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FOREWORD 

For many years the Animal Production and Health Section of the Joint 
FAO/IAEA Division of Isotope and Radiation Applications of Atomic Energy 
for Food and Agricultural Development has encouraged research both into the 
causes of the current low levels of animal productivity that exist in many 
countries and into the search for solutions. As part of these efforts, the Division 
has given and continues to give high priority to work aimed at defining the 
nutritional requirements of livestock and at evaluating and improving pastures 
and other locally available potential sources of feed. The benefits to be sought 
and achieved through such support are increases in animal productivity 
(e.g. growth rates, reproductive performance and milk production) brought 
about by increasing feed intake and digestibility or both, as well as by increasing 
the efficiency with which the raw materials are utilized. 

The planning and conduct of useful research and the ability to interpret 
and make use of the data that derive from it require, amongst other things, an 
ability to handle techniques. This can only come from training. Since its 
foundation some 20 years ago the Joint FAO/IAEA Division has placed con-
siderable emphasis on the training of scientists from developing Member States 
through the organization of Training Courses and individual Training Fellow-
ships, and through the production of Training Manuals which provide informa-
tion that rarely appears in scientific papers. Such Manuals do not assume 
extensive knowledge of the subject covered and they include practical exercises 
which are described in sufficient detail to enable them to be performed with 
minimal supervision. 

This particular Manual has been produced along similar lines to those on 
animal parasitology (Technical Reports Series No.219) and reproduction 
(Technical Reports Series No.233), although substantial changes have been 
made to the section on basic nuclear theory and to the exercises on radio-
activity counting. The present Manual includes a detailed consideration of 
tracer methodology, and exercises in which isotopes are used to measure a wide 
variety of parameters relating either to the nutritional status of the animal as a 
whole, or to particular organs or systems having a direct bearing on feed digestion 
and utilization. 

It is important, however, to stress that this Manual includes descriptions 
of methods that do not directly involve radioactive or stable isotopes since it 
has to be recognized that while isotopic tracer methods provide a powerful tool 
for the research nutritionist, they cannot and should not be used in isolation. 



Indeed, the types of question that can be answered most effectively by isotopic 
methods will generally have arisen from feeding trials, and will not have been 
resolved by further such trials or other simpler procedures. Isotopic methods 
should therefore be aimed at the understanding of basic principles in order to 
rationalize the more applied research. 

The IAEA and FAO would like to thank the scientists responsible for 
preparing this Manual: Dr. J.W. Czerkawski of the Hannah Research Institute, 
Ayr, UK, who spent much of his time working on the Manual during the 
tenure of a one-year sabbatical leave position with the Animal Production and 
Health Section of the Joint FAO/IAEA Division; Dr. D. Beever of the Grassland 
Research Institute, Hurley, UK; Dr. M.C.N. Jayasuriya of the Joint FAO/IAEA 
Division, Vienna; Dr. F.W. Lengemann of Cornell University, Ithaca, USA; 
Dr. R.C. Noble of the Hannah Research Institute, Ayr, UK; Drs. E.R. Orskov 
and P.J. Reeds of the Rowett Research Institute, Aberdeen, UK; Dr. B.F. Sansom 
of the ARC Institute for Animal Diseases, Compton, UK; and Dr. B.A. Young 
of the University of Alberta, Edmonton, Canada. 
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SOME BASIC SYMBOLS AND UNITS 
FREQUENTLY USED IN THIS MANUAL 

Symbol Description 

Z atomic number, i.e. p ro ton number 

A mass number 

Ar relative atomic mass 

M, Mca> M C a S o 4 gram-atomic or gram-molecular 
mass 

N a Avogadro's constant (number) 

T^ radioactive half-life 

X radioactive decay constant 

t time in general 

T counting time (duration of ) 

C accumulated counts in time T 

R (= C/T) count-rate including background 
or blank 

Rb count-rate of background or blank 

R s count-rate of sample 

e counting efficiency = counting yield 

A* activity 

A specific activity of a radioisotope 

or atoms % excess of stable isotope 

S amount of material 
(substance being traced) 

T^ i b i o | biological half-life (physiological 
elimination) 

T^ e f f effective half-life (including effects 
of physiological elimination and 
radioactive decay) 

Dimensions and/or units 

unified atomic mass units (u) 

grams (g) 

N A = 6 . 0 2 2 X 1 0 " mol"1 

t ime, e.g. years (a), days (d), 
hours (h), minutes (min), 
seconds (s) 

inverse time, i.e. s"1 

time, i.e. s 

time, i.e. s 

counts 

counts per second (counts/s) 

counts per second (counts/s) 

counts per second (counts/s) 

counts per 100 distintegrations 

becquerels (Bq), curies (Ci) 
(becquerels = disintegrations 
per second) 

activity per gram or mole 
(e.g. kBq/g, TBq/mol, mCi/g, etc.) 

mass (i.e. grams) or moles 

time, e.g. s 

time, e.g. s 
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Symbol Description 

LH luteinizing hormone 

FSH follicle-stimulating hormone 

PRL prolactin 

GnRH gonadotrophin-relcasing hormones 

PMSG pregnant mare serum g o n a d o t r o p i n 

TSH thyroid-stimulating hormone 

TRF thyroid-stimulating hormone release hormone 

C.'BG corticosteroid binding globulin 

SHBG sex hormone binding globulin 

NSB non-specific binding or Bb) 

MB maximum binding or B0 

Bo maximum binding or MB 

PL placental lactogen 

g relative centrifugal force 

EDTA ethylene diamine tctracetic acid, disodium salt 

PEG polyethylene glycol 

M molar solution, containing the gram molecular weight of the solute 
dissolved in 1 litre of solvent 
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PART I. POTENTIAL OF ISOTOPIC 
TECHNIQUES IN ANIMAL NUTRITION 

I - l . NUCLEAR TECHNIQUES IN AGRICULTURAL RESEARCH 

Nuclear techniques find widespread application in agricultural research and 
these applications can be divided into two main groups. In one group nuclear 
energy is used to modify some of the properties of substances; this includes such 
processes as irradiation of food to improve its storage properties or, in the case of 
lignocellulose feeds, to make them more digestible. Within this group one could 
also include the irradiation of parasites in the production of vaccines and the 
sterilization of insects in various pest control schemes. In the other group, on the 
other hand, the objective is to label substances without modifying their physical 
and chemical properties, so that they can be used as tracers and yet behave 
normally. Radioisotopes are the best tracers, since by virtue of their radioactivity 
they can be detected and measured in extremely low amounts and since their 
behaviour in chemical reactions does not differ from that of the corresponding 
stable isotopes. 

Biochemistry is the basis of most life sciences, including Animal Nutrition. 
It is not an exaggeration to say that much of the remarkable progress that has 
been made in biochemistry during the last 20—30 years would have been 
impossible without the use of tracer compounds and particularly isotopic tracers. 
The availability of radioisotopes makes it possible to measure the transfer of 
substances within intact, complex biological systems, such as animals or plants. 
Moreover, by labelling specific parts of complex molecules with radioactive 
atoms, it is possible to determine the fate of that part of the molecule - a 
technique of considerable value in animal nutrition where the main interest is 
in the fate of nutrients in the digestive tract, and the absorption and utilization 
of these substances by the animal. This is even more important in the nutrition 
of domestic animals (predominantly ruminants in developing countries), where 
nutrient conversions are subject to intervention by a complex microbial population 
in the digestive tract. In these circumstances, the nutrients that are actually used 
by the host animal are often quite different from those that are eaten. Animal 
productivity of animals could easily be measured without isotopic tracers, by 
comparing inputs and outputs, but it would be very difficult to find out what 
is going on inside the system and how to make it more efficient. At the molecular 
level.isotopic methods can tell us which particular metabolic pathway operates 
within a system. Often it is possible to alter these pathways by changing the 
conditions and thereby make the system more efficient. 

Isotopic techniques are also often necessary to answer questions of a more 
practical nature, e.g. for the measurement of the rate of production of volatile 

3 



4 PART I. POTENTIAL OF ISOTOPIC TECHNIQUES 

fatty acids and the rates of synthesis of microbial matter in the rumen, which 
are the major sources of energy and protein for the host animal. 

Techniques should not be used for their own sake; they should be used to 
answer questions and to solve problems. Undoubtedly, the use of nuclear tracer 
techniques can answer many questions and has contributed to the solution of 
many problems. The major objective of this book is to make the use of these 
techniques easier and more successful in developing countries, where animal 
nutrition is such an important determinant of animal productivity. 

1 - 2 . OBJECTIVES OF RESEARCH ON ANIMAL NUTRITION 

The primary objective of research on animal nutrition is to find methods of 
feeding animals that are either more efficient or cheaper in converting elements 
of the animal's diet into products that are useful to man. The most important 
products are foods of high value, such as milk and meat, but other products or 
uses — for example, wool, hair, furs, leather, fertilizers, draft power — are of 
economic importance. This primary objective is the same for both the developed 
and the developing countries of the world. However, the priorities for research 
in the two groups of countries are different because of differences between them 
in climate, crops and economic structure. 

In the developed countries there is generally no shortage of feedstuffs of 
adequate quality and in the event of a shortage, for example of protein, the 
deficit can be made up by imports from other countries. In contrast, in many 
developing countries there are serious shortages of conventional feedstuffs, 
supplies of which often have to be supplemented with byproducts of other 
indigenous crops. It is too expensive for these countries to import feedstuffs 
from abroad. As a result of these differences, nutritional research in the developed 
countries is now concerned mainly with improving the efficiency of already 
productive systems, whereas in the developing countries research is necessary 
simply to raise the productivity of animals and to obtain improved utilization of 
locally available feedstuffs and resources. 

1 - 3 . RESEARCH NEEDS (OR QUESTIONS TO BE ANSWERED) 

In order to assess the extent to which the nutrition of an animal is adequate, 
it is necessary to know the answers to two basic questions. First, what are the 
animal's total present requirements in terms of energy, protein, fat, minerals, etc. 
for maintenance and for growth, pregnancy and lactation and, secondly, to what 
extent does the animal's diet satisfy these requirements? These questions can 
be answered by analysing, first, the costs in terms of energy, protein, etc., of 



IN ANIMAL NUTRITION 5 

maintaining the animal at a stable weight, or producing a litre of milk or a kilo-
gram of meat, etc., and, secondly, by analysing the proportions of the total 
dietary contents of energy, protein, etc., that are utilized for these purposes, 
i.e. the efficiency of feed utilization. 

Unfortunately, although the answers to these questions are often already 
available, particularly in the developed countries, they do not on their own help 
to decide whether a particular animal production system is efficient or not. 
Thus a balance can be achieved between the requirements of an animal and the 
efficiency with which it utilizes its feed at any level of productivity, either low 
productivity balanced by a low feed intake and/or feed utilization, or high 
productivity balanced by high feed intake and high efficiency of feed utilization. 
To assess the possibilities for improvements in productivity, the answers to two 
further questions are therefore also needed. First, is the animal achieving its 
genetic potential or optimal rate of production; secondly, is the quantity or 
quality of the diet being fed limiting the animal's capacity to achieve this 
potential? If it can be demonstrated that the diet is a limiting factor, then 
animal nutrition research must tackle a final question: is it possible to get closer 
to the animal's optimal productivity by making modifications to its diet? 

How can these questions be answered and what role do radioisotopes have 
in research designed to answer them? 

1 - 4 . METHODS FOR PROVIDING THE ANSWERS 

Nutritional research on animals began long before radionuclides became 
available and much valuable information can still be obtained by using the 
classical methods. It is important to understand this fact and not to be misled 
by the power and elegance of radiotracer methods into believing that they are 
necessarily the first line of attack in solving practical problems. Very often much 
simpler methods can give basic information which can be used to effect 
improvements in animal nutrition. Radiotracers come into their own when it is 
necessary or desirable to measure, for example, the rates of particular metabolic 
processes, or the rates of flow of different types of digesta through the gastro-
intestinal tract or to know whether a gain in weight has been the result of an 
increase in lean meat, fat or water or to know the partition of the various 
constituents of the diet into these components. Radiotracers can increase our 
fundamental understanding of the processes involved in animal nutrition, but 
these increases in understanding do not necessarily lead to immediate improve-
ments in methods for overcoming practical problems. There is still a need for 
simple empirical or observational methods. 
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1—4.1. Non-nuclear methods 

It is essential to analyse the animals' feedstuffs in terms of their energy 
density and content of oil, fibre, digestible organic matter, carbohydrate, protein 
(both rumen degradable and rumen undegradable), minerals and vitamins. 
Radiotracer methods provide only little help with these analyses. 

The response of the animals to different diets, whether conventional or 
unconventional can be measured by traditional balance methods. Even when 
it is impossible to measure changes in weight, for lack of a weigh-bridge, it is 
possible to estimate changes in the condition of animals by simple methods such 
as measuring their height and girth at the withers or their condition score. Much 
information can be gained by such simple, cheap methods. 

1 -4 .2 . Nuclear methods 

Some nuclear methods can measure more accurately what can already be 
measured by non-nuclear methods. For example, the size of some body 
compartments (e.g. rumen or plasma volume) can be measured by dilution 
techniques using either non-nuclear or nuclear tracers (see Exercise 30). 
Similarly, absorption can be determined by means of either a radioactive or a 
stable non-absorbable marker (see Exercise 42). If the nuclear technology is 
available, these quantities can be measured more accurately and more easily than 
by the conventional methods, but it would be unwise to invest in nuclear 
technology when conventional non-nuclear methods can provide adequate 
information. However, nuclear methods can provide information that is 
unobtainable by non-nuclear methods. For example, total body water can be 
measured easily with a single small dose of tritiated water. This measurement 
gives valuable information about body composition and, if doses of 3 H 2 0 are 
administered at intervals, about changes in body composition with growth which 
can be obtained in no other way. Similarly, many aspects of carbohydrate, fat, 
protein and mineral metabolism can be only investigated with radiotracers. 
These aspects are fundamental to an understanding of how the nutrients eaten by 
animals are converted into the products that are useful to man. Careful application 
of nuclear techniques to animal nutrition research can be of great assistance in 
improving food supplies in the developing countries. 

1 -5 . THIS MANUAL 

This Manual is planned to introduce the basic principles of work with radio-
tracers in a logical order. Each principle is then illustrated by means of practical 
exercises, which are described in detail so that students can perform them with 
little tutorial supervision. 
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The book assumes no extensive knowledge of radionuclides or their 
associated technology. It therefore begins with an introductory section (Part II) 
on isotopes and radiation. This is illustrated by exercises which demonstrate the 
properties of radiotracers and the methods available for detecting and measuring 
them. 

The next section (Part III) considers the principles of tracer methodology 
in detail, including dilution analysis and the kinetic analysis of systems 
comprising one or more compartments. These principles are illustrated later 
on in the book by exercises in which isotopic techniques are applied to 
particular problems of animal nutrition. However, between the section on 
tracer methodology and these exercises in animal nutrition there is an introduction 
to the practical work with animals (Part IV), with sections on basic nuclear 
considerations, the maintenance and preparation of animals, and methods for 
taking samples of blood, urine etc. from them. This section itself has illustrative 
exercises which give practical methods for the preparation of samples containing 
different types of radionuclide - 3H, 14C, 35S, 51Cr - and some methods for the 
preparation of useful labelled materials, e.g. the radio-iodination of proteins. 

The exercises on specific problems in animal nutrition (Part V) are divided 
into two sections, the first dealing with the gastrointestinal tract and the second 
with the composition of the host animal's body and metabolism therein. 





PART II. INTRODUCTION TO 
ISOTOPES AND RADIATION 

This part of the Manual is intended to refresh the reader's memory of 
various aspects of atomic physics and radiation measurements — those aspects 
that are basic to carrying out the experimental studies that form the subject of 
the Manual. In addition, the reader is given information on safety measures to 
be considered when working with low-activity radioactive materials both in the 
laboratory and in the field. 

I I -1 . PROPERTIES OF RADIONUCLIDES AND RADIATIONS 

II—1.1. Atomic model. Radioactivity 

An atom is composed of a positively charged nucleus surrounded by shells 
of negatively charged (orbital) electrons.1 The nucleus contains protons and 
neutrons as its major components of mass. A proton carries a positive 
(elementary) charge, and a neutron has no charge. The nucleus has a diameter 
of the order of 1 0 _ n cm and contains almost the entire mass of the atom. The 
atom, including the orbital electrons, has a diameter of the order of 10"8 cm 
(or 1 Sngstrom). 

The number of protons, Z, in the nucleus, which is characteristic of a 
chemical element, is called the atomic number (proton number). The atomic 
nuclei of a particular element may, however, not all have the same neutron 
number, N. Atoms that have the same Z, but different numbers of neutrons, 
are called isotopes (of the chemical element corresponding to Z) because they 
occupy the same place in the periodic chart of the elements. 

As the neutrons and protons represent the major part of the mass of the 
atom and each has an atomic 'weight', i.e. an atomic mass2, close to unity, the 
mass number, A, which is equal to the sum of protons and neutrons, is the 
nearest whole number to the relative atomic mass, Ar. Thus: 

Z + N = A = Ar in unified atomic mass units (see footnote 2) 

1 Many of the basic terms are included in a glossary for easy reference (Part VI). 
2 The unified atomic mass unit (abbreviation u) is defined as exactly 1/12 the mass of 

the nuclide 12C: 1 u = 1.66053 X 10"27 kg approximately [1 ]. 

9 



10 PART II. INTRODUCTION 

Nuclides (any species of nuclei) are described symbolically by the designation: 

2El or AE1 or element-A (for example | | F e or s 9Fe or iron-59) 

where El represents the chemical symbol for the element. 

The nuclei of some nuclides are not stable. One by one they disintegrate 
spontaneously, each nuclide at a characteristic rate, and they are called 'radioactive'. 
In nature a number of unstable nuclides are known, and nowadays radioactive 
isotopes of nearly every element are produced artificially (e.g. in atomic reactors 
and by particle accelerators). The disintegration of radioactive nuclei is 
accompanied by the emission of various kinds of ionizing radiation. Radioactive 
nuclides are termed radionuclides, and other similar abbreviations are used 
(i.e. radioactive isotope -*• radioisotope, etc.). 

Radioactive nuclei, upon disintegration, may emit alpha (a) or beta (0) 
particles as well as gamma ( 7 ) rays. Alpha particles are fast-moving helium nuclei 
(jHe), i.e. a combination of two protons and two neutrons. Beta particles are 
fast-moving electrons of either negative (|3") or positive (0+) charge. Gamma rays 
are electromagnetic energy packets (photons) of very short wavelength compared 
with that of visible light, but travelling at the characteristic speed of light. 

Natural isotopes of elements with low Z-numbers (except ordinary hydrogen) 
have approximately the same number of neutrons as protons in their nuclei 
(N = Z), and they are usually stable. As the atomic number of the element 
increases, the number of neutrons increasingly exceeds the number of protons with 
stability being maintained, but finally only unstable nuclei occur (above Z =83, 
bismuth). Thus, the majority of radioisotopes in nature are found for elements of 
high Z-number with a neutron-to-proton ratio of the order of l i : 1. The emission 
of alpha particles is characteristic of these heavy, unstable elements. The alpha 
particle is a very stable nuclear form which is ejected as a single particle from the 
nucleus of the heavy atom when it disintegrates. An example of alpha decay is 
given by the following nuclear reaction: 

2URa 2He + 2l2
6Rh + Q(energy) 

For Z less than 83 there appears to be a more or less well-defined optimum 
N:Z ratio for the stability of each element. When the number of neutrons in the 
nucleus is excessive, the N-number tends to decrease by ejection of a negative 
beta particle (negatron) and a neutrino3 from the nucleus. This beta particle 
accompanies the transformation of a neutron into a proton: 

n p+ + + v (see footnote 3) 

3 A neutr ino ( f ) possesses energy, but no charge and practically no mass, and will 
therefore not be detected by any of the instruments used in isotopic tracer techniques. 
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An example is: 

i iNa -»• °e + nMg + v 

An excess of protons in a nucleus may be counteracted by the ejection of a 
positron, i.e. a positive beta particle (regarding the definition of the energy unit 
MeV, see § II-1.5); 

1.02 MeV + p+ -»• n + /3+ + i> 

An example is: 

lo Zn ->• ?e + | |Cu + v 

Here, 1.02 MeV (1.63 X lO - 1 3 J) is the minimum energy required for /3+-emission 
and is equivalent to the rest mass of a positron plus an electron. An excess of 
protons in the nucleus may alternatively be reduced by the nucleus capturing one 
of its own orbital electrons, a process known as electron capture (EC) or K-capture 
since the electron is captured from the innermost or K-shell of orbital electrons: 

p+ + e~->-n + v 

An example is: 

| |Sr + ?e "Rb + v 

EC is accompanied by the emission of a characteristic X-ray, most frequently 
representing the energy difference between an L and a K-shell electron in the 
element formed (a 'hole' in the K-shell being filled by an L-electron). 

After the ejection of an alpha or beta particle, or after EC, the energy level 
of the daughter nucleus may not be at its ground state. The excess energy of a 
nucleus thus excited is emitted in the form of one or more gamma photons. 

The excited nucleus may, however, interact with an orbital electron in the 
decaying atom, whereby the electron is expelled from the atom at a given velocity, 
and the expected gamma photon is not emitted. This process results in the 
combined emission of a fast electron and a characteristic X-ray, and is known as 
internal conversion (IC). The X-ray photon may in turn undergo IC, producing 
a so-called Auger electron. 

In some instances, two alternative modes of decay of the nucleus may occur. 
An example is seen for potassium-40 decay: 

-»• _?e + 2oCa (/T decay, 89% of disintegrations) 

i°K +-?e ->• ftAr (EC, 11 % of disintegrations) 

In the case of the EC mode a gamma photon is also emitted. 
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Another example is 

30Zn ->-+?e + jlCu (/3+ decay, 1.5% of disintegrations) 

30Zn + _?e -> jlCu (EC, 98.5% of disintegrations) 

In this case, in 45.5% of disintegrations, EC is followed by the emission of a gamma 
photon. 

A large nucleus such as 2 3 SU, either spontaneously or when it captures a 
neutron, will divide into two parts of approximately equal masses. This process is 
called fission and is accompanied by the release of neutrons. The primary fission 
products are unstable (excessive N), and each forms a series of radioactive daughter 
nuclides terminating with a naturally occurring stable nuclide. 

An example is: 

2 i | U + o n 36^r + 's^Ba + 2£n 

Summarizing, radionuclides will emit particles and/or electromagnetic photons 
of the following nature: 

a-particle Doubly positively charged particle, containing two neutrons 
and two protons and originating at high speed from the 
nucleus 

^"-particle High-speed electron from the nucleus, negatively charged 

(3+-particle High-speed positron from the nucleus, positively charged 

7-ray photon Electromagnetic energy packet coming from the nucleus at 
the speed of light 

X-ray photon Electromagnetic energy packet coming from an electron shell 
at the speed of light, following K-capture or internal conversion 

IC electron Electron emitted as a result of the interaction between a 
7-ray and a valence electron 

Neutron Particle with no charge and a mass close to that of a proton. 

II—1.2. Radioactive decay law. Specific activity 

The decay of radioactive atoms is comprised of individual random 
(unpredictable) events. However, if a sample contains a sufficiently large number 
of atoms of a radionuclide, their average statistical behaviour can be described by 
a precise law. The radioactive decay law is developed as follows: 
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Let N be the number of radioactive atoms of a given radionuclide present 
at any time t. The change in N per unit time at any moment, dN/dt, is 
proportional to the number of atoms present at that moment, or: 

where X is (numerically) the proportionality constant, termed the decay constant. 
The negative sign is used because the number N decreases with time and X is 
chosen to be positive. 

Rearranging Eq. (II -1) to solve for X: 

Thus, the decay constant is the fraction of radioactive atoms decaying per unit 
time at any moment. 

Equation (II—1) may be integrated4 to give: 

where N 0 is the number present at any starting time (t = 0), and N is the number 
remaining after a period of time t. (e is the base of natural logarithms and equal 
to 2.71828 . . .) 

It can be seen from Eq. (II—3) that the decay of radioactive atoms is 
exponential with time. Also, the time for N0 to be reduced to half its initial value 
is a constant, as shown below, independent o / N 0 and t. 

Let N0 be reduced to \ N0 in a period of time (t = T p termed the half-life. 
Then, from Eq. (II—3): 

dN 
— = k N = - X N (II-1) 
dt 

(II—3) 

i N 0 = N 0 e - X ^ (II—4) 

Hence: 

i = or eX T i = 2 (II—5) 

Thus, taking the natural logarithm of both sides: 

XTi = In 2 = 0.693 
2 

(II—6) 

4 The steps in this procedure are given in Part VI, Appendix V I - 2 . 
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A* ON LOG SCALE 

« ON LINEAR SCALE 

FIG.II-1. Decay curve of a single radionuclide (log-linear plot). 

Therefore, since X is a constant characteristic of a given radionuclide, the same 
is true of T^. The dimension of T^ is given in time units, whereas the decay 
constant is indicated in reciprocal time units. 

Since the rate of decay, -dN/dt, is termed the radioactivity or, simply, 
activity, A*, of the sample, then according to Eq. (II—1): 

A* = AN (Rutherford's equation) (II—7) 

From Eq. (II—3), one therefore obtains: 

Substituting X= (In 2)/T$ from Eq. ( I I - 6 ) into Eq. (II—8), the following 
alternative equation is obtained: 

The half-life of a radionuclide may be determined graphically by plotting 
the disintegration rate (or a constant fraction thereof, as determined by a suitable 
counting instrument) versus time on log-linear graph paper. Referring to 
Eq. (II—8a), if the common logarithm (logarithm to the base 10) is taken on both 
sides, the result is: 

A* = AS e"Xt (II—8) 

A* = AJ ( i ) t / T i (II—8a) 

log 2 
log A* = log Ag — - — t (II—8b) 



II—1. PROPERTIES 15 

Therefore, a plot of A* (or count rate) on the log co-ordinate versus time on 
the linear co-ordinate will be a down-grade straight line with a numerical slope 
of 0.301/T|. This is graphically illustrated in Fig. I I -1 . T^ can be calculated, 
for example, as one third of the time it takes for AJ to fall to ^ Aj. 

The special unit of activity (radioactivity) has for many years been the curie 
(abbreviated Ci). This was originally defined as the radioactivity associated with 
the quantity of radon in equilibrium with 1 g of radium (1910). A formal 
definition agreed in 1964, when the curie was accepted for use with the 
International System (SI), was: 

1 Ci = 3.7 X 1010 disintegrations per second 
= 3.7 X 1010 s"1 (exactly) 

A new SI unit of activity, the becquerel (Bq), is defined 

1 Bq = 1 disintegration per second 
= 1 s"1 

Hence 

1 Ci = 3.7 X 1010 Bq = 37 GBq (exactly) 
1 Bq= 27.027 pCi = 27.03 pCi 

The old special unit, the curie, is to be phased out in the next few years. The 
following list will assist in defining the interrelationship. 

In practice, a radionuclide will often be accompanied by variable quantities 
of one or more stable isotopes of that element. The stable form is called the 
carrier. Specific activity, A, is the term used to describe the ratio of radioactive 
atoms to carrier atoms. The specific activity is defined in general as the activity 
of a particular radionuclide per unit mass of its element or compound. Common 
units of specific activity are kilobecquerels per gram of substance (microcuries 
per gram of substance)? 

The absolute (carrier-free) specific activity, A0, of a (carrier-free) radionuclide, 
i.e. the special case in which all atoms of the element present are of the same 
radioisotope, can be obtained from Rutherford's equation (Eq. (II—7» by sub-
substituting Na , Avogadro's constant6, for N, the number of atoms: 

Aq = AN a (II—9) 

s Counts per second per gram, which are also frequently used in experimental work, are 
of value only under counting conditions in which e is constant. 

6 Avogadro's constant (or number), N A , is the number of atoms or molecules per mole 
of substance: N ^ — 6.022 X 1023 m o l - 1 . 
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CONVERSION FROM CURIES TO BECQUERELS 

MCi kBq MCi MBq 
mCi MBq mCi GBq 
Ci GBq Ci TBq 

0.1 3.7 30 1.11 
0.2 7.4 40 1.48 
0.25 9.25 50 1.85 

0.3 11.1 60 2.22 
0.4 14.8 70 2.59 
0.5 18.5 80 2.96 

1 37 90 3.33 
2 74 100 3.7 
2.5 92.5 125 4.625 

3 111 150 5.55 
4 148 200 7.4 
5 185 2 5 0 9 .25 

6 222 300 11.1 
7 259 400 14.8 
8 296 500 18.5 

9 333 600 22.2 
10 370 700 25.9 
12 444 750 27.75 

15 555 800 29.6 
2 0 7 4 0 9 0 0 33.3 
25 925 1000 37 

Examples 

0.2 jLtCi = 7.4 kBq 50 MCi = 1.85 MBq 
5 mCi = 185 MBq 200 mCi = 7.4 GBq 

20 Ci = 740 GBq 1000 Ci = 37 TBq 

T h e r e is a s e t o f p r e f i x e s t o b e u s e d w i t h S I u n i t s . T h e s e i n c l u d e t h e f o l l o w i n g : 

Factor Prefix Symbol 

1018 exa E 
1015 peta P 
1012 tera T 
10* giga G 
106 mega M 
103 kilo k 

Factor Prefix Symbol 

10"3 milli m 
10" s micro n 
10"9 nano n 
10""12 pico p 
10"1 5 f emto f 
10"1 8 a t to a 
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If X, the decay constant, is in reciprocal seconds (s - 1 ) , A0 is obtained directly in 
becquerels (i.e. disintegrations per second) per mole, or in curies per mole after 
dividing by the curie-to-becquerel conversion factor: 

A0 (Bq/mol) = XNA or A0 (Ci/mol) = 01 -10a) 

The carrier-free specific activity per gram is obtained by dividing the appropriate 
form by the gram atomic mass of the radioisotope, M: 

^o(Bq/g ) = ^ or A0 (C./g) = ( 3 ^ 0 , 0 ) M (O-lOb) 

It is worth bearing in mind that, from Eq. (II—6), X can be obtained from the 
half-life (expressed in seconds): 

w In 2 0.693 
Ms >) = - = — (11-11) 

II-1 .3 . The energy of radiations 

The energy unit most commonly used with regard to radiation is the electron-
volt (e V). This is equivalent to the kinetic energy acquired by an electron (or any 
other singly charged particle) accelerated through a potential difference of one 
volt in a vacuum. This unit is used with SI and has been determined experimentally 
to be 

1 eV = 1.602 19 X 10"19 J (approximately) 

A commonly used multiple is mega-electronvolts (106 eV = 1 MeV)". 

1 MeV s 1.6 X 10 - 1 3 J = 1.6 X 10"6 erg 

The kinetic energies of the particles and photons emitted by radionuclides 
have characteristic values. The energies of alpha particles, characteristic gamma 
and X-ray photons are constant or discrete. The energies of beta particles ejected 
by a given radionuclide vary, however, from zero up to a certain maximum 
energy (E m a x ) that is available to the beta particles. This is because a variable 
part of E m a x is carried away by a neutrino in every beta particle decay. Neutrinos 
cannot be detected by ordinary methods as they have no charge and essentially 
no mass. As a consequence, the beta particles show a continuous spectrum of 
energies from zero to E m x . The beta energies given in a table or chart of nuclides 
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" P ( ' 4 d ) 1.7MeV ' " f ( 3 0 ° \ 1.17MeV 
92 %\P 

v >» 137 Bom (2.56 min)0.66 
32 g Y _ e%\p — 

IT ((107. IC) 

13 N—OOmin) 1 2 0 ^ " F e 0 6 a ) _ ^ ^ 

100°/o ~r 0.18 1 0 qo / o e c / ( 7 5 0 / . X-ray conversion 
/ « + , c / to Auger electrons) 

, 3C / p „ 55Mo J 

60Co (5.26 a ) 2.81 MeV " N a ( 2 . 6 a ) 2.84 MeV 

FIG.II-2. Decay schemes showing characteristic radiations and energies of six radionuclides. 
IT = Isomeric transition. Different types of the same nucleus are called isomers. 
IC = Internal conversion of gamma photon. 
EC = Electron capture (K-capture). 

are Emax-values. The average beta-particle energy is usually about one-third of 
E m a x . Internal conversion electrons, on the other hand, are monoenergetic. 

The characteristic radiations and energies for a given radionuclide are often 
shown in the form of a decay scheme. Examples of the decay schemes of six 
radionuclides are shown in Fig.II—2. 

II—1.4. Interaction of radiation with matter 

II—1.4.1. Alpha particles 

The alpha particles ejected from any particular radionuclide are monoenergetic. 
Their initial kinetic energies are of the order of several MeV and, since ionization 
potentials and bond energies are in the range 1 - 1 2 eV, the alpha particles are 
capable of causing many ionizations as well as electronic excitations of the atoms 
or molecules along their path. Ionization is complete removal of the valence 
electron, and excitation is raising electrons to higher energy levels in their orbits. 
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Since the valence electron participates in any chemical bond of the atom, 
ionization destroys the integrity of that bond. The term specific ionization is 
used to describe the intensity of ionization, i.e. the number of ionizations occurring 
per unit path-length of a particle. The specific ionization is directly proportional 
to the mass and charge of a particle and inversely proportional to its velocity. 
Since alpha particles are doubly charged and of comparatively heavy mass they 
have a high specific ionization. Hence alpha particles lose energy in matter 
relatively rapidly by these processes. As the alpha particle dissipates its energy 
along its path, its velocity decreases, and at zero kinetic energy the particle acquires 
two electrons from its surroundings and becomes a helium atom. The range, 
i.e. the distance that an alpha particle can penetrate into any matter (absorber), 
depends on the initial energy of the particle and the density of the absorber. The 
range of an alpha particle is relatively small and amounts to several centimetres in 
air and several micrometres (1 /um = 10~3 mm) in tissue for energies of the order 
of 1 to 10 MeV. 

Since all the energy of an alpha particle is lost in a relatively thin layer of 
matter, the LET (linear energy transfer) is high. 

II-1.4.2. Beta particles 

Beta particles lose energy in matter through ionization and excitation in the 
same way as alpha particles. The mass of the beta particle, however, is only 
1/7300 of the mass of the alpha particle, and beta particles have only unit charge. 
They will, therefore, be scattered more, penetrate further into matter and produce 
a less dense track of ion pairs (i.e. electrons have a lower specific ionization and 
LET) than alpha particles. The range of beta particles in matter is also a function 
of the initial energy of the particle and of the density of the absorber, but this 
range is not well defined because of the tortuous path (due to scattering) of the 
electron. The range of beta particles of 1 MeV initial energy is approximately 
3 m in air and 4 mm in tissue. 

Partly owing to the fact that beta particles have a continuous spectrum of 
energies up to E m a x , their absorption in matter is by chance approximately 
exponential with absorber thickness. Thus, when the beta radiation transmitted 
by an absorber is plotted on log-linear graph paper as a function of the mass per 
unit area7 of the absorbing material, a fairly straight line is obtained over a portion 
of the curve (Fig.II-3). 

The total transmission curve becomes almost horizontal at R, which is the 
range of straight-pathed beta particles with an initial energy close to E m a x . 

7 Mass per unit area is a product of the density of the absorber multiplied by its 
' thickness 'parallel to the incident radiation. Its units are: g /cm 2 ; mg/cm 2 ; kg/m 2 (SI) . 
Variously called thickness, area density, surface density, density thickness, etc. 
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r> 

B 

ABSORBER THICKNESS (mg.cm - 2) 

FIG.II-3. Curve demonstrating the beta radiation as a function of absorber thickness. 
I = Intensity of transmitted beta radiation. 
B = Bremsstrahlung component (and gamma-ray component). 
R = Approximate maximum range of beta particles in absorber material. 

Although all the beta particles are stopped by this thickness of absorber, there is 
still some transmission of radiation, because the beta particles interact with the 
atoms of the absorber giving rise to non-characteristic X-rays, the bremsstrahlung. 
In addition, any gamma rays will contribute to this component. By subtracting 
this component (B) from the composite curve (I + B) the pure beta-transmission 
curve (I) is obtained. 

Positive beta particles or positrons lose their kinetic energy in matter in 
very much the same manner as negative beta particles. However, when the 
kinetic energy of the positron has been reduced to zero through ionization and 
excitation, the positron undergoes annihilation with a nearby negative electron, 
giving rise to two characteristic annihilation photons of 0.51 MeV (8.17 X 10 - 1 4 J) 
each. (In accordance with Einstein's equation, 0.51 MeV (8.17 X 10"14 J) is the 
equivalent energy of the rest mass of an electron.) 

Absorption and scattering of beta particles are important in the measurement 
of the activity of beta samples. Absorption and scattering will occur in the sample 
cover, the detector window, the walls of the shield, the intervening air, and in the 
sample itself (self-absorption). These effects will all influence the count rate, 
self-absorption being the most important. (This is illustrated below: this Part, 
basic exercises 4 and 5.) 

II-1.4.3. Gamma and X-ray photons 

Electromagnetic radiation is considerably more penetrating than particulate 
radiation of the same energy. This is because the photon must first undergo a 
special absorbing event, whereby either one or two 'secondary ionizing' electrons 
are produced, before any photon energy becomes dissipated. Gamma rays will be 
absorbed in matter as a function of the photon energy, as well as the Z and the 
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PHOTOELECTRIC ABSORPTION 

1. GAMMA RAY COMPLETELY ABSORBED 
2. ELECTRON EJECTED WITH GAMMA RAY'S 

ENERGY MINUS BINDING ENERGY 

COMPTON EFFECT 

1. GAMMA RAY OF LOWER ENERGY 
PROCEEDS IN NEW DIRECTION 

2. ELECTRON IS EJECTED WITH 
THE ENERGY DIFFERENCE 

COHERENT SCATTERING 

GAMMA RAY SCATTERED AFTER INTERACTION 
WITH ORBITAL ELECTRON WITHOUT CHANGING 
WAVELENGTH A N D WHERE THE SCATTERED 
PARTICLES BEAR A PHASE RELATIONSHIP TO ONE 
ANOTHER (NEGLIGIBLE ENERGY CHANGE) 

PAIR PRODUCTION ABSORPTION 

1. GAMMA RAY A N N I H I L A T E D 
2. ELECTRON A N D POSITRON CREATED 

AND SHARE GAMMA RAY'S ENERGY 
MINUS 1.02 MeV 

FIG.II-4. Gamma-ray interactions. 

density of the absorbing material (gamma rays, X-rays and annihilation rays differ 
only as to their origin, and they interact identically in matter). The following, 
illustrated in Fig.II—4 and described below, are the four types of attenuating 
event considered in the ICRU Report 19 [2]:8 

(a) Photoelectric absorption 
(b) Compton effect (absorption and scattering) 
(c) Coherent scattering 
(d) Pair-production absorption. 

(a) Photoelectric absorption is predominant for relatively low-energy gamma 
photons and for absorbing material of high Z. The gamma ray interacts with a K 

8 This section has been revised to correspond with the concept of mass attenuation 
coefficient as defined in Radiation Quantities and Units, ICRU Report 19 [2]. The attenuation 
coefficient is defined as that fraction of particles (including photons) that experiences interactions 
in traversing a given distance in a certain medium, where " . . . the term interactions refers to 
processes whereby the energy or direction of the indirectly ionizing particles is altered". 
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FIG.II-S. Linear attenuation coefficients for gamma rays in water (the total Compton 
attenuation, ac = ffa + a^). 

or L electron of the absorber atom and expels the electron from the atom with a 
kinetic energy equal to the initial gamma-photon energy minus the binding energy 
of that K or L electron. Thus, an electron is ejected with kinetic energy, enabling 
it to produce ionizations and excitations along its path exactly in the manner of a 
beta particle. 

In Fig.II—5, the coefficient for photoelectric absorption (r) is given for 
water as a function of gamma-photon energy, The absorption coefficient 
is a measure of the probability of absorption (average number of events per cm). 

(b) Compton effect is the interaction of the gamma photon with an outer 
electron of the absorber atom or with a free electron. Part of the initial kinetic 
energy is absorbed (transferred to the electron), and the photon is scattered off 
in a new direction at a lesser energy. The photon will eventually after multiple 
scattering be absorbed through the photoelectric effect. As can be seen from 
Fig.II—5, the coefficient for Compton absorption (aa) is at a maximum in water 
for gamma rays of about 0.5 MeV. The effect rises only slightly with increasing Z. 
The fast electron arising from a Compton event will produce ionizations and 
excitations again exactly in the manner of a beta particle. 
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(c) Coherent scattering is a process in which photons are scattered after 
interaction with orbital electrons. The electrons return to their original state, 
there is no change in photon energy, and there is a relation in phase of the 
scattering from different electrons of the atom. Rayleigh scattering is another 
name for this process. Such scattering is important only for low-energy photons 
( < 0 . 1 MeV) and high-Z materials. 

(d) Pair-production absorption may occur when the gamma photon has an 
initial energy of at least 1.02 MeV (1.63 X 10~13 J). In this process, the gamma-
ray photon interacts with the positive field of the nucleus of the absorber atom 
and is completely used up in producing a positron-electron pair.9 Since it 
requires 1.02 MeV (1.63 X 10~13 J) for the formation of the two electron rest 
masses, this is the energy threshold for the pair-production event. Any gamma-
photon energy above the required 1.02 MeV is imparted as kinetic energy to the 
positron-electron pair. Both the positron and the negative electron cause 
ionizations and excitations along their respective paths. The two 0.51 MeV 
photons produced upon annihilation of the positron are subsequently absorbed 
by a photoelectric event or a combination of Compton and photoelectric events. 
In Fig.II—5, the absorption coefficient for pair production is labelled as k. 

Considering the above processes (single, random events), a beam of mono-
energetic gamma rays is attenuated exponentially as a function of thickness, x, 
of the absorbing material. For a beam of intensity I, the change in intensity 
per unit absorber thickness, dl/dx, is proportional to the intensity of the beam 
at that point. Thus, 

Equation (11—12) is identical with the well-known Lambert-Beer law for 
attenuation of monochromatic light. The proportionality constant (n) is termed 
the total linear attenuation coefficient (Fig.II—5). Exactly analogous to the 
radioactive decay constant, X, n is the fraction of the original intensity removed 
from the beam per unit linear thickness of absorber. Equation (11-12) is 
mathematically identical with the radioactive decay law (Eq. (II-1)) and may be 
integrated to give: 

I = I0e-"x (11-13) 

9 When the term electron is used in this text , it can be taken to refer t o the negative 
electron, unless otherwise stated. 
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Here, ju, the total linear attenuation coefficient for gamma and X-ray photons is 
given by: 

fi = T + ac + acoh + K (11-14) 

where T is the photoelectric attenuation coefficient; 
o c is the total Compton attenuation coefficient (= aa + ffb, see 

Fig.II—4) 
oc oh is the attenuation coefficient for coherent scattering; 
k is the pair-production attenuation coefficient. 

The numerical value of /! is dependent on the gamma-photon energy (E^) 
and the type of absorber material. Figure II—5 illustrates the attenuation 
probabilities for water as a function of E-y. 

Again analogous to radioactive decay, the thickness at which I is reduced 
to one-half its initial value is termed the half-thickness or half-value layer (HVL), 
Xi , and one finds: 

In 2 0.693 
Xi = = (II-15) 

2 M M 

an equation of a form similar to Eq. (II—11), see also Eq. (II—6). 
Equation (11—13) may alternatively be expressed as follows: 

I = l 0 ( i ) x / X r (II—13a) 

an equation of a form similar to Eq. (II—8a). 
An understanding of the interactions of high-energy electromagnetic radiation 

with matter is necessary in considerations of shielding, dose calculations, and 
measurement of gamma, X and annihilation photons. 

II-1.4.4. Neutron production and interaction processes 

Neutrons have no charge and, therefore, cannot ionize directly. However, 
they can produce ionization indirectly and are generally considered in discussions 
of ionizing particles. 

As mentioned previously, neutrons are produced by fission processes, and 
the most common sources of neutrons are nuclear reactors that control fission 
chain reactions. Neutrons can also be produced by small laboratory sources. 

Neutrons lose energy and interact with matter by the following processes: 

(a) Elastic collisions. Neutrons of high initial energy, fast neutrons, 
interact with other nuclei in billiard-ball-like collisions, losing a fraction of their 
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kinetic energy per collision. By this moderation process they eventually reach an 
energy that is the same as that of molecules in thermal equilibrium with their 
particular environment. They are then termed thermal neutrons. The light 
elements, especially hydrogen, are the most efficient for this moderating process. 

A fast neutron undergoing an elastic collision with another atom or 
molecule will generally produce a fast-recoil ionized atom (e.g. a proton from 
hydrogen). This recoil ion will then cause ionizations and excitations along its 
path. 

(b) Absorption reactions. Examples are given below of the four principal 
types of absorption reactions. These occur predominantly with slow or thermal 
neutrons. 

(i) (n, 7) reaction 

$ C o + hn 27C0 + 7 

This type of reaction is used to produce many of the artificial radionuclides. 
In the example, the 60Co produced cannot be chemically separated from the 
stable 59Co in the sample, and this is an example of production of a non-carrier-
free radionuclide. 

(ii) (n, p) reaction 

^ N + J n - ^ J C + JH 

This is the reaction by which cosmic-ray neutrons produce 14C activity in the 
biosphere. This reaction is also used to produce 14C,commercially and, since the 
I4C can be chemically separated from the nitrogen compound in the sample, it 
is an example of the production of a carrier-free radionuclide. 

(iii) (n, fission) reaction 

2|2
sU + ^n^l° 6 Kr+ i r 6 Ba + 2 i n 

This illustrates fission of 2 3 SU into two fission fragments and two additional 
neutrons. 

(iv) (n, a ) reaction 

1<?B + Jn^ 7
3 Li + 2He + 7 

This is a reaction used to detect neutrons. 
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II—1.4.5. Neutron activation analysis 

If a stable element is exposed to a flux of neutrons there is a finite 
probability that a stable nucleus can capture a neutron to produce an isotope 
of that element, with an increase of one in the mass number. As discussed above, 
this activation process is a primary method of producing artificial radionuclides. 
An example of such a capture reaction is: 

??Na + in fjNa + y 

often abbreviated 

In general, such activation reactions are most probable with thermal or slow 
neutrons. The activation reaction is utilized in an analytical technique termed 
neutron activation analysis described below. 

Let n j be the number of nuclei of a specified stable nuclide exposed to a 
flux, <j>, of thermal neutrons. Let a represent the cross-section per nucleus or the 
probability of a capture reaction occurring. Then the rate of production of 
radioactive atoms will be : 

where a = cross-section (cm2 per nucleus) (see footnote 10); 
nT = total number of specified stable nuclei exposed; 
<t> = thermal neutron flux density (cm - 2-s"1) . 

However, the radioactive atoms, N*, produced by activation will immediately 
begin to decay at their own rate, characterized by the T^ of the radionuclide 
produced. Therefore, the above equation must be modified to include this rate 
of decay. Thus: 

net production rate = (rate of production) — (rate of radioactive decay) 

"Na (n, 7 ) ffNa 

(11-16) 

dN* 
= a n-j 0 - AN* 

dt 
(II-17) 

10 Cross-sections are often given in a unit called a barn; 1 b = 10 2 4 cm5 = 10~28 m2 . 
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This equation can be integrated to give the neutron activation equation: 

A* = a n T 0 (1 - e"Xti") (11-18) 

where A* = activity produced at end of irradiation period 
(Bq, i.e. disintegrations per second); 

X = decay constant of radioisotope produced ( s - 1 ) (see Eq. (II—11)); 
tjjr = duration of irradiation period (s). 

Usually the technique is used to determine the number of atoms, n?, of a 
stable nuclide in a sample. If the flux, 0, irradiation time, T ^ , and cross-section, 
a, are known and the activity produced, A*, is determined, then n j can be 
calculated. Otherwise, a comparative technique can be used in which a standard 
containing a known amount of the element is irradiated simultaneously at the 
same neutron flux. 

With a nuclear reactor as the source of neutrons, the technique can be 
extremely sensitive for certain elements (e.g. selenium) that are difficult to 
analyse by conventional chemical methods. However, the complex mixtures of 
elements often present in biological samples can prevent the successful application 
of the technique, particularly when the element of interest is present in very low 
concentration. For example, it is not possible to use neutron activation analysis 
to measure the concentration of manganese in blood because of the preponderance 
of other elements such as sodium, calcium, etc., which also become radioactive 
when the sample is irradiated in the reactor. In this case some preliminary 
chemical enrichment of the manganese is necessary before neutron activation 
can be applied successfully and the value of the method is greatly reduced. 

Ideally, any element for analysis should have a high abundance of the reacting 
stable isotope and this isotope should have a high cross-section, a. Furthermore, 
the isotope produced should have a half-life that is neither so short as to preclude 
its measurement nor so long as to require a very long period of irradiation. The 
detection limit for some elements can be as low as a picogram (10~1 2 g). 

II—2. MEASUREMENT OF RADIOACTIVITY 

II—2.1. General considerations 

Every radioisotope technique is based on the fact that the observed count 
rate, usually referred to as the activity, is proportional to the number of radio-
active atoms present. This results from the fundamental law of radioactive 
decay (Eq. II—1). The detection of the radioactive emissions depends upon a 
host of features (see § II—2.2 and II—3.4.3) and its efficiency may range from 
as high as 90% obtainable with liquid scintillation counting to as low as 0.1% 
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with specialized spectroscopy. In any experiment the amount of radioactive 
material is very small and although the number of radioactive atoms is very large, 
due cognizence must be taken of all the errors involved in their measurement 
(see § II—2.3). 

Radioactivity may be measured by: 

Relative counting. In this only a fraction of the true disintegration rate of 
the sample is detected and a specific proportionality between this count rate and 
the absolute counts per unit time (counts/min or counts/s). Thus comparability 
from one sample to another will only be provided if identical counting conditions 
are maintained for each sample and their preparation. Sample preparation and 
presentation are therefore of utmost importance if meaningful results are to be 
obtained. During any series of measurements great care must be taken not to 
change the detection efficiency. 

Absolute counting. During this procedure every disintegration in the sample 
is accounted for and results are expressed as disintegrations per unit time 
(dis/min or dis/s). Again, great care must be taken and certain rules strictly 
obeyed (see § II—2.2 and II—2.3) if this value is to be meaningful. Providing 
this is achieved, then this measurement is usually the one of choice. 

II -2 .2 . Counting efficiency (counting yield) 

Practically every tracer experiment involves a number of samples containing 
radioactivity, and the assay of the activity of these samples is an integral part of 
the complete experiment. When a radioactive atom decays, often more than one 
particle or photon is emitted. For example, a 60Co nucleus emits either one beta 
particle and two gamma photons or occasionally one of each. However, metastable 
states excepted, a disintegration including the emission of particle(s) and/or 
photon(s) requires only 10~10 s or less, whereas the resolving times of even the 
fast counters are of the order of 10~7s. Thus, no practical counter will have a 
counting efficiency, e (counts per disintegration), of greater than one. The 
efficiency of a given counter in assaying a given sample is defined as follows: 

count rate of sample R — Rh 
e = (11-19) 

disintegration rate in sample A* 

where the efficiency, e, is in counts per second per curie or becquerel; the activity, 
A*, is in curies or becquerels, respectively; while R is the count rate of sample 
plus background (counts/s) and Rb is the background count rate (counts/s). 

In most counters the counting efficiency is considerably less than unity, that 
is to say, only a fraction of the total disintegrations in the sample are detected and 
registered by the counting system. With the exception of liquid scintillation 
counting the reduction in e is caused by the following: 
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FIG.II-6. Count rate as a function of mass per unit area ("thickness") for samples of 
constant activity concentration. 

(a) Geometry factor. Events in the source are not 'seen' by the detector. 
This is a function of the geometry factor, i.e. the solid angle of the source/detector 
arrangement divided by 4it. For a small source close to the detector window the 
solid angle is about 2 it and the geometry factor about 0.5. 

(b) Air and window absorption. Particles, particularly alpha and low-energy 
beta, and to a lesser degree photons, may be absorbed in the air or in the window 
or walls of the detector, never reaching the sensitive volume of the detector. 

(c) Self-absorption in the sample. Alpha and beta particles, and to a much 
lesser extent gamma photons, can be absorbed by the sample material in which the 
radionuclide is contained, and a significant fraction of the activity radiation will 
not be counted. This is a very important consideration for low-energy beta 
particles. In consequence, the count rate from a given sample will not increase in 
proportion to its thickness. For a sample of a given area, as the sample thickness 
of constant activity-concentration material increases, the count rate will tend 
towards a maximum (Fig. II—6). At thickness X (measured in units of mass per 
unit area, see footnote 7) the sample is considered to be of infinite thickness. 
A common method for assay of low-energy beta emitters using GM counting is to 
count all samples at infinite thickness. The count rate, R x , is then proportional 
to the activity concentration in the sample. The value for infinite thickness of 
beta emitters is approximately equal to the range of beta particles in units of mass 
per unit area. 

(d) Scattering, Particles or photons may be scattered towards or away from 
the sensitive volume of the detector. This scattering occurs in the backing material 
of the sample holder, the walls of the shield, and the air between the source and 
the window. 

The various factors that may determine the value of e for liquid scintillation 
counting are dealt with in Section II—3.9. 
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When it is necessary to know the value of e, it need seldom be determined by 
investigating each of the above effects individually. Instead, a calibrated standard, 
i.e. a source of known activity, prepared in the same way as the samples, is 
counted under the same geometry to determine e. 

Calibrated standards may be purchased from radionuclide suppliers. A local 
standard may be prepared from the radioactive material to be used in the 
experiment. In the latter case, the count rate of all experimental samples can be 
compared, for instance, as a percentage of the experimental amount of tracer 
activity administered (% of dose). In purely comparative investigations it is 
sufficient if e can be kept constant from sample to sample, and its actual value 
need not be known. 

In 1972, the ICRU published a report on the measurement of low-level 
radioactivity [3], It is of interest for users of this Manual, and particular 
reference is made to the definition and discussion of a figure of merit [3], which 
should be studied in connection with this and the following section (§ II—2.8). 

II—2.3. Counting statistics (natural uncertainty) 

If a single radioactive sample is counted several times under identical 
conditions using a perfect counter, and the count is corrected for radioactive 
decay (or the decay correction is negligible) then the individual number of counts 
will be observed to fall in the neighbourhood of a mean value. These deviations 
are due to the random nature of the radioactive decay (§ II—4). This phenomenon 
may be termed natural uncertainty, as opposed to normal technical uncertainty 
due to the operator or the apparatus. The understanding of these statistical 
effects is necessary in the consideration of experimental design and in the inter-
pretation of counting results. 

Disintegration statistics follow closely the Poisson probability distribution 
law. As a special consequence of the Poisson distribution, the natural standard 
deviation (anat,c) of a registered number of counts (C), irrespective of the time 
it takes to accumulate them, is closely equal to the square root of that number, 
C, under the assumption that the duration of the counting is much less than the 
half-life of the radionuclide being counted. So, for C accumulated counts, to 
a close approximation: 

Table II— 1 gives the calculated natural standard deviation for some given 
numbers of accumulated counts. As can be seen from the table, although a ^ c 
increases as the square root of C, the natural uncertainty expressed as a percentage 
of the counts decreases as C increases. 

(11-20) 
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TABLE I I - 1 . NATURAL STANDARD DEVIATION OF ACCUMULATED 
COUNTS 

Accumulated counts Natural standard Natural standard 
deviation deviation3 

(C) < J n a t i C = V c as % of C 

100 10 10 

1 000 31.6 3.2 

10 000 100 1.0 
100 000 316 0.3 

1 000 000 1 000 0.1 

A / c \ 
%Onat,C= "TT-X 100 

Referring to Eq. (11-20), if both sides are divided by the counting time, T, 
the result is the natural standard deviation of the count rate, R, since R = C/T 
and T in this respect is constant. Thus: 

_ °nat, C _ v ^ / T T ~ , , 
° nat, R" T " ~~^ (II—21) 

However, since C = RT: 

[r 
ffnat.R ^ T j T ( H - 2 2 ) 

When C becomes large ( > about 10), the Poisson distribution is closely 
approximated by the normal distribution. From the normal distribution, one 
standard deviation on either side of the mean value accounts for 68% or about 
2/3 of the total area under the probability curve. 

A useful rule of counting is to try to accumulate so many counts that the 
percentage natural standard deviation is 2 to 3 times less than the percentage 
technical standard deviation. If 10 000 counts, for instance, are accumulated, 
then from this single assay it can be stated that there is a 68% probability that 
the true mean C-value is within 10 000 ± 100, or in the range of 9 900 to 10 100. 
Two standard deviations (2a) account for approximately 95% of the area under 
a normal distribution curve, and in this case it can be stated that there is a 95% 
probability that the true mean C-value is within 10 000 ± 200. 
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The accumulated counts (C) collected in any counting interval are due to 
true counts of the sample (Cs), plus those from background (Cb). There is a 
significant radiation background in almost any location. This background comes 
from cosmic rays and cosmic-ray induced activity, such as l4C, and from naturally 
occurring radioactive materials in the earth's crust and elsewhere, e.g. 226Ra, 232Th 
and 40K. The latter all have associated gamma rays. The cosmic-ray contribution 
varies with altitude, and the composition of the earth's crust, etc., varies with 
location. All radiation detector/counter systems have an associated background 
from the above sources and from electronic noise. The background count rate is 
commonly reduced by shielding or by special electronic circuitry. 

Obviously, every sample count is made in the presence of a background count 
rate for that particular system. The background will be a function of the type of 
detector, as well as shielding, location, discriminator settings, etc. 

The deviation of a background count is independent of that of a sample plus 
background count, so the appropriate uncertainty terms add as the sum of the 
squares. Therefore, the variance of the net sample count is, since Cs = C — Cb-' 

aC s
 = a c + °Cb (II—23) 

where = variance of net sample count; 

Oq = variance of sample plus background count; 

Oq = variance of background count. 

The natural uncertainty of the net sample count then follows from Eqs (11—20) 
and (H-23): 

%at,Cs= ^ C + Cb (11-24) 

where anat,c s
 = natural standard deviation of accumulated net sample counts; 

C = the total of accumulated counts due to sample plus background; 
Cb = the part of accumulated counts due to background. 

Similarly, it follows from Eq. (II-19) that the natural standard deviation 
(^natjRj) of the net count rate (Rs = R - Rb) of the sample is given by 

R Rh 
O n a t , R s = ^ - + 7jr (II-25) 

where R = count rate of sample plus background; 
Rb = count rate of background; 
T = time used for counting sample plus background; 
Tb = time used for counting background. 
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In tracer experiments, the net count rate of samples very commonly 
approaches, or is even less than, background count rates. In order to divide a 
given total period of counting time between T and Tb in such a way as to 
statistically minimize a n a t ) R s , the following formula may be used (by inserting 
preliminary values for Rb and R, obtained during short periods of counting):11 

However, strict adherence to this criterion for optimum statistical partition of 
counting time is not critical in practice. 

II—3. RADIATION DETECTION AND ASSAY OF RADIOACTIVITY 

The radiations that come from radioisotopes interact with all matter 
(gaseous, liquid or solid), causing chemical changes, ionizations and excitations 
as discussed previously. These effects are utilized in the various methods of 
detection and measurement of radioactivity. Of these reactions, the most 
commonly used are ionization in gases, orbital electron excitation in solids or 
liquids, and specific chemical reactions in sensitive emulsions. Commonly used 
detection methods employing these mechanisms are described below. 

In radiography, for example, ionizing radiations are detected by their effect 
on photographic, X-ray or nuclear emulsion. 

In the ionization chamber, the gas-flow detector, the Geiger-Miiller tube and 
the neutron detector, ions produced directly or indirectly by the radiation are 
collected on charged electrodes. 

In solid and liquid scintillation counting, emission photons (in the blue to 
ultraviolet region) form the basis of detection. 

Solid-state detectors, more properly called semiconductor radiation 
detectors, are crystals whose electrical conduction is altered by the absorbed 
radiation. Their operation depends on their semiconductor properties, and this 
class of detector has become of great importance in dosimetry. 

Besides a radiation detector, a monitoring or measuring set-up includes one 
or more of the following electronic units: 

Power unit. The primary source of power is either a battery or the mains 
supply. The detector potential requirements range from a few hundred to a few 
thousand volts, and good stabilization is generally necessary. 

Amplifier. The primary signal is often an electronic pulse or electric current 
that is too small for registering unless amplification is used. Furthermore, in 

11 Derivation of Eq. (11.26) is given in Part VI, Appendix V I - 2 . 1 . 

(11-26) 
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FIG.II- 7. Block diagram illustrating an anticoincidence unit used as an electronic shielding 
against cosmic radiation. 
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FIG.II-8. Block diagram illustrating a coincidence unit. 

proportional counting the amplification must be linear, i.e. the magnification 
factor must be independent of pulse size. 

Timing unit. This ranges from a stop-watch to an automatic unit which stops 
the detector at the end of a predetermined time interval or registers the time 
necessary for accumulation of a pre-set number of counts. 

Pulse input sensitivity. An electronic discriminator biased to reject all pulses 
below and/or above a certain size. This improves the signal-to-noise ratio. 

Anticoincidence unit. This electronic unit rejects pulses that arrive 'in 
coincidence', i.e. both arriving within a very short time interval (e.g. 1 us). An 
anticoincidence unit is used for so-called electronic shielding against cosmic 
radiation (see Fig.II—7) and for pulse-height analysis. 

Pulse-height analyser. This consists essentially of two variable discriminators 
(a lower and an upper one), together with an anticoincidence unit. With this 
auxiliary equipment, only pulses within a set pulse-height interval are registered. 
A fuller description is given in § II—3.3 on solid scintillation counting. 
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Coincidence unit. This unit rejects all single pulses but passes one pulse 
when two pulses arrive in coincidence (e.g. within 1 jus). A coincidence unit is 
generally used in conjunction with two scintillation detectors, in order practically 
to eliminate photomultiplier noise pulses (see Fig.II—8). 

Registering unit. This may be a scaler, i.e. a set of decades displaying the 
sum count or a certain fraction thereof, a count-rate meter (visible or audible), 
a voltmeter reading out accumulated radiation dose, a sensitive electric-current 
meter displaying dose rate, or even a recording potentiometer. 

A number of detectors and some associated electronic equipment will now 
be described in more detail. 

II—3.1. Autoradiography 

This method is a photochemical process and the one used by Becquerel in 
1986 in the discovery of radioactivity. In autoradiography, ionizing radiations 
interact with the silver halide in photographic emulsions. When radioactive 
material is placed near a photographic plate or film, a blackening will be produced 
on development of the emulsion. The blackened areas constitute a self-portrait 
of the activity in the material. The intensity of the blackening (as determined 
by eye or with a densitometer) at a given place will be a function of the exposure 
time and the amount of activity in the sample at that place. It also is a function of 
the LET (linear energy transfer) of the particular radiation. Gamma rays and 
X-rays have a low LET and are of little use in autoradiography, because the 
photons from a given place in the sample material will penetrate throughout a 
large area of emulsion, producing an almost uniform fogging on development. 
Conversely, alpha particles and low-energy beta particles (3H, 14C, 35S, 45Ca), which 
have a high LET, are very effective. High-energy beta particles produce diffuse 
radiograms owing to the relatively long path-lengths of these particles in the 
emulsion. The properties of the emulsion should be a compromise between fine 
grain to increase the resolution and high sensitivity to reduce the exposure time. 
Usually, exposure times are long because, to obtain a good image, an absorption 
of about 107 soft beta particles is needed per square centimetre of emulsion. 
Thus, a thin histological section containing 1 to 10 Bq/cm2 (1 to 10 dis- s"1 -cm - 2 

= 27 to 270 pCi/cm2) will require several weeks exposure to show optimal 
blackening. 

The method of autoradiography is particularly suitable when the distribution 
of a radioactive compound in biological material is to be studied. However, 
precautions should be taken that there is no chemical or pressure effect of the 
material on the emulsion as this may also produce an image. 

Various techniques have been worked out, each with specific advantages 
and disadvantages. Apart from the chemical effect on emulsions, complications 
with regard to the drying or pretreatment of samples, the transport of radioactive 
compounds under moist conditions and the self-absorption of low-energy particles 
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in the biological material may occur; film development conditions will also affect 
the image. Hence the interpretation of autoradiograms of biological material is 
not straightforward. 

Autoradiography is frequently applied to the determination of the components 
of a paper chromatogram. 

Micro-autoradiography is useful when the distribution of radioactive 
compounds in a microscopic section is to be studied. Either the sections on the 
slides may be coated with melted emulsion, or a stripping film may be used to 
cover the sections on the slides. 

A more recent technique is the combined use of autoradiography and electron 
microscopy, for example in the study of sub-cellular organelles labelled with 3H. 

II-3.2 . Ionization detectors 

A number of detectors are based on the principle that, in an electric field, 
negative particles will move to a positive electrode and positive particles to a 
negative electrode. Charged particles which arrive at an electrode will give rise to 
an electronic pulse, which can be amplified and registered. Alternatively, the 
pulses may be merged to form an electric current, which again can be amplified 
and measured. 

Alpha and beta particles and IC electrons have a high specific ionization. 
Gamma and X-rays have a much lower primary specific ionization; but at least 
one fast electron will be released by each photoelectric effect or Compton 
scattering (or pair production if the energy is very high), and these fast electrons 
will ionize just as do beta particles. Neutrons may also produce ions, directly 
(by collision) or indirectly (following nuclear absorption), as described in 
§ II—1.4.4 above. Detection by ionization of these kinds of radiation is based 
on the fact that atoms of a gas (in the detector) will become ionized when they 
are hit by the radiation particles or photons. The number of ionizations in the 
gas is a direct measure of the quantity of ionizing particles or photons (a, e, y, 
X or n) that reach the detector. When an electric field is created in the detector, 
the negative ions and/or electrons will start moving and, by hitting the positive 
electrode (anode), discharge. Likewise the positive ions will move toward the 
cathode. 

Five different types of ionization instrument will now be described. 

II—3.3. Electroscope 

In the electroscope or simple electrometer (see Fig.II—9) the positive electrode 
is a rod with a wing or a metal string, and the negative electrode is the wall of 
the detector. 

When the electroscope is fully charged, the deflection of the wing or string will 
be maximum (A), the amount of deflection being a function of the charge 
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FIG.II-9. Electroscope. 

accumulated. When a radioactive source is brought near the detector, the air in 
the detector will become ionized and electrons will move in the direction from 
wall to rod. As a consequence, the deflection will decrease (B). 

This type of detector is commonly used as a 'pocket dosimeter' and gives a 
measure of the accumulated dose of external radiation (gamma, X and hard beta 
radiation) to which a worker has been exposed during a certain period. 

II -3 .4 . Gas-filled detectors with collector/cathode voltage bias 

Not all the ions will discharge on the electrodes of an electroscope, since 
a certain number will have recombined before they reach the electrodes. 

If a bias voltage is applied between the cathode and collector (anode), the 
losses due to recombination in the volume of the detector decrease until, 
eventually, all the ions will be discharged on the electrodes. If the bias voltage is 
further increased up to a certain limit, the number of ion pairs that discharge 
will remain constant, i.e. each ionizing particle or photon that interacts will give 
rise to an electric pulse on the electrodes. Detectors operating in this mode are 
termed ionization chambers. 

Figure 11—10 shows a plot of pulse size against bias voltage. Region I is the 
ionization chamber region. Curves are drawn for an alpha and a beta particle 
traversing the sensitive volume of the detector. 

As the bias voltage is increased, the ions produced will move towards their 
respective electrodes with greater velocities, and at some voltage they will gain 
sufficient kinetic energy to cause further ionization in the gas, called secondary 
ionization. This process is known as gas amplification, and the flood of ions 
produced is termed the Townsend avalanche. As a result of gas amplification, 
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FIG.II-10. Plot of logarithm of pulse size versus electrode voltage: I - ionization-chamber 
region: II - proportional region: I I I - Geiger-Muller region: IV- region of continuous 
discharge. (The voltage corresponding to a given region varies greatly from one make of 
instrument to another.) 

each incident ionizing particle will lead to the formation of a relatively large 
electronic pulse. The pulse size produced increases rapidly with applied voltage. 

When the bias voltage results in gas amplification (region II), the size of the 
pulse produced by a particle (at a given voltage) is proportional to the number of 
primary ion pairs formed by the particle in the initial event. This is termed the 
proportional region. 

In region III, the bias voltage is so great that the charge collected on the 
anode attains a maximum size independent of the number of primary ions formed. 
In this region, at a given voltage, all pulses are of the same size, irrespective of the 
number of primary ions, and this is termed the Geiger-Muller (GM) region. 

In region IV (and to some extent in region III) the discharge in a GM tube 
would continue indefinitely if it were not stopped or quenched. For this purpose 
certain quenching-gas molecules are added to GM tubes to stop the discharge, for 
example, gaseous halogens such as chlorine. When they collide with positive ions, 
quenching gas molecules dissociate rather than become ionized themselves and, 
in this fashion, the discharge is stopped. The halogen gas atoms subsequently 
recombine. 
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FIG.II—11. Schematic diagram of ionization-chamber circuit; B = voltage source (battery); 
R = resistor; C = capacitor; S = radioactive source. 

II—3.5. Ionization chamber 

When a detector is operating in region I (Fig.II—10) each ionizing particle or 
photon gives rise to an electric pulse on the electrodes. A constant stream of 
particles or photons gives rise to a continuous series of pulses, forming a weak 
electric current, which may be amplified and registered by an electronic circuit. 
Such detectors are termed ionization chambers, and they are often filled with air. 
A typical measuring circuit is shown in Fig.II— 11. The final scale reading will 
then be a measure of the energy dissipated in the ionization chamber per unit of 
time by the ionizing particles or photons. This kind of detection instrument is 
thus a dosimeter. (A well-known version of this type of meter is a radiation survey 
instrument known as the Cutie Pie.) When the walls of the ionization chamber 
are constructed of air-equivalent material, the instrument can be used to measure 
absorbed dose of gamma or X-rays in air. There are also chambers having 
biological tissue equivalence. 

A small, electrically charged ionization chamber, held in place for instance 
by a finger ring, may be used to measure accumulated exposure dose. An 
electronic vacuum-tube voltmeter is often necessary to measure the charge 
reduction, which is proportional to dose. 

II—3.6. Proportional counter 

Proportional counters operate in region II (Fig.II—10), when secondary 
ionization has become important. The electrons that have arisen from primary 
ionization will produce secondary ion pairs of the gas atoms in the counter tube 
as they are accelerated towards the anode. This process of secondary ionization 
becomes increasingly important as the voltage difference between the electrodes 
is further increased. The final pulse size will be proportional to the energy of the 
initial ionizing particle (as long as all this energy is dissipated in the detector), 
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provided the applied voltage remains constant during the measurement. Usually 
the radioactive sample will be placed inside the detector, which will be transfused 
by a gas at atmospheric pressure (gas-flow counters). In this way particles of low 
energy, such as the from 14C, may be counted effectively ('windowless' 
counting), provided suitable amplification precedes the register. 

II—3.7. Geiger-Muller (GM) counter 

When the voltage difference between the electrodes of the detector is still 
further increased, secondary ionization becomes predominant and each primary 
ionizing event results in a discharge of a great number of electrons (avalanche). 
At this stage the large output pulse is independent of the energy of the initial 
particle or photon, and a further increase of the high voltage does not appreciably 
alter pulse size or count rate. Geiger-Muller counter detectors (GM tubes) operate 
at this high-voltage plateau. This discharges of secondary electrons initiated by 
one ionizing particle or photon would continue if the detector were of an open 
design, as in the gas-flow counter (atmospheric pressure). GM tubes operate at 
a reduced gas pressure (about one-tenth atmosphere) and contain a certain 
amount of quenching gas. Usually the closure of a GM tube is a very thin mica 
window (1—3 mg/cm2), and the filling gas is often a noble gas like argon with, for 
example, alcohol or halogen as the quenching gas. A certain number of molecules 
is dissociated during the quenching of a discharge with alcohol. Therefore, the 
quantity of quenching gas in the GM tube decreases steadily, and consequently 
the life of the tube is limited by this effect. This disadvantage does not exist 
when a halogen gas, e.g. chlorine, is used for quenching, because the atoms of 
the dissociated chlorine molecule recombine; the life of the tube is therefore 
determined by other effects, such as corrosion and leakage. 

Energetic beta particles, electrons and gamma or X-photons emitted by 
radioactive liquids may be counted with a thin glass wall 'dip-counter' GM tube, 
which is immersed in the liquid, or with a specially designed liquid detector that 
consists of a cylindrical glass container around the GM tube. The radioactive 
liquid thus surrounds the GM tube in both cases. Particles of low energy can 
obviously not be counted in this way because of absorption in the wall of the 
GM tube. 

Detectors operated in the Geiger-Muller region are very sensitive to beta 
particles, and very little additional amplification of the pulse is necessary to drive 
a counting circuit. In addition, they are almost insensitive to normal voltage 
fluctuations. Furthermore, they are relatively inexpensive. A simplified GM 
counter circuit is shown in Fig.II—12. 

The fact that some time is required to collect the flood of positive ions from 
each discharge, as well as for the quenching process to take place, implies that 
during this period the detector tube will be insensitive to other ionizing particles 
entering its sensitive volume. This period is 100 to 300 microseconds for GM 
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FIG.11-12. Counter input circuit with a GM tube detector: C= capacitor; R = resistor. 

tubes and is termed the dead time, tdead- The time needed for a complete 
recovery of pulse size after the dead time is termed the recovery time, t r e c . The 
time required before a subsequent pulse will again be recorded in the counting 
system, termed the resolving time, t , lies between tdead and tdead + tree! a s the 
voltage amplification system is made more sensitive, so r approaches tdead- Since 
the dead time, and hence the resolving time, vary in a given tube, even from pulse 
to pulse, it is common practice to fix r at a value somewhat greater than tciead, max 
electronically in the counting system. At high count rates, counts will be lost 
owing to the inoperative period of the counting system, and hence a resolving-time 
correction must be made to obtain the true counts from the figure registered. 

Let R be the observed counts of a GM counter collected in one second and r 
(fraction of a second) the resolving time of the counter. During one second, the 
counter will have been ineffective for Rr (fractions of a second). Therefore, R 
counts have really been registered (to a first approximation) in only (1 —Rr) 
seconds. The true count rate, Rtrue. is therefore (approximately): 

where all count rates are in counts/s. 
A method for determining the resolving time of a counter is given in Part V, 

Exercise 2. Correction is normally not necessary unless the count rate exceeds 
about 50 counts/s. Equation (11—27) is only approximate, therefore it should not 
be used to make corrections that would be more than about 10% of R, otherwise 
it would be better to dilute the sample or to count it at a greater distance from 
the detector. 

R 
(11-27) R t r u e " l - R r 
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GM counters are used most widely for the detection and measurement of 
beta particles. For gamma rays they are not very effective (1—3% efficiency), 
because most of the photons will penetrate the gas without any interaction. For 
the detection of beta particles on glassware, benches or trays (i.e. contamination) 
monitors are used. A monitor consists of a GM tube connected to a power unit 
and a count-rate meter. Often a small loudspeaker is connected to the rate meter, 
so that a noise will warn the operator when the tube is in the vicinity of a 
contaminated spot. 

The necessary associated equipment for a GM counting system includes 
(besides the GM tube) a high-voltage supply, an amplifier, a recorder and a timer. 
This is illustrated in Fig.II-12. 

II—3.8. Solid scintillation counting 

A scintillator is a substance that emits a small flash of light when struck by 
a fast, charged particle. An example is (Ag)ZnS hit by an alpha ray. 

Solid scintillators (fluors) are particularly suited for the detection of gamma 
rays (besides X-rays and annihilation radiation) because of the high density and 
high-Z of certain solid crystals. The alkali halides, in particular Nal (activated 
with Tl), have been the most useful. A typical scintillation crystal detector is 
shown in Fig.II—13a, and a diagram of a counter system in Fig.II—13b. 

When a gamma-ray photon is partially or totally absorbed in the scintillation 
crystal, at least one fast electron is liberated (it will be either a photoelectron, a 
Compton electron or pair-production electrons, depending upon the absorbing 
event). These fast electrons cause excitation and ionization along their paths 
in the crystal. When the atoms, thus excited, return to their ground state they 
emit light photons with an intensity maximum in the violet or near-ultraviolet 
spectral region. The total number of light photons emitted will be proportional 
to the amount of the gamma-photon energy that is lost in, and absorbed by, the 
crystal. 

The photocathode of a photomultiplier tube is optically coupled to one 
face of the scintillation crystal, and the light photons produced in the crystal are 
internally reflected until they reach the photocathode. Here, by the photoelectric 
effect, they release photoelectrons. The number of these photoelectrons again is 
proportional to the gamma-photon energy originally absorbed in the crystal. 

In the photomultiplier tube the photocathode is connected to a series of 
electrode stages or dynodes, each at a potential more positive than that of the 
preceding stage. Thus, photoelectrons released from the photocathode surface 
will be attracted to the first dynode and will gain sufficient kinetic energy to 
release two or more secondary electrons from the surface of this dynode. This 
multiplication process occurs at each stage and, at the end of ten or more stages 
in a typical photomultiplier tube, a large number of electrons will arrive at the 
anode. The size of this pulse of electrons will be proportional to the original 
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FIG.II- 13a. Scintillation detector. 
Total light to tube is nearly proportional to gamma-ray energy. If 1 electron ejects S from a 
dynode, 11 dynodes result in 5 1 1 electrons, i.e. about 50 million electrons output. 
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FIG.II—13b. Block diagram ofNal(Tl) scintillation counter system. 
S = Gamma-ray source. 
DET = Nal(Tl) scintillation detector. 
PM = Photomultiplier tube. 
HV = High-voltage power supply. 
AMP = Linear amplifier. 
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FIG.II-14. Block diagram illustrating a single-channel pulse-height analyser. 
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FIG.II—15. Observed gamma-ray spectrum of a radionuclide emitting monoenergetic photons. 
Eab = Gamma-photon energy absorbed by crystal. 

Incident gamma-ray energy distribution. 

gamma-ray energy lost in the crystal. The pulse is then amplified linearly and 
directed to a scaler or to a pulse-height analyser.12 

An pulse-height analyser consists essentially of two variable discriminators 
(a lower and an upper one), together with an anticoincidence circuit. With this 
auxiliary equipment, only pulses within a set pulse-height interval are registered 
(see Fig.II—14). Such a unit, with only one set of discriminators, is called a 
single-channel pulse-height analyser. Instruments are also available allowing 
collection of counts in more than one channel simultaneously. In a multichannel 
analyser the pulses are sorted according to their size by pulse height and stored 
in the appropriate portion of an electronic memory. After counts have been 
collected for a period of time, the read-out of the memory will be a gamma-ray 
spectrum of the radiation absorbed by the scintillation detector. 

The energy lost in the scintillation crystal by an incident gamma photon will 
range from zero to depending upon the absorption event. For instance, the 
gamma ray can be absorbed by the photoelectric effect, or by a Compton 
interaction followed by photoelectric absorption of the scattered photon, or by 
any combination of processes that lead to total absorption of the gamma-photon 
energy within the crystal. If this occurs, then the output pulse will be stored in a 

12 The pulse height (voltage level) is used to determine the lower and upper levels of 
discrimination for pulse analysis. The term pulse size is sometimes used synonymously, and 
sometimes for the area under a pulse, which is obtained using a computer program linked to 
the pulse-height analyser output . In this Manual, the common (commercial) term, pulse height, 
is used wherever voltage-level discrimination would be used in the measurement. 
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FIG.11-16. Generation of photons from elemental disintegrations to counter. 

location corresponding to the full E-y-value. A typical monoenergetic gamma-ray 
spectrum is shown in Fig.II—15 and the resulting peak is labelled as the total-
absorption peak. If, however, the primary interaction in the crystal is of the 
Compton type and the scattered photon escapes from the detector, then the 
energy absorbed within the crystal will be less than Ey. The range of possible 
Compton interactions results in a distribution of pulse sizes ('Compton smear'). 
This distribution is labelled as the Compton region in Fig.II—15. 

The location of the total-absorption peak is characteristic of E-y and is useful 
in identifying the corresponding gamma-ray emitter in any sample. The area under 
the total-absorption peak is proportional to the activity of that radionuclide in 
the sample. The peak is actually broadened into a distribution due to (a) 
instrumental broadening and (b) statistical broadening as a result of the several 
conversion steps from gamma-photon absorption to final pulse. 

Pulse-height analysis is required when it is necessary to measure the activity 
of one gamma-ray emitter in the presence of one or more others. For most such 
experiments a single-channel or double-channel pulse-height analyser is sufficient. 
However, when one wishes to measure the amount of many tracers or absorption 
peaks, such as in multiple tracer experiments or neutron activation analysis, a 
multichannel pulse-height analyser may be required. 

Another distinct advantage of solid scintillation counting is the very short 
resolving time of such systems. This enables high count rates to be determined 
(up to about 1000 counts/s) without the necessity of resolving-time corrections. 
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II-3.9 . Liquid scintillation counting 

In the application of radionuclide measurements to biological and bio-
chemical research, liquid scintillation counting is undoubtedly the preferred 
technique. The radionuclides most commonly employed in biological studies, 
in particular 14C and 3H, are most satisfactorily measured in liquid scintillation 
counters. The ability to offer considerably superior counting efficiencies for 
such weak beta-emitting nuclides arises for several major reasons: 

(1) No self-absorption of radiation 
(2) No absorption of the radiation by air or counter window interposed between 

the sample and the sensitive region of the detector 
(3) No dissipation of radioactive energy by interaction with the walls of the 

detector rather than an ionizable gas 
(4) The activity is completely surrounded by the detection solution affording 

47t geometry. 

In addition, the vial containing the sample can be effectively shielded from 
cosmic radiation. A combination of higher counting efficiency and lower back-
ground results in higher sensitivity and therefore the ability to use less 
radioactivity in the analytical procedures. 

II—3.9.1. Scintillation solutions 

Because the beta particle possesses mass, electric charge and inertia, it will 
experience interaction with the medium in which it is located. The beta particle 
is detected by the interchange of energy with the medium. Because a beta 
particle travels only short distances, it is necessary to dissolve the sample in a 
solution so that the two are in intimate contact. A solvent alone is incapable 
of producing the effect, which is readily detected, so it is required that the 
medium contains a fluor (solute), capable of indicating the interactions of the 
beta particle. The beta particle excites the solvent molecules, which pass on 
their excitation energy to the solute by a collision process. The excited solute 
molecule rapidly returns to its ground state by the emission of a photon of 
light - a light quantum. The total light quanta produced by multiple collisions of 
the beta particles occur within a period of time of a few nanoseconds. This is 
the scintillation. The intensity of the scintillation depends upon the number of 
solute molecules excited and upon the initial energy of the beta particle, because 
it is this energy that determines the number of collisions. To a first approxima-
tion, the total number of photons produced is directly proportional to the 
energy of the beta particle. Below a beta particle energy of approximately 80 keV 
the proportionality changes. The medium in which the sample is contained is 
known as the scintillation solution, or the scintillation cocktail. 
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REFRIGERATOR I 

FIG.II-17. Block diagram of a typical liquid scintillation counter. 
S = Counting vial containing liquid scintillation solution and sample. 
PM = Photomultiplier tubes. 
Refrigerator = Refrigerating unit (optional). 
Coincidence = Prompt coincidence and sum circuit. 
Pulse-height analyser = Upper- and lower-level discriminator. 

The counting vial is optically coupled to a photomultiplier system to detect 
the photons of light emitted by the scintillation solution. The spectrometer 
system not only counts the number of scintillations emerging from the sample 
vial, but also determines the energy of the beta particles that produced the 
scintillation. Block diagrams to illustrate (i) the generation of photons from 
the initial elemental disintegration by means of the solvent-solute interaction, 
and (ii) a simple liquid scintillation counting system are given in Figs 11-16 
and 11-17. 

Under certain circumstances the combination of solvent, solute and 
photomultiplier system may be mismatched for the efficient transfer of energy 
from the initial disintegration event into final photon detection. Under these 
circumstances the inclusion of a secondary solute (see Table II-3) to increase 
energy transfer and maximum compatibility between photon induction and 
detection may be required. 

Normally, two photomultiplier tubes are used to collect the light emitted 
from the scintillation vial. This is done to increase the sample-to-background 
counting ratio as follows: After each single ionizing event, light photons will 
normally be registered at both photocathodes simultaneously. The coincidence 
circuit (Fig.II-17) is designed to produce one output pulse if it receives an 
input pulse from each of the two photomultipliers simultaneously (within 
about 1 us), i.e. in coincidence. Background or electronic noise pulses from 



48 PART II. INTRODUCTION 

either photomultiplier tube will seldom be in coincidence with those in the 
other, and will therefore be rejected. Thus, the ratio of true count rate to back-
ground, and thereby the sensitivity, is increased. Since the size of the output 
pulse is proportional to the energy lost in the liquid scintillator, pulse-height 
analysis is possible. 

II—3.9.2. Scintillation vials and caps 

Since it forms an integral part of the liquid scintillation system, as much 
attention must be paid to the container of the liquid scintillator samples as to 
any other part of the overall detection system. The availability of high quality, 
high performance vials is now routinely accepted. The requirements of an ideal 
vial are as follows: 

(1) Low background count 
(2) Transparency to scintillator emission 
(3) Chemical inertness to sample, liquid scintillation solution and environment 
(4) Reliable closure during counting cycle (S) 
(5) Mechanical stability 
(6) Uniform construction 
(7) Visibility of sample 
(8) Absence of luminescent effects 
(9) Economy. 

Partial satisfaction of these requirements is supplied by glass, quartz, 
polyethylene, nylon and Teflon. Undoubtedly low expansion borosilicate glass 
has been the preferred glass for some time; although satisfying most of the 
conditions above, mismatching of vial and cap can result in unreliable closure 
whilst photoactivation can cause counting errors. The use of quartz, extremely 
effective as it may be, is limited by the high cost. Polyethylene forms the 
second most popular material for vials. The principal advantages are low 
background, high counting efficiency and uniform wall thickness. However, 
diffusion of solvent through the vial wall accompanied by considerable swelling 
can cause extensive difficulties in its use, imposing considerable limitations to 
the duration of the counting able to be undertaken, storage of sample, loss of 
counting efficiency and invalidation of counting parameters. The time between 
sample preparation and sample counting must be reduced to a minimum, 
preferably to less than 24 hours. Re-use of the vials is impossible and therefore 
their rapid accumulation may present problems of disposal. Nylon vials too 
have a low background and high counting efficiency. Apart from their expense, 
their principle disadvantage is their interaction with hydroxylic solvents such 
as alcohols and water; photoactivation has also proved to be a problem. 
Only in exceptional circumstances can the use of Teflon vials with their obvious 
advantages be justified. 
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Although the volume of the vials has been standardized at 20 mL for 
nearly two decades, in recent years the requirement to maintain cost effectiveness 
of liquid scintillation counting procedures has brought about the introduction 
and wide use of smaller polyethylene vials, total volume approximately 5 mL. 
The principal advantage of the use of the miniature scintillation vial is undoubtedly 
that of reducing sample preparation costs through the use of less chemicals. 
However, distinct disadvantages arise from their handling (a special adaptor 
may be necessary for their use in customary sample handling facilities although 
suitable adaptation of the conventional glass vial usually suffices), possible 
problems exist in efficiency determination and there are limitations in situations 
of low specific activity and samples of low count rate. Before their adoption 
in preference to the standard vial, the advantages and disadvantages of the system 
must be thoroughly investigated. 

The vial caps must also possess several capabilities. Major amongst these 
would be reliable closure, chemical inertness, liquid tightness, high reflectivity 
and low photoluminescence. Screw caps have obvious advantages. A choice of 
liner within the screw cap is available and care must be exercised in this choice, 
depending upon sample and scintillant mixture. Wherever possible, vial caps should 
be considered as disposable as their retention for further use is not desirable. 

II—3.9.3. Quenching 

Quenching refers to any interference with the production or transmission 
of the light emitted by the fluors, thereby resulting in a diminuation of counting 
efficiency. Two kinds of quenching are recognized, chemical and optical. 
Chemical quenching results when the sample or a contaminant competes with 
the fluor for the excess energy of the excited solvent. Oxygen is one of the 
most effective quenching agents and its removal by degassing or flushing with 
an inert gas may considerably enhance counting efficiency. The effects of 
quenching agents are far more pronounced for less energetic radionuclides (3H). 
Whereas the energy spectrum of more energetic radionuclides is shifted to 
lower energies and compensation for this can be achieved by increasing the gain 
of the instrument, quenching of the tritium spectrum, for instance, results in 
the irretrievable loss of counts as their energy level is reduced below the 
threshold necessary for the conversion to light. Optical quenching (or colour 
quenching as it is more commonly referred to) is dependent upon colour 
and its intensity within the counting medium. Yellow solutions exhibit severe 
quenching. The use of one of the several methods available to eliminate the 
colour prior to counting may be necessary. 

Evaluation of counting efficiency of quenched samples is most frequently 
performed by one of three techniques: 
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(1) Internal standardization. In this the counting efficiency of a sample 
is determined by the addition of a known amount of activity, in a form 
compatible with the scintillator-sample system, and recounting the sample. 
Toluene and hexadecane are the most commonly used labelled standards. The 
source of the added counts must satisfy a number of requirements for an accurate 
efficiency determination: the material should be neither a quencher nor a 
dilutor; the added activity should be greater than or equal to the sample activity; 
the additional counts from the standard must be accurately determined; and 
its absolute activity must be accurately known. Counting of the sample and the 
standard must be performed as soon as possible after its addition at the identical 
instrument settings used for the sample count. 

(2) Sample channels ratio. This is an extension of the observed pulse-height 
shift of the sample count that occurs with quenching. A double-channel 
instrument is used with one channel (wide window setting) measuring the maximum 
sample count and the second channel (narrow window setting) measuring the 
count in a segment of the upper end of the spectrum. The ratio of the two 
channels is constant for samples of constant quench but varies as quenching is 
increased. A standard curve is therefore plotted of counting efficiency against 
sample channels ratio for a series of standards of known activity but increasing 
amounts of quench. This use of the sample radionuclide to monitor its own 
counting efficiency requires high sample activity or adequate counting time in 
each channel to obtain statistically valid data. Its use for the determination of 
counting efficiencies of two radionuclides in a single sample, although possible, 
is not widely adopted. 

(3) External standardization. This utilizes a radioactive source external to 
the sample. The source, usually a gamma emitter (most commonly 226Ra), is 
moved into a position near to the counting vial in which it induces secondary 
beta emissions through which quenching can be monitored by observing either 
the net external standard count or, far more commonly, a net external standard 
channels ratio. Without doubt this method of quench determination is the 
most convenient and most commonly used for determining the counting 
efficiencies where one, two or even three nuclides are present in the sample. 

For all methods of quench correction the user must be aware of the 
limitations and inabilities of the method of choice under certain conditions of 
sample preparation and presentation. A brief guide to some of the major 
deficiencies of the three major methods for quench correction outlined above 
is given in Table II-2. 

In recent years manufacturers have introduced alternative methods of 
determining sample counting efficiency. Although they still basically involve 
monitoring the spectral shift of either the sample or external nuclide under 
varying quench conditions, their parameter of measurement does not involve 
the comparative accumulation of counts within specific spectral windows but are 



I I - 3 . DETECTION AND ASSAY 51 

TABLE II—2. COMPARISON OF THREE METHODS FOR EFFICIENCY 
DETERMINATION 

Internal Sample External 
standardization channels ratio standardization 

Automatic No Yes Yes 

Manipulative errors eliminated No Yes Yes 

Precision independent of 
experimental sample activity 

Yes No Yes 

Experimental sample 
adulteration 

No Yes Yes 

Applicable to heterogeneous 
samples 

No Yes No 

Applicable to multilabelled 
samples 

Yes Yes8 

but inconvenient 
Yes 

Volume independent Yesb Yes Yes0 

a Only if the higher energy nuclide is always present and of sufficient activity to generate a 
sample channels ratio of reasonable precision. 

b When the concentration of quenching agent is essentially unchanged by the addition of the 
internal standard. 

c External standard ratio required. 

based on far more direct measurements of the spectral change, involving increased 
instrument sophistication. 

Although the adoption of any of the techniques makes it possible to determine 
the counting efficiency, attempts should always be made to restrict the extent of 
sample quench to a minimum. Indeed, it is essential that the user becomes aware 
of the limitations that exist with regard to any procedure adopted for the determina-
tion of quench. The ultimate solution is clearly the complete elimination of 
quenching and to this end combustion of biological materials to carbon dioxide 
and water may provide an answer. 

II—3.9.4. The sample and its preparation 

Intimate contact between the radioactive sample and the liquid scintillator 
solution is a prerequisite for efficient counting. Two basic sample counting 
conditions exist, homogeneous and heterogeneous. In a homogeneous system 



TABLE II—3. SOME MAJOR SOLVENTS, PRIMARY AND SECONDARY FLUORS USED IN LIQUID 
SCINTILLATION COUNTING 

Solvent 
(common name) 

Primary flu or Secondary fluor 
Designation Abbreviation Designation Abbreviation 

Toluene 

o-xylene 

m-xylene 

p-xylene 

p-dioxane 

Anisole 

Ethyl benzene 

Methyl alcohol 

2, 5-bis-2-<5-t-butyl 
benzoxazolyl) thiophene 

2{4-t-butylphenyl)-5-
(4-biphenylyl)-l, 3, 4-oxadiazole 

2-phenyl-5-(4-biphenyIyl)-
1,3,4-oxadiazole 

2-(4-biphenylyl)-5 -phenyl-
oxazole 

2, 5-diphenyl-l , 3 , 4 -
oxadiazole 

2, 5-diphenyloxazole 

p-terphenyl 

BBOT 

butyl-PBD 

PBD 

PBO 

PPD 

PPO 

TP 

p-bis-(o-methylstyryl) 
benzene 

2, 5-di(4-biphenylyl) 
oxazole 

2, 5-bis-(5-t-butyl-
benzoxazole) thiophene 

1, 4-bis-2-(4-methyl-5-
phenyloxazolyl) benzene 

2-{4-biphenylyl)-6-
phenylbenzoxazole 

1, 4-bis-2-(5-
phenyloxazolyl) benzene 

bis-MSB 

BBO 

BBOT 

DM-POPOP 

PBBO 

POPOP 

Abbreviations: B - biphenyl; D — oxadiazole; M - methyl ; N — naphthyl; O - oxazole; P - phenyl. 
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every sample molecule is dissolved and is therefore completely surrounded by the 
solvent and fluor. As the best scintillation solvents are toluene, xylene, etc., this 
condition may readily be achieved with lipophilic substances. The sparing 
solubility of hydrophilic substances in such solvents requires a combination of 
solvents to achieve homogeneity, usually at the expense of counting efficiency. 
Alternatively, the sample may be solubilized through chemical alteration following 
digestion with a strong base. When true homogeneity is not possible, then various 
methods are available for sample presentation in heterogeneous form, either in 
colloidal or suspension form, depending upon the nature of the sample. The 
surfactant Triton X-100 is widely used to achieve 'solubility' in colloidal form, 
whilst suspension counting has been made possible through the property of some 
thixotropic gels to liquefy when stirred or shaken and returning to a hardened state 
on standing. The application of a valid quench correction in all cases of hetero-
geneous counting must be rigorously investigated. Furthermore, if temperature 
changes within the counter are expected, the state of the sample gel must be 
continuously monitored or alternatively an agent of wide temperature stability 
must be used. 

A list of the more commonly used solvents, primary and secondary fluors 
used in liquid scintillation counting is provided in Table II -3 . A guide to procedures 
that may be adopted for the preparation of certain biological samples for the 
purpose of liquid scintillation counting is provided in Table II—4. 

II—3.9.5. Cerenkov counting 

The movement of a charged particle through a medium raises the molecules 
of the medium to a higher energy state. If the particle is of sufficient energy 
( > 2 6 2 keV), then emission of light occurs as the molecules of the medium return 
to their ground state. Several beta emitters used in biological science, including 
32P, will cause Cerenkov emissions and therefore may be quantified without the 
intermediary of a solvent-fluor mixture. The ability of the Cerenkov phenomena 
to provide only a few photons of light requires that strict attention be paid to the 
quenching (optical only) and geometry of the sample; counting has to take place 
in the tritium channel. The method is extremely volume-dependent and therefore 
for comparable results extreme care must be taken to ensure that all samples 
are of identical volume. 

II—3.9.6. Alternative uses for the liquid scintillation counter in laboratory 
analysis 

The primary function of the liquid scintillation counter in the laboratory is 
undoubtedly the measurement of radioactivity. It is not generally recognized, 
however, that the extremely sensitive light-detecting ability of the instrument can 
be used in a wide range of other laboratory duties far removed from that of 



TABLE II—4. BIOLOGICAL SAMPLE PREPARATIONS FOR LIQUID SCINTILLATION COUNTING 

Step 1 

LA 

Step 2 Step 3 Step 4 StepS Remarks 

Liquid 

Organic, e.g. 
eluents 

Water, serum 
urine, plasma 

Whole blood, 
haemolysed plasma 

Add aliquot 
to vial 
Add 1 mL 
to vial 

Add 0.1-0.2 mL 
to vial 

Gently dry 
off solvent 

Add 5 - 8 mL 
of emulsifier-scintillant 

Mix with 0.5 mL of 
solubilizer and leave 
for 15 minutes 

Add 10 mL of 
organic scintillator 

Disperse by vigorous 
shaking 

Slowly add 0.3 mL 
of 30%H,0, - leave 
for 30 minutes 

Cap, shake and clean 
vial - count 

Cap and clean 
vial - count 
Add 15 mL of 
emulsiferscintillant 

Cap and shake to 
form gel - allow to 
stabilize and count 

Chemical impurities 
may quench 

Presence of colour may 
cause quenching 

Completely solubilize 
before bleaching 

Solid 

Lipids, steroids, 
drugs, etc. 
Water-soluble 
precipitates 

Cells, tissues, 
homogenates 

Solids on supports 
e.g. filter discs etc. 

Lipids, drugs 
etc. on thin layer 
coatings 

Proteins on 
paper, filter and 
acrylamidc discs 

Add sample 
to vial 

Add sample 
to vial 

Add 100-200 mg 
of wet tissue to 
vial 

Add 10 mL of 
organic scintillator 
Dissolve in small 
(0.5 mL) volume of water emulsifier-scintillant 
or dilute alkali 

Cap, shake and 
clean vial - count 

Add 10 mLof 

Add 1 m L of solubilizer 
allow to digest for 
10-12 hours at room 
temperature 

Add TLC strappings Add 10 mL of 
into vial 

Place paper, 
discs etc, into 
vial 

organic scintillator cl 
or 
Add 4 mL of water 
and mix gently 

Add 1 - 2 mL 
of water 

Add 10 mL of 
emulisfier-scintillant 

Cap, shake and 
clean vial - count 
Add 10 mL of 
emulsificr-scintillant 

Add 10 m L o f 
emufsifier-sciniillant 

Cap, shake vigorously 
and clean vial -count 

Cap, shake and 
clean vial - count 

Cap and shake vigorously 
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quantifying radioactivity and into areas of analysis with which it is not normally 
associated. In many instances its performance in these roles is equal to or better 
than that provided by conventional methods. In view of the expenditure involved 
in the initial purchase of a modern liquid scintillation counter, the ability to 
increase the cost effectiveness of the instrument may be of substantial importance. 

II—3.9.6.1. Use as sensitive light measurement 

(1) Quantification of colour.. The method is based on the construction 
of sealed miniature glass standards of known carbon-14 or tritium activity which 
can be screwed into the centre of the conventional 20 mL scintillation vial. The 
attenuation between the rate of photon emission from the sealed source and photon 
detection by the photomultiplier system caused by the introduction of coloured 
reagents into the annular space between the outer and inner vials can be harnessed 
to provide a quantitative measure of coloured biological reactants. The use of a 
liquid scintillation counter in a spectrophotometer role is capable of providing a 
highly accurate and rapid system for substrate quantification over the full visual 
spectrum. It may indeed possess many advantages over the established spectro-
photometric systems normally used. As opposed to a conventional spectrophoto-
meter which utilizes an overall measurement of average current change, quantifica-
tion by the method, in common with all measurements of radioactivity, relies 
upon the accumulation of individually observed events. As the random error of 
radioactive measurements is inversely proportional to the square root of the total 
number of radioactive events, extreme flexibility is available in the accuracy of 
quantification. Thus, where substrates of high optical density are encountered, 
the accuracy and degree of confidence in the measuring system can be maintained 
either by merely counting for a longer period of time to increase statistical 
significance of a lower count rate or intensifying the light source by increasing 
the radioactive content of the miniature standard. A high degree of accuracy, 
sensitivity and reproducibility is therefore available. The user has thus an accurate 
and infinitely variable light source to cover a wide range of colorimetric and other 
conditions. In contrast, electronic expension of a spectrophotometric range is 
limited to a 2 - 3 fold increase. Furthermore, in the case of 14C (half-life 
5.6 X 103 years) an undiminishing source of photons is ensured, the intensity of 
which can be readily checked. With the proven ability of the method to accommo-
date substrate concentrations far in excess of those that can be quantified by a 
spectrophotometer, large-scale substrate dilution becomes unnecessary, resulting 
in a reduction in analytical error and time and a simplification of procedure. 

(2) Quantification by UVabsorption. In biological research many enzymatic 
reactions can now be assayed by coupling the reaction with NAD (or NADP) and 
measuring the resultant production of NADH (or NADPH) by its absorption at 
340 nm. To enable quantification under these circumstances by the above 
technique, p-terphenyl (45 g per litre of toluene) is used as the scintillant in the 
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miniature vial, the wavelength of emission (360 nm) being far more closely 
matched with the absorptive maxima of NADH and NADPH. 

(3) Monitoring substrate changes. The ability of the proposed system to 
accurately quantify colour intensity through the observed changes in the count 
rate from sealed miniature standards enables the technique to be applied to a 
variety of general analytical problems that rely upon quantification through changes 
in colour or opacity of medium. In particular, by using the space between the 
sealed miniature standard and the outer vial as a reaction vessel, the method has 
a specific merit over many other laboratory procedures of being able to be applied 
to studies in which there is a requirement to monitor substrate changes as they 
occur in situ, e.g. enzymic degradations, particle sedimentation. 

(4) Densitometry. Although there is no lack of methods for the accurate 
quantification of lipid classes, the techniques in general are laborious and time 
consuming. Separation of lipid classes by thin layer chromatography followed by 
charring and densitometry of the darkened areas provides a rapid quantification 
procedure. Although the method has some difficulties, accuracy may be obtained 
where due attention is given to the problems involved in the photoscanning of 
small sections of separated charred bands of material. The use of a liquid scintilla-
tion counter for the quantification of colorimetric assays etc., as outlined above, 
suggests that the technique might also be applied as an accurate and easy 
means for the densitometric scanning of lipid classes after their separation and 
charring on thin layer plates. However, the nature of the materials involved in 
thin layer chromatography and the subsequent methodology involved in their 
visualization etc. are not entirely compatible with the use of the miniature scintilla-
tion standards. A procedure based on the quenching of the secondary photons 
emitted from a liquid scintillation gel when exposed to the external standardizing 
gamma source of the modern liquid scintillation counter has therefore been devised. 
Following suspension of the charred lipid bands from the thin layer chromatograms 
in a scintillation gel, the reduction in the external standard channels ratio is used 
as a measure of the quenching effect, and therefore density, of the charred 
material. 

II—3.9.6.2. Alternative uses for the miniature vial in liquid scintillation counting 

The primary purpose for the introduction of the miniature liquid scintillation 
vial is to enable the reduction in the use of scintillation solvent and fluor and 
therefore a reduction in expenditure. However, it can be used to fulfil roles 
in areas of radiotracer analytical techniques far removed from their original purpose 
and provide unique alternative methodology of benefit under circumstances 
where finance and sophisticated equipment are limited. These functions have 
included a simple method for the counting of some common beta-emitting isotopes, 
e.g. 32P where sample retention for subsequent analyses is essential; re-use of 
scintillant and a concommitant financial saving are accorded by the method. A 
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simple method for the differential counting of combinations of beta emitters 
(e.g. 14C/32P) and beta/gamma emitters (e.g. 3H/125I) may be achieved using 
very simple liquid scintillation counters (see Exercise 14). By simple adaptation 
further uses of the miniature scintillation vial to radiotracer techniques become 
apparent. 

II-3.9.6.3. Determination of radioactivity in flowing liquids 

Column chromatography is now a widely accepted technique in biological 
research. Depending upon circumstances, the ability to detect and quantify the 
eluting peaks in situ overcomes several of the drawbacks associated with the 
discontinuous collection of fractions and counting discrete aliquots of the sample. 
The design of the flow cell will clearly depend upon a number of factors inherent 
to the experimental procedure; these include the elution volume of the peaks, 
dead volume of the counting chamber, elution rate, the activities of the components 
eluted, counting efficiency and acceptable level of resolution. Much of the work 
to date has involved counting the radioactive material in solution using a suspended 
scintillator either as plastic scintillation bundles or beads in front of a photo-
multiplier tube. A carbon-14 counting efficiency of 50—60% has been claimed and 
a tritium efficiency of 1 —2%. Output data are usually in the form of an analogue 
signal of count rate displayed by a rate meter on a chart recorder. Maximum 
sensitivity is maintained by short time constants. At low levels of activity the 
ability to distinguish between the background noise of the recorder and the 
signal may prove difficult. 

II—3.9. 7. Sample oxidation 

A major source of error in the liquid scintillation counting of biological 
samples may occur through the coloured nature of the material, e.g. blood, faeces, 
and the 'quench' effects that arise as a result (see § II—3.9.3). Removal of colour 
may therefore have to be attempted if meaningful results are to be obtained. 
Filtration through activated charcoal or treatment by an ion-exchange technique 
may serve to achieve this. Most commonly, combustion of the sample in the 
presence of oxygen and a suitable catalyst to convert materials containing 14C to 
14C-carbon dioxide and 3H cationing materials to 3H-water is used. Collection of 
the products is achieved by bubbling the effluent gas through scintillation vials 
containing an appropriate solvent/fluor (see § II—3.9.1) thereby enabling counting 
to be performed under conditions of minimal quench. Both simple and very 
sophisticated instrumentation is available to perform this task. Extremely 
efficient conversion of the 14C and 3H containing material and their collection is 
achieved, providing correct supervision and analytical monitoring are performed. 
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II-3.9.8. Radio gas liquid chromatography 

Isotopically labelled compounds may be subjected to gas liquid chromato-
graphy under exactly the same conditions as unlabelled compounds. Two systems 
may be used. In the first (discontinuous system) conventional preparation gas 
liquid chromatography is adapted to the collection of samples for radioactive 
determination (usually by liquid scintillation counting) while in the second 
(continuous system) the gas chromatographic effluent is split, part going through 
a sensitive radioactivity detector and part going through a conventional mass 
detector. The discontinuous system is by far the easiest and cheapest of the 
techniques and can be achieved by simple modification of existing instrumentation 
through the insertion of collection traps for the effluent gas. These traps may 
contain suitable scintillation fluid for counting directly or may require elution of 
the collected effluent by suitable solvent into a scintillation vial followed by the 
addition of appropriate scintillation fluid. Continuous systems require substantial 
modification and addition of equipment (e.g. eluate combustion facilities, 
detection equipment); the added convenience of the continuous system may be 
offset by the added cost and, in some instances, the limitations to cope with low 
levels of radioactivity. 

II—3.10. Bioluminescence 

Bioluminescence is a form of chemiluminescence; it is a process whereby 
molecules that have been raised to a highly excited energy status by a chemical 
reaction are able to release part of the energy as light emission. As a result, most 
of the chemical reactions that lead to chemiluminescence are associated with 
oxidation in which large amounts of energy are involved. All the reactions follow 
the same general pattern: 

Reduced oxidized 
luminescent + oxidant luminescent + other + light 
substrate substrate products 

Where the chemiluminescence occurs in living organisms it is called bioluminescence. 
In bioluminescent reactions the oxidation is catalysed by enzymes termed luci-
ferases. Several of these have been isolated from a wide variety of species that 
include insects, jelly-fish, bacteria, fungi and crustaceans and are able to be used 
as analytical tools. The molecules that are oxidized in the biochemical reaction 
are called luciferins. Both the luciferin and luciferase are characteristic of the 
organism from which they are derived. As a rate of photon emission is dependent 
upon the rate of oxidation, quantification of the reacting molecules can be 
obtained through a measurement of light emission. 

Using standard methods, extremely low levels of light intensity can be 
measured and since the intensity of light emission from biochemical reactions 
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can be quite large, the adoption of bioluminescent techniques can provide methods 
of analysis several orders of magnitude more sensitive than other methods, e.g. 
spectrophotometry, fluorimetry. Although specialized equipment is available, 
a liquid scintillation counter operating in the non-coincident mode provides an 
excellent means of quantifying bioluminescent reactions. However, because of 
the higher noise levels obtained from the photomultiplier detectors in the non-
coincident mode, a narrow counting window must be used. The light production 
can be measured from the intensity of the flash or through integral counting after 
the initial flash, for a preset period of time. The development of bioluminescent 
methods has allowed their introduction for routine use in analytical laboratories 
for the measurement of a wide variety of both enzymes and substrates. 

II—3.11. Semiconductor radiation detectors 

The art of particle and gamma-ray spectroscopy has been significantly 
advanced by the relatively recent development of semiconductor radiation 
detectors. A semiconductor is a crystal with very high resistance to the flow of 
electric current at low temperatures due to the confinement of electrons in the 
valence bands of the crystal. At high temperatures, however, electrons may escape 
from the valence band to the conduction band where they are free to migrate 
and resistance is reduced, thus resulting in electronic 'noise'. In such crystals the 
energy difference between the valence and conduction bands must be quite small, 
e.g. < 1 eV, as compared with the 2 - 1 0 eV difference commonly seen in insulators 
even at high temperatures. 

Radiation detectors can be made from semiconductor crystals by adding 
impurities that provide either electron acceptor or electron donor properties to 
the crystal. Tetravalent germanium, for example, may be doped with trivalent 
boron to produce a crystal with electron acceptor properties or 'holes' in the lattice 
which can be filled by nearby valence electrons, with only 0.01—0.1 eV being 
necessary to effect the transition. The new hole produced by this transition is 
filled in the same way, such that the 'holes' migrate in the valence band as electrons 
migrate in the conduction band. If germanium is doped with an electron donor 
impurity such as antimony, extra electrons are added to the lattice. 

In semiconductor radiation detectors a junction is formed between an electron-
acceptor or p-type crystal and an electron-donor or n-type crystal. As a 
consequence, electrons from the n-type region flow across the junction and fill 
holes in the p-type region creating an electric field across the junction. The region 
near the junction, therefore, has a reduced number of both 'holes' and electrons 
and is called the 'depleted' region. 

By applying a voltage drop across this region the depleted region can be 
widened. If a charged particle or photon loses energy within this region, new 
electrons and 'holes' are formed and a pulse is generated. The depleted region, 
or sensitive volume, of the detector can be made even larger by a process 
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called 'drifting', where lithium is deposited on the surface of the p-type crystal. 
Such a detector is called a Ge(Li) semiconductor detector. 

The size of the voltage pulse from a Ge(Li) detector is proportional to the 
charge collected by the electrodes, which is proportional to the number of electron-
hole pairs produced, and the number of pairs is proportional to the energy 
deposited. Thus the pulse is directly proportional to the energy deposited. The 
pulse size is not affected by the type of radiation depositing the energy. 

The energy necessary per electron-hole pairs is only about one-tenth of that 
necessary for ion-pair production in a gas or solid scintillation detector. Thus the 
number of pairs collected in a semiconductor is approximately ten times that in a 
conventional detector absorbing an equal amount of energy. Since the percentage 
relative standard deviation of the signal is inversely proportional to the square root 
of the number of ion pairs collected, it follows that the range of pulse size will be 
much smaller for a semiconductor detector than for a gas-filled or solid scintillation 
detector. Consequently the resolution of the semiconductor detector is superior. 

When spectral analysis is needed, such as in the evaluation of samples after 
neutron activation analysis, semiconductor detectors are extremely valuable. 
However, they have the disadvantage that they cannot be made as large as solid 
scintillation detectors and thus the counting yield is decreased. Also, in order to 
reduce electronic noise, they must be constantly maintained at very low tempera-
tures requiring detector configurations in which good geometry (relationship of 
sample to detector) is difficult to achieve. 

II—3.12. Neutron detection and measurement 

Nearly all the interactions that neutrons undergo in matter are used in their 
detection and measurement. Fast neutrons by collision with other nuclei produce 
charged recoil nuclei which can cause ionization. Slow and thermal neutrons 
undergo absorption reactions to produce charged particles or induced radioactivity. 

The most common method of slow and thermal neutron detection is the use 
of a counting tube filled with boron trifluoride gas or lined with boron inside the 
tube. Ionization is produced in the tube gas by the nuclear reaction: 

'°B + £n jHe^Li + y 

Both the alpha particle and the 3Li recoil nucleus produce ionization. The 
counter tube is generally operated in the proportional region to give discrimina-
tion from pulses that may be produced from interfering gamma rays. The tube 
can be used to detect fast neutrons by surrounding it with paraffin wax to 
moderate the fast neutrons to slow or thermal energies. 

A BF3 detector is used for the detection of slow neutrons in the determina-
tion of moisture content in materials. A source containing a mixture of 239Pu and 
Be (or 241Am and Be) provides fast neutrons which are moderated or slowed down 
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by the hydrogen atoms in water. Thus, the count rate of the tube due to slow 
neutrons is proportional to the water content. 

Activity induced in materials also is commonly used for neutron detection. 
An end-window GM tube with a piece of silver foil across the window may be used 
to monitor neutron radiation. The neutrons activate silver atoms to radioactive 
isotopes which emit beta particles that are detected by the GM tube. After several 
minutes the count rate of the GM tube is proportional to the neutron flux. 

II—3.13. Inverse-square-law effect 

A relationship met with in various branches of physics is that known as the 
inverse-square law. As applied to radiation, it states that the intensity of radiation 
emanating uniformly over the full solid angle (4 7r) from a point source in a vacuum 
decreases proportionally and monotonically with the square of the distance from 
the source. If I is the intensity of the radiation and d the distance from the point 
source, this can be expressed as: 

I « ^ (H-28) 

or 

I = 4 ( I I " 2 9 ) 
d2 

where k is the constant of proportionality. 
If distances di and d2 correspond to intensities of Ii and I2, from Eq.(II—29): 

II dl 2 2 
7 - = 4 or M i = I2d2 (11-30) 
I2 d? 

Hence it can be seen that if d2 = 10 di, the intensity will have decreased 100 fold 
at d2, i.e. a detector placed at 10 cm from a point source will see only 1% of the 
radiation seen by the detector placed at 1 cm. 

This indicates one method of reducing the count rate from a source that 
may have too high an activity for the detection system. 

Since a point source is a theoretical concept, it is useful to note some practical 
requirements in making use of this relationship: 

(a) The radiation must not be focused or collimated in any way. 
(b) A source can be considered as a point source if the detector is placed 

at a distance which is at least ten times larger than the largest dimension of the 
source, i.e. with a needle source of 1 mm dia and 1.0 cm long the detector would 
have to be placed at least 10 cm from the source ( < 1% error). 
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(c) Since radioactive decay is a random phenomenon, counting statistics 
have to be considered. Simply summarized, the counting time must be sufficiently 
long in relation to source activity to make random fluctuations in decay negligible 
(§ II—2.3). 

(d) Measurements are rarely made in a vacuum. The important considera-
tion is that matter (gas, liquid or solid) that is between the source and the detector 
should not attenuate the beam because of any kind of interaction (absorption, 
scattering, etc.) by more than in practical counting. This will vary with 
type of radiation and with the medium (see § II-1.4) . For example, air at 
atmospheric pressure will not affect gamma counting at typical experimental 
distances. 

II—4. RADIATION PROTECTION 

It is imperative that a knowledge of the safe use of radionuclides and 
radiation be gained before they are applied as tools in research. Ionizing radiation 
is hazardous to all biological systems, but with proper considerations for health 
protection measures the hazard to personnel or experimental systems can be 
reduced to a tolerably low level. 

The health physics involved in the safe use of radionuclides and radiation is 
discussed in some detail under three headings: 

§11-4.2. Protection of personnel 
§11-4.3. Control of contamination 
§11-4.4. Waste disposal. 

However, before considering these categories, an insight must be gained both into 
basic considerations involved in radiation protection and into units. 

II—4.1. Basic considerations and units 

The liberation of ion pairs by energetic photons is termed the exposure, X, 
and is defined as: 

dm 

where dQ is the absolute value of the total charge of ions of one sign produced 
when all the electrons (e+ and e") liberated by photons in a volume of air of mass 
dm are stopped in air. In SI units, the exposure is measured in coulombs per 
kilogram, while the present special unit of exposure, the roentgen (R), is defined as: 

1 R = 2.58 X 10~4 C/kg 
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Using this definition the energy absorbed by one kilogram of air due to a total exposure 
of 1 R is equal to: 

2.58 X 10~4C/kg air , 
X 33 eV/ion pair X 1.6 X 10"19 J/eV = 8.5 X 10"3 J/kg 

1.6 X 10 C/electron 

Using the factor 1 erg = 10"7 joules, it can be seen that the above value is identical to 
85 erg/g of air, which was the accepted value using the old system of measurements. 

To obtain some impression of the magnitude of such interaction, the following 
approximate figures are of assistance. The charge on an electron is about 
1.6 X 10~19 C, and 1 cm3 of air at STP has a mass of around 1.3 mg; hence, one 
roentgen will produce about 2.1 X 109 iron pairs per cubic centimetre of air and, 
since release of an ion pair requires some 33 eV, about 1.1 J of radiation energy 
are absorbed per cubic centimetre of air. Thus, one roentgen will dissipate 
8.5 X 10'3 J/kg air (i.e. 85 erg/g). 

As discussed in §11-1.4, the energy of gamma rays absorbed per gram of 
various materials is a function of properties such as Z and density. Thus, the 
energy absorption per gram from exposure to 1 R will be slightly different for 
soft tissue, for water and for air, and it will be a function of photon energy. 
Further, for example, the energy absorption per gram of bone tissue from exposure 
to 1 R of X or gamma photons of energy below 0.01 MeV will be 2 to 5 times 
that of soft tissue exposed to 1 R of the same photons. In general, there is no 
simple relationship between the energy abosrbed per gram and the exposure. 

The biological effect from a given type of irradiation is, however, propor-
tional to the energy absorbed per gram, and a unit of absorbed dose was, therefore, 
introduced. 

The unit of absorbed dose in SI is the gray (Gy), representing the absorption 
of 1 joule per kilogram of the irradiated material. The special unit of absorbed 
dose at present is the rad, use of which is being phased out during the period to 
1986. The interrelationships of interest are: 

1 Gy = 1 J/kg = 100 rad (= 104 erg/g) 

The dose absorbed by a material subject to a given exposure will vary with the 
nature of the material, depending to a large extent on the scattering power (electron 
density) of the constituent atoms. The units gray and rad may be used irrespective 
of the type of ionizing radiation being considered. 

It is clear, however, that radiation dissipating 1 Gy (100 rad) with a high 
specific ionization, i.e. a high linear energy transfer (LET), will have a greater 
biological effect on an organism than a different quality of radiation dissipating 
1 Gy with a low specific ionization. For example, alpha particles have a much 
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higher LET than beta particles, and hence the biologically damaging effect of 
alpha particles will be greater than that of beta particles. This observation resulted 
in the use of a factor termed the Relative Biological Effectiveness (RBE), which 
was defined using the biological effect of irradiation with 200 keV X-rays as the 
basis for comparison: 

_ Absorbed dose due to 200 keV X-rays causing a specific effect 
RBE — (11—31) 

Absorbed dose due to other radiation causing the same effect 

Originally, the product of the absorbed dose in rads and the RBE were taken 
to give a value in rems (originally derived from the idea roentgen equivalent 
man) such that a figure of, say, 100 rems would represent the same biological 
effect of an irradiation, irrespective of the type of radiation used, i.e. the effect 
100 rem beta rays = effect 100 rem gamma rays. This was to make it possible to 
sum such 'effective absorbed doses' or weighted absorbed doses' resulting from 
different exposures to different radiations at different times, a matter of 
practical importance. Thus use of the term rem for such values is no longer 
applicable, and the product absorbed dose and RBE is termed 'effective dose' or 
'weighted dose', still measured in grays, J/kg or rads. For example: 

Deff,i(rad) = Dj X RBEj; Deff ;2(rad) = D 2 X RBE2 

Deff>tot(rad) * Deff j + D e f f i 2 (11-32) 

although the applicability of this idea must be proved for the biological system 
under investigation. 

The modern concept of dose equivalent, H, has been defined with regard to 
the human and his organs by the ICRP and ICRU [4] as follows: 

H = QND (11-33) 

where D is the absorbed dose, Q is the quality factor for the radiation and N is the 
product of all other modifying factors. Q and N are dimensionless, and hence the 
dimensions of H are J/kg, as for absorbed dose. The use of dimensionally similar 
units for these two different concepts could have serious consequences in radiation 
protection, etc., and, hence, either sievert or rem should be used.13 

Hence 1 J/kg (dose equivalent), i.e. 100 rem, of one kind of ionizing radiation is, 
for radiation protection purposes, defined as having the same biological effect in 
man as 1 J/kg (dose equivalent) or 100 rem of another kind of ionizing radiation. 

13 The special name 'sievert', symbol Sv, was adopted in 1979 for the SI unit of dose 
equivalent, for use in radioprotection. Dimensionally: 1 Sv = 1 J/kg. 
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TABLE II -5 . VALUES OF QUALITY FACTOR Qa USED IN DEFINING 
DOSE EQUIVALENT [7] 

Radiation Q 

X-rays, 7-rays, electrons and 0-rays 1.0 

Fast neutrons and protons up to 10MeV b 10 

a-particles f rom radioactive decay (for internal exposure) 10 

Heavy recoil nuclei 20 

a These values of Q are those chosen specifically for use in defining maximum permissible 
doses. 

b In the case of irradiation of the lens of the eye with particulate radiation of high LET, an 
additional modifying factor, N, must be used. N should be 3 when Q > 10. 

In considering irradiation of the whole or part of the human body, the dose 
equivalent would be computed from the known or estimated absorbed dose, 
making use of the factors published by the ICRP [4] (see also Ref. [5 ]). Dose 
equivalents are additive for a given person or organ. Some data concerning quality 
factor, Q, are shown in Table II—5. Apart from an exception noted in Table II—5, 
N is assigned the value unity for all radiations from external sources [2, 6, 7]. 

II—4.2. Protection of personnel 

The International Commission on Radiological Protection (ICRP) has 
recommended that the yearly dose to radiation workers must not exceed 5 rem 
per year. This is equivalent to an average rate of 0.1 rem per week; however, 
the ICRP recommendation does not stipulate any weekly rate [4, 5]. The yearly 
maximum of 5 rem applies to the dose (from both internal and external radiation) 
to the whole body, the gonads alone or the red bone narrow alone. 

II—4.2.1. External exposure 

Radiation dose to personnel must always be kept as low as possible. In the 
case of external exposure, this can be accomplished by an optimum combination 
of (i) shielding, (ii) increasing working distance from the source, and (iii) mini-
mizing exposure time. Shielding of alpha emitters for external radiation is not 
required because the wall of the container or a few centimetres of air will absorb 
all particles. The same considerations generally apply to low-energy beta emitters 
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TABLE II -6 . APPROXIMATE VALUE3 OF THE HALF-THICKNESS OF 
LEAD AS A FUNCTION OF GAMMA-RAY ENERGY (>0.2 MeV) 

E 7 

(MeV) 

Approximate half-thickness 
of lead shielding3 

(cm) 

0.25 0.25 

0.5 0.5 

1.0 1 

1.5 1.5 

2 to 4 2 

a The value will depend on the geometrical relationship between source and absorber. With 
a point source very close to the absorber, the radiation meets the absorber at a wide range of 
angles of incidence (broad geometry). The half-thicknesses in such a case will be different to 
those if the absorber is sufficiently distant for the incident radiation to be nearly parallel (in 
effect a collimated beam; narrow geometry). The half-thickness values could vary by 20 to 
30% down or up from the values given in the table above, which are for intermediate geometries 
more normally met with in measuring and experimental practice. 

such as 3H, 14C or 45Ca. High-energy beta emitters require only 1 to 2 cm of low-Z 
material, such as polymethyl methacrylate (Lucita, Perspex, etc.) for shields.14 

In the case of gamma rays, a high-Z material, such as lead, provides the best 
shielding. Table II—6 gives approximate values of half-thicknesses (half-value 
layers) of lead for shielding against gamma rays. 

To obtain the approximate half-thicknesses of water, the corresponding half-
thickness of lead may be multiplied by 10. (The density of water is about one 
tenth that of lead.) To obtain the approximate half-thickness of any other 
material, the necessary half-thickness of water is divided by the density of the 
other material. 

The photon-intensity attenuation factor, F, and the number, n, of half-
thicknesses (Xj_, see Eq.(II—13a) are related as follows: 

2 

log1 0F 
F = 2n , i.e. n = ° (11-34) 

14 For strong beta-emitting sources the production of bremsstrahlung must be considered. 
Bremsstrahlung (braking radiation) is electromagnetic or photon radiation emitted by a high-
speed electron as it is decelerated by the Coulombic field of atomic nuclei in high-Z 
absorbers. 
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Work with radioactive sources must always be performed with sufficient 
shielding for personnel. The calculated dose rate after shielding must always be 
checked with a dose-rate meter, preferably an ionization chamber type. Sources 
not in use should always be stored behind shielding and access to the sources 
strictly controlled. Warning signs such as the following should be used: 

Radioactive materials; external 
dose rates less than 2.5 mR-h - 1 

(<6 .5 X lCT'C-kg-'-h"1) 
CAUTION RADIOACTIVE MATERIALS' 

External dose rates 
2.5 to 100 mR-h"1 

(6.5 X 10 -7 to 2.5 X 10"5C-kg~ l-h_1) 
CAUTION RADIATION AREA 

External dose rates 
exceeding 100 mR-h"1 

(>2 .5 X 10 - sC-kg_ 1-h - 1) 
CAUTION HIGH RADIATION AREA 

It is important that before beginning any work with gamma-ray emitters 
the researcher should know how great the radiation dose from the source will be. 
The gamma-ray dose constant T (in various units for 1 m from a point source) is 
given in Table II—7 of various radionuclides. 

For point sources of activity, gamma-ray intensity is inversely proportional 
to the square of the distance (see §11-3.13). Thus, once the exposure dose is 
known at any one distance, it may be calculated at any other distance by the 
inverse-square law. 

It was seen in §11—3.13 that distance is a very imporant factor in minimizing 
dose. Consider a point source from which the gamma-ray exposure dose was 
1 mR-h"1 at 10 cm. Any manipulations with the source by means of long forceps 
or tweezers would produce a negligible finger or whole-body dose. However, if the 
source were handled without tweezers, for instance with rubber gloves as the 
only protection, the radiation exposure dose at 1 mm distance would be 
10 000 mR-h"1 = 10 R-h"1 to the skin of the finger tips. 

Reduction of exposure time is also important in minimizing dose. Manipula-
tions with sources should be performed rapidly but carefully. 

Monitoring of external dose can be accomplished by the use of personal dosi-
meters [8], These can be worn on the body, or attached to the hands or 
wrists if necessary. They provide an integrated dose reading, i.e. a dose value 
summed over the total working period. Pocket dosimeters (electrometers), film 
badges or solid-state thermoluminescent dosimeters [9] are the most common 
systems currently in use. 
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TABLE II—7. GAMMA-RAY EXPOSURE DOSE LEVEL AT 1 m FROM 
A POINT SOURCE (T) FOR SOME SELECTED RADIONUCLIDES 

r (at 1 metre) Predominant 
Radionuclide gamma-photon energy 

( R ' h - 1 per Bq) ( R - h " ' p e r C i ) (C-kg ' - h " ' per Bq) ( M e V ) 

Na-22 3.2 X 1 0 " " 1.2 8.4 x 10"'5 1.3 and 0 .5 a 

Na-24 4.9 x 1 0 " " 1.8 1.3 X 1 0 - " 2.7 and 1.4 

Mg-28 4 .3 X 1 0 " " 1.6 1.1 X 10"14 1.8 and 1.4 

(+ equil. Al-28) 

K-42 3.8 X 10"1J 0.14 9.8 x 1 0 " " 1.5 

Cr-51 5.4 X 10"13 0.02 1.4 X 1 0 " " 0.3 

Mn-54 1.3 X 1 0 " " 0.47 3.3 X 10"15 0.8 

Co-58 1.5 X 10"11 0.55 3.8 X 10"1S 0.8 and 0 .5 a 

Fe-59 1.8 X 1 0 " " 0.67 4.7 X 10"15 1.3 and 1.1 

Co-60 3.5 X 1 0 " " 1.3 9.1 X 10- ' 5 1.3 and 1.2 

Cu-64 3.2 x 1 0 " " 0.12 8.4 X 1 0 " " 0 .5 a 

Zn-65 7.3 X 1 0 " " 0.27 1.9 X 1 0 - " 1.1 

S&-15 5.4 X 1 0 " " 0.20 1.4 x 10"15 0.4, 0.3 and 0.1 

Rb-86 1.4.X 1 0 " " 0.05 3.5 X 10'1 6 1.1 

Zi-95 1.1 X 10"" 0.41 2.9 X 10" , s 0.8 and 0.7 

1-121 5.9 X 1 0 " " 0.22 1.5 X 1 0 - ' s 0.4 

Cs-137 8.4 X 1 0 - " 0.31 2.2 X 10"1S 0.7 

(+ equiL Ba-137 m) 

Ta-182 1.8 X 1 0 " " 0 .68 4.7 X 1 0 - " 1.2 and 0.2 

Au-198 6.8 X 1 0 - " 0.25 1.7 X 1 0 " 5 0.4 

Ra-226 2.3 X 10"11 0.825 5.9 x 1 0 ' " many different 
(+ equil. decay 
chain) wi th 
0.5 mm Pt cover 
for calibration 

a Annihilation photons following 0+. 

II—4.2.2. Internal exposure 

The internal hazards of radionuclides involve some distinctly different 
considerations. Beta emitters and particularly alpha emitters become extremely 
hazardous on entry into the body. The protection against internal contamination 
largely involves prevention of accidental ingestion, of inhalation or of skin 
absorption of radionuclides. The International Commission on Radiological 
Protection (ICRP) has calculated (i) maximum permissible body burdens of all 
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the radionuclides and (ii) the maximum permissible concentrations in water and 
air that would produce such body burdens if chronic exposure conditions existed 
[5, 6]. The factors that determine the maximum permissible body burden of any 
radionuclide are: 

(a) Particle radiation energy, LET and radioactive half-life; 
(b) Absorption from the gastrointestinal (GI) tract, lung tissue or skin into 

body fluids; 
(c) Distribution into body organs, i.e. selective concentration (e.g. 131I in the 

thyroid gland); 
(d) Biological half-life, i.e. the time required for a given body burden to decrease 

physiologically by one-half. The combined effect of radioactive decay and 
physiological excretion is given by the relation: 

1 _ J_ 1 
TT T (II—35) 

4,eff I-I.biol 

where Ti = radioactive half-life 
Ti.,eff = effective half-life 
Ti.,biol = biological half-life 

Factors (b) and (c) also depend on the chemical and physical form of the 
radionuclide. Solubility in body fluids will largely determine the absorption and 
transport of the radionuclide. 

The relative radiotoxicities of some typical radionuclides are shown in 
Table II-8 . 1 5 

II—4.3. Control of contamination 

Contamination of laboratory, benches, glassware and operators by radib-
nuclides must be avoided for two reasons: 

(i) Laboratory contamination can result in internal exposure of the laboratory 
personnel and it may even be spread to areas where other personnel may be 
exposed. 

(ii) Experimental results are likely to become uncertain. 

Control can best be achieved by regular maintenance of high standards. For 
this purpose, a number of staff should be appointed to the position of Radiation 
Safety Officer. The duties of this officer would include: 

15 In all the laboratory exercises included in this Manual the levels of radionuclides 
involved are such that they will not be of any significant hazard to the operator or animal. 
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TABLE II -8 . LIMITATION ON RADIOACTIVITIES IN VARIOUS TYPES OF WORKING PLACE OR 
LABORATORY3 [7] 

Radiotoxicity of 
radionuclides 
(and examples of each) 

Minimum 
significant quant i ty 

(kBq) (f/Ci) Type C 

Working place or laboratory required 

Type B Type A 

> fo 
H 

Z H 
7) 
O 
e c o H 
S z 

1. Very high 3.7 0.1 
(Sr-90, Po-210, etc.) 

2. High 37 1.0 
(Na-22, Ca-45, Co-60, Sr-89,1-131, etc.) 

3. Moderate 370 10 
(C-14, P-32, S-35, K-42, Zn-65, Br-82, etc.) 

4. Sight 3700 100 
(H-3, Rb-87, etc.) f 

0.37 MBq or less 
_ 10 nCi or less 

3.7 MBq or less 
. 100 nCi or less 

37 MBq or less 
1 mCi or less 

0.37 GBq or less 
10 mCi or less 

JO .37 MBq to 0.37 GBq 
1 1 0 MCi to lOmCi 

/ 3 . 7 MBq to 3.7 GBq 
llOOAiCi to 100 mCi 

{ 
[37 MBq to 37 GBq 
; 1 mCi to 1 Ci 

0.37 GBq to 0.37 TBq 
10 mCi to 10 Ci 

0.37 GBq or more 
10 mCi or more 

I 3.7 GBq or more 
100 mCi or more 

37 GBq or more 
1 Ci or more 

0.37 TBq or more 
10 Ci or more 

a Type C. Type B and Type A have the meanings normally used in the classification of laboratories for handling radioactive materials. 
Type C is a good quality chemical laboratory. Type B is a specially designed radioisotope laboratory. Type A is a specially designed 
laboratory for handling large activities of highly radioactive materials. In the case of a conventional modern chemical laboratory with 
adequate ventilation and fume hoods, as well as polished, easily cleaned, non-absorbing surfaces, etc., it would be possible to increase the upper 
limits of activity for Type-C laboratories towards the limits for Type-B laboratories for toxicity groups 3 and 4. 



I I -4 . RADIATION PROTECTION 71 

(a) Determining the previous radiation exposure of all workers in the isotope 
laboratory and arranging for blood counts if the exposure is considered 
serious; 

(b) Maintaining records of exposure of staff to ionizing radiation and arranging 
for blood counts at six-monthly intervals if considered necessary; 

(c) Arranging for the regular distribution and examination of film badges which 
should be worn at all times by workers in radioisotope laboratories; 

(d) Taking delivery of all shipments of radioisotopes and supervising their storage; 
maintaining detailed records of all shipments so that their use and final 
disposal can be traced; 

(e) Maintaining records of all closed radiation sources; 
(f) Regularly monitoring all working areas for radioactive spillage; 
(g) Ensuring that all workers, especially those inexperienced in handling 

radioisotopes, observe the laboratory rules. 

A number of laboratory rules must, therefore, be strictly adhered to: 

(a) Eating, drinking, smoking and application of cosmetics in the laboratory 
are strictly prohibited, as is combing of hair (because of the electrostatic 
charge induced). 

(b) Each person should wear a laboratory coat. This coat should be worn in the 
laboratory space where the experiments with radionuclides are done, but 
not in separate counting rooms or outside the area of radioactivity. 

(c) When there is a significant risk that the hands may become contaminated, 
thin surgical gloves or disposable plastic gloves should be worn. The surgical 
gloves have to be put on and taken off in such a way that the inside never 
touches the outside in order to prevent direct contamination of the skin. 
As soon as the risk for contamination of the hands is no longer present the 
gloves should be removed, as they constitute a source of contamination of 
glassware, equipment, faucet handles, etc. 

(d) Pipetting or the performance of any similar mouth action is strictly prohibited. 
Syringes or propipettes must be used. 

(e) Protective eye glasses or shields are advantageous and should always be worn 
in high radiation areas of a radiochemistry laboratory. This will shield the 
lens of the eye from beta particles and will minimize eye injury in the event 
of a chemical accident. 

( 0 To prevent contamination of gloves, hands or equipment, paper tissues 
should be at hand and should always be used as a preliminary means of 
decontamination. After use, these tissues should be disposed of in foot-
operated waste bins or large drums. 

(g) All operations involving volatile materials, heating or digestion must be done 
under a fume hood. The air velocity (suction) at the hood face should be 
approximately 1 m/s. 
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(h) Any operation in which radioactive dust may arise should be carried out in 
a glove-box in which slightly negative pressure is maintained. In the exhaust 
system a dust filter must be present to collect radioactive particles. These 
precautions are imperative in the case of alpha activity. 

(i) All operations should be carried out over shallow trays. The bottoms of the 
trays should be covered with absorbent paper. 

(j) Storage bottles should be available for dumping of liquid waste (see Part VI, 
Appendix VI-1 ) . These bottles should contain a small amount of ion-
exchange resin to concentrate the activity, 

(k) Cross-contamination should be avoided by using glassware, tin openers, 
tweezers, etc., for one particular radionuclide only. 

(1) A thin-window GM survey meter should be available for contamination 
detection. In addition, it would be preferable to have an ionization-chamber 
survey meter for exposure dose measurements, 

(m) Frequent surveys of laboratory work areas, equipment and personnel should 
be performed with the GM survey meter to detect contamination. In the 
case of alpha emitters, 3H or other low-energy beta emitters, filter paper 
should be used to swab the suspected areas. The swabs should be counted 
with an appropriate detector, 

(n) Before leaving the laboratory the hands, clothing and shoe soles should be 
checked with a suitable survey instrument or swabbed, the swabs being 
counted. 

II—4.3.1. Decontamination 

Decontamination of the skin should first be attempted with soft soap and 
water, possibly with a soft brush. Care should be taken to avoid damaging the 
skin by excessive washing. Often, washing with a carrier solution will aid in 
removal through exchange with the radioactive isotope. Obviously, the carrier 
solution must be non-toxic to the skin. 

Generally, the contamination of glassware, metal surface or painted 
surfaces which have been contaminated with radioactive material of high specific 
activity is greatly reduced by repeated washings with carrier solution. Stocks of 
carrier solution should therefore be present where contamination is likely to 
occur. A spreading agent may be very effective. Otherwise, material may be 
decontaminated as follows: 

MATERIAL DECONTAMINATION SOLUTION 

Aluminium 

Glass Either 10% nitric acid, or 2% ammonium 
bifluoride, or chromic acid, or carrier in 
10% hydrochloric acid. 

10% nitric acid, sodium metasilicate or sodium 
metaphosphate. 
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Steel Phosphoric acid plus a spreading agent. 

Lead 4N hydrochloric acid until,a reaction starts, 
then a dilute alkaline solution, followed 
by water. 

Linoleum Xylol or trichlorethylene to remove wax 
surface. 

Painted surfaces Spreading agent and ammonium citrate or 
ammonium bifluoride. 

Wood and concrete Difficult to decontaminate. Partial or 
complete removal of the contaminated 
material will usually be the only effective 
method. 

II—4.3.2. Special laboratory design features 

A laboratory in which work with radioactive materials is done should have 
facilities that: 

(a) minimize the incidence and spread of contamination 
(b) make possible rapid decontamination. 

These facilities are further determined by the nature of the work that is to 
be carried out. Three types of laboratory may accordingly be described (see 
Table II—8 and Ref.[7]). Usually, a Type A laboratory will be associated with 
reactor operations or waste processing plants. For biological research, Type B or 
C laboratories will generally be adequate. 

A Type C laboratory may be any ordinary laboratory that has a good 
ventilation system and an exhaust hood. Floors and benches should have a 
surface that can be cleaned easily. 

If larger quantities of radionuclides are to be used, for example for the dilu-
tion of stock solutions or the preparation of labelled compounds, then a Type B 
laboratory will be required. 

The characteristics of a Type B laboratory may be listed as follows: 

(a) The laboratory room should preferably be separate from the counting 
room(s). 

(b) Ventilation of the laboratory should be sufficient to exchange the total 
room volume 12 times hourly. The air flow should be from least active to 
most active areas. The fan for each hood should be at the top of the vent 
duct so there is negative pressure throughout the vent duct. Multiple hoods 
should automatically be vented simultaneously at the same air velocity. The 
ventilation to the room should be separate from that to other rooms, 



74 PART II. INTRODUCTION 

particularly counting rooms. There should be a particle filter in each 
exhaust duct. 

(c) Shielded, lockable, separate storage areas should be available for highly 
radioactive sources. 

(d) To facilitate decontamination, benches should be covered with melamine 
laminate and floors with vinyl or linoleum, preferably without seams. Under 
no circumstances should uncovered wooden or concrete floors and bench 
tops be allowed. Furniture should be of non-porous material. 

(e) The GM survey meter, the hand and foot monitoring station and laboratory 
coat hooks should be located just inside the entrance to the laboratory. 

(f) Water faucets should be of a foot or elbow-operated design to prevent 
contamination. 

(g) If possible, a shower for personnel decontamination should be located close 
to the laboratory. 

(h) Drains should be located in the floor. 
(i) There should be no ridges and corners in which dust may accumulate and 

which are difficult to clean. 

II-4 .4 . Waste disposal 

Radioactive waste should be controlled and disposed of according to the 
recommendations of the ICRP and IAEA (see Part VI, Appendix VI-1) . 
Generally, liquid waste should be stored in polyethylene containers and not 
disposed of into the sanitary sewer system through sinks. High-volume, low-activity 
liquid waste may be treated by ion exchangers to reduce the volume. Solid waste 
should be placed in foot-operated bins. All waste containers must have the 
appropriate label as well as a label stating the data and quantity of each radio-
nuclide added. 

If possible, it is advisable to store all liquid and solid waste until the 
activities present have been reduced by radioactive decay such that it might be 
disposed of by usual methods. If this is not possible, as in the case of long-lived 
emitters, land burial may be necessary. In some countries, a central organization 
is in charge of collection, storage and/or burial of radioactive materials. 

Waste disposal can be a serious problem, and if work with appreciable activity 
of long-lived radionuclides is expected, expert advice should be sought. 

II—4.4.1. Disposal of radioactive animals 

Radioactive animals should not be used for human food. Appropriate 
means of identification, such as ear tags, should be applied when the animal receives 
its first dose of radioactivity, and rules should be introduced to ensure that the 
animal is properly disposed of. It is taken for granted that the animal will be 
killed humanely — an intravenous overdose of barbiturate anaesthesia or 
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saturated magnesium chloride will cause rapid death without the loss of radio-
active blood. The disposal of the carcass should then proceed as with other wastes, 
especial care being taken that the carcass cannot be eaten by dogs or feral animals. 

II—5. MENTAL EXERCISES 

(1) When the Z-number of all nuclides is plotted against the N-number, isotopes 
of a particular element will be found on a horizontal line. This kind of 
representation is usually given on nuclear charts. How can the decay products 
of a particular nuclide be found after the emission of one: 

(a) alpha particle? 
(b) |3"-particle (electron)? 
(c) |3+-particle (positron)? 
(d) gamma ray? 
(e) X-ray after electron capture? 
(f) electron after internal conversion? 
(g) neutron? 

(2) With the aid of a nuclear chart, find the decay products of 14C, 22Na, 40K, 
90Sr and 238U. 

(3) Calculate the weight of 3.7 MBq (100 jiiCi) of carrier-free 14C and 3.7 MBq 
(100 MCi) of carrier-free 22Na (T.. of 14C and 22Na are 5730 and 2.62 years, 
respectively). 

(4) If a solution has a concentration of 3.7 MBq (100 juCi) of carrier-free 14C 
permL, calculate its molarity (Ti. of 14C = 5730 years). 

(5) A sample of 60Co has an activity of 37 GBq (1 Ci); calculate its activity 
2 years later (Ti. of 60Co = 5.3 years). 

(6) A radionuclide has lost 15/16 of its original activity in 32 min; calculate 
the half-life of the nuclide. 

(7) 137Ba is formed from 137Cs. How many becquerels and curies of 137Bam 

will be formed from 3.7 GBq (100 mCi)of 137Cs in exactly 1, 2 and 20 min? 
(TLof 137Bam = 2.55 min). 

•(!3ui 9"66) 
b 8 0 69'£ P"* (Di" 6' l tObaO S S V 0 D " 1 8 -ez:)baW 188 :J3MSUV 
(8) Determine the daily decrement, in percentage of the activity, of any 32P 

preparation ( T of 32P = 14.3 d). 2 
(9) A 24Na sample (Ti. = 14.8 h) had a count rate of 400 counts/s. One hundred 

hours later it had anew count rate of 4.40 counts/s. Roughly estimate the 
dead time of the GM counter. 



PART II. INTRODUCTION 

The activity of 14C in 8 g of natural carbon sample including background 
was found to be 10.2 counts/min. The background of the counter was 
4.5 counts/min and the counting yield was 5%. Neglecting the statistical 
deviation, calculate the 14C abundance in atom per cent (TL = 5700 years). 
The background count rate of aGM counter system is 0.5 counts/s. A sample 
is counted giving a total of 450 counts in 100 seconds. The background is 
counted for 30 seconds. Calculate the net count rate of the sample and the 
natural standard deviation as a percentage of the net count rate. 
A 0.1 mg sample of pure 239Pu underwent a decay of 2.3 X 104 Bq (disintegra-
tions per second). Calculate the half-life of this radioisotope. 
Calculate the thickness of lead shielding necessary to reduce the exposure 
dose in air to 2.5 mR.h"1 (24 kBq• kg"1 • h"1) at 1 m from a 3.7 GBq 
(100 mCi) 60Co source. 
Hint: Use Eq. (II-34) and assume the half-thickness of lead for 60Co gamma 
rays to be 1.3 cm. 

•UK) £ ' / , : J 3 M S U Y 

(14) Indicate the increase or decrease in the number of neutrons (N) and protons 
(Z) and in the mass number (A) after the following nuclear reactions: 
(n,p) 
(n,7) 
(n,a) 

(15) Scandium (4sSc) is to be determined by the activation method. Assuming 
the lower limit of the determination to be 1 count/s at 10% GM counting 
yield, compute the smallest measurable amount of scandium when the sample 
is subjected to a neutron flux of 1012 cm -2 • s -1 for 2 h. Assume that the 
(n, 7 ) reaction is the most probable and that the shielding effect is negligible. 
The cross-section of scandium is 23 b (23 X 10"28m2). 

(16) What would be the specific activity of phosphorus (3lP), having a cross-
section of 0.2 b (0.2 X 10"28m2), after irradiations by a neutron flux of 
1012 cm~2-s_1 for 1 h, 1 d and 10 d respectively? (Ti. of 3 2P= 14 d). 

(17) Calculate the energy abosrbed by a 70 kg man who has received a whole-
body dose of 700 rad (7 Gy), an amount almost certain to be fatal. Assume 
the body to have the specific heat of water (1.0 cal-g-1 -degCT1 or 
4.18 kJkg _ 1 -K _ 1 ) and calculate the resulting temperature rise (1 joule 
= 0.239 calories) using both the special and Si-derived units, 

a E-01 X LI 'S3inofo6f :J3MSuy 
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(10) 

(11) 

(12) 

(13) 
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EXERCISES RELATED TO THE MEASUREMENT OF RADIOACTIVITY 

EXERCISE 1. COUNTING AND SAMPLING STATISTICS 

In scientific experimentation, the standard deviation (calculated from repli-
cates) should always be given together with the results to permit assessment of the 
uncertainty. 

When the standard deviation a is calculated from replicates, it automatically 
includes all sources of uncertainty. 

When a series of identical counts is made on a sample which is not moved 
between individual counts, assuming the counter functions correctly, the standard 
deviation of the sum-count will be found to be an a t = C1/2, where C is the sum-
count. This is a measure of the natural uncertainty inherent in radioactive decay. 
Note that this type of uncertainty can be calculated after a single counting. 
However, when the sample is moved between countings or a number of identical 
samples are counted in succession, a larger figure is likely to be obtained than can 
be explained by natural uncertainty alone. This is because of random irregularities 
in geometry and sample preparation. This form of added deviations (including 
erratic counter performance) we will call technical uncertainty. An experimental 
evaluation of these two types of uncertainty will be made. 

MATERIALS AND EQUIPMENT 

(1) 32 P solution of approximately 37 kBq/mL (1 MCi/mL) 
(2) 0.1 mL pipette and propipette (e.g. rubber bulb or syringe) 
(3) 25 counting planchets 
(4) Infra-red drying lamp 
(5) Tweezers 
(6) Geiger counter and timer 
(7) GM survey meter 

PROCEDURE 

(1) Using the propipette, pipette 25 samples containing 0.1 mL each. Dry each 
sample under an infra-red lamp. Do not allow the samples to boil or spatter. 

(2) Place one of the dry samples in the planchet holder and make 25 countings of 
2 min each, without moving the sample. Record the counts and make the 
following calculations: 

(a) The mean or average (C), i.e. the sum of all the counts divided by the 
number of observations (n) 
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(b) The deviation of each observation from the mean (A), i.e. (C; - C) 
(c) The sum of the deviations (Z A). (This should be zero and should be 

determined as a check on the arithmetic.) 
(d) The mean deviation from the average (A) 
(e) The square of each deviation (A 2 ) 
(f) The sum of the square of deviations ( S A 2 ) 
(g) The corrected mean-square deviation (corrected for small numbers of 

observations), i.e. 2 A 2 / ( n - 1) 
(h) The total standard deviation (a) which is the square root of the corrected 

mean-square deviation, i.e. atQt = - v /2A 2 / (n - 1) 
(i) The probable error P (P = 0.6745 a at the 50% confidence level) 
(j) The probable percentage error, i.e. 100 P/C % 

Show that the observations follow a Poisson distribution by making the 
following statistical tests: 

(a) Calculate the square root of the mean value ( \ /C) and show that it is 
approximately equal to the standard deviation (a) 

(b) Show that the ratio of the mean deviation to the standard deviation, i.e. 
S /o , is approximately 4/5, i.e. 0.797 

(c) Count the number of times that the deviation, regardless of sign, is greater 
than the standard deviation and show that this occurs in approximately a 
third of the observations 

(d) Similarly, show that the deviation is greater than twice the standard 
deviation in about one observation in twenty (4.6%) 

Now count all 25 samples for 2 minutes each. Calculate the standard deviation 
and compare it with the value obtained above. 

EXERCISE 2. RAPID RADIOACTIVE DECAY 

The primary purpose of this exercise is to investigate the general law of 
radioactive decay in one short laboratory period. 

For this a short-lived radioisotope is used, and a secondary effect (of less 
importance) may be considered, since the determination of the activity of a 
sample containing an isotope of short-life becomes complex when the time 
which is required to obtain sufficient counts to give a desired accuracy is long 
compared with the half-life of the isotope. If the disintegration rate at a certain 
time t is called A* the count rate, being proportional to the disintegration rate 
(i.e. activity) may be expressed as 

R t = eAt* (11-36) 

where e is the counting yield. 



II—6. EXERCISES 79 
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FIG.II-18. Curve showing the exponential decay of the activity of a sample as a function 
of time. 

The disintegration rate, however, changes with time according to: 

where A§ = the disintegration rate at zero time, 
X = disintegration constant = 0.693/T1 / 2 , 
t = time elapsed since zero time. 

If the substance is decaying rapidly during the measurements, i.e. if the 
duration of counting time T is similar in magnitude to T1/2, then the disintegration 
rate A*+ T at the end of the counting period will be significantly lower than at 
the beginning: 

The decrease in activity of a sample (expressed, e.g., as number of radioactive 
atoms N) during the counting time T is shown in Fig.II-18. 

The observed count rate R is the average over the counting period T. 
R and the sample activity at the beginning of the counting period Rt are related 
as follows:16 

A* = A* e"Xt (cf. Eq. (II—8» (11-37) 

A * = A J p - ^ ( t + T ) (11-38) 

R = eA* = | ( N t - N t + T ) = 6~ [N t(l - e"X T ) ] ( H - 3 9 ) 

If the counting time T is not greater than ^ T i / j , the relation R, — R ( + ^ t t h e 

average activity is about equal to the activity in the middle of the counting period) is correct 
within 1%. This approximation can be useful. 
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since, from Eqs ( IV-14 and 15): 

N t + T = N t e " X T (cf. Eq. (II-3)) t + T (11-40) 

Hence, as A* = XNt: 

AT (II-41) 

Thus, using Eq. (V-10) : 

XT 
(11-42) 

where 

0.693 

and T1/2 and T in seconds. 
With the aid of Eq. (11-42) the ratio of Rt to R may be calculated for 

various durations of counting. If the duration of each count T is the same 
throughout a series of consecutive counts, then the ratio R t:R is constant. 

In the following experiments, Eq. (11—42) will be used to correct the count 
rate of 137 Bam . Barium-137m is the metastable isomer of 137 Ba, and it emits 
0.66 MeV gamma photons. 

REAGENTS AND MATERIALS 

(1) S 0 3 H type cation exchange resin (e.g. Amberlite IR-120 or Dowex 50) 
(2) About 7.4 MBq (200/tiCi) of 137Cs 
(3) A conventional burette 
(4) EDTA solution (about 0.3% adjusted to pH 11 - 1 2 with NaOH) 
(5) Plastic counting container 
(6) Stop-watch 

PROCEDURE 

(1) Saturate 50 g of resin with Na+ by leaving it overnight in 10% NaCl solution. 
Put a glass-wool plug at the bottom of the burette, and fill it half way up 
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with resin. Run 1 litre of distilled water upwards through the resin to 
remove excess NaCl and air bubbles. Allow the resin to settle and wash with 
EDTA solution. Never allow the surface of the EDTA solution to come 
below the top of the resin column. 

(2) Lower the surface of the EDTA solution to the top of the resin and apply 
the 137 Cs. Elute the column repeatedly with EDTA solution at 10 min 
intervals until the amount o f 1 3 7 Bam coming through each time no longer 
increases. At each elution the 137 Bam concentration in the effluent will 
be maximum after about a half or a third of the resin-column volume of 
EDTA solution has run through (but the peak is not sharp). 

(3) Take about 0.5 mLof the effluent rich in 137 Bam in a plastic counting con-
tainer; start counting immediately, using a scintillation (well-type) detector. 

(4) The counting should be carried out at 1 min intervals for a duration of 1 min 
counting time and a total running time of 30 min, without removing the 
sample container. 

(5) At the end of 30 minutes from the start of counting, the 137 Bam remaining 
in the liquid will be much less than 1% of the original quantity, and most 
of the count rate observed above the empty-container background results from 
some 137Cs leached by the EDTA effluent. 

(6) Repeat counting for 1 min at 5 min intervals until the count rate no longer 
decreases, and subtract the final count rate from the observed count rate and 
plot this net count rate, from 137 Bam , against time on log-linear graph paper. 
Deduce the half-life of 137 Bam from this plot. 

(7) Use Eq. (11—42) to obtain the net count rates at the beginning of each counting 
period, and plot these corrected values of net count rate against time on 
log-linear graph paper. 

EXERCISE 3. INVERSE-SQUARE LAW AND ATTENUATION OF 
GAMMA RAYS 

The intensity of the rays emitted from a source of radiation can be reduced 
in the following two ways: (i) by increasing the distance from the source of radia-
tion, and (ii) by increasing the attenuation in the path of the rays. 

A. INVERSE-SQUARE LAW 

For a point source, the radiation intensity in inversely proportional to the 
square of the distance if no intervening matter is present between the source and 
the target. This is usually referred to as the inverse-square-law effect and applies 
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to all electromagnetic radiation. The intensity at a distance d from a point source 
(or other source whose dimensions are small in comparison with d) is thus given as 

Id = k/d2 

where Id = intensity at d cm distance, 
k = proportionality constant (see § II—3.13). 

MATERIALS AND EQUIPMENT 

(1) 6 0Co source, approximately 0 .19-0 .37 MBq ( 5 - 1 0 f i d ) 
(2) Nal(Tl) scintillation counter system 

PROCEDURE 

(1) Apply the operating voltage as shown in Exercise 7 below for the scintillation 
counter. 

(2) Determine the background count rate. 
(3) Determine the count rate as a function of distance from the source. Increase 

the distance until the background count is obtained. 
(4) Plot the net count rate versus the distance on log-log graph paper, and draw 

the best straight line through the points. 
(5) Determine the slope of the line and explain the reason for discrepancies, 

if any, between the result and the inverse-square law. 
(6) Calculate the exposure dose rate in mR/h at 1 metre from the source. 

B. ATTENUATION 

The attenuation by matter of a collimated beam of monoenergetic gamma 
photons is exponential. The attenuation of gamma rays from 60 Co which emits 
gamma photons of two characteristic energies (1.17 and 1.33 MeV) will be 
investigated. 

MATERIALS AND EQUIPMENT 

(1) 6 0Co source, approximately 0 .19-0 .37 MBq ( 5 - 1 0 f i d ) 
(2) Nal(Tl) scintillation counter system 
(3) Lead shielding 
(4) Absorber set, preferably lead 
(5) Micrometer for measuring absorber thickness 
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PROCEDURE 

(1) The previous experimental set-up is used except that the distance between 
the sample and counter is now kept fixed. The source should be collimated 
by lead shielding. 

(2) Determine the count rate of the sample without adding any absorber between 
source and counter. 

(3) Determine the count rate after placing one layer of lead absorber between 
source and detector, and keep on repeating with increasing the thickness of 
the absorber by adding more layers. 

(4) Remove the source completely and determine the background (with all layers 
of absorber in place). 

(5) The net count rate from the sample is taken as a measure of the radiation 
intensity, and this is plotted against linear absorber thickness on log-linear 
graph paper. 

(6) Determine the half-thickness of lead for 60 Co gamma rays and compare 
with the table value (§11-4.3.1, Table II-6) . 

(7) Explain any discrepancy between the results and the simple exponential 
law (i.e. not a straight line when plotted on log-linear graph paper). 

EXERCISE 4. EXTERNAL ABSORPTION OF BETA PARTICLES 

The absorption of beta particles in matter is very nearly independent of the 
atomic number of the absorbing material, provided the thickness is expressed in 
mg/cm2 (thickness X density). Beta particles have a spectrum of energies ranging 
from zero to a maximum value for each particular radionuclide. Phosphorus-32 
emits only beta particles with a maximum energy of 1.7 MeV and an average 
energy of 0.7 MeV. The thickness of matter which can absorb all incident beta 
particles is called the 'range', and this is determined by the maximum energy 
particles. However, only a small fraction of the beta particles from any source 
have this maximum energy and the range is therefore not sharply defined. For 
32 P the range is approximately 800 mg/cm2 (8 kg/m2). 

A transmission curve o f 3 2 P beta particles through aluminium is to be 
obtained in the present experiment. A simplified method to determine the beta-
particle range and energy is also demonstrated. 

MATERIALS AND EQUIPMENT 

(1) Source containing about 7.4 kBq (0.2 nCi)32 P ( about 200 counts/s) 
(2) Source containing about 296 kBq (8 mCi)32 P 
(3) Blank source container 
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(4) Tweezers 
(5) Set of aluminium absorbers 
(6) Holder to accomodate absorber between source and detector (about 5 cm apart) 
(7) GM counter and timer 
(8) GM survey meter 

PROCEDURE 

(1) Prepare a 3 2P sample containing approximately 3.7 kBq/mL (0.1 /uCi/mL) 
by pipetting 100 nL onto a planchet and drying under an infra-red lamp. 

(2) Prepare a second sample by pipetting 100 fxL of a 32 P solution containing 
about 1.85 MBq/mL (50 /uCi/mL) onto a planchet and dry as above. 

(3) Count the low-activity source in the GM counter. Obtain at least 170 counts/s 
(10 000 counts/min). Place an aluminium filter of about 20 mg/cm2 between 
the counter window and the source and count again. 

(4) Continue counting at increasing absorber thickness until a count rate of 
about 3.5 counts/s (200 counts/min) is obtained. 

(5) Repeat steps (3) and (4) above, using the high-activity source, and calculate 
the average ratio between low- and high-activity source count rates. (Note: 
resolving-time corrections must be made for the high-activity source counts 
and the background must be subtracted in the case of the low-activity source 
counts.) This ratio can be used to transform the low-activity source count 
rates into the high-activity source count rates. The high-activity source 
cannot be counted at zero or low absorber thicknesses. 

(6) Continue counting the high-activity source with increasing absorber thickness 
until an almost constant count rate is obtained. The count rate now is due 
to bremsstrahlung or continuous X-rays produced by interaction of the beta 
particles with the aluminium nuclei. 

(7) Plot the observed and calculated net count rates of the high-activity source 
on the log co-ordinate versus absorber thickness on the linear co-ordinate. 
(To the absorber thickness add the window thickness of the GM tube and 
the air thickness, in mg/cm2 , from GM tube window to source.) 

(8) Extrapolate the bremsstrahlung component to zero absorber thickness and 
subtract this contribution from the net count rate. Plot the corrected curve. 

(9) Determine by inspection the point at which the uncorrected transmission 
curve appears to intersect the bremsstrahlung curve. This point corresponds 
to the range o f 3 2 P beta particles and should be approximately 800 mg/cm2 . 

A simplified method of determining the beta-particle range is based on the 
determination of the fifth half-thickness of absorber. The half-thickness is the 
thickness of absorber required to reduce the count rate by a factor of two. The 
fifth half-thickness is the amount required to reduce the count rate by a factor 
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of 32. The fifth half-thickness has been found empirically, in most cases, to be 
approximately equal to half the range of the maximum-energy beta particle. 

(1) From the corrected curve, determine the thickness of absorber that was 
required to reduce the count rate at zero absorber by a factor of 32. 
Multiply this value by two and determine how well it estimates the range 
o f 3 2 P particles. 

(2) How well does the initial portion of corrected curve approximate a straight 
line? 

(3) Use the end-window GM survey meter to survey for personnel or equipment 
contamination. 

EXERCISE 5. SELF-ABSORPTION AND SELF-SCATTERING OF BETA 
PARTICLES 

It is often necessary to measure the radioactivity of sources which contain 
appreciable amounts of solid material. This introduces errors from self-absorption 
and from source scattering. Self-absorption decreases the expected count rate 
and is most important with low-energy beta emitters whose maximum energy is 
less than 0.5 MeV. Scattering tends to increase the count rate and is most notice-
able with high-energy beta emitters. (The effect of self-absorption and self-scattering 
also exists with gamma-ray emitters, but is usually negligible since gamma radiation 
has a greater penetrating power.) A third source of error when voluminous samples 
of varying thickness are involved may be called self-geometry, i.e. the top of the 
sample is relatively closer to the counter as the sample thickness increases. The 
combined effects of self-absorption, self-scattering and self-geometry normally 
result in a lower count rate than expected. 

The principal method used to correct for self-absorption is based on the 
assumption that the absorption of beta particles is an exponential function of 
absorber thickness. (To verify this, observe that in the previous experiment the 
absorption was closely approximated by an exponential function over the first 
decade or two.) Therefore, assume that the decrease in count rate per unit sample 
thickness is proportional to the sample thickness or 

da* 
= Ma* (II -43) 

dx 

where a* = transmitted activity (per cm3 sample) from depth x below the 
surface of the sample 

x = sample layer thickness (cm) 
H = linear absorption coefficient (characteristic of E^m a x and density 

of sample material). 
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Equation (11—43) can be integrated to 

a* = aj e'V* (II—44) 

where a* = number of beta particles per cubic centimetre of the sample. 
The (total) transmitted activity A* from a sample of cross-sectional area £ 

and thickness X is then obtained by integration from top to bottom of the sample 
as follows: 

X 

A *=J a g 2e~lux dx = 
0 

aj f i ( l - e - " * ) X _ Ag( l — e"^x) 
0 MX 

(H-45) 

Finally, defining a self-absorption factor f as the ratio between observed 
(i.e. self-transmitted) activity and theoretical zero-absorption activity A<J, one has 

(1 _ e-MX) 
A*/AQ = f = ( I I - 4 6 ) 

MX 

where ju may be taken as the mass absorption coefficient (characteristic of 
% max a l ° n e ) anc* X as mass per unit area (mg/cm2). The factor f may be used 
to correct mathematically observed count rates for self-absorption. 

If it is impossible to prepare infinitely thick samples, the following adaptation 
may be used. 

If the data for Fig. I I -19 are replotted as count rate per unit sample mass 
versus sample mass, a curve as Fig.II—20 will result. 

The curve is extrapolated to zero mass to obtain the estimate of the 'true' 
count rate per milligram. This is assigned the value 1, and the value at each sample 
mass is calculated as a fraction of the 'true' value. These fractions are plotted against 
sample mass to give a calibration curve for self-absorption in samples of inter-
mediate thickness (see Fig. 11-21). 

The total activity of a sample of unknown concentration and intermediate 
thickness may be determined by: 

(a) Weighing and counting the sample; 
(b) Determining its specific activity; 
(c) Determining from a graph, such asFig.II-21,the fraction of thesample 

activity that will be counted; 
(d) Dividing the apparent specific activity by the above fraction to obtain the 

specific activity; 
(e) Total activity = mass of sample X specific activity. 

The following experiment will demonstrate these methods. 
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SAMPLE THICKNESS (mg/cm2) 

FIG.II-19. Count rate as a function of thickness for samples of constant specific activity 
for a soft beta emitter. 

MASS OF SAMPLE 

FIG.II-20. Curve plotted to determine an estimate of the 'true' count rate per unit mass by 
extrapolating the experimental line to zero mass of sample. 

1.0 

Oju 0.8 
Z -J 
O < 0.6 
P > 

0.4 < 3 
u_ 0.2 

MASS 

FIG.II-21. Calibration curve for self-absorption. 
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INFRA-RED LAMP 

GLASS CYLINDER 
SPRING OF RUBBER 
BAND 
FILTER PAPER 

SINTERED GLASS 
FILTER STICK 

SUCTION 

FIG.II—22. Exploded view of filtering assembly. 

MATERIALS AND EQUIPMENT 

(1) Eight 1-in planchets 
(2) Filter apparatus 
(3) Eight 1-in glass filter papers 
(4) 50, 100, 150, 250, 400 and 500 mL pipettes, 1 and 2 mL pipettes 
(5) Solution of N a 2

1 4 C 0 3 (approximately 3 mg/mL and 1.85 kBq/mL (0.05 /xCi/mL) 
(6) BaCl2 solution 
(7) Tweezers 
(8) GM counter and timer 
(9) GM survey meter 

PROCEDURE 

(1) Place the following measured aliquots of a known stock solution of radio-
active sodium carbonate in six centrifuge tubes: 50, 100, 150, 400 and 500 juL, 
and 1, 2 and 5 mL. 

(2) Precipitate the radioactive carbonate by the addition of excess BaCl2 solution. 
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(3) Filter the samples on pre-weighed 1-in filters and wash three times with 5 mL 
of distilled water (Fig.II-22). Air-dry. Fix the precipitate with 1 mL of 
collodian solution to prevent spread of contamination. Be sure that the 
samples are thoroughly dry. 

(4) Weigh the samples. Place in planchets and count. 
(5) Count the background with an empty planchet in the counter. 
(6) Prepare curves from background-corrected counting data as described in 

Part I, i.e. count rate versus sample mass; count rate/mg versus sample mass; 
and fraction of true count rate versus sample mass. 

(7) Calculate the value of fi, the mass absorption coefficient. For 14 C it should 
be approximately 0.28 cm2 /mg. n can be determined from any point at 
infinite thickness, since at infinite thickness X becomes large, therefore 
e -MX 1 - e - ' 0 4 -»• 1. 

(8) Use the end-window GM survey meter to survey for personnel or equipment 
contamination. 

EXERCISE 6. SOLID INTEGRAL SCINTILLATION COUNTING 

The following solid scintillation crystals are used to detect radiation: 
Alpha particles: ZnS (activated by silver) spread as a thin layer, 1 0 - 2 0 mg/cm2 

Beta particles: anthracene, trans-stilbene 
Gamma rays: Nal (activated by thallium at about 0.1% concentration). 

By far the most important application of solid scintillation crystals is in the 
detection and measurement of gamma rays. Scintillation detectors have three 
distinct advantages over GM tubes for the measurement of gamma rays: 

(a) Higher detection efficiencies (20 to 40 times); 
(b) No significant resolving-time corrections up to about 1700 counts/s 

(10 s counts/min); 
(c) The output pulse height is proportional to the gamma-ray energy 

absorbed in the crystal; therefore, gamma-ray spectrometry is possible. 

Nal is hygroscopic and is encased in an air-tight metal can. The detectors 
are single crystals and should be protected against mechanical shock or temperature 
changes. The crystal and photomultiplier tube combination is generally sealed 
in an air-tight metal case and shielded by lead in the counting position. In spite 
of shielding, the background of a scintillation counter will generally be considerably 
higher than that of a GM counter. This is due partly to electronic noise, but 
mostly to the high efficiency of Nal(Tl) for background gamma rays. A lower-level 
pulse-height discriminator is used to reject noise pulses, since they are generally 
of smaller pulse height than pulses due to the photons being measured. 
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MATERIALS AND EQUIPMENT 

(1) Nal(Tl) scintillation crystal - photomultiplier detector assembly 
(2) Single-channel pulse-height analyser and scaler 
(3) High-voltage supply 
(4) Gamma-ray sources of 137Cs, 6 0Co and 137Ba, approximately 3.7 kBq 

(0.1 /xCi) each 

PROCEDURE 

(1) Read the instruction manual of your counter and modify the directions 
below to meet the requirements of the particular counter. 

(2) Set the lower-level discriminator at 5% of maximum. Set the differential-
integral switch at integral or disengage the upper-level discriminator. The 
scaler will now count all pulses exceeding the lower-level setting. This is 
termed integral counting. 

(3) Set the amplifier gain controls to their minimum value. 
(4) Insert one of the above sources in the counting chamber. 
(5) Increase the high voltage to approximately 600 V and turn the scaler to 

the count mode. 
(6) Increase the amplifier gain until the scaler begins counting. 
(7) Keep the gain constant and begin recording the count rate with increasing 

high voltage. Increase the high voltage in steps of 50 V to a maximum of 
1500 V (serious damage to the photomultiplier tube will otherwise result). 

(8) Repeat counting the background only. 
(9) Repeat with the other two sources. 

(10) Plot the above data as counts/s versus high voltage on four- or five-cycle 
log-linear graph paper. 

(11) Using one of the three sources, increase the gain of the amplifier by a 
factor of two and repeat steps ( 7 - 1 0 ) above. What shift do you note? 
What change on photomultiplier tube voltage is equivalent to a gain of 
two in amplified gain? 

(12) Leave the gain the same as in (11) but increase the lower-level discriminator 
by a factor of two. You should obtain the original curve for your source. Why? 

(13) If the activities of the three sources are known, plot the counting yield 
(counts/gamma ray) versus energy in the highest-counting flat portion of 
your curve. The geometry should be essentially the same for all sources. 
Explain the variation in counting yield versus source gamma-ray energy. 
(Be sure to consider the number of gamma rays per disintegration from 
the decay schemes as well as the half-life and age of the source.) 

(14) Set the high voltage at the value corresponding to the start of the plateau 
for the 60 Co curve. Use the 60 Co source and, with the lower-level discrimi-
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nator set at 2 V, measure counts with increasing discriminator setting until 
the count rate reaches the background. Plot the integral curve. Explain 
the inflections of the slope of this curve. 

(15) What settings would you use to measure 6 0Co in the presence of 137Cs? 

EXERCISE 7. SOLID DIFFERENTIAL SCINTILLATION COUNTING 

This procedure is used when radioisotopes may be present that will produce 
counts not related to the isotope being studied. Differential counting is particularly 
important when it is desired to determine accurately the amount of two or more 
isotopes present in a sample or if it is necessary to reduce the background to a 
minimum. 

MATERIALS AND EQUIPMENT 

As for Exercise 6 

PROCEDURE 

(1) Read the instruction manual of your counter and modify these directions 
to suit the capability of the machine you are using. 

(2) Place 137Cs in the well of the crystal. Set the gain or attenuator control 
to its mid-point. Set the high voltage as low as possible and place the control 
switch so that both the lower and upper discriminators are operative. 

(3) Since 137Cs has a 0.662 MeV gamma emitter, we shall want to set the mid-
point of the window at 662 so that, when calibrated, the full-scale calibration 
of the ten-turn potentiometer is 1.0 MeV or 1000 keV. For this, set the 
lower discriminator at 657 (consider that the ten-turn potentiometer has 
1000 divisions full scale) and the upper discriminator at 667. The window 
has now ten divisions (10 keV). This is a 1% window (10/1000-100). 

(4) Counting with a long-time setting on the timer, turn the high-voltage control 
up, gradually increasing the voltage. When the first counts appear on the 
scaler, proceed more slowly. By turning the high-voltage control knob back 
and forth, try to estimate the point where a peak count is found. 

(5) When an approximate peak is found, start counting at short time intervals 
(0.1, 0.2 min, etc.) and find the high-voltage setting that gives the peak 
count rate. When this is found, the machine is calibrated so that the discrimi-
nator potentiometers read from 0 to 1 MeV, with one division equal to 1 keV. 
Lock the high-voltage control and do not disturb it during this period of 
operation. 
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(6) To reset for counting a particular gamma energy of less than 1 MeV, only 
the lower and upper discriminators need to be adjusted. For example, to 
count a 0.51 MeV gamma ray with a 10% window (10% of 1000 = 100 units 
or 100 keV), the mid-point of the window must be 510. Since the window 
is to be 100 units wide, this means 5 1 0 - 1 0 0 / 2 and 510 + 100/2, or 460 to 
560, as the settings on the lower and upper discriminator, respectively. This 
would translate into a setting that accepts any gamma energy from 0.46 to 
0.56 MeV. The window width is a variable determined by the operator. 

(7) If energies greater than 1 MeV are desired, the gain control can be manipulated. 
For example, by reducing the gain to one-half its original setting the calibra-
tion of the discriminators is increased by a factor of two. In the above case 
the full-scale calibration would be 1000 units = 2.0 MeV (1 unit = 2 keV). 
The settings of 460 to 560 on the lower and upper discriminator, respectively, 
would now accept gamma energies of 0.92 to 1.12 MeV. Note that the high-
voltage setting must be unchanged! Place an appropriate gamma emitter in 
the well of your counter and verify the function of the gain control. 

(8) If it is wished to expand the scale, the gain control can also be used. If the 
gain is doubled from the setting originally used, the calibration is now changed 
from 0 - 1 MeV to 0 - 0 . 5 MeV. The settings of 460 and 560 would allow 
counting of gamma energies from 0.23 to 0.28 MeV. 

(9) Separating the counts of two or more gamma emitters is a simple extension 
of the above system. When possible, one channel is set to count the gamma 
radiation of the highest-energy emitter without interference from the lower-
energy emitter. The lower channel is set to count the characteristic peak 
energy of the second isotope. However, some counts collected in the lower 
channel will be those of the higher-energy isotope. There is a constant ratio 
that can be determined for particular settings of the counts of the higher-
energy isotope in its own channel to its counts in the channel set for the 
lower-energy isotope. By multiplying the counts of the higher-energy isotope 
in its channel by this factor the counts for this isotope in the lower-energy 
channel can be determined and subtracted from the total count in the lower 
channel to give the counts for the lower-energy isotope. If both channels 
contain counts from both isotopes it will be necessary to determine the 
amount of 'cross-over' of each isotope into the other channel and to use 
simultaneous equations for solution. 

EXERCISE 8. ESTIMATING THE EFFICIENCY OF A GAMMA COUNTER 

It is frequently desirable to convert counts per minute to millicuries or 
becquerels or to some proportion of the dose of nuclide given. By definition, 
1 mCi is equal to 37 MBq (= 37 X 106 dis/s = 2.22 X 109 dis/min), and the con-
version of count rates to millicuries or becquerels requires information on counting 
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yield, i.e. the relationship between disintegration rate and the registered count rate. 
As the yield will vary with such factors as self-absorption, scattering and quenching, 
it is important to measure the counting yield under the same conditions that apply 
to experimental measurements. The efficiency of the counter can be measured 
by counting standard preparations of known activity (prepared by the manu-
facturer of the counter) containing radionuclides of long half-life. This is a 
valuable check on the counter itself, but for many purposes it does not duplicate 
the counting conditions of the experiment, and other counting standards must 
be prepared. 

For practical purposes it is generally satisfactory to assume that the amount 
of radionuclide recorded on the container when dispatched from the reactor is 
accurate. The activity present at a later date can be calculated from knowledge 
of the decay rate of the radionuclide. With this information, counting standards 
of known activity can be prepared. 

MATERIALS AND EQUIPMENT 

(1) Log-linear graph paper 
(2) 24Na as dispatched from reactor or other suitable short-lived gamma emitter 
(3) Pipettes and safety bulbs 
(4) 2 X 1 0 0 mL volumetric flasks 
(5) Counting tubes 

PROCEDURE 

(1) On log-linear graph paper, plot the activity against half-lives, e.g. starting 
with 100% of the original activity on the y-axis and plotting the decay for 
five half-lives on the x-axis. Draw a line through the points. 

(2) From information on the 24Na label, calculate the number of days since 
dispatch from the reactor. 

(3) Calculate the number of half-lives, using the known half-life of 2 4Na of 
15 hours. 

(4) From the graph, read the remaining proportion of the original dose. 
(5) Accurately measure sufficient 24Na so that, when diluted to 100 mL, it will 

contain 3 7 - 7 4 kBq/mL ( 1 - 2 ^iCi/mL). 
(6) Dilute 3 mL of this solution to 100 mL and pipette triplicate 3 mL samples 

into counting tubes. Count for 5 minutes. 
(7) Deduct the background reading obtained by counting 3 mL water. 
(8) Calculate the activity that should have been present as Bq per 3 mL. 
(9) Calculate the counting yield as 
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counts/s per 3 mL 
e = 

Bq per 3 mL 

(where x Bq per 3 mL = 27.03 X 10~12 x Ci per 3 mL). 

(10) If it is assumed that a certain volume of the standard solution was administered 
to an animal, the concentration observed in a sample taken from the animal 
can be expressed as per cent of dose per millilitre of sample. This is calculated 
from the formula 

count in sample X 100 
Concentration (% dose/mL) = —; ;—; 

dose X dilution factor X standard count 

(Note: This calculation can be applied when the standard and sample are 
both counted either at the same volumes or at infinite thickness.) 

EXERCISE 9. MEASUREMENT OF GAMMA-EMITTING RADIOISOTOPES 
IN BULK SAMPLES [10] 

In large-animal experiments urine, faeces, milk and various organs are often 
the samples collected. To ensure that the fraction of such voluminous samples 
actually counted is representative of the whole, extreme care must be taken in 
mixing and in subsampling. The larger the subsamples counted the less the error 
will be for the estimate of the radioisotope content; the error of the estimate will 
be at a minimum if the entire collection can be accommodated. 

To count large samples containing gamma-emitting radioisotopes it is 
possible to employ large-volume sample counters; such instruments are commer-
cially available but are expensive. The advantage of large-sample counting, 
however, can be attained in laboratories possessing the simplest of gamma-counting 
equipment. This section describes a procedure whereby a gamma detection probe, 
equipped with either a flat or well crystal can be mounted horizontally on a flat 
surface and the minimum distance determined that a sample of known dimension 
must be from the face of the crystal in order for the entire sample to be within 
the most efficient counting zone. 

MATERIALS AND EQUIPMENT 

(1) Scaler 
(2) Sodium iodide crystal probe assembly 
(3) Large sheet of blank paper (ca. 100 cm long) 
(4) Gamma source 
(5) Lead bricks or sheeting or other dense material 
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PROCEDURE 

(1) Tape the sheet of paper on a bench top. Place the sodium iodide crystal 
detector assembly at one end of the paper so that its face is perpendicular 
to the table top. Support the probe rigidly about 15 cm above the bench 
using a frame of your designing or on a bed of lead bricks. 

(2) Draw a line on the paper that originates from a point directly below the 
crystal (Point P) and is perpendicular to the face of the crystal. 

(3) Draw 10 lines 2 cm apart to the right and left and parallel to the centre 
line. The lines need only be drawn between a distance of 25 to 70 cm 
from P. 

(4) At 30 cm and at 60 cm from P draw a line that is parallel to the face of the 
probe and intersects all the lines drawn on the paper. 

(5) Measure the distance from the centre point of the face of the sodium 
iodide detector to the bench top (point P). Clamp a glass vial containing 
from 1 to 2 mL of a solution of a gamma-emitting radioisotope (37—175 kBq) 
to a ring and so that the mid-point of the source is at the same height as 
the probe centre. 

(6) At this point put the gamma source aside and make a 10 min background 
count. Then position the gamma source directly over the intersection of 
the centre line and the 30 cm cross line and make a 10 min count. After 
this make 10 min counts at each intersection of the 30 cm cross line and 
the parallel lines. Repeat this same procedure with the 60 cm cross line. 

(7) For the 30 cm cross-line data express the net count of the standard source 
at the centre-line position as 100% and then express the other net counts 
as a percentage of the centre-line count. Do this as well for the 60 cm 
cross-line data. 

(8) For each set of data locate the point farthest from each side of the centre 
line where the count rate is 95% or better of the centre-line count. Draw 
a line on the paper connecting the outermost point of the 30 cm and the 
60 cm cross lines that lie to the right of the centre line. Extend the line 
to the crystal detector and as far away as possible. Do the same for the 
points to the left of the centre line. This pattern now describes the linear 
dimensions of the cone within which the counting efficiency will be 95% 
or better of the count obtained at the exact centre of the cone. 

(9) Next determine the greatest dimension of the sample containers to be used 
to hold the urine, faeces, etc. Select a point on the paper where the 
diameter of the cone drawn on the paper equals the greatest dimension of 
the counting container. At this point draw a line parallel to the face of 
the probe. This is the line that describes the closest approach of the 
sample container to the probe. Using this line as the forward limit of the 
container, build a support that will hold the sample container so that the 
centre point of the container is at the exact distance from the bench top 



96 PART II. INTRODUCTION 

as is the centre point of the face of the sodium iodide detector probe. 
The sample container must be at the same height as the probe. 

(10) If desired, background counts can be lowered by building a shield of a 
dense material, i.e. lead, around the crystal of the detector and a wall of a 
dense material behind the sample position. 

COMMENTS 

This type of counting system has been used to determine the radioisotope 
content of cattle faeces and complete collections of urine or faeces of goats 
and sheep and the complete daily output of milk of goats and low-producing cows. 
It has also been used to determine the accumulation of 47 Ca in the mammary 
gland of living goats. 

One note of caution is that it is necessary to count the samples against a 
standard that has the same volume and density as the samples to be counted. 
Moreover, it is necessary to have all standards and samples containers of the same 
volume. For liquid samples this can be achieved by filling any partially full 
containers with water. For solid samples such as faeces, it may be possible to mix 
in non-radioactive faeces, sawdust or water. 

EXERCISE 10. LIQUID SCINTILLATION COUNTING: 
DETERMINATION OF OPTIMUM COUNTER SETTINGS 

Liquid scintillation counting has the advantage that the sample is dissolved 
in the liquid organic fluor and there is no self-absorption of the beta (or alpha) 
particle. For this reason, liquid scintillation counting is the method of choice 
for counting low-energy beta emitters. Both 3 H and 14C, the two most important 
radiotracers in biological research, emit only beta particles of very low energy. 
Organic fluors also exhibit a very short decay time of the fluorescence produced, 
and resolving-time corrections are not necessary. In addition, liquid scintillation 
counters can be adapted to sample changers which allow automatic counting of 
large numbers of samples. 

The general description of a liquid scintillation counter is found in § II.3.4. 
The following experiment is designed to illustrate its use, including methods to 
correct for 'quenching'. An optional exercise demonstrating Cerenkov counting is 
also presented. 
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MATERIALS AND EQUIPMENT 

(1) Liquid scintillation counter, refrigerated or at ambient temperature (similar 
to Packard Instrument Co. Model 314 EX series) 

(2) Liquid fluor system: 
Toluene 0.5 L 
PPO (2-5 diphenyloxazole) 4 g/L 
POPOP (1,4-bis-2-5 phenyloxazolyl) 0.05 g/L 
PPO is the primary solute. POPOP is termed a secondary solute and is used 
to shift the fluorescence spectrum of PPO to longer wavelengths for better 
matching to the spectral response of photomultiplier tubes. This procedure 
increases the counting yield and is generally used in measurement o f 3 H 

(3) Benzoic acid-7-14C dissolved in toluene: approx. 0.8 kBq/mL (0.02 //Ci/mL). 
Benzoic acid-3H dissolved in toluene: approx. 3.7 kBq/mL (0.1 juCi/mL). 
Other available compounds of 14C and 3H soluble in toluene can also be used 

(4) Sample counting vials 

PROCEDURE 

(1) Take sufficient time to read the instrument instruction manual and become 
thoroughly familiar with operating controls. 

(2) Fill the sample counting vials with equal measured volumes of the liquid 
scintillation solution (15 mL). (Pipette accuracy is not necessary.) 

(3) Pipette 100 mL of the 14C solution into one vial. 
Pipette 100 fiL of the 3H solution into one vial. 
Use one vial containing only the liquid scintillation solution as a background 
vial. 

(4) For a dual-channel instrument: 
Set the lower discriminator of channel A at 10% of scale. 
Set the upper discriminator of channel A at 50% of scale. 
Set the lower discriminator of channel B at 50% of scale. 
Set the upper discriminator of channel B at 
Channel A will now record all pulses with pulse heights between 10 and 50% 
of scale, and channel B will record all pulses with pulse heights between 50% 
of scale and 

(5) Determine the background count rate Rb in both channels as a function of 
increasing high voltage. Begin at about 600 V. 

(6) Determine the count rate of each sample in both channels as a function of 
increasing high voltage. At one particular voltage, the count rate in channel A 
will be approximately equal to the count rate in channel B. This voltage will 
very closely correpond to what is known as balance-point operation. At 
this point a decrease in counts from channel A due to quenching will be 
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offset by additional counts from channel B due to quenching. Balance-point 
operation provides a condition of high counting yield and at the same time 
a minimum sensitivity to quenching. The balance-point settings will not be 
the same for the two radionuclides. 

(7) Determine the apparent counting yield (e) at the balance-point settings for 
each radionuclide. At this point the extent of quenching (if any) in the 
benzoic acid standards is not known. 

EXERCISE 11. PREPARATION OF SAMPLES FOR LIQUID 
SCINTILLATION COUNTING 

As lipophilic substances are readily soluble in toluene, they present little 
difficulty in the preparation of samples for liquid scintillation counting. All that 
is necessary is that all traces of solvent are removed before solubilization of the 
solute in the organic-based (mainly toluene) scintillation medium. When the sample 
contains water and since water and toluene are not appreciable miscible, the aim is 
to form an emulsion to bring the beta particles into intimate contanct with primary 
and secondary scintillators. 

REAGENTS AND MATERIALS 

(1) Scintillator mixture: 
Toluene (S-free) containing 4 g/L diphenyl oxazole and 0.1 g/L dimethyl; 
POPOP mixed with Triton X-100 in proportions of 2 to 1 

(2) Same scintillator mixture as under (1), but without addition of Triton X-100 
(3) 20 mL glass vials + caps 
(4) Pipettes 
(5) 14C sodium acetate solution (3.7 kBq/mL or 0.1 juCi/mL) 
(6) Plasma 
(7) Three test tubes 

PROCEDURE 

(1) Pipette 1 mL 14C sodium acetate into two test tubes. 
(2) Add 9 mL water to one test tube (solution A) and 9 mL plasma to the other 

(solution B); mix well. 
(3) Pipette into three counting vials 1 mL each of solution A, solution B and water 

(background). 
(4) To each vial add 4 mL water and 15 mL scintillator mixture (1). Cap vials 

and shake well. 
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(5) Repeat steps (3) and (4), this time adding 15 mL of scintillator mixture (2). 
(6) Set up the counter in Exercise 10 and count the samples for 1 minute each. 
(7) Subtract appropriate background counts from the counts of solutions A and B. 
(8) On the basis of 37 kBq (1 nCi) = 37 X 103 dis/s (2.22 X 106 dis/min), estimate 

the counting yield for all solutions, as in Exercise 10. 
(9) Repeat this exercise with tritiated water. Use a solution containing 2 kBq/mL 

(0.5 /iCi/mL) 3H and alter the settings on the scintillation counter appropriately. 

EXERCISE 12. QUENCH CORRECTION 

Ideally quench-correction curves should be constructed using a set of standards 
where the degree and source of quenching are similar to those present in the samples 
of unknown quench; the parameters involved in determining the calibration should 
be as close as possible to those involved in the assay. For routine use, however, 
a set of quenched standards should always be available, not only to cover situations 
where the ideal matching of standards and samples is impossible, but also for 
routine periodic checks on instrument function. For toluene-based scintillants 
increased quench effects can be produced by incremental additions of small amounts 
of chloroform, acetone or carbon tetrachloride. A series of quenched standards 
may therefore be constructed as follows: 

(1) Take eight standard 20 mL glass scintillation vials. 
(2) To each, add either 0.1 mL of the 14C or 3H n-hexadecane standard reagent 

(see above) and 10 mL of a standard toluene-based scintillant, e.g. 4 g 
2-5 diphenyloxazole (PPO) plus 0.05 g l,4-bis-2-5 phenyloxazolyl-benzene 
(POPOP) per litre of toluene. 

(3) Add 0, 0.1, 0.2, 0.5, 0.75, 1.0, 1.5 or 2.0 mL of acetone to each of the vials. 
(4) Seal each vial with a suitable cap and shake gently. 

Standards prepared in this way cannot be considered as being suitable for 
permanent reference sources for quench correction. To provide permanent 
quench-correction standards, a far more meticulous regimen of preparation has to 
be undertaken involving final flame sealing of the glass vial. 

It is incorrect to compare the count rates of two biological samples unless 
it is certain that they are being counted at the same efficiency. As quenching 
is quite variable, it is unlikely that the same counting efficiency will be observed 
even between samples present in the same medium. The measurement of quenching 
entails estimating counting efficiencies and the use of the relationship: 
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There are at least three methods of estimating counting efficiency, i.e. (1) the 
internal standard method, (2) the channels ratio method, and (3) the external 
standard ratio method. These methods are illustrated by the following exercises. 

A. THE INTERNA L STANDARD METHOD 

In this method, each sample is counted, then a known amount (0.1 mL) of 
radioactivity is added to each and the samples are recounted. The counting 
efficiency is calculated as: 

difference (counts/s) 
Counting efficiency = X 100 

Bq per 0.1 mL added 

The activity of the sample (in Bq) is then calculated. These calculations can 
also be made using curies as the measure of activity. 

This method is most accurate, but laborious and renders the samples useless 
for later counting. 

REAGENTS 

(1) Haemolysed plasma or dark-coloured urine 
(2) 14C sodium acetate solution (3.7 kBq/mL or 0.1 /iCi/mL) 
(3) Tritiated water (18.5 kBq/mL or 0.5 /uCi/mL) 
(4) 14C n-hexadecane (7.4 kBq/mL or 0.2 fxCi/mL) 
(5) 3 H n-hexadecane (7.4 kBq/mL or 0.2 /iCi/mL) 

PREPARATION OF SAMPLES 

(1) Pipette 1, 2, 3 and 4 mL plasma or urine into four test tubes and dilute to 
9 mL. Pipette 9 mL water into a fifth test tube. Prepare a duplicate series 
of test tubes in the same way. 

(2) To each test tube of the first series add 1 mL 14C sodium acetate, to each 
test tube of the second series add 1 mL tritiated water. 

(3) Mix the contents of each tube thoroughly. These solutions will be used in 
this and the following two exercises. 
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PROCEDURE 

(1) Pipette into each of five counting vials 1 mL from each of the 14C-series 
test tube. 

(2) Repeat the procedure of step (1) with the 3 H-series test tubes. 
(3) Into two counting vials pipette 0.1 mL 14C n-hexadecane and 3 H n-hexadecane. 
(4) Into one counting vial pipette 1 mL water (background). 
(5) Add to each vial 4 mL water and 15 mL scintillator mixture (2:1 POPOP:Triton 

X-100 as in Exercise 11). 
(6) Count each sample for 1 minute and subtract background counts. 
(7) To the five counting vials of the 14C series accurately pipette 0.1 mL 14C 

n-hexadecane. To the vials of the 3H series pipette 0.1 mL 3 H n-hexadecane. 
(8) Recount the samples and again subtract background counts. 
(9) Estimate the counting efficiency as indicated above. 

B. THE CHANNELS RA TIO (CR) METHOD 

The spectrum of beta-emitting isotope will shift to lower energy values 
(downscale) on quenching. Hence, if the spectrum is divided into two parts 
(dual-channel instrument), the ratio of the lower part to the upper part will 
increase with quenching. By counting a selected series of quenched samples to 
cover the range of efficiencies in the unknown samples, a graph relating the channels 
ratio to the counting efficiency can be produced. When an unknown sample is 
counted and the channels ratio calculated, the counting efficiency may be read 
from the graph. (Note: this technique has limited value when the samples have 
low count ratios, as the channels ratios may be subject to large errors.) 

PROCEDURE 

(1) Prepare two sets of samples, one containing 14C and the other 3H, as out-
lined in Exercise A. 

(2) With the 14C machine standard, set the two channels so that one gives 
approximately half the counts of the other; for instance, with 14C the 
channels might be set to read between 5 0 - 1 0 0 0 and 350 -1000 . 

(3) Count the samples and subtract the background counts for each channel. 
(4) Calculate the channels ratio for each sample. 
(5) From the known amount of activity present in each sample, calculate the 

efficiency of counting in the 50—1000 channel. 
(6) Prepare a graph relating counting efficiency to channels ratio. 
(7) Reset the counter with a 3 H machine standard and repeat steps (3) to 

(6) with 3 H samples. 
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C. THE EXTERNAL STANDARD RA TIO (ESR) METHOD 

This method depends on the observation that the gamma irradiation of a 
sample in a counting vial and scintillator blank solution with an external gamma 
source produces Compton electrons; these have properties similar to beta particles 
emitted by the 14C or 3 H in the counting vial and are quenched to approximately 
the same extent. 

A series of samples covering a wide range of quenching is prepared. After 
each sample is counted, a gamma source is automatically brought alongside the 
counting vial and a one-minute count is recorded. The counter automatically 
calculates a ratio of two parts of the spectrum of the Compton electrons, and 
this ratio can be related to the counting efficiency of the series. 

This method has the advantages of speed and of being applicable to mixtures 
of two isotopes. However, the Compton electrons do not behave exactly as the 
weaker beta particles in a sample. The ESR method is also affected by the volume 
of the sample being counted, and it is difficult to maintain a constant geometry 
between the gamma source and the sample. 

PROCEDURE 

(1) Use the same sets of samples as prepared in Exercise A, together with another 
sample containing 20 mL scintillator mixture. 

(2) Count all samples. After each count bring the machine gamma source into 
position and record the counts and ESR. 

(3) Assuming that the scintillator blank solution is counted with 100% efficiency, 
calculate the efficiency of counting the plasma or urine samples. Prepare a graph 
relating ESR to counting efficiency for 14C and for 3H. 

EXERCISE 13. DUAL-ISOTOPE COUNTING: MEASUREMENT OF 14C 
AND 3H IN THE PRESENCE OF EACH OTHER 

When the energies of the beta emissions of two isotopes are sufficiently 
different it is possible in a modern liquid scintillation counter to measure the 
activities of each of the isotopes in the presence of each other through discrimination 
via the multi-spectrometer system. It is possible to measure part of the activity of 
one isotope idependently from the other through one spectrometer and a gross 
count contributed by the two isotopes together through the other spectrometer. 
With a knowledge of the efficiencies with which the isotopes are measured in the 
counting channels, it is possible to calculate the net activities due to each. In 
nutritional and biochemical research this technique of dual-isotope counting 
has particular application in the determination of 14C and 3 H activities in the 
presence of each other. 
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MATERIALS AND EQUIPMENT 

(1) Liquid scintillation counter, refrigerated or ambient temperature, dual 
channel 

(2) Unquenched and acetone quenched 14C and 3 H standards as detailed in 
Exercise 12 

PROCEDURE 

(1) Set up the liquid scintillation counter for 3 H (channel 1) and 14C (channel 2) 
single-isotope counting as outlined in Exercise 9. 

(2) Reduce the window width of channel 1 (3 H) until 80% of the full window 
width efficiency is reached. This channel will give a combined count of 
3 H and 14C, the contribution of counts from 14C increasing in proportion 
with increasing quench. Reducing the window width to give 80% of full 
window width efficiency helps to minimize the contribution of the counts 
from 14C especially under conditions of minimal quench. This cannot 
be maintained under conditions of i increasing quench without further 
reduction in the counting window and concomitant effects upon the 
efficiency of the 3 H counting. 

(3) Using the unquenched 3H standard, increase the threshold of channel 2 
(14C) until only 0.01% of the 3H efficiency is measured in channel 2. This 
channel 2 measures 14C counts only under all conditions of quench. 

(4) Using the series of 3H and 14C quenched standards, draw up a quench 
correction curve for (a) 14C in channel 2, (b) 14C in channel 1, (c) 3H in 
channel 1. 

CALCULATIONS 

(1) Dis/min 14C is obtained from the counts in channel 2 and the efficiency 
factor for 14C counts in channel 2. 

(2) The contribution of 14C counts to the total counts observed in channel 1 
is obtained from dis/min 14C and the efficiency of 14C counting in channel 1. 

(3) Counts/min 3H in channel 1 is therefore the total counts observed in channel 1 
minus 14C counts in channel 1. 

(4) Dis/min 3 H is then obtained from counts/min 3 H in channel 1 and the 
efficiency factor for 3 H counts in channel 1. 
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EXERCISE 14. DUAL-ISOTOPE COUNTING USING A MINIATURE 
LIQUID SCINTILLATION VIAL (DIFFERENTIAL COUNTING) 

Dual-isotope counting, that is the counting of a mixture of isotopes in a 
single sample, has wide application in the study of biological systems. The 
availability of sophisticated multichannel spectrometers has enabled scintillation 
counting to be used for the simultaneous determination of such isotopic mixtures 
by simple discrimination through electronic manipulation. In the absence of such 
sophisticated equipment, recourse to some form of chemical separation may be 
necessary. However, by using the ability of the wall of the polyethylene miniature 
vial to act as a filter between ^-emissions of differing energies, the miniature vial 
system may be used to provide a simple system for the dual-isotope counting of 
isotope pairs. In the case of ^-emitters, its use can be applied to the frequently 
used combinations of 14C and 32P. Under these circumstances the wall of the 
miniature vial is used to provide a barrier against the transfer of the less energetic 
14C ^-particles whilst allowing the passage of the more energetic 32P /J-particles. 
The counting procedure is therefore as follows. With the introduction of the 
doubly labelled sample into a miniature vial positioned within a standard glass 
vial, the counts/min of 32P (and therefore dis/min of 32P) is obtained by surrounding 
the miniature vial with a suitable aliquot of scintillant as described above. By the 
addition of a small volume of scintillant to the miniature vial, a combined count 
of 14C and 32P is obtained. Subtraction of dis/min 32P from this count (3 2P is 
counted at virtually 100% efficiency in scintillation fluid) yields counts/min 
14C, which in turn can be easily converted to dis/min 14C. On a similar basis, this 
idea can also be used to obtain a differential count for mixtures of 125I and 3H, a 
combination of y- and ^-emitters for which discriminated counts are only usually 
obtained through the use of separate y- and |3-counters. The only difference 
in this particular application is the use of a specialized counting scintillation fluid 
containing tetrabutyl tin to determine the count rates. The ability of these methods 
to be applied to the differential counting of other combinations of 0- and 
7-emitters is obvious. Although the primary advantage of the method lies in the 
ability to use very simple scintillation spectrometers to derive differential counts, the 
system is not without other benefits, e.g. cost, simplicity, and diminished surface 
absorption effects when 32P used. 

A. DUAL-ISOTOPE COUNTING OF ^C AND 32P 

MATERIALS AND EQUIPMENT 

(1) Liquid scintillation counter (no sophisticated one required) 

(2) Organic scintillant (4 g 2,5-diphenyloxazole (PPO) plus 0.05 g 1,4-bis-2-
(5 phenyloxazolyl)-benzene (POPOP) per litre of toluene) 
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(3) Standard 20 mL counting vial 
(4) Miniature polyethylene counting vial, approximate volume 5 mL, designed 

to fit in the centre of a standard vial 
(5) 32P-adenosine triphosphate (ATP) - dissolved in ethanol-water (1: ^approxi-

mately 3.7 kBq/mL (0.1 piCi/mL) 
(6) 14C-cholesterol - dissolved in toluene: approximately 3.7 kBq/mL 

(0.1 juCi/mL) 

Other available compounds containing 32 P and 14C can also be used. 

PROCEDURE 

(1) Add 100 juL each of the 32P-ATP and 14C-cholesterol solutions into the 
miniature vial. 

(2) The solutions are carefully dried, under a stream of nitrogen, by gentle 
warming. 

(3) Pipette 6 mL of the organic scintillant into the standard vial. 
(4) Position the miniature vial centrally in the standard vial. 
(5) Determine the count rate for the 32P on the liquid scintillation counter at 

maximum window width and balanced gain setting. No counts for 14C will 
be detected because of the barrier presented by the wall of the miniature vial. 

(6) Add 2 mL of organic scintillant to the miniature vial and recount at the same 
liquid scintillation counter settings. This will provide a 32P plus 14C count. 

(7) Add a further 100 fiL of the cholesterol-14C solution to the miniature vial in 
order to determine the efficiency of the 14C count by the internal standard 
method (see Exercise 12). 

CALCULATIONS 

(1) Dis/min 32P is equal to the counts/min 32P obtained at step (5) as the counting 
efficiency of the 32P by the method is 99%; there are no effects due to 
chemical and physical quenching. 

(2) Subtraction of dis/min 32P from the combined 32P plus 14C count obtained 
at step (6) provides counts/min 14C. By multiplying this value by the efficiency 
correction factor derived at step (7) gives dis/min 14C. 
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B. DUAL-ISOTOPE COUNTING OF 12s7 AND 3H 

MATERIALS AND EQUIPMENT 

(1) Liquid scintillation counter 
(2) Organic tin-loaded scintillant (3.6 g 2,5-diphenyloxazole (PPO) plus 0.4 g 

l,4-bis-2- (4-methyl-5-phenyloxazolyl)-benzene (dimethyl POPOP) dissolved 
in 1 litre of toluene/Triton X-l 14/tetra-n-butyltin (57:33:10 vol.%) 

(3) Standard 20 mL counting vial 
(4) Miniature polyehtylene counting vial, approximate volume 5 mL, designed to 

fit in the centre of a standard vial; reduce the length of the vial by about 1 mm 
and cut diametrically opposed V-shaped slots in the upper rim 

(5) 12sI-5 iodo-2-deoxyuridine — dissolved in water: approximately 3.7 kBq/mL 
(0.1 /xCi/mL) 

(6) 3H-palmitic acid — dissolved in toluene: approximately 3.7 kBq/mL 
(0.1 /uCi/mL) 

PROCEDURE 

(1) Add 100 juL each of the 1251-iodo-deoxyuridine and 3 H-palmitic acid to the 
miniature vial. 

(2) The solutions are carefully dried, under a stream of nitrogen, by gentle warming. 
(3) Add a small amount of Triton X-l 14 to the vial to reduce surface tension. 
(4) Position the miniature vial centrally in the standard vial. 
(5) Determine counts/min 12SI by counting in the liquid scintillation counter at 

the 3 H balance point settings. No counts for 3 H are detected because of the 
barrier provided by the wall of the miniature vial. 

(6) Shake the glass vial gently to mix the scintillant with the contents of the 
miniature vial. 

(7) Count again at the same liquid scintillation counter settings and obtain a 
combined counts/min for 12SI and 3H. 

CALCULATIONS 

(1) The efficiency of the initial 125I count (step (5)) is constant for any particular 
gain and window setting of the liquid scintillation counter and composition of 
the tin-loaded scintillant (it is independent of both chemical and physical 
quenching). By prior investigation using a known dis/min 12SI standard, 
the efficiency of this 12SI count is determined. By applying this efficiency 
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correction factor to the counts/min 12SI obtained at step (5), dis/min 1251 
is obtained. 

(2) The efficiency of the 1251 count after mixing with the tin-loaded scintillant 
will also have been predetermined using a known 125I standard. Therefore 
the contribution of counts/min 125I to the total counts/min 12SI plus 3 H 
obtained after solvent mixing (step (7)) can be determined. Simple subtraction 
will yield net counts/min 3 H. 

(3) Dis/min 3 H can then be obtained from the counts/min 3 H using the 3 H 
counting efficiency as determined from an external standard ratio (ESR) quench 
correction (Exercise 12). 

EXERCISE 15. CERENKOV COUNTING IN A LIQUID 
SCINTILLATION COUNTER 

Cerenkov counting can be a very useful counting procedure for many beta-
emitting isotopes whose beta emissions exceed 0.26 MeV. Its major advantages 
are that sample preparation is greatly simplified, the cost of the counting solution 
is minimal, and chemical quench has no effect on the system. While it is not as 
efficient in detecting the emitted betas as liquid scintillation counting using a 
'cocktail' containing fluors, the efficiency usually exceeds several-fold that which 
can be obtained with a GM counter and, in addition, the procedure is not disturbed 
by factors such as self-absorption and scatter. The purpose of this exercise is to 
introduce a Cerenkov counting procedure and to demonstrate quench correction. 
Since the number of light photons produced by a beta emission resembles that of 
tritium in a liquid scintillation cocktail containing fluors, the best procedures for 
counting will be those which produce the best results for tritium. 

MATERIALS AND EQUIPMENT 

(1) Standard radioactive solution of 42K or 32P, or any other relatively energetic 
beta emitter. The solution should contain a known amount of activity per 
millilitre; this can approximate 0.4 kBq/mL (0.01 juCi/mL) and can be in an 
aqueous solution 

(2) Liquid scintillation counter with two independent channels (A and B) 
(3) A yellow dye. This can be an indicator, food dyes, a solution of a chromatic 

salt, etc. 
(4) Concentrated acid or base 
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PROCEDURE 

A. Determination of counting efficiency17 

Fill a counting vial with 20 mL of water and add 100 nL of the standard 
radioactive solution to it. In another vial place only 20 mL of H 2 0 to serve as the 
background. Set the lower discriminator of one channel as low as possible and the 
upper discriminator as high as possible. Using the gain control (or the attenuator, 
depending on the machine), determine the balance point, i.e. the setting of the 
gain control (or attenuator) that gives the maximum number of counts within 
the wondow. Count the sample and the blank. From the count rate obtained and 
the known number of kBq (p Ci) in the sample determine the counting efficiency. 
How does this compare with GM counting? How does it compare with liquid 
scintillation counting using a fluor? 

B. Preparation of a quench correction chart 

(1) Place 20 mL of water in nine counting vials. One of these is to be capped 
and labelled (on the cap) as the blank. To each of the remaining eight vials 
add 100 fiL of the standard radioactive solution. Label these from 1 through 8. 
Vial No. 1 is capped and is considered the 'unquenched' sample. To vials 
Nos 2 through and including 7 add the yellow dye. Do this in a stepwise 
fashion — the least dye into vial No. 2 and increasing amounts into the other 
vials. It is not desirable to have a very intense coloration in this series. 
Vial No. 2 should be only slightly different in its colour from vial No. 1. 
Vial No. 8 is to be saved for additions of base or acid. 

(2) Using standard No. 1, place both channels of the liquid scintillation counter 
at balance point. Determine the count in each channel. Then adjust the 
upper discriminator of channel A so that the count is reduced to 30% of 
the original count. For channel B adjust the lower discriminator so that 
the count is reduced to 70% of its original count. 
Now place the colour quench series in the counter and count all of the 
samples, including the background. Using the count rate in channel A and the 
channels ratio (A/B), prepare a quench correction curve. For the efficiency 
evaluation, use the unquenched member of the series (No. 1) as 100% and 
express the others in relation to this sample. How can you use this chart to 
correct for colour present in a sample? 

(3) Effect of chemicals on quenching: Count sample No. 8 at the settings deter-
mined for the quench correction curve. To this sample add one drop of 

17 The method is very volume dependent; make sure that the volumes are the same 
in all samples. 
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concentrated base or acid and count again. Add two drops and count again. 
Each time determine the count rate and the channels ratio. What is the effect 
of chemicals on quenching? 

Discuss the possible uses of Cerenkov counting in your research programme. 

EXERCISE 16. TRACER DILUTION CHEMISTRY 

One of the important advantages of using a radioactive substance in quanti-
tative analysis is that a quantitative isolation of the compound to be determined 
from a material is unnecessary. A simple isotopic dilution analysis of the phos-
phorus concentration in an unknown solution by comparison with a solution of 
known phosphorus concentration will be conducted in this experiment. The radio-
isotope technique illustrated by this experiment is advantageous in any situation 
where a normal quantitative determination of the test substance is not feasible 
for some reason. 

REAGENTS AND MATERIALS 

(1) Solution containing 0.20 mmol P per mL solution 
(2) Unknown phophorus solution (of the order of 0.1 M) 
(3) Solution containing 32P an activity of about 3.7 kBq/mL (0.1 piCi/mL) 

(carrier-free or of known phosphorus concentration) 
(4) Fiske's reagent (13 g MgO, 175 g citric acid, 330 ml 25% NH4OH in water 

to give one litre solution) 
(5) 25% NH4OH 

PROCEDURE 

(1) Mark six 100 mL beakers as U t , U i , U 2 , U'2, K and K', and pipette into them, 
respectively, the following aliquots: 

Ui , Ui 5 mL unknown 
U 2 , U'2 20 mL unknown 
K, K' 5 mL of 0.20M H 3 P 0 4 solution. 

(2) Pipette accurately 1 mL of active phophate solution into each beaker and 
mix thoroughly. 

(3) Add slowly 10 mL of Fiske's reagent and 10 mL of 25% NH4OH while 
swirling. 

(4) After 5 min decant the supernatant from the precipitates; wash three times 
with distilled water and once with methanol. 
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(5) Transfer the major part of the precipitates into weighed and marked counting 
cups. The amount of thick slurry of the precipitate transferred from the K 
beakers should be roughly midway between the amounts from the Ui and 
U2 beakers, respectively. 

(6) Dry the thick slurry under an infra-red lamp, trying to make the surface even. 
(7) After cooling, weigh the cups plus precipitates, and determine the weights 

of the precipitates alone. 
(8) Count the activity, using a GM counter. 
(9) Express the specific activities of phosphorus in the solid samples in counts/s 

per millimole. 
(10) Calculate the molarity of the unknown phosphorus solution. 

QUESTIONS 

(1) Do the values obtained for Ui and U2 come out the same? 
(2) What difference does it make to the calculation of unknown phosphorus 

concentration if the activities of the samples are expressed as counts/s 
per milligram of precipitate? Explain. 

(3) Can the unknown phophorus concentration be determined from the weights 
of the precipitates alone? 
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PART III. TRACER METHODOLOGY 

The tracer method can be used to investigate certain properties of large 
populations of atoms or molecules (the tracee) by making observations of the 
behaviour of small numbers of tracer atoms or molecules. An ideal tracer should 
be present in such small quantities that it does not disturb the system into which 
it is introduced and should be indistinguishable from the tracee in its chemical 
and gross physical properties. However, to be useful, the tracer must be detectably 
and measurably different from the tracee. These seemingly conflicting criteria 
are met almost perfectly by both radioactive and stable isotopes. All the isotopes 
of an element have identical chemical properties, and their physical properties 
differ only slightly because they differ in mass. The effects of the differences in 
mass are proportionally larger for the lighter elements (e.g. 3H versus *H) than for 
the heavier (14C versus 12C or 45Ca versus 40Ca) but in most applications they are 
negligible and do not affect the pathways of the tracer. Moroever, the great 
sensitivity of modern equipment foi; detecting either radioactivity or changes in 
mass means that very small numbers of either radioactive or stable isotopes can 
be detected in the presence of large numbers of stable tracer molecules. As a 
result an isotopic tracer need add only negligible mass to a system and need not 
disturb its kinetics. 

In principle and practice both stable and radioactive isotopes can be equally 
sensitive as tracers. However, to achieve high sensitivity with stable isotopes very 
expensive mass spectrometric equipment is required, whereas radioisotopes can 
be measured with equal sensitivity in relatively cheap scintillation spectrometers; 
as a result radioisotopes are much more widely used. Conversely, stable isotopes 
have two advantages over radioisotopes — they have an infinite life and they do 
not present any hazard from radiation. 

Ill— 1. IDENTIFICATION OF PATHWAYS 

Isotopic tracers are commonly used to follow the pathway of a substance 
through a chemical, physical or biological system. 

When the substance (of tracee) is either a whole organism or a physically 
distinguishable component of an organism (e.g. a bacterium or an erythrocyte) 
or is a material object (e.g. solid particles of digesta in the gastrointestinal tract 
of an animal) any radioactive label may be used. The choice of label will be 
governed by (a) the stability of its attachment to the tracee, (b) the ease with 
which it can be attached and subsequently detected, and (c) the half-life, which 
must be sufficiently long to cover the period of the experiment, but ideally not 
so long that the disposal of radioactive waste becomes difficult. The physical 
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characteristics of some radionuclides commonly used for this type of tracer 
experiment are shown in Appendix VI-3. 

When the tracer is either a mineral, a metabolite or an active biological 
molecule (e.g. calcium, glucose or a therapeutically active drug) the radioactive 
label must be an isotope either of the mineral or of one of the elements in the 
tracee. The choice is therefore usually restricted to the biologically essential 
elements - most commonly 14C, 13C, 2H, 3H, 15N, 32P, 3sS, 34C1, 125I, 131I and the 
radioisotopes of the mineral elements. The label may be incorporated into the 
tracee either biologically or by chemical synthesis or exchange. 

After a tracer has been introduced into a system, its appearance in other 
parts of the system provides information about the pathways of the tracee in the 
system. For example, the injection of glucose labelled in specific positions with 
14C, and the subsequent isolation of 14C-labelled breakdown products has given 
precise information about the movement of glucose carbon through the glycolytic 
pathway. On a different scale, labelled insects, released into an environment, can 
give information about the migrations of the insect and help to identify their 
predators. 

Ill—2. TRACER DILUTION 

The tracer dilution technique depends upon the principle of isotope dilution 
which states that: at any time, the specific radioactivity (or enrichment) of an 
isotopic tracer is inversely proportional to the mass of tracee mixed uniformly 
with the tracer. It is particularly useful for determining the masses of the 
components of a system when it is either impossible or too tedious to make a 
quantitative separation, and it is the principal technique for measuring the 
exchangeable masses (or volumes) of components (or compartments) of living 
animals. 

Ill—2.1. Derivation of equations 

Consider a closed system that contains an unknown amount, S grams (or 
moles), of a test substance. To this system add a known amount of a radioactive 
(or stable) tracer of initial specific radioactivity (or initial atom per cent excess), 
A in i t . Then, in the case of a radiotracer 

A* 
Ainit = 7 < ^ - 1 ) 

where A* = activity of the tracer (usually kBq or juCi, or corrected counts/s) 
s = known amount of test substance associated with the tracer added, 

i.e. the carrier. 
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If the tracer is allowed to mix completely in the system, a final specific 
radioactivity (or final at.% excess), A f i n , is reached. In the case of a radiotracer 

A* 
S + s 

A f i n = — ( I I I - 2 ) 

According to the isotope dilution principle 

A i n i t _ S + S 

A f i n s 

Solving for S in Eq.(III-3), we find 

(III—3) 

S = s ( A (III—4) 
\ A f i n / 

where S and s are both expressed in the same units (e.g. grams or moles of 
substance). (Equation(III—4) is also valid for a stable isotopic tracer, if A stands 
for at.% excess, and s is the amount of test substance used as tracer.) 

Therefore, to determine S, only A f i n need be determined, as A i n i t and s are 
known. Quantitative separation of the tracee from the sample that has been 
isolated from the system is not necessary because specific radioactivity (or 
enrichment) is independent of sample size, recovery, handling losses etc. How-
ever, for total S to be determined the tracer must be homogeneously mixed with 
all the tracee in the system. The fulfilment of this condition becomes very 
important in tracer dilution studies in living animals. 

Very commonly, for example with carrier-free or high specific radioactivity 
tracers, s is negligible compared with S. In this case Eq.(III—2) becomes 

A* 
S = ~ (III-5) 

fin 

and only the total tracer activity and the final specific activity need be known. 
A variation of the tracer dilution technique, called inverse tracer dilution, 

enables an unknown amount, S, of an isotopically labelled test substance or tracee 
in a system to be determined by the addition and mixing in of a known amount, s, 
of unlabelled test substance as tracer, Let A ^ and A f i n be the initial and final 
specific activities (initial and final enrichments, i.e. at.% excess) respectively, in 
the tracee system. In the case of a radiotracer 

A i n i t = 7 (III—6) 
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where A* is unknown and S is sought, and (cf. Eq.(III-2)) 

A* 
A f i„ = s — (III—7) 

Then, according to the isotope dilution principle 

Ainit S + s 
f s L = ~r- (in—8) 

fin ^ 

Solving for S in Eq.(III-8), we find 

S = s = s (III-9) 

where S and s are both expressed in the same units. 
Therefore, the determination of the specific activities (enrichments) before 

and after the complete mixing of s grams (or moles) of unlabelled tracer enables 
the amount of labelled tracee in the system to be calculated. (Equation (III—9) 
is valid for a stable tracer in the same way as Eq.(III—4).) 

Ill—2.2. Example of a closed system 

Consider the problem of estimating the volume of water in a closed vessel. 
This would be an example of a closed system, since no water can enter or leave, 
i.e. there is no communication with the external environment. If s (mL) of 
tritiated water 3HOH of specific activity A jn i t (kBq-mL -1 or ^Ci-mL - 1) is mixed 
with the unknown volume of water in the vessel, S (mL) can be calculated 
directly by Eq.(III—4) when the specific activity of the mixture, A f j n (kBq-mL -1 

or //Ci-mL -1), has been determined. 

Ill—2.3. Example of an open system 

Now consider the estimation of the volume of water in an animal. This 
would be an example of an open system, in which in the steady state the rate of 
intake of water is equal to the rate of loss of water and the exchangeable mass of 
water remains constant. If A* (kBq or juCi) of very high specific activity tritiated 
water is injected into the animal and allowed to mix with the body water, then 
the total volume of water in the body, S, can be calculated by using Eq.(III—5). 
The final specific activity, A f i n (kBq-mL"1 or /zCi-mL-1), is determined by 
sampling plasma or urine after mixing is complete. However, the animal will 
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INTAKE 
RATE I (TRACEE) 

OUTPUT 
RATE 

k S (TRACEE) 
kA*( TRACER) 

INTAKE 
RATE . 

OUTPUT 
RATE 

I (TRACEE) 
iS (TRACER) 

k S (TRACEE) 
k A* (TRACER) 

(A) AFTER A SINGLE INJECTION (B) DURING A CONSTANT 
OF TRACER INFLOW OF TRACER 

FIG.III-1. Schematic models of an open compartment (in tracee steady state). 
S = Tracee in grams (constant) 
A* = Radioactivity of tracer, e.g. in kBq, pCi or net (corrected) counts/s 
A = Specific activity = A */S, e.g. in kBq/g, fiCi/g or counts-s'1 • g'1 

I = Intake in grams of tracee per unit time 
i = Input of tracer in kBq, nCi or counts/s, as appropriate, per unit time per gram of 

tracee in compartment 
k = Output rate constant 

Mixing is assumed perfect, and mass of tracer, s, is very small compared with S. 

have lost some fraction of the initial activity, A*, via excretion during this mixing 
period. Therefore, the total activity excreted during the mixing should be 
collected and subtracted from A*. Equation (11-41) is then modified to 

A* —A* 
S = — (III-10) 

fin 

where S is in mL, A* is usually in net kBq or juCi or in net (corrected) counts/s, 
and A*xc is the activity (in corresponding units) of tritiated water excreted via 
all routes up to the time the sample containing A f i n is taken. In an open system 
no true tracer equilibrium occurs. However, for most purposes Eq.(III-lO) 
provides a close approximation to the true answer. 

III-3. TRACER KINETICS 

The principal difficulty in the tracer dilution technique is to ensure that 
the tracer and tracee are uniformly mixed. To determine the degree of mixing 
as a function of time it is necessary to take samples from the system repeatedly. 
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The data obtained provide valuable information on the kinetics of the mixing 
processes. It is the analysis of such data as well as of the response of the system 
at tracer equilibrium that is treated by tracer kinetics. 

Most biological systems are open, that is, there is exchange with their 
environment. Consider an open compartment as shown in Fig.III-1. A compart-
ment is defined as a subdivision of a system in which the tracer specific activity 
at any given time is uniform within the boundaries of the subdivision. Thus, 
the tracer specific activity defines the boundaries of a compartment but these 
boundaries may or may not coincide with any chemical, physical or physiological 
boundaries. Mixing within a compartment is assumed to be rapid compared with 
the rate at which tracer leaves the compartment. 

When the compartment is in a steady state with respect to the tracee, the 
input rate is equal to the output rate, i.e. 

I = kS ( I I I - l l ) 

Therefore, the amount of tracee, S, is constant, but the tracer activity, A*, and 
hence its specific activity, A, may vary with time (see the legend to Fig.III—1 
for the definition of symbols). 

III-3.1. Single injection of tracer into open compartment 

Consider now an open compartment in a steady state in which a single dose 
of tracer, A*, has been injected and allowed to mix rapidly at zero time. At any 
time the rate of loss of tracer will be directly proportional to the quantity of 
tracer remaining, i.e. 

dA* 
= - k A * (III-12) 

dt 
A* 

Since S remains constant, then as A = 
S 

dA 
= - k A (III-13) 

dt 

and on integration 

At = A 0 e" k t (III-14) 

where k is the first-order rate constant (and AQ is A*/S). Thus the specific 
activity of the tracer declines exponentially. 

A plot of the natural logarithm of specific activity (after mixing) versus 
time gives a straight line as in Fig.III—2 and the slope of the line is equal to k. 
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o 
TIME ON LINEAR SCALE 

FIG.III-2. Logarithm of specific activity versus time in an open, steady-state compartment 
after rapid mixing of tracee and a single dose of tracer injected at zero time. 

Assuming that the tracer behaves exactly as the tracee, it is thus possible to 
calculate the output rate, kS, since S can be determined by tracer dilution 

If similar results are obtained in biological experiments, it is valid to assume 
that the compartment into which tracer has been injected and from which samples 
have been obtained obeys first-order kinetics. 

In a manner exactly analogous to the calculation of the half-life of a radio-

It can be inferred from Eqs (III—11) and (III -15) that the biological half-
life is not a true biological constant but inversely related to the input. If the 
input rate increases by a factor of two (and S remains constant), the biological 
half-life decreases by a factor of two etc. 

If the tracer undergoes significant radioactive decay during the experiment, 
the observations as plotted in Fig.III-2 must be corrected for this radioactive 
decay. If this is not done, an effective half-life will be observed which takes into 
account both radioactive decay and biological loss. Since these processes are 
independent, we can define an effective rate constant: 

(i.e. S = A*/A 0 ) . 

active isotope, the biological half-life Tj may be determined either 
graphically or from Eq.(III—11): 5 b i o 1 5 biol 

( I II -15) 

Krr = X + k 'e f f 
( I II -16) 

where X = radioactive decay constant of tracer 
k = biological rate constant 

both expressed in the same units. 
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FIG.III-3. Specific activity in an open, steady-state compartment following initiation of 
constant inflow of radioactive tracer. 

The effective half-life is: 

III-3 .2 . Constant flow of tracer into open compartment 

Consider now the case when tracer is supplied to a compartment in a steady 
state at a constant inflow rate (see Fig.III—1(B)). Since a constant fraction of the 
tracer present in the compartment will simultaneously be being lost per unit time, 
the radioactivity in the compartment will increase from zero and approach a 
maximum value when k A ^ a x = iS. The differential equation describing this 
rate of increase is 

0.693 ( III -17) 

( I II -18) 

or, dividing by S, 

dA 
dt 

= i - k A (III -19) 

Since the specific activity, A, increases with time, the output rate, kA, will 
increase until it is equal to the input rate and dA/dt = 0. At that time the tracer 
as well as the tracee within the compartment will be in steady state. 
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S k 

A 

A* P 

FIG'JII-4. Closed two-compartment model (in tracee steady state) with S,A* and A defined 
as in caption to Fig.III-1. 
k12 = first-order rate constant describing transfer of tracee or tracer from compartment 2 

to compartment 1 
k2 i = first-order rate constant describing transfer of tracee or tracer from compartment 1 

to compartment 2 
p = rate at which tracee is exchanged, i.e. grams per unit time. 

In this case, a plot of specific activity, A, versus time will appear as shown 
in Fig.III—3. The specific activity will reach half the steady-state value 
(A^ = i/k) in a time equal to T, 

2 biol 

The behaviour of the tracee in such steady-state systems is commonly 
termed turnover. The turnover time or average lifetime, t, of a tracee atom or 
molecule, i.e. the average time a tracee atom or molecule spends in the compart-
ment, is given by 

Equation (III-19) can be integrated to give 

A = — (1 — e"kt) 
k 

i .e . 

kA = i(l - e"kt) (III—20) 

t = 
k 

(III—21) 

or 
T 

t 
2 biol 

= 1.44 (T ^ (III—22) 
ln2 

The derivation of Eqs (III—21) and (111-22) is given in Appendix VI—2.3. 



126 PART III. TRACER METHODOLOGY 

It should be apparent that, once a tracer has mixed completely throughout 
a whole system, it will behave as though it were in a single compartment even 
though a system may be composed of many compartments. 

Ill—3.3. Closed two-compartment system (exchange) 

The general equations for a closed two-compartment model are presented 
below. Consider the model shown in Fig.III—4. 

If compartment 1 is initially labelled, the following differential equations 
may be written: 

dAf S ^ A ! 
— = —— = P(A2 - A , ) (III—23) 
dt dt 

dA? S2dA2 
— = — 7 — = P(A, - A a) (III—24) 
dt dt 

Let Aj 2 equal the difference in specific activities at any time, that is 

A 1 2 = A, - A2 (III—25) 

From Eqs (III—23) and (III-24) it is then apparent that 

dA, - dA2 = dA, 2 = - p (— + — j A! 2 dt (III-26) 
\Si S2 / ' 

Equation (III—26) is a first-order differential equation, identical in form 
to Eq.(II—1), and may be integrated directly to give 

( \ 1 \ s 
- p ( — + — t - p 1 

A , 2 = A , ( 0 ) e \ S l = A , ( 0 ) e S l S 2 (III—27) 

where S = Sj + S2 and Aj(0) has been substituted for A! 2(0), in accordance 
> 

with the condition that initially (t = 0) all the activity is in compartment 1. 
Now, since the system is closed, the total activity is constant and therefore: 

Sj A[ + S2A2 = S, Aj(0) (III—28) 
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FIG.III-5. Specific activities in a closed, steady-state two-compartment system with 
compartment 1 initially labelled. 

FIG.III-6. Log-linear plot of specific-activity excess versus time for closed two-compartment 
model in traceee steady state (exchange). 

If Eqs (III—27) and (III—28) are solved simultaneously, the following 
solutions are obtained: 

M O ) ( 
Ai = — - — Sj + S j e s i s * (III—29) 

A, (OS , ( (III—30) 
A2 = ( 1 - e s ' s * I 

Plots of Aj and A2 versus time are shown in Fig.III—5. 
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FIG.III- 7. Different types of two-compartment open models; note that C and D, B and E are 
identical if labels 1 and 2 are interchanged. 

Total tracee, S, may be determined by the dilution technique. Inspection 
of Eqs (III—29) and (III—30) shows that when the tracer is completely mixed, 
A! and A2 equal the equilibrium value: 

A, (0)S , 
Aoo= (III—31) 

Therefore, one can calculate Si from Eq.(III—31) and then calculate S2 by 
difference from S. 

From a plot of the logarithm of ^ 2 or (A t - A^) versus time (see 
Eqs (III—27), (III-29) and (III—31)), the numerical value of the slope, equal to 
pS/2.3S tS2 (see Fig.III-6), may be obtained and used to calculate the transfer 
rate of exchange, p. To obtain transfer rates between compartments is the object 
of most tracer kinetic experimentation. 

Finally, it should be noted that the steady-state condition of the tracee is 
expressed by the equation 

p = k 1 2 - S 2 = k2 , • S, (III—32) 

III-3.4. Two-compartment open models 

A variety of alternatives may be defined, some of which are given in Figure III-7. 
In experiments in which a tracer is injected into an animal, pool 1 is often 

equivalent to the blood or extracellular pool and is often the pool from which 
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log 
dose given 

specific 
radioactivi ty 

T I M E 

FIG.III—8. Typical plot of log (specific activity/dose) against time, for a two-compartment 
open model system. The procedure described in the text is known as 'curve peeling' and could 
be applied to a system with any number of compartments. In practice, the derived curves Z, W, 
etc. become inaccurate. 

samples are taken. Loss of the tracer to the environment (air, urine, faeces etc.) 
is also often from pool 1. If a single dose of tracer is introduced into pool 1 and 
samples are taken from pool 1, then a curve of specific radioactivity against time 
of the form shown in Fig.III—8 is obtained. This curve is a composite of two loga-
rithmic plots of slope g! and g2 (conventionally the higher slope is termed ). Slope g2 

and its intercept at zero time can be obtained from the terminal straight line (Y). 
Then the contribution of this slow component to the early part of the curve can 
be subtracted to give the line for the fast component, shown in Fig.III—8 as the 
dotted line (X). Conventionally, the specific activity is plotted as the ratio 
specific activity .tracer dose; in this way the intercept terms X and Y are less 
than 1. 

The curve can be described by the equation 

SAt 

dose of tracer 
(III—33) 

where t = time, pool size 1 = 
(dose) 
X + Y 

and A t is specific activity at time t. 



130 PART III. TRACER METHODOLOGY 

It is desirable, however, for the purpose of the subsequent compartmental 
analysis to normalize the equation so that it applies to quantity of tracer at 
time t, specific activity at time t. The normalized equation is 

SAt /A1 > t 
or —— 

SA0 \ A , o 

X V 8 ' 1 ( Y \tT*>t 

+ 
X + Y X + Y 

(III—34) 

= Hje-Sit + H 2 e " ^ t 

It should be pointed out that although the exponent terms gj and g2 can be 
obtained by sampling pool 2, the sum of the intercepts (expressed as SA/dose) 
at time zero is zero, so that the size of pool 2 cannot be calculated. 

Calculation of fractional rate constants g! and g2 in Eqs (III—33) and 
(III—34) do not correspond to any of the rate constants in Fig.III—7. However, 
the total rate constants k M and k2>2, which define the sum of all exit components 
in pools 1 and 2 respectively, are related to g1 ; g2, H! and H2 as follows: 

k M = H , g , + H 2 g 2 (III—35) 

ki.i + k2>2 = g, + g2 (III—36) 

ki,i- k2>2 - k 1 > 2 . k2>1 = g , . g 2 (III—37) 

From Fig.III—7 the following relations are obtained: 

Model A; k , i = k 0 1 + k2>1; k2 2 = k 1 2 + k0>2 

Model B; k M = k 2 1 k2 2 = k 1 2 + k 0 2 

Model C; k^! = k 0 i l + k 2 1 ; k2 2 = k 1 2 

Models D and E give the same relations as models B and C respectively. All the 
rate constants can be calculated by suitable substitution in Eqs (III—35) to 
(III—37). 

Given that pool size 1 can be measured, pool size 2 can be calculated from: 

jj 
(Pool size 2) = (Pool size 1) X — (111—38) 

ki,2 

because the flows between compartments 1 and 2 in model B (Fig.III—7) must 
be equal if pool size 2 is constant (k2;1 X pool size 1 = k 1 2 X pool size 2). 
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FIG.III-9. A three-compartment open model (mamillary system). 
kl 2 = first-order rate constant describing exchange of tracer or tracee from compartment 2 
to compartment 1, etc. 

FIG.III-10. Specific activity in compartments of a three-compartment open system, with 
compartment 1 initially labelled, a, = specific activity in compartment 1, a2 = specific 
activity in compartment 2, <z3 = specific activity in compartment 3. 

INJECTED 
ACTIVITY 
ATO FIRST SIGN OF 

ACTIVITY AT LOCATION P 

jX A 
FIG.Ill—11. Diffuse appearance of tracer at location O following pulse injection at location P. 
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FIG.III-12. Schematic curve of tracer concentration at location P following single pulse 
injection at location O (see Fig.III-11). 

Ill—3.5. Open three-compartment system 

Consider the open system represented in Fig.III—9. Such a model, having 
one central compartment with peripheral compartments, is generally termed a 
mamillary system. If compartment 1 is given a single bolus of tracer and samples 
are then taken sequentially from all compartments, the specific activity/time 
relationships are as shown in Fig.III-10. 

The specific activity in all three compartments would eventually reach the 
same value, indicating that the tracer bolus has mixed throughout the whole 
system. The continued decrease in specific activity can now be described by a 
single exponential, k, and the value 0.693/k expresses the biological half-life of 
the entire system. Curve 2n can usually be resolved into a sum of exponentials 
and in the case of three compartments it would be a sum of three exponentials. 
Knowing by dilution the total exchangeable mass of the system, Sj + S2 + S3 , 
the five rate constants shown in Fig.III—9 can be estimated. The mathematics 
for such an exercise are beyond the scope of this discussion. 

Ill—3.6. Rate of flow determination 

A final example of the use of tracers can be termed translocation or rate 
of flow studies. If a radioactive tracer is injected at one location, O, in a system 
and its appearance observed at another location, P, the shape of the injection 
pulse will have become diffuse because of statistics and the number of possible 
pathways between locations O and P (see Fig.III—11). 

If a known amount, A*, of label is injected at location O and the concen-
tration of label appearing at P is measured as a function of time, then curves of 
the type shown in Fig.III-12 may result. 

If no tracer is lost between O and P and if the area under the curve in 
Fig.III—12 can be determined (either graphically or by integration), then the flow 
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rate, Q, in the system can be calculated, according to the Stewart-Hamilton 
principle, as follows: 

Q _ £ 
area under curve 

where Q has the dimensions of volume per unit time, A* is the total radioactivity 
in kBq,/iCi or counts/s and the area under the curve has the dimensions of 
concentration of xadioactivity X time, the units being chosen appropriately. 
Calculation of the flow rate by this method has been very useful in studies of 
physiological circulation and can be adapted easily to other natural systems. 





PART IV. PRACTICAL WORK 

IV-1 . INTRODUCTION 

Almost all laboratories engaged in animal research, whether it be concerned 
with molecular biology, physiology, nutrition or animal production, could benefit 
from the use of radionuclide techniques just as much or more than they now 
benefit from the use of other standard procedures such as calorimetry, spectro-
photometry, chromatography and microscopy. This is principally because 
radionuclides can often provide experimental data that would otherwise be 
unobtainable. In addition, radionuclides are now readily available and the associ-
ated instrumentation is not prohibitively expensive; experimental techniques have 
become highly developed and many research workers have become highly proficient. 
However, radionuclide experiments must be designed soundly and must also 
consider the statistical nature of radioactive events and the practical problems of 
radiological safety. The research worker must understand the principles of 
radionuclide methods and gain experience of the special laboratory techniques 
involved and the operation of counting instruments. 

IV—1.1. Principles 

An ideal tracer should be indistinguishable from the tracee in biological 
behaviour, should not disturb the system into which it is introduced and should 
be easily detected and measured. Pure radionuclides satisfy these criteria nearly 
perfectly. Their chemical properties and biological behaviour are virtually identical 
with those of their stable counterparts, many of them can be produced at high 
specific radioactivities and they can be detected by means of their characteristic 
radiation with very high sensitivity. As a result, infinitesimal masses and insignifi-
cant amounts of radioactivity usually need to be administered and there is no 
disturbance to the system under study. 

IV—1.2. Basic nuclear considerations 

Whenever a radioisotopic tracer is used it is necessary to ensure that, as 
nearly as possible, it is 'ideal' in the above sense, and to be aware of the likely 
effects upon the experimental results of any failure to meet these 'ideal' criteria. 
The following sections discuss the most important aspects. 

IV—1.2.1. Chemical purity 

Most radiotracers are produced by methods that ensure that they are free of 
interfering chemical substances. However, when the tracer is administered to an 

135 



136 PART IV. PRACTICAL WORK 

animal the investigator should ensure that it does not contain pyrogens or high 
concentrations of salts, and is neither acid nor alkaline, nor contaminated with 
toxic metals. 

IV—1.2.2. Specific radioactivity 

The amount of non-radioactive compound (carrier) present with the 
radiotracer can profoundly affect the result of a tracer experiment. A classical 
example is the gradual reduction in the uptake of radioiodine by an animal's 
thyroid gland by the addition of increasing quantities of stable iodine to a dose 
of radioiodine. It is also important to consider the physiological form of the tracee 
in the animal. To estimate the true proportion of iodide being extracted from the 
blood by the thyroid gland of an animal, it is necessary to administer radioiodide 
intravenously in the presence of a quantity of stable iodide that is very small in 
comparison with the amount of free iodide circulating in the animal's blood. 
However, the amount of free iodide circulating in the blood is only a small pro-
portion of the total iodine for most of it is present in the form of thyroxine bound 
to globulin. To estimate a satisfactory dose of carrier iodine, it is therefore 

t 
necessary to estimate the concentration of free iodine rather than the concentra-
tion of total iodine in the blood of the animal. A further difficulty may arise if 
it becomes necessary to use material which has a very high specific radioactivity or 
is 'carrier-free', for such material can bind very strongly to the surfaces of apparatus 
such as syringes and cannula tubing and make it difficult to measure accurately 
the dose administered. In some solutions carrier-free tracers behave more like 
colloids than solutes, and in biological systems they may behave quite differently. 

It is also worth remembering that a solution that is of very high specific 
radioactivity and satisfactory for physiological experiments in large animals such 
as cattle, may be of relatively low specific radioactivity and unsuitable for similar 
experiments in small laboratory animals such as rats or mice. 

IV—1.2.3. Radiochemical purity 

In all tracer studies it is essential that the radionuclide is not contaminated 
with other radionuclides than the one under study. In the case of primary tracers 
such extraneous radioactivity may arise from impurities in the target material or 
through inadequate chemical separation from the target. Gamma-ray spectrometry, 
using semiconductor detectors of high resolution, can be used to check the primary 
solution for radioactive impurities. In the case of organic molecules containing 
14C or 3 H it is important to know that only one molecular species is present and 
to know the position, or positions, of the radioactive atoms. Commercial suppliers 
of radiotracers provide detailed specifications of their products but these apply for 
only limited periods. Many 14C-labelled organic compounds, particularly those of 
high specific radioactivity, undergo radiation-induced decomposition, which can 
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produce both chemical and radiochemical impurities. Labelled organic compounds 
that have been stored for some time should therefore be purified chromatographi-
cally before use to remove any decomposition products present. The rate of 
radiation decomposition can be reduced by dispersing the radiotracer in a protecting 
solvent, or by adsorbing it on to a solid matrix in a thin layer or by storing it under 
vacuum at very low temperatures. 

Some radionuclides decay to form secondary radioactive atoms, or 'daughters', 
which may have similar radioactive properties but very different chemical 
properties from their parent atoms. For example the 7-emitting nuclide 47Ca 
decays to form another 7-emitting nuclide 47 Sc which is chemically quite different. 
When 47Ca is used as a tracer for calcium in biological systems it is therefore 
essential to measure 47Ca alone. Fortunately, 4 7Sc has a much less energetic 7-ray 
than 47Ca, which can therefore be easily distinguished by 7-spectrometry. In some 
cases the daughter isotope has a short half-life and it is then possible to make use 
of the radiations from both radionuclides by measuring an equilibrium mixture of 
the two. An example is 144Ce/144Pr in which the half-lives are 285 days and 
17 minutes respectively and effective equilibrium is reached within 2 hours. In this 
case the radiations from both radionuclides can be used to increase the sensitivity 
of detection in a biological system. Sometimes the parent nuclide produces a 
family of nuclides and the relationships can become very complicated. This is true 
of the naturally occurring radioactive materials, such as 226 Ra, which have a long 
half-life and produce a series of radioactive daughters. 

IV—1.2.4. Isotope effects 

It is a fundamental assumption in work with radioactive tracers that all 
isotopes of an element behave in an identical way. However, there are small 
differences between the behaviour of isotopes of the same element, particularly 
in processes such as diffusion and chemical reaction, the rates of which are affected 
by the mass as well as by the chemical nature of the atoms involved. However, 
this effect produced by differences in mass (known as the 'isotope effect') is always 
very small in comparison with the effects produced by differences in chemistry, 
and it becomes rapidly smaller as the proportional difference in mass becomes 
smaller. Thus for the heavier elements the effect is negligible and very difficult 
to demonstrate; but for the lighter elements such as hydrogen, lithium and carbon 
it is relatively easy to demonstrate isotope effects. The properties of deuterated 
and tritiated water (for example density, boiling point etc.) are different from 
those of natural water. However, when 14C and/or 3H are incorporated into an 
organic molecule the effects of the one or two heavy atoms are diluted by the 
presence of the natural carbon and hydrogen atoms and of other atoms. Moreover, 
in many applications in animal nutrition research, the isotope effect would be 
unimportant even if it occurred. The rate of diffusion of tritiated water into the 
total body water of an animal will be very slightly slower than that of natural 
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water, but the volume into which it distributes will be identical, and it is the 
latter quantity that is of interest with respect to the body composition of 
the animal. 

IV-1.2.5. Radiation effects 

Radiation can damage animal tissues and it is therefore important to ensure 
that the dose of radioactivity used in tracer experiments is as small as practicable. 
A satisfactory minimum dose can be calculated from factors such as the effective 
half-life of the radionuclide, the expected duration of the experiment, and the 
efficiency of the instrument used to detect the nuclide. Fortunately, the amounts 
of radioactivity needed for animal nutrition research are usually several orders of 
magnitude less than those that cause either somatic or genetic damage to experi-
mental animals. However, it is good practice to minimize the dose of radiotracer 
because this procedure also minimizes the risk of exposing people to radiation and 
the problems of contamination of the laboratory and disposal of radioactive waste. 

There are also intrinsic radiation effects that occur when a radioactive atom 
disintegrates. For example, consider a molecule containing 32P as tracer. When 
the 32 P atom disintegrates it is transformed into a stable sulphur atom and the bond 
connecting it to the molecule may be broken. There will inevitably be a change in 
the integrity and the function of the molecule. However, the transformed molecule 
is no longer radioactive and is therefore undetectable as tracer. Only if the trans-
formed molecule interferes in some way with the metabolism of the remaining 
tracer molecules will there be a detectable radiation effect. The proportion of 
tracer molecules that disintegrate during an experiment is usually small (it is 
inversely proportional to the half-life of the tracer) and the total number of tracer 
molecules present in the system constitutes a minute fraction of the number of 
tracee molecules. As a result, this kind of radiation effect is rarely of any 
significance. 

IV—1.2.6. Exchange reactions ' 

Isotopic exchange occurs when the atoms of a radiotracer can interchange 
freely and without a cost in energy between two or more chemical forms of the 
element. For example, if the carboxyl hydrogen of an organic acid were labelled 
with tritium, this tritium would be freely exchangeable, through ionization, with 
the hydrogen of water and the loss of tracer from the organic acid would not 
indicate any metabolic activity. On the other hand a tritium atom in an aldehyde 
group would be stable until the aldehyde was oxidized. 

In metabolic studies radiotracers are used to identify the processes involved 
in the biosynthesis of important metabolic products. However, if the radiotracer 
can become incorporated into the product by exchange alone, then its incorpora-
tion provides no evidence for biosynthesis of the product. It is therefore necessary 
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to investigate whether exchange has occurred. One method is to allow the radio-
active precursors and the product to interact under conditions in which the 
biological or energy-producing system has been interfered with. For example, 
it is known that animal tissues incorporate inorganic phosphate into phospholipids. 
It can be shown that this is probably not an exchange process because (a) when 
sodium phosphate labelled with 32P is shaken with a solution of phospholipid 
no 32P is incorporated into the phospholipid, (b) homogenates of liver do not 
incorporate 32P from inorganic 3 2P03~ into phospholipid, and (c) respiratory 
inhibitors such as cyanide or carbon monoxide do interfere with the formation 
of labelled phospholipid by animals dosed with inorganic 32 PO4-. 

IV-2 . CROSS-CONTAMINATION 

In general the harmful effects of radiation depend on both the level of radio-
activity and the length of exposure. Therefore, one should work with minimal 
amounts of radioactive material and one should reduce the length of exposure to 
a minimum. For instance, concentrated samples of radioactive materials should 
be dealt with initially by a senior research worker and the more sustained work 
by supporting staff should involve dilute samples and low levels of radioactivity. 
The most dangerous type of exposure to radioactivity is the accidental type. 
Therefore, utmost care should be taken to prepare the bench spaces and to set up 
the equipment to be used, so that subsequent handling can proceed smoothly, 
with no spillages or mishaps. If accidents occur, they should be reported, the 
affected areas decontaminated and monitored for radioactivity, remembering that 
there will always be a small background level. 

In much of the work with radioisotopic tracers the levels of radioactivity are 
low and there is little danger to the staff. However, special care is necessary for an 
entirely different reason — the danger of cross-contamination. Modern counting 
equipment makes it possible to measure extremely small amounts of radioactive 
materials and the measurement can be affected by even a small degree of cross-
contamination. An injection of a solution containing 370 kBq/mL (10 juCi/mL; 
i.e. 22 X 106 dis/min) of radioactivity into a small animal and the dilution after 
the passage through the biological system and purification may give 
2200 dis/min-mL-1 in the counted sample, i.e. dilution of 1 in 10 000. If we have 
10 mL of original solution in a tube, empty it, leaving a few drops (0.1 mL), rinse 
the tube with 10 mL water and add 10 mL more, then the resulting solution will 
have about 2200 dis/min-mL-1. This means that the use of improperly cleaned 
glassware could give twice the expected amount of radioactivity and clearly the 
results would be meaningless. Another source of cross-contamination could be 
caused by particular analytical procedures. For instance, a radioactive compound 
could be precipitated on the walls of the glass vessel under acid conditions and 
subsequently accidentally released in another step of the same method or even 
during another method. 
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Failure to maintain clean glassware, haphazard working, ignorance of gaseous 
contamination, etc. can all result in cross-contamination and poor results, which 
no amount of statistical juggling can put right. Large scale cross-contamination 
is often easily spotted, but the small-scale ones, usually brought about by haste, 
lack of cleanliness and disorderly laboratory procedures, may be more difficult 
to detect. At best they could lead to a lot of wasted time and effort in the 
repetition of measurements; at worst, they can lead to reporting of erroneous 
results and unjustified conclusions. 

IV—3. ANIMAL EXPERIMENTAL CONSIDERATIONS 

IV—3.1. Maintenance of animals 

Animal care and housing and the experimental conditions must be consistent 
with humane practice and maintenance of animals in full health. The area in which 
experimental animals are kept should be protected and isolated from public access. 
Housing and surgically prepared animals should be constructed with due attention 
to minimizing risk and possibility of damage to cannulae or catheters. Ventilation 
should be adequate and pests such as flies and other vermin kept out while radio-
nuclides are in the feed, animals or excreta, the animal crates must be constructed 
of non-absorbent material. Glass fibre, steel or wooden crates may be used. Wood 
must be painted with epoxy-resin paint to make it non-absorbent for radioisotope 
use. 

The care and management of experimental animals, especially if modified 
surgically, is important not only on the grounds of animal welfare, but unless the 
animals are content and behaving normally, the results obtained could at least 
in part represent the result of abnormal behaviour. Stress in the animal can have 
serious effects on the endocrinology, blood parameters, secretions and gut motility 
since many of these functions are associated with central nervous control. It cannot 
therefore be emphasized too strongly that lack of care and attention can make 
all the effort of no value or even of negative value since the results obtained are 
assumed to apply to normal animals. Wounds from incisions must be attended to 
and the animals protected from flies, which tend to feed in wounds with small 
leaks (for instance intestinal digesta). The animals must therefore be attended 
daily even when they are not actually being used in an experiment. 

IV—3.2. Preparation of animals 

If a wild animal is cannulated the cannulation itself will not make it tame 
and the handling, sampling, etc. can be hazardous, both for the animal and for 
the personnel. In choosing large animals for surgical procedures or intensive 
experimental procedures, it is wise to choose animals from a group that has been 
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housed inside for a period of time and is used to the environment. Such animals 
are most docile and likely to produce the most reliable results. While this can be 
said to involve errors in selecting specific types, the errors and frustration incurred 
in the use of animals that are temperamentally incompatible with the handling, 
housing, etc. are likely to be infinitely greater. Usually, castrated males are easier 
to deal with than intact males. If possible, large changes that induce stress should 
be avoided. If an animal is taken into a new environment, operated upon and 
given a feed that it had not been given before, the success of the procedure is 
doubtful. It is best to have the animals adapted to indoor conditions and to the 
feed before they are operated upon. During recovery the animals should be kept 
in the same environment to which they were accustomed before the surgical 
procedures were undertaken. 

IV—3.3. Cannulae and catheters 

With an appropriately high standard of care, animals equipped with permanent 
intestinal cannulae can remain experimentally functional for many years. In 
addition to the points raised in Section IV—3.2, it is essential that all cannulae are 
inspected daily, and in many environments this may also mean daily washing and 
protection with suitable antiseptic and insect-repellent creams. Regular inspection 
of the tissue below the external flange of rumen cannulae is essential to ensure 
that the tissue is healthy and at the first signs of tissue necrosis immediate remedial 
action must be taken. If the rumen fistulae become enlarged with the passage of 
time, it may be advisable to either (i) replace the cannula with a larger size 
(if available), or (ii) if convenient, remove the existing cannulae for 7—14 days 
to allow some degree of fistula closure before replacement of the cannula. 

Intestinal cannulae require the same level of attention, with regular washing 
and at least weekly removal of surrounding wool or hair. Some degree of flexibility 
in the design and operation of the cannulae is desirable. Remember that the 
cannula only serves to keep the fistula patent and (with re-entrant cannula) direct 
flow. Where cannulae become misshapen or short, due to age or tissue granulation 
around the fistula, cannula replacement may be attempted, by means of gently 
cutting out the old cannula, followed by gentle but firm insertion of a new cannula 
(previously softened in hot water). For further details, see Cammell [ 1 ]. 

Regarding the use of catheters for the sampling of venous or arterial blood or 
other body pools, the siting of the catheters will clearly be dependent upon the 
procedure being used. In essence, in any study of body metabolism the siting of 
the infusion and sampling catheters is crucial, and these should be separated 
systematically as far as possible to avoid errors in the estimates of metabolite 
flux rate. Heparin at 25 i.u./mL instead of 250 i.u./mL should be used. 

For studies requiring permanent catheters the best placements are within the 
aorta. In pigs two catheters (PVC NT2, Portex Ltd, Hyde, Kent, UK) are inserted 
in a retrograde manner via the saphenous arteries, one catheter being inserted in 
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each leg. The sampling catheter is located with its tip close to the diaphragm, the 
other with its tip approximately 15 cm distal to this site. The ends are threaded 
through the subcutaneous fat on the dorsal hind limb to emerge at the level of the 
pelvic girdle. These catheters can be maintained patent for periods of up to three 
months and may be used in pigs of weights greater than 18 kg. With permanent 
catheters these should be flushed with heparin and stopped with wide-bore fishing 
line (2.5 cm long) and then they can be left for up to three months. For temporary 
catheters it has been found that two similar catheters inserted in the external 
jugular veins are suitable for periods of up to five days in pigs, sheep and cattle. 

IV—3.4. Sampling 

In general, to obtain information about metabolic processes in the animal 
body, it is necessary, after introduction of a suitable tracer, to acquire suitable 
samples and to analyse them. The samples could be such that they give a realistic 
estimate of whole-body metabolism (e.g. labelled C0 2 ) or the investigation may 
be confined to a particular part of the system (e.g. blood, digestive tract, urine 
or faeces). Considerable care is required with sample acquisition and handling. 

IV—3.4.1. Measurement of carbon label in expired air 

In a number of the exercises in Section V and in many further applications 
of 14C-labelled substrates a measurement of importance is the rate of substrate 
catabolism to C0 2 . In order to measure this, the label in expired air must be 
measured. For 14C-labelled substrates, the most generally applicable method is 
by direct measurement of labelling using an ionization chamber (see Section II—3.2). 
The advantages of this method are: 

(a) It provides a continuous record of labelling which is then readily interfaced 
with a computer 

(b) It is, in theory at least, possible to calibrate such instruments in an absolute 
sense as the current produced is a known function of the energy of the 
isotope and the applied potential 

(c) It is a non-destructive method in the sense that the expired gas is still available 
for other analyses. 

The principal disadvantage of the technique is that it measures the total 
radioactivity in a fixed volume of gas and because of complications that arise from 
the development of high backpressures there is an upper limit to the rate of flow 
of gas that may be used with a chamber of a given size. Clearly the lower level of 
sensitivity is a function of the proportion of the total gas flow that may be diverted 
to the chamber. This can be overcome to some extent by the construction of 
chambers of very large volumes (up to 50 L has been used at the Rowett Research 
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Institute). Although this increases the 'integration time', it allows reliable measure-
ments to be made at high flow rates. 

Failing the availability of this technique, some form of trapping system must 
be used, and if the label is 13C, trapping is generally obligatory. A variety of bases 
may be used, the common trapping agents being NaOH, KOH and the organic 
bases phenylethylamine, ethanolamine and hyamine. The advantages of the organic 
bases lie in the ability to use them at very high concentrations and thereby to 
minimize the volume of the traps. It is also claimed that they give rise to less 
chemoluminescence in common scintillation fluids, although there are differences 
of opinion on this matter. The advantage of the inorganic bases lies in the facility 
with which the absorbed bicarbonate may be released for gravimetric analysis as 
barium carbonate. Indeed, Ba(OH) can be used as a single trapping and precipita-
tion solution but its use is not to be recommended because of physical problems 
associated with the traps themselves. 

The disadvantages of the use of traps are: 

(a) Their use is labour intensive and time consuming 
(b) Under most conditions they provide only integrated information of 

label output 
(c) They require further processing, with attendant inaccuracies, before the 

labelling information is available; nevertheless, they have a practical advantage 
in as much as, providing suitable counting equipment is available, they do not 
require the purchase of specialized electronic equipment. 

IV—3.4.2. Procedures for the acquisition of biological samples 

Urine 

Spot samples of urine may be successfully obtained by collection of mid-stream 
specimens although clearly such a procedure would not be suitable where regular 
sampling intervals are demanded. 

Total collection of urine may be obtained from males and castrates either by 
use of metabolism crates fitted with faecal/urine separators [ 1 ], by gravity fall or 
urine where the faeces are retained or diverted, or by the attachment of a suitable 
urine funnel. In this situation the urine may be removed under gravity or under 
suction by means of an intermittently operated pump. For females the use of 
urine catheters, under veterinary supervision, is advisable. 

Unless otherwise specified, it is necessary to mix the urine with preservative 
as soon as possible after production to prevent sample deterioration and in this 
respect, ION H 2 S 0 4 is generally suitable. 

After acquisition, it is advisable to hold all urine samples frozen or at a low 
temperature until required for analysis. 
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Faeces 

Apart from the acquisition of faecal grab samples by rectal palpation, in most 
instances faeces are collected over longer periods of time — usually 4—10 days 
unless the experiment demands a different regime. 

It is usual to collect faeces by means of a light-weight harness strapped to the 
animal, to which is attached either a rubber or canvas bag for direct collection, or 
a light-weight polyethylene or canvas tube which directs the faeces into a suitable 
container situated on the floor behind the metabolism crate. In situations where 
such materials are not available, suitable modification of an inner tube from an 
old tractor can prove to be reasonably successful. 

Faecal output should be collected daily, weighed accurately and after mixing, 
an appropriate aliquot (e.g. 10 wt%) retained, with the daily aliquots being finally 
mixed to provide a composite faecal sample. 

At this stage oven dry matter content of the faeces is required to provide an 
estimate of the dry matter digestibility, whilst additional samples may be freeze-
dried for subsequent analysis. 

Rumen 

Samples of rumen fluid may be successfully obtained using a minimum 
amount of suction. This requires a simple narrow-bore sampling probe for 
insertion into the rumen and attachment of this via a suitable (Buchner) flask 
to a low pressure vacuum pump, or directly to a 50 mL plastic syringe. It is 
desirable to provide some sort of filter on the sampling probe to prevent the 
removal of excessive quantities of solid material from the rumen and perhaps 
more importantly, possible blockage of the sampling probe. It is also important 
with this type of system that the probe be freely moved around the rumen to 
achieve a more representative sample. 

For situations demanding more frequent rumen sampling, one or several 
indwelling rumen probes may be located in the rumen, as outlined by Evans et al. [2]. 
Furthermore, for situations requiring extra sophistication the development of 
automatic rumen sampling apparatus may be worthy of consideration. 

For the acquisition of whole rumen samples the replacement of the narrow-
bore sampling probe with a wider-bore polyethylene tube is usually sufficient, 
whilst in those situations demanding a more accurate estimate of rumen particulate 
content, the possibility of total rumen emptying must be considered. 

When it is required to use large sample of rumen contents for incubation, the 
following procedure is recommended. Liquid + solid sample (1 litre) is taken and 
strained through cheesecloth. 300 mL of strained liquid and 300 g solid in cloth 
are mixed and blended twice for 30 s under C0 2 and strained again. The fluid will 
contain an active and more representative microbial population suitable for 
estimating the rates of production of volalile fatty acids, etc. 
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Duodenum (abomasum) 

The material flowing at this point of the tract usually has a dry matter content 
not exceeding 5% and the flow pattern can be considered as intermittent with 
extended periods of increased activity. The easiest form of sampling is spot 
sampling from a T-piece cannula. At each sampling time it is desirable to remove 
not more than 50 mL of digesta and choose a sufficiently comprehensive sampling 
cycle to cover the particular feeding cycle appropriate to the experiment. Provided 
that too much digesta in total is not removed (no more than 5% of likely total flow 
is suggested), a greater frequency of sampling is to be recommended. 

With re-entrant cannula preparations total collection of digesta by either 
manual, semi-automatic or automatic means [3] is possible, with the proviso that 
the material is returned to the distal part of the cannula in a quantity and at a rate 
approximating as closely as possible the pattern under which it was produced. 
The volume of digesta removed for subsequent analysis can be readily replaced by 
donor digesta collected previously from a non-experimental animal on the same 
diet - in this case the outflowing digesta being fully replaced by a balanced glucose 
and amino acid mix contained in a Ringers-type solution. In the collection of donor 
digesta there are good grounds (from the point of view of the animal) to restrict 
collection times to a maximum of eight hours, with at least an overnight break 
before recommencing donor duodenal collection. 

Semi-automatic methods generally rely on the removal of only 2% or so of 
digesta flow, and hence donor digesta is not used, whilst with automatic collection 
the basic principle that outflow and return will be truly matched in terms of 
quantity and rate demands use of donor digesta to replace any digesta automati-
cally removed for subsequent sample analysis. 

Ileum 

Owing to the nature of normal ileal digesta (high dry matter, viscous), only 
manual procedures exist for the collection of samples. These are similar to those 
described earlier for manual duodenal sampling, with appropriate allowances to 
accommodate both the intermittent flow patterns seen at the ileum, and the slow-
moving nature of the digesta. 

Blood 

For infrequent venous blood samples direct sampling of the jugular with 
either a needle and syringe, or a previously evacuated blood tube is adequate. 
Slow removal of blood is desirable to avoid haemolysis of the sample or damage 
to the vein. 

For those situations demanding more frequent blood sampling the use of 
temporary or permanent catheters is essential. Removing and discarding the first 
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few millilitres of blood is desirable so that the sample obtained is fresh, and after 
sampling it is essential that the catheter be flushed with a small quantity of 
heparinized saline to prevent blood clotting in the catheter. 

After removal of the sample, addition of a small quantity of heparin (or EDTA) 
to prevent clotting is recommended, followed by processing of the blood 
(e.g. deproteinization, production of plasma) as required. Samples may be freeze-
dried for subsequent analysis. 

IV—4. EXERCISES RELATED TO PREPARATION OF BIOLOGICAL SAMPLES 

EXERCISE 17. PREPARATION OF PERMANENT FISTULAE IN THE 
DIGESTIVE TRACT OF SHEEP [4] 

Fistulae - permanent openings between the digestive tract and the skin -
permit the collection of digesta samples from different parts of the digestive 
tract. The most common fistulation procedure involves the dorsal sac of the 
rumen to permit removal of rumen contents, but fistulation of the oesphageous 
abomasum, duodenum, other parts of the small intestine, terminal ilium and 
caecum are also possible. A variety of cannulae ranging in size, materials and 
overall configuration and level of sophistication are available but a useful guideline 
is that less complicated cannulae are generally much easier to maintain and hence 
prolong the useful life of the experimental animal. Cannulae should be made of 
inert materials, e.g. rubber silestic, PVC, Perspex, whilst a preference for semi — 
as opposed to totally rigid cannulae will influence material choice. 

The technique involves inserting one end of a cannula into the selected part 
of the digestive tract and bringing the other end of the cannula out through the 
skin. The cannulated part of the tract is brought into contact with the wall of 
the peritoneal cavity where it forms adhesions and ultimately a permanent fistula. 
A slightly different technique is used to prepare fistulae in the oesophagus, where 
the oesophagus is stitched to the skin and the fistula is closed with a split rubber 
plug. 

MATERIALS AND EQUIPMENT 

(1) Normal veterinary operating theatre equipment 
(2) Selection of instruments to include: 

illuminated laryngoscope and endotractual tubes 
scalpels 
scissors — curved and straight 
forceps 
towels and towel clips 
needles 
sutures 
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(3) Anaesthetic - commercial preparations or pentobarbitone sodium powder 
(4) Suitable cannulae 

PROCEDURE 

Preparation of animals 

Use only healthy subjects whose performance in terms of intake and behaviour 
have been closely monitored for at least three weeks prior to surgery. Excitable 
animals, ones with low intake potential or other obvious defects are not suitable. 

Remove the feed 24 hours and drinking water 1 2 - 1 6 hours before surgery. 
Clip the wool from the operation site with scissors or small animal clippers. For 
operations on the rumen remove the wool from the tenth rib to the hipbone on 
the left side, the area extending for 25 cm downwards from the centre of the spine. 
A similar area is clipped on the right side for operations on the abomasum and 
intestines. 

Before surgery the appropriate surgical equipment and cannulae must be 
sterilized. Metal instruments can be sterilized in boiling water or in an autoclave, 
gowns, drapes and gauze swabs in an autoclave or hot-air oven (120°C) and the 
cannulae by soaking them in an antiseptic solution overnight. Before the opera-
tion ensure that the surgery is clean, well ventilated and well lit. For surgery place 
a sterile cloth on a convenient table and arrange the sterilized instruments, needles 
and sutures with sterilized forceps. Take the cannula out of the antiseptic, rinse it 
with sterile saline and pack the barrel firmly with rolled gauze swabs. 

Induction of anaesthesia 

Administer the anaesthetic according to the manufacturer's instructions; 
if a commercial preparation is not available, pentobarbitone can be used. The 
depth of anaesthesia can be estimated by the degree of relaxation of the jaws and 
by lack of response when light pressure is applied between the digits of a forefoot. 
Weigh out 3.25 g pentobarbitone sodium powder and dissolve it in 50 mL sterile 
0.9% wt/vol. sodium chloride solution. Fill a 20 mL sterile syringe with this 
solution and inject an amount of approximately 0.5 mL/kg body weight into the 
jugular vein of a sheep. Half of the dose can be injected rapidly, and it will be 
noticed that the breathing rate of the sheep increases appreciably. The remainder 
of the dose should then be injected more slowly. 

Tracheal intubation 

Insert a cuffed endotracheal tube into the trachea with the aid of an 
illuminated laryngoscope and inflate the cuff. Pass the outer end of the tube 
through a hole in the centre of a wooden rod, 2.5 cm in diameter and 15 cm long, 
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inserted between the jaws of the sheep. Tie both the tube and rod to the lower 
jaw of the sheep with 1 inch bandages. 

Preparing sheep for surgery 

Place the sheep on its side on the operating table; position the sheep either 
by adjusting the table or by placing small sandbags under the shoulders so that 
the shoulders are higher than both the tail and the nose. In this way saliva drains 
from the mouth, while the regurgitation of rumen contents is reduced. Connect 
the endotracheal tube to the anaesthetic machine, if available, and adjust a mixture 
of oxygen and anaesthetic gas according to the manufacturer's instructions. If no 
anaesthetic machine is availble, then omit the tracheal intubation procedure and 
inject further pentobarbitone solution with a syringe in 2 mL doses into the 
jugular vein as required to maintain the anaesthesia. 

Prepare the operation site by scrubbing the clipped skin with a brush and 
an antiseptic soap or germicidal detergent. Wipe off the excess lather with cotton 
wool soaked in 70% ethyl alcohol. Complete the skin sterilization by applying 
liberal quantities of a tincture of iodine (1% iodine + 1% potassium iodide wt/vol. 
in 70% alcohol). Cover the animal in sterile cotton drapes, leaving only the 
operation site exposed. 

Cleaning of the hands before surgery 

Trim and clean the finger nails. If the hands are particularly dirty, scrub 
them with a brush and surgical soap. Wash off the soap and then wash the hands 
twice with antiseptic detergent solution, rubbing the detergent thoroughly into 
the hands and forearms. After the second wash wipe the excess detergent from 
the hands with a sterile towel and put the hands into sterile surgical gloves. 

Insertion of cannulae 

(a) Rumen. The cannula is exteriorized behind the last rib and about 2.5 cm 
below the transverse processes of the spine. Make the initial incision 12 cm long 
through the skin in a position approximately 5 cm behind the cannulation site. 
Separate the underlying muscles by blunt dissection to expose the peritoneum. 
Make an incision 5 cm long in the peritoneum and retract the dorsal rumen surface 
gently out through the incision. Pack the area between the rumen and the incision 
with sterile cloths. Stitch a purse-string suture into the rumen wall at a point 
judged to lie normally under the cannulation site and cut a hole of 2.5 cm diameter 
in the centre. Insert the cannula and pull the purse-string suture firmly up to the 
barrel of the cannula. With a pair of forceps turn the cut edges of the rumen wall 
under the suture, pull up the suture firmly and tie securely. Dust the area with 
antibiotic powder and return the rumen to the peritoneal cavity. Make a separate 
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incision, 2.5 cm long, in the skin at the cannulation site and continue cutting 
through the underlying muscles and the peritoneum with a pair of heavy needle 
holders. Grasp the barrel of the cannula and draw it out through the stab wound. 
Fasten a flange on the outside to prevent the cannula from slipping back into the 
peritoneal cavity. Close the original incision with three layers of sutures. The 
third layer should preferentially include only the paniculus muscle immediately 
beneath the skin. Close the skin incision with Michel clips. If these clips are not 
available, the third suture layer should include both muscle layer and skin. Dust 
the incision with antibiotic powder and spray with a collodion preparation to 
protect the area against insects. 

Post-operative treatment: With aseptic surgery no antibiotic treatment should 
be necessary. However, if asepsis is uncertain, inject subcutaneously 106 i.u. 
penicillin and 2 X 10s i.u. streptomycin daily for 3 days. Remove the clips or 
sutures seven days after surgery. 

(b) Abomasum. Make the initial incision parallel to the last rib and 5 cm 
distant from it on the right side. Start the incision 5 cm below the transverse spinal 
processes and continue downwards for 10 cm. Enter the peritoneal cavity as before 
and locate the pylorus by sliding the hand downwards and forwards. The identifi-
cation of this area is aided by the shape and feel of the pylorus and by the bright 
colour of the blood vessels in the adjoining duodenum. Insert the cannula, as 
described for the rumen; however, instead of turning the cut edges of the abomasal 
wall under the suture, tie a second suture around them. This is intended to cut off 
the blood supply to the exposed abomasal tissues and to prevent proteolytic 
enzymes from attacking the muscles of the body wall. To exteriorize the cannula, 
locate a convenient gap between the ends of ribs 11 and 12 and make the stab 
wound there. Complete the operation as before. 

(c) Small intestine. The duodenum is located as for the abomasum. The 
bottom end of the small intestine is located by first identifying the large intestine, 
which usually lies behind and slightly above the incision. The caecum is withdrawn 
through the incision and the terminal ileum identified where it enters the caecum. 
The cannula is usually inserted 10-15 cm anterior to the ileo-caecal junction. 

Preparation of an oesophageal fistula 

Place the anaesthetized sheep on its side on the operating table and insert a 
piece of thick-walled rubber tubing or semirigid polyethylene tubing (approxi-
mately 10 mm diameter) into the oesophagus. Locate the position of the tubing 
and hence the oesophagus by gently feeling behind the trachea. Choose the side 
of the neck on which the oesophagus lies closest to the skin. Make a 3 cm long 
incision through the skin and separate the underlying muscles by blunt dissection, 
taking care to avoid cutting the branches of the carotid artery or the vagus nerve 
which runs near it. Locate the oesophagus and make a 3 cm long incision in it. 
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Stitch the cut edges to the skin incision by interrupted sutures. Insert the split 
plug, attach the outside plate and bind the halves of the split plug together with 
adhesive plaster. 

If possible, bring the sheep to green pasture on recovery from the anaesthetic, 
or provide cut green feed for a week after surgery. If the sheep shows signs of 
choking, remove the plug, clear the obstruction from the oesophagus and replace 
the plug. To protect the sheep from a possible loss of electrolytes in the saliva, 
provide access to sodium bicarbonate solution (1% wt/vol.) in addition to drinking 
water. 

EXERCISE 18. REDUCING THE EFFECTS OF QUENCHING 

Quenching of samples is generally associated with colour or with the presence 
of organic matter. Reduction of the effects of quenching can be achieved in many 
ways. These include: (1) removal of colour by oxidation, (2) removal of inter-
fering organic material by 'wet oxidation', and (3) extraction of the molecules 
under study by conversion to a volatile gas during combustion in an atmosphere 
of oxygen. These methods are illustrated in the following exercises. 

A. COLOUR REMOVAL 

As colour is generally the main factor inducing quenching, the removal of 
colour also reduces quenching. The simplest such procedure involves oxidation 
with peroxides. 

MATERIALS AND EQUIPMENT 

(1) Plasma showing some haemolysis or containing an indicator such as phenol 
red 

(2) 14C sodium acetate (3.7 kBq/mL (0.1 MCi/mL)) 
(3) 3H water (18.5 kBq/mL (0.5 MCi/mL)) 
(4) Scintillator solution (2:1 POPOP:Triton X-100) 
(5) Counting vials 
(6) Pipettes 
(7) Benzoyl or hydrogen peroxide 
(8) Test tubes 

PROCEDURE 

(1) Pipette 9 mL plasma into each of two test tubes. Add 1 mL 14C to one tube 
(solution A) and 1 mL 3H solution to the other tube (solution B) and mix 
well. 
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(2) Set up the following counting vials: 
5 mL water (background) 
1 mL solution A + 4 mL water 
1 mL solution A + 1 mL benzoyl peroxide + 3 mL water 
1 mL solution B + 4 mL water 
1 mL solution B + 1 mL benzoyl peroxide + 3 mL water. 

(3) To each vial add 15 mL scintillator solution and shake well to mix. 
(4) Count all samples and estimate the counting efficiency by the channels ratio 

or external standard ratio methods (Exercise 12, B or C). 

B. WET OXIDATION 

Interfering substances sometimes must be removed by more severe oxidizing 
conditions than those provided by hydrogen peroxide. Such conditions, provided 
by a mixture of nitric and perchloric acids, are particularly suitable for estimating 
isotopes such as phosphorus-32. This exercise involves not only wet oxidation 
but also Cerenkov counting. This method of counting takes advantage of the 
ability of high-energy beta emitters such as 32 P to produce in aqueous solutions 
'Cerenkov light', which can be measured in scintillation counters and which makes 
the use of scintillation fluids unnecessary. 

MATERIALS AND EQUIPMENT 

(1) 32P solution (37 kBq/mL (1 mCi/mL)) 
(2) Sheep faeces, ground with pestle and mortar 
(3) Two 10 mL measuring cylinders 
(4) Kjeldahl flask and digestion rack 
(5) 100 mL digestion mixture: 

10 parts concentrated nitric acid: 4 parts perchloric acid 

PROCEDURE 

(1) Weigh 1 g faeces into the first measuring cylinder and the Kjeldahl flask. 
(2) Pipette 1 mL 32P solution into each. 
(3) Fill up the volume in the measuring cylinder to 10 mL with water. 
(4) To the Kjeldahl flask add 20 mL digestion mixture. Boil on the Kjeldahl 

digestion rack for approximately 2 hours until only a few millilitres remain. 
(5) Cool the contents of the flask. Transfer it quantitatively to the second 10 mL 

cylinder and fill up to volume. 
(6) Transfer the contents of both cylinders to counting vials, using 5 mL additional 

water to rinse the cylinders. 
(7) Prepare a standard by pipetting 1 mL standard solution plus 14 mL water 

into a counting vial. 
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(8) Prepare a water blank in a fourth vial. 
(9) Count for 10 minutes in a liquid scintillation counter using Cerenkov 

radiation (threshold 0.3 MeV). 
(10) Subtract the background readings from the other three counts, and determine 

the effectiveness of wet oxidation in reducing quenching. 

C. OXYGEN FLASK COMBUSTION 

In this method the isotope, usually 14C, 3H or 3SS, is oxidized by combustion 
in an atmosphere of oxygen. The resulting gas is dissolved in a scintillator solution, 
transferred to a counting vial and counted. 

MATERIALS AND EQUIPMENT 

(1) One 2 L Buchner flask with neoprene stopper and 5 cm neoprene tubing on 
the side-arm 

(2) Hoffman screw clamp for the side-arm 
(3) Platinum gauze basket for the sample, attached to sealed glass tubing inserted 

through neoprene stopper 
(4) Oxygen 
(5) 14C sodium acetate solution (33 kBq/mL) 
(6) Plasma 
(7) Scin tilla tor so lu tion: 

Toluene containing 0.6% PPO and 0.1% bis-MSB (p-bis-ortho-methyl-styryl 
benzene):ethanolamine:methanol (10:1:9) 

PROCEDURE 

(1) Prepare two counting solutions by adding 1 mL 14C sodium acetate each to 
9 mL water and to 9 mL plasma. 

(2) Pipette 0.1 mL of each solution into counting vials and add 20 mL scintillator 
solution. 

(3) Pipette 0.1 mL of each solution onto paper tissue and dry in an oven at 50°C 
for 10 minutes. 

(4) Attach a filter paper wick to the dried sample and place it in the platinum 
gauze basket. 

(5) Close the side-arm of the Buchner flask and flush the flask with oxygen for 
30 seconds. 

(6) Working in a fume cupboard, light the wick and plunge the basket into the 
flask, pushing the stopper in firmly. Wait 5 minutes after complete ignition 
for the flask to cool. 

(7) Introduce 15 mL of scintillator solution quickly through the side-arm and 
swirl the flask until the gases are absorbed. 
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FIG.IV-1. Modified Thunberg tube. 
A = tube for placement of biological material; B = side-arm for connection to vacuum pump; 
C = expanded side-bulb for collection of condensed water. 

(8) Transfer the contents of the flask to a counting vial with 5 mL scintillator 
solution. 

(9) Count all samples and compare. 

EXERCISE 19. EXTRACTION OF TRITIATED WATER FROM BIOLOGICAL 
MATERIAL 

The principle of extraction of tritiated water is distillation under reduced 
pressure. The biological material is placed in a vessel which is connected to a 
vacuum pump. Vapour discharged from the biological material is condensed at 
the other end of the vessel, which is placed in a freezing mixture. 

MATERIALS AND EQUIPMENT 

(1) Thunberg tubes modified by having the end of the stopper expanded into 
a 50 mL bulb (Fig.IV-1) 

(2) High-vacuum pump and tubing to connect to Thunberg tubes; high-vacuum 
grease 
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(3) Large vacuum flask 
(4) Pasteur pipettes and suction bulbs 
(5) Polyethylene tubing to fit the tips of the pasteur pipettes 
(6) Acetone/solid C0 2 freezing mixture 
(7) Biological material containing tritiated water 

PROCEDURE 

(1) Place an appropriate amount of labelled biological material in a Thunberg 
tube 

(2) Grease the stopper and assemble the apparatus with the hole in the stopper 
in line with the side-arm. 

(3) Attach the side-arm to the vacuum pump and rapidly evacuate the apparatus. 
(4) Turn the stopper so that the hole is now at a right angle to the side-arm and 

disconnect from the vacuum pump. 
(5) Place the side-bulb of the apparatus in the freezing mixture keeping the 

biological material in the tube at ambient temperature. 
(6) After the biological material has become completely dry, transfer the con-

densed water in the side-bulb to a dry-storage tube using the pasteur pipette. 
(7) Prepare and count the water sample in the liquid scintillation counter as in 

Exercise 11. 

EXERCISE 20. RADIOIODINATION OF PROTEINS AND CELLS 

GENERAL 

One of the most useful procedures in most biological work is the incorporation 
of radioiodine into complex molecules. Compounds so labelled can be inserted 
back into a living system to trace the metabolism of the unlabelled counterpart 
molecules, used to determine physical location via autoradiography, or used in 
assays such as radioimmunoassay or immuno-radiometric assays. Since the 
labelling procedure is so generally useful, it was felt necessary to include the 
following exercises in this volume. 

The labelling by iodination can be carried out by a number of methods, but 
the chemistry of the process is in all cases the same, i.e. the substitution of iodine 
for hydrogen in tyrosine residues. Provided suitable precautions are taken during 
the labelling with respect to the conditions and the amount of iodine introduced, 
tagged proteins can be prepared which are both biologically and immunologically 
indistinguishable from the natural protein. Furthermore, the iodine label remains 
firmly attached to the protein under physiological conditions and is liberated 
only when the protein molecule is degraded. 

The method chosen for labelling will depend upon the purity and quantity 
of protein available and the purpose for which the labelled preparation is required. 
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A. IODINE MONOCHL ORIDE METHOD 

This is the method normally used when large amounts (i.e. mg quantities) of 
highly purified protein are available and the labelled material is subsequently 
injected intravenously for the purpose of comparing the metabolism of the protein 
in question in normal and parasitized animals. The method depends on treating the 
protein in slightly alkaline solution with iodine monoc'hloride to which has been 
added the radioactive iodine as carrier-free iodide [5]. 

MATERIALS AND EQUIPMENT 

(1) Carrier-free sodium iodide ( I 3 1I or 12SI). This preparation must be free of 
reducing agents 

(2) Iodine monochloride: 
Dissolve 5.00 g potassium iodide (KI) and 3.22 g potassium iodate (KI03) 
in 37.5 mL distilled water; add 37.5 mL concentrated hydrochloric acid 
(HC1) and 5 mL carbon tetrachloride (CCL4) and shake for several minutes; 
add 0.1M KI dropwise until a faint pink colour appears in the CCL4. This 
stock solution contains about 147 mg I/mL and is stable for several months 
if kept in a refrigerator. However, the solution required for labelling should 
contain 0.42 mg I/mL; this sholud be freshly prepared for each labelling by 
making a l-in-350 solution of the stock solution with 0.9% NaCl 

(3) Glycine buffers: 
(a) Buffer A (pH 8.5) 

Prepare 50 mL molar glycine solution using 0.25M NaCl as solvent; 
to 25 mL of this solution add 1M NaOH to obtain the required pH value 

(b) Buffer B (pH 9.0) 
To 25 mL of the molar glycine solution prepared as above, add 1M NaOH 
to obtain the required pH value 

(4) Gel filtration equipment, e.g. Sephadex G-50 column disposable (Pharmacia 
Fine Chemicals, Uppsala, Sweden), or dialysis tubing 

(5) Protein for labelling 
(6) Carrier protein 
(7) Pasteur pipettes 
(8) Conical flasks 
(9) Well-type scintillation counter 
(10) Centrifuge 
(11) Disposable gloves 

Note: Iodination procedures must be carried out in a fume cupboard since free radioiodine 
vapour may be released. Periodic checks on thyroid activity of the workers is also 
recommended. 
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PROCEDURE 

(1) Prepare a 2% solution of sheep albumin by dissolving 100 mg freeze-dried 
protein in 5 mL isotonic saline in a 100 mL conical flask. Buffer this solution 
by adding 2.0 mL glycine buffer B. 

(2) Add 1.0 mL of the IC1 solution containing 0.42 mg I/mL to a 50 mL conical 
flask. With a long-barrelled teat pipette transfer approximately 37 MBq of 
carrier-free radioiodide solution to this flask. 

(3) Add 2.0 mL of glycine buffer A to a 50 mL conical flask and with the long-
barrelled teat pipette transfer the now labelled IC1 solution to the flask 
containing buffer A. Mix, and immediately add the whole solution to the 
albumin preparation in the 100 mL conical flask. This should be done by 
jetting the iodinating mixture into the protein solution from the teat pipette. 

(4) Allow a few minutes for the iodination to be complete. 
(5) Proteins labelled with radioiodine are subject to radiation decomposition, 

particularly as they cannot be used immediately. This danger can be minimized 
by reducing the specific activity of the labelled albumin to less than 
185 kBq/mg. This can be achieved by the addition of 'carrier' protein. Thus, 
assuming 100% incorporation of radioiodine, addition of 150 mg freeze-dried 
bovine gamma globulin to the labelled albumin is sufficient to bring the 
specific activity of the preparation to below 185 kBq/mg. 

(6) Remove unbound isotope from the preparation either by gel filtration or by 
dialysis for at least 48 h at 4°C against a large volume of physiological saline 
(e.g. two changes of 20 L each). 

(7) After dialysis or gel filtration the proportion of unbound activity should be 
less than 2% of the bound activity. This may be checked as follows: Place 
1 drop of the labelled preparation in a 15 mL graduated conical centrifuge 
tube, add one or two drops of serum or similar protein solution to provide 
more carrier and make up to 5 mL water. Add 5.0 mL of 20% trichloroacetic 
acid (TCA), mix thoroughly and centrifuge. Remove the supernatant care-
fully with a teat pipette and retain it. Disperse the precipitate in a few drops 
of water, dissolve it by the addition of dilute NaOH and, finally, make up 
to 10 mL. Using a well-type scintillation counter, compare the total radio-
activity of the supernatant (unbound activity) with that of the dissolved 
precipitate solution (bound activity). 

B. CHLORAMINE-T METHOD 

This is the method normally used when small amounts (i.e. /xg quantities) 
of purified protein are available and are required at high specific activity to 
measure immunological responses in vitro. The technique uses the oxidizing 
agent chloramine-T to release free iodine for iodine and the reaction is subse-
quently stopped by the addition of a reducing agent, i.e. sodium metabisulphite [6,7]. 
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MATERIALS AND EQUIPMENT 

(1) Carrier-free sodium iodide (1251); this preparation must be free of reducing 
agents 

(2) Protein for labelling 
(3) 0.05M sodium phosphate buffer (pH 7.5): 

Dissolve 1.4821 g NaH 2 P0 4 . 2H 2 0 and 14.5051 g 
Na2HP04 .12H2 O in 1 L distilled water 

(4) Chloramine-T: 
Prepare a solution containing chloramine-T at a concentration of 5 mg/mL 
using phosphate buffer (pH 7.5) as solvent. This solution should be freshly 
prepared for each labelling 

(5) Sodium metabisulphite: 
1.2 mg/mL in phosphate buffer (pH 7.5) - prepared fresh 

(6) KI (1 mL/mL in phosphate buffer; pH 7.5) 
(7) Gel filtration equipment 
(8) Well-type scintillation counter 
(9) Disposable gloves 

PROCEDURE 

(1) Dissolve 50 fig albumin in 10 mL phosphate buffer in a glass or polystyrene 
tube. 

(2) Add 10 /nL phosphate buffer followed by 18.5 MBq Na125I in a volume 
of 5—10 juL. 

(3) Add 10 fiL of chloramine-T solution (50 /xg), mix, and then immediately 
add 200 ptL (240 fig) sodium metabisulphite solution. 

(4) Finally, add 100 nL KI solution (100 jug). 
(5) Separate the labelled protein from unreacted iodide by gel filtration using 

a small (0.9 X 12 cm) column of Sephadex G-50. 

C. RA DIOIODINA TION OF CELL SURFA CES 

Proteins on the surface of cells can be iodinated by the following method. 
Labelled proteins can then be investigated by a variety of filtration and gel 
electrophoresis systems. In this procedure the formation of the active iodine 
molecule from 125I-iodide is catalysed by the enzyme lactoperoxidase in the 
presence of hydrogen peroxide [7, 8]. If the cell population to be labelled is 
100% viable, only surface proteins will be tagged with 1251. 
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MATERIALS AND EQUIPMENT 

(1) A cell population to be labelled 
(2) Foetal bovine serum (FBS) 
(3) Phosphate buffered saline (PBS; pH 7.2 to 7.4) (see chloramine-T method) 
(4) 125I-sodium iodide, carrier free (The Radiochemical Centre, Amersham, 

England) 
(5) Hydrogen peroxide (H 20 2 ) , 30% solution 
(6) Centrifuge tubes, 15 mL capcity 
(7) Automatic pipettes, 20 and 200 nL 
(8) Beaker containing water at 30°C 
(9) 0.5M phosphate buffer, pH 7.0 (see chloramine-T method) 

(10) Disposable plastic tube 
(11) Lactoperoxidase solution: 

2 mg/mL lactoperoxidase in PBS 
(12) Washing buffer: 

PBS containing 0.02% sodium azide and ImM (0.32 mg/mL) potassium 
iodide. Sodium azide is extremely toxic and should be handled with caution 

(13) A fume hood 
(14) A gamma counter 

PROCEDURE 

(1) Place 5 X 107 cells in 150 fiL of PBS into a 15 mL plastic tube. 
Put tube into the 30°C water bath. 

(2) Add 50 (iL of the lactoperoxidase solution and 10 /nL of 0.5M phosphate 
buffer (pH 7.0). 

(3) In a fume hood, transfer 3.7 MBq (1 mCi) of 125I to the cell suspension. 
(4) Dilute the H 2 0 2 to 0.03% in PBS (1:1000), mix and transfer 20 /xL to the 

cell suspension. 
(5) Mix vigorously, and incubate for 4 min at 30°C. 
(6) Add an additional 20 mL of 0.03% H 2 0 2 to the tube, mix vigorously, and 

incubate for 10 min at room temperature. 
(7) Dilute with 50 mL of cold washing buffer and centrifuge (at 250 g for 

10 min). All subsequent steps should be done in the cold. 
(8) Wash cells once with washing buffer. 
(9) Resuspend cells in 1 mL of washing buffer, underlay with 2 mL of FBS 

and centrifuge. 
(10) Wash two additional times with washing buffer. 
(11) Resuspend cells and count a small sample. The labelling method usually 

produces 20 0 0 0 - 6 0 0 0 0 counts/min of 125I radioactivity in 10s cells or 
the protein prepared from 10s cells. 
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EXERCISE 21. IN VITRO LABELLING.OF ERYTHROCYTES AND 
NUCLEATED CELLS WITH 51Cr-SODIUM CHROMATE 

The simplest and most useful method for making erythrocytes and nucleated 
cells radioactive is to incubate them in the presence of slCr-sodium chromate. 
Successful labelling of red cells with 51Cr depends upon the fact that anionic 
hexavalent chromate penetrates the cells, is reduced to cationic trivalent 
chromium, and becomes bound to the globin moiety and haemoglobin [9], 
The procedure normally adopted is to incubate whole blood or a suspension of 
red cells in vitro with radiochromium, either for 30 min at 37°C or for 1 h at 
room temperature, and then to remove unbound isotope by washing the cells 
several times with physiological saline. In order to avoid damage to the cells, 
no more then 6 jug Cr should be added per mL red cells; since slCr-sodium 
chromate is usually obtained with a specific activity of about 7.4 GBq/mg Cr 
(7.4 MBq//zg Cr), it is possible to incubate 1 mL red cells with up to 44.5 MBq 
of 51Cr. However, for most purposes, and particularly where the cells are being 
used for in vitro cytotoxicity tests, suitable levels of incorporation can be 
achieved by the addition of considerably less isotope [10]; nucleated cells can 
also be labelled with 51Cr using the method described below [11]. 

MATERIALS AND EQUIPMENT 

(1) 5'Cr-sodium chromate 
(2) Well-type scintillation counter 
(3) Water bath (optional) 
(4) Narrow-necked screw-top bottles, e.g. McCartney bottles 
(5) Heparin 
(6) Tissue culture medium - Eagle's Minimal Essential Medium (MEM) 

containing 100 i.u./mL penicillin and 100 Mg/mL streptomycin 
(7) Heat-inactivated foetal calf serum 
(8) Plastic centrifuge tubes 
(9) Physiological saline 

PROCEDURE - LABELLING OF RED BLOOD CELLS FOR SUBSEQUENT 
TRANSFUSION INTO ANIMALS 

(1) Collect 20 mL of blood (equivalent to about 5 mL red cells) from each 
animal into a narrow-necked screw-top bottle containing heparin as 
anticoagulant (about 100 i.u.). 

(2) Centrifuge the blood for 10 min at 550 g and remove the plasma. 
Reconstitute with physiological saline. 

(3) Add slCr-sodium chromate solution (about 37 MBq) slowly and with gentle 
mixing to each red cell suspension. 
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(4) Allow the mixture to stand at room temperature for 1 h or incubate in a 
water bath at 37°C for 30 min, agitating gently every 10 min. 

(5) Centrifuge the labelled cell suspensions (10 min at 500 g), remove super-
natants, wash cells in 4 - 5 volumes of saline, centrifuge and repeat the 
washing. 

(6) Reconstitute the labelled cells with saline or with the original plasma. 

PROCEDURE - LABELLING OF RED BLOOD CELLS OR NUCLEATED CELLS 
FOR SUBSEQUENT IN VITRO CYTOTOXICITY TESTS 

(1) Prepare cell suspensions in MEM containing 5% heat-inactivated foetal calf 
serum ( 5 - 1 0 X 107 cells/mL). 

(2) Add 4.4 MBq slCr-sodium chromate/107 cells. 
(3) Incubate at 37°C for 45 min. 
(4) Wash cells once with medium, resuspend in 40 mL medium, and incubate 

for 30 min. 
(5) Wash cells 4 - 5 times with medium and resuspend in medium at the 

desired final concentration (normally 106 cells/mL is suitable). 

EXERCISE 22. NITROGEN-15 DETERMINATION 

INTRODUCTION 

Natural nitrogen consists of two stable isotopes, 14N and 15N, and the 
abundance, Ab, of 15N is approximately four 1SN atoms in every 1000 nitrogen 
atoms, or, more precisely, AbN .1 5 = 0.365 atom per cent (at.%). Nitrogen 
enriched in 15 N is commercially available and is now widely used as a tracer. 
The enrichment (i.e. the 1SN at.% in excess of 0.365) is analogous to 'specific 
activity' in the case of a radioisotope. 

In the following, 15N is used as an example. Similar considerations apply 
to other stable isotopes such as 1 8 0 and 13C. 

Isotopic abundance 

Nitrogen-15 analysis by mass spectrometry. When 14N atoms and 15N atoms 
combine at random to produce nitrogen molecules, three types of molecules are 
formed, designated by 28-Nj, 29-N2 and 30-N2, according to their masses. 

The first step in 1SN analysis by mass spectrometry is ionization by electron 
bombardment of a slow stream of gas molecules from the nitrogen sample. 
The N2 ions thereby produced enter a vacuum where they are accelerated 
through a high voltage and passed on through a magnetic field perpendicular 
to the trajectories of the ions. In the magnetic field each ion travels along a 
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circular path, the radius of which is proportional to (where M is the mass 
of the ion). In this way, ions differing in mass are separated spatially. Finally, 
the various ion currents at appropriately positioned collectors are separately 
collected, amplified, and traced out by a recorder to give a mass spectrum in 
which nitrogen peaks are found at masses 28, 29 and 30. 

The calculation of 15N abundance from the relative peak heights observed 
is described below. 

Nitrogen-15 analysis by emissionspectrometry. This method is based on 
the isotopic shifts found in the optical emission spectrum of molecular nitrogen. 

Sample nitrogen gas in a closed tube of glass or quartz is discharged by the 
use of a microwave generator. The light emitted is dispersed by a prism or a 
grating, and a suitable section of the molecular nitrogen spectrum is recorded. 
For a given bandhead peak, separate peaks corresponding to 28-N2, 29-N2 

and 30-N2 are obtained. 
Calculation of nitrogen-15 abundance. If it is assumed that peak height, H, 

in a mass spectrum or photospectrum is proportional to the number of cor-
responding nitrogen molecules, then by definition 1SN abundance is given as 
follows: 

H29-N2
 + 2 H 30-N 2 

Ab N . 1 5 (at .%)= — — — X 1 0 0 (IV—1) 
2VN28-N2 + H29-N2 + H30-N2 ' 

where HM„N2 is the relative height of the peak corresponding to N2 molecules 
of mass M. Assuming further that all 14N and 15N atoms pair randomly to 
form N2 molecules, it can be shown (see Appendix V I - 2 . 4 ) that: 

100 
AbN . 1 5 (at .%)= (IV—2) 

where K is the H2 8 .N 2 /H 2 9 .N 2 ratio. 
Equation ( I V - 2 ) is applicable, for example, to the calculation of the 

relatively low 1SN abundances usually dealt with in agricultural research. 
In mass spectrometry the values obtained by means of Eqs ( IV-1 ) or ( IV-2 ) 

are considered to be final, whereas in photospectrometry they must be taken 
as observed values, which need correcting by the use of a calibration curve 
before true values are obtained. 

Nitrogen liberation for 15TV analysis 

In most tracer samples the ISN-labelled nitrogen will be in some chemically 
bound form. Nitrogen in the gaseous form may be liberated from the sample 
by one of three procedures, namely: 

(a) Kjeldahl-Rittenberg; 
(b) Direct Dumas; 
(c) Kjeldahl-Dumas. 
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Kjeldahl-Rittenberg procedure. Following a traditional Kjeldahl wet 
combustion and distillation, the back-titrated solution containing the NH4 salt 
is acidified and evaporated down to a few millilitres. An aliquot containing 
about 1 mg total N for mass spectrometry, or about 10 fig total N for emission-
spectrometry, is placed in one side of a Rittenberg flask (Fig.IV-2) containing 
an alkaline solution of NaBrO in the other side. After evacuation of air from 
the flask, the contents of the two sides are mixed and N2 is liberated according 
to the reaction 

2NHJ + 3NaBrO + 20H~->- N2 + 5 H 2 0 + 3NaBr 

Before letting the N2 into the mass spectrometer or the optical discharge tube, 
the Rittenberg flask is cooled in liquid air (or nitrogen), whereby H 2 0 and other 
condensable impurities are frozen out. Unfortunately, CO is not frozen out, 
and its spectrum causes interference in both the mass spectrum and the optical 
spectrum of nitrogen. 

Direct Dumas procedure. In this procedure, oxides of copper are used to 
perform a dry combustion of the sample at 500-1000°C for a period of time 
ranging (inversely to the temperature) from several hours to one hour. Above 
600°C a quartz container is necessary. 

The combustion products (C0 2 , H 2 0 , etc.) other than N2 are absorbed 
by oxides of calcium and aluminium or they are frozen out by liquid air (or 
nitrogen). Again, CO is not frozen out and causes interference. 
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In mass spectrometry the N2 is released from the combustion container 
by breaking it inside the evacuated inlet system of the mass spectrometer. 

In emissionspectrometry the discharge tube itself is used as the combustion 
container, so that no transfer of the chemically liberated N2 is necessary. 
However, the following difficulties can be encountered: 

(a) Samples consisting of plant or biological material are often difficult 
to combust completely in the discharge tube. 

(b) A representative sample that is small enough for emissionspectrometry 
can be difficult to obtain; especially, large items, e.g. whole plants, have to be 
sampled directly. 

(c) Natural nitrogen from air adsorbed onto or in the sample will become 
mixed with the sample nitrogen and decrease its enrichment. 

Kjeldahl-Dumas procedure. This is a combination of procedures described 
above in which an aliquot of NH4 salt taken from a Kjeldahl combination is 
treated by the Dumas procedure. 

A. SEPARATION OF NITROGENOUS PRODUCTS FROM 
URINE FOR SUBSEQUENT 1SN ANALYSIS 

1. U r e a , a m m o n i a a n d a m i n o ac ids (af ter Ref . [ 1 2 ] ) 

MATERIALS AND EQUIPMENT 

(1) Dowex 50 cationic exchange resin 100-200 mesh 
(2) 0.1M NaOH; 10M NaOH 
(3) 0.2M Na/K phosphate buffer (27.2 g KH2P04 + 800 mL H 2 0 , 

adjusted to pH 7.4 with 10M NaOH) 
(4) 0.1MHC1; 2MHC1 
(5) Urease 
(6) Ninhydrin 
(7) Apparatus for steam distillation (see Exercise 22.B) 
(8) 0.2M Na acetate buffer pH 5.4 
(9) 3M NH4OH 

(10) 100 vol. H 2 0 2 

PRINCIPLE 

This method depends upon the ionization properties of ammonia, amino 
acids and urea. At pH 7 the amino group of the amino acids are essentially 
un-ionized so that they do not bind to cation exchange resins. Ammonia at 
this pH is still present as NHJ ions. The use of the Na/K form resin ensures 
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that upon NH4 binding, the pH is not lowered. The subsequent use of the H+ 

form resin ensures that binding of amino acids lowers the pH and thus increases 
the efficiency with which the amino acids are removed from the solution. 

PROCEDURE 

Na/K form resin (100 g) is prepared by mixing H+ form resin with 
0.1M NaOH, washing with water to neutralize and resuspending in 0.2M Na/K 
buffer. The resin is then washed exhaustively with deionized (or glass distilled) 
water and stored moist (100 g resin + 300 mL H 2 0) . H+ resin is prepared by 
treating resin with 0.1M HC1 and washing with water. 

(1) Ten millilitres urine, adjusted to pH 7, is mixed with 4 mL resin suspension 
and mixed for 15 min. The supernatant contains urea, amino acids, 
creatinine. Ammonia is bound to the resin. 

(2) The supernatant (1 mL) is mixed with 4 mL resin + 1 mg urease in 
10 mL H 2 0 and incubated at 30°C for 10 min. The urea is converted to 
ammonia, which is bound to the resin. The supernatant contains amino acids. 

(3) The supernatant from step (1) is adjusted to pH 4 and mixed with 
0.5 g of H+ form resin for 15 min. The resin is then removed, washed with 
water and mixed with 5 mL 3M NH4OH and the supernatant evaporated 
to dryness, reconstituted with H 2 0 and dried twice. The amino group 
is then released by treatment with 0.2M sodium acetate buffer, pH 5.4 
(1 mL), together with 2 mL of saturated ninhydrin in water and heated 
at 90 -100°C for 20 min. It is then acidified with 3 mL 2M HC1 and 
mixed with 100 vol. H 2 0 2 . The ammonia is then released by mixing with 
5 mL 10M NaOH and steam distilled into a trap containing 4 mL Na/K 
resin suspension. 

In the method of Reeds et al. [ 12 ] the resin samples containing bound 
ammonia are transferred to Rittenberg tubes (see above) and treated with 40% Na 
hypobromite to release gaseous nitrogen. Alternatively, they may be treated 
with 10M NaOH and the ammonia steam distilled into 0.1M H 2 S 0 4 or HC1. 

A simple steam distillation apparatus may be made from boiling tubes 
provided with input and output tubes connected to a steam generator. NaOH 
can be introduced through the subaseal stoppers which are used to seal the 
boiling tube. 

2. Isolation of creatinine for 15 N analysis 

MATERIALS AND EQUIPMENT 

(1) Glass columns 25 cm X 1 cm diameter provided with glass wool plugs 
(2) Dowex 50 (cationic exchange resin) 100 -200 mesh 
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(3) 0.05M sodium acetate buffer pH 5.0 
(4) 0.1M sodium phosphate buffer pH 6.6 
(5) 10% phosphotungstic acid in water 

PROCEDURE 

The column is packed with Dowex resin leaving a head space of 10 cm. 
The resin is washed successively with 20 mL 1M HC1, 40 mL water and 
20 mL 1M NaOH. It is then washed exhaustively with water until the eluate 
is neutral. Urine containing about 20 mg creatinine is adjusted to pH 3 with 
HC1 and applied to the column. The column is then washed with 100 mL of 
citrate buffer and the eluate discarded. 120 mL of phosphate buffer is then 
applied to the column and 10 mL fractions are collected. Fractions 3 to 6 
contain the creatinine. To these fractions add 5 mL of phosphotungstic acid 
and recover the precipitate by centrifugation (100 g for 10 min). Digest the 
creatinine phosphotungstate precipitate by Kjeldahl wet digestion and steam-
distill the ammonium sulphate as described in Exercise 22.B. 

In addition to isolating creatinine, this general approach may also be 
applied to the isolation of creatine. In this case, the column, after adding 
acidified urine, is eluted first with 100 mL of sodium citrate buffer (0.2MpH 3.4) 
and then with 50 mL of sodium citrate buffer (0.05 M pH 5.0). The creatine is 
eluted in fractions (10 mL) 2 and 3, and is precipitated with phosphotungstic 
acid. 

B. PREPARA TION OF VARIO US N-CONTAINING COMPONENTS 
OF DIGESTA FOR SUBSEQUENT DETERMINATION OF 15 N 

This can be broadly classified into: (a) total 1SN enrichment (microbial, 
total digesta); (b) 15N enrichment of NAN fractions (digesta); (c) 1SN enrich-
ment of rumen ammonia. 

Determine N content of all samples. 

Total 1SN enrichment (microbes, digesta) 

(1) Weigh freeze dried sample containing 3 - 3 . 5 mg total N. 
(2) Digest with 2 mL digestion acid according to Kjeldahl procedure. Make up 

to final volume of 20 mL. Mix and stopper until required. 

1SN-NAN enrichment 

(1) Weigh 0.1 g dried sample (= 1.5 mg total N) into 75 mL Kjeldahl digestion 
tube and add 10 mL 0.033M NaOH. 
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(2) Place in water bath at 60°C and bubble N2 gas through for 20 min to 
remove any NH3. 

(3) Digest with 2 mL of Kjeldahl digestion acid. 
(4) Make up to 20 mL, mix and stopper until required. 

Distillation of N-containing fractions — after Kjeldahl digestion 

REAGENTS 

(1) 2 vol.% H 2 S 0 4 (with distilled water) 
(2) Solution containing 50% wt/vol. NaOH + 5% wt/vol. Na2S2 0 3 . 1 8 

(3) Industrial methylated spirits (IMS) — in wash bottle 
(4) Distilled water - in wash bottle. 

Cautionary notes 

(1) Samples after Kjeldahl digestion are strongly acidic and may contain inorganic 
mercury compounds - use goggles and gloves. 

(2) 50% NaOH is 12.5M - very caustic - use goggles and gloves. 

PROCEDURE 

Refer to drawing of apparatus in Fig.IV—3. 
Ensure the water to condensers is on, water in steam generator flask is 

boiling vigorously with steam going to waste, and the collection vial (labelled) 
contains 0.5 cm3 of 2% H 2 S0 4 . Remove distillation flask and pour sample from 
Kjeldahl tube into it. Refit flask to head and pipette 10 cm3 of 50% NaOH/5 
thiosulphate into the reservoir surrounding the steam tube. Lift steam tube 
and allow NaOH to run into flask, rinse in with a little distilled water and 
replace steam tube. (If mercuric oxide catalyst tablets have been used in the 
digestion procedure, a black precipitate will form in the flask.) Swirl the flask 
gently (with care as this involves moving the entire apparatus) to mix the 
solutions. Turn valve so that steam flows into the flask and lift collection vial 
so that the tip on the condenser is below the acid level. As liquid distillate flows 
over, the vial can be lowered and allowed to fill with distillate ( 2 - 3 minutes). 

When the vial is full, remove from beneath the condenser and replace with 
a 100 cm3 low form beaker. Mix contents by inversion a few times. Remove 
steam tube and turn steam valve to "waste" position. Partially remove flask (A) 
and rinse with water via steam tube socket. Completely remove flask and pour 

18 N a 2 S 2 0 3 can be omitted if a non-mercury containing catalyst was used in the 
preceding Kjeldahl digestion. 
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contents into suitable container (large beaker etc.), for subsequent safe dis-
posal (mercury). Rinse flask with water, discard rinsings and refit flask. Put 
ca. 30 mL IMS into flask via steam tube socket and refit steam tube. Turn valve 
to "steam" position and allow liquid to distill over until about 5 0 - 6 0 mL has 
been collected in the beaker (ca. 5 min). This step ensures that any ammonia 
absorbed on to the glass of the apparatus will be removed, so reducing or 
eliminating inter-sample contamination. Remove the steam tube and turn valve 
to "waste". Rinse tip of condenser and discard contents of beaker. Remove 
flask, rinse with distilled water and the system is now ready for the next sample. 

15 N enrichment of ammonia 

A. Acidified rumen liquor 

REAGENTS 

As before, but replace 50% NaOH with 2M NaOH. 

PROCEDURE 

A suitable aliquot of rumen liquor containing 3.3 mg of N is placed in the 
flask. 4 cm3 of 2M NaOH is placed in the reservoir and rinsed into the flask. 
Distill as in previous procedure. The contents of the flask do not contain mercury 
salts, and may be safely discarded down the sink after the distillation process. 

Note: Prior to distillation, ensure that NaOH is sufficiently alkaline to bring pH of 
rumen liquor up to 10, and if not , make necessary corrections. 

B. Unacidified rumen liquor 

REAGENTS 

As before, but use saturated sodium tetraborate instead of NaOH. 

PROCEDURE 

As before, but use 10 cm3 saturated sodium tetraborate instead of NaOH. 

Digests supernatant 

Distill as per acidified rumen liquor. 
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Sample drying 

All samples are dried by placing uncapped vials in heated block (110°C) 
or equivalent, and ensuring that they are removed as soon as they are dry. They 
are then ready for ISN determination by mass spectrometry. 

EXERCISE 23. PREPARATION OF TISSUES FOR ANALYSIS OF 
PROTEIN AND NUCLEIC ACID TURNOVER 

The following method is designed for tissue samples between 100 and 
500 mg fresh weight. 

MATERIALS AND EQUIPMENT 

(1) Perchloric acid, 2M, 1M and 0.5M (1M solution is 1:10 dilution of 
62% PC A). 

CAUTION: Perchloric acid is a strong oxidizing agent and must be stored in glass 
vessels on glass troughs. Never let spills dry out as an explosion can occur. 

(2) 4MKOH 
(3) 0.1M NaOH 
(4) 95% ethanol 
(5) Chloroform/medianol 2:1 vol/vol 
(6) Diethyl ether 
(7) Bench centrifuge 
(8) Centrifuge tubes (20 mL volume). 

PROCEDURE 

(1) (a) Deep frozen tissues are placed in a depression in a metal block that 
has been pre-cooled in dry ice (solid C0 2) . These are then powdered by 
concussion with a second block also pre-cooled to —50°C. The powder 
is then homogenized in 3 mL 0.2M perchloric acid. 
(b) The frozen tissue is placed on ice and allowed to warm to 4°C. This 
is then homogenized in 3 mL 0.2M PCA. 

(2) The homogenized tissue samples are centrifuged at 2000 g (minimum) 
for 15 min at 4°C. The supernatant may then be taken for further analysis 
of free amino acids and other acid-soluble components such as glycogen, 
glucose, lactic and pyruvic acids, and the adenine nucleotides. The 
precipitate contains protein, RNA and DNA. 
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(3) The protein precipitate is then washed twice with ice-cold 0.2M PCA and 
resuspended in 10 mL 0.2M NaOH. This suspension is incubated at 37°C 
for 1 h at which time an aliquot (usually 0.2 mL is sufficient) is taken 
for subsequent assay of its protein content. The remainder is treated with 
2 mL 2M PCA and centrifuged at 2000 g for 15 min at 4°C. The super-
natant contains the RNA, the precipitate protein and DNA. 

(4) If it is desired to measure DNA, the protein precipitate is heated to 70°C 
for 1 h in 0.2M PCA, cooled and centrifuged. The supernatant contains 
hydrolysed DNA. 

(5) The protein precipitate obtained after steps (3) or (4) is washed once more 
with 0.2M PCA at 4°C and then twice with ethanol, once with chloroform/ 
methanol (2 :1) and once with ether. The ether is removed and all traces 
driven off by heating the precipitate to 35°C in a fume cupboard. 

(6) The dry protein is transferred to a thick-walled test tube and mixed with 
5 - 7 mL of 5.6M HCI (1 vol. concentrated HC1 and 1 vol. H 2 0) , gassed 
with nitrogen and the tube sealed with a blow torch or the hot flame of a 
Bunsen burner. This is incubated for at least 16 h at 105°C in order to 
hydrolyse the protein. 

(7) The protein hydrolysate is transferred to a flask and taken to dryness 
under reduced pressure at 40—50°C. It is then resuspended in water and 
redried. 

FURTHER PROCEDURES USING THE PRODUCTS DERIVED FROM 
PROCEDURE ABOVE 

Free amino acid analysis 

Before further analysis it is imperative that the PCA is removed. This is 
most conveniently carried out by neutralization with a potassium salt, either 
saturated potassium citrate or potassium hydroxide (4M). The PCA is substan-
tially removed as the potassium salt. The extract may now be subjected to 
amino acid analysis. 

Separation of amino acids by ion exchange chromatography 

It is simple to modify the common amino acid analysers for the isolation 
of substantially pure amino acid samples. The effluent from the column of 
cation exchange resin is disconnected before the ninhydrin mixing valve and 
taken to a fraction collector. Most methods that are designed to measure protein 
synthesis use either leucine, tyrosine or phenylalanine, in which case a simple 
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elution of the column with 0.2M sodium or lithium citrate, pH 4 .1 -4 .5 , may 
be used. The position of the labelled amino acid elution is most conveniently 
identified by counting aliquots from the fractions on the collector. The contents 
of the tubes that contain radioactivity are pooled, an aliquot is counted accura-
tely and a second aliquot may be re-analysed on the amino acid analyser. 

Analysis of phenylalanine labelling by an enzymic method [13] 

MATERIALS AND EQUIPMENT 

(1) 1M K phosphate buffer pH 8.0 
(2) 0.5M Na citrate buffer pH 6.3 
(3) 3M NaOH 
(4) L-tyrosine decarboxylase 
(5) Pyridoxal phosphate 
(6) Ninhydrin 
(7) Leucyl alamine 
(8) Fluorimeter 
(9) n-Heptane 

(10) Dry ice (or deep freezer) 
(11) Incubation bath 

PRINCIPLE 

L-tyrosine decarboxylase contains a substantial amount of L-phenyl-
alamine decarboxylase which converts phenylalanine to phenylethylamine. 
The enzyme also converts L-tyrosine to tyramine but this is separated from 
phenylethylamine by solvent extraction. 

The samples obtained in step (7) are used. The dry protein hydrolysate 
is redissolved in 3 mL of 0.5M sodium citrate pH 6.3, the potassium citrate 
extract from step (8) is used for free amino acids. One millilitre samples of 
each are mixed with 0.5 mL of a suspension of tyrosine decarboxylase in 
0.5M Na citrate buffer containing 0.5 mg/mL pyridoxal phosphate. For free 
pools this enzyme suspension contains 0.7 i.u./mL, for protein hydrolysates 
1.4 i.u./mL. This mixture is then incubated overnight at 50°C in order to convert 
the phenylalanine to phenylethylamine (PE). After incubation, the reaction 
mixture is mixed with 1 mL 3M NaOH and shaken in a stoppered test tube with 
10 mL n-heptane. The mixture is allowed to separate and frozen in dry ice/ 
acetone. This allows the easy removal of the unfrozen, organic layer. This is 
then treated with 4 mL 0.01M H 2 S 0 4 . After thorough mixing, the aqueous 
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layer is removed. Portions of this are taken for assay of radioactivity and for 
assay of PE. The PE is analysed as follows. Either 1 mL (free pool) or 
0.02—0.05 mL (hydrolysate) are mixed with 0.5 mL of 2mM leucylalanine and 
1 mL 50mM ninhydrin and 2.5 mL of 1M potassium phosphate pH 8.0. The 
mixture is incubated in the dark for 1 h at 60°C. The tubes are then cooled 
in ice for 15 min and the fluorescence read at 495 nm with excitation light of 
390 nm. The fluorescence fades rapidly so that samples are introduced into the 
light path and a reading is taken after a fixed time (usually 5 s). The concentra-
tion of PE is measured against PE standards (5 to 100 nmol/mL). The specific 
radioactivity is then simply dis/min • m L - 1 • nmol - 1 per mL PE. 

EXERCISE 24. USE OF A LIQUID SCINTILLATION COUNTER FOR 
PROTEIN AND LIPID ANALYSES 

A. THE DETERMINATION OF PROTEIN (MODIFIED 'LOWR V 
PROCEDURE) USING A LIQUID SCINTILLATION COUNTER 

As has already been outlined (see Section II—3.9.6) by the use of simply 
constructed miniature 14C or 3H radioactive standards, the liquid scintillation 
counter can be used as a means of quantifying coloured biological derivatives 
in a manner similar to that normally performed by a spectrophotometer. The 
system is based on the quenching effects of the coloured reagent when inter-
posed between the light source (the miniature 14C or 3H standard) and the 
photomultiplier tubes of the liquid scintillation counter. The ability of the 
system to produce comparable or even better results than can be obtained from 
the average spectrophotometer considerably extends the use of a liquid scintil-
lation counter outside that of its normal radioisotope measuring function. 

MATERIALS AND EQUIPMENT 

(1) Liquid scintillation counter (no sophistication required) 
(2) Standard 20 mL glass counting vial(s) 
(3) Miniature standard(s) to fit centrally into the standard 20 mL vial leaving 

an annular space between the 2 vials. These may be (a) temporary 
standards constructed from commercially available glass or polyethylene 
miniature vials, (b) permanent standards constructed from low potassium 
glass (volume ( 4 - 5 mL, length 42 mm, i.d. 10 mm), gassed with argon 
and flame-sealed before fixing permanently into a standard vial cap. To 
each vial add 1 X 10s dis/min of the benzoic acid-7-14C or benzoic acid-3H 
standards and 3 mL of organic scintillator as detailed in Exercise 10 
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(4) 1% wt/vol. copper sulphate pentahydrate solution 
(5) 2% wt/vol. sodium potassium tartarate solution 
(6) A solution containing 10% wt/vol. anhydrous sodium carbonate and 

2% wt/vol. sodium hydroxide per litre 
(7) Folin and Ciocalteu reagent 
(8) Standard protein solution 

PROCEDURE 

(1) Prepare the reagent mixture by mixing 2 mL of the copper sulphate solution, 
2 mL of the sodium potassium tartarate solution and 40 mL of the sodium 
carbonate/sodium hydroxide solution. 

(2) To standard amounts (up to 3 mg) of protein in 3 mL of distilled water 
add 3 mL of the reagent and following mixing, allow to stand for 10 min. 

(3) Add 9 mL of Folin Ciocalteu reagent (diluted 1:11), mix and allow to stand 
for at least a further 30 min. 

(4) Pipette 12.0 mL of the coloured derivative, i.e. sufficient to bring the level 
above that of the 14C or 3H standard in the miniature vial, into the 
standard vial and insert the miniature standard. 

(5) Measure the reduction in the count rate of the miniature standard(s) due 
to the presence of the coloured solution in the annular space by counting 
each vial in the 14C or 3H count setting for a sufficient period of time to 
allow a minimum of 1 X 104 counts to be observed. 

(6) Draw up a standard calibration curve relating concentration of protein 
substrate to the observed count rate. 

The protein concentration of an unknown solution is obtained by relating 
its observed count rate to this standard solution. 

B. QUANTIFICA TION OF LIPID MASS USING A LIQUID 
SCINTILLATION COUNTER FOLLOWING SEPARATION 
ON THIN LA YER CHROMA TOPLATES 

The method is based on the ability of the liquid scintillation counter to 
densitometrically measure charred lipid bands from thin layer chromatoplates. 
Following suspension in a scintillation gel, the reduction in the external 226Ra 
standard channels ratio is used as a measure of the quenching effect, and there-
fore density, of the charred material. The relationship between the external 
standard channels ratio and mass of the lipid is linear for all the common lipid 
classes up to about 100 mg but accurate interpolations of the calibration 
curves are possible up to at least 1 mg. 
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MATERIALS AND EQUIPMENT 

(1) Liquid scintillation counter fitted with 226Ra external standard and 
preferably temperature stable 

(2) Standard 20 mL glass counting vials 
(3) 20 cm X 10 cm thin layer chromatoplates with 0.25 mm coating of silica 

gel G on glass or aluminium backing. These may either be made in the 
laboratory by standard slurry procedure or obtained commercially 

(4) Range of pure lipids, e.g. glycerol tristearate, stearic acid, cholesteryl 
stearate, phosphatidylcholine 

(5) Solvent mixture of hexane:diethyl ether:formic acid (80:20:1 vol. ratio) 
(6) Charring reagent consisting of an aqueous solution of 3% wt/vol. cupric 

acetate in 8% wt/vol. orthophosphoric acid 
(7) Forced draught oven 
(8) Emulsifier-scintillator 

PROCEDURE 

(1) Dissolve the required standard lipid(s) in chloroform such that 0 .025-1 mg 
can be delivered in 20—50 juL of solution. 

(2) Apply 0.025, 0.05, 0.075, 0.1, 0.2, 0 .3 ,0 .4 , 0 .5 ,0 .75 and 1.0 mg of the 
standard lipid(s) to the thin layer chromatoplate as discrete bands 8 cm 
in length. 

(3) Spray the plate until translucent with the charring reagent. 
(4) Heat the plate in the oven for 15 min at 180°C. 
(5) Cool the plate and scrape the charred lipid bands into scintillation vials. 
(6) Add 4 mL of water to each vial and following a gentle mixing add 10 mL of 

the emulsifier-scintillator. 
(7) Cap the vial and shake vigorously to trap the charred lipid in the resultant 

firm gel. 
(8) After allowing to come to temperature equilibrium in the liquid scintilla-

tion counter, count each vial in the 226Ra external standard channels ratio 
mode for 1 min. 

(9) Draw up a standard curve(s) for the lipid class(es) of external standard 
channels ratio versus mass of lipid. 

Determination of lipid masses in a sample 

(1) Apply up to 50 fiL of the sample in chloroform, containing up to 4 mg of 
lipid, as an 8 cm band across the chromatoplate at about 1.5 cm from one 
end. 

(2) Develop the plate at room temperature in the hexane:diethyl ether:formic 
acid solvent mixture. 
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(3) Remove the plate from the developing tank and gently evaporate any 
excess solvent from the surface. 

(4) Proceed to spray, char and count the separated lipid bands as outlined 
in steps (3) to (8) above. 

(5) Interpolate the external standard channels ratios thus obtained into the 
relevant previously derived standard curves of external standard channels 
ratio versus mass of lipid. 

Under circumstances where the liquid scintillation counter lacks an 
external 226 Ra standard, quantification of the lipids by the charring procedure 
can be achieved by the use of the miniature 14C standards as outlined in 
Exercise 24.A above. 

EXERCISE 25. SEPARATION OF GLUCOSE AND ITS METABOLITES 
BY ION EXCHANGE FOR 13C/14C AND 
2H/3H LABELLING 

MATERIALS AND EQUIPMENT 

(1) Dowex 50 cationic exchange resin 100—200 mesh 
(2) Dowex 1 or 2 anionic exchange resin 100—200 mesh 
(3) 1M formic acid 
(4) Glucose oxidase 
(5) 0.2M perchloric acid (PCA); 4M KOH 

(6) Glass columns 10 cm long X 1 cm diameter fitted with glass wool plugs 

See note of caution in Exercise 23 about the use of PCA. 

PRINCIPLE 

As in Exercise 22. A, this method relies on the different ionization properties 
of various metabolic substrates and end-products. By use of cationic and anionic 
exchange resins, positively charged compounds are first removed (amino acids, 
ammonia, creatine) followed by negatively charged compounds (lactate, pyrevate, 
free fatty acids). Finally, glucose is converted to gluconic acid and separated 
on an anion exchange column. 

PROCEDURE 

(1) The resins are placed in columns of 2 cm length X 1 cm diameter. Tissue 
or blood extracts are treated with PCA as in Exercise 23, neutralized with 
4M KOH and adjusted to pH 3 with HC1. The Dowex 50 is converted 
to H+ form by washing with 1M HC1 (10 mL) and then exhaustively with 
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water. Similarly, the Dowex 1 or 2 is converted to formate form using 
formic acid. 

(2) The acid extracts (this could be the acid extract obtained at step (2) in 
Exercise 23: up to an equivalent of 2 mL blood or 2 g tissue can be 
used) are applied to the Dowex 50 column and the resin is washed with 
approximately 3 mL water. This effluent contains glucose, glycerol and 
all the negatively charged molecules. Amino acids are retained on the 
column and may be released by washing with 1M ammonia. 

(3) The water eluate from the first column, which will be acid, is brought 
up to pH 5 to 7 with NaOH (4M) and applied to the second column. The 
'run-on' effluent together with an approximate 3 mL water wash is 
collected. This contains glucose and glycerol. 

(4) Lactic acid, pyruvic acid and short chain fatty acids are retained on the 
column and may be released by washing with successively 0.5M formic 
acid (pyruvate and other keto acids) and then 1M formic acid (lactate). 

(5) For many applications the glucose sample obtained by this procedure 
is of sufficient purity for radioassay but further purification can be 
effected by treating the neutralized glucose eluate with glucose oxidase 
in order to convert the glucose to gluconic acid. The sample is then 
acidified to remove the enzyme, centrifuged and the supernatant adjusted 
to pH 5 - 7 . This is applied to the Dowex 1 or 2 column (as in steps (3) 
and (4)). Gluconic acid is retained on the column and glycerol, the main 
contaminant, is eluted in the water wash. The gluconic acid can then be 
removed with either 1M formic acid or HC1. 

(6) If this method is followed, it is advantageous to assay the glucose content 
of the eluate from step (4); add a small quantity of 3H-glucose before 
adding the glucose oxidase. The yield of 3H may then be used to 
calculate the yield of glucose from step (5). 

EXERCISE 26. EXTRACTION AND ESTIMATION OF 35 S IN 
PROTEINACEOUS MATERIALS: A SIMPLE METHOD 

PROCEDURE 

(1) Take representative samples of either prepared microbial pellets or 
digesta (both labelled and background) equivalent to approximately 
200 mg dry material in a 100 mL round bottom flask. 

(2) Add 20 mL performic acid (18 mL 90% formic acid + 2 mL 100 vol. 
hydrogen peroxide) and store (stoppered) for 16 h at 4°C, to convert 
35S to 3 5 S 0 4 and cystine and methionine into the more stable cystic 
acid and methionine sulphone, respectively. 

(3) Add 3 mL hydrogen bromide (with care in ventilated environment) and 
rotary evaporate under reduced pressure at 40°C until near dryness. 
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(4) Add 2 X 5 mL 6M HC1 and transfer to small screw-top hydrolysis tube 
(e.g. Sovirel, Cat. No. 4611-56, 20 X 100 mm, 20 cm3 capacity) or 
alternative. 

(5) Hydrolyse at 110°C for 21 h in suitable heating block (or alternatively 
by reflex). 

(6) Filter hydrolysate and rotary evaporate under reduced pressure to near 
dryness. 

(7) Transfer, using 3 X 2 mL distilled water, to suitable centrifuge tube 
containing 1 mL of saturated barium chloride. After gentle mixing 
and allowing to stand for 15 min, centrifuge to remove barium sulphate 
precipitate plus insoluble humin. 

(8) Take 2 X 1 mL of resulting solution (SI) and determine radioactivity. 
(9) Take further 2 mL of SI, place in micro Kjeldahl tube and digest with 

2 mL of Kjeldahl digestion acid. Make up to 20 mL with distilled water 
and measure total N (solution S2). Also measure NH3 content of SI. 

(10) For microbial fractions, all N originally present is assumed to be non-
ammonia nitrogen (NAN) and hence specific activity = total activity/ 
total N content (S2). 

(11) For duodenal digesta, specific activity can be derived by analysis of 
solution (SI), to determine NAN content and this in relation to total 
activity, viz. total activity of determined 35S:total N content in 
solution (SI), and N:NAN ratio in original digesta will give: 

35 S total N 
(in S I ) X (in original digesta) 3 5S : NAN digesta 

total N NAN 

Note: Background samples are used to check for isotopic contamination prior to 
animal experimentation (with appropriate correction) and if possible during chemical 
preparation and analysis. 

EXERCISE 27. SEPARATION OF ACETIC, PROPIONIC, BUTYRIC 
AND LACTIC ACIDS FROM RUMEN LIQUOR [14] 

Research to investigate the production of individual organic acids in the 
rumen of sheep and cattle requires the use of appropriate tracers and the sub-
sequent estimation of the specific activities of the tracees. To achieve this, 
physical separation of the individual acids prior to estimation of specific 
activity is necessary. One possible procedure (to separate acetic, propionic, 
butyric and lactic acid) is described in the following exercise, using column 
chromatography with appropriate solvent gradients. 



178 PART IV. PRACTICAL WORK 

MATERIALS AND EQUIPMENT 

(1) Equipment suitable for drying samples under vacuum (i.e. low temperature 
drying) 

(2) Magnetic stirrer 
(3) Conical or round-bottomed glass flasks — various sizes 
(4) Glass columns — 30 cm X 1 cm, with tapered tip 
(5) Two peristaltic pumps 
(6) Silicic acid, H 2 S0 4 , hexane, butanol, KOH, bromothymol blue 
(7) Fraction collection device (if possible) 

SAMPLE AND COLUMN PREPARATION 

(1) Take 3—5 mL of rumen liquor (strained or centrifuged), make alkaline 
with ION NaOH and dry the whole carefully under vacuum. In those 
situations where lactic acid specific activity is to be determined, add carrier 
lactate (known amount, e..g. 5 - 1 0 /umol/mL rumen liquor) prior to this 
drying procedure. 

(2) Column packing is prepared by stirring 50 g silicic acid with 22 mL 
0.25N H 2 S0 4 , and then mixing with 150 mL hexane (sufficient for 
10 columns). Store in a sealed container until required. 

(3) Pour well-mixed slurry into column and allow column to pack for several 
minutes prior to adding sample of rumen fluid prepared in silicic acid 
(sample + 5 - 7 drops of 0.25N H 2 S0 4 , + 5 drops 18N H 2 S 0 4 (pH < 2) 
and mix with 1 g silicic acid). 

ELUTION DEVICE AND PROCEDURE 

The elution device consists of two reservoirs (a) and (b) connected via 
pump 1, whilst reservoir (b) is connected to the column via pump 2 (see Fig.IV—4). 
In reservoir (b) a solution of butanol in hexane (0.4 vol.%) is placed (100 mL 
required per column run) and pump 2 is set to deliver 0.84 mL/min. A solution 
containing 9 vol.% butanol.'in hexane is placed in reservoir (a) and pump 1 is 
initially set at 0.162 mL/min to deliver solvent into reservoir (b). After elution 
of butyric acid which normally occurs after 55 min (i.e. 46 mL in approximately 
12 fractions), the speed of pump 1 is increased to 0.61 mL/min and 55 min 
later the speed is further increased to 1.22 mL/min until acetic acid is completely 
eluted. Final elution of lactic acid is achieved by replacing the mixing flask 
(reservoir (b)) with a reservoir containing a 50/50 vol.vol. mixture of ethanol/ 
butanol in hexane (20 vol.%) and continuing pumping through pump 2. 
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E 1 

Magnetic stirrer 

(b ) Column 

FIG.IV-4. Apparatus for generating concentration gradients in the separation of volatile 
fatty acids. 

PEAK IDENTIFICATION 

Use of a simple fraction collector to collect the eluant is advisable. A set 
of test tubes, each containing 0.25 mL 0.0IN KOH + bromothymol blue, is then 
prepared and 0.5 mL sample from each fraction (normally = 4 mL) is added 
to the KOH 4- indicator to identify the acid-containing fractions. The fractions 
containing each acid are then combined and appropriate aliquots taken for 
estimation of concentration and radioactivity levels. 

EXERCISE 28. DETERMINATION OF C0 2 SPECIFIC ACTIVITY 
AS THE Ba1 4C03 DERIVATIVE [15] 

This technique relies on the elution of dissolved C0 2 from biological 
samples, the preparation and isolation of BaC03 precipitates and subsequent 
solubilization of the BaC03 for final determination of 14C content by liquid 
scintillation counting. 

Thus there are five identifiable steps: ( 1 ) C 0 2 transfer; (2) BaC03 preci-
pitation; (3) precipitate purification; (4) precipitate solubilization; 
(5) measurement of radioactivity. 

1. CO^ transfer 

(1) A suitable sample (suggested volumes: 7 - 1 0 mL, according to expected 
level of activity) of blood, plasma, urine or other biological material is 
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Rubber seal 

Universal container (McCartney bott le) 

Small test tube 

2 c m 3 IN NaOH 
(C02-free) 

Sample + 1 c m 3 1,2N HoSO, 

FIG.IV-5. Simple apparatus for release and trapping of COj. Suggested sample volumes: 
plasma 6 mL, blood 7 mL, rumen 7 mL, urine 10 mL. 

pipetted into a McCartney bottle containing a small test tube 
(see Fig.IV—5). 

(2) Two millilitres of C02-free ion NaOH are carefully pipetted into the 
inner tube and the bottle is capped. 

(3) One millilitre of 1,2N H 2 S0 4 is introduced, from a syringe fitted with a 
hypodermic needle, into the sample via rubber in the cap. 

(4) The contents of the bottle are swirled gently and the bottles allowed to 
stand at room temperature for 16 h. C0 2 evolved from the sample by 
the acid is absorbed into the NaOH. 

2. BaC03 precipitation 

(5) After 16 h the test tubes are removed from the McCartney bottles (use 
tweezers) and the contents are poured into a small (15 mL) centrifuge 
tube. 

(6) The test tube is rinsed twice with 1 mL 5% wt/vol. NH4C1 solution 
and the rinsings are added to the contents in the centrifuge tube. 

(7) One millilitre of 20% wt/vol. BaCl2 solution is added to the centrifuge 
tube and the contents are mixed. A thick white precipitate of BaC03 

is formed. 

3. Precipitate purification 

(8) The tubes are centrifuged (3300 rev/min, 5 min) and the supernatant is 
discarded. 

(9) Five millilitres of H 2 0 are added and the BaC03 is resuspended by vigorous 
mixing. The tubes are recentrifuged as before, and this process is 



IV—4. EXERCISES 181 

repeated until a total of three H 2 0 washes have been completed. The 
BaC03 precipitate is then resuspended in 5 mL A.R. acetone and centri-
fuged as before followed by one further acetone wash. Finally the 
excess acetone is discarded and the samples dried in an oven at 9 0 - 1 0 0 ° C 
for 2 h. 

4. Precipitate solubilization 

(10) A suitable high-grade plastic scintillation vial is labelled and dried at 
100°C for 1 h. The weight of the dried vial is noted. 

(11) The BaC03 sample in the centrifuge tube is gently ground (in the tube) 
with a spatula, and up to 35 mg of the sample are transferred into the 
vial. The exact weight need not be recorded at this stage as the vials are 
redried at 100°C for 3 h. After reweighing to determine the weight of 
dry sample, 3 mL of 0.2M EDTA (tetrasodium salt) are added to each 
vial and the vials are capped. 

(12) The vials are left at room temperature until the sample has dissolved. 
(This process may take 5—7 d and is often speeded up by storage in an 
incubator at 39°C if available.) 

5. Measurement of radioactivity 

(13) To each vial 8 mL of scintillant is added (465 mL scintillation grade 
toluene, 355 mL Triton X-100, 6.5 g PPO, 0.16 g POPOP), and 0.5 mL 
distilled water. 

(14) The contents are mixed and at room temperature an emulsion will 
form. 

(15) After placing in the scintillation counter the vials are cooled for 10 min 
and shaken every 10 min thoroughly until the emulsion clears. 

(16) When the emulsion has cleared, the samples are counted twice, each 
for 5 min, with normal background corrections. This is followed by 
estimation of efficiency of counting. 

(17) The relevant infusion solution should be prepared as for the samples 
and counted at the same time as the samples to ensure maximum 
precision. 

CALCULATION OF RESULTS 

All results are expressed as radioactivity level per mg BaC03 used and 
then finally based on a carbon basis to give specific activity (Bq or /uCi/mg C). 
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ALTERNATIVE PROCEDURE OF ANALYSIS IF FULL 
SOLUBILIZATION IS NOT OBTAINED 

(1) The partially solubilized sample in EDTA in the vial is transferred to a 
15 mL centrifuge tube and spun for 5 min at 3300 rev/min. 

(2) One millilitre of the resulting supernatant is pipetted into a new, labelled 
scintillation vial and 10 mL scintillant is added (1 L toluene, scintillation 
grade; 1 L Triton X-100, 4 g PPO, 0.1 g POPOP, 300 cm3 H 2 0) . 

(3) The samples are counted using normal 14C settings as before. No cooling is 
required as a clear solution is obtained at room temperature. 

(4) In addition, 0.5 mL of the supernatant is pipetted into a 25 mL3 

volumetric flask and made to volume using 5.1 vol.% HC1 and this 
solution is analysed for barium content by atomic emission using Ba 
standards in 5% HC1 (e.g. Machine PE272, N 20/Air flame rich 1 - 2 cm 
feathering, slit 0.7 nm, wavelength 553.6 nm, integration time 5 s, burner 
at right angles to minimize self-absorption, to all solutions add about 150 mg 
NaCl to minimize ionization). 

(5) Specify activity as dis/min • mg"1 carbon can be calculated using a similar 
calculation to the one described previously. 
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PART V. EXERCISES IN APPLICATION OF 
ISOTOPIC TECHNIQUES IN ANIMAL NUTRITION 

V - l . GENERAL INTRODUCTION 

Animal nutrition is an enormously varied and complex subject. Its study 
is based on sound scientific principles and most of the progress that has been 
made is due to practical experimentation, including frequent but not exclusive 
use of isotope-aided techniques. 

In nutritional studies the main objectives were to improve the nutritional 
status of man directly or indirectly by increasing and intensifying the production 
of domestic animals, mainly by improving their nutritional status in the most 
economic manner. Initially, much of the experimental work in animal nutrition 
was concerned with problem-solving by the most direct means, with little or no 
regard to the mechanisms. The 'feed them and weigh them' approach can still 
be of considerable value, but it is realized that much more progress can be made 
by discovering how things work and by intelligent use of the knowledge gained 
to manipulate the limited resources to our best advantage. The attempts to find 
out how things work must involve both the analytical and synthetic approach 
and it is only recently that we have begun to appreciate the value of the latter, 
particularly in the solution of nutritional problems in developing countries. 

It would be impossible to present even the most important nutritional 
concepts here, but it is possible to show the potential of tracer techniques in 
animal nutrition by a series of well-chosen exercises, as long as they are presented 
in a systematic manner. For this purpose, the subject has been divided into two 
parts, one dealing with the gastrointestinal tract with particular emphasis on 
ruminants (and including food and faeces) and the other dealing with the host 
animal composition and metabolism. The exercises have been selected to illustrate 
the analysis of contents, flow rates and transformation of substances of nutritional 
importance. Most of the methods are well tried and, where possible, they are 
simple. They could not possibly illustrate all the aspects of animal nutrition, 
but they should give the user a proper 'feel for the subject' and many could be 
modified to suit the particular user's requirements. 

V—2. GASTROINTESTINAL TRACT 

V—2.1. Introduction 

While some feed components, e.g. indigestible fibre and ash, will traverse 
the alimentary canal unchanged, the useful or digestible part of the diet will 
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usually undergo changes in order to make the product suitable for absorption 
into the bloodstream of the animal. Only few components of feeds are really 
suitable for absorption, though glucose fed to non-ruminants can of course readily 
be absorbed. The breakdown to products suitable for adsorption can be mediated 
through host animal enzymes which directly degrade products like starch and 
protein into glucose and amino acids. This occurs in non-ruminants. In ruminants 
and hind gut digesters the main breakdown occurs as a result of anaerobic microbes 
producing end-products like volatile fatty acids (VFA) which are readily absorbed 
and utilized in the aerobic host animal, and microbial cells which are digested by 
host animal enzymes in the lower gut in ruminants and excreted or returned through 
coprophogy in hind gut digestors. 

The extent of fermentation in the rumen and hind gut is an important para-
meter of feed evaluation but sometimes equally important is the rate at which 
fermentation end-products are formed and the rate at which microbial cells are 
synthesized. It is possible by use of appropriate isotopes to provide information 
on both the rate and extent of these processes in the whole gut or in segments 
of the gut, i.e. the rumen, small and large intestine. 

While some of the information has to be obtained in vivo, it is possible in 
many instances to obtain the required information in vitro with and without use 
of isotopes. 

V—2.1.1. In vitro techniques 

The study of rumen fermentation is a good example of instances in which 
valuable information can be obtained in vitro. Techniques are available which 
closely simulate in vivo conditions. Isotopes, while not required for many studies, 
can be used to obtain detailed information on the intermediary metabolism of 
fermentation, the rate at which end-products like VFA are formed, the rate at 
which microbial cells or microbial protein are found and the rate at which ammonia 
is released. Suitable in vitro fermentation chambers like the ones developed by 
Czerkawski and Breckenridge [ 1 ] can also be adopted to study the degradation of 
feed proteins either by the disappearance of the substrate from nylon bags or the 
synthesis of microbial protein. 

V—2.1.2. The in sacco techniques 

The nylon bag technique, which in effect is both in vitro and in vivo, is a 
tool that has received wide acceptance as a method to provide rapid and reliable 
estimates of degradation of feeds. Nylon bags are incubated in the rumen and 
withdrawn at different time intervals depending on the substrate under consider-
ation. The technique requires that the ruminants are fitted with large rumen 
cannulae. The great advantage of the technique is that it can describe both the 
rate and the extent of degradation. It can be used to study the effect of the 
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rumen environment such as ammonia level, pH, type of feeds, trace minerals, etc. 
on the rate of digestion of feed materials such as fibrous roughages, starch and 
protein supplements. The information thus obtained can provide extremely 
valuable guidance to any feed deficiency and to optimize combination of feeds. 
Alternatively the technique can be used to study the effect of feed processing, 
protein protection and general description of degradation of different feeds by 
standardizing the rumen environment and varying the substrate under study. 

This method is commendable to all laboratories with access to fistulated 
animals as a first approach to the dynamics of feed degradation and it is an 
excellent tool with which to teach the principles of ruminant nutrition to students. 
Feed evaluation by this method [2] can often give information equal in value to 
digestibility measurement in vivo. The technique can be combined with isotope 
labelling such as 14C-formaldehyde. It is particularly valuable as a tool to describe 
protein degradability when this measurement is combined with estimates of outflow 
of small particles [3]. 

V—2.1.3. In vivo estimates of digestion 

The rate at which digestion proceeds in different segments of the gut in 
animals can be estimated both by measuring the absorbable end-product formed 
or the rate at which the ingested feed is being fermented or digested, e.g. using 
nylon bags as above. In the non-ruminant it may be of interest to determine the 
rate at which starch or protein is digested in different segments of the small intestine. 
In the ruminant and in hind gut digesters, e.g. horse, rabbit, guinea-pigs, etc., the 
main interest is to determine the volatile fatty acids produced during the anaerobic 
fermentation and for the ruminant in particular the synthesis of microbial protein. 

The rate of production of different volatile fatty acids is of great interest 
because they are metabolized by the host animal in different ways. As a result, 
differences in production of different VFA may account for differences in animal 
responses to feeds of otherwise similar feeding value. Isotopes can usefully be 
employed here but there are problems such as interconversion of carbon between 
the VFA, which can only be assessed accurately if, for instance, labelled acetic, 
propionic and butyric acid are infused separately on different occasions. It is 
also normally assumed that the molar ratios of different VFA remains constant; 
thus production of the three acids is estimated from the production of one acid 
only, usually acetic acid. This assumption is only valid at relatively high rumen 
pH. At low rumen pH the absorption rates of the three acids vary and the results 
must be viewed cautiously. Methane, which is also an important end-product in 
anaerobic fermentation, can also be determined by isotopes. The methane 
production is different with different types of rumen fermentation but if both 
VFA production and methane production are known together with estimates of 
substrate disappearance and possibly of microbial synthesis, it is possible to 
calculate by stoichiometric means whether the production rate determined is in 



186 PART V. EXERCISES IN APPLICATION 

reasonable agreement with predictions from accepted stoichiometric principles. 
See Appendix VI—5 for examples of calculations. 

Measurement of microbial protein synthesis is another very important para-
meter that can be obtained by use of isotopes. The factors affecting microbial 
protein yield are poorly understood and since microbial protein is the main protein 
source for ruminant, differences in animal production could be due to differences 
in microbial protein synthesis from diets otherwise with similar digestibility, 
protein content and estimated nutrient value. 

V—2.2. Measurement of flow and volume in the alimentary tract of non-ruminants 

V— 2.2.1. Introduction 

Within any research programme designed to evaluate the intake and digestion 
characteristics of certain feedstuffs it is often desirable to obtain quantitative data 
to describe the movement of digesta, and in particular its component parts, along 
the alimentary tract and the volume of digesta (and components) in those organs 
where retention of digesta, often as a prerequisite of digestion (or more usually 
fermentation), is known to occur. 

Most species of animals possess the common feature of a small intestine, 
this being an area of active host enzymatic digestion followed by adsorption of 
the resulting metabolites from that organ. Where animals differ is in their posses-
sion of various digestive organs either pre- or post-small intestine. Thus in the 
pig the small intestine is preceded by a stomach, with a post-small intestinal 
fermentative organ, the caecum. On the other hand, the ruminant is characterized 
by a well-developed foregut fermentative organ, the rumen, and a secondary fer-
mentative organ, the caecum, distal to the small intestine. 

The types of measurements that can be made within the alimentary tract 
can be broadly classified into three: 

(1) Determination of total flow 
(2) Determination of organ volume 
(3) Determination of rate of passage. 

1. Determination of total flow. The most obvious measurement of total 
flow relates to the collection of material voided in the faeces, using conventional 
balance experiments to obtain data on the apparent digestibility of the ingested 
feed. The measurement of nutrient flow along the alimentary tract is obtained 
by the use of animals fitted with permanent intestinal cannulae, at the specific 
site(s) of interest (e.g. duodenum, terminal ileum). A variety of cannula types 
are available, but generally these fall into two categories: re-entrant cannulae 
where total flow is exteriorized by means of two connecting permanent cannulae, 
and simple cannulae (T-piece) which provide a sampling port for access to the 
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intestine. In those experiments where re-entrant cannulae are used to obtain total 
collection of digesta, a suitable indigestible marker is required to correct the 
observed daily (or time interval) flow to a mean daily flow, based on total recovery 
of the administered marker. With total collection from re-entrant cannulae it is 
accepted that the obtained digesta is representative of total flow. 

With sampling from T-piece cannulae it is recognized that the collected 
digesta may not be truly representative of the digesta flowing past the sampling 
point. Consequently, it is desirable to use a dual-phase marker in this situation 
to correct for the possibility of non-representative sampling and then to determine 
total flow (as with re-entrant total collection) as proposed by Faichney [4], Some 
choice regarding suitable markers exists, but a basic requirement is that one tends 
to associate itself more with the liquid phase and the other more with the solid 
phase. However, total association of marker with one or the other phase is not 
essential. 

2. Determination of total volume. In determining total volume of digesta 
in a particular organ, the use of an appropriate marker is essential. The total content 
of water can be readily measured by use of a water-soluble marker such as 51 Cr 
EDTA. This may be introduced into the particular organ (e.g. stomach, rumen) 
in a minimal volume and, after allowing adequate time for mixing of the marker 
with the total contents, representative samples are removed at appropriate times 
(via suitable cannulae or intubation). The marker concentration of the resulting 
samples is expressed on a log basis and plotted against time after introduction of 
marker. Extrapolation of the curve back to time zero permits estimation of zero 
concentration, and when this is related to marker dose rate, organ volume of the 
constituent under examination can be determined. 

For constituents other than water other appropriate markers must be used 
(e.g. 51 Cr mordanted feeds, adsorbed rare earth markers) but the value of the 
data derived will depend heavily on the ability to representatively sample the 
organ contents. 

In those situations where constant marker infusions have been maintained 
for some other purpose (e.g. total digesta flow), estimates of organ volume can be 
determined by appropriate sampling of the contents of that organ both before 
(i.e. on plateau) and after the infusion has been terminated. Plateau concentration 
of marker (Mp) can be related to marker infusion rate (I) to give flow rate (F) of 
the marked component out of the organ by the relation 

F = I/Mp ( V - l ) 

whilst the log slope of the marker decay against time after cessation of marker 
infusion can be used to give a measure of marked constituent half-life (Tp (i.e. the 
time for the concentration of the marker to decline by half). 
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Then organ volume of the marked soluble constituent (V c ) is obtained by 
the relation 

F X T i 
V c = 1 (V—2) c 0.693 

3. Determination of rate of passage. To determine the rate of passage of 
digesta through various sections of the tract, again the use of markers is essential. 
From the comments above it can be seen that one possible method of acquiring 
data on the rate of passage of digesta constituents from various organs is to sample 
the contents of that organ with respect to marker concentration after cessation 
of marker introduction. 

An alternative approach, which is deemed to be easier from a practical point 
of view and likely to overcome the problems of representative sampling within 
organs, is, after the introduction of an appropriate marker into a particular site 
(e.g. labelled feed ingested, marker addition in rumen, duodenum, etc.), to follow 
its appearance in faeces. In such a situation it is essential to obtain frequent faecal 
samples in the early stage of the collection where marker concentration is likely 
to be changing most rapidly, whilst in the later stage a less rigorous, although still 
well-controlled (in relation to time intervals used) procedure can be adopted. 

The resulting marker concentrations are plotted against time of collection, 
and the appropriate curves derived can be mathematically analysed to determine 
the outflow rate constants for the appropriate segments of the alimentary tracer 
under study [5]. 

4. Criteria for the choice of marker. A large number of markers exist for 
the measurement of digesta flow, volume, etc. and choice of marker will depend 
upon their appropriateness to the problems being considered, local availability 
of supply and suitable analytical facilities and cost. It is appropriate at this stage 
to identify the criteria of an ideal marker as cited by Kotb and Luckey [6], They 
must be: 

(1) Inert with no toxic, physiological or psychological effects with respect to 
normal alimentary functions of secretion, digestion, absorption and motility 
or any microbial population residing therein; 

(2) Neither absorbed nor metabolized within the alimentary tract and hence 
quantitatively recoverable in the faces; 

(3) Of minimal bulk. 

Additionally, they must: 

(4) Mix intimately with the feed and remain uniformly distributed in the digesta; 
(5) Possess physical/chemical properties that permit ready and precise quanti-

tative detection. 
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Liquid-phase markers usually include polyethylene glycol, EDTA salts of Cr, 
Co (labelled or unlabelled). Solid-phase markers include the rare earths such as 
ruthenium, phenanthroline, ytterbium, dysprosium, etc. with the choice of the 
radioactive form relying heavily on the availability of appropriate non-radioactive 
methods of detection (doubtful for Ru, atomic absorption for Yb satisfactory). 
Other solid-phase markers that can be used as back-up include acid insoluble ash, 
indigestible acid detergent fibre, and lignin, whilst the use of intrinsic markers 
such as glass beads, dyes, etc. should be avoided. Cr203 is a non-specific marker 
but can be used quite successfully in total re-entrant cannulae flow measurement 
to determine time daily flow. Of special interest is the use of mordanted feeds 
according to the techniques discussed by Uden et al. [7]. A variety of 
metal ions can be used, the most common being Cr. At an appropriate level of 
Cr addition, the feed material to be stained is rendered completely indigestive 
and after administration of the marked feed, its passage rate characteristics through 
the alimentary tract can be studied using conventional faecal marker excretion 
curves. 

V—2.2.2. Exercises 

EXERCISE 29. MEASUREMENT OF FLOW OF LIQUID ALONG THE 
DIGESTIVE TRACT OF SHEEP USING DUAL-PHASE 
MARKER SYSTEM 

In sampling duodenal contents from simple T-piece cannulae it is now 
recognized that the samples obtained may not be truly representative of the digesta 
flowing past that point, because of a differential sampling of either the liquid or 
solid phase. To overcome this, the dual-phase marker system was proposed by 
Faichney [8], 

MATERIALS AND EQUIPMENT 

(1) Sheep fitted with rumen cannula and simple T-piece cannula 
(2) CrEDTA (either as 51 Cr, or 14C-labelled EDTA [9], or unlabelled) 
(3) Suitable particle marker, e.g. ruthenium phenanthrolene (1 0 3Ru or unlabelled); 

ytterbium acetate (1 7 5Yb or unlabelled), or other Yb salts; other rare earth 
salts, e.g. Er, Dy, Tb, Th (see Section V-2 .2 .1 for further discussion) 

(4) Gamma counter (1 0 3Ru, 175Yb etc.) 
(5) Liquid scintillation counter (14C-labelled CrEDTA) 
(6) Atomic absorption spectrometer (Yb, Cr) 
(7) X-ray fluorescence spectrometer (Ru) 
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PROCEDURE 

(1) Take background samples first (for procedure see below). 
(2) Infuse suitable quantities of the two markers into the reticulo-rumen for at 

least five days (priming period) prior to collection of any samples. Dose 
rate will depend on method used. It is necessary to provide sufficient for 
reliable analytical determinations, yet not in sufficient quantity to become 
toxic to rumen fermentation. 

(3) After marker priming period collect samples from duodenum. Take as many 
samples as possible to cover the total feeding cycle. Bulk samples as obtained, 
and store on ice until collection completed. 

(4) Mix each accumulated digesta sample thoroughly and remove sufficient 
sample for analysis (about 300 mL). This represents whole digesta and it is 
recommended that it be freeze-dried prior to analysis. 

(5) Take a further portion of collected digesta and produce an alternative phase 
either by filtration, or preferably by centrifugation at low speed. Either 
procedure will produce a solid enriched phase (residue) and a liquid enriched 
phase (supernatant). 

(6) It is not important which phase you continue your analyses with. It is not 
necessary to analyse both, but expected level of marker concentration in 
relation to analytical sensitivity may be a determinant, e.g. if using unlabelled 
Ru, you would choose the residue (i.e. Ru enriched). 

(7) Prepare the chosen alternative phase for freeze drying. 
(8) Prior to analysis grind all samples. 
(9) Analyse whole digesta and (e.g.) residue for two marker concentrations 

(e.g. 51 Cr and 103Ru) and express values (on DM basis) in relation to per cent 
marker daily dose. 

(10) Analyse whole and residue (or alternative) digesta for all other constituents 
of interest (e.g. N, NH3 , 15N, amino acids, cellulose, hemicellulose, starch, 
energy, etc.). 

CALCULATION OF FLOW 

Given that equilibrium has been achieved and is maintained by a continuous 
infusion of the two markers, the concentrations of those markers (expressed as a 
fraction of the daily dose per unit of digesta) in digesta flowing past any sampling 
point must be equal. If a subsample of fluid is prepared by straining or centrifuga-
tion of a sample of digesta so that fluid and digesta contain different proportions 
of liquid and particulate matter, the true digesta can be reconstituted by combining 
fluid and digesta, either mathematically or physically, so that the concentrations of 
the two markers are the same. 
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If x = a quantity of digesta (D) 
y = a quantity of fluid (F) which, when added to or removed from x, 

reconstitutes true digesta (TD) 
S D , S p , S T D = concentrations of the solute marker 
P D , Pp, P T D = concentrations of the particle marker 
then xS D + ySF = xPD + yPF 

y P D - S n 
so that - = = R (V—3) 

x S p - P p 

where R is the reconstitution factor, i.e. the number of units of fluid that must 
be added to (or removed from) one unit of digesta to obtain true digesta. 

Sp + RSp Pp + RPF _ . . . .. 
Then ^ + = S T p = = PTD ( V - 4 ) 

and flow of TD = 1 /STp = 1 /PTD ( V - 5 ) 

The flow of any constituent of true digesta, e.g. water, amino acids, electro-
lytes, etc., can be calculated by substituting its concentration for that of the 
marker in Eq . (V-4) and multiplying by the flow calculated in Eq.(V—5). 

Alternatively, digesta can be physically reconstituted and analysed. For the 
example given above 

digesta 1 0 3Ru-P - digesta S ICr-EDTA 
R = ^ 7T, (V—3a) 

filtrate Cr-EDTA - filtrate 1 0 3Ru-P 

with plateau concentration expressed as ratio to the infusion rate. Then 

digesta 51 Cr-EDTA + (R X filtrate 51 Cr-EDTA) 
true digesta 51 Cr-EDTA = ( V - 4 a ) 

1 + R 

and 

true flow of digesta = 1/true digesta 51 Cr-EDTA ( V - 5 a ) 

EXERCISE 30. MEASUREMENT OF VOLUME OF LIQUID IN THE RUMEN 

The objective of this exercise is to estimate the volume of rumen liquid from 
the dilution o f 5 1 Cr-EDTA. Other suitable markers include 60Co-EDTA, 
14C-labelled CrEDTA [9] and 14C-polyethylene glycol. 
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A. APPLICA TION OF TRACER IN A SINGLE DOSE 

MATERIALS AND EQUIPMENT (for s lCr-EDTA) 

Note. For 14C-labelled CrEDTA, purchase 2-14C-EDTA-Na salt and convert into Cr salt [9], 

(1) Sheep fitted with permanent rumen cannula 
(2) Small polypropylene filter funnels 
(3) Gauze for filtration of rumen contents 
(4) Suitable rumen liquor sample collection 
(5) slCr-EDTA, specific activity approximately 0.2 MBq (5 ^Ci)/mg Cr 
(6) Small funnel with 10 cm PVC tubing attached 
(7) Nal(Tl) scintillation counter 

PROCEDURE 

(1) Dilute slCr-EDTA to approximately 0.1 MBq/mL (2 /uCi/mL); dilute 3.0 mL 
of this solution to 100 mL to provide standard solutions for counting. 

(2) Pipette 25 mL 51Cr-EDTA into a cylinder. 
(3) Remove the cannula plug and insert PVC tubing attached to the funnel. 
(4) Transfer SICr-EDTA to the rumen in a period between rumen contractions 

and wash in with several small volumes of water from the wash bottle. 
(5) Remove the funnel and close the fistula. 
(6) After 1 h and then every hour up to 8 h, open the fistula and remove approxi-

mately 20 mL of representative rumen contents. 
(7) Filter the rumen liquor through a gauze. 
(8) Pipette 3 mL samples into counting tubes and count for an appropriate time, 

together with the standards prepared as above. 
(9) Plot log concentration against time and find the intercept to give the 51 Cr 

concentration at zero time. 
(10) From standard counts calculate the dose given as follows: Dose = standard 

count X dilution factor X volume. 
(11) Rumen volume is calculated as dose divided by zero time concentration. 
(12) From the graph find the half-time (Ti), i.e. the time for the concentration 

of marker to decline by half. 
(13) Estimate,the flow (F) of the rumen from F = (0.693 V/Tp. 
(14) Collect all excreta and package or store for subsequent disposal. 

Note. 14C-CrEDTA is determined by liquid scintillation counting with suitable scintillant. 

B. CONTINUO US INFUSION OF TRA CER 

When a constituent marker is infused continuously into the rumen, the flow 
rate can be calculated from Eq.(V—1). 
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When the infusion of tracer is stopped, an estimate of T^ can be made by 
measuring the disappearance of tracer from the rumen. The volume of liquid in 
the rumen can then be calculated from the formula 

F X Ti 
V = 2. 

0.693 

MATERIALS AND EQUIPMENT 

(1) Sheep fitted with permanent rumen cannula, held in metabolism crate 
(2) Infusion pump 
(3) 51Cr-EDTA solution, specific activity less than 0.2 MBq (5 /zCi)/mg Cr 
(4) Equipment for collecting and filtering rumen liquor samples as for Exercise 30 
(5) Counting tubes 

PROCEDURE 

(1) Dilute 51Cr-EDTA to permit infusion of about 1.9 MBq/d (50 juCi/d) and 
prepare counting standards. 

(2) Infuse 51Cr-EDTA into the rumen for six days and measure the volume 
infused per day. 

(3) Remove rumen liquor several times daily for the final three days and prepare 
samples for counting. 

(4) Stop the infusion and take rumen liquor samples every hour for 6—8 h to 
estimate 51Cr disappearance. 

(5) Count the samples and standards prepared from infusate simultaneously. 
Estimate the mean concentration of marker during the infusion period; and 
the mean plateau marker concentration. 

(6) Calculate the flow rate (F) from the rumen as: 

infusion rate 
F = 

concentration of marker on plateau 

(7) From the data on the disappearance of marker, estimate Ti f i as before, 
calculate the volume from estimated values of F and Tir>. jii 

Note: It is recognized that in some markers such as s lCr-EDTA small but not insignificant 
quantities may appear in the urine following absorption. However, this generally fails 
to exceed 4% of the daily dose, although occasional checking of the extent of this 
phenomenon may be desirable. 
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EXERCISE 31. RATE OF PASSAGE OF SMALL PARTICLES 

It is sometimes useful to obtain an estimate of the rate of outflow of small 
particles from the rumen; for instance, to complement measurements of 
degradation rate of protein supplements (see Exercise 36). Small particles like 
protein supplements can be treated with sodium dichromate which renders the 
material undegradable and also undigestible in the lower gut of ruminants. 

Preparation of indigestible Cr-treated protein concentrate 

This method developed by Uden et al. [7] for estimating fibre is adapted 
to treat protein supplement, e.g. fish-meal. 

About 100 g of sodium dichromate per kg fish-meal is required. Labelled 
sodium dichromate is dissolved in water and added to fish-meal and mixed 
thoroughly. Water is added to give a yellow/brown paste. The paste is placed 
in a tray covered with foil and left for 24 h in an oven at 100°C. The crusty 
material is discarded and disposed of. 

The paste is rinsed in water in a sieve to remove excess of chromate. The 
washed material is resuspended in water and ascorbic acid added to reduce the 
pH to 4.5 and the material is then left overnight. If the pH is then more than 4.5, 
wash again and treat with ascorbic acid. The material can then be dried and used. 

A suitable suspended mixture can then be given via a rumen cannula or 
given as an oral drench. To ascertain that the product is rendered undegradable, 
it can be incubated in a nylon bag and the disappearance, if any, determined 
(see Exercise 38). 

Determination of rate of flow of small particles 

Ideally, the dilution rate from the rumen should be determined in a manner 
similar to the determination of liquid flow rates and the fractional outflow rate 
calculated as for Exercise 29. However, except for conditions when a ruminant 
is fed a completely ground diet, it is almost impossible to obtain homogeneous 
samples from which to accurately estimate the fractional outflow rate. It is, 
however, possible here to use the descending curve excretion in the faeces as this 
has been shown to relate closely to determination in the rumen [10]. Rectal 
samples should be obtained every six hours for about four days and the excretion 
curve examined. The fractional descending curve of Cr concentration in the 
faeces starting from the second value after the peak concentration has been 
reached in a similar manner to the calculation of liquid flow (see Exercise 29). 
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EXERCISE 32. ESTIMATION OF THE VOLUNTARY FOOD INTAKE OF 
GRAZING RUMINANTS 

Many methods have been proposed to predict the voluntary food intake of 
grazing ruminants. This exercise relies on the use of animals equipped with rumen 
fistulae to permit the constant infusion of an indigestible marker, and preferably 
oesophageal fistulae to permit collection of ingested feed samples as a measure of 
the composition of the selected herbage. If oesophageal fistulated animals are not 
available then the acquisition of a plucked forage sample to simulate, as closely 
as possible, the selected herbage is recommended. 

MATERIALS AND EQUIPMENT 

(1) Sheep with permanent rumen fistulae and oesophageal fistulae (optional) 
(2) Suitable indigestible marker (see §V-2.2) , e.g. rare earth marker such as 

Yb, Ru, etc. 
(3) Portable infusion pump for marker dosage (if available) 
(4) Appropriate analytical apparatus for marker chosen 
(5) Muffle furnace and drying oven 
(6) Appropriate in vitro digestibility facility 
(7) Freeze drier 

PROCEDURE 

(1) Allow animals adequate time to adapt to the diet under investigation. 
(2) Prepare sufficient infusate for a minimum of five days premeasurement 

period, plus the number of days in which measurements of voluntary food 
intake are proposed (minimum three days). If a portable infusion pump for 
attachment to the animal to permit continuous marker infusion is not 
available, then make up the marker in a reduced volume for timed manual 
injection (see step (4)). 

(3) If continuous infusion is being used, check that the pump is delivering a 
constant volume and ensure that power supply (e.g. rechargeable batteries) 
is adequate. 

(4) Where continuous marker infusion is not available, commence a manual 
intraruminal injection regime at as great a frequency throughout the whole 
day as possible, with marker dose rate at each injection being fixed to give 
an acceptable daily infusion level. 

(5) After completion of the premeasurement period, maintain the infusion 
procedure and commence faecal grap sampling. Generally these will have 
to be obtained by rectal palpation and a minimum of 4 sampling times per 
day is desirable. Keep all samples separate and dry at 103°C for 24 h (or 
longer if necessary). 
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(6) For each animal, accumulate all samples for each individual day on an 
equal DM basis, grind and store for subsequent analysis. 

(7) On the same days as the faecal sampling appropriate samples of ingested feed 
(by oesophageal fistulae) or freshly plucked forage should be obtained and 
prepared for subsequent analysis by freeze or low-temperature drying. 

(8) Analyse daily faecal samples for marker concentration and relate to marker 
infusion rate to determine daily faecal DM output. Determine organic 
marker content of faeces (dry ashing at 550°C overnight in furnace) to allow 
calculation of faecal organic marker (OM) output. This represents the 
indigestible OM intake, and is a more appropriate component to use than 
DM, so overcoming possible errors due to soil contamination. 

(9) Determine in vitro OM digestibility of the acquired representative feed sample 
and from previously derived in vitro/in vivo OM digestibility relationships 
(with mature sheep fed similar forages indoors) calculate in vivo indigestible 
OM contents of feed (Y%). 

(10) Then estimated intake of OM = feacal OM output (g/d) X (100/YY). 

V—2.3. Digestion and synthesis 

V—2.3.1. Introduction 

The most important events occurring in the rumen relate to the conversion 
of complex carbohydrate compounds into volatile fatty acids which serve as the 
main source of energy for ruminants and the formation of microbial protein which 
in turn serves as the main source of protein. Digestion in effect is the total 
conversion including volatile fatty acid formation, gas production and synthesis 
of microbial cells. 

Digestion. The course of digestion or fermentation in ruminants can be 
followed for instance by simple in vitro techniques (e.g. Exercise 34) or by 
incubating substrates in nylon bags and describing the disappearance. This can 
be extremely useful information of feed quality and other characteristics of the 
feed, e.g. protein degradability. It is also an excellent tool (see Exercise 36) as 
it gives newcomers a perspective that cannot be gained simply by in vivo measure-
ments of digestibility. 

Volatile fatty acid production. The volatile fatty acids produced are largely 
absorbed from the rumen, and their rate of production can be measured directly 
or indirectly. It is possible by careful isotope labelling to obtain measurements 
of the volatile fatty acid produced (see Exercise 35). It is also possible to estimate 
with reasonable accuracy the volatile fatty acid production from disappearance 
of substrate and utilizing known stoichiometric principles (see Appendix VI—5). 
By using molar proportions found in the rumen it is possible to gain information 
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on the volatile fatty acid production (see Appendix VI—5), but one should also 
estimate carbon incorporated into microbial cells [11]. These calculations are 
useful also as they give students of fermentation an understanding of the possi-
bilities and limitations imposed by anaerobic fermentation. 

Synthesis of microbial cells. Estimates of the conversion of dietary nitrogen 
or indeed recycled nitrogen into microbial cells can be made with the use of 
suitable isotopes (see Exercise 36). It is thus possible to measure factors that affect 
the production of microbial protein. Another aspect of fermentation, of importance 
to microbial protein synthesis, relates to the rumen degradation of dietary protein 
(see Exercise 33). The rate and extent of degradation of dietary protein determine 
not only the amount of degradable nitrogen available for microbes for their 
synthesis, but also the amount of dietary protein that subsequently becomes 
available for digestion by the host animal. It is possible to obtain good estimates 
of protein degradation by using the nylon bag technique (see Exercise 38). It is 
also possible to get some estimates of this parameter by using in vitro techniques. 
It is, of course, also possible to derive the degradation of dietary protein from the 
estimated microbial protein synthesis. 

V—2.3.2. Exercises 

EXERCISE 33. MEASUREMENT OF PROTEOLYTIC ACTIVITY IN THE 
RUMEN CONTENTS 

The objective of this exercise is to prepare [14C]-labelled protein substrates 
and to use them to measure proteolytic activity in terms of released radioactivity. 
It is possible to measure proteolytic activity as released ammonia-N, amino acids 
and peptide N and, more conveniently, by measuring the released colour from 
diazotized proteins. There is a possibility of microbial assimilation of the released 
N with the former method and the sensitivity of the latter method is limited by 
the extent of modification of different proteins and the presence in the rumen of 
pigments that absorb at the same wavelength as the products of hydrolysis. 
Another method is to use protein fractions from plants grown in the presence 
of 1 4 C0 2 . 

The procedure described here involves reductive methylation of proteins 
in the presence of [14C]-formaldehyde of high specific radioactivity. The hydrolysis 
products of the 14C-formaldehyde labelled proteins are not reincorporated into 
microbial protein during incubation and therefore the released acid-soluble radio-
activity can be measured (with greater accuracy). The label in the proteins is 
evenly distributed and the labelled proteins are digested at the same rate as the 
native proteins. The sensitivity of the method is only limited by the specific 
radioactivity of [14C]-formaldehyde used to label the protein. 

The procedure is based on that described by Wallace [12]. 
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A. PREPARATION OF LABELLED PROTEINS 

MATERIALS AND EQUIPMENT 

(1) Samples of protein (e.g. casein, fish-meal, ground nut meal, lactoglobulin, 
albumin) 

(2) Sodium borohydride (NaBH4) (Fisher) 
(3) [ 14C]-formaldehyde ( 3 7 0 - 7 4 0 MBq/mmol) (Amersham) 
(4) Glassware (flasks, pipettes) 
(5) Dialysis tubing 
(6) Refrigerator, ice 
(7) Balance 

PROCEDURE 

(1) Prepare a solution or suspension of protein (10 mg/mL) and keep on ice in 
a fume cupboard. 

(2) Add 0.015 vol. freshly prepared sodium borohydride solution (0.5 mg/mL). 
(3) A few seconds later add 0.05 vol. of [14C]-formaldehyde solution (about 

1 g/1000 mL). Keep on ice for 30 minutes. 
(4) Transfer to dialysis tubing and dialyse against distilled water at 4°C until 

there is minimal radioactivity in the dialysate. 
(5) Transfer the protein to a large round bottom flask and freeze-dry. This should 

give labelled protein with 148 -740 kBq/q ( 4 - 2 0 juCi/g). 

B. MEASURING PROTEOLYSIS 

MATERIALS AND EQUIPMENT 

(1) Fresh sample of strained rumen contents 

(2) Labelled protein 
(3) Phosphate buffer, 50mM, pH 7.5 
(4) Trichloroacetic acid solution (TCA) (100 g/L) 
(5) Glassware 
(6) Water bath set at 39°C 
(7) Centrifuge 
(8) Scintillation counter 

PROCEDURE 

(1) Prepare a suspension or solution of labelled protein in phosphate buffer 
(4 mg/mL). 



V—2. GASTROINTESTINAL TRACT 199 

(2) Add equal volume of strained rumen contents and incubate in water bath 
at 39°C. 

(3) Remove replicate samples after zero time and after a suitable interval (30 min 
for casein and lactoglobulin, 1 h for most other proteins). 

(4) Mix with equal volume of TCA (final concentration 50 mg/L). Allow to 
stand for 10 min and centrifuge at 31 OOOg, 10 min at 4°C. 

(5) Use the supernatant fluid to determine radioactivity in the scintillation 
counter. 

(6) Determine the radioactivity in the substrate solution, suppose this is 
A dis/min-mg-1. 

(7) If the TCA-soluble radioactivity released in 1 h is x dis/min-mL"1, then the 
amount of protein degraded in 1 mL incubation mixture is 2x/A mg, where 
A is the radioactivity per mg labelled protein. When the concentration of 
rumen contents in the incubation mixture is 0.5 mL/mL, the proteolytic 
activity is given by 

4x/A mg protein degraded-mL-1 rumen contents-h -1 

Suggested elementary exercises with soluble protein (e.g. casein) 

(1) Use a larger volume of incubation mixture (say 20 mL, 2 mg/mL protein, 
0.5 mL/mL rumen contents). Incubate at 39°C, withdraw 2 mL samples 
after 0, 15, 30, 60, 90, 120 and 180 min, mix with 2 mL TCA and determine 
radioactivity released. Does protein degradation increase linearly with time? 

(2) Set up six flasks with 5 mL substrate in each (2 mg/mL). Add 5, 4, 3, 2, 
1 and 0 mL water and 0, 1, 2, 3, 4 and 5 mL strained rumen contents. 
Incubate for 30 min and determine radioactivity released. Any release in 
the first flask? 

(3) Use different concentrations of protein (say 1 , 2 , 3 , and 8 mg/mL) and 
0.5 mL rumen contents/mL. Incubate for 30 min at 39°C. Compare radio-
activity released with added radioactivity. 

Other exercises 

(1) Prepare I4C-labelled fish-meal and soyabean meal. Use these two substrates 
to determine the proteolytic activity in the strained rumen contents of sheep 
given fish-meal or soyabean meal. Take samples before and 2 h after.feeding. 
Comment on results obtained. 

(2) Obtain a sample of strained rumen contents and a sample of solid digesta 
from the same animal (about 80 g solid removed with tongs). Place the solid 
in a nylon gauze bag and place this in a larger polyethylene bag. Add 40 mL 
phosphate buffer, wash by squeezing and squeeze out most of the excess 
liquid into a beaker. Repeat the washing procedure and combine the washings. 
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Determine proteolytic activity in the strained rumen contents and in the 
washings. Centrifuge some of the strained rumen contents and the washings, 
wash the residues repeatedly, dry at 100°C and weigh to give the particulate 
dry matter content. Express the proteolytic activity per unit particulate 
matter and comment on the results. 

EXERCISE 34. ESTIMATION OF EFFICIENCY OF MICROBIAL SYNTHESIS 
IN THE RUMEN CONTENTS 

When a typical carbohydrate such as glucose is degraded by rumen micro-
organisms, it is partly converted to volatile fatty acids (mainly acetic, propionic 
and butyric) and part of the carbon skeleton of the substrate is incorporated 
into microbial matter (see §V-2.3.1) . Some of the energy generated during the 
production of volatile fatty acids is used in the synthesis of microbial matter. 
If it is assumed that the amount of microbial cells synthesized during incubation 
with U-[14C]-glucose is proportional to the amount of radioactivity incorporated 
into the particulate matter and that the energy generated is proportional to the 
radioactivity in the volatile fatty acids formed, the efficiency (microbial matter 
produced/energy generated, Y A T P ) should be proportional to the ratio radioactivity 
in particulate matter: radioactivity in volatile fatty acids. 

It can be shown from the stoichiometry of rumen fermentation that this 
ratio should be about 0.57 when Y A T P = 10.5 g microbial matter per mol ATP. 

A. INCUBA TION OF R UMEN CONTENTS WITH 14C-GL UCOSE 

MATERIALS AND EQUIPMENT 

(1) Water bath at 39°C (if possible, shaking), fume cupboard 
(2) Fresh sample of strained rumen contents 
(3) Glass conical flasks (25 mL capacity) or plastic bottles provided with rubber 

bungs, each with two hypodermic needles. One needle to be pushed through 
the bung (A) and cut short and one pushed well down (B) so that the tip 
nearly reaches the bottom of the flask 

(4) Plastic disposable syringes (1.0 mL), glass syringes (5 mL) 
(5) Supply of N2 gas 
(6) U-[14C]-glucose solution containing 74 kBq (2 juCi) and 2 mg/mL 
(7) Trichloroacetic acid (50 and 100 g/L) 

PROCEDURE 

(1) Measure 10 mL rumen contents into flasks, close with the rubber bungs. 
Flush the system with N2 gas (through opening B; Fig. V—1). 
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(2) Fill the plastic syringes with radioactive glucose (1.0 mL) and connect to 
the hypodermic needle (B). Place the assembly in the water bath, leave for 
5 min and connect an empty glass syringe to the other opening (A). 

(3) Add the labelled glucose in 0.2 mL portions at the start and after 0.5, 1.0, 
1.5, 2.0 h of incubation, shaking the contents gently every time. Continue 
incubation for 1 h (total incubation of 3 h). 

(4) Take the assembly from the bath, remove the rubber bung (in the fume cup-
board) and add 5 mL trichloroacetic acid (100 g/L). Mix and allow to stand 

. for 30 min. 

B. SEPARATION OF VOLATILE FATTY ACIDS AND MICROBIAL MATTER 

MATERIALS AND EQUIPMENT 

(1) Centrifuge (not necessarily refrigerated) 
(2) Drying oven 
(3) Conway diffusion dishes 
(4) O. lNNaOH, 3 N H 2 S 0 4 

(5) Solid Na 2S0 4 

(6) Liquid paraffin 
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PROCEDURE 

(1) Transfer quantitatively the contents of each tube to centrifuge tubes and 
centrifuge at 15 000 rev/min for 30 min. Decant the supernatant and keep. 

(2) Wash the residue three times by adding 15 mL trichloroacetic acid (5 g/L), 
breaking up the pellet and recentrifuging. Transfer the residue to weighed 
flask. Dry at 105°C and weigh. 

(3) Place 2 mL 0.1N NaOH in the outer well of the Conway unit. Pipette 0.5 mL 
supernatant solution into the centre well of the unit, add 0.1 mL 3N H 2 S0 4 ; 
and add solid Na 2 S0 4 to cover the supernatant. Allow a few minutes for 
residual C0 2 to escape and cover the unit with lid smeared with liquid 
paraffin. Allow to stand at room temperature overnight. The volatile fatty 
acids are trapped in the NaOH solution. 

C. DETERMINA HON OF RADIO A CTIVTY 

MATERIALS AND EQUIPMENT 

(1) Scintillation counter, vials 
(2) Scintillation mixture (a): toluene containing 4 g/L diphenyl oxazole and 

0.1 g/L dimethyl POPOP mixed with Triton X-100 in proportion 2 to 1 
(3) Scintillation mixture (b): toluene containing 0.6% PPO and 0.1% bis-MSB: 

ethanolamine:methanol (10:1:9). 

PROCEDURE 

(1) The volatile fatty acid solution from the outer well of the Conway units: 
this can be mixed with scintillant (a) or any scintillant suitable for mixing 
with aqueous solvents and counted directly. 

(2) Dried microbial matter: This can be burned in a tube furnace in a stream 
of 0 2 , and by bubbling the effluent gas through the scintillation mixture (b) 
the C0 2 can be trapped and counted. Alternatively, the sample (say 10 mg) 
can be placed on a small piece of paper tissue that has been wetted with 
trichloroacetic acid (50 g/L), covered with another layer of tissue and dried. 
It can then be burned in an oxygen combustion flask as described in 
Exercise 18, and counted. 

(3) The ratio radioactivity in the particulate matter: radioactivity in volatile 
fatty acids for the whole incubation mixture is then calculated. 
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Suggested exercises 

(1) Use strained rumen contents from animals given concentrate or roughage 
rations, taking samples just before and 2 h after morning feed. Compare the 
results and comment. 

(2) Dilute samples of rumen contents that show high efficiency (see 1 above) 
with McDougal's buffer (0, 0.25, 0.50, 0.75 and 1.0 mL rumen contents/mL) 
and incubate as before. Does the efficiency change? Comment. 

(3) Obtain a sample of strained rumen contents and a sample of solid digesta 
from the same animal. Prepare a suspension of microorganisms that can be 
washed out of the solid digesta (as described in Exercise 33, but with the 
phosphate buffer replaced by McDougal's buffer). Incubate replicates of 
these two samples of rumen contents and determine efficiency. Is there a 
difference? 

EXERCISE 35. INCUBATIONS OF RUMEN CONTENTS IN GLASS SYRINGES: 
A SIMPLE ARTIFICIAL RUMEN 

The simplest type of short-term artificial rumen consists of test tubes or 
flasks with rumen contents incubated at 39°C. The anaerobiosis is maintained 
by bubbling C0 2 during incubation or by providing the vessels with Bunson valves. 
The latter arrangement is difficult to manipulate (addition of substances, with-
drawal of samples), an important component of fermentation products (gas) 
cannot be quantified, and the free-venting of gas could result in contamination 
when radioisotopes are used. The procedure described here is simple, the 
apparatus is inexpensive, it does not suffer from the disadvantages discussed 
above, and can be readily adapted to different requirements. This procedure has 
been developed by Czerkawski and Breckenridge [13] and used extensively by 
the authors and others (e.g. Baran [14]). 

MATERIALS AND EQUIPMENT 

(1) Samples of strained rumen contents 
(2) 0.5N NaOH 
(3) Artificial saliva [15] 
(4) Glass syringes, Luer fittings, steel nozzle (50 mL, 20 mL, 10 mL) 
(5) Plastic 3-way taps 
(6) Water bath at 39°C (possibly a shaking type) 
(7) Scintillation counter 
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FIG. V-2. Simple apparatus for incubating small samples of rumen contents in a water bath. 

PROCEDURE 

(1) Connect a 3-way tap to a 50 mL glass syringe as shown in Fig.V—2. When 
the stopcock is turned to any particular opening, that opening is closed. 

(2) Fill the syringe with water and empty it. This is to wet the plunger and 
the barrel. Turn the tap to C and inject 20 mL rumen contents through the 
opening B, using a 20 mL syringe. Turn the tap to A and remove the 20 mL 
syringe. 

(3) Fill a 10 mL syringe with an inert gas, e.g. N2, connect it to B and press the 
plunger, allowing the gas to escape through C until exactly 5 mL of gas is 
left in the syringe. Turn the tap to C and transfer the 5 mL of gas to the 
bigger syringe. Turn the tap to A and remove the small syringe. The syringe 
now contains 20 mL rumen contents and 5 mL of gas to make it possible to 
agitate the liquid when the syringe is lying on its side. 

(4) Place the syringe in a water bath and incubate. If a shaking water bath is 
available, fix the syringes to a frame with clips. If no such bath is available, 
allow th$ syringes to float (they will be 70-80% submerged) and take them 
out and agitate the contents by inversion at regular intervals. 

(5) Take the syringe out at regular intervals, keep it vertical as shown in the 
figure (making sure that the plunger is free to move) and read the volume 
of gas on the scale. The difference between this reading and the amount of 
gas added gives the amount of gas produced. This is not a very accurate 
parameter, but it is extremely useful. With care, a curve relating gas production 
to time can be drawn. The shape of this curve can be very informative about 
the extent and magnitude of reaction in the incubated sample. 
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(6) At the end of incubation take the syringe out of the bath, connect an empty 
syringe (20 mL) to the opening B, turn the tap to C and transfer the gas to 
this syringe. If the volume of gas produced is small, use a 10 mL syringe; 
the measurement of gas produced will be more accurate.' Turn the tap to B 
and disconnect the 3-way tap (plus the small syringe) from the big syringe 
at A. Read the volume of gas and set the sealed gas sample aside for further 
analysis. 

(7) Small amounts of liquid (e.g. substrates, labelled compounds, inhibitors) 
can be introduced into the reaction mixture in the same way as the gas (see 
step (3) above), but it is best to use a small (1 mL) plastic syringe. Similarly, 
samples of liquid or gas can be taken (the former, with the syringe upside 
down). 

Suggested exercise 

(1) Introduce 10 mL rumen contents and 5 mL N2 into four syringes as 
described above. 

(2) Inject 1 mL solution of U[14C]-glucose (50 mg, 37 kBq (1 juCi)) into two 
syringes. Inject 0.2 mL of the same labelled glucose into the remaining two 
syringes at 0, 1 , 2 , 3 , and 4 h of incubation. Incubate one more hour (total: 
5 h), recording gas production every hour. 

(3) Transfer the gas to small syringes as above and note the volumes. Introduce 
2 mL 0.5N NaOH into this syringe to absorb the C 0 2 . Determine the radio-
activity in the alkaline solution in a scintillation counter and calculate the 
specific activity of the C02 . 

(4) Compare the two methods of addition of substrate and comment. How 
would you measure the volume and radioactivity in the total C0 2 in the 
system without removing the reaction mixture from the syringe? Is it 
possible to estimate approximately the amount of methane produced? 

EXERCISE 36. ESTIMATION OF MICROBIAL PROTEIN SYNTHESIS IN 
RUMINANTS IN VIVO 

The object of this exercise is to estimate the proportion of duodenal protein 
(or non-ammonia nitrogen) that is of microbial origin, and from this to deter-
mine the net yield and efficiency of synthesis of microbial biomass in the rumen. 

Two markers, viz. suphur-35 labelled sodium sulphate and nitrogen-15 
labelled ammonium sulphate (or chloride), can be used and the required procedures 
are outlined in sections A and B below. Both methods rely on the incorporation 
of an inorganic tracer into the protein or total-nitrogen component of microbial 
biomass and subsequent isolation and assessment of the specific activity (or 
enrichment) of the microbial fraction presented to the duodenum. These values 
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are then compared with the specific activity (or enrichment) of whole duodenal 
digesta, and the ratio of the two values gives a direct estimate of the proportion 
of duodenal non-ammonia nitrogen represented by microbial nitrogen. 

A. USE OF SULPHURS5 [ 16, 17 ] 

MATERIALS AND EQUIPMENT 

(1) Sheep (or cattle) fitted with permanent rumen cannulae and either re-
entrant or T-piece duodenal cannulae 

(2) Infusion pump capable of accurately delivering 1 0 - 3 0 mL/h 
(3) Low-speed and high-speed centrifuges 
(4) Na^5S04 7.4 MBq/d (200 juCi/d) for sheep appropriately increased for 

cattle) 
(5) Kjeldahl apparatus 
(6) Heating block or reflux apparatus 
(7) Liquid scintillation counter 

PROCEDURE WITH ANIMALS AND SAMPLE ACQUISITION 

(1) Prepare intraruminal infusion solution comprising 5 .55-7 .4 kBq 
( 1 5 0 - 2 0 0 MCi) Na| 5 S0 4 and 500 mg Na2S04 (sheep) in an appropriate 
volume (250—750 mL). This is sufficient for one day's infusion, with a 
minimal requirement of two days, or longer according to the experimental 
design. 

(2) Immediately prior to commencement of infusion, take background sample 
of duodenal digesta from each animal and prepare whole digesta and micro-
bial samples as described below (steps (6)- (12)) . 

(3) Commence and maintain constant infusion for a minimum period of 24 h. 
(4) After 24 h, or longer if possible, commence collection of duodenal samples 

as outlined in § IV-3.4 .2 whilst maintaining constant intraruminal 
infusion of 35S. 

(5) At end of appropriate sampling time, and preferably a minimum of 24 h, 
terminate both infusion and collection. 

(6) Take collected duodenal digesta and mix well. Total volume should be at 
least 800 mL. 

(7) Remove 400 mL of mixed digesta (or more if available) and prepare for 
(freeze) drying. This will provide a sample of duodenal digesta for sub-
sequent routine analysis. 

(8) Take a further 2 X 25 mL of duodenal digesta and hold frozen until required 
for analysis of total duodenal NAN specific activity. 
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(9) Take a further 350 mL (or up to 500 mL if available) and prepare for low-
speed centrifugation after first filtering through double-layer cheese cloth. 
The resulting material is then centrifuged at 2800g for 10 minutes. 

(10) Remove the supernatant (if some floating feed particles are visible restrain 
through cheese cloth) and prepare for high-speed centrifugation at 
20 OOOg for 30 min at 2°C. The centrifuged residue obtained from the low-
speed centrifugation may be used as an alternative digesta phase if a dual-
phase marker system to estimate total digesta flow is being used (see 
Exercise 29). 

(11) After high-speed centrifugation, remove supernatant and wash microbial 
residue in distilled water. Repeat centrifugation, followed by repeat washing 
to give twice-washed microbial pellets. 

(12) Add a small amount (5 mL) of water to microbial pellets, mix well and 
transfer to appropriate container for storage (frozen) prior to analysis. 

SAMPLE ANALYSIS 

See Exercise 26 (Part IV). 

Calculation of data 

The proportion of duodenal NAN (Mp) present as microbial N is obtained by 

Specific activity of duodenal NAN 
Specific activity of microbial N 

B. USE OF NITR O GEN-15 

MATERIALS AND EQUIPMENT 

As for sulphur-35, excluding items (4) and (7) and including 

(1) l s (NH 4 ) 2 S0 4 - (95% enrichment preferred but as low as 5% enriched can 
be used) 

(2) Mass spectrometer 

PROCEDURE 

(1) Prepare intraruminal infusion solution comprising 300 mg 1SN as (NH4)2S04 

for sheep, with suitably increased amounts for growing cattle and for dairy 
cows. All doses to be made up in an appropriate 'daily' volume with a 
minimum of two days in fusate/animal. 

(2) Proceed as for Exercise 36.A above from steps (2) to (12) inclusive. 
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Sample preparation 

See Exercise 22.B (Part IV). 

Sample analysis 

By mass spectrometry, Exercise 22.B. 

If desirable, use emission spectrometry (see Ref.[18]) but it must be 
remembered that this method of analysis is less sensitive and will require the use 
of greater quantities of 15N isotope. 

Calculation of results 

(a) Proportion of microbial N in duodenal NAN 

_ % atoms excess duodenal NAN 
% atoms excess microbial N 

and microbial N flow can then be determined as described in Exercise 36.A, 
section using 35S. 

(b) Parameters of NH3 kinetics in the rumen 

If, in addition to the enrichments of microbial N and duodenal NAN, the 
mean daily enrichment of rumen NH3 is known, then some further quantitative 
data can be obtained: 

(1) Proportion of microbial N arising from NH3 pool 

_ % atoms excess microbial N 
% atoms excess rumen NH3 

(2) Irreversible loss rate of rumen NH3 

% atoms excess rumen NH3 
15N infusion rate 

EXERCISE 37. ESTIMATION OF VOLATILE FATTY ACID PRODUCTION 
RATE IN THE RUMEN 

If a ruminant is fed continuously or at very frequent intervals (i.e. hourly), 
ruminal fermentation, and hence volatile fatty acid (VFA) production, can be 
regarded as occurring at a relatively constant rate. With non-steady state no 
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technique can be recommended for meaningful measurement. Even with steady 
state there are problems in assuming that the molar proportions of VFA represent 
the molar proportions in which they are produced. This is acceptable at high 
rumen pH (about 7.0) when absorption rates of the individual VFA are similar. 
At low rumen pH the relative proportion of acetic acid in the rumen is higher 
and that of propionic and butyric acids is lower than their relative rates of 
production. 

The production rate (more correctly, the irreversible loss rate) of the acid 
can be calculated from the plateau specific radioactivity (SRA) and rate of 
administration of radioactivity as follows: 

Production rate _ Rate of isotope administration (MBq/d) 

(mol/d) plateau SRA (MBq/mol) 

The tracer, which is normally a 14C-labelled volatile acid, is administered by 
continuous infusion via a rumen fistula. The samples of rumen liquor are also 
removed through the fistula for SRA estimation. 

D e t e r m i n a t i o n o f t o t a l V F A p r o d u c t i o n r a t e 

The total ruminal VFA consist of six to seven acids, in which acetic, 
propionic and butyric acids predominate. Therefore the isotope dilution method 
demands that separate tracers be used for each acid. Using the assumption that 
production rate is proportional to concentration, a single tracer (usually 14C-
acetate) may be infused and an estimate of total VFA production rate obtained. 

Exchange of carbon between ruminal VFA 

Considerable exchange of carbon occurs in the rumen between acetate and 
butyrate, and to a lesser extent between acetate and propionate. Thus the method 
of determining total VFA production rate using a single tracer is an approximation 
which will give net production rate. The total production rate and the estimate 
of degrees of exchange requires infusion of all three major acids. 

PROCEDURES 

Animals and feeding 

The animals, which are housed in metabolism cages during measurements, 
should be prepared with ruminal fistulae of sufficient size so that samples of 
rumen liquor can be removed without interfering with the infusion of tracer. 
A suitable period (at least 10 days) is necessary to allow the animal to adapt to 
the dietary regime. To achieve conditions of steady state, feeding must be as 
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frequent as is possible. As water intake may not be constant when dry feeds are 
offered, fluctuations in the rumen due to drinking may be reduced by infusing 
the tracer in a relatively large volume of water (at least 1 L/d for sheep). 

Choice of tracers 

Either all or one of the carbon atoms within a VFA molecule can be labelled. 
The 14C-labelling position of acetate and butyrate tracers appeared to have little 
if any effect upon the estimates of production rates obtained [19, 20], while the 
labelling position of propionate tracer is very important. The use of 1-14C-
propionate gives a much higher estimate of propionate production rate than does 
2-14C-propionate [21]. For normal production rate estimates 2-14C-propionate 
should be used. 

Infusion technique 

The tracers should be infused as the sodium salts having been diluted with 
carrier VFA salts and dissolved in sterile water (for instance 1 —2 /imol carrier 
per kBq; 2 .96 -3 .7 MBq/d ( 8 0 - 1 0 0 juCi/d) for sheep). A simple means of 
achieving constant infusion rates is to use a multichannel peristaltic pump (one 
channel per animal). The infusion solution is carried to each animal by flexible 
tubing and introduced into the rumen through a rigid tube (stainless steel or 
polyethylene) passing through a rubber bung fitted in the rumen fistula. One 
infusion should last at least 16 hours such that plateaux SRA values can be 
obtained for all VFA. 

Sampling of rumen liquor 

It is necessary to obtain rumen liquor samples that are representative of 
the rumen contents as a whole, but are not contaminated with highly radioactive 
material close to the site of infusion. Immediately after removing the sample, 
a preservative (e.g. concentrated H2S04) must be added to prevent further micro-
bial action. Samples can then be stored in a deep-freeze. Normally 5—9 samples 
would be fallen approximately hourly through to the end of each infusion. 

There are essentially three options with different degrees of sophistication. 

Option 1. Determination by infusion of one VFA and determination of 
total activity in the steam distillate of the VFA. 

This option gives the net production of total VFA. Rumen liquor samples 
are steam-distilled and the total VFA content determined by titration of the 
distillate, retaining an aliquot for radioactivity estimation. The relative con-
centrations of individual VFA are determined by gas-liquid chromatography. 
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Option 2. Determination by infusion of one VFA but separation of the 
individual VFA to determine radioactivity and extent of interconversion. 

Option 3. Injection of labelled acetate, propionate and butyrate on 
separate occasions. Here the VFA are separated by the method described in 
Exercise 27. The quantitative analysis of interconversions can then be assessed 
by calculations using a three-compartment model. 

EXERCISE 38. USE OF NYLON BAGS INCUBATED IN THE RUMEN 

Animals fitted with permanent rumen fistulae are required. To ease insertion 
and removal of the bags the diameter of the cannulae should be at least 40 mm. 

Nylon bags 

Sample preparation 
Sample size 
Incubation times 

Pore size 20—40 (*m 

Dimensions approximately 15 X 8 cm 
Nylon filter dot-sewn with double stitch using nylon thread 
Ground through screen 2—5 mm or longer 
3—5 g of air-dry feed 
Straw or bag 8 - 1 6 - 2 4 - 4 8 - 7 2 h 
Protein concentrate 3, 6, 9, 1 2 - 2 4 h 

A. TO DETERMINE THE EFFECT OF R UMEN ENVIR ONMENT ON 
RATE OF DIGESTION OF STRAW AND PROTEIN CONCENTRATE 

Animals: If possible three sheep in two periods. 

PROCEDURE 

Feed ad libitum hay in one period of at least 14 d. Feed 40% hay and 60% 
concentrate based on starch or molasses in the second period also of at least 
two weeks. Use cross-over design. If three or more sheep are available, incubate 
five nylon bags containing the straw or the protein concentrate. If only two 
sheep are available, it is necessary to have two replicates. Straw and concentrate 
are best incubated separately, but can be incubated together if the bags can 
easily be withdrawn. 
(1) Anchor the nylon bags with nylon string to a hook placed in the top of 

the cannulae. The length of string should be 25—30 cm. 
(2) Weigh the empty nylon bags. 
(3) Weigh into the nylon bags the appropriate amount of sample. Lower the 

bags in water before inserting them to ensure that the bags will not float 
on top of the solid digesta in the rumen. 
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(4) Obtain sample of dry matter analysis and for N or other compounds if 
required. 

(5) Withdraw a bag at the suggested incubation times. Wash until washing water 
is free of colour or if possible use electric washing machine with approximately 
5 min cycle to standardize the washing procedures. 

(6) Dry in an oven at approximately 60°C for 48 h or if only dry matter is 
determined use 100°C in 24 h. Weigh dry bag with dry sample and subtract 
the weight of the empty bags to give weight of dry residues. Express the 
difference between incubated dry weight and dry weight of residue as a 
percentage. The fraction N and other compounds can be expressed similarly. 

B. COMPARISON OF TWO PROTEIN CONCENTRATES 

Use two protein concentrates, for instance meat and bone meal or fish-meal 
compared with groundnut or mustard seed cake or whatever is used in the region. 
Use two or three sheep or cattle as for Exercise A with appropriate replications. 

PROCEDURE 

(1) Use incubation times as for protein concentrate. 
(2) Feed the sheep on hay. 
(3) Incubate, withdraw bags, wash, dry and express result as for Exercise A. 

Analysis of results 

The nutrients usually disappear in an exponential manner and the 
disappearance is best expressed by the equation 

p = a + b (1—e~ c t) 

where a, b and c are constants and p is the disappearance of nutrient at time t. 
This equation is preferred because the rate constants a, b and c could have some 
biological meaning. The value of a is the intercept and p = the p-axis and is 
related to the water-soluble and very rapidly degrading fraction. If a + b is the 
asymptote, then b = the potentially degradable but not soluble part of feed. 
Finally, c is the fractional rate degradation of b, part b of the feed. The 
constants a, b and c are calculated by an iterative least square procedure which 
requires a small computer; however, a good estimate of the values for the 
constant can be obtained graphically. Thus the value of a can be obtained by 
drawing the curve and extending it to p. The value of b can be obtained by 
subtracting a from the asymptote value (a + b). Let us assume that a = 6, 
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b = 86 and let us use a value for t when p is rapidly changing. Let us assume 
that p after 8 hours was 48% (read from the graph). We then have 

Therefore e"8c = 0.512 and c = 0.0838 (taking the natural log on both sides of 
the equation). The value of c is very useful, particularly in assessing the 
effective degradability. 

For the assessment of the effective degradability of protein supplements it 
is necessary to obtain information on the outflow rate. The effective degradability 
can then be calculated from the formula 

where a, b and c are the constants from the equation of degradability and k the 
fractional outflow rate, usually measured by using Cr-mordanted protein supple-
ment and estimating the k value from the concentration of Cr in the faeces, see 
Exercise 31. 

V—2.4. Absorption and secretion 

After food materials enter the digestive tract they are subject to the many 
processes that lead to degradation of complex molecules, emulsification and 
solubilization. Nutrient absorption begins and continues as the digesta moves 
down the digestive tract. The absorptive process varies in the different regions 
of the intestine and is characterized by complexity, specificity for each category 
of nutrient and variability. The objectives in studying absorption are to deter-
mine where absorption of a particular nutrient takes place, the extent and rate 
of absorption and the mechanism involved. 

Complicating the study of absorption is the backflow, endogenous secretion, 
of some nutrients from the body into the gut. The addition of proteins, in the 
form of digestive enzymes and exfoliated cells, is a normal event as is the addition 
of Na+, H+, CP, HCO3 and urea. A major flow of certain mineral elements from 
the body into the digestive tract also occurs. This endogenous secretion into the 
gut invalidates the use of a simple balance of intake minus outflow of a nutrient 
as a measure of absorbability. 

A large number of procedures are used to study absorption and secretion. 
These include in vitro intestinal sacs, membrane chambers of varying degrees of 
complexity, cannulae and fistulae at various points in the digestive tract, 
catheterization, exteriorized pouches and intestinal loops, ligated intestinal loops 
and the balance trial. 

p = a + b (1—e" c t ) or e _ c t = (a + b - p)b (V—6) 

p = a - b c 
c + k 

( V - 7 ) 
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The particular procedure used in a study is decided by the kind of information 
desired, the cost of the experiment and the animals and the difficulty of the 
procedure. For agricultural animals the balance trial and its various modifications 
can provide information relating to the requirement of a nutrient for growth, 
maintenance and production and the true availability of the nutrient from a 
wide range of feedstuffs. More detailed information about site of absorption, 
rate and mechanism of absorption requires the use of the other more complex 
procedures. It is not possible to present here a description of all the procedures 
and modifications that are currently in use to study absorption and secretion 
into the gut. Therefore, only a few selected procedures that are representative 
of those most often employed in the study of nutrient transfer in agriculturally 
important animals will be discussed in this section. 

At this point it is important to note that radioisotopes have made and will 
continue to make significant contributions to the study of nutrient transfer. 
In some cases their use reduces the effort needed to provide the information; 
non-labelled materials can also be used in these studies. For example, radio-
active labels can be used as non-absorbable markers; however, there are non-
radioactive dyes or chemicals that are being used for the same purpose. In other 
cases, particularly when trying to distinguish between the dietary and endogenous 
origins of a nutrient, radioisotopes are absolutely essential. Stable isotopes are 
sometimes used to substitute for radioisotopes in studies involving calcium, 
magnesium, iron and zinc; however, the cost of the isotopes and the necessary 
detection equipment currently rule out their general use in agricultural animal 
experiments. 

Perhaps the simplest procedure for determining the percentage absorption 
of a nutrient is the balance trial. Since it is so widely used by animal scientists 
there will be no attempt to describe the procedure here. It is assumed that a 
balance study is a quantitative measurement of the excreta. The balance procedure 
is useful in determining the net absorption of very many nutrients. The addition 
of radioisotopes does not add much except ease in analysis. In some cases, 
however, where the orally administered radioisotope undergoes significant dilution 
or rapid movement into storage tissues after absorption, the return of label into 
the intestine is insignificant and the percentage absorption of the radioisotope 
comes very close to the true absorption of that element. Such conditions exist 
for radioiron uptake in most animals and the uptake of radiocalcium in very 
young animals. 

The balance trial, in its basic form, can be used to show changes in the per-
centage absorption of a nutrient as a function of the level of the nutrient in the diet. 

When a radioisotope has been administered intravenously during a balance 
trial it can provide information that may not be obtainable in any other way. In 
the simplest example, if 51Cr-labelled albumin is administered to an animal the 
appearance of 51Cr in the faeces is a measure of the rate of loss of albumin into 
the gut. In a more sophisticated example, injection of a label into the blood leads 
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to complete mixing of the label with the stable counterpart nutrient in the plasma. 
Any of this nutrient that then moves from the blood into the digestive tract, 
across the epithelium, will have the specific activity of the plasma. By determining 
the activity of the faeces and the plasma specific activity, the amount of the 
nutrient in the faeces that is of endogenous origin can be determined. This 
procedure is extremely useful in determining the true absorption of a nutrient. 

More precise studies of intestinal absorption require methods other than 
the balance trial. One procedure that permits precise measurements under 
restricted and specific conditions is the use of the everted intestinal sac. For this 
an intestinal segment is removed from an animal and everted so that the mucosa 
is on the outside. The ends are tied and a labelled solution is injected into the 
interior of the sac. The sac is then incubated in an oxygenated medium. Samples 
are taken of the incubating medium and sac contents over time to determine the 
movement from serosa to mucosa. By having the label in the incubating medium 
the movement from mucosa to serosa can be determined. This procedure has 
been intensively used in the study of the mechanisms of nutrient movement 
across the intestine. 

In vivo studies on absorption can also be done by using ligated intestinal 
segments having an intact blood supply. This technique is particularly useful for 
small animals such as pigs, rabbits, guinea-pigs, and chickens in addition to 
laboratory animals. The procedure consists of tying off designated sections of 
the intestinal tract and injecting the mixture to be studied. After allowing time 
for absorption to take place the ligated loop is removed and the activity not 
absorbed is determined. This procedure has been applied successfully in the study 
of the relation of calcium-binding protein and vitamin D to calcium absorption. 
It is easily adaptable to the study of the factors affecting the absorption of a 
wide range of nutrients. 

The removal of tissue from the body for study or the stasis of gut material 
is, to some extent, unphysiological. To provide a more normal situation, one in 
vivo approach is to feed an animal a marker substance along with the test nutrient 
until the daily input of the marker is equal to the daily output of the marker. 
When this steady state is achieved the animal can be sacrificed and samples taken 
at various levels of the gut. Calculation of the ratio of marker to test nutrient 
in each segment corrected for the ratio of marker to test nutrient in the preceding 
segment can give an indication of the points within the digestive tract where net 
absorption or net secretion of the nutrient takes place. For this type of study 
neither the nutrient nor the marker needs to be radioactive; however, radiolabels 
can greatly expedite the analysis. 

The exercises presented below illustrate some of these procedures in studies 
of absorption and secretion. While these exercises are written for a specific 
nutrient and species, it should be understood that they are adaptable to a wide 
range of nutrients, species and experimental conditions. 
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V—2.4.1. Exercises 

EXERCISE 39. TRANSPORT OF SUBSTANCES ACROSS SURVIVING 
EVERTED INTESTINAL SEGMENTS 

A. TRANSPORT OF CALCIUM-45 AND PHOSPHORUS-32 [ 2 2 - 2 5 ] 

Use of an everted intestinal sac 

An important technique for the study of substances moving across membranes 
is the use of surviving everted intestinal sacs from laboratory animals. Everting 
the intestinal segment serves two functions: (1) to make it easier to maintain 
the oxygen tension of the intestinal mucosa; and (2) to provide a small inner 
chamber for collecting material transferred across the epithelium without having 
it diluted into a large volume. 

S E R O S A 
M U C O S A 

O U O O E N A L S E G M E N T O V E R F L E X I B L E 
P R O B E W I T H T I E AT O N E E N D 

P A R T I A L L Y E V E R T E D O U O O E N A L S E G M E N T 

> 

C O M P L E T E L Y E V E R T E D O U O D E N A L S E G M E N T 

FIG. V- 3. Eversion of duodenal segment with the aid of a flexible probe. 
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The general procedure is as follows. The animal is killed and an intestinal 
segment, 6—8 cm long, is immediately removed. The segment is washed with 
isotonic saline, everted, washed again with the saline, and tied tightly at one end 
with a suture. 

The needle of the syringe containing the solution to be studied is placed in 
the open end of the everted segment. A ligature is then tightened around this 
end of the intestinal segment plus the needle. This ligature provides a tight seal 
as the contents of the syringe are emptied into the everted sac; tension is main-
tained on the ligature during this entire procedure. After filling, the needle is 
withdrawn and the ligature is completed (Fig.V-3). The segment can then be 
placed in a flask and completely covered with the oxygenated incubating medium. 

The rate and extent of transport of material across the sac can be deter-
mined by analysis of the incubating medium and the sac contents at different 
times. If differing concentrations are found to develop with time within and 
without the sac, it is evident that the membrane was able to transport the 
material against a concentration gradient. The transfer can be studied using 
either labelled or unlabelled material. One can start with identical substance 
concentrations on both sides of the membrane and observe if differing con-
centrations develop. Alternatively, the label can be placed only on one side, the 
rate of movement to the other side observed, and the final equilibrium levels 
attained. 

The advantage of this system is that it permits precise measurements under 
restricted and specific experimental conditions. The disadvantage is, of course, 
that the system may not quite represent the situation as it exists in the living 
animal. 

Multiple tracer techniques 

In this type of study, as well as in many other biological experiments, the 
simultaneous use of two radionuclides has considerable advantages. This pro-
cedure requires the accurate measurement of each radionuclide when both are 
present in a single sample. There are various methods, both physical and chemical, 
that can be used for this purpose. Specific procedures will depend on the kind 
of emissions, the energies, the half-life of the radionuclides and the chemical 
characteristics of the elements. 

If the two radionuclides emit different types of radiation (e.g. the one beta 
particles and the other gamma rays), they can be differentiated by counters that 
respond primarily to one of the radiation types. Therefore, a liquid scintillation 
counter may be used to measure beta emissions and a well-type Nal(Tl) 
scintillation counter to measure the gamma emissions. 

If the two radionuclides both emit gamma rays, then gamma-ray spectrometry 
may be used to differentiate the two. If both emit beta particles it may be 
possible to use differential spectrum counting with a liquid scintillation counter. 
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MATERIALS AND EQUIPMENT 

(1) Tray and waste receptacles 
(2) Wilson and Wiseman solution19, containing 1.5 kBq (0.05 nCi) 4SCa/mL and 

0.7 kBq (0.02 juCi) 32P/mL 
(3) Wilson and Wiseman solution, containing 1.5 kBq (0.05 juCi) 4SCa/mL and 

0.7 kBq (0.02 y£i) 32P/mL, plus 10_3M NaCN 
(4) Solution containing 1.5 kBq (0.04 fxd) 45Ca/mL 
(5) Solution containing 0.7 kBq (0.02 juCi) 32P/mL 
(6) Rats (preferably maintained on a low calcium diet for at least a week) 
(7) Liquid scintillation counter 
(8) Constant-temperature water-bath shaker set at 37°C 
(9) Oxygen tank with attached rubber hose 
(10) Sodium pentobarbital (65 mg/mL) 
( 1 1 ) 5 mL syringe and 20 gauge 2.5 cm needle 
(12) 1 mL tuberculin syringe and 20 gauge 2.5 cm needle 
(13) 5.0 mL volumetric pipette and control 
(14) 0.2 mL calibrated pipette 
(15) 15 mL graduated centrifuge tubes 
(16) 25 mL Erlenmeyer flasks with rubber stoppers 
(17) Counting tubes (8) 
(18) Liquid scintillation counter vials 
(19) Scissors, scalpel, forceps, flexible probe 
(20) Cotton thread 
(21) Squeeze bottle of physiological saline solution 
(22) Counting solution, liquid scintillation counting 

PROCEDURE 

(1) Kill the rat by injecting intracardially an overdose of sodium pentobarbital. 
(2) Immediately incise the abdomen, resect the duodenum at the pylorus, and 

remove a segment of duodenum that measures about 8 cm. Do not pull the 
mesentery free but cut the mesentery with surgical scissors. 

(3) Evert the duodenal segment by completely inserting a flexible probe 
through the lumen, tying off one end and telescoping the gut segment 
through itself, beginning at the tie (see Fig.V-3). 

(4) Wash the everted segment with saline, and tie it at one end with surgical 
thread. 

19 Wilson and Wiseman solution: NaCl 0.135M, KC1 0.01M, CaCl2 4 X 10"SM, Pa 2 HP0 4 

(pH 7.4) 0.008M [25]. 
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(5) Inject 0.6 mL of labelled incubating solution into the other end of the 
segment through a second tie to prevent backflow. After injection, remove 
the needle while pulling the second tie tight. Thus a 'gut sac' is formed with 
the serosa inside the mucosa outside. 

(6) Place the sac in a 25 mL Erlenmeyer flask containing 5 mL of incubating 
solution and gas for 1 min with oxygen. 

(7) Close the flask with a rubber stopper and incubate in a water-bath shaker 
for 1 h. 

(8) At the end of 1 h, remove the segment from the flask, rinse with saline, and 
blot on absorbent tissue paper. Allow the fluid inside of the sac to run 
into a graduated 15 mL centrifuge tube and determine the residual volume. 

(9) Pipette 0.2 mL samples in duplicate from outside and inside solutions on to 
planchets, add 10 mL of an appropriate LSC cocktail and count for 45Ca 
and 32P activity. Be sure to count standards to determine the crossover of 
32P into the 4SCa channel and that of 45Ca into the 32P channel. The liquid 
scintillation counter should be set as described in Exercises 11 ,12 and 13 
of this Manual. 

(10) Repeat the above procedures for each gut sac preparation that is to be made. 
Be sure to include for each test preparation a similar gut sac subjected to 
the same treatment but dosed with the Wilson-Wiseman solution containing 
10"3M NaCN. 

(11) Calculate the S/M ratios for phosphorus and calcium. The S/M ratio is 
defined as the ratio of count rate per millilitre on the serosal side (inside 
of the sac) to count rate per millilitre on the mucosal side (outside of the 
sac). The transport of an ion against a concentration gradient from the 
mucosal side to the serosal side will be indicated by S/M > 1. 

COMMENTS 

The test system as presented here utilizes radiolabel on both sides of the 
membrane. Therefore, the results express only the net movement over the time 
period of the experiment. Using this system a S/M ratio of 1 may result if no 
transfer at all occurred or if the movement was by diffusion overchange. If the 
S/M ratios are greater than 1, this indicates the movement of the ion into the 
sac exceeded that moving in the reverse direction. If this ratio is abolished when 
NaCH is present in the medium, this suggests the possibility that an active trans-
fer may occur. A S/M ratio of less than 1 may result if transfer from the serosal 
pool exceeds the movement in the reverse direction. 

The system can be adapted to more complex studies by changing the 
conditions of incubation, and also the time, temperature, the composition of the 
medium, and the inhibitors used. 
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Another form of this test system is to put activity on one side of the 
membrane and collect samples over time and determine the velocity of transfer 
as a function of time. 

Other systems, such as the diffusion cell, may be more useful than the 
everted sac, since the easy access to both sides of the membrane permits frequent 
sampling as well as continuous recording of membrane potentials. 

It should be noted that the everted gut sac and its companion diffusion cell 
procedure are necessarily short-term experiments since membranes soon lose 
their integrity in vitro. Nevertheless, the procedure does offer a chance to study 
absorption of a nutrient from a more basic level. 

B. TRANSPOR T OF GL UCOSE 

MATERIALS AND EQUIPMENT 

(1) Trays and waste receptacles 

(2) Wilson and Wiseman solution19, containing 300 mg of 3-0-methyl D glucose 
and 0.37 MBq of 3-0-methyl D glucose 14C (U) per 100 mL 

(3) Rats 
(4) Liquid scintillation counter 
(5) Liquid scintillation vials 
(6) Counting solution for LSC 
(7) Constant temperature water-bath shaker at 37°C 
(8) Oxygen tank plus tubing 
(9) Sodium pentobarbital (65 ng/mL) 
(10) Syringes, 1 mL and 5 mL plus needles 
(11) Pipettes 
(12) Balance 
(13) Erlenmeyer flasks, 25 mL 
(14) Flexible probe 
(15) Surgical equipment plus cotton thread 

PROCEDURE 

(1) Kill the rat by injecting intracardially an overdose of sodium pentobarbital. 
(2) Immediately incise the abdomen, resect the duodenum at the pylorus, and 

remove a segment of duodenum that measures about 8 cm. Do not pull the 
mesentery free but cut the mesentery with surgical scissors. 

(3) Evert the duodenal segment by completely inserting a flexible probe through 
the lumen, tying off one end and telescoping the gut segment through itself, 
beginning at the tie (see Fig.V—3). 
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(4) Wash the everted segment with saline, and tie it at one end with surgical 
thread. 

(5) Inject 0.6 mL of labelled incubating solution into the other end of the seg-
ment through a second tie to prevent backflow. After injection, remove 
the needle while pulling the second tie tight. Thus a 'gut sac' is formed 
with the serosa inside and the mucosa outside. 

(6) Place the sac in a 25 mL Erlenmeyer flask containing 5 mL of labelled 
incubating solution, and gas for 2 min with oxygen. 

(7) Close the flask and incubate in a water-bath shaker for 1 h. At the end of 
1 h, remove the segment from the flask, rinse with saline, and blot on 
absorbent tissue paper. Allow the fluid inside of the sac to run into a tared 
10 mL beaker and by weighing determine the residual volume. 

(8) Pipette 0.2 mL samples, in duplicate, from the inside and outside solutions 
into 10 mL of a liquid scintillation mixture and count. Be sure to count a 
standard that consists of 0.2 mL of the labelled glucose incubating medium. 

(9) Repeat the above procedure with another rat but use the Wilson and Wiseman 
solution containing the labelled 3-0-methyl D glucose and 10"3M NaCN. 

(10) Dry the everted sacs for 2 h at 110°C to determine their dry weights. 

CALCULATION OF THE RESULTS 

(1) Calculate the S/M ratio for the transfer of 3-0-methyl D glucose for the two 
incubation conditions. The S/M ratio is the ratio of the count rate per mL 
on the serosal side (the inside of the everted sac) to the count rate per mL 
on the mucosal side. The transport of a molecule against a concentration 
gradient from the mucosal side to the serosal side will be indicated by a 
S/M > 1. 

(2) To determine the net ratio of transfer of the 3-0-methyl D glucose the 
concentration of the radioactivity is multipled by the total volume of 
serosal medium at the end of the 1 h period. From this is subtracted the 
total activity originally injected into the serosal side of the sac. This net 
change in radioactivity is then multiplied by the specific activity of the 
3-0-methyl D glucose (counts/min-mg - 1) to obtain the total mg of change 
in the 3-0-methyl D glucose on the serosal side of the sac. For standard 
injection between different size sacs the value is divided by the mg of dried 
weight of the sac to provide a transfer rate with the units of mg of 
3-0-methyl D glucose per mg of dry weight of intestinal tissue per hour. 
The comparison of the untreated to the NaCN-treated tissue should indicate 
if the transfer process was mediated by an active process in the tissue. 
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COMMENTS 

The procedure as presented here is useful for a wide range of substrates, 
particularly those that are transported unaltered across the intestinal wall. Other 
substances, glucose for example, that are altered require that the technique be 
elaborated in order to express the transfer of the original molecule. This may 
make it necessary to include chromatography and elution to determine the activity 
and concentrations of the original form in the serosal and mucosal bathing fluids. 
Moreover, it may be of advantage to determine the respiration rates of the tissue 
during the study. 

The procedure as demonstrated here is useful for determining transport 
across a concentration gradient; however, variants of the procedure can look at 
transfer of the labelled molecule when placed on only one of the bath fluids. It 
is possible then to look selectively at transfer from serosa to mucosa or from 
mucosa to the serosa to determine if a backflow of the molecule into the intestine 
can occur. The range of application can be extremely wide. It is possible that 
this procedure can be coupled with in vitro digestion procedures to test the 
digestibility of various feedstuffs in vitro. 

EXERCISE 40. THE DETERMINATION OF ABSORPTION OF NUTRIENTS 
FROM LIGATED INTESTINAL SEGMENTS IN VIVO 

The absorption of nutrients from a specific area of the intestine is governed 
by factors such as the absorptive capability of the segment, the rate of movement 
through the region, and the characteristics of the material present in the lumen. 
In many studies the desire is to determine the lumen. In other studies the desire 
is to determine the absorptive capability independent of other influences. One 
procedure is to inject the test substance into a section of the intestine that has 
been tied at either end to prevent material from entering or leaving. Recovery 
of the intestinal contents, or counting of the ligated segment if a gamma-emitting 
radioisotope has been given, provides an indication of the absorptive ability of 
the segment fqr the test substance. Additionally, it is possible to count the 
radioisotope content of bone or other organs, rather than the intestinal segment, 
as an indicator of absorption. 

This procedures has been particularly useful in the study of calcium and 
factors that influence calcium utilization at various levels of the intestine [26]. 
It has also been useful in studies of amino acid utilization, vitamin D metabolism, 
calcium-binding protein, and minerals in general. Because of the nature of the 
experimentation it is essentially confined to use in small animals such as the rat, 
guinea-pig and rabbits, chickens and pigs. 
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The procedure described here is that for the pig and follows the procedure 
of Vendeland [21]. The simplicity of the procedure, however, makes it easy 
to adapt it to other species. In brief, the procedure consists of anaesthetizing 
animals that have been fasted for a period of time to empty the gut and then a 
laporatomy is performed. The sections of the intestine to be studied are located, 
made convenient for manipulation, and then ligated with suture material. The 
radiolabeled test solution is injected into the segments and the segments returned 
to the abdominal cavity. After allowing a period for absorption the ligated loops 
are excised and removed and the animal sacrificed. 

In the present description it will be assumed that the desire is to examine 
the absorption of 14C-labelled lysine from the duodenum, jejunum, and ileum of 
a pig of about 15 kg in weight. The procedure is intended to be modified to fit 
other conditions and other compounds or elements. 

MATERIALS AND EQUIPMENT 

(1) Pigs of about 15 kg in weight 
(2) Surital and Halothane for anaesthesia 
(3) Recycling gas anaesthesia apparatus with tracheal cannula 
(4) Operating table plus restraints 
(5) Surgical instruments such as scissors, scalpel, suture needles, intestinal 

clamps 
(6) Suture thread, heavy gauge 
(7) Haemostats 
(8) Gauze pads 
(9) Syringes, 10 mL 
(10) Syringe, 30 mL 
(11) Draping cloths 
(12) Volumetric flasks, 50 mL 
(13) Beakers, 100 mL 
(14) Liquid scintillation counter 
(15) Liquid scintillation vials 
(16) Liquid scintillation counting cocktail (10 mL/vial) capable of holding large 

volumes of water 
(17) 14C-lysine 0.2 MBq/animal 

PROCEDURE 

(1) Fast the animals overnight to ensure that the stomach and small intestine 
are free of solid materials. 
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(2) Anaesthetize the pigs by i.v. injection of about 1 mL of a 2% solution per 
2.27 kg body weight of Surital into the anterior vena cava. When the animal 
is adequately sedated it is placed on the operating table, secured, and a 
tracheal cannula is inserted and the animal hooked to a recycling gas 
anaesthesia apparatus and Halothane is administered. The anaesthesia should 
then be maintained throughout the entire experimental period at such a level 
that surgical procedures are possible. 

(3) Clean the abdomen of the animal and drape with surgical cloths. Since this 
is an acute experiment asceptic procedures are not needed. 

(4) Cut through the skin along the midline. The exact length of the incision 
will depend on the segment(s) to be utilized. In this case the incision is 
from just below the xiphoid cartilage to a few centimetres from the penal 
sheath. 
Stop all bleeders before proceeding. Then using scissors and forceps complete 
the incision into the peritoneal cavity. Clamp all bleeders if necessary. 

(5) At this point locate the segment to be injected. For this procedure the 
duodenal loop is to be made in the first metre of the small intestine, the 
jejunal loop in the first metre distal to the ligament of Treitz and the ileal 
loop in the terminal metre of the small intestine. 

(6) For each loop to be made pass a length of the heavy-duty suture material 
around the intestine making sure to avoid including major arteries or veins in 
the tie. Make a single tie in the ligature and draw tight. Make a second tie 
to secure the ligature; cut the loose ends of the line close to the tie. Measure 
12 cm of intestine and pass another tie around the intestine. Make a single 
loose tie at this point and put the loop aside. During this process it is 
important that the intestine be kept moist with saline. 

(7) When all the loops have been similarly prepared the injection of the test 
material is the next step. For this demonstration 10 mL of a solution con-
taining 5.0mM L-lysine in 0.15M NaCl, pH 7.4, and 74 kBq (2.0 juCi) of 
14C-lysine will be injected into each loop. To accomplish the injection the 
10 mL of dosing solution is taken into a 10 mL syringe equipped with a 
20 gauge needle about 4.5 cm long. The ends of the loose tie of a loop are 
located and, without closing the tie are used to elevate the loop a short 
distance above the abdomen. While the ends of the tie are being held by 
one person a second participant passes the needle into the intestine a short 
distance above the loop that is to be formed. Once in the intestinal lumen 
the needle is directed into the loop for the full length of the needle. Care 
is taken not to puncture the intestinal wall. At this point the single tie 
ligature is tightened around the needle so that no liquid will flow back 
around the needle and escape the loop. The injection is made and the needle 
withdrawn without loosening the ligature. A second tie is then made in the 
ligature to prevent slippage. When the injection is made the time is noted and 
the completed loop then returned to the abdominal cavity. All three loops 
are completed in turn and the abdominal cavity is closed temporarily. 
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(8) Shortly before the time of collection is reached the abdominal incision is 
reopened and the test loops are located. At the predetermined times 'the 
loops are excised and the animal sacrificed. 

(9) The content of a loop is drained into a 100 mL beaker by grasping one 
end of the loop, above the first ligature, with a pair of haemostats. While 
the other end of the loop is held just below the lip of the beaker a pair of 
scissors is used to make a cut in the loop just above the second tie. The 
loop is allowed to drain and then a small notch is made just below the first 
ligature of the loop and the nozzle of a wash bottle is inserted into the cut. 
About 30 mL of saline is put through the loop and collected in the beaker. 

(10) After the rinsing is finished the liquid in the beaker is mixed and transferred 
quantitatively to a 50 mL volumetric flask. After bringing to volume with 
distilled water and mixing the 14C-lysine not absorbed can be determined 
by pipetting 1 mL of the solution into an LSC vial together with 10 mL of 
LSC cocktail. The samples are counted together with a dilution of the 
dosing solution and a 14C quench series using the appropriate settings for 
14C. Correct the counts using a quench correction curve and express the 
data as per cent of the injected dose. The per cent absorption is 100 minus 
the per cent actually remaining in the lumen of the intestine. 

COMMENTS 

As noted before this procedure has been used extensively in smaller animals. 
It is a very efficient procedure with chicks and rats but becomes more difficult 
as the size of the animal increases. The cost of large animals can force investi-
gators to use other procedures such as Thiry-Vela loops or re-entrant cannulae. 
When using such fistulae, however, it must be kept in mind that surgical resection 
of the small intestine may alter the absorptive characteristics of the intestine. 

Because the pig is a relatively large animal the dose volume is large. In 
smaller species the volume is usually in the order of from 0.5 to 1.0 mL and is 
very dependent upon the length of intestinal segment used. If desired, the 
intestinal tissue can be homogenized and dissolved in commercial tissue solubilizers 
for counting in the liquid scintillation counter to determine the l4C content of 
this tissue. 

In some studies lysine absorption is only part of the data desired. Since the 
tissue is available, after rinsing the intestinal loop can be split open, washed and 
the mucosal removed by scraping with a microscope slide. After homogenization 
the mucosa scrapings can be used for determinations such as total protein, 
calcium-binding protein and soluble protein. 
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EXERCISE 41. GASTROINTESTINAL SITES OF ABSORPTION AND 
ENDOGENOUS SECRETION [ 6 , 2 9 - 3 1 ] 

In the study of the absorption of mineral elements and organic compounds 
from the digestive tract much effort has gone into determining the total absorption 
from the digestive tract. For many situations there is also a need to know the 
location of the sites within the digestive tract where absorption and/or secretion 
is taking place. The use of non-absorbable markers is one way that this deter-
mination can be made [6]. The basis of this procedure is the comparison of the 
concentration of the material of interest to the concentration of a substance that 
does not leave the digestive tract. This ratio will decrease when net absorption 
takes place and increase when net secretion occurs. For the ratio to be independent 
of the amounts of absorbable and marker compounds the ratio needs to be cor-
rected (normalized) by dividing by the ratio of absorbable to marker compounds 
in the input materials before being subjected to the absorptive-secretory processes 
in the gut. 

The use of markers for determining absorption is an old procedure. The use 
of radiolabeled materials as non-absorbable markers is much more recent and has 

i 

led to the increased use of the technique. The research study to be described in 
this section follows that of Barua et al. [28]. Some changes involve the use of 
141 Ce instead of 144Ce as the non-absorbable marker, and large-volume counting 
of the intestinal contents. 

MATERIALS AND EQUIPMENT 

(1) Sheep 
(2) Metabolism stalls for containment of radioactive wastes 
(3) Capsules, gelatin and balling gun 
(4) Sodium pentobarbital for euthanasia 
(5) Syringes and needles 
(6) Balances, 1 for large sample, 1 for small samples 
(7) Containers for holding bulk samples up to 500 g 
(8) Large-volume gamma counter 
(9) Knives, scalpels and scissors 
(10) Strong suture material or cord 
(11) 25 MBq 141 Ce as cerium chloride 
(12) 46 MBq 1311 as Nal 

PROCEDURE 

(1) The sheep to be used in this study need to be adapted to the diet to be 
be tested. For greater consistency in the results the feed intake should be 
controlled. The initial adaptation can be while the animals are in open 
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pens but about 8 to 10 days before the experiment begins they should be 
placed in the metabolism stalls to allow adaptation to this environment. 

(2) The dosing solutions to be used are to be made up the day the radioisotope 
dosing begins. For the 1311 dosing solution pipette a volume of a stock 
solution containing 46 MBq of 1311 as Nal into a 5 mL volumetric flask. 
Add 10 mg of Nal as carrier and bring to volume with distilled water. 
For the 141 Ce dosing solution pipette a volume of the stock 141 Ce contain-
ing 25 MBq of 141 Ce as CeCl2 into a 5 mL volumetric flask, acidify with 
100 /zL of IN HC1 and bring to volume. For dosing the animals exactly 
100 juL of each solution is to be pipetted into a gelatin capsule and the 
sheep dosed immediately using the balling gun. The capsules are to be 
administered twice daily for a 6 day period. 

(3) When administration of the radioisotopes begins the faeces and urine must 
be quantitatively recovered to prevent contamination. If desired, records 
of feed intake, refusal, faecal output and urine output can be kept. These 
data, however, do not enter into the calculations to be carried out in this 
experiment. 

(4) On the seventh day after the initiation of dosing the animals are sacrificed 
by giving sodium pentobarbital, or other euthanizing solution, intravenously. 

(5) As soon as the animal is dead, the abdomen is opened and ligatures are made 
at the oesophagus, between the rumen and omasum, the omasum and 
abomasum, the abomasum and the duodenum, the ileum and caecum, the 
caecum and the colon, and at the rectum. The intestinal tract can be 
removed from the body by cutting caudal to the oesophageal ligature and 
distal to the rectal ligature and using blunt dissection to free all attachments 
to the body. Once the digestive tract is removed and spread on a flat surface 
the small intestine can be divided into equal length segments, four or more 
in number as desired; the colon can also be divided into two or more parts. 
It should be noted that when dividing adjacent sections there should be 
two ligatures in place with space enough between the ligatures to cut through 
to release the segment without losing the contents. 

(6) Cut between ligatures to free the segments. After freeing, mix the contents 
of a segment gently and then collect the contents. For compartments 
containing large volumes of material it may be necessary to collect in large 
containers. For segments with small volumes of contents it may be possible 
to collect directly into the containers that will be used for counting. In all 
cases, however, mix the contents well to ensure uniform distribution of the 
activity. For small-volume samples dilute with water to bring to 500 mL 
and mix well. For large volume samples put 500 mL in the counting 
container. For this exercise quantitative recovery is not needed; however, 
if the intent is to quantitate the flow across the intestinal epithelium then 
weights of the contents of the various sections will have to be made as well 
as rinsing of each section. Feed intake will also need to be quantitated. 
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(7) Make a standard by pipetting 10 juL of each stock solution into a sample 
container and adding 500 mL H 2 0 . Make separate 131I and 141Ce standards, 
10 of each into 500 mL H 2 0 , to be used to determine crossover factors. 

(8) Count the samples and standards in a large-volume gamma counter. A com-
mercial unit can be used or a sodium iodide crystal detector probe can be 
adapted using the procedure described in this compendium. If neither 
situation is possible, aliquots can be taken of each sample and these can be 
counted in a well-type gamma-detecting system or even a liquid scintilla-
tion counter. 

(9) For gamma counting, if two-channel discrimination is possible, the setting 
for 141Ce ( T 1 / a = 32.5 d, 0.145 MeV 7 ) could include an energy range of 
from 20 to 250 keV and for 131I (T I / 2 = 8.01 d, 0.364 MeV 7 ) the setting 
could cover from 250 to 750 keV. This setting should exclude 141Ce 
entirely from the 1311 channel; therefore, the count in the higher channel 
would indicate the 131I in the samples. A pure 131I standard would provide 
the crossover factor for determining the contribution of 1311 to the total 
count in the lower-energy channel. The 141 Ce count could be determined 
on a doubly labelled sample, by multiplying the 1311 count in the higher 
energy channel by the I31I crossover factor and subtracting this value from 
the total count in the lower-energy channel. The counts can then be 
expressed as a per cent of the counts of the respective isotope in the daily 
dose. 

(10) The results for each segment and standard are then expressed as a ratio 

where A£ e is the per cent daily dose for the marker (141Ce) and AJ5 is the 
per cent daily dose for the nutrient (131I). 
For this experiment the radioiodine was fed over long enough periods 
for the specific activity of blood iodide and that of the diet to be essentially 
equal (steady state). Therefore, the counts of radioiodine alone indicated 
the movement of the stable iodide. 

(11) After calculation of the individual ratios, the ratio of any segment of the 
digestive tract is related to the ratio of the standard using the formula 

where R 0 is the ratio A£ e /A* for the output 
Rj is the ratio A£ e /A* for the input 

When Rj is the ratio in the diet the values of the computation indicate 
the total net absorption from or net secretion into the gut to that point. 
When faeces are used as R0 then the overall absorption is obtained. 

R = A£ e /A* (V—8) 

( V - 9 ) 
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(12) Using Eq.(V—9) and setting Rj equal to the ratio of a preceding segment 
and R 0 as the ratio found in the segment being investigated, the answer 
produced is the per cent absorption from or secretion into that segment. 
Note that values with negative signs are net secretion into the segment and 
the positive values are net absorption from the segment. 

COMMENT 

The use of marker substances dates from more than a hundred years ago and 
has utilized various dyes, fibres, inert materials, chemicals and now, radioisotopic 
markers. The radioisotope makes measurements much easier and often more 
accurate. 

This experiment illustrates the use of markers to determine the site of net 
secretion into and net absorption from a segment. The procedure can be used as 
illustrated here, by labelling the feed and analysing the faeces to get net absorption, 
or to use animals with cannulae at various points in the digestive tract to deter-
mine net absorption in particular segments. The procedure can be applied to the 
absorption of water, organic compounds, and minerals and so has great utility; 
moreover, it is useful over a wide range of species. 

In the work of Barua et al. [28] the analysis was made purely instrumental 
by using two gamma-emitting radioisotopes. For this to be possible the labelled 
diet must be fed long enough to produce a specific activity in the blood that 
approaches closely the specific activity of the nutrient in the diet. If this is not 
achieved then a degree of error is incorporated into the data. If steady state cannot 
be achieved in a reasonable length of time then use of chemical analysis will work 
well. 

If it is desired to avoid the use of radioisotopes it is possible to gain the same 
relative ease of measurement by using stable cerium as a marker and detecting its 
concentration by neutron activation [29], 

EXERCISE 42. USE OF A SINGLE ADMINISTRATION OF A 
NON-ABSORBABLE RADIOACTIVE MARKER TO 
DETERMINE ABSORPTION 

The radioactive non-absorbable marker procedure of Barua et al. [28] is 
useful in determining the site in the digestive tract where absorption and secretion 
of a nutrient takes place. When the sample is the faeces, a measure is made of 
the net availability of the nutrient from the diet. If both nutrient and the 
non-absorbable marker are labelled, the determination of per cent absorption is 
solely by the counts in the faeces and in the diet. Moreover, the presence of the 
marker is of special advantage since, if it is completely mixed with the diet, it 
will do away with the need for complete daily collections of faeces by standard 
balance procedures. One sample of faeces is all that is needed. 
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In the standard procedure the marker is fed for a long period of time in 
order to ensure uniform distribution in the digestive tract contents. This is 
particularly necessary for ruminant animals. In simple stomach animals, man for 
example, it is possible to put a labelled marker and a labelled nutrient into a test 
meal and by sampling within one to two days after the meal to determine the 
availability of the nutrient in the meal [31]. This is then a very rapid procedure 
and makes it possible to get quick answers. 

In most of these studies, however, the determination is the net absorption. 
The value produced is the sum of absorption from and endogenous secretion of 
the nutrient into the gut. In special cases, though, the absorption value closely 
approximates the true availability of the nutrient. Iron is one such case because 
little iron is normally lost from body tissues. In addition, it is established that an 
inorganic iron label mixes completely with the soluble non-haem iron in the 
digesta and serves well in estimating the iron absorption from that pool [32]. 
Caution must be used, however, since the haem portion of the dietary iron does 
not participate in the exchange. To determine the availability of the haem iron 
in a diet labelled haemoglobin has been used with success [33]. 

This exercise will outline the protocol for the determination of the absorption 
of iron from a single meal labelled with radioactive iron and a radioactive marker 
by counting of the diet and a single faecal sample [31]. 

MATERIALS AND EQUIPMENT 

(1) Pigs of any size 
(2) Metabolism stalls 
(3) Test diet 
(4) Sample collection jars 
(5) Balance for weighing meal and refusals 
(6) 20 kBq 59Fe as ferric citrate per test feeding 
(7) 20 kBq 141 Ce as cerium chloride per test feeding 
(8) Gamma-counting system with two-channel discrimination capability 

PROCEDURE 

(1) The pigs should be fed a standard diet and trained to eat a test meal of 
400 g within a short period after being offered. They should also be adapted 
to the metabolism stalls. The use of a metabolism stall is to prevent the 
spread of radioactivity. 

(2) The radioisotopes,59 Fe to label the dietary iron and 141 Ce to serve as the 
non-absorbable marker, are mixed into the test diet as completely as possible 
shortly before the meal is offered to the animals. A sample of the labelled 
diet is saved for counting. 
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(3) The weighed test meal is then fed to the pig. After a period of time, i.e. 
30 minutes, the diet not consumed can be removed and weighed. The animals 
can be offered non-labelled diets at the next feeding period. 

(4) Faeces are collected for a period of seven days; however a faecal sample 
at 24 or 48 hours is all that is needed for the determination. The faecal 
sample need not represent a complete daily collection or be weighed. 

(5) The faecal sample and the test meal sample are counted to determine the 
radioactivity of 59Fe and 141 Ce. A large-volume sample counter, commercial 
or adapted as described in this Manual, can be used. Otherwise, the meal 
and the faecal collections should be subsampled and counted in a well-type 
counter. The 0.145 MeV gamma of 141Ce and the 1.095 and 1.292 MeV 
gamma o f 5 9 Fe should be covered by the appropriate window settings. Pure 
standards of 141 Ce and S9Fe should be counted to determine the crossover 
factors. 

(6) Use simultaneous equations, if necessary, to determine the 141Ce counts 
and 59Fe counts in the meal and faeces. Calculate the counts as per cent 
of the activity in the meal offered. 

(7) Calculate the ratio of marker to nutrient as in the meal and faeces as the 
ratio: 

where A £ e i s 1 4 1 Ce as per cent of dose 
Ape is s 9Fe as per cent of dose. 

(8) Then enter the ratios into the equation 

( RA 100 I 1 - — ) = per cent absorption ( V - 1 0 ) v R o / 

where R 0 is the ratio A £ e / A p e for the faeces 
Rj is the ratio A £ e / A p e for the meal 

This calculation is the availability of the non-haem portion of the dietary 
iron. 

COMMENTS 

From the protocol it is evident the procedure is easy and rapid. Since only 
a single meal is involved, the amount of radioactivity used is quite small and 
contamination should be minimal. The use of a metabolism stall is only to 
contain the radioactivity since quantitative recovery of the faeces is not required 
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for the purposes of the experiment. It is quite possible to run repeat determina-
tions several days apart without interference from the previous test. 

It is possible to also determine the actual amounts of iron being absorbed 
by multiplying the iron intake in the meal (mg) by the per cent absorption 
determined by Eq.(V-lO). For this procedure to work it is a necessity that the 
radiolabels, 59Fe and 141Ce, be completely and uniformly mixed into the diet 
and not separate during the passage through the digestive tract. 

The uniform mixing is no problem since this can be achieved even by feeding 
a test diet without the radioisotope labels and then giving an oral dose of the 
markers by intubation. The mixing in the stomach will be sufficient. The require-
ment of non-separation of the two labels during passage must be tested in 
preliminary experiments to see that their excretion pattern is the same. It is 
obvious that the marker must travel in the same phase as does the bulk of the 
nutrient. 

Adaptation of the procedure described here for iron can be attempted; 
however, any adaptation must be tested for its performance. 

EXERCISE 43. DETERMINATION OF FAECAL ENDOGENOUS EXCRETION 

An indication of the absorption of mineralsfrom the digestive tract is 
obtained by measuring the difference between the amount ingested with the feed 
and the amount excreted in the faeces. However, this is not an accurate estimate 
since the faeces contain minerals that have been returned to the digestive tract 
from the tissues. A more accurate estimate of true mineral absorption requires 
the measurement of this 'endogenous' fraction in the faeces and adding this value 
to the difference between the mineral intake and the faecal mineral output. 

The endogenous component of the faecal excretion can be determined using 
isotope dilution principles by comparing the specific activities of plasma (Aj) 
and faeces (A 0 ) after intravenous injection of a dose of the labelled mineral 
(specific activity is defined as the amount of radioactivity per unit weight of the 
mineral with the stipulation that the radioactive and non-radioactive species be 
in the same chemical form). The ratio A 0 /Ai indicates the proportion of the total 
faceal mineral derived from the body. Multiplying the total weight of the mineral 
found in the faeces by the ratio will give the faecal endogenous excretion of the 
mineral. 

There are two variants of the procedure for endogenous determination 
frequently used in animal research literature that share the same general format 
but differ in the sampling times employed and, necessarily, in some aspects of 
calculation of the data. Since each has an advantage, both procedures will be 
presented so that the investigator can choose whichever fits his situation. 

The procedure to be described first, immediate sampling, is currently in 
favour since it makes possible to determine the endogenous return of elements 
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for which only short-lived radioisotopes are available, i.e. 28Mg, 64Cu. In this 
procedure the animals are started on the diet or regimen to be tested some time 
before the dosing takes place. They are also adapted to the metabolism units 
during the predosing period. When adaptation has occurred the animals are 
dosed intravenously with the test radioelement and the collection of samples 
begun; the collection of blood and faeces takes place for three to eight days. 
Since the fall-off of blood levels of radioisotope is extremely rapid immediately 
postdosing, blood samples are collected in close intervals during the first day. 
Thereafter, blood samples are taken less frequently; faeces are collected at 
24 hour intervals. 

The immediate sampling procedure for the determination of endogenous 
faecal mineral depends upon the collection of faecal and blood samples immedi-
ately after the injection of the radioisotope of the mineral being studied. The 
rapid changes in the specific activity in blood and faeces require particular 
attention to detail in sample collection and processing. The mathematics involved 
in calculation of the data is more sophisticated than that of earlier procedures 
[34, 35], where sampling was delayed. 

The older procedures are also based on isotope dilution but purposely allow 
the blood levels of the radioisotope to reach a relatively low rate of decline 
before collections are made. While seemingly being lengthier than the immediate 
sampling procedure, there is actually little difference in time if the animals are 
dosed while being adapted to the metabolism stalls and to the diet. The total 
number of blood samples is fewer for delayed sampling than for immediate 
sampling; the faecal collections are about the same. 

A. DETERMINA TION OF FAECAL ENDOGENOUS EXCRETION -
IMMEDIATE SAMPLING [36, 37] 

MATERIALS AND EQUIPMENT 

(1) Sheep 
(2) Metabolism cage or other facility for making quantitative collections of 

faeces 
(3) Syringes, 2; 3-way valve 
(4) Polyethylene tubing for catheters plus needles for inserting catheters 
(5) Adhesive tape, blunted needles to fit catheter, plugs for catheters 
(6) Miscellaneous surgical supplies 
(7) Microlitre pipette 
(8) Syringes for blood collection 
(9) Centrifuge 

(10) Balance, 1 large, 1 analytical 
(11) Plastic bags for storage of faeces 
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(12) Kjeldahl digestion equipment plus reagents and flasks 
(13) Miscellaneous laboratory glassware and supplies 
(14) Liquid scintillation counter 
(15) 80 MBq 32P, as phosphate, per sheep 
(16) Sterile isotopic saline and heparin 

PROCEDURE 

(1) The animals must first be adjusted to the diet, metabolism stalls and/or 
the collection apparatus and handling procedures. For this reason, the 
animals must be placed in the metabolism stalls about 10 to 14 days before 
the collections begin. 

(2) After the animals have been adapted the experiment can begin with measure-
ment of feed intake and refusal. Blood samples can be collected and faecal 
and urine collections are made as in standard balance trials. 

(3) On the eighth day of collection the necks of the animals should be clipped 
and a catheter inserted into each jugular vein. One catheter is for injection 
of the dose, the other is for withdrawing blood samples. Fill the catheters 
with heparinized isotonic saline and plug them. Take one catheter and wind 
tape loosely around the free end. Press the tape together to form a flange 
and fix the catheter to the skin by means of a suture through the flange of 
tape. More tape can be wound around the catheter and neck of the animal 
to protect it even more. 

(4) Make the 32P stock solution (80 MBq) to about 11 mL with sterile saline. 
Use exactly 10.0 mL for injection, the remaining activity will be saved for 
making standards. Load a syringe with the 32P solution and another syringe 
with sterile isotonic saline. Attach the 3-way valve to the free catheter 
and then connect the syringe to the 3-way valve. Inject the 32P through 
the catheter and then rinse the dosing syringe with the saline and inject the 
washings into the jugular vein. At this point the catheter can be removed. 

(5) Withdraw 5 mL blood samples into heparinized syringes at 5 minutes, 
0.1, 1, 2, 4, 6, 12, 24, 48, 72, 96, 120, 144 and 168 hours after injection. 
Centrifuge the blood samples, remove the plasma and store it frozen until 
ready to analyse. 

(6) Collect faeces, quantitatively, daily. Record the weight, mix thoroughly 
and take an aliquot and store at — 10°C. Urine samples can be collected 
if desired. 

(7) When all samples have been collected prepare the feed, feed refusal and 
faecal samples for chemical and radioactivity analysis by weighing 2.5 g 
of sample into a Kjeldahl flask, add 30 mL of the oxidation mixture and 
boil until the sample is clear and only a few millilitres are left. Transfer 
the contents of the flask, quantitatively, to a 50 mL volumetric flask and 
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bring to volume with distilled H 2 0 . Pipette 10 mL, in duplicate, of this 
solution into a liquid scintillation vial. The remainder of the solution can 
be diluted appropriately for a chemical phosphorus determination. 

(8) For determination of 32P in plasma put 1 mL of plasma into a centrifuge 
tube and add 4 mL of a 10% solution into a 10 mL LSC vial. Add 5 mL 
of 10% TCA to the centrifuge tube, mix, centrifuge and add the liquid 
phase to the same counting vial. 

(9) Pipette IOjuL of the 32P dosing solution into an LSC vial and add 10 mL 
of distilled H 2 0 . 

(10) The radioactivity of the samples is to be determined by Cerenkov counting 
with quench correction by the sample-count channels ratio procedure. For 
further information on this procedure consult the appropriate section in 
this Manual. In brief, set the windows of the liquid scintillation counter so 
that Channel A covers the lower one-third of the 32P Cerenkov spectrum 
and Channel B is the entire 32P Cerenkov spectrum. Count a blank (10 mL 
of distilled water) vial for background and then a quench series. This 
quench series can consist of 10 ^L of the dosing solution in each of six 
vials in 10 mL of distilled water. The first of this series contains only 
distilled water and the radioactivity, the others contain water, radioactivity 
and increasing amounts of a yellow dye. The range of colour should just 
exceed the amount of colour seen in the samples. Count the radioactive 
plasma and faeces samples. 

(11) Determine the count corrected for background and the A/B ratio of all 
standards and samples. Using the least quenched standard (10 /uL of 32P 
dosing solution in H 2 0 without added colour) as 100%, determine the 
efficiency of counting of the other members of the quench series. Plot 
efficiency against the A/B ratio. Using this plot, correct all samples to the 
assumed 100% counting efficiency. 

(12) Accounting for all dilutions and weights of samples taken determine the 
activity of all samples as a percentage of injected dose per gram or millilitre. 

(13) Determine the inorganic P of the plasma by taking 5 mL of the solution in 
the counting vial and adding 1 mL of 4 N H 2 S 0 4 , 1 mL of 4% ammonium 
molybdate, 1 mL of 1% Elon's solution and 2 mL of H 2 0 . Mix, allow to 
stand 30 minutes and read in a colorimeter or spectrophotometer at 720 nm. 
Use 1 mL of a standard that contains 0.04 mg of phosphorus/mL and 4 mL 
of 10% TCA to read against the samples. Use 1 mL H 2 0 and 4 mL of 10% 
TCA as a blank. Run all determinations in duplicate. 

(14) For feed and faecal samples the solutions prepared at step (7) are to be 
used. Dilution will be necessary and is best determined by trial and error. 
For the analysis use 1 mL of diluted sample and 4 mL of 10% TCA and 
proceed as in step (13) for plasma. 
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(15) Accounting for all dilutions and sample sizes, calculate the mg of P per gram 
or millilitre for each of the feed, faecal and plasma samples. Calculate the 
specific activities of the plasma and faecal samples as: 

A* 
( V - l l ) 

where A* is the percentage of 32P dose/mL 
S is mg P/mL. 

(16) On log-linear paper plot the specific activity of plasma (A ;) as a function of 
time of collection. Using curve stripping procedures [37], determine the 
equation for the plasma specific activity over time as the sum of series of 
exponentials; four such components may be required to describe the data. 
It is at this point that curve stripping by computer may expedite the 
calculation. 

(17) Sum the radioactivity excreted in the faeces over the entire collection period. 
(18) Solve for the endogenous mineral using the equation 

i 

s . = _ _ 2 ( V _ 1 2 ) 

J Aj (t) dt X 1000 
0 

where Sj is the endogenous return in g/d 
A* is the daily collection of radioactivity as % 32P dose/g 
Aj(t) is the time course of plasma specific activity. 
This form simplifies by using the total radioactivity in the faeces and avoids 
the need to determine the daily faecal specific activities and the estimation 
of the equation for the change of the specific activity over time. 

(19) Determine the total daily faecal output of stable phosphorus (S 0 ) by multi-
plying the weight of faeces collected per day by mg P/g. Average the values 
for all collections made after the injection of 32P. 

(20) Since Sj, the endogenous contribution, is known as the 'true digestibility' 
(T.D.) of the feed, the mineral can be calculated as: 

S j n t - S o + S j 
% T.D. = — X 100 (V—13) 

Sint. 

S i n t is the amount of mineral consumed daily in feed. 
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(21) The maintenance requirement (M.R.) in g/d can be estimated from the true 
digestibility as: 

Si 
M.R. = (V-14) 

T.D. 

COMMENTS 

Talcing samples immediately after injection of the radioisotope has the 
advantage that it can be used for radioisotopes that would decay away before the 
plasma specific activity curve has become linear. A difficulty with the technique 
is the determination of the equation for the plasma specific activity curve, in 
particular, and the subsequent integration of the equation. While the computa-
tions can be made by hand, a computer greatly facilitates the effort. 

The calculation of endogenous faecal mineral (Eq.(V—12)) has incorporated 
a simplification that may produce a small inaccuracy in the estimation of Q t. 
The true form of the equation should be: 

t + D 

J A 0 ( t ) d t 

Q t = ^ t s ° ( y - 1 5 ) 

J Aj (t) dt 
0 

where D is the time for passage of material from the site of entrance of label into 
the gut to collection as faeces. Estimation of D is difficult since it can vary with 
the diet, health and physiological factors. A common practice in large-animal 
research is to assume the delay time is 24 hours. This then requires that faecal 
data used in calculation begin with the second 24 hour period after dosing and end 
with the data of a collection period 24 hours after the last blood sample. If 
experimental data on transit time are available, D can be modified accordingly. 

The computation in the text uses the same collection periods for blood and 
faeces. It makes the assumption that the underestimation of faecal radioactivity 
introduced by using the collection data of the first 24 hours will be compensated 
for by the relative overestimation of radioactivity in the last 24 hour collection. 
The net error should be small because the great bulk of the radioactivity should 
be collected somewhere between these two periods. 

While this exercise has sections written specifically for 32P and stable 
phosphorus determination, it is important to realize that the procedures can easily 
be adapted to many other elements. 
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B. DETERMINA TION OF FAECAL ENDOGENO US EXCRETION -
DELAYED SAMPLING [34, 36, 38] 

MATERIALS AND EQUIPMENT 

(1) Sheep 
(2) Metabolism stall for separation of urine and faeces 
(3) Syringes, 2; 3-way valve 
(4) Polyethylene tubing for catheter plus needle for inserting catheter 
(5) Syringes for blood collection 
(6) Centrifuge 
(7) Balances, 1 large, one analytical 
(8) Containers for storage and faeces 
(9) Muffle furnace and crucibles 

(10) Liquid scintillation counter 
(11) 80 MBq 45Ca as CaCl2 per sheep 
(12) Sterile isotonic saline and heparin 

PROCEDURE 

(1) The sheep to be studied can be started on the test diet or regimen before 
being confined in the metabolism stall. The animals should be in the stalls 
for at least nine days before the collections are started. 

(2) Immediately after the animals are placed in the stalls they can be dosed 
with the radioisotope. At this point the urine and faeces must be quantita-
tively collected to contain the radioactive wastes. Dosing is carried out 
by placing a catheter into a jugular vein of the animal and attaching a 3-way 
valve. To one outlet of this valve is attached the syringe containing the 
45 Ca dosing solution and a syringe containing isotonic saline is attached to 
the other free outlet. After injection of the label the isotonic saline is used 
to wash the remaining activity in the dosing syringe into the sheep. Remove 
the catheter after dosing. 

(3) The dosing solution can be made by bringing 80 MBq of 45Ca to 11 mL 
in isotonic saline. Exactly 10 mL are used for dosing the sheep and the 
remaining activity is to be diluted to an appropriate volume to use for a 
counting standard-

(4) On the eighth day after dosing, or longer if it is judged that the animals need 
more time for adaptation, the animals are prepared for quantitative separa-
tion and collection of the faeces. A blood sample is collected at this time 
and the faecal collection begun. 

(5) Faeces are collected quantitatively and weighed every 24 hours for six days. 
Blood samples are collected on the beginning of the first, third and fifth 
days. Taking blood samples in advance of the collection of the faeces is a 
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means of accounting for the lag between the addition of 4sCa to the digesta 
in the small intestine and the collection of the digesta as faeces. 

(6) For a period before and during the faeces collection period the feed 
intake and feed refusals are quantitated. Urine collections can be made 
as well. 

(7) Blood samples are heparinized as collected and centrifuged immediately to 
separate the plasma and cells. The plasma is refrigerated until all sampling 
is completed. 

(8) Faeces, feed and feed residues samples are mixed well, homogenized and 
subsamples of about 30 grams should be taken and ashed in a muffle 
furnace at 500°C for a period long enough to produce a white ash. The ash 
is then dissolved in 1:1 HC1 and transferred to a 100 mL volumetric flask 
and brought to volume. This dilution can be used for the determination 
of the radioactivity and diluted further for the chemical analysis. 

(9) The plasma samples can be prepared for the analysis by adding the plasma 
to an equal volume of 20% trichloroacetic acid, mixing and centrifuging to 
get a clear supernatant. 

(10) The radioactivity of the samples can be determined by adding 1 mL 
or more of the ash solution of the faeces samples, in duplicate, to 15 mL 
of a prepared liquid scintillation cocktail. The amount added will depend 
on the ability of the cocktail to hold water. For plasma 1 mL of the TCA 
supernatant should be added to 15 mL of the cocktail. One hundred 
microlitres of the dosing solution (step (3)) can be diluted to 100 mL in 
distilled water and 250 f/L of this dilution placed in 15.75 mL of cocktail 
for counting. All samples should be in duplicate. 

(11) To count in a liquid scintillation counter, the balance point of an 
unquenched 4sCa should be determined. For quench correction the 
external standard channels ratio procedure can be used (see Exercise 12 on 
quench correction in this Manual). In addition to the samples and standard, 
a blank and a quench series for 45Ca should be counted. This quench series 
can be prepared from the dosing solution by adding varying amounts of 
CC14 into the cocktail-45Ca mixture. 

(12) Correct the sample counts for background and quench and then, using the 
data for all dilutions and weights or volumes of materials calculate the 
radioactivity data as a percentage of the injected dose per gram of faeces 
or per millilitres of plasma. Obtain the average daily faecal radioactivity 
as a percentage of dose. 

(13) Determine the stable calcium concentration of the faecal and plasma 
samples by flame photometry or any other suitable analytical procedure. 
Calculate the data, taking into account all dilutions and weight and volume 
of the samples, as mg Ca/g faeces or mgCa/mL plasma. Obtain the average 
daily faecal calcium excretion. 
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(14) The specific activities of the plasma are then calculated from the radio-
activity and chemical analyses. 

(15) Average the specific activities of the plasma. Note that to maintain the one 
day offset between plasma specific activity and the faecal radioactivity 
there must be twice as many faecal samples as plasma samples if the plasma 
was collected at time 0 and every other day thereafter. The importance 
of this diminishes as the slope of the plasma 45Ca decreases or as the 
number of days of sampling increases. 

(16) Determine the average daily excretion of calcium in the faeces, in grams, 
over the same period. 

(17) Use the formula: 

A 0 
Si = s 0 — (V—16) 

A i 

or 
n 

I A * 

0 n 

S; = (V—17) 1 A ; X 1000 

to determine the endogenous calcium where: 

Sj is the endogenous calcium in g/d 
S 0 is the average amount of calcium in faeces in g/d 
A 0 is the specific activity of calcium in faeces 
A, is the specific activity of calcium in plasma 
A* is the radioactivity in a faecal collection. 

(18) True digestibility (T.D.) can be calculated by the following formula: 

^int ~ S 0 + Sj % T.D. = 100 ( V - 1 8 ) 
^int 

where S i n t is the total dietary intake of calcium. 

COMMENT 

It should be noted that the same isotope dilution formulation is applicable 
to the data produced by the immediate or delayed sampling procedures for 
determination of endogenous loss. The major difference is in the manner of 
determination of the plasma specific activity. The immediate sampling with its 
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attendant rapid changes in specific activity requires, at least, integration to deter-
mine the area under the plasma curve. The delayed sampling procedure, because 
the plasma specific activity curve is decreasing linearly with time, relies upon only 
a calculation of the average specific activity. For simplicity the delayed sampling 
procedure is the better of the two. For determination of faecal endogenous loss 
with short-lived radioisotopes and possibly to reduce the amount of radioisotope 
used, the immediate sampling procedure is superior. 

Both procedures can be used in the same experiment if the desire is to assess 
a short-term effector of absorption or endogenous secretion. In this case the 
animals could be adapted to the diet and the endogenous-digestibility study 
carried out using the immediate sampling procedure. The effector can then be 
administered and the endogenous digestibility again determined followed by the 
delayed sampling procedure without having to introduce more radioisotope. 

C. DETERMINA HON OF FAECAL ENDOGENOUS EXCRETION -
A COMBINED COMPARATIVE BALANCE ISOTOPE DILUTION 
TECHNIQUE 

As pointed out by Guenter and Sell [39], most determinations of endogenous 
return, when applied to determination of true availability, do not express the 
availability of a specific dietary component but that of the diet as a whole. 
Guenter and Sell have tried to overcome this dilemma by combining a standard 
isotope dilution technique for the determination of endogenous return with the 
comparison of the supplemented diet with the unsupplemented. As a means of 
reducing the collection efforts they have also incorporated a non-absorbable marker 
in the diet. After steady state for the marker has been achieved, 24 hours in 
chickens, any size faecal sample can be collected and the comparison of the 
nutrient/marker ratio of the diet and the nutrient/marker ratio in the faeces can 
reveal the net amount of the dietary element that has disappeared. 

The procedure of Guenter and Sell will be detailed here for determining 
the 'true availability' of magnesium in various supplements used in poultry rations. 

It is assumed that 28Mg is available and that 141 Ce is the non-absorbable 
marker to be used. To carry out the procedure it was first determined that the 
non-absorbable marker would reach steady state by 24 hours after feeding began, 
that the plasma specific activity of 28Mg would remain relatively steady from 
26 hours to 50 hours after dosing, that the urine specific activity for magnesium 
was the same as that of plasma, and that the specific activities of soft tissues 
relative to plasma approached unity within 48 hours after 28Mg injection. 

MATERIALS AND EQUIPMENT 

(1) Chickens, adult male, 4 per group 
(2) Metabolism cages for poultry equipped to collect excretion 
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(3) Syringes, needles, heparin 
(4) Containers for storage of faeces 
(5) Storage containers for holding radioactive diet 
(6) Gamma counting system; two-channel counting capability preferable 
(7) 0.7 MBq of 28Mg per animal 
(8) Test diets labelled with 50 kBq of 141 Ce/100 g 
(9) Standard laboratory supplies and glassware 

PROCEDURE 

(1) To carry out the test the following diets are needed: 
(a) A low Mg basal diet to which supplements are to be added to determine 

the amount of non-test dietary Mg present in the excreta of the test buds 
(b) A diet consisting of the basal diet plus 300 ppm Mg supplied by 

MgS04 • 7H 2 0 as a reference standard. 
(c) Test diets consisting of the basal diet plus 300 ppm Mg supplied by 

various ingredients to be tested. 
(2) The reference diet (basal + 300 ppm Mg as MgS04 • 7H 2 0) is fed for two 

weeks to prepare the birds for the test. 
(3) At the end of the two week period the birds are randomly allotted so that 

one group receives the basal diet without added Mg, another is assigned to 
the basal diet with 300 ppm Mg as MgS04 • 7H 2 0; the remainder of the 
birds receive the test diets. All diets fed at this time contain 50 kBq of 
141Ce/100 g. 

(4) Each bird is offered 35 g of diet twice daily to ensure equal feed consump-
tion. Distilled water is supplied ad libitum. 

(5) At the start of the feeding of the test diets each bird receives 0.7 MBq 28Mg 
by intramuscular injection. 

(6) Forty-six hours after 28Mg injection the excreta collections begin and 
continue for four hours. 

(7) Forty-eight hours after 28Mg administration blood samples are collected 
by cardiac puncture. Blood is collected into heparinized syringes and then 
centrifuged to collect plasma. 

(8) After collection and weighing of the excreta, the faecal samples, plasma 
samples and an aliquot of the diet are counted in a gamma scintillation 
detector system. If two-channel discrimination is available the 141 Ce is 
counted at an energy range of 20 to 250 keV and 28Mg at 300 to 1500 keV. 
A known aliquot of the 28Mg doses must be counted at frequent intervals 
to correct for the rapid decay of this radioisotope. It is important to count 
a pure 28Mg standard and a pure 141 Ce standard to determine the crossover 
factors for the simultaneous equation used in separating the counts in the 
two channels into 28Mg and 141 Ce counts. The data are expressed as the 
per cent of the 28Mg dose, and per cent of the 141Ce dose/70 g diet (or 
per cent of the daily intake). 
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(9) Stable magnesium is determined in the feed, excreta and plasma by standard 
flame photometry procedures or other chemical procedure. 

(10) Calculate the specific activity of plasma, excreta using the formula 

A 0 
Si = S 0 — (V—19) 

where Sj is the endogenous Mg in mg/d 
S 0 is mg of Mg collected in the excreta during the 4 h collection 

extrapolated to 24 h excretion 
A 0 is the specific activity of the excreta magnesium 
Aj is the specific activity of the plasma magnesium. 

(11) The 'per cent true availability' (T.A.) is calculated as 

( S x - S a ) - ( S p - S i - S b ) 
% T.A. = - X 100 (V—20) 

(sx-sa) 
where Sx is the mg of total Mg of the test diet per daily intake of 141 Ce 

(70 g diet) 
Sa is the mg of Mg of the basal diet per daily intake of 141 Ce 
Sp is the mg of total Mg in the excreta of a test group per daily 

intake of 141 Ce 
Sj is the endogenous Mg in excreta as mg per day 
Sb is mg of Mg of dietary origin in the excreta of the non-test group 

(basal diet without supplement) per daily intake of 141 Ce. 

COMMENT 

As for other procedures in this Manual, the protocol given here can be used 
directly or modified to suit a particular set of conditions. There is no reason why 
the procedure cannot be applied to other species including animals as large as 
cattle. A problem does arise, however, if the extension is made to a ruminant 
since it does take time for ingesta to receive the label in the small intestine and 
to be excreted. A correction of about 24 hours has been deemed appropriate 
for this [35]. It should be noted that the determination of the endogenous 
faecal mineral is identical to that described under Exercise 43.B. The main 
difference is the comparison of a basal diet to basal diet plus supplement. The 
use of a non-absorbable marker does away with the need for quantitative recoveries 
of excreta. 

If other species and/or other nutrients are studied then it may be necessary 
to establish the sampling and dosing conditions that are necessary. These 
conditions are listed in the introductory paragraph. 
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It is not necessary to use 141Ce as the non-absorbable marker. Other radio-
isotopes can be used or an inert marker such as Cr203 can be used at the ratio 
of 0.6% of the diet. It is also possible to use a non-absorbable marker that can be 
activated in a reactor to reduce chemical analysis or even use a stable isotope 
capable of being determined easily after activation as the tracer for the nutrient 
(i.e. 26Mg). 

V—3. HOST ANIMAL COMPOSITION AND METABOLISM 

V—3.1. Introduction 

In the previous section we discussed the use of isotopes to investigate the 
behaviour of the gastrointestinal tract of animals. In this section we consider first 
the use of isotopes to measure the composition of the body and hence to assess 
the growth responses to changes in nutrition or in the environment. Although this 
information gives a greater insight into the growth of animals than, say, the 
measurement of changes in body weight alone, it gives little further information 
on the metabolic changes that have occurred within the animal, and the section 
continues with a consideration of the value of radioisotopes in the investigation 
of metabolic processes. 

F— 3.1.1. Body composition 

The determination of body composition by the use of radioisotopes 
depends upon the application of the dilution principle. A radioactively labelled 
form of a component of the body (or of an analogue of a component) is administered 
and allowed to equilibrate with the exchangeable body pool of the component. 
Knowing the dose of radioactivity administered and the specific radioactivity 
of a sample of the body component, the exchangeable body pool can be 
determined as in Section III—2.1. However, it is only rarely possible to measure 
accurately the total body pool of a component; there are two reasons. First, a 
larger or smaller fraction of nearly all body components is inaccessible to exchange 
with newly administered labelled materials. Only total body water is considered 
to be freely exchangeable with either T 2 0 or D 2 0 . Secondly, the equilibration 
between the labelled component and the body pool, whether total or exchange-
able, takes a finite time during which the component may be metabolized and/or 
lost from the animal by excretion. Even when equilibration occurs within a few 
hours, as for example with water or sodium, corrections for the losses have to be 
made either directly or indirectly (Exercise 44). Other components often 
equilibrate much more slowly; for example, creatine, which is used as an indirect 
indication of the skeletal muscle of an animal (Exercise 46). Such components 
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may often require longer experimental periods and more elaborate experimental 
techniques to deal with these corrections. 

Because of these difficulties, the method is often best for the measurement 
of the volumes of discrete body compartments, such as the rumen volume 
(Exercise 30), plasma volume and extracellular fluid volume (Exercise 45), by 
using labelled molecules that are limited by their behaviour to these compartments. 
Equilibration in these cases is sometimes almost instantaneous and the dilution 
principle can be applied directly. 

Alternatively the apparent problem of poor equilibration may be turned 
to good use. It may be argued that the proportion of the total body mass of a 
component that does equilibrate quickly is the most metabolically active part of 
the component and therefore that its measurement may be particularly useful. 
Thus an estimation of the 'rapidly exchangeable' fraction of an animal's total-body 
calcium, using radioactive calcium, indicates that usually less than one per cent of 
the total is readily available for exchange or resorption and for the maintenance 
of a stable plasma calcium concentration. This observation is of great importance 
in the understanding of calcium metabolism and, in contrast to the measurement 
of body compartment sizes, can be measured only with radioisotopes. It is also 
possible to determine the effects of variables such as age upon the proportion of the 
total-body calcium which is exchangeable (Exercise 58) and show that it declines 
as animals mature. 

V—3.1.2. Metabolism of the animal 

It is now quite clear that all the major components of the body are in a 
continuous state of flux. The carbon-containing macromolecules are continually 
degraded and resynthesized, the mineral components of the body are continually 
excreted. Furthermore, all the end-products of digestion — amino acids, glucose, 
volatile fatty acids, triglycerides — not only act as substrates for the accretion of 
body tissue but all serve as substrates for the production of the high-energy compounds 
which are used to maintain the physiological well-being of the animal and to provide 
the energy that is needed for the synthesis of the macromolecules that make up 
the body. Moreover, there is an extensive interconversion of one metabolite to 
another, particularly between glucose and its metabolites and the non-essential 
amino acids. Clearly then the rate at which an animal deposits new tissue is a 
function not only of the relationship between the supply of nutritients and the 
animal's maintenance requirements, but is also governed by the complex interplay 
between the intermediary metabolism of the various nutrients and the rates of 
synthesis and degradation of the tissue lipid, protein, nucleic acid and carbohydrate 
stores. Because the accretion of new tissue is not a simple process of synthesis 
the measurement of the metabolism of isotopically labelled precursors of the 
major carbon-containing components of the body is critical for the study of the animal 
'metabolism of growth'. In this section of the Manual we deal with exercises that 
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are designed to illustrate some of these complexities and to give the reader an 
introduction to some of the techniques that may be brought to bear on this subject. 

The simplest approach to this problem is to study the metabolism of the 
in relation to specific classes of compounds and this is the approach that we have 
chosen. It will, however, be noted that this section could as well have been cate-
gorized on the basis of tissue metabolism and some exercises have been chosen 
to illustrate some features of metabolism that are characteristic of particular 
tissues. 

V—3.1.3. Carbohydrate metabolism 

In monogastric animals carbohydrate provides the major nutrient for the 
provision of energy. It is also the major substrate for the synthesis of body 
triglyceride. Although in many cases the utilization of glucose, the major carbo-
hydrate metabolic substrate, for the synthesis of ATP can be substituted by the 
metabolism of both fatty acids and amino acids, there are some tissues or cells, 
for example the erythrocytes, the renal medullary cells arid to some extent 
neurones, in which glucose is the preferred substrate. It is possible therefore to 
talk of a 'glucose requirement' and it is clear that certain tissues, notably the 
liver and the kidney, are able to synthesize considerable amounts of glucose from 
non-carbohydrate precursors. In ruminants, which normally absorb only small 
quantities of glucose, the continued provision is of importance to the maintenance 
of normal growth and function and under certain circumstances (for example, 
during lactation) the requirement of a continuing supply of glucose is particularly 
important. As both amino acids from body protein and glycerol derived from the 
hydrolysis of peripheral triglyceride stores are important substrates for the synthesis 
de 'novo of glucose, the requirement of the animal for the provision of glucose can 
have an important influence upon the metabolism of both protein and fat. 

Because the end-products of glucose metabolism — acetyl CoA, lactate and 
pyruvate — are integral parts of the central pathways of metabolism, there is 
extensive interconversion of glucose and other metabolic end-products and this 
complicates the interpretation of the experiments. The reactions that occur in these 
pathways are particularly well characterized and use may be made of glucose (and 
its metabolites) labelled in particular positions to study, in relatively simple experi-
ments, the'relative rates of particular pathways of carbohydrate metabolism. The 
three exercises that follow are designed to illustrate this particular approach to a 
metabolic process. 

V—3.1.4. Protein metabolism 

The continual degradation and hence the need for continual resynthesis, 
the phenomenon of metabolic turnover, probably has its greatest impact upon 
the metabolism of body protein. Even in animals that are not growing the apparently 
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inevitable loss of protein by degradation within cells requires, for example, the 
synthesis of about 1.7 kg of body protein per day in an adult cow. Furthermore, 
because many times more amino acids are stored within tissue proteins than are 
present within the free amino acid pools of the body, the turnover of body protein 
quantitatively dominates the turnover of amino acids. The protein economy of 
the body may, however, be viewed in terms of amino acid input (from the diet) 
and output (by irreversible catabolism of the essential amino acids) as, potentially 
at least, protein turnover need not lead to a loss of amino acids from the body. 
Nevertheless, the need for the provision of energy from the synthesis of body 
protein is undoubtedly a significant contributor to the basal energy requirements 
of an animal. 

To gain an insight into the control of protein accretion we must therefore 
use methods that allow us to study the changes that occur in protein synthesis 
and degradation as well as the changes that occur in the catabolism of free amino 
acids, for changes in protein accretion can occur as well from changes in tissue 
protein degradation as from changes in protein synthesis. Furthermore, amino 
acid metabolism involves the metabolism both of the carbon side chains, which 
can act as substrates for the synthesis of both ATP and fat and as such may be 
affected by the metabolism of the alternative substrates for these pathways, and 
also the metabolism of the amino group. 

In the exercises we have attempted to illustrate the four major aspects of 
protein and amino acid metabolism. The turnover and excretion of urea, the major 
N end-product; the metabolism of the carbon side chain; direct measurement of 
protein and nucleic acid synthesis; and finally a practicable method for the indirect 
estimation of the rate of protein synthesis and degradation in the animal as a whole. 

V—3.1.5. Lipid metabolism 

Knowledge of any aspect of metabolism is intrinsically bound to our analytical 
abilities. In the case of lipid metabolism the acquisition of this knowledge may be 
divided into discrete periods, each of which has been heralded by a particular major 
analytical advance. Thus early progress in the study of lipid metabolism was 
particularly difficult and slow because of the intractable nature of the substances 
involved. Indeed, it is really only in comparatively recent years that the necessary 
analytical tools have become readily available to the general laboratory worker to 
enable extensive progress to be made in unravelling the role of lipids in biological 
processes. Of particular importance in advancing the knowledge of lipid metabo-
lism has been the routine availability of a wide variety of 1 4C-,3 H- and 32P-labelled 
compounds. Although detection systems for radioactivity have been designed for specific 
lipid quantifying techniques, e.g. thin layer chromatography, gas liquid chromatography, 
the ready solubility of lipid fraction in organic scintillants makes their quantification by 
liquid scintillation counting methods easily achieved. Thus, where column chroma-
tographic procedures and collection of distinct fractions are involved, quantification 



248 PART V. EXERCISES IN APPLICATION 

of radioactivity can be readily performed by removal of solvent followed by 
solubilization in a suitable scintillation medium. Similarly, measurement of radio-
activity associated with distinct lipid moieties following their separation on thin 
layer chromatoplates can be achieved by solubilization in organic scintillant. As 
in any radiotracer procedure, all the necessary precautions and rules must be taken 
with regard to checking the nature and purity of the labelled compounds being 
quantified. Both the radiological and chemical purity of the labelled lipid should 
not be taken for granted and appropriate checks therefore made at the beginning 
and end of the experiment. Providing that necessary precautions are taken to 
preserve the chemical integrity of the lipid, their storage should not present any 
problem with regard to radioactive stability. Although it is probable that there 
is no aspect of our current knowledge of lipid metabolism that could not have 
been revealed without the availability of labelled compounds, the absence of 
radiotracer methods would have undoubtedly meant immense analytical difficulties, 
and considerable delay to the ultimate solution of certain problems. 

V - 3 . 2 . Exercises 

EXERCISE 44. MEASUREMENT OF THE EXCHANGEABLE WATER 
SPACE WITH T 2 0 

MATERIALS AND EQUIPMENT 

(1) Animal provided with a catheter in a great vessel 
(2) Tritiated water to give a dose of at least 51 kBq/kg (0.3 /iCi/kg) body weight 
(3) Facilities for freeze drying or for the isolation of water (see Exercise 18) 
(4) Glass syringes 
(5) Evacuated capped tubes (vacutainers) 10 mL total volume 
(6) Bench centrifugre 

PROCEDURE 

(1) It is desirable to prevent the animal drinking during the measurement and also 
to collect urine. Fill a weighed syringe with tritiated water and inject the 
contents rapidly into the animal, remove the syringe and 'wash in' the dose 
with 10 mL of saline containing 10 i.u./mL heparin. Take blood samples at 
1 ,5 , and 10 min and then at 1 h intervals for 6 h. Collect urine during this 
period in order to estimate the loss of dose by this route. At the end of 3 h 
take one further urine sample. 

(2) The blood samples are placed immediately into sealed tubes (if possible 
vacutainers in which the vaccum has been released) containing 100 i.u. of 
heparin and the tubes are centrifuged at 1500g for 15 min. The plasma is 
removed with airtight syringes and a weighed aliquot counted. A second 
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accurately weighed portion of the plasma is lyophilized for 48 h, reweighed and re-
constituted to its original volume and counted. Alternatively 3 H 2 0 can be 
isolated for counting as described in § II—3.9.4. Samples of the pooled and 
post-equilibration sample of urine are also counted. 

CALCULATIONS 

(1) Calculate the plasma solids from the difference between the wet and dry 
weights of the plasma samples. 

(2) From the difference between the plasma radioactivity before and after 
drying, calculate the radioactivity in plasma water. The specific radioactivity 
of plasma water is then: 

dis/min in plasma water/wet - dry weights of plasma. 
(3) Compare this with the specific radioactivity of water in the last urine sample. 
(4) Plot the natural logarithm of plasma water SR against time. Interpolate (a) 

the intercept of the linear late portion to zero time (A); (b) the intercept 
of the early portion of the curve at zero time (B). 

(5) Calculate total exchangeable water as dose remaining at time t/B. 
(6) Calculate the plasma volume as dose given/A. 

It may be interesting to compare the value of exchangable water and the value 
of the urea distribution space (see Exercise 50). 

(7) If so desired, the turnover of body water can be studied as part of this 
exercise. Blood plasma or urine samples can be taken at up to five days in 
order to maximize the magnitude of the change in 3 H 2 0 specific radioactivity. 
The specific radioactivity of the water is measured and its natural logarithm 
plotted against time. The slope of this line is the fractional rate of water 
turnover. 

EXERCISE 45. MEASUREMENT OF INTRAVASCULAR AND 
EXTRACELLULAR WATER SPACES 

The measurement of the intravascular water space depends on the use of a 
labelled molecule that, after intravenous injection, does not leak out of the vascular 
system. The most suitable molecules are proteins and the most readily obtainable 
is 12sI-albumin. However, other materials, such as '^-polyvinylpyrrolidone, can 
also be used. Because of the rapidity of the measurement it is unnecessary to use 
homologous albumin and labelled human serum albumin is satisfactory. The 
measurement accurately determines the plasma volume and from this measurement, 
combined with a determination of the haematocrit, the total blood volume can be 
calculated. Total intravascular water can then be derived after a determination of 
the total water content of a sample of blood. 
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The extracellular water space can be measured approximately by a method 
that depends on the facts that the rapidly exchangeable body sodium is largely 
confined to the extracellular water in the body and that the intracellular concen-
tration of sodium is very low. Thus an estimation of the exchangeable body sodium 
(which is very close to the whole-body sodium) can also provide an estimate of the 
extracellular water space. There are two available isotopes of sodium, 24Na with 
a half-life of 15.0 h and 2 2Na with a half-life of 2.6 a. The use of 2 4 Na makes it 
possible to make repeated experiments on the same animal, whereas with 22Na 
this is more difficult and there are bigger problems with the disposal of radio-
active wastes. 

The extracellular water content of the body cannot be assessed directly from 
the extracellular water space because it is not possible to obtain a representative 
sample of extracellular fluid to measure its water content. It is usually assumed to 
be the same as the water content of the blood plasma. 

Intravascular and extracellular water spaces can be measured either separately 
or simultaneously because the same basic materials and equipment are required 
for both. The extravascular water space can be calculated as the difference between 
the extracellular water space and the intravascular water space. 

MATERIALS AND EQUIPMENT 

(1) A sheep or goat provided with a catheter in a jugular vein 
(2) Ten-millilitre syringes, needles and heparinized bottles for collection of blood 

samples 
(3) Centrifuges for separating plasma and determining haematocrit 
(4) 7-spectrometer 
(5) Drying oven 
(6) Balance accurate to 10 mg 

PROCEDURE 

(1) Prepare a solution in approximately 10 mL isotonic saline containing 
either: 0.5 MBq 125I human serum albumin 
or: 5 MBq 2 4Na 
or a mixture of both if the two measurements are to be made simultaneously. 

(2) Fill a weighed syringe with the solution, leaving sufficient for the preparation 
of standards. 

(3) Inject the solution through the jugular catheter and flush in with saline from 
a separate syringe. Reweigh the radioactive syringe to determine the doses 
of 125I and 24Na. 

(4) Take blood samples (— 10 mL) from the uncatheterized jugular vein 5 , 1 5 
and 30 min after injection for the determination of l 2 5I and 1, 2, 4, 8, 12 
and 24 h after injection for the determination of 24Na. 
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(5) Take subsamples ( ~ 2 mL) of the 5, 15 and 30 min blood samples; measure 
their haematocrit in a microhaematocrit centrifuge and determine their water 
content by drying a weighed quantity at 95°C overnight in an oven. 

(6) Centrifuge the blood samples, separate the plasma and count 1251 and 2 4Na 
radioactivity. Express the results as counts/min • L_1 plasma. Determine the 
water content of the 4, 8 and 12 h plasma samples. 

(7) Plot the results for 1251 against time on linear graph paper and estimate the 
radioactivity at zero time by extrapolation. 

(8) Calculate intravascular water space as follows: 
Dose of 12SI albumin (counts/min) 

(a) Plasma volume (L) = — ;—; . . 
Plasma I at zero time (counts /min-L ) 

100 
(b) Total blood volume = Plasma volume ( ) 

100 - heamatocrit 
Total blood volume (L) 

(c) Intravascular water space = (% water content of blood) 
100 

For the determination of extracellular water space, steps (7) and (8) become: 
(7a) Plot the plasma radioactivity of 24Na, corrected for decay, against time on 

semilogarithmic graph paper. Extrapolate the linear part of the graph to zero 
time to estimate the initial 2 4Na radioactive concentration. The slope of the 
line is directly proportional to the dietary sodium intake of the experimental 
animal. 

(8a) Calculate extracellular water space as follows: 
Dose of M N a (counts/min) (a) Extracellular fluid volume = 

Plasma 2 4Na at zero time (counts /min-L 1 ) 
Extracellular fluid volume (L) 

(b) Extracellular water space = (% water content 
1 0 0 of plasma) 

EXERCISE 46.A. MUSCLE MASS DETERMINATION WITH 14C OR 15N 
CREATINE 

The skeletal muscle mass of the animal contains the largest single component 
of body protein. In studies related to the nutrition of the animal and its effect 
on growth, it is of importance to be able to estimate the size of the muscle protein 
pool. Creatine is a compound which, initsphosphorylatedform, provides an 
important source of energy for muscle contraction. This compound is located 
almost exclusively in skeletal muscle. Thus, if an estimate can be made of the size 
of the body pool of creatine, this can be used to estimate the muscle protein pool 
size. The catabolism of creatine is unusual in as much as it gives only one 
end-product, creatinine, derived from creatine and creatine phosphate by a non-
enzymic reaction. Because of this, within an individual, the fractional rate of 
creatine catabolism seems remarkably constant and thus the excretion of creatinine 
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provides an indirect estimate of the size of the creatine pool. For some years the 
excretion of creatinine has been used to calculate muscle mass by the end use of a 
factor derived by Cheek [40] of 17.9 g creatinine excreted per day. However, 
while this factor is satisfactory in the estimation of the average muscle mass in a 
population, it is unsatisfactory in an individual and is likely to be in error under 
abnormal physiological or nutritional circumstances. It is, however, possible to 
estimate the creatine pool size in an individual by measurements of the dilution 
of exogenous loads of labelled creatine. This can then be converted to muscle 
mass by measuring the concentration of creatine in biopsy specimens of skeletal 
muscle. 

MATERIALS AND EQUIPMENT 

(1) A suitable catheterized animal 
(2) Creatine either labelled with 14C (available from a number of suppliers) or 

with 15N, synthesized by the methods given in Picou et al. [41] 
(3) Facilities for the collection of urine 
(4) Saturated picric acid and 2M NaOH for the analysis of creatinine 
(5) Facilities for the isolation of urinary creatinine (see Exercise 22) 

PROCEDURE 

(1) The animals are injected intravenously with labelled creatine in sterile 0.9% NaCl. 
(2) Urine and faeces are collected for at least three days, during which time the 

creatine dose equilibrates with the body pool of creatine. On Day 3 a 12 h 
sample of urine is taken and the creatinine isolated from this and the specific 
radioactivity or isotope abundance is estimated. A muscle biopsy is obtained 
for estimation of the creatine and non-collagen protein. 

CALCULATION 

The creatine pool size = dose remaining at time t/SR or IA of urinary creati-
nine. The muscle mass = creatine pool size/creatine per unit muscle or creatine per 
unit non-collagen protein. 

An alternative method of estimating the creatine pool size may be carried out 
as follows: After the equilibration period, 24 h collections of urine are made at 
5 d intervals for up to a month. By multiplying the 24 h excretion of creatinine 
by the SR or IA of creatinine the total label excretion may be calculated. If the 
natural logarithm of this (total activity) is plotted against time, a linear plot will 
be obtained, the gradient of which is the fractional rate of creatinine formation from 
body creatine. Thus: 

Creatinine excretion 
Creatine pool size (at any time) = 

Slope of the log totalling label versus time curve 
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This has the advantage that it allows changes in the creatine pool size with time 
to be estimated, an obvious advantage in growth studies. 

EXERCISE 46.B. SIMPLE METHOD FOR THE ESTIMATION OF MUSCLE 
CREATINE 

Take approximately 200 mg of skeletal muscle and homogenize thoroughly 
in 1M perchloric acid. Remove the protein and nucleic acid precipitates by centri-
fugation and take the acid supernatant. Autoclave this extract for 1 h at 15 lb/in2, 
cool and assay an aliquot for creatinine. This is simply carried out. 

Mix a sample containing approximately 10 Mg of creatinine with 2 mL of 
a solution of equal volumes of saturated picric acid and 2M NaOH. Leave the tubes 
at room temperature for 30 min and read the resultant colour in a spectrophoto-
meter at 440 nm. 

EXERCISE 47. MEASUREMENT OF GLUCOSE CATABOLISM WITH 
l-14C-GLUCOSE, 6-14C-GLUCOSE, AND 14C-BICARBONATE 
(SMALL ANIMALS) 

Glucose-6-phosphate is metabolized by three major routes: to glycogen, via 
the glycolytic pathway to yield pyruvic acid and by the pentose monophosphate 
shunt to yield 3-carbon end-products. The pentose monophosphate pathway is 
of importance to the animal because it leads to the synthesis of NADPH required 
for the synthesis of fatty acids. An early step in this pathway is the decarboxylation 
of glucose at the 1 position. The glycolytic pathway does not, in itself, lead to 
any loss of carbon from glucose. The difference between the synthesis of 14Co2 

from 1-14C and 6-14C-glucose therefore is a measure of the proportion of glucose 
that is being metabolized either by the pentose monophosphate shunt or via 
acetyl CoA in the Krebs cycle. 

MATERIALS AND EQUIPMENT 

(1) Small laboratory rodents - rats, mice, guinea-pigs or perhaps immature 
rabbits 

(2) Perspex cylinders of sufficient diameter to accommodate the animals and 
provided with pierced-end stoppers 

(3) Facilities for pumping air or a cylinder of compressed air; rotameter 
flow meter 

(4) 2M NaOH 
(5) 1M BaCl2 
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FIG. V-4. Simple system for measuring the label in expired C02-

(6) 1M NaOH 
(7) Twenty millilitre universal bottles provided with subaseal stoppers and with 

tube passing through; suitable tubes may be made from 199 hypodermic 
needles, extended with teflon or PVC tubing 

(8) EDTA 
(9) l-14C-D-glucose, U 14C-D-glucose, 14C-bicarbonate 

PROCEDURE (F ig .V-4) 

Add 10 mL of 1M NaOH to the universal bottles. Insert the stoppers with 
two tubes, one below the surface of the NaOH, one just inserted through one 
stopper. Connect two of these bottles in series and connect to the outflow from 
the Perspex cylinder. Remove the input side bung and connect the tube to a 
third 'trap' containing 10 mL 1M NaOH. (This serves to remove C0 2 from the 
air entering the chamber.) Connect the output absorption bottles to the pump 
inlet side, i.e. to maintain a slight negative pressure in the chamber. 

(1) Make a solution of 0.1M NaHC03 , 0.9% NaCl and 37 kBq/mL (1 /zCi/mL) 
14C bicarbonate. Fill a 1 mL syringe with this solution. Weigh the syringe. 
Inject the animal intraperitoneally with the solution. Reweigh the syringe. 

(2) Transfer the animal to the chamber immediately and seal the inlet side. Turn 
on the pump and adjust the flow to give between 100 mL (mouse) to 700 mL 
(rabbit) per minute. 

(3) At 10 min intervals for 1 h and then at 1.5 and 2 h change the output traps. 
(4) Mix the traps and treat as described in Exercise 28. 
(5) After 2 h remove the animal, clean the chamber, inject the animal with 

about 3 70 kBq (10 iiCi) 1 -14C glucose in sterile 0.9% NaCl and place in the 
chamber. 

(6) Repeat the 2 h gas collection procedure (step (3)). 
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(7) The following morning place the animal in the chamber and collect expired 
C 0 2 for 1 h in order to measure the background excretion of 14C. 

(8) Inject the animal with 370 kBq (10 ;uCi) of 6-14C glucose and trap expired 
air, as described in steps (2) and (3) above. 

(9) Prepare all traps for counting as described in Exercise 25. 
(10) Dilute aliquots of the injection solutions to give about 10 000 counts/min mL"1 

and count accurately, paying due attention to quenching (see Exercise 11). 

CALCULATIONS 

(1) Calculate the dose given and total expired radioactivity. 
(2) Calculate the proportion of each injected dose that was excreted in expired 

air. Was all the dose of 14C-bicarbonate recovered in expired air? 
(3) Compare the values for 1-14C and 6-14C-glucose and hence calculate the 

proportion of total glucose metabolized to C 0 2 via the Krebs cycle (6-14C) 
and via the pentose shunt (1-14C + 6-14C). 

FURTHER EXPERIMENTS 

If desired this experiment could be repeated with fasted animals. What 
would be the expected change in: (1) the proportion of 6-14C-D-glucose metabolized 
to C 0 2 ; (2) the ratio of l-14C:6-14C-glucose oxidation? 

EXERCISE 48. MEASUREMENT OF GLUCOSE TURNOVER AND 
RECYCLING WITH 3 H- AND 14C-LABELLED GLUCOSE 

Glucose can be synthesized from a number of percursors that enter the final 
gluconeogenic pathway as oxaloacetate. In addition to this, a substantial part of 
glucose metabolism by peripheral tissues does not involve complete catabolism 
of glucose to C 0 2 but rather leads to the release of lactic acid into the blood. Glucose 
is resynthesized from lactic acid in the liver and thus recycles to the periphery. 
For this reason measurements of glucose turnover using U14C-glucose underestimate 
the rate at which glucose is metabolized. If glucose is labelled with tritium at the 
2 or 5 positions, the label is lost from the molecule during glycolysis and so does 
not 'recycle'. Measurements of glucose turnover with 14C- and 5-3H-glucose there-
fore allow the calculation of the total rate of glucose catabolism and the rate at 
wich glucose is resynthesized from lactate and the amino acids. 

MATERIALS AND EQUIPMENT 

(1) Sheep provided with catheters for sampling and infusion (see § IV-3 .3 and 
IV—3.4); do not feed the animal from the previous evening 
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(2) Pump for infusion of tracers; ideally, a motor-driven syringe pump but under 
many circumstances a peristaltic pump will be satisfactory 

(3) 5-3H-D-glucose, U14C-D-glucose 
(4) Syringes, needles, heparinized tubes 
(5) Sterile 0.9% NaCl 
(6) Materials for precipitation of blood proteins and for the isolation of glucose 

(see Exercise 24) 
(7) 1M PCA 

PROCEDURE 

(1) Dilute the 3 H- and 14C-glucose in sterile 0.9% NaCl to give concentrations 
of about 148 kBq/mL (4 juCi/mL) of 3H and 74 kBq/mL (2 juCi/mL) of 14C. 

(2) Set up the pump to infuse (say from a 20 mL syringe) about 2 mL/h. 
(3) Connect the infusion syringe to the infusion cathether and commence infusion. 
(4) Remove samples of blood (about 5 mL) at 15 min intervals for 2 h and mix 

with an equal volume of 1M PCA. 
(5) Centrifuge the samples and process them as described in Exercise 25. 
(6) After 2 h stop the infusion, continue to take blood samples every 15 min 

for 2 h after stopping the infusion. 
(7) Using the same syringe infuse saline into a preweighed bottle for 2 h in order 

to calculate the rate of tracer infusion. 
(8) Dilute aliquots of the infusion solution and count (pay due attention to quench 

correction (Exercise 11)). 

CALCULATIONS 

(1) Calculate the specific radioactivities o f 3 H and 14C in the isolated glucose 
sample. Plot these values against time. Do they become constant? 

(2) Calculate the apparent entry rates for 3H and 14C where 
Rate of label infusion (dis/min per unit time) 

Entry rate (weight/unit t ime) = 
Specific radioactivity at plateau (dis/min per unit weight) 

(3) Compare the shapes of the curves for build-up of label on commencing the 
infusion and loss of label/after ending the infusion. 

ADDITIONAL EXPERIMENT 

It is also possible within this exercise to process blood samples in order to 
measure the specific radioactivity of blood bicarbonate (refer to Exercise 28 
for method). If this is carried out an additional calculation can be made, i.e. 



V—3. HOST ANIMAL COMPOSITION 2 5 7 

14C-specific radioactivity of blood bicarbonate at plateau 
14C-specific radioactivity of blood glucose at plateau 

= proport ion of C 0 2 derived f rom the catabolism of blood glucose. 

Note. This calculation could not be performed in Exercise 47 because no data on the 
specific radioactivity of glucose were obtained. 

EXERCISE 49. MEASUREMENTS IN VITRO OF THE LABELLING OF 
SOME END-PRODUCTS OF GLUCOSE METABOLISM 

In the introduction to this section it was pointed out that substantial 
quantities of glucose are synthesized from non-monosaccharide precursors. Amino 
acids derived either from the diet or from the breakdown of tissue protein can 
make a significant contribution to glucose synthesis. However, the reverse is also 
true, as substantial amounts of labelled carbon from glucose appear in the non-
essential amino acids, especially alamine. Thus, although amino acids do contribute 
to glucose synthesis in some cases, this only represents one half of a cycle between 
protein and glucose/glycogen. 

MATERIALS AND EQUIPMENT 

(1) NaCl 
(2) KCL 
(3) MgS04 

(4) CaCl2 

(5) NaHC03 

(1) to (5) required for preparation of Krebs-Heimsleit bicarbonate buffer 

(6) Gas cylinder containing 95% 0 2 :5% C0 2 

(7) Twenty millilitres of blood 
(8) Razor blades mounted in corks or rubber bungs 
(9) Conical flasks 
(10) Source of liver - perhaps rat, guinea-pig or rabbit, or other available species 
(11) Glass plates 
(12) Thermostatically controlled water bath provided with shaker mechanism 
(13) Ice bath 
(14) Microscope glass slides 
(15) Petri dish or small glass beaker 
(16) Materials for separating glucose protein and metabolites (see Exercises 23 and 25) 
(17) U14C-D-glucose 
(18) D-glucose 
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(19) 1M perchloric acid 
(20) Centrifuge and tubes 
(21) Ethanol 

PROCEDURE 

(1) Prepare Krebs buffer 
(2) Before starting, precipitate and isolate the protein from 20 mL blood. Acid 

hydrolyse the protein and dissolve the hydrolysed protein in 20 mL of 
Krebs buffer (see Exercise 23). 

(3) Remove the liver from a freshly killed animal and immediately place it on ice. 
(4) Dissect one lobe and place it on a precooled glass plate. 
(5) Press a microscope slide against the surface of the liver and, using the mounted 

razor blade, cut thin ( < 1 mm) slices of liver. Use the microscope slide to lift 
these slices away and carefully place them in ice-cold 0.9% NaCl in a beaker 
or Petri dish. Normally three slices (about 100 mg) will be used, so cut enough 
slices for all the incubations. 

(6) Place in each flask 5 mL of Krebs buffer /hydrolysed blood, 74 kBq (2 juCi) 
of U14C-glucose, 2 mg unlabelled glucose, and finally, three liver slices. 

(7) Gas each flask (on ice) for 5 min with 95% 0 2 /5% C 0 2 and seal the flask. 
(8) Place the flasks in the incubation bath and incubate, shaking at 1 oscillation/s. 
(9) At various periods of time remove the flask, remove the stopper, and add 3 mL 

of 1M perchloric acid. Place the flask on ice and leave for 15 min. 
(10) Decant the liver/perchloric acid into a centrifuge tube and centrifuge for 10 min 

at 2000 g. 
(11) Take the supernatant and treat one half as described in Exercise 25 in order 

to isolate glucose, lactic acid and the amino acids. 
(12) Estimate the radioactivity originally added and the amounts transferred to 

lactic acid and free amino acids. 
(13) Take the protein precipitate after step (10) and dissolve in 5 mL 0.2M NaOH. 

Count an aliquot and estimate the amount of protein using the Lowry pro-
cedure (Exercise 24). 

(14) Take the remaining portion of the neutralized supernatant after step (11) and 
precipitate the glycogen with an equal volume of ethanol. Centrifuge the tube 
and dissolve the glycogen in 1 mL 0.2M NaOH. Count. 

CALCULATIONS 

The following may be calculated: 
(1) The fractions of labelled glucose utilized. 
(2) The fraction of this recovered in lactic acid, free amino acids, glycogen and 

protein. Does calculation 1 = calculation 2? 
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ADDITIONAL EXPERIMENTS 

(1) Repeat the above with animals that have been fasted. 
(2) Repeat the above but add 14C-alanine instead of glucose. 
(3) Trap the 1 4 C0 2 by suspending a tube containing NaOH (0.5 mL, 1M) in 

the closed flask and injecting 1M perchloric acid through the flask closure. 

EXERCISE 50. MEASUREMENT OF THE UREA POOL SIZE AND THE 
SYNTHESIS RATE OF UREA 

MATERIALS AND EQUIPMENT 

(1) l4C-urea 
(2) Animal provided with a catheter in a great vessel (see Section IV-3 .4 .2) 
(3) Centrifuge 
(4) Test tubes 

PROCEDURE 

(1) Prepare a weighed syringe containing sufficient 14C-urea in sterile 0.9% NaCl 
to give a dose of 55.5 kBq/kg (1.5 iiCi/kg) body weight. The urea is injected 
rapidly, the syringe immediately disconnected, the dose 'washed in' with 10 mL 
saline containing 10 i.u./mL heparin. 

(2) Blood samples, approximately 3 mL, are removed at 2, 4, 6, 10, 20 and 30 min 
and then at 30 min intervals for 4 h. The blood is placed immediately into 
tubes containing 100 i.u. of concentrated heparin solution, capped and centri-
fuged for 10 min at 1500 to 2000g. 

(3) The plasma is removed. 
(4) A portion (1 mL) is mixed with a suitable scintillation fluid and counted in a 

scintillation counter. A second portion is analysed for urea. 

CALCULATIONS 

(1) Calculate the specific radioactivity (SR) of urea and plot the natural logarithm 
of SR against time. Is the line straight? 

(2) If not, calculate the intercept on the y-axis of the terminal straight logarithm 
line and calculate the gradient. By interpolation, calculate the contribution 
of the slow rate constant to the fast early component and thus calculate the 
gradient of the early portion of the curve (see Part III). 

By reference to model C in Fig.III-7 calculate 

(3) The rate of synthesis of urea (i.e. F2 ) 0 in model). 
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(4) The respective pool sizes and exchange rate constants. 
(5) The total urea pool size and distribution space (compare this with the body 

water pool calculated from Exercise 44). 

ADDITIONAL EXPERIMENTS 

Following the injection of the labelled urea collect urine for a period of 
three days. Measure the volume of urine, measure the amount of radioactivity that 
has been excreted and also the urea excreted. 

CALCULATIONS 

(1) Calculate the proportion of the dose that has been excreted. 
(2) Calculate the ratio of urea excretion:urea synthesis calculated above. 

Are they the same? 

EXERCISE 51. AMINO ACID CATABOLISM AND ITS RELATIONSHIP 
TO DIETARY PROTEIN QUALITY 

In most experiments in which the utilization of dietary protein is studied, it 
is usual to calculate the results on the basis of nitrogen balance. However, it is 
possible to view the utilization of amino acids, especially the essential amino acids, 
in terms of their carbon catabolism. In fact, when carbon catabolism is studied the 
delay imposed on nitrogen balance by the large slowly turning urea pool is avoided 
and the measurements may only occupy a three hour period. 

When the growth of the animal is increased by the inclusion of the first 
limiting amino acid, i.e. without any change in the total intake of other amino 
acids, the deposition of the non-limiting amino acids is increased and their catabolism 
is thus decreased. It is possible, therefore, to study the carbon catabolism of a 
non-limiting amino acid in animals receiving step-wise increases of the limiting 
amino acid and by identifying the intake at which the catabolism of non-limiting 
amino acid no longer falls to define the optimum level of the limiting amino acid. 

In this method it is important to avoid label positions that lead to the incor-
poration of label into Krebs cycle intermediates. The results from Exercise 49 
demonstrate the degree to which labelled lactate, for example, will label other 
compounds. If this occurs during this experiment, the output of labelled C0 2 is 
a function both of the rate of amino acid catabolism and of the label movements 
that have occurred in the central pathways of metabolism. This problem is avoided 
if l-14C-L-leucine, i.e. leucine labelled in the carboxylic acid group, is used. This 
carbon is lost during the rate-limiting step in leucine catabolism and thus 1 4 C0 2 

production is directly proportional to the rate of leucine catabolism. 
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MATERIALS AND EQUIPMENT 

(1) Young laboratory or other small animals 
(2) Diet of protein mixture whose first limiting amino acid is known. For example, 

casein (methionine), cereal protein (lysine) 
(3) Purified first limiting amino acid 
(4) l-14C-L-leucine 
(5) Apparatus for the collection of expired air (see Exercise 45) 
(6) Materials for measurement of labelled C0 2 in an alkaline trap 
(7) l m L syringes; 21 gauge hypodermic needles 

PROCEDURE 

(1) Prepare diets containing different additions of the limiting amino acid. 
(2) Offer these diets ad libitum to the animals for a minimum of three days. 
(3) On the day of the experiment, prepare a solution of l-14C-L-leucine 

(74 kBq/mL - 2 /xCi/mL) in sterile 0.9% NaCl. 
(4) Fill the syringe with this solution and weigh the filled syringe. 
(5) Attach a 21 gauge needle, the tip of which is inserted in a small piece of 

suitable PVC or Teflon tubing. 
(6) Hold the animal vertically and carefully insert the needle into the stomach 

via the mouth. This is best achieved by placing a very small drop of the 
solution on the animal's tongue. This activates a swallowing reflex and thereby 
opens the oesophagus enabling the needle to be inserted with greater ease. 

(7) Inject the labelled leucine solution into the stomach of the animal, carefully 
remove the needle and immediately transfer the animal to the chamber. 
Reweigh the syringe. 

(8) Pass the expired gases through C0 2 traps containing 1M NaOH. Change 
these traps every half hour and measure the radioactivity in an aliquot taken 
from each trap. 

(9) Continue trapping air until the label has attained a value of less than 5% of 
maximum. This will usually take 2 to 3 h. 

(10) Remove the animals and if necessary offer them a diet containing a different 
level of limiting amino acid for three days and repeat steps (4) to (9), after 
first having taken a background sample of expired air. 

(11) Estimate the dose of 14C given to each animal. 

CALCULATIONS 

(1) Calculate the expired radioactivity as a proportion of the dose given. 
(2) Plot these values (y) against the addition of the limiting amino acid. 
(3) Estimate the point at which no further decrease in the value expired radio-

activity/radioactivity given occurs, and compare this with literature values 
for the requirement for this limiting amino acid. 
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EXERCISE 52. MEASUREMENT OF PROTEIN AND NUCLEIC ACID 
SYNTHESIS IN LIVER SLICES 

The rate of protein synthesis in the liver is particularly high. In addition, the 
synthesis of proteins that are secreted into the blood makes a significant contri-
bution to total protein synthesis. 

One of the major problems in measuring the synthesis of the major macro-
molecules in cells is the measurement of the specific radioactivity of the pool 
of precursor molecules. In this exercise the problem is minimized by deliberately 
adding the labelled precursors at high concentrations. This has the result of 
rapidly achieving a constant specific radioactivity in all the compartments in the 
incubation system, and also making the specific radioactivity of the free precursor 
the same in both the cells and the incubation medium. 

Because the specific radioactivity of the precursors is constant, then 
providing the rate of protein or RNA synthesis within the cells is constant, it may 
be calculated from 

SR product 
X time = Fractional rate of product synthesis (K ) ( V - 2 0 ) 

SR precursor 

Total synthesis = k s X Pool size of product (V—21) 

MATERIALS AND EQUIPMENT 

(1) Materials and apparatus for the preparation of 

(a) Krebs bicarbonate buffer 
(b) Amino acid mixture 
(c) Liver slices 
All these may be found in Exercise 49 

(2) Liver donors 
(3) U14C-L-phenylalamine; unlabelled phenylalanine 
(4) 5-3H-uridine; unlabelled uridine 
(5) Vaccum pump 
(6) Sintered glass Buchner type, filter funnel, flask provided with side arm 
(7) Materials for the isolation of protein and free amino acids 
(8) Materials for the measurement of phenylalanine (this is not obligatory) 
(9) Ice bath 
(10) Gas cylinder containing 95% 0 2 / 5%C0 2 

(11) Incubation bath 
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PROCEDURE 

(1) Prepare the buffer/amino acid mixture as described in exercise 49. 
(2) Make a solution of labelled phenylalanine containing 4 mg and 185 kBq/mL 

(5 MCi/mL). 
(3) Make a solution of labelled uridine containing 0.5 mg and 370 kBq/mL 

(10/xCi/mL). 
(4) Prepare the incubation mixture by adding 3 mL of Krebs/amino acid mixture 

and 0.2 mL of the labelled stock solutions. Place on ice. 
(5) Prepare the liver slices and distribute them between the incubation flasks. 

Flush the contents with 95% 0 2 / 5%C0 2 for 5 min. 
(6) Transfer them to the incubation bath at 37°C. 

EXERCISE 53. MEASUREMENT OF TOTAL AMINO ACID TURNOVER 
AND THE CALCULATION OF BODY PROTEIN SYNTHESIS 
AND DEGRADATION WITH A 15N-AMINO ACID 

Exercise 50 describes an experiment in which the rate of protein synthesis 
was measured in a tissue-skeletal muscle. However, in the majority of cases involving 
large farm animals the practical difficulties that attend the measurement are very 
great. Futhermore, many other nutritional measurements do not relate to indi-
vidual tissues but to the whole body and the ability to measure body protein 
turnover allows the experimenter to gain a greater understanding of the nature of 
the metabolic changes that underlie a change in protein deposition. Methods 
for measuring body protein turnover rely on the ability to measure either the total 
turnover of a single essential, non-limiting amino acid, which with knowledge of 
the amino acid composition of the body can be converted to body protein or 
using a lsN-labelled rton-essential amino acid to measure whole-body amino nitrogen 
turnover. 

Both methods use a stochastic form of analysis (see Part III) i.e. they are 
based on the measurement of the area under a specific activity (isotope abundance) 
curve or use a constant infusion and calculate the total turnover from: 

Rate of infusion 
Turnover = ; 

Specific radioactivity (isotope abundance) at plateau 
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The subsequent calculations derive from the simple model: 

; 
Catabolism 

(O or E) 

so that in a steady state with respect to the free amino acid pool: 

Q = S + O (or E) = D + I ( V - 2 2 ) 

Q can be derived from the basic isotopic information. When a 14C-amino acid 
is used O (amino acid oxidation) can be measured by the techniques described 
in § IV.3.3 and in Exercise 49 and calculated as follows: if the amino acid truly 
traces whole-body amino acid metabolism, then: 

Dose lost as C 0 2 _ () 
Dose given Q 

Dose lost as C 0 2 
O = Q X -

Dose given 

In the method that follows the catabolism of whole-body amino acid is 
assumed to be the sum of the excretion of urea and ammonia in the urine. It 
should be noted that with ruminants further information on total urea synthesis 
must be obtained, perhaps by applying the technique discussed in Exercise 48. 

The method in the following exercise uses a 15N-labelled amino acid. In this 
technique the aim is to administer the label in such a form that 15N is distributed 
throughout the body amino nitrogen pool. Although for simplicity 15N-glycine is 
used in the exercise, probably it does not meet this criterion. A better label may 
be l sN-labelled protein. This can be prepared by growing yeast on a substrate of 
1SN-NH4S04 , and purifying it using the procedure given in Exercise 23. 

The method involves a single dose of 15N-amino acid followed by urine 
collection for 48 hours. The average isotopic abundance of urinary urea is measured 
(U*) and this is related to the turnover of amino nitrogen (Q) by: 

U* (mg 1 5N/mg 1 5N + 1 4 N) 
— r — — = Q (mg N/48 h) ( V - 2 3 ) 

Dose of 5 N (mg N) 
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From Eq. ( V - 2 3 ) 

Body protein synthesis (s) = Q - E (the excretion of urea + ammonia) 

and ' ( V - 2 4 ) 

Body protein breakdown (D) = Q — I (the absorbed protein) (V—25) 

It can be seen that N balance is then S — D. 

MATERIALS AND EQUIPMENT 

(1) Pig prepared with a single catheter in the external jugular vein 
(2) 15N-glycine, 9 5 - 9 9 at.% excess 
(3) Facilities for complete collection of urine free of faecal material and of faeces 
(4) Facilities for the separation of urea and ammonia from urine (see Exercise 22. A) 

and for 1SN analysis 
(5) Metabolism crate 

PROCEDURE 

(1) Collect a sample of urine and faeces for measurement of natural abundance 
of 1SN. 

(2) Calculate the dose as follows: 
Dose to be given = Nitrogen intake (for 2 days) X 3 X 10~3. 
This is derived from the observation that total amino acid turnover is 
approximately three times the total amino acid intake. 

(3) Prepare the appropriate weight of lsN-glycine in sterile 0.9% NaCl. Fill a 
syringe with the solution and weigh. 

(4) Inject the animal with 15N-glycine. The injection should be slow, a period 
of 5 min will be satisfactory. Wash-in the dose of 15N-glycine with saline. 

(5) Collect urine for 48 h in two 24 h collections, preserve the urine by adding 
40 mL 4M H2 S 0 4 to the vessel. 

(6) Isolate urea and ammonia from the urine and measure the abundance of 
1SN (Exercises 22.A, B and 26). 

(7) Measure urea and total nitrogen in the urine. 
(8) Dilute an exactly known sample of 15N-glycine with unenriched glycine. 

Measure the isotope abundance. 

CALCULATIONS 

(1) Calculate the dose given. 
(2) Using the urea abundance: calculate the total amino acid turnover 

(Eq. (V-23) ) . 
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(3) Calculate protein synthesis (Eq. (V—24)). 
(4) Calculate protein degradation (Eq. (V-25) ) . 
(5) Calculate (2) to (4) using ammonia abundance. 

EXERCISE 54. MEASUREMENT OF LOSS OF PROTEIN FROM THE 
GASTROINTESTINAL TRACT USING slCr-CHROMIC 
CHLORIDE [ 4 2 - 4 6 ] 

It is not possible to use plasma proteins labelled with radioiodine to trace 
the loss of plasma proteins through the gastrointestinal tract. The reason is that 
after the protein has been broken down in the digestive tract, the iodine label 
(attached to the tyrosine residues) is split off in the intestinal epithelium, reabsorbed 
and excreted by the kidneys. For an accurate estimate of the leakage of plasma 
proteins into the gut the isotopic label attached to the proteins must be excreted 
quantitatively in the faeces after the proteins have entered the gut. Cr3+ ions bind 
strongly to plasma proteins either in vitro or in vivo and, moreover, they are not 
absorbed from the alimentary tract. Albumin labelled in vitro by incubation with 
s lCrCl3, and plasma proteins labelled in vivo by injecting s lCrCl3 intravenously 
have therefore been used to study the permeability of the gut to proteins. 
The rate of disappearance as 51Cr from the plasma is the same whether it 
is administered as s lCrCl3 , slCr-albumin or 51Cr-serum; it is therefore 
simplest to inject s lCrCl3 and allow the plasma proteins to become labelled in 
vivo. By measuring the concentration o f 5 1 Cr in plasma after a single injection 
o f 5 1 Cr and relating it to the quantity o f 5 1 Cr excreted in faeces each day, an 
estimate can be obtained of the rate of loss of plasma — and hence of plasma 
proteins - into the gut. This technique is particularly valuable for investigating 
whether gut parasites cause a direct loss of plasma proteins into the gut. If the 
erythrocytes are labelled with 51 Cr, the loss of red cells could similarly be estimated 
from the appearance o f 5 1 Cr in the faeces. 

MATERIALS AND EQUIPMENT 

(1) 51 Cr-chromic chloride 
(2) Well-type scintillation counter 
(3) Sheep: one normal (parasite-free); one experimentally infected for 4 weeks 

with H. contortus or for 10 weeks with F. hepatica 
(4) Sheep metabolism cages 
(5) Faecal bags and harnesses; polyethylene lining bags 
(6) Disposable 5 mL syringes 
(7) Disposable 1 mL syringes 
(8) Materials for intravenous injection 
(9) Electric or hand clippers 
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(10) Dilute NaOH 
(11) 100 mL volumetric flask 
(12) Counting vials 
(13) Automatic pipette (1.0 mL) 
(14) Materials for measuring serum albumin concentration 
(15) Heparinized evacuated glass tubes 

PROCEDURE 

As in Ref. [42], except as follows: 
(1) Fit sheep with faceal bags and establish them in their metabolism cages at 

least 3 d before injecting the radioisotope. 
(2) Prepare the animals for injection by clipping the wool from their necks. 
(3) Collect a blood sample and measure the albumin concentration in the serum. 
(4) Place a polyethylene cannula in a jugular vein of each sheep and through it 

inject approximately 37 MBq of 51Cr in 5 - 1 0 mL of saliva. 
(5) Prepare a standard by diluting about 1 mL of the stock solution used for the 

injection to 100 mL in a volumetric flask. 
(6) Collect a blood sample (5 mL) daily into a heparinized tube for 1 2 - 1 4 d after 

the injection and separate the plasma. 
(7) Make complete 24 h collections of faeces, starting on the third day after 

injection. 
(8) Pipette into counting vials duplicate 1.0 mL samples of the plasma and standard 

and make up to a standard volume (5 or 10 mL) with dilute NaOH. 
(9) Weigh each day's collection of faeces. Mix then thoroughly and place duplicate 

5 or 10 g samples into counting vials, packing the faeces down with a glass rod. 
(10) Determine the radioactive contents (net counts/min) of the standard, and 

the samples of plasma and faeces, using the scintillation counter. 

CALCULATIONS 

(1) Make a plot of the net counts/min of the plasma samples against time in 
days as abscissa on semilog paper. Plot the best straight line by eye or by 
the least-squares method and calculate the T^ value for each animal. Note the 
differences between the normal and parasitized animals. 

(2) Calculate for each animal the total radioactivity excreted each day in the 
faeces. 

(3) For each 24 h period calculate a 'faecal clearance of plasma' by dividing the 
total counts/min of the faecal collection by the counts/min -mL"1 at the 
beginning of that period. These clearance represents the volume of plasma 
that would have had to be lost into the gut each day to account for the s lCr 
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activity of the faeces. Calculate the mean clearance figure for each animal 
over the period of the experiment and compare them. 

(4) Calculate the daily loss of albumin into the gut from: 

Albumin lost into gut (g/d) = Serum albumin (g/mL) X s l C r plasma clearance (mL/d) 

(V—26) 
QUESTIONS 

(1) What information does this experiment provide concerning the aetiology 
of the hypoalbuminaemiain ovine fascioliasis for haemonchosis? 

(2) What additional information would be provided by measuring the total 
protein level in the serum and the apparent digestibility of nitrogen in these 
animals? 

(3) How could you measure albumin catabolism and gastrointestinal protein loss 
in the same animal? Would such a study be useful? Why? 

EXERCISE 55. FATTY ACID BIOSYNTHESIS 

The intermittent nature of the feeding patterns of animals requires that a 
chemically mobile reserve of energy is available during the post-absorptive state. 
The ability to store fat fulfils this function. Mechanisms are therefore required 
whereby any carbohydrate ingested that is in excess of immediate energy needs 
can readily be converted to fatty acids and subsequently to triglycerides. The 
major mechanisms for the de novo synthesis of fatty acids are to be found in 
association with the extramitochondrial regions of the cell. Without the use of 
radiotracers elucidation of the process of fatty acid biosynthesis would have proved 
an extremely difficult task. Delineation of the complex system of events involved 
in the biosynthesis would have been daunting; similarly, to differentiate between 
the newly synthesized fatty acids and the large pool of fatty acids already existing 
within the tissues would have been difficult. The sequence of biosynthetic reactions 
proceeds, in the main, from acetyl CoA which yields malonyl-CoA after carboxy-
lation on a biotin-containing enzyme. Malonyl-CoA and acetyl CoA are transferred 
to the sulphydryl group of acyl carrier protein; condensation of the malonyl 
and acetyl CoA components occurs, with release of C 0 2 , and following a process 
of reduction, dehydration and hydrogenation butyryl CoA is produced. Repetition 
of the addition of C2 units ultimately leads to the formation of palmitic acid. 

A procedure is described for the determination in vitro of fatty acid bio-
synthesis based on the incorporation of label from 3 H 2 0 into fatty acids from 
NADPH. 
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MATERIALS AND EQUIPMENT 

(1) Fresh tissue (adipose, liver) 
(2) Krebs-Ringer bicarbonate buffer, pH 7.4 
(3) Krebs-Ringer bicarbonate buffer, pH 7.4, with half the usual concentration 

of calcium (1,27 mM) 
(4) Fatty acid-free bovine serum albumin (BSA) 
(5) Glucose 
(6) Sodium acetate 
(7) Insulin 
(8) 3 H 2 0 
(9) Liquid scintillation counter 
(10) Organic scintillation solution (toluene, PPO, POPOP - see Exercise 10) 
(11) Standard glass scintillation vials 
(12) General laboratory chemicals and solvents 
(13) General laboratory equipment and glassware 

PROCEDURE 

(1) A portion of the tissue is excised immediately after death and placed in 
Krebs-Ringer bicarbonate buffer, pH 7.4, at 37°C. 

(2) Samples (60—80 mg) of tissue slices, prepared free hand, are added to 2.5 mL 
of Krebs-Ringer bicarbonate buffer, pH 7.4, with half the original calcium 
concentration in a small conical flask and containing 5mM glucose, 4% wt/vol. 
BSA, sodium acetate (2mM), insulin (0.1 i.u./mL) and 74 MBq (2 juCi) 3 H 2 0 . 

(3) Incubate in a shaking water bath for 3 h at 37°C in an atmosphere of 0 2 :C02 

(95:4 vol.%). 
(4) Terminate the incubation by removing the tissue slices with fine forceps and 

adding to 10 mL of 2:1 vol.% chloroform/methanol. 
(5) Extract the lipids from the tissue slices by a standard chloroform/methanol 

procedure20, (i) Homogenize and filter the homogenate; (ii) Wash the filtrate 
with 1/5 vol. of 0.88 % wt/vol. KC1 and 0.1 mL 6N HC1; (iii) Allow the phases 
to separate, dry the lower (organic) phase on a rotary film evaporator under 
nitrogen, using ethanol if necessary to remove all the H 2 0 , and dissolve in 2 mL 
of toluene. 

(6) Transfer a known volume of the extract to a counting vial, add 10 mL of 
organic scintillant and count in the 3H channel of a liquid scintillation counter 
to determine the amount of radioactivity associated with the total lipid. 

2 0 Only a brief outline of this and subsequent common lipid analytical procedures is 
possible. If unfamiliar with the procedure, the reader is advised to seek further information 
before proceeding. 



2 7 0 PART V. EXERCISES IN APPLICATION 

(7) The remainder of the extract is taken for extraction of the fatty acids as 
follows: (i) to the extract add 5 mL of 1 - 2 vol.% concentrated H 2 S 0 4 in 
methanol and reflux for 1 h; (ii) add 10 mL of hexane and 10 mL of water 
and shake vigorously; (iii) allow phases to separate, remove the upper (hexane) 
layer to a counting vial and evaporate to dryness under a slow stream of nitrogen. 

(8) Add 10 mL of organic scintillant and count in the 3H channel of a liquid 
scintillation counter to determine the amount of radioactivity associated with 
the total fatty acids. 

(9) Determine the protein content in a sample of the tissue by the colorimetric 
method (e.g. as described in Exercise 19.A). 

The extent of lipogenesis or fatty acid synthesis in the tissue is obtained from 
the level of incorporation of the 3 H 2 0 substrate into either the total lipid (step (6)) 
or total fatty acid (step (8)). Using the values obtained in step (9), the results are 
expressed in nmol per hour per mg protein. In the absence of any protein deter-
minations the values are expressed relative to the wet weight of tissue. 

EXERCISE 56. FATTY ACID INTERCONVERSIONS: BIOSYNTHESIS OF 
UNSATURATED FATTY ACIDS 

It has long been known that animal tissues, in particular the liver, possess the 
ability to desaturate and chain elongate preformed fatty acids. Most of the steps 
of the process occur in the microsomal fraction of the cell. The mono- and poly-
unsaturated fatty acid products of the reactions are of considerable metabolic 
importance. Thus by means of A6-desaturation and chain elongation the essential 
fatty acid, linoleic acid, is converted to the C20 polyunsaturated product, arachi-
donic acid, whose role in the metabolism and well being of the animals is of such 
importance. In a similar way, linoleic acid, which also cannot be synthesized by 
animal tissues, is converted to a host of C20 and C22 polyunsaturated fatty acids. 
Both palmitic and stearic acids can be converted by A9-desaturation to palmitoleic 
and oleic acids, respectively. Under conditions in which there is a deficient intake 
of linoleic acid chain elongation and further desaturation of oleic acid occurs in an 
attempt to synthesize arachidonic acid. The resultant tissue accumulation of the 
A5, 8, 11-eicosatrienoic acid is indicative of essential fatty acid deficiency in the 
animal. 

In the present exercise a procedure is described for the determination in vitro 
of the A9-desaturase system present in liver tissue. The stearic acid requires 
activation to stearoyl-CoA, which is then converted to oleoyl-CoA in the presence 
of NADH or NADPH plus 0 2 . 
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MATERIALS AND EQUIPMENT 

(1) Fresh liver tissue 
(2) 7.5mM sodium phophate buffer, pH 7.4, containing 0.32M sucrose and 

1 mM EDTA 
(3) ATP (disodium salt) 
(4) Coenzyme A (sodium salt) 
(5) NADH (disodium salt) 
(6) l-14C-stearic acid (>1 .9 MBq/Mmol); 560 kBq of the l-14C-acid is dispensed 

into a small beaker and the solvent removed under a flow of nitrogen. The 
fatty acid is then immediately redissolved in 150 nL of acetone, 1.5 mL of a 
solution of fatty acid-free bovine serum albumin (BSA) (60 mg/mL in 7.5mM 
sodium phophate buffer, pH 7.4) is added slowly with stirring and the mixture 
placed under a stream of nitrogen until the smell of acetone can no longer 
be detected 

(7) Thin layer (0.25 mm) chromatoplates of silica gel G and silica gel G containing 
10 wt% AgN0 3 . 

(8) Gas liquid chromatograph 
(9) Liquid scintillation counter 
(10) Organic scintillant solution (toluene, PPO, POPOP - see Exercise 10) 
(11) Standard glass scintillation counting vials 
(12) General laboratory chemicals and solvents 
(13) General laboratory equipment and glassware 

PROCEDURE 

(1) A portion of the liver is excised immediately after death and placed in ice-
cold sodium phosphate buffer. 

(2) Roughly chop 10 g of the liver with scissors and homogenize in 25 mL of the 
buffer. 

(3) Add 1 mL of the homogenate to a test tube(s) containing 1 mL of the following 
assay mixture in buffer: ATP (3.5mM); coenzyme A (0.1 mM); NADH 
(0.5mM); l-14C-stearic acid (19.0 kBq) as its complex with BSA; MgCl2 

(2.4mM). 
(4) Incubate in a shaking water bath for 2 h at 37°C. 
(5) Extract the lipids from the tissue homogenates by a standard chloroform/ 

methanol procedure20. (i) Add 15 m L o f 2 : l vol.% chloroform/methanol 
and heat at 60°C for 15 minutes; (ii) filter and wash filtrate with 1/5 vol. 
of 0.88 % wt/vol. KC1; (iii) allow the phases to separate, dry the lower 
(organic) phase on a rotary film evaporator under nitrogen and make up to a 
suitable small volume in chloroform. 
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(6) Convert the fatty acids contained in an aliquot of the extract to their methyl 
esters by (i) taking to dryness in a small round-bottomed flask on a rotary 
film evaporator; (ii) add 0.5 mL of dichloromethane and 5 mL of 1 - 2 vol.% 
concentrated H 2 S 0 4 in methanol and reflux for 1 h; (iii) add 10 mL of 
hexane and 10 mL of water and shake vigorously; (iv) allow phases to separate, 
remove the upper (hexane) phase containing the methyl esters and dry by 
the addition of 2.5 g of 4.1 wt% Na 2 S0 4 /NaHC03 . 

(7) Separate the constituent fatty acid methyl esters according to their degree 
of unsaturation by applying to a silica gel G/AgN03 plate and developing 
in a solvent mixture of 90:10 vol.% hexane/diethyl ether. 

(8) Remove the bands corresponding to the saturated and monoenoic fatty 
acids and elute the fatty acids off the silica gel G by washing three times 
with 5 mL of diethyl ether. 

(9) Place the combined washings in a scintillation vial, evaporate off the diethyl 
ether under a slow stream of nitrogen, add 10 mL of organic scintillant and 
count in the 14C channel of the liquid scintillation counter. 

(10) Determine the pool size of unesterified stearic acid in a sample of the 
unincubated liver by (i) extraction of the total lipid (see step (5) above); 
(ii) separation of the total free fatty acid pool by applying the extract to a 
silica gel G plate and developing in a solvent mixture of 80:20:1 vol.% 
hexane/ether/formic acid; (iii) elution of the free fatty acid band with 
diethyl ether (see step (8) above); (iv) conversion of the fatty acids to 
their methyl esters (see step (6) above) in the presence of a standard known 
amount of heptadecanoic acid; (v) analysis of the fatty acids and quanti-
fication of stearic acid by gas liquid chromatography. 

(11) Determine the protein content in a sample of unincubated liver by the colori-
metric method described in Exercise 19.A. 

The extent of conversion of stearic to oleic acid is obtained from the ratio of 
the radioactivity contents of the saturated and monoenoic fatty acid fractions 
(steps (5) to (9)). The absolute concentration of stearic acid in the free fatty acid 
pool and the protein content of the liver is obtained from subsequent analysis 
(steps (10) to (11)). Combination of these data enables the estimation of the A9-
desaturase activity in the liver to be expressed in terms of pmol of stearic acid per 
min per mg protein. 

EXERCISE 57. FATTY ACID OXIDATION: BETA OXIDATION 

The catabolism of long-chain fatty acids requires multi-enzyme degradation 
of the fatty acid carbon chain into the 2-carbon product, acetyl CoA. This process, 
known as beta oxidation, is sequentially combined with the tricarboxylic acid cycle, 
thereby enabling the formation of high-energy phosphate with the production of 
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C 0 2 and H 2 0 . In terms of high-energy phosphate, fats provide the richest of the 
energy sources within the animal and, although under normal conditions are not 
catabolized to any great extent, they can become the major tissue fuel under certain 
post-absorption conditions, e.g. starvation. Although it might be assumed that the 
unravelling of the multi-enzyme beta-oxidation complex would have relied heavily 
upon the application of radiotracers, many of the major advances were made 
without their use. However, the use of radiotracers in the study of the process 
is now routine. 

The rate production of 1 4 C0 2 from suitably labelled substrates has long 
been used as a measure of respiration rate. The application of this technique to 
the study of tissue oxidation of fatty acids still provides an accurate and simple 
measure of their catabolism. 

MATERIALS AND EQUIPMENT 

(1) Fresh tissue (heart, liver) 
(2) Krebs-Ringer bicarbonate buffer, pH 7.4 
(3) Small sealed conical flasks with subaseal stopper and disposable Kontes 

centre-well inserted into the cap 
(4) l-14C-palmitate as the sodium salt dispersed in 1% Triton 
(5) Coenzyme A 
(6) Carnitine 
(7) Liquid scintillation counter 
(8) Organic scintillation solution (toluene, PPO, POPOP - see Exercise 10) 
(9) Standard glass scintillation vials 
(10) General laboratory chemicals 
(11) General laboratory equipment and glassware 

PROCEDURE 

(1) The fresh tissue is excised immediately after death and placed in ice-cold 
Krebs-Ringer buffer, pH 7.4. 

(2) A portion of the tissue is chopped roughly with scissors and homogenized 
in 2.5 vol. of ice-cold buffer. 

(3) The crude homogenate is centrifuged at 600 g for 10 min at 0°C and the 
supernatant (homogenate) used for the assay. 

(4) Add 1 mL of the homogenate to 1.5 mL of Krebs-Ringer buffer containing 
lOOmM sucrose, lOmM sodium phosphate, 0.05mM coenzyme A, 0.4mM 
MgCl2, O.OlmM EDTA, 80mM KC1, 0.5mM carnitine and 37 kBq (1 /xd) 
1-14C palmitate. 

(5) Place a filter paper wick into the centre well. 
(6) Incubate in a shaking water bath 2 h at 37°C; it is necessary to ensure that 

the flasks are sealed by applying a small amount of grease to the stoppers. 
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(7) At the end of the incubation inject either (a) 0.1 mL of 40% wt/vol. KoH; 
or (b) 0.4 mL of hyamine hydroxide, into the centre well; add 0.25 mL of 
IN H 2 S 0 4 to the incubation medium. 

(8) Incubate for one hour at 37°C. 
(9) Remove the centre well and transfer along with its contents to a scintillation 

vial. 
(10) Add (a) 7 mL of the organic scintillation solution plus 3 mL of methanol 

if 0.1 mL KoH added at step (7); or (b) 9 mL of the organic scintillation 
solution plus 1 mL of methanol if 0.4 mL hyamine hydroxide added at 
step (7); mix gently and count in the 14C channel of the liquid scintillation 
counter. 

(11) Determine the protein content in a sample of unincubated liver by the 
colorimetric method described in Exercise 19.A. 

The extent of oxidation of palmitic acid by the tissue is given by the counts/min 
of the 1 4 C0 2 per min per mg protein. 

EXERCISE 58. MEASUREMENT OF THE NET TRANSFER OF PHOSPHORUS 
TO THE FOETUS OF SHEEP USING 32P 

An estimate of the net rate at which mineral elements are transferred from a 
ewe to its foetus at different stages of pregnancy is important in the estimation 
of the nutritional requirements of the ewe. The total amount of any mineral 
transferred during pregnancy can be measured by analysis of the mineral content 
of the lamb at birth, but it is not possible from this information to estimate 
changes in the rates of transfer that occur during pregnancy. The highest rate of 
transfer of phosphorus is likely to occur at the end of pregnancy and it is this 
rate that is measured in this exercise, although the method [47] can be applied at 
any stage of pregnancy and to any mineral. Although the method determines 
net transfer, and it is this quantity that is of nutritional importance, it is interesting 
to note that in the case of phosphorus (and even more of calcium) the net transfer 
is virtually the same as total transfer; this is because in the ewe there is negligible 
backtransfer of calcium and phosphorus from the foetus to the dam. 

MATERIALS AND EQUIPMENT 

(1) A sheep at approximately 140 d gestation, provided with a catheter in a jugular 
vein; it is preferable, but not essential, that the sheep is kept in a metabolism 
cage 

(2) Ten-millilitre syringes, needles and heparinized bottles for collection of blood 
samples 

(3) Centrifuge for separating plasma 
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(4) Large polyethylene containers and concentrated nitric acid 
(5) Evaporating dishes and muffle furnace; hydrochloric acid; trichloroacetic 

acid 
(6) Liquid scintillation spectrometer 
(7) 32P sodium orthophosphate 
(8) Analytical facilities for phosphorus 

PROCEDURE 

(1) Prepare a solution in approximately 10 mL isotonic saline containing 
~ 1 1 MBq 32P. 

(2) Fill a weighed syringe with this solution, leaving ~1 mL for the preparation 
of standards. 

(3) Take a sample of blood (20 mL) from these ewe and treat as in step (4). 
Inject the solution through the jugular catheter and flush in with saline 
from a separate syringe. Re weigh the radioactive syringe to determine the 
exact dose o f 3 2 P. 

(4) Take blood samples (~ 10 mL) from the uncatheterized jugular vein at approxi-
mately the following times after injection: 5, 15 and 30 min and 1, 2, 4, 8, 
12, 24, 36, 48, 60, 72, 84 and 96 h. Place them in heparinized bottles, centri-
fuge and separate the plasma. 

(5) Immediately after the last blood sample kill the ewe by intravenous injection 
of pentobarbitone sodium. Remove the gravid uterus through an incision in 
the abdominal wall and separate the foetus (or foetuses) and adnexa. Place 
them in separate weighed polyethylene containers. 

(6) Cover the foetus and adnexa with 16M nitric acid, reweigh and leave them 
to digest at room temperature for 3—4 weeks, stirring occasionally. 

(7) When the digest is fluid and homogeneous stir it vigorously and remove 
duplicate subsamples of approximately 500 g. 

(8) From each of the duplicates weigh ~ 4 0 g into an evaporating dish, evaporate 
slowly to dryness, and dry ash overnight at 650°C in a muffle furnace. 
Dissolve the ash in 2M HC1 and make up to 50 mL. 

(9) Determine the phosphorus concentration in these ash solutions. 
(10) Determine 32P in the solutions of foetal ash by Cerenkov counting, using 

internal standards to correct for quenching differences caused by differences 
in the ash content among samples. Estimate total 32P (% dose) in foetus 
and adnexa. 

(11) Determine inorganic phosphorus concentration in the 15 samples of blood 
plasma. 

(12) Precipitate plasma samples with an equl volume of trichloracetic acid 
(200 g/L), centrifuge and remove filtrate. 
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(13) Determine 32P in these filtrates by Cerenkov counting. Standards containing 
an accurately determined fraction of the original dose o f 3 2 P should be prepared 
in the non-radioactive sample of plasma, and counted in the same way. 

(14) Calculate the specific radioactivity of plasma inorganic phosphorus in each 
of the blood samples as per cent of 32P/g P. 

(15) Calculate the mean specific radioactivity of 32P in maternal blood plasma 
during the 96 h of the experiment by plotting the specific activities o f 3 2 P 
against time and estimating the area under this curve in units of 
(% dose/g X hours). This calculation may be done either by carefully cutting 
out the area of graph paper and weighing it or by computation as in Ref. [47]. 

(16) Calculate the transfer of phosphorus from the ewe to the foetus or adnexa as: 
3 2 P in foetus or adnexa (% dose) 

Mean specific radioactivity of maternal plasma 3 2P (% dose/g P) 
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PART VI. APPENDICES 

Appendix V I - 1 

RADIOACTIVE WASTE CONTROL AND DISPOSAL21 

V I - 1 . 1 . WASTE COLLECTION 

Suitable receptacles should be available in all working places where radioactive waste 
may originate. 

Solid waste should be deposited in refuse bins with foot-operated lids. The bins should 
be lined with removable plastic or paper bags to facilitate removal of the waste without 
contamination. 

If no other facilities for liquid-waste disposal exist, liquid waste should be collected in 
bottles kept in pails or trays designed to retain all their contents in the event of a breakage. 
Containers are available for liquid waste, which are provided with a suitable absorbent so that 
the waste is held in a solid form for subsequent storage or disposal. 

All receptacles for radioactive waste should be clearly identified. In general, it will 
be desirable to classify radioactive waste according to methods of storage or disposal, and to 
provide separate containers for the various classes of waste. Depending upon the needs of 
the installation, one or more of the following bases for classifying waste may be found 
desirable: 

(a) Gamma radiation levels (high, low); 
(b) Total activity (high, medium, low); 
(c) Half-life (long, short); 
(d) Combustible, non-combustible. 

For convenient and positive identification, it may be desirable to use both colour coding 
and wording. 

Shielded containers should be used when necessary (e.g. for gamma emitters). 
It is generally desirable to maintain an approximate record of the quantities of 

radioactive waste released to drainage or to sewers, or for burial. This may be particularly 
important in the case of long-lived radioisotopes. For this purpose it may be desirable or 
necessary to maintain a record of estimated quantities of radioactivity deposited in various 
receptacles, particularly for high levels of activity or long-lived radionuclides. Depending 
upon the system of control used by the installation, it may be desirable to provide for the 
receptacle to be marked or tagged with a statement of its contents. 

Radioactive waste should be removed from working places by designated personnel 
under competent supervision. 

V I - 1 . 2 . WASTE STORAGE 

All waste which cannot be immediately disposed of in conformity with the require-
ments of the competent authority must be placed in suitable storage. 

11 Based on §8 of Safe Handling of Radionuclides, 1973 Edition, Safety Series No.l, IAEA, Vienna 
(1973). See also: The Management of Radioactive Wastes Produced by Radioisotope Users, Safety Series 
No.12, IAEA, Vienna (1965); The Management of Radioactive Wastes Produced by Radioisotope Users: 
Technical Addendum, Safety Series No.19, IAEA, Vienna (1966). 
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Storage may be temporary or indefinite. Temporary storage is used to allow for 
decrease of activity, to permit regulation of the rate of release of activity, to permit monitoring 
of materials of unknown degree of hazard or to await the availability of suitable transport. 
Indefinite centralized storage in special places must be provided by the competent authority 
for the more hazardous waste for which no ultimate disposal method is available to the 
particular user. 

Storage conditions should meet the safety requirements for storage of sources, as set 
for th in the IAEA's Safety Series N o . l , §4.22 

The storage site should not be accessible to unauthorized personnel. (Control of animals 
should not be overlooked.) 

The method of storage should prevent accidental release to the surroundings. 
Appropriate records should be kept of the storage. 

V I - 1 . 3 . EFFLUENT RELEASE TO THE ENVIRONMENT 

VI—1.3.1. General considerations 

Radioactive eff luent releases to the environment should be carried out in accordance 
with conditions established by the radiological health and safety officer and by the competent 
authority. 

The ways in which radioactive materials may affect the environment should be care-
fully examined in relation to any proposed method of effluent release. 

The capacity of any route of disposal to accept radioactive effluent safely depends on 
the evaluation of a number of factors, many of which depend on the particular local situation. 
By assuming unfavourable conditions with respect to all factors, it is possible to set a per-
missible level for effluent release which will be safe under all circumstances. This usually 
provides a very considerable safety factor. The real capacity of a particular route of effluent 
release can only be found f rom a lengthy study by experts. 

The small user should first try to work within restrictive limits which are accepted 
as being safe and which will usually provide a workable solution to the problem of effluent 
release. Such a restrictive safe limit may be arrived at by identifying: 

(a) The critical radionuclide; 
(b) The critical pathway to man; 
(c) The critical group of the population concerned; 
(d) The critical organ. 

Thereafter it will be possible to calculate the amount and rate of radioactivity that may safely 
be released at a given point in the environment, taking into account any alternative require-
ments the competent authority may impose if local studies by experts provide reasonable 
justification for other levels. More detailed guidelines for this exercise can be found in the 
appropriate Safety Series publications of the International Atomic Energy Agency. In 
practice, however, the small user seldom requires to go into such detailed considerations 
since the type of work and the amount and nature of the radionuclide involved would not in 
all probability pose a significant environmental problem. 

" INTERNATIONAL ATOMIC ENERGY AGENCY, Safe Handling of Radionuclides, 
1973 Edition, Safety Series No.l, IAEA, Vienna (1973). 
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VI—1.3.2. Effluent release to drains and sewers 

The release of radioactive eff luent into drains does not usually need to be considered 
as a direct release into the environment. Hence, a restrictive safe limit will usually be pro-
vided if the concentration of radioactive eff luent , based on the total available flow of water 
in the system averaged over a moderate period (a day or a month) , does not lead to exposure 
of individual members of the public to doses in excess of the dose limits prescribed in the 
Agency's Basic Safety Standards for Radiation Protect ion 2 3 . In arriving at the dose rates 
and amounts of discharge the factors summarized in the last paragraph of the previous section 
may need to be considered in some cases. Finally, before release of radioactive eff luent to 
public drains, sewers or rivers, the competent authority should be consulted to ascertain that 
no other radioactive eff luent is being released in such a way that the accumulated releases 
will create a hazardous situation. 

Radioactive release to drains should be readily soluble or dispersible in water. Account 
should be taken of possible changes of pH value due to dilution or other physico-chemical 
factors, which might lead to precipitation or vaporization of diluted materials. 

In general, the excreta of persons being treated by radioisotopes do not call for 
special consideration. 

Wastes should be flushed down the pipe by a copious stream of water. 
The dilution of radioactive effluent by the addition of stable isotopes of the radioactive 

elements present in the effluent may be considered. 
Maintenance work on active drains within an establishment should only be carried out 

with the knowledge of the radiological health and safety officer and under competent 
supervision. Special attention should be given to the possibility that small sources may have 
been dropped into sinks and retained in traps or catchment basins. 

The release of radioactive effluent to sewers should be done in such a manner as not 
to require protective measures during maintenance work on sewers outside the establishment, 
unless other agreement has been reached with the authority in charge of those sewers. This 
authority should be informed of the release of radioactive eff luent into the sewer system; 
mutual discussion of the technical aspects of the waste disposal problem is desirable to provide 
protection, and to avoid unnecessary anxiety. 

VI—1.3.3. Effluent release to the atmosphere 

Any release of radioactive effluent in the form of gases or aerosols into the atmosphere 
should conform with the requirements of the competent authority. 

If protection is based on an elevated release point f rom a stack, levels of release should 
only be set after examination of local conditions by an expert. 

The need for filtration of gases or aerosols before release as waste should be assessed. 
Used filters should be handled as solid waste. 

VI—1.3.4. Burial of waste 

Burial of waste in soil sometimes provides a measure of protection not obtained if the 
waste is released directly to the environment. The possibilities of safe burial of waste should 
always be appraised by an expert . 

" INTERNATIONAL ATOMIC ENERGY AGENCY, Basic Safety Standards for Radiation 
Protection, 1976 Edition, Safety Series No.9, IAEA, Vienna (1967). 
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Burial under a suitable depth of soil (about one metre) provides economical protection 
from the external radiation of the accumulated deposit. 

A burial site should be under the control of the user, and adequate steps to exclude 
the public f rom it should be taken. 

A record should be kept of disposals into the ground. 

VI—1.3.5. Incineration of waste 

If solid waste is incinerated to reduce the bulk to manageable proportions, adequate 
precautions should be taken. 

The incineration of active waste should only be carried out in equipment embodying 
such features for filtration and scrubbing as may be necessary for the levels of activity to be 
disposed of. 

Residual ashes should be prevented from becoming a dust hazard, for example by 
damping them with water, and should be properly dealt with as active waste. 
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Appendix VI—2 

MATHEMATICAL 

Appendix VI-2 .1 . INTEGRATION OF EQUATION (II-1). 
THE RADIOACTIVE DECAY LAW 

Given Eq. ( I I - l ) in Part II: 

— = -XN (VI—1.1) 
dt 

Separating variables for the indefinite integration: 

dN 

— = -X / dt + constant (VI -1 .2 ) 

Now integrating 

In N = -Xt + C (VI—1.3) 

where C is the constant of integration. C is evaluated at any initial conditions which are: 

N = N0 at t = t0 

That is, N0 is the number of atoms present at any initial time, t0. Therefore, at t = t0: 

C = In N0 + Xt0 (VI-1 .4 ) 

Substituting Eq.(VI-5.4) into (VJ-5.3): 

In N - In N0 =-Xt + Xt0 (VI-1 .5) 

l n ( ^ ) = -X(t - t„) (VI-1.5') 

Now taking the antilogarithm: 

i i = e - M t - t o ) (VI—1.6) 

N = N0e-X (' - t<> ) (VI—1.7) 

In the special case of t0 = 0, Eq.(VI-2.7) becomes: 

N = N0e"Xt 

giving the desired equation (II-3). 
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Appendix VI-2 .2 . DERIVATION OF EQUATION (11-26) 

From Eq.(II—25) in Part II: 

0„a,K (VI—2.1) 

where 0nat,Rs >s " i e natural standard deviation of the net sample count rate. 
By squaring and taking the lime derivative of both sides 

2"nal.Rt <l0nat.Rs d T - ^ dTb (VI-2 .2) 

To obtain the minimum value, set donal Rs = 0; and since the given total period counting time, Ttot. has 
to be apportioned between T and Tb: 

T to l = T + Tb (VI—2.3) 

Since Ttot is constant: 

dTlol = dT + dTb = 0 (VI—2.4) 

or 

d T = - d T b (VI—2.5) 

Therefore, rearranging Eq.(VI-2.2)for danal R j = 0: 

Ti Rb dTb 

and introducing Eq. (VI—2.5): 

7 ^ 

which is the desired equation (11—26). 

The partition of Ttot (between T and Tb) in conformity with Eq.(VI-2.7)corresponds mathe-
matically to the smallest, i.e. best-partition, amt,Rs value which is obtainable under the given conditions. 
If we call the fractional natural standard deviation of the net count rate of the sample f, then, from 
formula (11-25): 

r
 gnat.Rs 1 /R Rb 

and using Tb + T = Ttot and Eq.(VI-2.7)to substitute in Eq.(VI-2.8) for Tb and T, one obtains for 
the best partition value, fbpv: 

fbpv = T — T (V I—2.9) 

For a given sample activity in a proportional counter (e.g. gas-flow or scintillation), the values of 
R and Rb may be altered independently by variation of the high voltage and/or the input-bias voltage. 
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For a certain setting of these two variables, the so-called optimum setting, (^/R-\/Rb) will attain its 
maximum value, and the natural uncertainty (for the best partition of the given T|0t) will, according 
to Eq.(VI-2.7),attain its minimum value, fbpvjnin- F°r another sample containing a different activity 
the optimum setting corresponding to fbpvjnin w>" in general be different. 

Theoretically, the choice of operating conditions (high voltage and input-bias vojtage) on the basis 
of minimum natural uncertainty is thus a complex problem. However, natural counting uncertainty, 
at least in biological experimentation, is usually not critical in comparison with technical uncertainty, 
except when low activity samples (R — Rb) are to be measured. But when R is not much greater than 
Rb, the difference R̂  - Rj; may be approximated"by [(R - Rb)/2Rj[), so that the optimum setting 
(corresponding to fbpv,min) may be approximated by that for which [(R - Rb)/2R|] or (R - R(,)2/Rb 
attains its maximum value. Since this approximate optimum criterion for low activities is equivalent 
to eJ/Rb attaining its maximum value, it is independent of sample activity (e is the overall counting yield). 

In traccr work (non-GM counter) operating conditions are usually chosen as optimum on the basis 
of minimum natural uncertainty for very low-activity samples; i.e. the maximum of (R - Rb)2/Rb o r 

eJ /Rb is taken as the criterion. However, for expediency, a medium or high-activity sourcc is normally 
used in finding the operating conditions that give the maximum value of (R - Rb)J/Rb. which is per-
missible because this maximum, as mentioned above, is independent of sample activity. 

Appendix VI-2 .3 . DERIVATION OF EQUATIONS (111-21) AND (III—22) 

If the rate of exchange or turnover is proportional only to the amount of the substance present 
at any time, the process is random and any single particle may have a lifetime varying from 0 to The 
average lifetime (t) will be the sum of the existence times of all the particles divided by the initial number. 
Therefore, if A0 represents the initial number of tracer particles present: 

t dA (VI—3.1) 

1 = 0 

However: 

A = A0 e-k l 
(VI—3.2) 

when the loss is by a first-order process, and thus: 

dA = - kA0 e"k,dt (VI—3.3) 

Substituting in Eq.(VI-7.1): 

(VI—3.4) 

0 0 

" R^-Rt = (Rb+(R-Rb)lV-R^ = R^{[l + (R - Rb)/Rb]V - 1} 24 
so, for R — Rb,using the binomial expansion: 

R*- - R ^ R£ [ I + 1 (R - Rb)/Rb - 1 ] = RV (R - Rb)/2Rb 
or 

R^ — Rb — (R ~ Rb)/2Rb-
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In tegra t ing : 

which is Eq.(III—21), and since: 

0.693 
k = -

then: 

t = -

L, biol 

I 
= 1.44 Ti. bio| 0-693/T,,bioI 

which is the desired equation (III—22). 

(VI—3.5) 

(see Eq.(III—15)) 

(VI—3.6) 

Appendix VI-2 .4 . DERIVATION OF EQUATION ( IV-2 ) 

When 14N and 1SN atoms combine randomly to form Nj-molecules, the latter will be binomially 
distributed, i.e. with fractional abundances of 14N14N, l 4N l sN and l 5N l 5N given by 

(p + q)2 (VI—4.1) 

pJ + 2pq + qJ (VI—4.1') 

where p = fractional abundance of l4N, q = fractional abundance of l sN, and p + q = 1. 

By definition: 

_ abundance of l ,N"'N 
abundance of 14NI5N 

h J S - n , 
(see Eq.(IV—2)) 

h 2 « - n 2 

Therefore, according to Eq. (VI—4.l'): 

(VI—4.2) 

K = = ~~ (VI—4.3) 

Solving for q in Eq.(VI-4.3),we find: 

(VI-4 .4 ) 

Finally, 

AbN.,5 (at.%) = lOOq (VI—4.5) 
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Thus, by in t roduc t ion of E q . ( V I - 4 . 4 ) into E q . ( V I - 4 . 5 ) : 

AbN .1 5 ( , t . * ) = J 5 2 j (VI—4.6) 

which is the desired equation (IV—2). 
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Appendix V I - 3 

CHARACTERISTICS OF SOME COMMON RADIONUCLIDES 
USED IN BIOLOGICAL RESEARCH 

Radionuclide Radiation emitted 

Z 
Symbol 
and Half-life Type 

„ . . , , , , Additional radiation Energies in MeV 
. . from 

mass No. 
Half-life Type (Per cent disintegration) . daughter nuclide 

1 3H • 12.35 a r max. 0.0186 (100) 

6 14C 5730 a r max. 0.156(100) 

9 1 8 p 109.7 min tr max. 0.635 (97) 
£ (3) 

1 1 " N a 2.6 a 7 

11 MNa 15.0 h / r max. 1.389(100) 

y 2.754(100); 1.369(100) 

12 28 Mg 21.1 h r max. 0.46(100) 

7 a 1.34(69); 0.94(28); 0.40(31); 28Al radiations 
0.031 (95) 

13 28 Al 2.24 min P " max. 2.86(100) 

7 1.780(100) 
15 3 2 p 14.3 d F max. 1.710(100) 

16 3 5 s 88.0 d p- max. 0.167(100) 

17 38 CI 37.3 min r max. 4.91 (56); 2.74(11); 
1.10(33) 

7 2.17(44); 1.64(33) 
19 4 0 K 1.28 X 10® a fir max. 1.314(89); avg. 0.490 

e (11) 
7 1.460(11) 

19 42 K 12.36 h r max. 3.52 (82); 2.00 (18);others 

y 1.524(18); 0.31 (0.2); others 
20 45 Ca 164 d p- max. 0.26(100) 

20 47 Ca 4.53 d p- max. 1.98 (18);0.69 (82);others 

y 1.30 (75); 0.815 (7);0.49 (7); 47Sc radiations 
others 

21 47Sc 3.40 d r max. 0.600 (30); 0.44 (70) 

y 0.160 (70) 

23 4 8 v 16.0 d P* max. 0.696 (49) 
e (51) 
y 2.241(3); 1.312(97); 0.983 (100); 

0.945(10) 

24 51 Cr 27.7 d € 0.0050 (22) 

y" 0.320(10) 

a Gamma-ray emission is significantly affected by internal conversion (ejection of an atomic 
orbital electron occurring sometimes instead of the emission of a gamma photon). 
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Appendix V I - 3 (cont.) 

Radionuclide Radiation emitted 

Z 
Symbol 
and Half-life Type 

„ . . Additional radiation 
Energies m MeV , 

. . . . from 
mass No. 

Half-life Type (Per cent disintegration) daughter nuclide 

25 "Mn 5.7 d P* 
e 

7 

max. 0.575 (28);avg. 0.24 
0.0055 (17) 
1.434 (100); 0.935 (94); 
0.744 (85); others 

25 54 Mn 313 d € 

y' 

0.00S5 (24) 
0.835 (100) 

26 " F e 2.7 a e 0.0060 (26) 

26 s , Fe 44.6 d r 
7 

max. 0.475 (53); 0.27 (46);others 
1.292(44); 1.095 (56); 
0.192 (2.8);0.143 (0.8) 

27 " C o 270 d € 
7 

0.0065 (54) 
0.692 (0-14); 0.136 (11); 
0.122 (86); 0.014 (9) 

27 s8Co 71.3 d r 
e 

7 

max. 0.474(15) 
0.0065 (26) 
1.67 (0.6); 0.865 (1.4); 0.810 (99) 

27 " C o 5.26 a <T 
7 

max. 0.32 (100); others 
1.332 (100); 1.173 (100) 

29 64 Cu 12.8 h P-
P 
e 

7° 

max. 0.573 (38);avg. 0.175 
max. 0.65 (18) 
0.0076(14) 
1.34 (0.5) 

29 S7Cu 59 h P~ 
7 a 

max. 0.57(100) 
0.184 (40); 0.092(23) 

30 65Zn 244 d P* 
e 

7 a 

max. 0.327(1.7) 
0.0081 (35) 
1.115(51) 

33 "As 17.9 d P-
r 
6 
7 

max. 1.36 (32) 
max. 1.54(29) 
(39) 
0.635 (14); 0.596 (61) 

* Gamma-ray emission is significantly affected by internal conversion (ejection of an atomic 
orbital electron occurring sometimes instead of the emission of a gamma photon). 
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Appendix VI—3 (cont.) 

Radionuclide Radiation emitted 

Z 
Symbol 
and 
mass No. 

Half-life Type 
. . . . . . Additional radiation 

Energies in MeV 
(Per cent disintegration) daughter nuclide 

34 "Se 120.4 d e 

7 a 

0.011 (54) 
0.401 (12); 0.280 (25); 0.265 
(84); 0.13 (72); 0.121 (17); 
0.097 (3.3); 0.066(1) 

35 82 Br 35.4 h r 
7 

max. 0.444 (98); others 
1.475 (17); 1.317 (28); 1.044 
(29); 0.828 (24); 0.777 (83); 
0.698 (27); 0.619 (43); 0.554 (72) 

38 85 Sr 64.5 d e 
y> 

0.014(60) 
0.514(99) 

42 " M o 66.2 h p-
y 

max. 1.23 (80); 0.45 (19); others 
0.780 (5); 0.740 (14); 0.372(1); M Tc m radiations 
0.18 (7); 0.041 (2) 

43 *>Tcm 6.02 h 7 a 0.140 (90) 

44 106 Ru 368 d P- max. 0.039(100) 
48 "»Cd 453 d e 

7 a 

(100) 
0.088 

49 ..3 lnm 1.66 h 7 a 0.393 (64) 

50 " 3 Sn 115 d e 

7 

0.025 (97) 
0.26 (2) " 3 I n m radiations 

53 , JSI 60.2 d e 

7 a 

0.027 (86) 
0.035 (7) 

53 131 j 8.06 d P' 

e 

7 a 

max. 0.806 (100); 0.61 (90); 
0.33 (7); others 
0.030 (5) 
0.723 (1.6); 0.637 (6.8); 0.364 
(82); 0.284 (6); 0.08 (2.6) 

55 134Cs 2.07 a P-

7 

max. 0.662 (71); 0.09 (27); 
others 
1.365 (34); 1.168 (1.9); 1.038(1); 
0.796 (99); 0.605 (98); 0.57 (23) 

55 137Cs 30.0 a 
•f 

max. 1.17 (6); 0.51 (94) 144Pr-radiation 
0.662 (85) 

56 137Bam 2.554 min T2 0.662 (85) 

a Gamma-ray emission is significantly affected by internal conversion (ejection of an atomic 
orbital electron occurring sometimes instead of the emission of a gamma photon). 
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Appendix V I - 3 (cont.) 

Radionucl ide Radiat ion emi t ted 

z 
Symbol 

and 

mass No. 

Half- l i fe Type 

, , Addi t iona l radiat ion 
Energies in MeV 

. . . . . f r o m 
(Per cent disintegrat ion) . 

daughter nuclide 

57 40.2 h 
7 

1.38 (45) ; others 

0.33 (19) ; 0.49 (41) ; 

0.82 (27) ; 0.92 (10) ; 

1.60 (95) ; 2.54 (4) 

58 l 4 4Ce 285 d r 

7 

0.19 (19 .5 ) ;0 .24 (4 .5 ) ; 

0.32 (76) 

0.133 (11) ; others 

60 141 Nd 11.1 d r 
7 

0.21 (3 ) ; 0.37 (20) ; 0.81 (77) 

0.091 (30) ; 0.53 (15) ; others 

63 152 Eu 12.4 a r 
7 

0.70 (12) ; 1.48 (6 ) ;o the rs 

0.34 (23) - 1.41 (25) 

62 1S3Sm 47 h r 
7 

0.63 (26) ; 0.70 ( 5 3 ) ; 0 . 8 0 ( 2 0 ) 

0.07 (5 .4 ) ;0 .10 (28) 

65 i 6 0 T b 72.4 d r 
7 

0.44 ( 9 ) ; 0 . 5 4 ( 4 8 ) ; 0 . 8 3 ( 2 5 ) 

0.087 ( 1 4 ) - 1.31 (2.6) 

66 165 Dy 2.35 h r 
7 

1.22(16) ; 1.31 (80) 

0 . 0 9 5 - 0 . 7 1 all low abundance 

67 i 6 6 H O 27 h r 
7 

0.87 (9 ) ; 1.76 (37) ; 1 .84(47) 

0 . 0 8 ( 6 ) ; 1 . 3 8 - 1 . 8 2 low 

abundance 

68 1 6 9Er 9.3 d r 0 . 3 4 ( 1 0 0 ) 

70 . 6 9 Y b 31 d 7 0.063 (45) ; 0.13 (11.5) ; 

0.177 (21) ; 0.198 (33) ; 

0 .31 (10 ) 

71 ' " L u 6.7 d r 
7 

0.17 (7 ) ; 0.38 (3 ) ; 0.50 (90) 

0.11 (3 .2) ; 0.21 (6 .7) 

79 1 , 8 A u 2.697 d r 
y , 

max. 0.962 (99) ; others 

1.088 (0.2) ; 0 . 6 7 6 ( 1 ) ; 

0 . 4 1 2 ( 9 6 ) 

80 1 9 7Hg 64.1 h e 

7 s 
0 . 0 7 0 ( 7 2 ) 

0.268 (0.15) ; 0.191 (2 ) ; 

0.077 (20) 

80 203 Hg 46.6 d r 
e 
T3 

max. 0.214 (100) 

0.08 (13) 

0.279 (82) 

a Gamma-ray emission is signif icantly affected by internal conversion (eject ion o f an atomic 

orbi ta l electron occurr ing sometimes instead o f the emission o f a gamma photon) . 
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Appendix V I - 4 

PLASMA PROTEIN METABOLISM 

Most mathematical models describing plasma protein metabolism represent all the extra-
vascular pools by one common pool communicating with the plasma through pores in the 
capillary wall, i.e. as a two-compartment system (F ig .VI -1 ) . This system is open in that 
protein transfer f rom one pool to another can take place in either direction, k! reflecting the 
outward movement of the protein under study and k 2 the return via the lymphatic flow. How-
ever, it must be stressed that since extravascular protein is localized in an infinite number of 
compartments, each of which has a different exchange rate, k2 represents the average return 
rate of protein from all the extravascular pools into the plasma. 

All mathematical models used to determine turnover rates of labelled proteins assume 
that the animal is in a 'steady state ' . In work with diseased animals this assumption is unlikely 
to be valid — particularly where marked loss of body weight or disturbances in fluid balance 
prevail. Nevertheless, much useful information — particularly of a comparative nature - may 
be obtained regarding the disturbances in protein metabolism caused by parasites to their hosts. 

s y n t h e s i s 

syn 

c a 
i n t r a v a s c u l a r 

p o o l k. 

k, e a 
e x t r a v a s c u l a r 

p o o l 
2. 

c a t a b o l i s m 

t h y r o i d k cat 

u r i n e 

FIG. VI-1. A two-compartment open model describing the distribution and metabolism of 
radioiodinated proteins. 
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FIG. VI—2. Activity in vascular and extravascular compartments after injection ofradio-
iodinated protein. 

VI—4.1. CONSTRUCTION OF CURVES (Fig. V I - 2 ) 

Plasma activity ( Q P ) 

The count rate of each plasma sample, corrected for radioactive decay by use of the 
standard, is expressed as a percentage of the 5 min post-injection sample and a semi-logarithmic 
plot made of activity against time. 

Retained activity ( Q R ) 

The activity retained in the body at the end of each 24 h period is obtained by subtracting 
from the injected dose the cumulative activity excreted in the urine and faeces. Curves are 
constructed by plotting daily retained activity as a percentage of the injected activity on a semi-
log scale. 

Extravascular activity ( Q E ) 

The activity present in the extravascular compartments is obtained as the difference 
between Q K and Q p at the end of each collection period. 
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VI—4.2. CALCULATION OF RESULTS 

Plasma volume (Vp) 

The total activity injected in to the animal is calculated f rom the counts -min" 1 • ml"1 

of the s tandard, the weight of labelled albumin solution used in preparing the standard and 
the weight of labelled albumin solution injected in to the animal. Plasma volume is then 
calculated f rom 

total activity injected (counts /min) 
V,, (ml) = 

counts -min -ml 1 plasma (10 min samples) 

Intravascular albumin (CA) 

CA (g) = Vp X serum albumin (g/mL) 

Total body albumin (TA) 

(a) Extrapolat ion me thod 

Extrapolate the linear part of the plasma activity curve to zero t ime and note the intercept 
value (C,): 

CA (g) 
TA (g) = 

CI 

Although theoretically less acceptable than method (b), this procedure does not require urine 
and faeces collection. 

(b) Equilibrium-time me thod 

The extravascular activity curve ( Q l ; ) rises to a max imum and subsequently declines at 
a rate similar to Q p . Where Q E is maximal, the labelled albumin has completely equilibrated 
with the total exchangeable albumin pool . At this equilibrium t ime the ratio between extra-
and intravascular activities equals the rat io between pool masses and 

CA(Qp + Q e ) 
TA (g) = -

Qp 

Extravascular albumin (EA) 

EA (g) = TA-CA-

(Note: It is usual to express the size of all body protein pools on a body-weight basis, 
i.e. g/kg.) 
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Albumin catabolism 

(a) By analysis of the plasma activity curve 
(i) From the linear part of the curve (i.e. f rom about Day 4 onwards in F ig .VI-2) , 

calculate the 'apparent half-life' (T*-) of the labelled protein, i.e. the time taken 
for the plasma activity to fall to 50%. 

(ii) Calculate the slope constant ( b , ) of the plasma activity curve using the equation 

In 2 
b l = r L (d) 

2 

(iii) Subtract the extrapolated part of the plasma curve from the original curve to yield 
a new curve with slope constant b2 and intercept with the ordinate c2 . This 
peeling-off technique is continued until subtraction results in one single, linear 
curve. Thus, each exponential is characterized by a slope constant (b, b2 b 3 etc.) 
and an intercept (C| C 2 C 3 etc.). The fraction of the intravascular pool catabolized, 
K, is now calculated from the equation 

1 
K = 

CI C2 _(. C3 C„ 

bi b2 b3 bn 

(Note: In most cases only two exponentials are obtained. Conversion of fractional 
catabolic rates to absolute amounts of albumin degraded are then made from 
the equation 
Albumin catabolized (g/d) = CA (g) X K 

(b) By analysis of excreted activity 

For each 24 h collection period after the four th day of injection, calculate the total 
activities excreted in the faeces (F) and urine (U). From the plasma volume and the 
counts •min"1 • m l - 1 plasma at the beginning of each collection period, calculate the total 
plasma activity (P). The fractional catabolic rate, K, is then given by 

U + F 
K = 

P 

Plasma and albumin leakage into the gut 

Excessive losses of plasma and hence of albumin into the gut are a recognized feature 
of many parasitic infections. Some indication of the extent of such losses may be obtained 
by dividing the daily values for F by the activity/mL of plasma at the beginning of each 
collection period. The figure obtained, which is known as the daily 'faecal clearance of 
plasma', represents the volume of plasma which theoretically must have passed into the gut 
during that period to give rise to the faecal radioactivity. However, it should be borne in mind 
that such values grossly underestimate protein losses by this route and can therefore only be 
used as a qualitative guide, because substantial amounts of isotope from labelled protein degraded 
in the gut are reabsorbed and subsequently excreted in the urine. 
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Appendix VI—5 

SOME STOICHIOMETRIC RELATIONS AND OTHER USEFUL DATA 

It is possible to estimate various quantities in the rumen f rom the known stoichiometric 
relations. For instance, if the production of acetic, propionic and butyric acids is A, P and 
B mol, it is easy to show that the amount of glucose utilized for the formation of these acids 
is A/2 + P/2 + B mol. These stoichiometric principles can be taken further to include cell 
yields, hydrogen balance, energetic exchanges, etc. The values can be used to see whether 
the quantities actually measured are reasonable. These balance calculations are particularly 
useful for in vitro work, where usually all the parameters can be measured. 

Some calculations require numerical values which may not be available or may involve 
a great deal of searching. Often these 'constants ' vary with conditions and the relevant 
authorities may be reluctant to commit themselves to a particular value. Yet, a plausible 
value may help in planning of experiments, in continuing more involved calculations, or 
simply in review and comparison of results. 

No claims are made about the accuracy or even validity of the following relations and 
'constants ' and the information should not be used in any definitive sense and it is hoped 
that it is not quoted as such. 

THE FOOD 

Daily intake (kg) 

Sheep 1 . 0 ( 0 . 5 - 2 . 5 ) 

Cattle 1 0 . 0 ( 5 - 1 5 ) 

Composition (% DM) 
Concentrate Roughage 

Carbohydrates 

Cellulose 9 20 
Hemicellulose 4 14 
Pectin - 4 
Starch 64 4 
Soluble sugar 2 10 

Nitrogenous compounds 

Protein 8 8 
Nucleic acids, etc. 4 10 

Lipids 3 6 

Organic acids, tannin 1 10 

Lignin 2 7 

Ash 3 7 

Digestibility (%) 7 5 - 9 0 4 5 - 7 0 
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THE RUMEN 

Volume of contents (L) 

Flows (L/d) 

Saliva 

Drinking water 

Water/food (L/kg) 

Concentrations 

DM (g/L) 
Bacteria (No/mL) 
Protozoa (No/mL) 

Properties 

PH 
Eh (mV) 
Osmotic pressure (A° freezing point) 
Surface tension (dyn/cm) 

Sheep 

7 ( 5 - 1 0 ) 

10(8 -16) 
2 ( 1 - 3 ) 

2 .5 (2 -3 ) 

Cattle 

70 (40 -100) 

120(60-160) 
3 5 ( 3 0 - 4 0 ) 

4 .5(3 .5-5 .5) 

60 (50 -100) 

1 0 5 - 1 0 6 

7.0(5.0-7.5) 
- 3 5 0 ( 2 0 0 - 4 0 0 ) 
2 5 0 - 3 5 0 mosmol 
4 4 - 5 4 

Vitamin content in the diet and in the rumen (mg/g dry weight) 

Diet 

Thiamine 
Riboflavin 
Niacin 
Pantothenic acid 
Biotin 
Bl2 

2 - 1 8 

5 - 2 7 
1 1 - 9 1 
2 3 - 4 2 

0 .04 -0 .47 
Traces 

Rumen 

3 - 2 9 
7 - 3 7 

4 6 - 2 3 3 
1 7 - 5 6 

0 .13 -1 .16 
1 .1-3 .0 
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END-PRODUCTS 

Volatile fatty acids 

Properties 

Calorific 
value 

Mol. wt (kcal/mol) 

Acetic 60.05 209.4 
Propionic 74.08 367.2 
Butyric 88.10 524.3 
Isobutyric 88.10 (524.3) 
Valeric 102.13 681.6 
Isovaleric 102.13 (681.6) 

Molar proportions 

Concentrate Roughage Mixed 

55 70 65 
25 15 20 
15 10 10 

1 2 1 
3 2 3 
1 1 1 

Concentrations (mmol/L) 100(80-120) 

Production (mol/kg DM digested) 

Concentrate diet 5.0 
Roughage diet 7.5 

Gases 

Properties 

Hydrogen 
Oxygen 
Nitrogen 
Carbon dioxide 
Methane 

Mol. wt 

2.02 
32.00 
28.02 
44.00 
16.03 

Calorific 
value 

(kcal/mol) 

67.6 

210.8 

AaVerage proportions in 
rumen gas (% total volume) 

Trace 
1 
4 

65 
30 

Methane production 

Per animal 
(L/d) 

Cattle 250 
Sheep 40 

Per unit food digested 
(mol/kg) 

Concentrate 1.40 
Roughage 1.75 
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MICROBIAL MATTER 

Microbial proportions (% DM) Protozoa Bacteria 

Compartment 1 (free suspension) 20 80 

Compartment 2 (loosely associated 30 70 
with solid) 

Compartment 3 (trapped in solid) 40 60 

Chemical composition (% DM) Protozoa 3 Bacteria3 Microbial 

Protein 45 27 32 
Nucleic acids 9 8 8 
Lipids 10 16 11 
Cell wall 6 16 9 
Small molecules 16 15 10 
Polysaccharides - - 17 
Ash 14 18 13 

3 On polysaccharide-free basis; this could be 5 -40% of DM. 

Elemental composition 

C 45.2, H 6.4, O 24.8, N 8.0, S 0.3 % 

Efficiency of synthesis 

g microbial N/kg OM truly digested 19.3 
g microbial N/kg OM corrected for microbial mat ter 21.9 
g microbial N/kg OM apparently digested in the rumen 29.5 
g microbial mat ter /mol ATP 10.5 

Useful factors 

Aminoethylphosphonic acid (AEP) 

1 g protozoal DM = 350 jig AEP-P 

Diaminopimelic acid (DAP) 

1 g bacterial DM = 3 mg DAP 
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STOICHIOMETRY OF RUMEN FERMENTATION 

(A, P, B, V, L are amounts of acetic, propionic, butyric, C s -acids and lactic acid 
produced, respectively (mol); a, b, c, d are molar proport ions of acetic, propionic, butyric 
and C s-acids, respectively.) 

Formulae 

Utilization of glucose (mol) 

A/2 + P /2 + B + V + L /2 

Production of hydrogen (mol) 

2A + P + 4B + 3V + L 

Utilization of hydrogen (mol) 

2P + 2B + 4V + L + 4CH4 + 8.1 (kg cell DM) 

Production of ATP (mol) 

2A + 3P + 2B + 3V + CH4 + L 

Ratios (energy) 

VFA energy 62 + 0.47 ( b + 2 c + 3 d ) 
(=E,) 

Fermented hexose energy (100 + c + d ) 

CH4 energy 28 - 0.47 (b + d) 
(=E 2 ) 

Fermented hexose energy (100 + c + d) 

Energy in cells 41 + 0.04 (b4- d) 
( = E 3 ) 

Fermented hexose energy ( 1 0 0 + c + d ) 

When a:b:c:d = 65:20:10:5 

E, = 0 . 7 6 , E 2 = 0.14, E3 = 0 . 3 6 

E , : E j : E 3 = 0.6:0.1:0.3 

Ratios (mass) 

Cell DM/VFA produced (g/mol) 
C H 4 / V F A (mol/mol) 

Glucose 

26.3 
0.26 

Polysaccharide 

32.2 
0.25 
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Values 
Usual experimental results From stoichiometry 

Concentrate Roughage Mixed (per kg polysaccharide 
(per kg DM digested) digested) 

Products 

VFA (mol) Acetic 2.8 5.2 4.1 5.1 
Propionic 1.2 1.2 1.2 1.6 
Butyric 0.8 0.9 0.7 0.8 
C s -acids 0.2 0.2 0.2 0.4 
Total 5.0 7.5 6.2 7.9 

CH4 (mol) 1.4 1.7 1.6 2.0 

Cells (g) 134 126 162 254 

Hydrogen balance (mol) 

Produced 10.6 15.8 12.8 16.2 

Used 
VFA 4.8 5.0 4.6 6.3 
CH4 . 5.6 7.0 6.4 7.8 
Cells 1.1 1.0 1.3 2.1 
Total 11.5 13.0 12.3 16.2 

Substrate used 

For VFA 567 697 575 737 
For cells 141 . 132 170 267 

TOTAL 708 829 745 1004 
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Appendix VI—6 

GLOSSARY OF SOME BASIC TERMS AND CONCEPTS 

absorbance, A, or optical density. The logarithm to the base 10 of the 
reciprocal of the transmittance, t , of an optically absorbing medium in a 
densitometric or spectrophotometric measurement: 

1 
A = l o g 1 0 -

T 

where r = I/I0 ,10 being the incident luminous flux of the light and I 
the transmitted luminous flux [G2/VI], For example, A = 1.0 represents 
10% incident light transmitted, A = 2.0 represents 1% transmitted, etc. When 
this quantity is measured at a given wavelength of light, X, it is called spectral 
absorbance, A^, or spectral optical density. 

absorber. Any matter placed in the path of a radiation beam. Such matter causes 
a reduction in the radiation flux and, often, a change in radiation quality 
in the beam behind the absorber, the magnitude of the change varying 
with the type and spectrum of the radiation and the density and atomic 
constituency of the material. 

absorber, semi-infinite. An absorber whose thickness is greater than the practical 
range of penetration of the radiation and whose lateral dimensions are 
considerably greater than those of the radiation field. 

absorbing event. An interaction, such as elastic or inelastic scattering, photo-
electric absorption, the Compton effect or pair-production, by which 
radiation energy is transferred to matter. 

activity, A. The number, N, of spontaneous nuclear transformations occurring 
in a given quantity of radioactive nuclide during an incremental interval 
of time, dt, divided by that interval of time [G3]: 

dN 

The SI derived unitofactivityisthebecquerel(Bq) [Gl]; the traditional 
special unit is the curie (Ci), use of which is being phased out. 
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annihilation. Commonly used for the event when a positron and electron 
annihilate on interaction; their rest energy is converted into two photons, 
each of 0.51 MeV energy (see annihilation radiation). 

annihilation radiation. Electromagnetic radiation of 0.51 MeV energy resulting 
from an annihilation interaction between a positron and an electron. 

atomic fluorescence. The emission of characteristic X-rays as a result of the 
photoelectric effect: the photoelectron is ejected from an atom, being replaced 
by an electron from an outer atomic orbit, accompanied by the emission 
of the K-shell, L-shell, etc. X-rays (the fluorescence yield increasing with 
the atomic number). It is in competition with the Auger effect. 

Auger effect. The non-radiative transition occurring in an atom, especially one 
of low atomic number, as a result of the photoelectric effect, in which 
orbital electrons (Auger electrons) other than photoelectrons are ejected 
from the atom as a result of electron orbital readjustments from excited 
states to lower energy states. It is in competition with atomic fluorescence. 

Auger electron. Fast electron ejected as a result of interaction between an X-ray 
photon and an orbital (valence) electron, resulting in a non-radiative transition 
of an atom to a lower excited electronic energy state (see Auger effect, 
isomeric transition). 

background. Signals (e.g. radiation) that are recorded by a measuring device (e.g. 
dose meter) and which do not emanate from the radiation source of interest. 
Background radiation may be from a source external to the measuring device or 
arise from radioactive contamination of the device. 

becquerel (Bq). The SI derived unit of activity, being one radioactive disintegration 
per second of time. It has dimensions of s - 1 , and its relationship to the 
traditional special unit, the curie (Ci), is: 

1 Bq = 2.7027 X 10~"Ci 

The term disintegration refers to a nuclear transformation, i e . either a change of nuclide 
or an isomeric transition. 

oeta-particle, 0-particle. A /T-particle is a high-speed (negatively charged) electron 
ejected from a nucleus during radioactive decay. A 0+-particle is a high-speed 
positron (positively charged electron) ejected from a nucleus during radioactive 
decay. 
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bremsstrahlung. Photon radiation emitted by fast-moving charged particles that 
are decelerated or deflected by an electric or magnetic field (the 
originally German word means, literally, braking radiation). It is 
usually high-energy penetrating photon (electromagnetic) radiation 
produced by deceleration of fast electrons in high-atomic-number absorbers. 
It is physically identical to X-rays and similar to gamma rays and shows a 
broad spectral energy distribution having a maximum energy corresponding 
to the maximum energy of the incident electrons. 

calorimeter. A device for determining energy deposition by means of the resulting 
temperature change in the calorimeter body or of some other thermal effect. 

Compton effect. Interaction (elastic, incoherent scattering) between a (high-
energy) photon and a free or loosely bound electron, whereby the photon 
suffers a change in direction and a loss in energy, and the electron gains an 
amount of kinetic energy equivalent to that lost by the photon. 

confidence level, see confidence probability. 

confidence limits. The upper and lower values in a distribution of data within 
which a mean value from a succeeding measurement falls with the confidence 
probability. Both values of the confidence limits are calculated from the 
parameters of the distribution (e.g. design uniformity ratio, U, and 
appropriate standard deviation, Sy) by the use of the t-value. 

confidence probability or confidence level. The probability with which a result 
will fall within specified limits. 

conversion efficiency (X-rays) or conversion ratio (X-rays). In the production 
of bremsstrahlung by the slowing down of electrons or other charged 
particles, the ratio of energy flux density of resulting photons to the energy 
flux density of incident electrons or particles. 

curie (Ci). The special unit of activity, which is being superseded by the 
becquerel (Bq). The curie is defined as: 

1 Ci = 3.7 X 1010 disintegrations per second = 3.7 X 1010 Bq 

The term disintegration refers to a nuclear transformation, i.e. either a change of nuclide 
or an isomeric transition. 
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decay law, radioactive. The fractional rate of decrease of the number of radio-
active atoms of a specific radionuclide is constant, is independent of its age 
and surroundings, and is characteristic of that radionuclide. 

x _ _ J _ d N 
N dt 

where N is the number of radioactive atoms of a specific radionuclide at 
time t and X is the decay constant for the radionuclide. This equation can 
be integrated to give: 

N = N0e"X t 

where N0 is the number of radioactive atoms present at t = 0. 

electron. A small particle having a rest mass of 9.107 X 10~28 g, an atomic mass 
of Ŷ pf of a hydrogen atom, a diameter of 10~12 cm, and carrying one 
elementary unit of positive or negative charge (1.602 X 10~19C). The 
positively charged electron is called the positron, while the negatively 
charged electron is usually just termed electron (the term negatron is 
rarely used). See also beta particle. 

electron capture (EC). Mode of radioactive decay of an atom in which its nucleus 
captures one of its orbital electrons, whereby a proton in the nucleus is 
transformed to a neutron and a neutrino is emitted. 

electronvolt (e V). A unit of energy. One electronvolt is the kinetic energy acquired 
by an electron in passing through a potential difference of one volt in a 
vacuum. It is defined as [G1 ]: 

1 eV = 1.602 19 X 10"19 J, approximately 

It is a unit used with the SI whose value is obtained experimentally [Gl]. 

FAO. Food and Agriculture Organization of the United Nations, Rome (Italy). 

film badge. Small radiographic film in light-tight envelope worn by personnel 
working in radiation areas to register exposure to ionizing radiation. 

frequency distribution. An arrangement of statistical data that exhibits the 
frequency of occurrence of the values of a variable. 
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gamma rays, 7-rays. Penetrating electromagnetic radiation (photons) emitted 
from a specific radionuclide in the process of nuclear transition or from 
any material as a result of particle annihilation. With food irradiation, 
gamma rays are generally high-energy penetrating photons as emitted from 
60Co or 137Cs radionuclide sources. 

Gaussian distribution, see normal distribution. 

geometry. A term used loosely to designate the arrangement in space of the 
various components of an irradiation or measuring system. This 
designation includes positions of source, detector and any intervening 
absorber. The solid angle around the source that is irradiated or measured 
is also sometimes indicated, e.g. '27r geometry'. 

gray (Gy). The SI derived unit of absorbed dose of ionizing radiation, being equal 
to one joule of energy absorbed per kilogram of matter undergoing irradiation. 
It has dimensions of J/kg, and its relationship to the traditional special unit, 
the rad, is: 

1 G y = 100 rad (= 1 J/kg) 

half-life, radioactive, TJ / 2 . For a single radioactive decay process, the time 

required for the (radio) activity to decrease to half its value by that process. 

IAEA. International Atomic Energy Agency, Vienna (Austria). 

ICRP. International Commission on Radiological Protection, Sutton (Surrey, UK). 
ICRU. International Commission on Radiation Units and Measurements, 

Washington, DC (USA). 

indirectly ionizing particles are uncharged particles (neutrons, photons, etc.) 
which can liberate directly ionizing particles or can initiate nuclear 
transformations. 

inelastic scattering, see scattering. 

internal conversion (IC). A process whereby an atomic nucleus, that would other-
wise emit a 7-ray photon, de-excites by interacting with one of its own 
orbital electrons (usually in the K, L or M shell), the electron being ejected 
at high velocity. The ejected electron (termed the conversion electron) has 
a kinetic energy which is the difference between the transition (de-excitation) 
energy and the binding energy. 

inverse-square law. A law stating that the intensity of radiation emanating 
uniformly over the full solid angle (47r) from a source in vacuum decreases 
proportionally and monotonically with the square of the distance from the 
source, i.e. is inversely proportional to the square of the distance. 

ionization. Production of ion pairs, one of which may be an electron. 
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ionizing radiation. Any radiation, consisting of directly or indirectly ionizing 
particles, or a mixture of both. 

ISO. International Organization for Standardization, Geneva (Switzerland). 

isomeric transition (IT). Decay with a measurable half-life of an isomer (in a 
metastable state) to an isomer of lower energy. De-excitation of a nucleus 
may occur by emission of a gamma photon or by internal conversion (IC), 
with emissions of X-rays and/or Auger electrons. 

isotopes. Nuclides having the same atomic number (i.e. the same chemical 
element) but having different mass number (i.e. same Z, different A). 

luminescence. The property of a material which causes it to emit light as a 
result of some excitation or 'stimulation' (the term does not include 
incandescence). The two types of luminescence are (i) fluorescence, 
present only as long as the excitation is applied, and (ii) phosphorescence, 
which persists after the excitation has ceased. All such materials are termed 
phosphors, and may show either or both of the two effects. Luminescence 
is classified by the method of excitation, e.g. photoluminescence - lumines-
cence caused by excitation with light, usually u.v., thermoluminescence -
excitation with heat, etc. If the luminescence arises owing to prior irradiation, 
the complex term is prefixed by radio-, e.g. radiophotoluminescence, 
radiothermoluminescence, effects that can be used in dosimetry. Radio-
fluorescence, i.e. luminescence in a phosphor due to prompt release of 
energy absorbed from ionizing radiation, is termed scintillation. 

mass per unit area. A parameter used for specifying thickness of absorber that, 
for a given radiation, is independent of the absorbing material itself over a 
wide range. It is obtained by multiplying the absorber thickness, i.e. path-
length through the absorbing medium, by the density of the medium. There 
is no agreement on a name for this, it being called variously surface density, 
density thickness, area density, mass thickness and, simply, thickness. The 
dimensionally descriptive title is used in this Manual. 

monitoring. General routine measurements of parameters related to the radiation 
treatment. Monitoring may involve either simply a qualitative indicator 
measurement or a precise measurement of radiation quantities. 

monoenergetic radiation. Radiation comprising photons or particles that all have 
the same spectral energy. 

negatron, see electron. 

noise. Background signals and those originating in the measuring equipment that 
interfere with the measurement and, in measuring small signals, determine 
the limiting sensitivity of the measuring system. 
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normal distribution, or Gaussian distribution. Symmetrical arrangement of 
replicate values that deviate randomly on either side of a mean value. This 
bell-shaped distribution is described mathematically by the Gaussian 
equation. It is completely determined by two parameters, the mean value 
and the standard deviation. 

nuclear transformation. This term designates a change of nuclide or an isomeric 
transition. 

nuclide. Any given atomic species characterized by (1) the number of protons, 
Z, in the nucleus, (2) the number of neutrons, N, in the nucleus, and (3) 
the energy state of the nucleus (in the case of an isomer). 

optical density, see absorbance. 

pair production. The simultaneous formation of a positive and negative electron 
(positron and negatron) as a result of the interaction of a photon of sufficient 
energy ( > 1.02 MeV) with the field of an atomic nucleus or other particle. 
(The reverse process produces annihilation radiation.) 

per cent transmission. The transmittance represented as a percentage, i.e. 
multiplied by 100 (see absorbance). 

photoelectric absorption, or photoelectric effect. The complete absorption of 
a photon by an atom. The energy of the photon is transferred to an (inner) 
orbital electron that is then ejected from the atom. Atomic fluorescence 
(a characteristic X-ray) is emitted as this orbital electron is replaced by an 
electron from an outer atomic orbit. 

photon. A quantum or unit of electromagnetic radiation, the photon being 
considered as an elementary particle. A photon of frequency v has an energy 
of hv, where h is Planck's constant (6.6256 X 10"34 J s). 

pocket dosimeter. A robust electrometer-type instrument designed to be worn 
in the pocket to register the integrated dose of penetrating (photon) radi-
ation to which, for example, an operator in an irradiation facility might 
have become exposed. 

positron, see electron. 

primary radiation. Incident radiation before interaction with an absorber. 

rad (rad). The special unit of absorbed dose [G3], which is being superseded by the 
gray (Gy). The rad is defined as: 

1 rad = 0.01 Gy = 0.01 J/kg (= 100 erg/g) 
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radiation. To be understood as referring to ionizing radiation in this Manual. 

radiation energy. The spectral energy of the particles in the radiation beam. The beam 
may be monoenergetic, comprise particles of a number of discrete energies 
or comprise a mixture of energies giving rise to a continuous energy spectrum 
(see spectral energy). 

radiation quality. A loose qualitative term indicating the spectral characteristics 
of a radiation field. For example, softness and hardness as radiation qualities 
represent, respectively, relatively low and high spectral energies in the given 
radiation field. 

radiation source. An apparatus or radioactive substance in a suitable support 
that constitutes the origin of the ionizing radiation (e.g. cobalt-60 source 
rods in a frame, or an electron accelerator). 

radiation spectrum. The distribution of spectral energy of a given radiation. 

radioactive decay law, see decay law, radioactive. 

radioactivity, see activity. 

radionuclide. A radioactive nuclide [G4]. 

radiophotoluminescent material. A substance that, after irradiation, emits 
luminescence radiation when stimulated by optical radiation (e.g. ultra-
violet or visible radiation). 

range. The distance that a charged particle will penetrate a given substance before its 
kinetic energy is reduced to such a level that it will no longer cause ionization. 
As used of alpha and beta particles of given (maximum) energy, the maximum 
distance they will penetrate a given substance in a specified direction (since 
IT particle tracks, in particular, are tortuous). 

secondary radiation. Radiation resulting from the interaction of primary radiation 
with an absorbing medium. 

SI. The abbreviation for the International System of Units. This coherent 
system is administered by the International Bureau of Weights and Measures 
(BIPM) in Sevres, France. The Resolutions and Recommendations are 
taken by the General Conference on Weights and Measures (CGPM). Most 
countries are now committed to changing over to SI, which will eventually 
be a single, practical, worldwide system of units. The CGPM, which started 
its work in 1889, introduced the new radiation units, the becquerel and the 
gray, in 1975, in co-operation with ICRU. 

To facilitate conversion of units that may be met with into SI equivalents, a con-
version table has been appended at the end of this Glossary to aid the reader. This is 
followed by a list of most of the SI units. 
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source strength. Of a gamma-ray radiation source, the strength defines the 
activity of the radioactive nuclide source material; it is expressed in becquerels 
(or curies). 

specific activity. The number of spontaneous nuclear disintegrations per unit mass 
of a given material per unit time interval. Expressed in becquerels or curies 
per mole or per gram. (See activity.) 

specific heat capacity. The quantity of heat (i.e. energy) required to raise the 
temperature of unit mass of a substance by one degree of temperature 
difference. In the SI system, the unit of specific heat is the joule per kilo-
gram per degree of temperature difference in Kelvin. The relation between 
the SI and the metric system unit, the thermochemical calorie, is: 

1 J • kg"1 • K"1 = 0.2390 cal • kg"1 • K"1 = 2.390 X 10 "4 cal • g ' 1 • K"1 

spectral energy. (1) For a particle, the energy (quantum energy) carried by the 
particle, usually given in units of electronvolts (eV); it is proportional to 
frequency, i.e. is inversely proportional to wavelength (see photon). 

(2) For continuous radiation spectra, the energy contained in a given 
interval of quantum or particle energy. 

spectrophotometer, transmission. An instrument for measuring either transmittance 
of light or the absorbance (optical density) of a material as a function of wave-
length. 

spectrum, radiation, see radiation spectrum. 

thermoluminescent dosimeter (TLD). A dosimeter making use of the pheno-
menon of thermoluminescence, comprising a holder and some thermo-
luminescent material. 

thermoluminescent material. Material that luminesces when excited 
(stimulated) by heat (see luminescence). 

tolerance limits. The upper and lower values in a distribution of data within 
which a certain fraction of succeeding individual measurements falls with 
a certain confidence probability. 

transmittance, see absorbance. 

t-value, or Student's t-value. The value used in statistical analysis to determine 
the range and reliability of measurements and results. It is a function of 
the confidence probability required and the number of measurement values 
available. 

units. To facilitate conversion of units that may be met with into SI equivalents, 
a table has been appended at the end of this Glossary to aid the reader. 
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WHO. World Health Organization, Geneva (Switzerland). 

X-rays. Penetrating electromagnetic radiation (photons) usually produced by 
high-energy electrons impinging upon a metal target. (See atomic 
fluorescence, Auger effect, photoelectric absorption, Coinpton effect, 

- bremsstrahlung). 

Z. Atomic number, i.e. proton number of a nucleus. High-Z or low-Z refers to 
high- or low-atomic-number substances, respectively. 
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SI base units are the metre (m), kilogram (kg), second (s), ampere (A), kelvin (K), 
candela (cd) and mole (mol). 

Multiply by to obtain 

Radiation units 

becquerel 1 Bq (= 2.7027 X 10'11 Ci) 
disintegrations per second (1 dis/s) = 1.00 X 10° Bq 
curie (= 3.7 X 10'°dis/s) 1 Ci = 3.70 X 1010 Bq 
roentgen 1 R = 2.58 X 10"4 C/kg 
gray 1 Gy (= 1.00 X 10° J/kg) 
rad 1 rad = 1.00 X 10"2 Gy 

(= 1.00 X 10"2 J/kg) 
rem (in radiation protection only) dimensions of J/kg 

Mass 

unified atomic mass unit 
(75 of the mass of 12C) 1 u = 1.661 X 10"27 kg 

pound mass (avoirdupois) 1 lbm = 4.536 X 10"' kg 
ounce mass (avoirdupois) 1 ozm = 2.835 X 101 g 
ton (long) (= 2240 lbm) 1 ton = 1.016 X 103 kg 
ton (short) (= 2000 lbm) 1 short ton = 9.072 X 102 kg 
tonne (=metric ton) 1 t = 1.00 X 103 kg 

Length 

statute mile 1 mile = 1.609 X 10° km 
yard 1 yd = 9.144 X 10"1 m 
foot 1 ft c= 3.048 X 10'1 m 
inch 1 in = 2.54 X 10"2 m 
mil (= 10"3 in) 1 mil = 2.54 X 10"2 mm 

Area 

hectare 1 ha = 1.00 X 104 m2 

(statute mile)2 1 mile2 = 2.590 X 10° km2 

acre 1 acre = 4.047 X 103- m2 

yard2 1 yd2 = 8.361 X 10"1 m2 

foot2 1 ft2 = 9.290 X 10"2 m 
inch2 1 in2 = 6.452 X 102 mm2 

barn 1 b = 1.00 X 10"28 m2 
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Multiply by to obtain 

Volume 

yard3 1 yd3 = 7.646 X 10"' m3 

foot3 1 ft3 = 2.832 X 10"2 m3 

inch3 1 in3 = 1.639 X 104 mm 
gallon (Brit, or Imp.) 1 gal (Brit) = 4.546 X 10 - 3 m3 

gallon (US liquid) 1 gal (US) = 3.785 X 10"3 m 3 

litre 1 1 = 1.00 X 10"3 m 3 

Force 

dyne 1 dyn 
kilogram force 1 kgf 
poundal 1 pdl 
pound force (avoirdupois) 1 lbf 

1.00 X 10"s N 
9.807 X 10° N 
1.383 X 10"1 N 
4.448 X 10° N 

Density 

pound mass/inch3 1 lbm/in3 = 2.768 X 104 

pound mass/foot3 1 lbm/ft3 = 1.602 X 101 

Energy 

British thermal unit 1 Btu = 1.054 X 103 

calorie 1 cal = 4.184 X 10° 
electronvolt 1 eV S: 1.602 X 10"19 

erg 1 erg = 1.00 X 10"7 

foot-pound force 1 f t i b f = 1.356 X 10° 
kilowatt-hour 1 kWii = 3.60 X 106 

kg/m3 

kg/m3 

Temperature, energy!area- time 

Fahrenheit, degrees—32 
Rankine 
1 Btu/ft2 's 
1 cal/cm2"min 

F—32 
3R 

5 
9 
1.135 
6.973 

X 104 

X 102 

°C 
K 

W/m2 

W/m2 
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