and the method has been also applied to the study of calcium
uptake in bone by Laughlin et al. (2). Harden et al. (3) and Andros et al.
(4) used a single detector scanner for the quantitative study of thyroid
function using Tc. The uptake of Tc in the thyroid was also studied by
de Garreta ejt al . (5)« The technique has been further developed and used for
the estimation of splenic volume and splenic function by Glass et al. (6) and
Williams e_t al. (7). More recently quantitative studies using a gamma camera
have been performed to assess stomach emptying by Jones et al. (8) and also to
assess renal function by Holroyd e_t ai_. (9)» With the range of dual detector
scanners becoming available which are suitable for quantitative studies and
the increasing use of data processing systems in association with gamma cameras
and scanners, the number and scope of quantitative scintigraphic studies are
expanding rapidly.

PHYSICAL PROBLEMS
The use of fixed non-imaging detectors for quantitative uptake presents

the well-known problems of location, delineation of the organ and precise
collitnation so as to reduce the effect of activity in adjacent organs. The
problem of varying detector sensitivity with variation in the depth of the
organ, containing the activity may be wholly or partially overcome by the use
of two facing detectors instead of a single detector. The problems of location
and delineation may be largely overcome by using a scintigraphic method. Inter-
ference due to scattered radiation from activity in adjacent organs can also be
partially overcome by scintigraphy although perhaps by the use of less
conventional methods.

Depth dependence
The variation of sensitivity due to variable organ depth may be due to

an inverse square law effect or due to attenuation of the radiation by the over-
lying tissue. However, a large fixed imaging detector such as a gamma camera
or a focusing detector which scans over a large area may be regarded effectively
as an 'infinite* detector. The inverse square law effect is therefore virtually
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absent unless the organ is very large or is very close to the detector. The
only way of overcoming the tissue attenuation effect is "by the use of two facing
detectors. The alternative method of using calibration procedures and independe
estimates of effective organ depth are more cumbersome and possibly less accural
However, this method must be used for gamma cameras other than those of the
positron type. When using two facing detectors the outputs may be combined in
several ways. Simple summation of the output will give a variation in sensitive
which is dependent on detector separation, body thickness and energy. Thus at
140 keV in a 10 cm phantom the variation in sensitivity is less than ± 1.5 $»
whereas at 511 keV with a 24 cm phantom, the variation in sensitivity is ± 20 rfo.
However, it should be stressed that in the more typical case of a 20 cm body
thickness even with an organ thickness of 10 cm, the variation in sensitivity is
less than ± 3 $ if the organ is situated near the middle of the body.

It has been pointed out by Arimizu et al. (10) and also by Sharma (ll) thai»the variation of sensitivity with depth is considerably reduced if the geometric
mean and not the arithmetic mean of the outputs of the two detectors is used. 1
sensitivity will be completely independent of depth, but not of body thickness,
provided the. attenuation coefficient is not depth dependent, which will be the c
if only unscattered radiation reaches the detector. With sodium iodide detector
however, as Beck ejt aJL. ( 12) have • shown, -.if the whole photopeak is counted, then £
140 keV, 40 % of the radiation reaching the detector is scattered radiation. Tl
becomes 31 % at 280 keV, 2?.5 $ at 400 keV and 23.5 i° at 510 keV. For this
reason Arimizu et al. suggested empirically that the average of the arithmetic
and geometric means can be used to give a result which is correct to within ± 6
over a range of energies from 140 to 150 keV.

This problem, however, can be largely overcome by the use of germanium semi-
conductor detectors which have an energy resolution of 4 to 5 keV. Results
obtained with a 40 cm3 detector indicate that the attenuation coefficient tends
towards the classical value as the scattered radiation is excluded. With a paii
of such detectors, therefore, complete independence of sensitivity on depth is
achievable. The absolute sensitivity of a germanium detector of this size is
virtually identical with a sodium iodide detector of the same size at 140 keV
and it is *out one-third as sensitive at 5H keV.

When a single detector scanner or gamma camera is used the above considera-
tions do not apply and special calibration procedures must be used. These will
depend largely on particular applications.
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For studies of myocardial "blood flow using a gamma camera in my own
laboratory we have devised a similar set of calibration factors to those used
by Andros et al. (4)» assuming that the front edge of the heart is at a fixed
distance below the skin surface. These methods are always tedious and approxiraa
and a method is now being developed which utilizes a small facing detector with
the gamma camera to overcome this problem..

Location and delineation
Location of the organ or region presents no difficulty with scintigraphic

equipment providing an organ-specific radiopharmaceutical is available. A few
organs, e.g. pancreas, parathyroid, remain for which highly specific radio-
pharmaceutical s are yet to be found.

Delineation of the organ is a more complex problem. An ideal scintigraphic
system would be one in which the resolution of the system remains constant ançl
independent of distance from the collimator face. Hine ejt al_. (13) have shown
that if single detectors with crystals of diameter greater than about 3 in.
are used on scanners, the resolution is highly dependent on distance from the
collimator. Such systems are unsuitable for quantitative scanning, since the
technique is based on the assumption that the projection of any single plane in
the organ at any depth on to the plane of the scan is undistorted. If the size
of this projection is depth-dependent,!t is not possible to assess the activity
within a given area with any accuracy. On the other hand, Genna et al.(14)
have shown that with facing detectors and crystals of about 3.5 in. diameter,
the resolution by suitable collimator design can be held constant over 28 cm to
within - 7 $ at 140 keV and 364 keV. With a gamma camera using parallel hole
collimation the resolution varies continuously with distance from the collimator
face. The change in resolution over 20 cm being 100 *?> at 200 keV.

Since quantitative scintigraphy is usually concerned with delineation of
large organs (as opposed to searching for small tumours in a large organ) the
point source response of the collimator should be plotted to at least the 1 rfo
level. This allows computation of the volume response of the collimator detecto
system which is the most significant characteristic for quantitative scanning.
The line spread function (equivalent in this instance to the poin-t source respon
and the volume response of a sodium iodide crystal and of a germanium detector
are shown in Fig.l and Fig.2. These demonstrate the significant contribution
made by the scattered radiation from far" off the central axis.
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The effect of the large off-axis response with sodium iodide is to make
the sensitivity dependent on the size of the area scanned and the ratio "between
the organ size and the scanned area. This is demonstrated in Fig.3 where it
can "be seen that as the scanned area increases the senitivity tends towards a
constant value.

Interference due to radiation scattered from adjacent organs

This problem is not entirely dissimilar to the problems of delineation
discussed above, except that in this case the scattered radiation arises from
an adjacent organ which is not under investigation. In this situation good
resolution is required to delineate the organ of interest from the adjacent
one. However, the presence of high activity in the latter organ may seriously
interfere with the estimation of the activity in the former, due to the high
proportion of counts due to scattered radiation which appear to come from the
organ under study, "but which originate elsewhere. Although improved "on-axis"
resolution can "be achieved "by using a finer collimator, the reduction of effects
due to scattered radiation can only be achieved by using detectors with improved
energy resolution which allows the degraded scattered radiation to be excluded.
The results obtained from a point source 0.5 mm in diameter with a fine-resolu-
tion collimator (F.W.H.M. of 1.5 mm) are shown in Fig.4. It can be seen that
improved results were obtained with a 40 cm germanium detector (Fig.5).

CALIBRATION FBOCEDURES AND CORRECTIONS

The purpose of the calibration procedure is to provide a factor which
relates the injected dose to the number of dots which would be obtained by
scanning a phantom containing, this activity if the phantom were the same size
as the organ and the body of the same thickness. Once this calibration factor
has been measured for a given scan speed and body thickness and for a range of
scanning areas, appropriate corrections may be made subsequently if the body
thickness and speed are changed. A point on the calibration curve is always
selected which corresponds to the area used for the organ on each particular
occasion. When allowing for variation in sensitivity due to patient thickness,
the attenuation coefficient must be measured under the operating conditions
currently used. In practice scans are usually carried out at the" same nominal
speed. The actual speed is usually measured by means of a calibration timing
pulse. The dose is placed in a jig between the two detectors which have been
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covered with 1 cm think brass plates in place of the collimators. The count
rate is noted. The number of dots in the scan area corrected for local tissue
background is then related to the injected dose using an appropriate callibra-
tion factor and area correction factor and the relative uptake may then be
measured. It is sometimes necessary subsequently to relate the injected dose
to the activity in a blood sample, as in the estimation of splenic blood volume.
In this case the injection dose may be related to a long lived standard which
is also measured in the jig on the scanner, a known fraction of the standard
material being measured in a well counter to relate the sensitivity of the two
instruments.

When making the correction for local tissue background, no major problem
arises if the area selected to represent the tissue background is a region of
comparable body thickness and does not contain organs which also concentrate
the tracer. This is usually possible in thyroid and kidney studies. In other
cases, for example, in the estimation of splenic blood volume, the adjacent
activity in the heart contributes to measurements within the upper part of the
splenic area. The body thickness is also changing so rapidly in a lateral
direction that the background correction in this region presents a major problen
Compromise solutions to these problems have been used and the validity of these
may sometimes be checked by examining background profiles on patients who have
had the particular organ of interest removed. Needless to add, such possible
checking procedures are not always available. This remains an area of difficuH
which may be reduced to some extent, although not entirely, by the introduction
of detectors which can exclude scattered radiation.

DATA ACQUISITION AND PROCESSING
Quantitative scintigraphy normally requires the application of correction

factors for local tissue background, variation in sensitivity due to varying
body thickness, physical decay of the isotope since injection and also while
obtaining the scintigraph, variation in sensitivity due to the size of the scanr
area, depth correction for single sided detectors, and variation in detector
sensitivity and scanning speed. Although much of the earlier work and indeed
some present work on smaller organs can be carried out by hand, computer treat-
ment of the data relieves much of the tedium associated with these very useful
techniques. In earlier work the position of each dot on the scan was recorded
as a number in digital form on punched paper tape (Kemplay (15))« We now use
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in our laboratory a more complex system which is linked to both our double —
detector scanner and our gamma camera. The system consists of twin A.D.C's
and two buffer sto.res (500 words) and control electronics which enables the
system to accept information and write on to digital magnetic tape simultaneous!
The positional information is recorded in digital form as 6 bit words and the
magnetic tape is sent to one of two computers depending on the complexity of th«
study. The computer programs have been written in our own laboratory to handle
the data. This application, when limited to static quantitative studies is
ideally suited to a small on-line computer. Our data acquisition system will
accept input count rates of 11 Kc/s and 6-bit words giving address co-ordinates
A description of this system and some of the applications and programming
philosophy is now in preparation (Vernon and Glass, (16)).

PRACTICAL APPLICATIONS

Certain of the applications referred to in the introduction are now used'
in routine diagnosis. One of these is that by Szur et al. (l?) for the
estimation of splenic function previously mentioned, which is accomplished by
means of an in vivo internal calibration method, the quantitative scanning
procedure being used to calibrate an external detector. As a result of this
investigation the necessity for a major redesign of the external detector
system became apparent and the traditional single-detector system used for
iron and chromium studies is now being replaced by a dual-detector system. A

99msecond important application is in thyroid function studies with Tc^ in
which the improved accuracy obtained by the use of quantitative scintigraphy
for uptake studies was apparent in the improved differentiation into clinical
groups. Indeed it has been possible to observe by this method the changes in
the size of the thyroid trap in patients undergoing drug therapy for the thyro-
toxicosis, and to modify the duration of treatment according to the response of
the individual patient (Goolden e_t aJL. (18)). There seems little doubt that,
despite the more complex procedures involved, the use of area scanning for
quantitative uptake measurements will be increasingly used either to replace or
supplement external counting procedures using fixed detectors.

CONCLUSION

For organs which are well separated from adjacent areas of comparable uptal
of activity, quantitative scanning with dual detectors provides a more accurate
means of measuring uptake than by the use of fixed detectors. The outstanding
problems remaining to be solved concern the estimation of tissue background in
certain conditions and the reduction of the effect of scattered radiation. The
use of germanium detectors of high energy resolution may assist in both of thes<
areas.
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ABSTRACT

This paper describes a functional imaging method for the study
of organ function or organ blood flow and its application to the
evaluation of lung ventilation and perfusion with Xe. The method
is based on area scintigraphy with a scintillation camera, data being
accumulated on a 1600-channel analyzer as a 40 x 40 element matrix,
transferred to magnetic tape and finally processed by a computer.
For the evaluation of lung ventilation, the static distribution of

Xe in the lungs after inhalation of oxygen- Xe mixture is
recorded as a single matrix during a 20-second period of breath hold-
ing. For the evaluation of lung perfusion successive matrices are
recorded every 2-4 seconds after intravenous injection of a saline
solution of Xe so that the washout of Xe from the lungs may be
followed as a function of time. Each element of the matrices is
initially subjected to a nine-element smoothing routine. The distri-
bution of ventilation is then derived from the matrix for the static
distribution of Xe after its administration by inhalation and the
distribution of perfusion from the relative slopes of the curves of
disappearance of Xe from the various matrix elements after its
administration by injection. The results are displayed as a 40 x 40
element matrix of normalized values or alternatively as an isometric
projection of a three—dimensional model in which the x and y co-
ordinates give the spatial reference and the z co-ordinate the relative
ventilation or perfusion. Typical results obtained by the method are
presented and its advantages over methods which evaluate total organ
function discussed.
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In conventional measurements of organ function or organ blood flow,

external probes are placed so that their fields of view will encompass the
entire organ. Following this placement, a single recording such as a heart
dilution curve, a renogram, or a hepatogram, can be analyzed to reflect the
total blood flow or function of that organ. Recently, various investigators
have recognized the applicability of stationary detector devices, or scintilla-
tion cameras, to serve as multiprobe detectors. Thus, multiple heart dilution
curves (l, 2), renograms (3, 4), and lung washout curves (5, 6) have been
recorded simultaneously by these systems.

The present investigation demonstrates that a sufficient number of flow or
function curves may be recorded so that a complete functional visualization of
an organ can be described with a display similar to a scan of the distribution oJ
radioactivity in that organ. In this application, each spatial segment of the
organ will have assigned to it a clearance rate or slope reflecting the rate in
which the material is cleared or washed out from that segment (7, 8).

In order to integrate visually the regional variations of clearance, a scan
display of the organ is reassembled with the jx and y_ co-ordinates representing a
flat projection of the organ in space and the z_ co-ordinate representing the
magnitude of the rate constant instead of the magnitude of the radioactivity
deposited.

The methodology described above has been called functional scanning (9)
or functional imaging (10) and exhibits two primary criteria.
1. The first requisite is that an integrated description of the entire organ

must be obtained. This differs from the multiprobe technique in that the
function of the whole organ should now be visualized by one representation,
similar to a conventional scan display, and not dependent on correlating
multiple curves with sites from which the curves are derived selected by a
separate visualization.

2. Secondly, the variation between adjacent sites must reflect differences in
organ function or blood flow. This means that the relative magnitude of
each spatial segment must represent some accepted parameter such as a
disappearance constant, clearance rate, or half-time that will reflect the
actual flow or function of that specific organ, not merely the amount of
radioactivity deposited there.
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Methodology
The technique of measurement for functional scanning of the lung is shown

in Fig.l. For ventilation studies, Xenon is distributed in the lung by the
subject breathing an oxygen-xenon mixture from a 13.5 liter Collins respirometer
to which 10 millicuries of Xenon has been added to 10 liters of gas. For
perfusion studies, 3 millicuries of Xenon dissolved in saline are injected
into an antecubital vein.

The distribution of radioactivity in the lung is detected by a Nuclear
Chicago Pho-Gamma It scintillation camera and accumulated by an RIDL 1600 channel
analyzer as a 40 x 40 word matrix. The diameter of the collimator is 10.5 inches
so that each element of the 40 x 40 matrix can be represented spatially as a
sq-uare with sides approximately one quarter inch long.

For measurement of the static distribution of Xenon in the lungs from
ventilation, a single matrix is recorded during a 20 second period of breath-
holding following breathing of the oxygen-xenon mixture from the spirometer.

For perfusion studies, multiple distributions are required so as to be able
to measure the washout of Xenon from the lung as a function of time. To
accomplish this purpose, matrices of the distribution are collected every 2.4
seconds and transferred to an Ampex TM-7291 digital tape recorder for processing
by an IBM 360/40 computer.

To begin analysis, a conventional curve of accumulation and washout of the
Xenon by the entire lung field is determined by summation of all the counts ir

each matrix and plotting the relationship of total matrix counts versus the time
in which each matrix was collected. The series of matrices immediately following
the plateau or peak is then selected for determination of the washout slope.

Each element of the 40 x 40 matrices is initially subjected to a nine elemer
smoothing routine involving bounding and averaging of the original counts in the
matrix elements (ll). The logarithm of the counts collected at each element on
each frame is then fit by the method of least squares so as to obtain the optimun
value of the disappearance constant, A.

Thus»

y it - i-
E..-4- [E'l2
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where y. is the logarithm of the counts in each element of the matrix, t is the
time at which the matrix was collected, and N is the number of matrices used for
calculation of the slope. N will vary dependent upon the half time of washout
but it has been found that eight matrices are usually sufficient for determinate
of the constant with sufficient accuracy.

It is assumed that for each matrix element a function exists of the form»
- At

(2)
where y can be calculated by the expression»o

N E _
N E' (3)

The standard derivation of A is calculated by the expression*

S.D. of X = E(ya - y)'
1/2

Where (y —y) measures the deviation between values of the theoretical clearance
cL

curve, y and the actual recorded value, y. The initial distribution of thecL
perfusion is determined by solving for the value of y at each matrix element.o
This value represents the total amount of radioisotope supplied to each element
before any loss by washout occurs.

The matrices of the disappearance slopes and of distribution values obtaine<
from either ventilation or perfusion are subjected to a nine element bounding
and averaging programme previously described. Following this smoothing, the
final values are displayed both as a 40 x 40 matrix of normalized values or as a
three-dimensional representation wherein the magnitude of either the distributioi
accumulation or the disappearance slope is shown as an isometric deflection of tl
z_ axis while the x and y_ co-ordinates maintain the spatial identification of the
subject (11, 12).
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The method of depicting relative slopes of the disappearance constant in
a three-dimensional model is illustrated in Pig.2, Two elements of the 1600 —
word matrix are shown with the larger disappearance constant (faster washout)
corresponding to a greater height on the z_ axis. Assigning proportional heights
to each of the 1600 elements thus results in a solid figure descriptive of the
relative disappearance of Xenon from every area of the lung field.

Results
The static distribution of Xenon in the lungs of a patient recorded in

the upright position following a 20 second breath-hold of Xenon-oxygen is
shown by the matrix of Fig.2A. The counts collected in each element of the
matrix have been normalized and divided into 20 levels. In this distribution
the number "1" represents the highest level of activity and "20" represents
the lowest.

A similar matrix is shown in Fig.3B for the normalized disappearance '
constant, s\ , derived for each matrix element. The number "1" represents the
largest disappearance constant (fastest washout) and "20" represents the smallest
constant (slowest washout).

Three dimensional models drawn from these matrices are shown in Fig.4 for
the ventilation distribution of Xenon in the lung and in Fig.5 for the
disappearance slopes. Four views of the same lung are shown in which the matrix
is viewed from each of the four corners (ll). The two upper figures are being
viewed from apex to base and the two lower representations are being viewed from
base to apex.
Discussion

It is possible to obtain completely satisfactory function curves from
direct playback of either continuous recording of the camera output on analog
tape (l), video tape (13) or successive frames of digital tape (3) without data
processing. These techniques are applicable when either a limited number of
sites are required, when the combination of counting rate and accumulation time
will yield the desired statistical accuracy, or when qualitative viewing is
sufficient.

When, as in most applications of functional scanning, a large" number of
elements are required so as to visualize an entire organ, or when it is necessary
that the desired parameter be derived by some process such as least squares
fitting, a computer of appreciable capabilities must be considered as an integral
part of the functional scanning system.
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The selection of the three-dimensional scan as a readout is not,

necessarily, a requisite for the functional concept. Other types of readouts
may well be used, provided several criteria are met.
1. The primary requisite is one of linearity. It is necessary that a wide

range of values be visualized with equal perception, not merely that the
presence of "hot" areas or "cold" areas be identified on a distribution
scan. Accentuation techniques, such as photoscanning, are difficult
therefore, to adapt to this condition.

2. Secondly, it is desirable to be able to ascertain small differences between
values. Except in gross situations, function may not be expected to vary
greatly between adjacent areas. Thus, it is important to be able to
perceive small differences and to have the differences readily apparent to
the eye. The numerical readout of the matrix is linear, but it is difficult
to visualize readily small variations by reading numbers. ,
The resolution of the system will be dependent upon the collimator, the

inherent resolution of the imaging device, and the smoothing function used in
computer analysis. The approximate quarter inch dimensions of the matrix
elements are considerably small than the resolution of thé system. As with most
display systems, however, we have found that sampling at several fold the rate
of the maximum spatial frequency component improves the visual integration of
the distribution.

A distribution of Xenon in the lung following spirometer administration
is shown in Pig.6 as analyzed by our original distributions as a 18 x 18 matrix
(324 elements) and the identical orientation on the same patient five months
later with our present 40 x 40 (1600 element) matrix. The visualization is
improved even though the inherent resolution is the same in both studies.

In summary, it can be said that this technique of functional scanning has
demonstrated that it is entirely practical to obtain a single display of the
function of an organ in the same manner as the conventional distribution
representations. Bather than the clinician being concerned with selection of
specific regions and interpreting curves from selective sites, the entire organ
function can now be displayed with the number of independent sites determined by
the resolution of the system and on statistical limitations.
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Fig.3A. Matrix: reîat±ve-magnH;udes-of
aistri/bution in the lung 10

following inhalation. The number "1"
represents the highest quantity of
activity and number "20" represents
the lowest.

Pig.3B. Matrix of relative magnitudes of the
disappearance slopes of ̂ -̂ Xenon wash-
out from the lung following intravenous
injection. Note decreased clearance
rate in upper right lung field not
predicted by the distribution levels in
(A). The number "1" represents the
fastest washout and "20" represents the
slowest.
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Fig.5. Three-dimensional view of matrix of Fig.3B showing relative magnitude* Q.f the disappearance «lopes following intra-

venous injection of 133Xenon. Highest levels represent regions of nrost rapid disappearance of the Xenon. Heavy
arrows mark the region of low clearance seen in matrix 3B which is due to absence of perfusion in this area since
ventilation is normal as seen in Fig.3A.
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Fig.6. Effect of matrix size on visualization of regional variations.
The upper display of 324 elements was recorded on November 19»
1968 on the patient shown in Pig.3 prior to a surgical procedure
for bullous emphysema.
Lower figure was recorded 146 days after the upper display when
matrix size had been expanded to 1600 elements.
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ABSTRACT
This paper reviews methods for the measurement of radio-

activity in the thyroid. The main problems arising in such
measurements are shown to be uncertainty regarding the depth of
the thyroid in the neck tissues and uncertainty regarding the
contribution of extra-thyroidal radioactivity to the observed
counting rate. The radioisotopes Tcm, I, I, I and
132I are all employed in the investigation of thyroid disorders
but I is the most widely used of these. The various methods in
current use for the measurement of this radioisotope in the thyroid
are described! these include methods based on the use of single
fixed detectors, dual fixed detectors and area scanning systems.
Techniques for determining the effective depth of the thyroid
include the making of measurements with a single fixed detector at
two different distances and the making of measurements on two groups
of photons differing in energy. Techniques for correcting the
measurements for the contribution of extra-thyroidal radioactivity
include the making of measurements over the thigh and the making of
measurements with a-lead shield covering the thyroid.
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INTRODUCTION
For diagnostic purposes it is sufficient to measure the relative or percent

uptake of administered radioiodine "by the thyroid. For some other purposes a
knowledge of the radioactivity present in the thyroid may "be required. The main
difficulties to "be overcome are (a) the unknown variation in depth of parts of
the thyroid "beneath the neck coupled with the unknown distribution of radio-
isotope within the thyroid, (b) the contribution to the count rate from radio-
isotope distribution elsewhere in the body, and (c) satisfactory international
calibration. These are common to all organs. For the thyroid a standard method
of measuring radioiodine uptake is available (l).

The thyroidal uptakes of several radioisotopes of different elements (mainly
group VII in the periodic .table) have been studied in animals and man. The use-
fulness of 123I, 125I, 131I, 132I and "mTc in the investigation of thyroid

n n-\
disorders has been reviewed by Goolden ejt al^, (2). I is probably the isotope
of choice for uptake measurements but is not yet in widespread use. A method for

I thyroid measurement using a Ge(Li) detector has been published (3). I
has been the major isotope in use for over two decades, and is at present by far
the most frequently used isotope for thyroidal uptake measurements. To uptake
has been measured by area scanning techniques (4» 5)> but is not recommended for
the determination of thyroidal uptake.

This working paper-considers uptake in the thyroid of I only. Some
work has been published on profile scanning, and on whole-body counting, but these
are not considered. All uptake methods will measure lower thyroidal radioactivité
if performed inside a whole-body counter.

THYSOIDAL DEPTH
Two methods have been proposed for determining the effective depth of the

thyroid in a patient. The effective depth is the apparent depth of the centre of
radioactivity. It is an,average weighted by the method of measurement. The
thyroid gland may vary from very close to the neck surface to 7 cm in depth,
averaging about 3 cm (6).

One method is based on comparing the count rates obtained with two different
gamma-ray energies arising from the same or different isotopes distributed through-
out the thyroid. The difference in the count rates is related to the known gamma-
ray attenuation factors and the unknown depth (7 - 10).
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The other method is based on measuring the count rates for a single gamma-

ray energy of two positions of the detector. The unknown depth is related to
these measurements and the geometry of the counting system (8, 11).

The inevitable detection of scattered photons complicates the calculations
and measurement of the appropriate corrections.

EXTRA-THYEOIDAL ISECK RADIOACTIVITY
There is no problem if the percent isotope uptake is being measured 24 hours

after the administered dose. Then the extra-thyroidal neck radioactivity is
about 3 $•

If isotope uptake is measured during the first few hours after administration
then it is important to correct the measured neck uptake to obtain the thyroidal
uptake. Myant ert al̂ ., (12) and Goolden and Mallard (13) have obtained a correctio
by measuring the uptake over the thigh. This may be successful if carefully
determined conversion factors are employed.

Berson e_t al̂ ., (14) have assumed that all the activity in the neck is extra-
thyroidal at 2 minutes after the injection of isotope, and at subsequent times
the extra-thyroidal activity is a constant fraction of the total body radioiodine
not in the thyroid or extracted by the kidneys.

On the other hand, Oddie el; al., (15) have «hown that the fraction of extra-
thyroidal neck radioactivity, expressed as a fraction of the radioiodine remaining
in the body and not in the thyroid, is not a constant and also does not fall as
rapidly as the plasma radioiodine. Hilditch e>Jb aJ., (16) have confirmed this
finding by an entirely different method.

Koutras and Sfontouris (19) held that the extra-thyroidal neck activity
decreased in a similar manner to blood activity.

IKTERNATIOffAL CALIBBATION
Satisfactory international calibration of thyroidal uptake has been performed

using modk-iodine manikins (l8, 19). The results have been published (20 - 22).
A standard method has been recommended so that all laboratories can maintain
accurate results (l). This method minimizes the effects of extra-thyroidal neck
radioactivity and provides an average correction for thyroidal depth by means of
a standard counted in an appropriate phantom. Ho correction for extra-thyroidal
neck radioactivity or thyroid depth, specific for individual patients, is
provided by this method.
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METHODS OF MEASUREMENT
(a) Single stationary detector with long collimator
The importance of a well-collimated detector, called a "long" collimator

during the early 1950's, was recognized by Berson et al., (14), Oddie et al.
(15)» the OBINS standard method (19) and the panel report of the International
Atomic Energy Agency (l). The long collimator reduces to a reasonable minimum
the effect of body background on the count rate. That is, the collimation is
sufficiently broad for all of a large thyroid to be "seen" by the crystal ; but
it is no broader. This of course allows a certain amount of radiation from the
neck tissues to be seen by the crystal and to contribute to the body background.
It is not possible to completely eliminate it. An average correction for this
contribution can be made by counting over the thigh on the assumption that a
suitable portion of the thigh mimics a suitable portion of a thyroid neck. A
somewhat better correction can be calculated by making measurements over the neck
at different times and using some experimentally derived formulae describing
the movement of radioiodine in tissues to correct for the body background
contribution (15)» No attempt is made to correct for effective depth of the
thyroid in individual patients, but an overall correction is made by placing a
suitable standard in a suitable phantom at an average depth.

For a given counting time and microcuries administered the statistical
accuracy of this method is clinically acceptable (which means the sensitivity
is adequate). Small errors in positioning the patient have minimal effect on
the count rate. By using appropriate standardization it can be ensured that
there is no systematic bias in the measurements, and this can be checked using
a standard manikin containing "mock-iodine" (18 - 22).

(b) Single stationary detector and rectangular thyroid shield
i

The OEINS standard method (19) employs a long collimator for preference
(it is not essential) and uses a thyroid shield. Counting is done both with and
without the thyroid shielded by a lead slab. The objective is to correct for body
background by counting everything minus the thyroid. This method can be used
with any existing counting system to obtain good results. An important advance
was the insistence on a 1/16 in. lead filter in front of the detecting crystal
to eliminate low energy gamma-rays.

A variant of the ORIîTS method has been used by Thomas et al. (23) to measure
large activities in the thyroid with minimal equipment.

If a long collimator is provided then it is not essential to use a thyroid
shield (1, 22).
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(c) Measurements with single detector at two different distances
The count rates at two prescribed distances from the subject are measured

with a flat-field long collimator. Using calibration measurements with a special
phantom, the ratio of these rates provides an estimate of effective depth of the
thyroid. Another calibration relates counting rate at one position to absolute
activity as a function of effective depth.

This method is claimed to be independent (to a first approximation) of
variations in thyroid depth, the distance between the detector and the thyroid,
scattering and attenuation. The mean estimated value of absolute activity for
a series of measurements was within 2 $ (ll).

When combined with the IAEA standard method (l), this technique would
minimise detected extra-thyroidal neck radioactivity on the average, and could
succeed in correcting for thyroid depth distribution in individual patients.

(d) Measurements at two different gamma-ray energies
As a means for estimating the depth of the thyroid in the neck, Van Dill a

et al. (?) proposed the ratio of the count rate from the more easily attenuated
30 keV x-ray of ̂ Iodine (or the 27 keV x-ray of ^Iodine) to the count rate
from the 364 keV gamma-ray of Iodine. Espinasse et. al. (24) developed
independently a thyroid uptake method based on this concept.

Wellman e_t al. (9) have employed the ratio of the count rate from the
364 keV 1̂ 1I photopeak (310 - 420 keV in their experiments) to the count rate
in the Compton continuum (40 - 310 keV) as a thyroid depth correction in their
dual crystal technique described below.

A most realiztic phantom, of variable size, shape and depth, has been
employed by Espinasse (10) to match as closely as possible the anatomy of
individual patients as revealed by palpation and radioisotope scanning. The gamma
ray spectrum from the phantom was then a close match to the gamma-ray spectrum
from the patient. This yaa impracticable as a routine procedure, so the ratio
of counts in the 30 keV peak to counts in the 364 keV peak was used instead. A
measure of this ratio was taken as the counts from̂ a low energy probe (2 mm thick
Nal(Tl), 22 - 36 keV window) divided by the counts from a high energy probe
(37 mm thick Nal(35ï), 347 - 381 keV window).
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For routine I uptake the dose is first measured under standard

conditions (A -,-.). At 24 hrs after administering the isotope the ratio defined
O^l O Aabove is measured on the patient's neck (R * Â T/A..̂  ). The quantity

K (= A^>-./A -.s.) is read from a calibration plot of K versus R. At any time t,
count rates A*,, on the neck and E on the thigh are obtained with the I
probe. The corresponding uptake as a percentage of the dose isf

F* » 100 (At364 - nEt)
r A1 cK'A 364'C

where nE gives a thigh correction, for extra-thyroidal activity and C is the
decay factor.

125A method and formula for routine I uptake measurement are also given.
(e) Dual crystal stationary detector
An increase in detector sensitivity can be achieved by developing two

crystals placed close to the thyroid. Typically these could be of 3 in. diameter
with their central axes 90 apart. The two crystals provide a somewhat more
uniform response distribution over the region of the thyroid than could be
achieved by a single crystal at the closer distance. Correction for thyroid
depth has been provided by utilizing the ratio of the counting rate from the
364 keV gamma-ray of I to that from the Compton continuum in the gamma-ray
energy spectrum (9).

Calibrations are performed with sources in phantoms at different depths.
The thyroidal uptakes obtained with two crystals placed against the skin of the
neck were compared with another single crystal method that did not conform to
IAEA recommendations (l) but which apparently had been calibrated against the
ORIÏÏS standard method (19). While the two measurements were highly correlated,
the dual crystal system gave values 8.1 $ lower than the single crystal system
on the average.

The high sensitivity of the dual crystal system is indicated by its ability
to detect 300 pCi of I in an ordinary laboratory with a 5 oin counting time,
assuming an effective thyroid depth of 2.75 cm«

(f) Area scanning detector
In an endeavour to improve the correction for extra-thyroidal radioactivity

in the neck Hilditch et al. (16) employed an area scanning method.
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iAn area 16 x 16 cm, fro» below the supra sternal notch to the chin, was

scanned commencing one minute after injection of 50 Î Ci of I. Pour to six
scans on each patient were performed in the following 40 minutes. A 15.8 cm
diameter circle drawn on each scan was used to estimate thyroid plus some neck
uptake. Below this a half-circle of the same diameter was used to estimate neck
uptake. Estimates of thyroid uptake were thus obtained. A curve of "best fit
was drawn through the uptakes for each patient. The final estimate of thyroidal
uptake for each patient was read from the patient's individual curve of "best fit.

The values for thyroid plus neck uptake agreed with those obtained using an
IAEA collimator (24) on each patient serially "between scans.

In this series extra-thyroidal neck activity ranged from 3 to 11 % of
administered dose. This activity was observed to decrease with time, even when
expressed as a fraction of total extra -thyroidal body activity. It did not
decrease as rapidly as the blood activity. This confirms an earlier report
based on a different method (15) •

The quantitative agreement between the results for extra -thyroidal neck
radioactivity of the area scanning method and the single detector long collimator
method is rather good considering the errors involved in each (25) .



- 86 -
REFERENCES
(1) INTERNATIONAL ATOMIC ENERGY AGENCY, Acta isotop. I (l96l) 309;

Minerva nucl. £ (1961) 45 Brit. J. Eadiol. _35_ (1962) 205}
Int. J. appl. Radiât. 13 (1962) 16?? Acta ifcer. radio. -
cancer. r£ (1962) 183? Acta radiol. (Stockh.) 58 (1962) 731?
J. beige Radiol. 4% (1962) 511.

(2) GOOLDEN, A.W.G., GLASS, H.I., SILVESTER, D.J., Brit. J. Radiol.
41 (1968) 20.

(3) SODD, V.J., HELLMAN, H.N., BRAÏÏSON, B.M., J. nucl. Med. 10 (1969) 136.
(4) ANDROS, G., HARDER, P.V., LATHROP, E.A., McCARDLE, R.J., J. clin.

Endocr. _2J? (1965) 106?.
(5) DE GARRETA, A.C., GLASS, H.I., GOOLDEN, A.W.G., Brit. J. Radiol.

(1968) 896.
(6) VENNART, J., Nature (Lond.) 196 (1962) 740.
(7) VAN DILLA> M.A., FULtfYLEH, M.J., Hlth Phys. £ (1963) 1325.
(8) SCHULTZ, A.G., HOLLO, F.D., FOIBER, K.F., J. nucl. Med. .8 (1967) 397.
(9) WELLMAN, H.N., KEREIAKES, J.G., YEAGER, T.B., KARCHES, G.J.,

SAENGER, E.L., J. nucl. Med. 8 (1967) 86.
(10) ESPINASSE, P., CHASTANIER, P., LAHNECHE, B., Phys. in Med. Biol .

14 (1969) 27.
(11) SCHULTZ, j A; G., ROLLO, P. I)., J. nucl. Med. £ (1968) 347.
(12) MYANT, N.B., CORBETT, B.D., HONOUR, A.J., POCHIN, E.E., Clin. Sci.

2 (1950) 405.
(13) GOOLEEN, A.W.G., MALLAR1, J.R., Brit. J. Radiol. .31 (1958) 41.
(14) BERSON, S.A., YALOW, R.S., SORRENTINO, J., ROSWIT, B., J. clin.

Invest. ̂ 1 (1952) 141.
(15) ODDIE, T.H., MESCHAN, I., WORTHAM, J.T., J. clin. Invest. .3J. (1955)

95, 106.
(16) HILDITCH, T.E., GILLESPIE, P.C., SHIMMINS. J., HARDEN, R. McG.,

ALEXANDER, W.D., J. nucl. Med. £ (1967) 810.
(17) XOUTRAS, D.A., SPONTOURIS, J., J. Endocr. ̂ 5_ (1962) 135.
(18) BRUCER, M., ODDIE, T.H., ELDRIDGE, J.S., USAEC Report ORINS-14 (1956).
(19) BRUCER, M., USAEC Report ORINS-19 (1959).
(20) GOMEZ-CRESPO, G. , VETTER, H., Int. J. appl. Radiât. 1J_ (1966) 531.
(21) KAKEHI, H., ARIMIZU. N., SAEGUSA, K. , WATANABE, I., Int. J. appl.

Radiât. 13_ (1964) 641.
(22) MYHILL, J., Brit. J. Radiol. $8 (1965) 465.
(23) THOMAS, I.D., ODDIE, T.H., HALES, I.B., MYHILL, J., PITZSIMONS, E.,

J. clin. Endocr. 20 (i960) 1392.
(24) BELCHER, E.H., GOMEZ-CRESPO, G.. TROTT, N.G., VETTER, H.,

Nucl. -Med. (Stuttg.) 4 (1964; 78.
(25) MYHILL, J., J. nucl. Med. 10 (1969) 52.



- 8? -

INVESTI GATIONS THYROÏDIENNES DE ROUTINE
AVEC 7 MICROCURIES D'IODE 125
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ABSTRACT

This paper describes a method for the absolute measurement
125of I in the thyroid based on the use of coincidence counting

techniques. Counting rates are recorded in two channels, one
125corresponding to the main peak in the I gamma-ray spectrum

due to the 27 keV X rays and 35 keV gamma rays, the other
corresponding to the sum peak due to coincidences between these
two. Analysis of the recorded counting rates yields a value for
the absolute radioactivity in the field of view of the detector.
In order that this value may be expressed in terms of the radio-
activity administered to the patient, the same detector system
is used to measure the syringe containing the injected dose
before its administration. The residual radioactivity in the
syringe is similarly measured after administration of the dose.
A correction for extra-thyroidal radioactivity in the field of
view of the detector is derived from a measurement over the

125thigh. Serial radioiodine uptake measurements made with I by
this method and with I by the conventional method in 16
patients showed good agreement over a wide range of uptake
values.



L'iode 125 présente une supériorité indiscutée sur les autres radioisotopes
de l'iode pour la pratique de la scintigraphie thyroïdienne. Il est donc du
plus haut intérêt de pouvoir pratiquer avec ce seul traceur, à la fois la
scintigraphie, les mesures de fixation et des mesures tardives sur l'activité
sanguine.

Nous avons appliqué la méthode des coïncidences photoniques à la mesure
de la fixation. La planche 1 montre comment l'information spectrale P et £1
recueillie à partir d'une sonde appliquée directement sur le cou permet de
calculer une activité A. Un spectromètre bicanal donne entre les seuils
S et S l'aire P du pic principal et entre S et S l'aire £ du pic de somma-
tion par coincidence. Des corrections sont opérées d'une part en fonction du
temps mort m, d'autre part en fonction de sommation fortuites en nombre £!_ dues
aux coïncidences accidentelles dans un intervalle de temps l' . Ces corrections
sont indispensables avec une dose de l'ordre de 7 microcuries qui réalise un
bon compromis entre le souhait d'une irradiation aussi faible que possible et
celui d'obtenir une bonne scintigraphie.

A cause de l'étendue de la source que représente une thyroïde, une
correction supplémentaire est nécessaire. La planche 2 montre en fonction de
la surface scintigraphique S le coefficient correctif Z qui doit être appliqué
à l'activité calculée A pour obtenir l'activité vraie du cou. L'abaque a été-
obtenue à l'aide de fantômes très fidèles aux données anatomiques. Par la même
occasion est présentée une scintigraphie d'un adulte normothyroïdien, réalisée
avec une collimateur de notre fabrication.

La planche 4 montre le protocole général des mesures de fixation. La dose
est mesurée avant ingestion dans des conditions géométriques non critiques. La
dose est bue dans un verre paraffiné. Le résidu est également mesuré pour
soustraction.

La position du cou devant la sonde n.'est pas très critique comme le montrei. •
la planche 3. Sur cette planche ont été représentées les courbes d'isoactivités
relevées avec un sujet normal, 24 heures après l'ingestion d'iode 125« Ces
courbes sont relatives à la position d'un point situé à la surface du cou,
2 cm au dessous du sommet du cartilage thyroïde.

Une mesure cuisse est nécessaire en même temps qu'une mesure cou, à la 2
heure au moins, à cause de l'activité périthyroïdienne.
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L'activité thyroïdienne est considérée comme l'activité vraie du cou
diminuée de l'activité cuisse. Cette activité cuisse est calculée à partir
du paramètre P cuisse et d'un paramètre £ pris égal à 5 i° du P cuisse.

Toutes les mesures sont pratiquées à l'intérieur d'une cage plombée de
parois de 5 mm d'épaisseur.

Les planches 5 e"t 5 bis permettent de comparer sur 16 cas pris au hasard,
les mesures de fixation de l'iode faites à 24 heures d'intervalle, d'a"bord
avec l'iode 125 e"t notre méthode, puis avec l'iode 131 et une méthode classique.
Les doses d'iode 125 ont été dans ces cas très faibles et les scintigraphies
permettant d'obtenir le facteur correctif 1C ont été pratiquées grâce à l'iode
131. Rappelons que le bilan est défini pari

100 (activité thyroïde 24°h + activité cumulée urines de 24 h)
activité ingérée

Enfin la planche 6 donne une idée des possibilités de mesure de l'activité
sérique avec un compteur puits réalisé spécialement pour ces mesures et
l'utilisation de tubes en plastique.
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Fig. 6 - Mesures sérum

Activité ingérée 7
Activité spécifique normale du sérum en iode
protëigue 4: 35.10"6 pCi/2 ml
soit 3 ipm/2 ml avec un rendement de 39 % en
présence d'un bruit de fond de 5 ipm.
Temps de mesure pour une erreur statistique
de comptage (1/66 cr) de 1O % : 15O minutes.
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MEASUREMENT OP RADIOISOTOPE UPTAKE IN THE HEART

L. Donato
Centre di Medicina Nucleare
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Università di Pisa, Pisa, Italy

ABSTRACT

This paper describes studies of the performance of a detector
system for the measurement of Rb in the myocardium and I-HSA
in the heart chambers in studies of coronary "blood flow and cardi-ac
output. The system comprised three twin-counter units each
consisting of a pair of opposed collimated scintillation detectors
coupled to an amplifier, pulse-height analyzer, sealer and digital
ratemeter. Collimation was provided by exchangeable cylindrical
collitaators of two different sizes supplemented by adjustable lead
shielding. Studies of the performances of the system, in particular
as regards constancy of counting efficiency within the field of view
of the detector system were carried out with Rb and I sources
mounted within Perspex phantoms. The sources used included point
sources, aqueous solutions contained in spherical flasks of various
sizes and aqueous solutions contained in a Perspex model of the
heart divided into nine compartments. Studies were carried out
using both twin-counter units and single counters. The results
indicated that the performance of the twin counter units was
satisfactory except for measurements on markedly enlarged hearts.
Contribution from radioactivity in adjacent organs or regions could
be satisfactorily reduced by the use of the supplementary lead
shielding. A single frontal counter, on the other hand, was found
to have a counting efficiency which varied rapidly with source
position and so to be generally unacceptable. The paper reports
preliminary trials of the system on patients.
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INTRODUCTION

o/r
The significance of coronary "blood flow measurements by Kb method is

critically influenced "by the counting geometry under which the measurements
are performed.

A Perspex phantom simulating the heart within the chest was used to
investigate *

(a) How well isoefficiency conditions can be met in practice.

(b) Which are the effects of variations of heart size and positiono/-
in the chest and of non-uniform distribution of Rb in the
myocardium both in the presence and in the absence of iso-
efficiency conditions.

Q (•
(c) How important are the differences in efficiency for Rb and

131I-HSA.

Experiments were also performed in patients in an attempt to answer
the following questions»

(a) What is the effect of enlarging the collimator diameter on the
coronary flow values obtained in normal and enlarged hearts.

(b) What sort of error would be introduced in the estimate if the
field of view of the enlarged collimator includes part of the
liver or the lungs.

MATERIALS AND METHODS

Instrumentation
All the measurements reported in this study were performed using the

counting facilities of the whole-body strip scanner (WBSS) of the Center of
Nuclear Medicine of the University of Pisa. The features of this facility
which are relevant to the present study are the following* Three pairs of
3-inch scintillation detectors are available. When the two detectors of a
pair are aligned on the same axis, the crystals facing each other at
sufficient distance, and with a cylindrical collimation, the two counters
constitute a twin counter unit (TCU) which assures isoefficiency conditions
in the ideal cylinder defined by the two collimating channels. The combined
output of each TCU is amplified and led to a pulse-height discriminator,
sealer and digital ratemeter, the output of which is led both to an oscillo-
graphic recorder and to a punch tape perforator for further automatic
processing of the data.
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Three types of collimation were used in this study*
(a) Straight bore collimation, with 40 cm collimating channels (CC),

and collimator diameter (CD) of 7 «5 cm«
(b) Same as above, with CD of 8.8 cm.
(c) Adjustable shields (AS) composed of two tables on which a series

of lead bars could be slid to form lead shields of variable shape.
Experiments on Perspex phantoms
A Perspex block made of ten 30 x 40 x 2 cm layers was positioned between

the 8.8 cm TCU. The distance between the two collimators was about 30 cm. A
point source could be moved within this block along the three orthogonal
axes. Similar Perspex blocks were made to contain respectively 250, 500 and
1000 ml spherical flasks in the middle or at any distance from the surface. In
one of these blocks a Perspex phantom of the heart composed of 3 concentric
cavities could also be placed. The inner cavity contained 250 ml. The inter-
mediate and the external cavities were divided by two equatorial planes in 4
equal sectors each. The volume of each sector was about 40 ml. Rb or I-
ÏÏSA could be placed in any of the 9 cavities, the others being filled with r
water.

A first set of experiments was performed with a point source to determine
the distribution of counting efficiency for Eb and I within the block using
the TCU and with the frontal collimator only. A second set of experiments was
performed to evaluate the consequence of this distribution in conditions that

Of

might be encountered in vivo. The same amount of Rb was placed in the 250,
500 and 1000 ml flasks and in the various cavities of the heart phantom situated
in the Perspex block at various depths and measured both with the TCU and the
frontal collimator only. The same procedure was repeated for I-HSA.

Experiments on patients
The effect of enlarging the collimator diameter was studied in 11 subjects.

A first measurement was made using the 7.5 CD collimation and a second one using
the 8.8 CD collimation.

To evaluate the lung and liver contribution three TCU were used simultaneous]
one collimated over the heart (7.5 CD), one over the right upper lung (EUL) and
one over the right lobe of the liver (RLL). Two sets of measurements were obtaine
in each of four subjects studied.
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The AS collimation was used to evaluate the possibilities of a non-
cylindrical collimation adapted to the shape of the heart in 9 subjects. In
6 of these cases measurements were also made using the upper counter only.

To test the reproducibility of the technique in 6 of these cases, two
measurements were made under the same conditions.

Collimation technique
The placement of the counters over the various regions to he counted was

established at fluoroscopy. A lead ring, whose external and internal diameters
respectively corresponded to the diameters of collimators (a) and ("b) was placed
on the chest of the supine patient during normal respiration, centered over the
heart, so as to include as much as possible of the ventricles. Its contour was
marked on the skin for subsequent placement of the collimator. To adapt the
shields (c) to the particular heart shape of the patient lead marks outlined
the cardiac silhouette. In this latter case the counting field was actually '
limited by the shield contour rather than "by the TCU collimator for the diameters
of the heart smaller than that of the collimator channel.

RESULTS

Phantom experiments

While in air the TCU gives a very large isoefficiency volume,in Perspex
Of

the isoefficiency volume was found to be significantly smaller for Rb and even
smaller for I-HSA as indicated by the point source experiments. When counting
with the frontal counter the efficiency decreases significantly in the Perspex
block for Rb and even more sharply for I-HSA.

TCU experiments

With the TCU, however, the counting rate was identical for the 250 and
500 ml flasks and only slightly reduced (-10 $) for the 1000 ml flask. The
counting rate was little affected by changes of position inside the block,
increasing when the flask was closer to either surface (about 5 $ per cm).

Of-

Accordingly the counting rate was practically unchanged when Rb was placed in
the front or rear sector (intermediate or external) of the heart phantom; it was
slightly reduced when placed in the intermediate lateral (-12 %} and significantl,
reduced when placed in the external lateral sector (-30 fo).
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The fraction of Rb measured in the I-HSA channel decreased "by about
9 i° passing from the 250 to the 1000 ml flask, whereas this fraction was not
appreciably affected by the depth of the flask inside the Perspex block.

For a ( Rb + ̂  I-HSA) solution the counting rate ratio Rb/̂ I-HSA was
independent of flask size, but was slightly reduced when the flasks were placed
closer to either surface (about -2 fo per cm) .

Frontal collimator experiments
With the frontal counter only the counting rate was the same for the 250

and 500 ml flasks and was 10 fo lower for the 1000 ml flask. The counting rate
was markedly affected, however, by the depth of the flask in the Perspex block
(decreasing by about 16 % per cm). With the heart phantom the same amount of
OS

Rb in the front sectors gave approximately double the counting rate for the
rear ones, while it gave intermediate values when in the lateral sectors.

The fraction of Rb measured in the I-HSA channel decreased by about '
10 % passing from the 250 to the 1000 ml flask and it decreased further when
the flasks were placed deeper inside the Perspex block (about 1.5 /^ per cm).

For a (86Rb + ̂  I-HSA) solution the counting rate ratio Rb/131I-HSA
decreased 10 ̂  passing from the 250 to the 1000 ml flask and decreased further
when the flasks were placed deeper in the Perspex block (about 3 % per cm).

Experiments on patients

Effect of liver and 1 ung activity on measured coronary blood flow
When the uptake was expressed as percent of the injected Rb dose per

100 ml of organ, liver uptake (U ) was 1.00 fo and lung uptake (U ) 0.17 f° as
compared with a myocardial uptake (U ) of 1.75 $• The liver and lung uptakeM
values per unit mass corresponded therefore to 57 f° and to less than 10 % of
the myocardial uptake respectively. The data showed a good correlation between

OS

myocardial and liver uptake of Rb .

Effect of enlarging the CD
In the experiments in which two sets of measurements were performed under

the same isoefficiency conditions, the first one with a 7»5 CD, the second with
an 8.8 CD, the measured heart blood volume (¥„) increased in all instances
(from 534 ± 80 to 603 * 110 ml). The measured coronary flow (Q̂ ) was constantly
higher when the larger collimation was used, the increase with respect to the stud
with the 7.5 CD collimator being 24.7 i° when CL, was expressed as fraction of
cardiac output (from 4.45 $ ± 1.0 $ to 5.55 $ ± 1.6 ft) .
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Studies with AS
In repeated studies Qu/Q was on the average 6.23 % in the first measure-

ment and 6.21 ̂ in the second, the difference of the second measurement from
the first one being smaller than 5 i° in 5 cases, and approximately 15 % in
the sixth one. Similarly, V_ did not change significantly (from 543 - 143 mln
to 523 t 108 ml).

When the AS system with the TCU was compared with the same AS using the
frontal detector only, V was found to be decreased in all cases for the twinn
as compared with the frontal detector, with an average decrease of 25.1 $
(from 56! ± 144 ml to 420 1 128 ml). The values of 0,,/Q» however, wereM
practically unchanged (from 4.6? - 1.18 ml to 4-75 ~ 1-35 ml).

DISCUSSION

Determination of Q

The results of the phantom experiments indicate that radiation absorption
reduces significantly the isoefficient volume that can be obtained with the TCU
in air, the reduction being larger for I-HSA. However for Rb the distribu-
tion of counting efficiency obtained with the TCU is satisfactorily uniform
since distribution of the activity in a 250 or in a 500 ml volume or in the
front or rear sectors (intermediate and external) of the heart phantom did not
affect appreciably the counting rate. Furthermore changes in the position of
the flask inside the Perspex block along the axis of the collimators had
relatively little effect on the counting rate. On the other hand when the
activity or part of it was distributed in a volume lying at the periphery or
just outside the counting field, the efficiency decrease* sharply as shown by
the reduction of the counting rate observed when the activity was placed in
the 1000 ml flask or in the lateral sectors of the heart phantom. Hence, if
the collimator channels and of course the crystals are larger than the silhouette
of the heart, the counting efficiency for the whole myocardium can be reasonably
considered uniform. On the other hand isoeff iciency conditions cannot be
approximated with the frontal collimator only. In fact, also in this instance
the counting rate was little affected by concentric enlargement of the volume
of distribution of the activity from 250 to 1000 ml, but it was markedly
influenced by the position of the flask in the Perspex block along the coaxial
axis. Accordingly the position of the activity in the front, lateral and rear
sectors of the Perspex heart phantom had a large effect on the counting rate.
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Therefore, even when the size and position of the heart inside the chest can
be estimated with sufficient accuracy and the injectate measured in the same
geometrical conditions, the frontal collimator can be used to estimate Q.. only

86in the hearts with reasonably uniform myocardial Rb distribution.
The results of the phantom experiments indicate that radiation absorption

Of-

also affects, to some extent, the estimate of intravascular Rb contributing
to precordial counting rates. First it appears that the value of the counting
rate ratio Bb/ I-HSA of a given mixture of the two radioisotopes is not
independent of the position of the activity in the Perspex block. Second the

86 131fraction of Rb measured in the I-HSA channel is also appreciably affected
by the position of the source in the Perspex block. Both effects are much more
evident when the frontal counter only is used. However, considering that the
fraction of Rb measured in the I-HSA channel and the counting rate ratio
Rb/ I-HSA are determined in geometrical conditions representing as closely'

as possible those encountered in vivo both as regards the size and the position""" ft£of the heart in the chest, and that the intravascular Rb contribution is about
one sixth of total precordial counting rate, the resulting errors may probably
be kept within a few per cent.

As to the selectivity of the collimation which would include the whole
myocardium in the isoefficient counting volume and exclude the other structures

o/-
into which Rb diffuses appreciably, the results of the point source experiments
in the Perspex blodk indicate the existence of a"penumbra" zone which is rather
small in cross section, but involves a significant volume owing to its large
radius.

The AS collimation technique appears to be an adequate solution to this
problem. Elimination of the possible liver contribution is easily achieved
therebyi some lung contribution cannot be excluded, but, from the preceding
considerations, this can hardly attain importance as a source of error in the
measurement of myocardial uptake.

Markedly enlarged hearts could not be studied as yet because the 3 inch
crystal does not allow enlargement of the AS beyond this diameter without a
fall in efficiency.

The results obtained in patients with the frontal detector alone are of
interest. The values of Q../Q obtained did not differ by more than 10 'fo from
those obtained with the TCU. This result indicates that in these cases heart
size and position in the chest have been correctly estimated and that myocardial
Rb 'distribution is sufficiently uniform.
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THE USE OP RADIOACTIVE GASES IN THE
EVALUATION OP LUNG FUNCTION

W.J. Maclntyre and S.R. Inkley
Department of Medicine
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ABSTRACT
This paper reviews methods for the evaluation of lung ventila-

tion and perfusion "based on measurements of the uptake of radioactive
substances in the lung tissues after their respective administration
"by inhalation and injection. Radioactive substances used for such
investigations include Xe administered either by inhalation as a
gas or by injection as a saline solution, QO» C 0 an<i C 0 ad-

131ministered by inhalation as gases and macroaggregated I-labelled
albumin administered by injection as a suspension. Methods used for
the measurement of radioactivity in the lungs include methods based
on the use of fixed multiple-detector systems, methods based on the
use of single- or multiple-detector scanning systems and methods based
on the use of gamma camera systems. In general, only relative measure-
ments of radioactivity are required. The main physical problems in
such measurements are shown to arise from uncertainty regarding the
degree of absorption of the low-energy Xe y radiation in the body
tissues and from the statistical errors inherent in the recording of
fast dynamic changes. The radioisotope Xe is shown to offer certain
advantages over Xe for the evaluation of lung function.
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Evaluation of total lung function has long "been accomplished by such

conventional techniques as spirometry, plethysmography, diffusing capacity,
and three-level oxygen gradients.

Non-radioactive techniques designed to evaluate the function of each lung
separately have "been largely confined to bronchospirometry in which spirometry
of the two lungs, as well as oxygen consumption, have "been measured separately
giving information of gas exchange and ventilation of each lung. While broncho-
spirometry cannot localize a lesion within a lung, it can in some instances
assist in the identification of where in the lung may be found a process causing
a loss of gas exchange (Mibrner (l)).

For this reason, the use of radioactive materials that would reflect both
the regional blood supply to all areas of the lung (perfusion) and the gas
content of various regions of the lung that can be supplied by inhalation
(ventilation) has long been of interest to the clinician. ,

Radioactive Materials Used
The first attempt along these lines was made in 1953 ty Knipping et al.,

(2) who used I-labelled methyliodide to determine regional ventilation of
the lung field. The solubility of methyliodide in blood and bronchial surface
tissue proved a complicating factor in interpretation and these investigators
switched to the less soluble Xenon measured with their system of 16 detectors
and recorders (3, 4» 5> 6).

The above measurements involved ventilation alone. Extension of the radio-
active gases to lung perfusion was introduced later by investigators at
Hammersmith Hospital in London primarily with 0^ and its derivatives (7, 8, 9»

T T T

10) and by the group at the Royal Victoria Hospital in Montreal with Xenon
(11, 12, 13, 14) used as a gas in solution.

While the objective of both groups was the same, the nature of the
substances used implied marked differences in technique. The Hammersmith group
employed soluble gases such as 0?, C -'o and C ^Q introduced into the lung by
inhalation. Following a single breath and 10 second breath-hold, ventilation
of the lung can be determined by noting the maximum increase in counting rate
as the radioactive gas content was measured by an external detector. During
the period of breath-holding, the soluble gases are removed by the pulmonary
blood flow and the slope of the clearance rate provided an index of regional
blood flow.
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Two separate determinations are usually required for measurement of
ventilation and perfusion by the Xenon method. Since Xenon is poorly soluble
in blood, little activity will be removed by pulmonary blood flow following
inhalation. The maximum level following inhalation is thus indicative primarily
of ventilation alone. To determine perfusion, the radioactive Xenon is dis-
solved in saline and injected intravenously. Approximately 90 to 95 % of the

Xenon is discharged into the alveoli during its first passage through the
pulmonary capillary bed (la) so that the relative distribution following intra-
venous injection is indicative of perfusion to the various regions. As pointed
out by Dollery _et aJ. (l5)> the washout curve by this technique is
related to the regional ventilation since the disappearance rate is determined
primarily by the rate of clearance of the gas from the alveoli.

The last group of materials used include a number of radioactive substances
that are not radioactive gases but approximate the action of gases with varioust
limitations.

Most prominent of these techniques involves the use of macroaggregated I
human serum albumin to reflect regional perfusion (16, 1?). Since the macro-
aggregates are captured in the small blood vessels of the lung, a much longer
time is available for detection, enabling both moving scanners and stationary
camera devices to be used for measurement of the distribution. These techniques
have been very useful in identifying large circulatory alterations such as
pulmonary emboli but do not permit the dynamic studies of washin or washout to
be performed. Since this substance is not a gas, it can only be inferred that
the macroaggregate perfusion would be similar to the perfusion measured by a
radioactive gas.

In a similar sense, attempts to measure ventilation by inhalation of
various nebulized materials or aerosols (l8, 19) must be considered as a reflec-
tion of the distribution of various particle sizes in the bronchial tree.

This technique has been useful in identifying sites of deposition of
various particle sizes and in the measurement of clearance rates of the muco-
ciliary escalator in various disease states such as chronic bronchitis, cystic
fibrosis and other entities in which bronchial toilet is compromised.

Instrumentation and Recording

Three methods have been used for measurement of the uptake of radioactive
materials by the lung. The earliest technique involved sixteen multiple
detectors to reflect regional differences; and later measurements have utilized
various combinations of four, six, eight ,and twelve detectors placed both
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anteriorly and posteriorly. Since each detector requires its own recording
system, the choice of the number of detectors is dependent on the complexity
of the instrumentation demands as well as the resolution desired between
individual regions. Recording the original data on tape recorders simplifies
the data acquisition somewhat, but also involves additional expense.

When clearance rates are not required, regional distribution can be measure
by profile scanning of the lung during breath-holding, following administration
of radioactive gas either by injection or inhalation. This technique requires
only two detectors, usually with slit collimators, and a mechanism for moving
the detectors at a constant rate across the lung field. Since the entire
vertical distance of the lung must be encompassed during a single breath-hold,
the time involved over each region is short and the counting rate corresponding!,
low.

Recently, a multi-detector rectilinear scanner has been used to record ,
digital data at specific increments as the detectors are moved across the lung
field and ventilation-perfusion ratios were calculated from these measurements
(20).

The feasibility of simultaneously recording from multiple sites has been
amply demonstrated by the scintillation camera and it is not surprising that
this instrument has been adapted to measurements of the lung. Newhouse et al.,
(21) calculated ventilation and perfusion levels from forty squares (2.5 X 2.5
cm) for each lung following administration of Xenon by both injection and
inhalation. This technique involved recording the distribution on a multi-
channel analyzer and discharging the matrices to a paper punch tape for computer
analysis.

The scintillation camera has also been used to record washout and washin
curves from multiple areas following either injection or inhalation of radio-
active Xenon (22, 23).

In all these methods of camera or scanner utilization, some system of
multichannel storage is required as well as computer-compatible readout. In
addition, for serial determinations, the transfer of storage to readout must
be accomplished in a time short enough so that successive frames can be
recorded to reflect accurately the change in counting rate.
Techniques of Measurement

The basic approach to the measurement of perfusion and ventilation has been
generally agreed upon, but the specific techniques are still far from
standardized.
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A typical -example is shown in Fig.l which illustrates measurements
reported by Miorner (l) as obtained by using eight detectors, anterior and
posterior, recording from two areas of each lung.

The Q values represent the perfusion index of each lung segment and are
taken as the maximum increase in counting rate following the injection of
dissolved Xenon. In this case the subject held his breath at the end-
expiratory level (also known as functional residual capacity or PEC) for 8-10
seconds following the injection. Upon resumption of breathing, the decline in
counting rates is related to the clearance of the Xenon from the alveoli.

Other investigators have chosen to measure both the perfusion and the
disappearance curve following a maximal inhalation (total lung capacity or TLC)
followed by breath-holding. This maneuver may alter both the measured perfusion
level as well as the character of the washout curve. In addition, it has been
recognized that some subjects may not be able to hold their breath for a ,
sufficient time to reach a plateau at all parts of the lung. In this case, it
has been decided that a better reflection of perfusion can be obtained by
utilising the disappearance curve to extrapolate the perfusion level to a
previous fixed time when no loss by washout had occurred.

Techniques of measurement of the ventilation level show similar variation
in method. In the illustration shown, the level of ventilation, V, is taken as
the level reached at the third inhalation from the spirometer. The value
representing the functional residual capacity, FRC, is taken at the end-expirato
level following equilibration reached after a two to five minute period of re-
breathing in the closed spirometer circuit. At the end of the rebreathing
procedure, the subject performed a maximal expiration, breathed normally for a
short period followed by a maximum inspiration. The change in counting rate
between levels representing the maximum expiration and maximum inspiration then
represents the vital capacity, VC, of that area.

Although the solubility of Xenon in blood is low, blood accumulation with
continuous breathing from the spirometer does constitute a factor in total
counting rate assessment (l5)« In addition, Xenon not exposed to air-containing
aveoli during the initial passage through the pulmonary capillary bed will be
deposited throughout'the "body (mainly in fatty tissue and lipids)", and its sub-
sequent slower clearance represents a small but complicating factor.
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For these reasons, while the definitions of functional residual capacity
(FRC), vital vapacity (VC) and total lung capacity (TLC) are fairly well accepte*
the techniques of measurement are not necessarily linear with volume.

Discussion

While many of the problems of standardization of patient procedures have
been mentioned, there are also problems of detection and recording that are not
fully solved.

The primary disadvantage of using Xenon is the difficulty of working wit!
the 80 keV gamma ray. The lung itself may represent little mass, but the body
wall, heart and skeleton all contribute to appreciable absorption. In addition,
it is difficult to distinguish Compton scatter from the undeflected rays of
this energy so that spatial resolution will be considerably degraded. This
becomes of even greater concern when the Anger camera is used since the inherentt
resolution suffers greatly at these energies. Minimizing the effects of scatter

15and absorption is much easier with the detection of 0 by its 510 keV
annihilation radiation. The two-minute half-life, however, restricts this
material to those institutions with immediate access to a cyclotron.

The most promising radioactive isotope at present is Xenon as suggested
by Ttfewhouse e_t al_., (2l). The half-life of 9*3 hours is acceptable and the
primary gamma ray at 250 keV is almost ideal from a combined standpoint of
collimation requirements and scatter consideration. This material is not
generally available at the present time, but it is hoped will be more accessible
in the near future.

Another complexity to be considered is limitation on the maximum counting
rate that can be handled with either multiplexed recorders or scintillation
cameras. Assuming a 10|a second total deadtime for detection, analog to digital
conversion, and addressing each count to a specific storage location, a deviatioi
of recorded counting rate to the true counting rate of about 10 % is expected
when levels of 10,000 counts per second are recorded. If this counting rate wer<
distributed into a 32 x 32 matrix, an average counting rate of about 10 counts
per second per channel would be anticipated. While overall deadtimes can be
expected to be of somewhat shorter duration in the future, it is obvious that
improvements greater than a factor of ten cannot be expected as long as sodium
iodide is the detector used.
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Improvements in statistical accuracy can therefore "be made only at the
expense of spatial resolution by accumulating counts from larger matrices. For
distribution studies, longer"periods of time may be possible but not when fast
dynamic changes must be recorded.

A third factor which is yet undefined is the rôle of the computer in the
complex type of analysis presented here. Both the camera and the moving
detector type of scanner have utilized computers to derive the ventilation-
perfusion ratios from multiple sites. At present the physiological and clinica!
measurements have not indicated how many sites are really necessary to evaluate
meaningful regional variations of lung function. In addition, it has not been
demonstrated how useful the clearance rates are in comparison with static
distribution measurements. If the information obtained through dynamic studies
and multiple areas proves to be beneficial to patients evaluation, the problems
of complex data analysis must be considered equally with the problems of datai
requisition.
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MEASUREMENT OP RADIOISOTOPE UPTAKE IN LIVER
AND SPLEEN

Rudolf Wolf
Institute for Clinical Radiology
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Mainz, Federal Republic of Germany

ABSTRACT

This paper reviews methods for the measurement of radio-
activity in the liver and spleen. The main problems arising in
such measurements are shown to be uncertainty regarding the
sizes and positions of the organs, uncertainty regarding the
contributions from radioactivity in circulating or stagnating
blood and in adjacent organs or regions to the measurements.
Techniques for correcting the observed counting rates for these
contributions are described. Methods based on the use of fixed-
detector systems are shown to be of limited applicability for
measurements on the liver and spleen because of their uncertain
size and position, though calibration of the detector system with
an internal standard is sometimes possible. Methods based on the
quantitative analysis of scintigraphic data offer promise for
measurements on these organs.
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If a detector is placed at a certain distance from an internal organ
the count rate produced in this detector may be influenced by several factors.

fj[ = a AQ(t) + OjAjj (t) + YAB(t) + £Agt(t) + B (1)
j J

A (t) = activity in the organ of interest
A (t) = activity in other neighbouring organs
. j
Axi(t) = activity in the circulating blood
A (t) = activity in stagnating bloodot
B = background count rate.

The proportionality factors a, p, y an<^ ^"depend on various parameters
including!

1. the gamma energy of the radioisotope used t
2. the characteristics of the detector, including its collimation
3. the detector-skin distance
4. anatomical factors such as the size and position of the internal organs.

If one wishes to determine A (t) quantitatively by external counting
methods, the following conditions should be fulfilled»
1. a should be as great as possible and independent of the

size of the organ
2. P should be <3= a
3. Y>^ should be
The ratio between Ct and P can eventually be ameliorated by variation of
distance and collimation or by shielding of neighbouring organs. Nevertheless,
in many cases P cannot be made equal to zero, especially in the case of gamma
emitters of high energy. The most effective reduction of p can be achieved by
using a focusing collimator for the detector. In this case, however, a becomes
relatively small and dependent on the position of the detector over the organ.
With a stationary system and a focusing collimator one can only measure the
concentration of activity in particular parts of the organ. By the use of
scanning procedures on the other hand one can obtain numerical data about the
whole organ and can also determine the total activity after adequate calibra-
tion (l , 3» 6).
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As to y an(i it is difficult to reduce the numerical value of these
factors compared to a, since neither circulating nor stagnating blood can
be eliminated from the field of view of the detector.

In many cases the time course of activity has the following form»

A (t) - a (1 - e
i i

(2)
Ajt) = £_a e
B k Bk

Ast(t) = k k

Thus A_(t) and A0.(t)15 bt

. (l) is then reduced to»

(3)

and in the case of

Measurements of radioactivity in liver and spleen are routinely carried
out in nuclear medicine in several types of investigation. Among these are
the scintigraphic delineation of these organs, the determination of their
blood flow and their function state, investigations in connection with the
measurement of red blood cell survival and ferrokinetic studies and investiga-
tions of the metabolism of vitamin B . The following radioactive compounds
are used in these investigations I
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a) Scintigraphy of the liven

I-rose bengal
198Au-colloid

"mTc-sulphur colloid

I-labelled serum albumin microaggregates

113mln-colloids

b) Scintigraphy of the spleent
51Cr-labelled heat-damaged red cells

197^'Hg-BMHP -incuba ted red cells
QI
Eb-labelled denatured red cells

C-labelled denatured red cells
99mTc-labelled denatured red cells

Tc-sulphur colloid
113mT -, -, . ,In colloids

I-labelled serum albumin microaggre gates
c) Determination of liver blood flow and function:

I-rose bengal
198Au-colloid

d) Determination of splenic blood flow and function»
Cr-labelled head damaged red cells

1977lHg-BMHP-incubated red cells
e) Determination of the site of destruction of red blood cells*

Cr-labelled red cells

f) Perrokinetic studies t

g) Metabolism of vitamin B-.?j
C'f R$ f\C\Co-, Co- and Co-vitamin B .



TABLE I

Radioisotope Main Gamma Energy
(MeV)

n

51
57

Cr

Co

6°Co

59
8l

Fe

Rb
99m

197
198

Tc

Hg

Au

0.511 (from p+)
0.323
0.121
0.805
1.17 1.33
1.098 1.289
0.45 0.511
0.140
0.392
0.068 0.077
0.411

The radioisotopes involved are listed in Table I above.

A common feature of all these investigations (with the exception of those
involving the use of I-rose bengal) is that in all cases there is an
accumulation of activity both in liver and spleen. As to the radioactive-
labelled colloids there exists a certain affinity for different parts of the
RES which apparently depends on particle size. For a mean particle diameter
of 300 & extraction by the Kupffer cells of the liver is optimal. With increas-
ing diameter one observes a shift towards accumulation by the spleen. Though
the time course of activity in the accumulating organs can be followed up by
external counting, the quantitative measurement of the activity in liver and
spleen is very difficult. If only liver and spleen participate in the extrac-
tion of the colloid, the ratio of the activities in both organs after the end
of the extraction process is*

Lv + f (1- [',F (4)
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A = activity in the liverLi
A = activity in the spleeno
h = extraction efficiency of the liver
£ » extraction efficiency of the spleen
FT «* liver blood flow, originating from other vessels than

Ju
the splenic vein

FP = splenic "blood flowo
V = total blood volume
^ and £. depend on the particle diameter d

This ratio cannot be determined from the time course of activity in the
blood and in the accumulating organs since all processes are governed by the
same exponential functions.

The problem of quantitative uptake measurements of radioactivity in ,
liver and spleen was first investigated by Wolf and Pischer (8) who carried
out experiments using phantoms filled with Cr. Their results show that
variability in the size of the spleen is a factor of uncertainty which cannot
be eliminated by conventional external counting methods using wide angle
collimators. In measurements on a small organ it is possible to arrange that
the field of view of the collimated detector is larger than the organ. With
increasing volume of the organ it becomes larger than the field of view. Even
in the case of constant concentration of activity within the organ, the pro-
portionality between activity and count rate is no longer maintained with
increasing organ volume. Furthermore, the activity in neighbouring organs
influences the count rate over the organ of interest in an uncontrollable
manner. The measured liver/spleen ratio thus differs to a greater or lesser
extent from the true value according to the sizes of the two organs, their
relative position and their activities. Counting from greater distance with
additional shielding is hardly possible since the sizes of the organs are

51 59unknown and the count rates obtained with Cr-labelled red cells and Fe
are relatively low.

Korst et al . (4) and Whang (7) tried to use focussing honeycomb collimators
for quantitative studies of splenic function. Obviously with this- procedure one
can only measure the concentration of activity and with the same total activity
the concentration is inversely proportional to the effective organ volume.
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197 197Moreover, these authors used Hg-BMHP for their investigations. Hg
emits relatively weak gamma-rays of energy 68 - 77 keV. Absorption in the
tissues is strong at such energies and scattered radiation cannot te entirely
eliminated.

Attempts to measure the sequestration of Cr-labelled erythrocytes were
made "by Spencer et_ al̂ . (5). The investigations of these authors, however,
dealt with the problem of the time course of the accumulation of Cr in liver
and spleen and the clarification of the time dependency of the liver/spleen
ratio. No estimations of the activity concentrations in the two organs were
made.

The first studies aimed at a quantitative determination of the activity
in the spleen during investigations of red cell survival were made by Szur et al,

c 1 Q *i
(6). These authors used a mixture of Cr- and Eb-labelled erythrocytes,
which were damaged by the use of BMHP so that after reinjection into the patient
they were almost quantitatively trapped by the spleen. The penetrating gamma

Q-i

radiation of ' Rb (450 keV) is attenuated in the patient's body only to a low
degree. From the results of scans of the spleen of the patient and similar
scans of a phantom it was possible to calibrate an external counter for the

c "| Q ~\
measurement of the Cr-activity. After decay of the Rb-activity the injectioi
of non-damaged, Cr-labelled erythrocytes was carried out. The method required,
however, that the rate of loss of Cr from the spleen be known. Investigations
using Cr-labelled head-damaged erythrocytes have shown that this rate can vary
considerably (Fischer and Wolf (2)). Furthermore, the method does not take into
account the influence of radiation originating from neighbouring organs, especial
from the liver. To correct for this, it would be necessary to carry out a
similar calibration for a known activity in the liver. Finally, it must be
pointed out that the spleen contains a certain amount of stagnating blood, which
may be considerable in splenomegaly. The activity of this stagnating blood can
obviously not be differentiated from the sequestrated activity. In such cases,
nevertheless, it is possible to determine the blood content of the spleen by the
use of a radioactive-labelled substance which does not leave the vascular bed.
One then observes a decrease of activity in the circulating blood, the degree of
which depends on the ratio between circulating and stagnating blood. The
following equation holds true for the time course of activity in the circulating
blood»



V VV V 1 + 2

A = injected activityo
V = volume of circulating blood
V = volume of stagnating "blood
k = mixing constant

By plotting the results one obtains on the ordinate at time zero the. ratio
V /V . By separate determination of the blood volume the amount of stagnatingRlblood of the spleen can be calculated. Prom the knowledge of the Cr-concentra-
tion in the blood one can obtain a correction factor for the calculation of the
sequestered activity.

Recently Arimizu and Morris (l) published a paper reporting investigations
concerning the quantitative determination of radioisotope uptake in internal

99morgans. The authors carried out a great number of phantom studies using Tci,
I, In, Ga and Sr, thus covering a range of gamma ray energies from

140 keV to 514 keV. The phantoms were scanned from opposite sides and the
geometrical and arithmetic means of the numerical data were calculated. Depend-
ing on the gamma energy it was possible by combination of both means to determine
the activity of the liver and spleen with a relatively high degree of accuracy.

In conclusion it may be stated that quantitative scintigraphy in connection
with calibration by models of comparable size seems to be a reasonable approach
to the measurement of activity in the liver and spleen, although the contribu-
tion of part of the injected activity which remains in the circulating and
stagnating blood and to the measured count rate is rather difficult to determine.
Such procedures can be carried out as well with a scanner with two opposing
detectors as with a gamma camera.
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RADIOISOTOPIC STUDIES OP BRAIN UPTAKE

W. H. Oldendorf
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ABSTRACT

Measurements of the uptake of radioactive substances in the
brain tissues after their administration by injection or inhala-
tion provide an atraumatic approach to the study of blood flow
and metabolic processes in the brain. This paper reviews the
anatomical,physiological and physical problems arising in the
measurement of radioactivity in the brain. The factors governing
the passage of various classes of substances through the brain
capillaries and their transport through the brain tissues are
first considered. The physical problems arising in the measure-
ment of radioactivity in the brain are then discussed. The main
difficulties in such measurements is shown to arise from the con-
tribution to the observed counting rate from radioactivity in the
scalp and skull. This contribution can be minimized by the use of
special collimators designed to view only a part of the brain but
to include in their field of view a minimum of non-neural tissue.
A further possibility arises with radioisotopes such as In
which emit characteristic X radiation as well as y radiation since
the contribution of the former to the total observed counting rate
is almost entirely due to radioactivity in the superficial tissues
whereas that of the latter is due to radioactivity in the super-
ficial tissues and the brain. By recording the counting rates in
appropriate channels of the photon spectrum it is thus possible to
correct the results for radioactivity in the scalp and skull.-

7"5With radioisotopes such as Sc which emit two or more photons in
cascade, coincidence counting techniques offer still a further
possibility to minimize the contribution from radioactivity in the
superficial tissues. Various potential applications of these
techniques are described.
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Although most solutes exchange slowly "between "blood and brain, "brain
uptake measurements of a variety of substances reveal a wide range of freedom
of exchange. Some generalizations relating chemical composition to the rate
of exchange can be made.

1. Water and the blood gases exchange freely between plasma and brain.
2. There is a restriction of all of the common electrolytes found in

plasma.

3. Most small molecules in plasma, such as urea and creatinine, show a
restricted passage related in some degree to molecular weight.

4. Large molecules, such as the plasma proteins, show an extreme re-
striction of passage into brain. In health, it is nearly impossible to make a
meaningful measurement of large molecular uptake because this uptake is so low.
The exchange of large molecules between plasma and brain is more than an order
of magnitude less than that of small molecules such as sucrose or mannitol.
This extreme restriction of large molecules results in a considerable dependence
of capillary permeability to small molecules upon their completeness of
binding to plasma proteins. A substance which might otherwise be exchanged
freely will be markedly restricted if it is firmly bound to plasma proteins.

5- Lipid-soluble substances in plasma generally exchange freely with
the brain. Non-electrolytes penetrate into brain tissue with variable ease
and this variability usually is related, in addition to molecular size, to
their lipid-solubility. This probably pertains to the solubility of the
substance in the lipid of the plasma membrane of the capillary cell. If it is
soluble in the plasma membrane of the cell, it can readily pass into the
interior of the capillary cell, out the external plasma membrane, and through
the basement membrane. This free penetration of lipid-soluble substances
ordinarily does not expose brain cells to harmful substances because there are
essentailly no natural, lipid-soluble noxious substances present in plasma
which are not bound firmly to plasma proteins. Thus, bilirubin which could
be seriously neurotoxic, particularly when blood levels are elevated, achieves
very little penetration of the brain capillary presumably because of its protein
binding. Substances such as antipyrine, barbiturates, ethyl alcohol, anesthetic
agents and many central nervous system drugs are lipid-soluble and thus freely
penetrate from blood into brain.
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6. In addition to these relatively non-specific exchanges "between "blood
and brain, certain metabolites such as glucose (l) and some amino acids (2, 3}
apparently pass through the capillary walls on specific carrier systems. The
entry of both glucose and amino acids are quite efficient at low plasma
concentrations. This transport of glucose and amino acids is saturable and
thus not due to simple diffusion. This transport is specific for these
metabolites with restriction of other solutes, even though of very similar -,
molecular structure.

Capillary permeability

The mechanisms of the restricted permeability of brain capillaries are not
completely understood, but certain aspects of this blood brain barrier (BBB)
have been clarified. The capillary wall of most other tissues exhibits the
following characteristics* t

1. Water and blood gases are freely exchanged.
2. Lipid-soluble substances are very rapidly exchanged; their rates

of exchange approaching that of water.
3. Molecules less than about 20,000 to 40,000 molecular weight equrli-

brate quite rapidly between plasma and extracellular fluid (4)» exhibiting an
equilibration half-time less than one minute. This is considerably less rapid
than for lipid-soluble substances.

4. Substances with a molecular weight over about 40,000 exhibit a passage
through the capillary wall -more than an order of magnitude less efficiently thar
small molecules. Even very large macromolecules, however, continue to pass
through capillary walls with a rate of passage that is roughly independent of
their molecular size (4).

There are probably three routes of passage through the capillary wall of
most tissues (Fig.l.).

1. Directly through the two walls of the plasma membrane of the capillarj
cell with passage through the car-illary cellular cytoplasm.

2. Passage through clefts (about 90 A width) between the capillary cells
which are attached only at point junctions. Mucopolysaccharides in the clefts
may assist in filtering out large molecules (5) but in brain this is unlikely
since intraventricular horseradish peroxidase (M.W. 42,000) passes from the ECS
of brain into the cleft to the level of the tight intercellular junction (6).
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3. Pinocytosis (fluid phagocytosis) of small portions of "blood plasma
which are transported through the cytoplasm, isolated from the cytoplasm "by
the fragement of plasma membrane surrounding the pinocytotic vesicle. They
are exuded into the extracellular space (ECS) at the basement membrane surroundi
the capillary.

These speculations are compatible with the concept that water, blood gases,
and lipid-soluble substances pass directly through the walls of the membrane of
the capillary cell. The intercellular clefts are the probable major route for
the less efficiently exchanged substances such as plasma electrolytes, urea,
glucose, amino acids etc. The relatively inefficient transport of macromolecule
independent of their molecular size could be attributed to pinocytosis (?)•
Since the pinocytotic vesicle is substantially larger than any of the macro-
molecules in blood, this mode of transport would be independent of molecular
size and all plasma solutes could be expected to traverse the capillary cell i
at similar rates.

There probably is no specific, carrier-mediated capillary transport in
tissues other than nervous system. Such transport would not be required because
intercellular non-specific passage would be adequate to meet most metabolic
exchange requirements. If present, it would be inconspicuous against a back-
ground of efficient non-specific transport.

It is possible that a system of very small pores (less than 10 A) in the
plasma membrane of general capillary cells is a major route for the passage
of some ions and very small molecules such as water and urea. Although these
postulated pores have not been visualized by electron microscopy, it is still
possible that transcellular transport of certain small molecules takes place by
this route. The issue of how much capillary transport takes place through the
the cells and how much between capillary cells is still open. The extensive
recent literature on membrane transport has been reviewed (8).

Brain transport mechanisms

In the brain there probably is passage directly through the capillary cell
of water, blood gases and lipid-soluble substances. The junctions between brain
capillary cells have been shown by electron microscopy to be different from
capillary cells elsewhere in that they constitute a continuous strip of fusion
between adjacent plasma membranes (9) welding the entire capillary into what
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is, in effect, a continuous plasma membrane. This eliminates the possibility
of intercellular cleft passage in brain of molecules and ions which elsewhere
equilibrate with extracellular fluid by this route. It has been Bhown
in recent studies (6) of the electron microscopic distribution of horse-
radish peroxidase (42,000 molecular weight) show this indicator in plasma is
markedly restricted at the entrance of the intercellular cleft in the wall of
brain capillaries at the site of the fused junctions between adjacent cells
whereas the clefts pass the peroxidase in other tissues. Peroxidase put into
the ventricular fluid freely communicates through the extracellular fluid of
brain up to the outside of this same fusion point (6).

The capillary cells of brain are remarkably free of pinocytotic vesicles.
This is unique relative to other tissues where such vesicles are common and
may constitute a substantial proportion of the entire cytoplasm of the
capillary cells (10).

The basis of these unique properties in the brain capillary cell is
presently quite unknown. It has been speculated that the sucker-foot of the
astrocyte, which largely covers the capillary wall in the brain, may secrete
some substance which would affect the capillary cell plasma membrane causing
it to fuse with the adjacent cells and to stop pinocytosing (ll).

It is conceivable that the brain capillary represents a continuous plasma
membrane of the capillary endothelial cell (12) and the characteristics of the
BBB actually represent the permeability of the general tissue endothelial cell
plasma membrane but without pinocytosis. Such a generalization would remove
much of the requirement for a highly specialized modification of the brain
capillary since it would then be specialized only insofar as it made tight,
circumferential junctions with adjacent cells and stopped pinocytosing. If
this js a correct analysis, substances which pass into brain freely are substanc
which would pass directly through general capillary cells.

The capillaries in brain apparently have a unique mechanism by which
selected entry of certain metabolites into brain is allowed (l, 3). To explain
this rate-limited specific transport we must postulate specific carrier sites
in the capillary cell plasma membranes which would allow the passage of these
solutes through the capillary cell but at a limited rate. Whether or not these
carriers are energy-consuming is unsettled. It is possible that they simply
constitute facilitated diffusion which would cause the carriers to behave as
though they were creating selective, limited solubilities of these substances in
the plasma membranes of capillary cells in brain. The metabolites would then
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diffuse passively through the capillary cells, much the same as lipid-soluble
substances, down a concentration gradient from plasma into brain extracellular
fluid.

The carrier-mediated metabolite transport present in brain but not evident
in general tissues might be present but obscured in other tissues by efficient
intercellular diffusion into the ECS which would parallel the carrier-mediated
transcellular route. If this carrier-mediated transport could be established
in general tissues,it would make brain capillaries less unique. It would seem
a complex process to somehow provide brain capillary cells with "carriers".
It would be simpler if these carriers were present in all capillaries but not
evident in other tissues, because of the efficient non-specific intercellular
diffusion of small molecules. These carriers in brain capillaries could be
evident solely because the usually predominant non-specific intercellular
pathway is eliminated. '

Tt has also been postulated that the membranous layer created by the expande
sucker-foot of the astrocyte which largely surrounds the capillary (Fig.l)
constitutes a barrier between the capillary lumen and the brain extracellular
fluid (13). Although it is possible that this plasma membrane of the astrocyte
surrounding the capillary is to some degree effective as a barrier, it would not
explain the absence of pinocytosis in the capillary cell in the brain or the
tight junction between capillary cells. In a species with a prominant peri-
vascular space inside the glial membrane, peroxidase does not penetrate beyond
the capillary junction (14)•

Animal brain studies

There are several methods of studying the rates of penetration into brains
of animals where the brain can be removed for analysis. The most definitive
approach is to measure the "space" for the substance in brain relative to plasma,
This "space" is a numerical concept and does not imply confinement in a specific
anatomic compartment. Such a quantitative approach is desirable since valid
comparisons can be made between different substances. The sink action of cerebrc
spinal fluid complicates the measurement, of substances entering brain slowly
and which remain in the brain ECS. This sink action removes the-indicator
substances from the brainrmaking the brain space seem unrealistically low (15)»

Other common approaches utilize autoradiography (l6) and fluorescence micro-
scopy (17). All of these regional distribution methods can be misleading since
they tell little about the absolute concentrations achieved.
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Human brain studies
If comparable studies are to be carried out in humans, we must use

atraumatic techniques in which both administration and measurement of tracers
are totally safe. For human use this implies inhalation or intravenous
injection and external counting.

We have pursued direct extracranial counting as a means of measuring
human brain uptake (l8, 19)- When first considered, the external measurement
of brain uptake seems to present an ideal geometry (Fig.2). The brain occupies
most of the upper half of the head well away from other organs allowing it to
be surrounded by external detectors which can be shielded from other tissues.
A number of problems arise, however, to complicate this seemingly ideal
situation.

Although all organs viewed from the outside must be seen through skin and
other overlying tissues, the brain presents a particular problem because the
isotope levels achieved in nervous tissue usually are extremely low. In tissues
such as liver, kidney or thyroid, where high concentrations of tracers can be
achieved, the overlying skin isotope content is insignificant, even though
the ECS of skin is about 40 i° thus allowing the accumulation of large amounts
of plasma solutes.

Scalp and Skull

The human cerebral hemispheres constitute a mass of about 1100 ml of
tissue and are surrounded by approximately 250 ml of bone and, by our radio-
graphic measurements, a slightly smaller volume of scalp (20). The scalp is a
particularly difficult problem because skin contains such a large ECS. Within
a few minutes of injection, pertechnetate, as an example, achieves about
fifteen times the concentration in scalp that it does in brain. Most of the
material that appears in brain is in the blood pool of the brain and if
correction for blood pool is made the scalp to brain ratio becomes about fifty.

The extracellular space of skull is about one-half of that of the scalp
and, in addition, the blood pool volume in skull is very large. Our measurement
of scalp and skull blood volume in rabbits, if extrapolated to Humans, indicate
that these tissues contain 50 to 60 ml of blood. This is perhaps one-half of th
normal blood pool volume of the brain. It must "be recognized, however, that it
probably is not valid to make human estimates from rabbit skull since the bone
structure is these two species is quite different. It is clear, nevertheless,
from anatomic studies of human skull where the external table has been removed
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(2l) that the diploic spaces of the skull constitute a large "blood pool. Our
studies of the turnover of blood in the skull of the rabbit indicate that
although the pool volume is large, the turnover rate is quite prolonged (22).
The skull also acts as a shield for internally originating gamma rays,
particularly those of lower energy.

For several years we pursued an external detector geometry which attempt
to see all cranial tissues rostral to the floor of the cranial cavity with a
counting efficiency as uniform as possible for all regions and depths. When
we studied the uptake of labelled albumin in humans with a variety of brain
pathology and corrected for the blood content in the field we found no correla-
tion between brain disease and the cranial uptake of the albumin (23).
Subsequent studies of the albumin content of scalp, skull and brain made it
clear that we were seeing predominantly non-neural tissues (20). If one
administers albumin and measures the upper half of the head, virtually all the
counts will originate from the blood pools of brain, skull and scalp, and the
extra- and intracellular compartments of the scalp and skull. Essentially none
will, in the normal, originate in the extracellular spaces of the brain.

Rather than try to see the entire cranium, one can considerably improve
on the proportions of non-neural to neural tissue by restricted collimation
which will view this surface shell of high-activity tissue at right angles
(and see none tangentially) with a diverging internal cone of acceptance to
maximize the volume of brain (Pig.2). A focusing collimator is of no advantage
since it still sees a diverging cone of tissue on the superficial side of the
focal point.

Characteristic X-rays

We have attempted to correct for extracranial isotope by utilizing the
characteristic X-ray emission of certain of the common radioisotopes (24).
Nuclides with an atomic number of about 45 emit characteristic X-rays with
variable efficiencies at energies approximating 25 keV. This will be too low
an energy to penetrate the electron-dense skull, but will escape from the scalp.
A very suitable isotope for this purpose is In. This nuclide emits
approximately one characteristic 24 keV X-ray for every four 390 keV gamma-rays
(25).
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If the side of the head is examined with In "both in brain and scalp,
the characteristic X-ray seen by the external detector will originate essential]
completely from scalp whereas the gamma rays seen will originate from both scalf
and brain (Fig.3). Since the number of gamma rays seen per X-ray seen can be
determined, and will, with In, be approximately 4*1, a number of gamma rays
corresponding to the X-rays counted can be assumed to be originating superficial
to the skull. These can be subtracted from the total number of gamma rays
obtained from the entire field.

Metabolic studies
We are now pursuing a metabolic application of external counting of

75Se-selenomethionine. We have determined in humans and rats that seleno-

methionine enters the brain freely and, in rats, apparently traverses the brain
Icapillary by way of the amino acid carrier system. This is in keeping with the

generally accepted equivalence of selenomethionine and methionine. We have also
determined that phenylalanine is a particularly effective competitive inhibitor
of the brain uptake of selenomethionine in rats (Fig.4). In this capacity as
competitive inhibitor it is more effective than the same molar concentration of
natural methionine. Phenylalanine, however, does not measurably interfere with
pancreatic or liver uptake of selenomethionine, even at higher dosage levels
than are required to essentially completely inhibit the brain uptake of seleno-
methionine .

Our clinical interest in Se—selenomethionine uptake in brain is in
75the study of phenylketonuria. The gamma rays of Se makes human studies

75feasible even though Se is not particularly desirable for human use. It has
been postulated that the pathophysiology of phenylketonuria is related to
saturation of the brain capillary amino acid transport system by the high blood
levels of phenylalanine (26). This speculation is compatible with the observa-
tion that feeding a phenylalanine-deficient diet in early infancy results in a
considerable improvement in intellectual development (271- This suggest that tï
high blood phenylalanine level has some toxic influence on brain. This would be
compatible with its impairment of the uptake of other amino acids. We are

75pursuing ^Se-selenomethionine with the intention of correlating the human brair
uptake of selenomethionine with blood phenylalanine level in phenylketonurics.
This may possible be useful as a means to screen patients for metabolic defects
which may affect amino acid transport in central nervous system.
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75Coincidence counting of Se
The essentially simultaneous 130 keV and 270 keV gamma-rays

"7 cemissions of Se (28) are a theoretical possibility of considerable interest
in brain monitoring. Isolated depth localisation should be possible if two
focal collimators are arranged to meet the following specifications (Fig.5)*

1. Positioned with their focal centers at the same point.
2. Their axes are at right angles.
3. Each detector is provided with a pulse height analyzer window

set to accept either the 130 or 270 keV gamma rays.
4. The two window outputs are fed to a coincidence circuit.
With this arrangement the counting efficiency of any point in the

tissue will be the product of the counting efficiencies of the two detectors foi
that point. If the outputs of both detectors are summed (not coincidence '
counting) the counting efficiency of the two detectors for any point will be
the sum of the efficiencies of both for that point.

Coincidence counting in this situation should allow extreme isolation
near the overlap of the focal points of the two detectors. At all other loca-
tions one of the detectors will be very inefficient because of the elliptical
shape of the acceptance pattern of a converging multi-hole collimator. Such an
arrangement might allow counting of a stereotactically located point such as
globus pallidum or a tumour with rejection of count originating superficial to
the point of interest. The counting efficiency of such a system would be low
since the absolute counting efficiency of even the central convergence point
will be the product of the absolute efficiencies of the two detectors. Each
of the detectors might be expected to have an absolute efficiency at the focal
point of the order of 1 fo so that only about one in ten thousand events would
be counted. Nevertheless, prolonged counting periods would make this possibly
useful since the coincidence background count should be essentially zero. This
same technique should be useful with many other nuclides which emit nearly
simultaneous, isotropically propagated high energy photons originating either
in the nucleus or electron shell structure. They need only occur sufficiently
close together in time to be seen by the electronics as one event.
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Tumour detection
An approach being pursued by us is the definition of various parameters

of the permeability of capillaries in brain tumours versus normal brain to assis
in pre-operative tumour classification. It is our plan to utilize our paired
focal collimation system to view a known tumour in one cerebral hemisphere with
one detector and to look with the other detector at a control area of brain
in the other hemisphere as removed as possible from the tumour site (Fig.6).
We would then study the relative uptake of various tracers. By subtracting
the control region counts from the tumour region counts, a correction for blood,
scalp and skull should be possible.

Small and large-molecular permeabilities will be assessed by chelated
In as the small molecule and protein-bound acidified In as the large

molecule. It would also be of interest to study the selenomethionine uptake
characteristics of tumour versus non-tumour control brain. '

Since some tumours exhibit considerable arteriovenous shunting evident
by angiography the determination of arteriovenous shunting could be determined
by noting the passage of an intravenous bolus of labelled iodoantipyrine, since
the difference between passage of this substance through arteriovenous malforma-
tions and normal brain is quite easily detected after rapid intravenous injectiori p *3(29). The availability of I-iodoantipyrine would greatly facilitate this
study by allowing much larger doses with rapid disappearance of the nuclide.

Another interesting approach would be to study the changes in pool volun
of the tumour versus the control area of brain as a function of systole. The
change in blood volume would be too small and require too rapid a definition in
time to be measurable with attainable count re.tes. Our method uses protein-
bound In with measurement of changes in the pool volume in the tumour and
in the control brain as indicated by the cross-correlation between count and
the F-r-wave of the EGG. By utilizing about 1,000 heart actions a very large
number of counts can be obtained resulting in about s. thirty-fold reduction in
statistical noise. This would produce a noise level that would be equivalent tc
increasing the isotope dose by a fa.ctor of 1,000. This might allow the defini-
tion of changes in blood pool volume of the tumour having a fixed relation to
heart action. It is anticipated that tumours of differing vascularity will
exhibit different changes in blood volume with systole.
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Regional cerebral blood flow
The future availability of some of the newer radioisotopes should be

123of considerable interest in brain blood flow studies. If a I-iodoantipyrine
could be obtained sufficiently cheaply it would make possible relative regional
distribution of blood flow measureable by the gamma camera. A rapid intravenous
injection of this material would allow about a one minute view of the side of
the head with a distribution of isotope approximately in proportion to regional
blood flow.

Positron emission
If carbon technology can be advanced to the point where it can

usefully be incorporated into glucose and amino acids, a large number of human
brain metabolic studies would become feasible.. Such positron emitters are idea
for cranial counting because annihilation gamma rays do not emphasize the count
from overlying cranial tissues as occurs with single gamma emissions.



- 136 -

FIG. 1 (overleaf)

Showing diagrammatically some basic probable differences
between general capillaries and brain capillaries. In the general
capillary (a) the dominant routes of passage to the extracellular
space from plasma are via the intercellular cleft and, to a lesser
extent, pinocytotic vesicles. Ld pi d—soluble material can also pass
directly through the capillary cell at sites other than the inter-
cellular cleft. Very small molecules and ions probably can also
pass via this same route traversing the plasma membrane through
extremely small pores. Carrier-mediated transport through the
capilla.ry wall has not been demonstrated in general capillaries.
In the brain (b), the capillary is modified insofar as the inter-
cellular cleft is sealed and pinocytosis is essentially absent.
Lipid-soluble materials still pass freely through the brain capil-
lary cell and carrier mediated transport of amino acids and glucose
is demonstrable. Pore filtration probably occurs as in general
capillaries. The brain capillary is nearly completely surrounded by
the expanded astrocytic processes. Their relationship to the
restricted permeability of brain capillaries is unclear. Although
the direction of passage here is indicated outward from the capil-
lary lumen because the basic consideration here is the escape of
radioactive labels from the capillary, these transfer processes
probably are bidirectional.
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FIG. 2 (overleaf)

Indicating the shell of high activity tissues which
surround the low activity brain tissue. External measurements on
the brain must be made through this shell of high activity. If
the entire cranium is viewed by the crystal, considerable scalp
and skull are seen tangentially with relatively little contribu-
tion from brain. A minimization of scalp and skull count can be
obtained by restricting the collimation as shown on the right so
that the scalp and skull are seen largely at right angles. Focal
collimation such as shown at the top is of limited value because
it sees a diverging cone of superficial tissues. Even though the
scalp and skull are seen at reduced efficiency a large area of
these tissues are seen. For a unit volume of tissue the focal
point is heavily weighted but is of relatively small volume. The
larger volume of the superficial cone still results in a significant
scalp and skull count even though the absolute counting efficiency is
lower than at the focal point.
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FIG. 3 (overleaf)

A correction can "be made for radioactivity in the large
extracellular space of scalp "by utilization of the character-
istic X-rays. Nuclides such as In produce characteristic
X-rays that are too soft to penetrate the skull. As noted in
the text, a correction for superficially originating gamma
radiation can "be made if the externally detected character-
istic X-rays are counted.
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FIG. 4 (overleaf)

Showing the "brain uptake of selenomethionine alone and when a
pre-load of 1-methionine and 1-phenylalanine are administered.
The pancreatic and liver uptake of selenomethionine is suppressed
by pre-loading with 1-methionine "but unaffected by 1-phenylalanine.
Because the pancreatic capillary wall pases selenomethionine,
methionine and phenylalanine by non-specific diffusion the block of
tissue uptake is presumed to be at the parenchymal cell wall. The
brain uptake of selenomethionine is more suppressed by 1-phenylalanine
than by 1-methionine. Studies introducing 1-phenylalanine and 1-
methionine directly into the extracellular space of rabbit brain by
means of a ventriculocisternal perfusion indicate that the phenyl-
alanine block of brain uptake of selenomethionine from blood probably
occurs at the capillary wall and the brain uptake block by 1-methionine
probably occurs at the parenchymal cell wall.
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FIG. 5 (overleaf)

Showing diagrammatically the possible utilization of cascade
75gamma rays of Se to obtain point localization with nearly complete

rejection of overlying superficial radioactivity. As noted in the
text, the two focal collimators are arranged with their focal points
coinciding and their axes of viewing at right angles. When the two
detectors are connected to count only in coincidence, the counting
efficiency for any point in space is the product of the absolute
counting efficiencies of the two detectors. If connected so that
the two collimators count in summation, the counting efficiency for
any point becomes the sum of the individual collimator counting
efficiencies. The elliptical acceptance pattern of the focal collima-
tor with good rejection of laterally originating gamma rays should
allow good isolation of rays originating at the overlapping focal
point. The absolute counting efficiency of this coincidence arrange-
ment is, however, very low.



SUMMED
'COUNT

COINCIDENCE
COUNT\

XTAL

DIRECTION
OF FOCAL
COLLIMATORS

XTAL

COINCIDENCE
CIRCUIT

PIG.5,



- 146 -

FIG. 6 (overleaf)

For the assessment of uptake of focal lesions, such as
tumors, correction for "blood, scalp, and skull radioactivity
can be realised "by simultaneous comparison with a control
region of normal "brain as far removed as possible from the
site of the lesion.



FIG. 6.
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THE SPECTRUM SUBTRACTION TECHNIQUE APPLIED TO
ORGAN UPTAKE MEASUREMENTS WITH SPECIAL REFERENCE

TO 133Xe UPTAKE IN BRAIN

N. Veall
Radioisotopes Division

Medical Research Council, Clinical Research Centre
Harrow, Middlesex, England

ABSTRACT

This paper describes a method for the measurement of radio-
activity in "body organs with a single fixed detector in which the
dependence of the sensitivity of the detector on the depth of a
radiation source in the "body can be altered so as to favour
measurements on a certain organ. The method requires that the
emitted radiation includes two groups of photons of different
energies and depends on the measurement of the difference between
the counting rates recorded in two channels of the photon spectrum
corresponding to the two photon groups. These photons may be
derived from the same radionuclide or from two radioisotopes of
the same element administered simultaneously. Used in this way a
single detector has a maximum sensitivity for sources at a finite
depth depending on the energies of the two photon groups. The
method is shown to be especially applicable with radionuclides
emitting photons of energy less than 100 keV. It is already in
use for the measurement of Xe in the brain. Other possible
applications are discussed.
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Introduction
The in-vivo measurement of the radioactive uptake in aparticular organ or tissue is rendered considerably more diffi-cult if there is interfering activity in adjacent tissues.While this interference can be minimised to some extent by-suitable collimation and pulse height analysis, the contribu-tion due to activity in overlying tissues remains. With mostpractical counting systems this contribution is accentuated,since the tissues concerned are in the region where the countersystem has its maximum sensitivity. The need for some degreeof depth discrimination is evident, but has received relativelylittle attention to date. Coincidence counting techniques canbe used in a few cases, but at the cost of a prohibitive lossin sensitivity. The spectrum subtraction technique describedhere seems promising and may prove to be widely applicable. Itexploits the marked differences in tissue absorption whichoccur with y-rays of different energies, particularly in theregion below 100 keV.
Îolan and Tauxe (1) used the ratio of 1̂ counts (30 keV)„„ 51j counts (360 keV) to correct for variations in depth ofindividual kidneys when carrying out renogram studies, the twonuclides being administered simultaneously as labelled 'Hippuran'.Oldendorf (2) suggested that compounds labelled with 123i or<E gight be used to carry out subtraction scans in conjunctionwith 99aVpc gj^ thereby improve the 99aic brain scan by reducingthe effects due to the overlying skull and scalp tissues.

uptake in brain
The activity in skull and scalp represents a problem when oneis concerned with the measurement of cerebral blood flow by the125xe inhalation technique (3i 4), since the object is to deter-mine the activity in the brain as a function of time; and thespectrum subtraction technique seems to work particularly wellin this situation.
The 80 keV y-ray of Xe is 65 % internally converted, sothat in practice the observed spectrum consists essentially oftwo well defined peaks of approximately equal intensity at 30and 80 keV; and the count rates in the two spectrometerchannels corresponding to these two peaks can be recorded
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Pig. la shows the response of,the currently used detectorsystem to a "point" source of *•??%.& in a water-filled phantomas measured in the 80 keV and 30 keV channels respectively.The data are normalised so that the maximum response (at thesurface) is 100 % for both channels. If the 30 keV contribu-tion is now subtracted from the 80 keV contribution, the sensi-tivity distribution diagram shown in Fig. Ib is obtained. Notethat the peak sensitivity is about 2.5 cm below the surface,and the sensitivity at the surface is now zero as compared with100 #, so that the sensitivity to activity in the superficial2 cm of tissue is drastically reduced with only a relativelyminor reduction in sensitivity to activity in deeper tissues.
In practice, a small source is placed on the scalp to deter-mine the normalising factor. (Usually the 30 keV count rateis about 1.1 times the 80 keV count rate.) During the inhala-tion and desaturation periods the cerebral activity as a func-tion of time is measured using a digital multiscaler or tworatemeters. In the latter case the difference between thechannels is conveniently recorded with an analogue subtractionunit. The peak count rate in the 30 keV channel is about halfthat in the 80 keV channel, so that the counts in the 80 keVchannel, which are conventionally recorded, are reduced by afactor of 2 and the statistical fluctuations are.doubled. Withthe high count rates which can be obtained with ̂ X̂e thelatter disadvantage is not serious.
and

This combination has not yet been used clinically, but inview of Oldendorf's suggestion the detector response has been
measured with a more massive collimator and a 2-inch crystalbut an otherwise similar configuration to that used for -*-53xe(see Pig. 2).

A similar effect is seen in that the peak sensitivity on theaxis is now in a fairly uniform region several cms below thesurface. However, the contribution due to the surface layeris now only reduced to zero in the region of the collimatoraxis. At the edge of the collimator aperture the effect of thepenetration of the 0.36 MeV radiation, which is not compensatedby the 30 keV counts, is clearly evident. This effect would,of course, be less evident with other collimator designs orwith a greater distance between phantom and detector.
Selenium-73

neBecause of the increasing use of '̂ Se-methionine uptake as anindex of the rate of protein synthesis by various organs andtissues, it seemed worth while to look into the possibility ofusing the 0.27, 0.28 MeV and the 0.12, 0.14 MeV radiations from75se in the same way. So far this has proved disappointing,since the decrease in count rate in the low energy channel dueto attenuation is compensated by the build-up of the Compton
region of the spectra for the higher energy y-rays, with the
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result that the sensitivity plots for the detector configurationso far tested are practically identical for both channels»This serves to emphasise that when evaluating possible combina-tions of y -rays or nuclides, the sensitivity plot for the lowerenergy channel must be done with the higher energy radiationpresent and not simply with a monoenergetic source.
Conclusions

The results obtained with *rXe indicate the potentialitiesof the spectrum subtraction technique, and enable some tenta-tive conclusions to be drawn about its applicability and limita-tions.
1) Evidently, the method will work best at energiesbelow 100 keV where the Nal crystal detectors givespectra with well defined photopeaks.
2) Maximum sensitivity at levels deeper to the surfacewill be obtained as the energy of the lower channelapproaches that of the upper channel, but the countrate difference then decreases and statistical errorsincrease rapidly.
3) In the examples shown here, the inverse square lawplays a major part in determining the sensitivitydistribution. Further studies have to be carriedout with greater detector-phantom distances, butincreasing this distance will usually imply adecrease in the overall sensitivity.

Although there are numerous combinations of Y -or single nuclides to be evaluated under variousconditions, these evaluations can be done fairlysimply on an experimental basis as shown in Fig. 1before embarking on in-vivo studies.
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