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ABSTRACT
4 This publication is written for those researchers who

.are-interested in the use of radionuclides and radiation in the
animal .science field. Part I, presents topics intended to provide the
thedretical base of radionuclides which is important in,order to
design an experiment for"drawing maximum information from it. The
topics included in this division are aspects of ionizing radiation,
its detection and measurement, its associated hazards, and some
common applications. Laboratory exercises in thissdivision are
designed with an aim to provide basic and some advanced skills in
.this ,area. Part II, entitled Applied Part, provides a number of
detailed practical situations for the use of radionuclides and
radiation. There is a small section devoted to exercises on the

. preparation of radionuclides and procedures with animals. It- should
provide_a systematized 'course of study fora training program for
persons in the field. (Author/PS) 0
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FOREWORD

The useofradionyclides did, radiation has proved to be a powefal tool
in the agricultural .sciences. This manual is designed to give the agri-
cultural researcher the basic terms and principles necessary ter' under-
standing ionizing radiation, its detection and measuenient, its associated
hazards, and some of the more common applications. Basic laboratory ex-
periments to illustrate this. purpose are included. Such understarkling is

:necegsay if One wishes to gain the most information from the use of radio-
nuclides and to design research experiments for the greatest-effectiveness.
It is expected that each user of this manual will have had edUcation-in basic
chemistry, physics,' mathematics and statistics as well as hit; agricultural
science speciality.

The further progress ofeacl; user will depend on his need and desire'
to expand his learning by additional reading and training, A list Of useful
references is included.

The Food and Agriculture Organization of the United, Nations (FAO) and
the International Atomic Energy Agency (IAEA), in co-ope,tation with the
Government of the United,States Qf America, Cornell University and 'Colorado
,State University, have jointly sponsored several internationaf training
courses on the use of radionuclides and radiation in animal research.

Outstanding scientists from various countries have given lectures and
devised and conducted the laboratorS, exercises. Research workers from
all. over the world have attended these courses in order to apply this ex-
perience in their own countries.

The applied part of this present manual, containing a series of detailed
laboratory exercises in the use of radionuclides and radiation in animal
sciences, represents, the' efforts of the various instructors who have parti-
cipated in these training courses.

The first edition, of this manual, published in 1966, followed a similar
manual. (Technical Reports Series No.29) on soil-plant relations research.
Since then Other manuals (Technical Reports Series No.61, on entomology,
and No.114, on food .irradiation techhology and te.chniques) have appeared
in this series jointly published by FAO and IAEA.

The second, edition of the present manual, published in 1968, was
enlargeq by the 'addition of several exercises in theelbasicpart.

FAO and IAEA would like to thank-all scientists who contributed to the
success of the training courses in animal research and in .particular
Dr. Cyril L. Comar qind Dr. Francis A. Kallfelz of Cornell University, who
prepared the applied part of the firstledition of this manual from lectures
given by them. and other scientistsduring the courses. For the additionill
exercises in the second ,edition thanks are due to Dr. W. Mulligan of
Glasgow. University and Dr. F. Lengemann of Cornell. University.
Dr. James E. Johnson'ofColorado.State University revised both the bask
part and applied part of this third edition.
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SOME BASIC SYMBOLS AND UNITS
FREQUENTLY USED IN THIS TEXT

Time (in general)
Number of radioactive atoms
Radioactive decay constant

Radioactive half-life Ti

Radioactivity or activity A

Gdmma-ray intensity
Number of recorded counts

Count rate r
Unit of count rate cpm (counts per minute)

Count rate of background rb

Count rate of sample plus background risb

Approximately equal to P
Tracer radioactivity
Amount bf stable tracee
Specific activity (R/SI
Units of specific activity cpm /.g

Biological half-We 'FIB

Biological'rate constant
Exchange rate

/

- r
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LECTURE MA-TTER

1. PROPERTIES OF PAPIONtCLIDES AND RADIATIONS

1.1. Atomic model: definitions a
N

Radioactive atoms have unstable nuclei. To understand the reasons
for this instability, it is necessary to describe the structure of atoms.
An atom is composed oft positively-charged nucleus which is surrounded
by shells of negatively charged (Orbital) electrons. The nucleus contains
protons and neutrons (collectily termed nucleons) as its major components
of mass. Protons are positively-charged and have a mass of 1.007277 atomic
mass units. Neutrons have no charge and a mass of 1.008665 atordic mass
units. Nuclei have diameters of approximately .10-11 cm: the diameters
of toms, which include the orbital electrons, are approximately 10" cm
or I Angstrom unit.

The number of protons in the nucleus (Z) determines the number of
electrons and hence the chemical nature of the element. The atoms of a
particular element may, however, not all have the same number of neu-
trons in the nucleus. Atoms ,that have the same /. but different neutron
numbers are called isotopes, because they occupy the same place in the
periodic chant. Isotopes, therefore, have identical chemical properties.

As the protons and neutrons represent the' major part of the mass of
the atom and each has an atomic weight- close to unity, the mass number
M, which is the sum of the proton and neutron number, is close to the
atomic weight. Nuclides (any species of nuclei) are described symbolic-
ally by the designation

:+t
zN

where X isthe chemical symbol for the element.
Nuclei are held together by attractive forces between the nucleons

which balance the coulombic repulsion of-protons. However, the attractive
forces are of shorter range than the repulsive forceseand therefore as, the
atomic number increases, the number' of neyttrons must increasingly exceed
the number of protons. The neutron to proton ratio in the ,nucleus is the
parameter which primarily describes the stability of the nucleus. As the
atomie number increases, a point is eventually reached where addition
of neutrons is not sufficient to overcome the repulsive forces and above

= 83 (bismuth) all nuclei are unstable or radioactive. There is also a
more or less well-defined optimum neutron to proton, ratio for stability
of each element. In general, isotopes which have a neutron to-proton ratio
greater than or less than the stable value for that element are radioactive.
All species of radioactive nuclei are called radionuclides.

Radionuclides digintegrate spontaneously, each at.a dharacteristic
decay rate. Radioactive nuclei, upon disintegration, may emit alpha (o) ,
or beta ([3) particles as well asgamma (7) rays. These are termed
ionizing radiations. Alpha particles are doubly ionized He nuclei (2He),
and alpha decay is characteristic of the radioactive heavy elements occur-
ring in nature. Beta particles are electrons of either negative (In or

11.
-N.
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Ilk positive (/r) charge, whUe gamma-rays are electromagnetic radiation of

very short wavelength. The energy of electromagnetic radiation is con-
centrated into packets termed photons.

An example of a-decay is given by the following nuclear reaction
21111 a 1He 2prin'+ Q (energy)

The total energy Q of a nuclear reaction is calculated from the decrease
in atomic mass substituted in the equation of Einstein E = mc2,, where m
is the mass and c is the velocity of light. Since momentum is conserved,
the a-particle in this case receives themajorityof the kinetic energy.

An excess of neutrons in a nucleus (generally for the lighter elements)
can result in f3" decay. An example is

24Na 24M0. +,,

In this case, a neutron in the 211Na nucleus is transformed intoa
proton resulting in an increase in Z number.

A deficiency of neutrons in the nucleus may be counteracted by. the
emission 'cf a positron. An example is

65 030Zr. 0 e + 85Cti + Q29

N. In this case, a proton in the 12Zn nucleus is transformed into a neu-
tron, resulting in a'decrease in Z number.

A deficiency of neutrons in the nucleus may alternatively be increased
by the capture of an orbital electron. This is termed electron capture (EC)
or, commonly, -.I{ capture as it describes capture of the K electron. An
example is

8°Sr + -1 e 85 Rb + Q38 ° 37

This process is accompanied by the emission of characteristic X-rays
since the hole in the K shell must be filled by an electron, etc.

After the ejection of a particle, or K capture, the energy, ,of the result-
! ing nucleus may not be at its ground state. The excest.energy of this

"excited" nucleus is eniitted as one or more 7-rays.
A 7-ray may interact with an orbital electron in the decaying atom

whereby the electron is 'ejected from the atom and the photon ceases to
- exist. Thie process results in the combined emission of a fast electron
and a characteristic X-ray and is known as internal conversion.

In some instances, two alternate modes of decay of the nucleus may
occur. An example is

0 40419°K ° -ie 20Ca or decay, 82% of disintegrations)

40K 4. 0 40 A
19" 18`' (EC, 11% of disintegrations)

. In the-case of the EC mode a 7-ray also results.
In nature, a number of rael!onuclides are known and many more can,

be produced artificially by nuclear fission, by neutron activation or by
particle accelerators.

4
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Summarizing, radionuclides will emitparticles and/or electromagnetic
photons of the following nature:

t.

ce -particle doubly positively charged particle, containing two
neutrons and two protons and originating at high speed
from the nucleus;

f3+- -particle high-speed electron from the nucleus, negatively charged;
g -particle high-speed positron from the nucleus, positively charged;
-y-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 Nt the speed of light,.1following K capture or
internal'convers ion;

I. C. electrori (internal conversion electron) electron emitted as a result
of the interaction between a -y-ray and a valence
electron;

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

1.2. Radioactive decay

The decay of radioactive atoms is comprised of individual random
events. However, if a sample contains a sufficiently large number of atoms
of a radionuclide, their average statistical behaviour can be described by
precise laws. The radioactive decay law is developed as follows:

Let N = the number of radioactive atoms of a given radionuclide present
at any time t. The rate' of decay dN/dt is proportional to the number of
atoms present or

dN
g -dr "--

where X is the proportionality constant, termed the decay constant. The
sign is negative because the number N decreases with time.

Rearranging Eq. (1) to solve for X

(I)

dN/dt dN/N
N dt (2)

or the decay constant is the fraction of radioactive atJn s that decay per
unit time.

Equation (1) may be integrated (the steps in this equation are given
in Appendix I) to give

N = Noe-k (3)

where No is the number present at any starting time and N is the number
remaining after a period of time t; e is the base ornatural logarithms.

It can be seen from Eq. (3) that the decay of radioactive atoms is
exponential with time., Also, it follows that the time for No to be reduced
to z its initial value is a constant independent of No.

13
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'Let No be reduced to .:Nt)
, from Eq.(3)

in time t termed the half-life or T Then

1-N0= Noe -.DTI

1or _..---
2

Inverting and taking the,natural logarithm .of both sides:
,i

XTI = - lit = 0.693

(4)

(5)

(6)

Thus, the decay constant and the half-life are constants, and are
characteristic of a given radionuclide. The Ti has units of.time and the
decay constant that of reciprocal time. . .

Since the disintegration rate, dN/dt, is termed the radioactivity or,
simply, activity (A) of the sample, A = XN, one can write from Eq. (3):

A = A oe (7)

The half-life of a radionuclide may be determined graphically by plot-
ting the disintegration rate (as determined by a suitable counting thstrument)
versus time on log-linear co-ordinate paper. Referring to Eq. (7), if one
takes the natural logarithm of both sides the result is

ln A = ln Ao - Xt

converting this to common logarithms this becomes

log A = log A0 ,0.t

Therefore, plot of A on the log co-ordinate versus time on the linear
co-ordinate will be a straight line with a slope of -X/2.3. This is graphic-
ally illustrated in Fig.1.

The unit of activity is the curie (Ci) defined as equal to 3.7 X 1010
disintegrations per second or 2.22 X 1012 disintegrations per minute.

Thus, 1 curie
1 millicurie
1 microcurie
1 nanocurie

(Ci) =

(mCi) =

(pCi)- =

(nCi) =

2.22X

2.22 X

2,22 X

2.22 X

1012 dis/min

109 dis/min
106 dis/min
103 dis/min

1 picocurie (pCi) = 2.22 dis/min
In practice, radionuclides will often be accompanied by variable

quantities of stable isotopes of that element. The stable form is called
the carrier. Spebific activity is the term,used to.describe the ratio of
radidactive atoms to carrier atoms. The specific' activity is defined as
the total activity of a particular radionuclide per unit mass of its element

6
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SLOPE A/2.3

--T1 -.-T1/2
FIG' 1. Decay curve of a single radionuclide.

or comp' Ind. Common units are pCi/g or pCi/mmole. The specific
activity of "carrier free" activity (that is all the atoms of the-element
present are the same isotope) can be calculated as follows

1%

A (pCi) = XN (pCi)

Divide both sides by N, the number of atoms; the result is'specific
activity in pCi per atom

A (pCi) a (time-I )N (atom)

If N° is Avogadro's numbey:Tand M isFthe molecular or atomic weight,
then specific activity may be expressed as pCi per gram

Specific activity =
A(pCi) X N °(atoms mole-21) -

XINI° . (pCi)
N(atoms) X M(gram .mole-1 ) - A (gram)

An example of the production of carrier free and non-carrier free
activity will be given in Section 1.4.4.

1.3. The energy of radiations

The energy unit used with regard to radiation is the electron volt (eV).
This is ,equi,valent to the kinetic energy acquired by an electron accelerated
through a potential difference of one volt. The most commonly used
multiple is the unit MeV or million electron volts (106eV). One MeV is
equal to 1.t X 10-6 -ergs.

The kinetic energies of the particles and photons emitted by radio-
nuclides have characteristic values. The energies of a-particles and X-
or y -rays are constant or iscrete. The energies of 13-particles, how-
ever, ejected by a given radionuclide vary from zero up to a certain maxi-
mum energy (Emax ) that is available to the (3-particles. This'is because
a variable part of max is taken away by a neutrino in every (3-particle
decay. Neutrinos cannot be detected by ordinary methods as they have
no charge and essentially no mass. As a consequence, the (3- particles
show a continuous spectrum of energies from zero to Emax The (3=
energies given in a table or chart of nuclides are E values; the average
(3-particle energy is usually about one-third Emax , Internal conversion
electrons on the other hand are monoenergetic.

7
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FIG.2. Decay schemes showing characteristic radiations and energies of four different radionuclides.
IT = Isometric transition. Different types of the same nucleus are called isomers.
EC = Electron capture. K capture.

The chatecteristic radiations and energis for a given radionuclide
are often shaft in the form of decay schemes. Examples of the decay
schemes of four commonly used radionuclides are shown in Fig. 2,

1.4. Interaction of radiation with matter

1.4.1. Interaction of alpha particles with matter

( The a-particles ejected from any particular radionuclide are mono -
energetic. Their initial kinetic energies are in the order of several MeV'
and, since ionization potentials and bond energies are in the range 1-12 eV,
the a-particles are capable of causing ionization as well as electronic
excitation of the atoms or molecules along their path. Ionization is com-
plete removal of the valence electron and excitation is raising electrons
to higher energy levels in their orbits.' Since the valence electron particip-
ates in any chemical bond of the atom, ionization destroys the integrity
of that bond. Alpha particles are doubly charged and of comparatively
heavy mass and, therefore, form a dense track of ion pairs (i.e. ejected
electrons and positively charged ions) along their path. Therefore, they
lose energy relatively rapidly in matter by these processes. As the
a-particle dissipates its energy along its path the velocity of the particle
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 a-partivle can penetrate into any matter (absorber) depends
on the initial, energy of the particle and the density of the absorber. The
range of an a-particle is relatively small and amounts to several centimetres .
in air and several microns (10-3 mm) in tissue for energies in the order
of 1 -10 MeV.

1.4.2. Interaction of beta particles with matter

Beta particles lose energy in matter by ionization and excitation just
as do a-particles. The mass of the (3-particle, however, is only 1/7300

. .

8
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ABSORBER THICKNESS (mg/cm2)

FIG:3, Curve demonstrating the transmitted 8radiation as a function of absorber thickness.
= Intensity of transmitted 8-radiation. .

= Rremuttahlung component (and y-ray component).
R = Approximate range of 8-particles in absorber material.

of the mass of the a-particle and a-particles have only unit charge. They
will, therefore,. scatter more, penetrate further into matter and produce
a less dense track of ion pairs than will a-particles. The range of
0-particles in matter is also a function of the initial energy of the particle
and the density of the absorber, but this range is not so well defined
because of the zig-zag path (due to scattering) of the electron. The range
of 0-particle's of 1 MeV initial energy is approxi5nately 300 cm in air and
0.4 cm in tissue.

Because of the fact that (3-particles have a continuous spectrum of
energies up to Er-Ax , their absorption in matter is approximately exponential

, with absorber thickness. Therefore, when the 0-radiation transmitted by
an absorber is plotted as a function of absorbtr thickness on semi-log
paper, a fairly straight line is obtained over a portion of the curve (Fig. 3).

The curve becomes reasonably flat at R, approximately the range
for 0-particles with Em . Although nearly all the 13-particles are stopped
by this thickness of absorber, one still finds transmission of radiation,
because the 0-particles interact with the atoms of the absorber giving
rise to non-characteristic X -rays, or brem*trahlung. In addition, any
y-rays will contribute to this component. riY subtracting this component
from the composite curve, the pure 0-transmission curve I is obtained.

Positive 0-particles, termed positrons, lose their kinetic energy in
matter in exactly the same mariner as negative 13- particles. However,
when the kinetic energy of the positron has been reduced to zero by ioniza-
tion and excitation, the positron is annihilated together with an electron
giving rise to two annihilation photons of 0.51 MeV each. (0.51 MeV is
the equivalent energy of the rest mass of an. electron.)

Absorption and scattering of (3-particles are important in their
measurement in 'samples. Absorption and scattering will occur in the
sample cover, the deteotor window, the walls of the shield, t'he intervening
air and in the sample itself. These effects will all influence the counting
rate, self-absorption being the most important. This will be illustrated
by Laboratory Experiment 1.4.

7^,1.4.3. Interaction of gamma rays and X-rays with matter

Electromagnetic radiation is considerably more penetrating thdn
particulate radiation of the same energy. This is because the electro-

/ magnetic radiation must first undergo an absorbing event to produce a

17
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1:436tondary" ionizing particle before its energy may be dissipated. Gamma
rays will be absorbed in matter as a function of their energy, the Z,
and the density of the absorbing material. (7-rays and X-rays differ only
as to their origin and interact identically in matter). Three types of
absorbing event may occur:

(1), photoelectric absorption
(2) Compton absorption

(3) pair-production absorption
(1) Photoelectric absorption is predominant for low-energy 7-rays

and for absorbers of a high Z material. The 7-ray interacts with a K or
L electron of the absorber atom and ejects It from the aitlom with a kinetic
energy equal to the initial 7-ray energy minus the binding energy of that
K or L electron. Thus, an electron is produced with kinetic energy to
produce ionizations and excitations along its path exactly in the manner
of a 0-particle.

In Fig.4, the coefficient for photoeleCtric abSorption is given for
water as a function of 7-ray energy. The absorption coefficienfis a
measure of the probability of absorption.

(2) Compton absorption is, the interaction of the 7-ray with an outer
electron Of the absorber atom. Part of the initial kinetic' energy is trans-
ferred to this electron and the 7-ray photon is scattered off in a new direc-
tion at a lesser energy. As can be seen' from this effect is at a
maximum in water for 7-rays of about 0.5 MeV. The effect rises only
slightly with increasing Z. The electron ejected will produce ionization
and excitation again exactly in the mariner of the 13-particle.

(3) When the y-ray has an initial energy of 1.02 :\lor greater it
may undergo pair-production absorption. In this procei'r the 7-ray inter-
acts with the positive field of the nucleus of the absorbdr atom and is
completely annihilated producing a positron-electron pair. Since it re-
quires 1.02 MeV for this pair formation, this is the threshold for this
event. Any y-ray energy above this required'1.02 MeV is imparted as
kinetic energy to the positron-electron pair. Both he positron and the p-
particle cause ionization and excitation along their respective paths. The
two 0.51-MeV photons produced upon annihilation of the positron must be
absorbed by Compton or photoelectric events or a combination of the Iwo
tn Fig. 4. the absorption coefficient for pair-production is labelled as

Considering the above processes, a beam of monoenergetic 7-rays
is absorbed exponentially as a function of thickness of the absorbirlt
material. For a beam of intensity I the change in intensity per unit
absorber thickness, dI/dx, is proportional to the intensity of the beam.

(fl)

This is identical to the well-known Lambert-Beer law for attenuation
of monochromatic light. The proportionality constant p is termed the
total linear attenuation coefficient. Exactly analogous to radioactive decay,
p is the fraction of the original intensity removed from the beam per unit
thickness. Equation (9) is identical to the radioactive decay law and may
be integrated to give

10



I = Ioe." (10)

where p = ps

and pa = total absorption coefficient
Ns = total scattering coefficient
Pa = T + a Ka 4-

T = photoelectric absorption coefficient
Compton absorption coefficient

K = pair-prodtiction absorption 'COefficient.
J

illustrates these absorption probabilities for whte as a function
of Ey .

Again analogous to radioactive decay the thickness at which to is
reduced to one-half its initial intenspy is termed the "half-thicknes's" or
"half-value layer" (Xi)..

0.693
( 1 1 )

An understanding of gamma-ray interactions is necessary in considera-
tions of shielding, dose calculations and measurement of -)-rays.

1..4.4. Neutron production and interaction with matter

Neutrons have no charge and, therefore, cannot ionize directly. How-
ever, they can prodUce ionization indirectly and are generally considered
in discussions of ionizing particles.

E, MeV

FIG.4. Linear attenuation coefficients for y -rays in water.
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Neutrons 'are produced by the fission reaction and the most common
sources of neutrons are nuclear reactors which control the fission chain
reactions. Neutrons can also be produced by small laboratory sources,
and these'sources will be discussed J.n greater detail in Section 7. 1.

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

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

A fast neutron undergoing an elastic collision with another atom or
molecule will produce generally a fast-recoil ionized atom. This recoig
ion will then produce ionization and excitation along its path.

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

(a) ?Co + i
0
n 26003 + y

7 z ° Co

reaction. 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 non-carrier free activity.

(b) 14N 4.
on 148--

,,.
In

(n, p) reaction. This is thb reaction by which cosmic-ray neutrons produce
14C activity in the biosphere. This reaction is also used to produce '4C
commercially and, since the "C can be chemically separated from the
nitrogen compound in the samph , it is an example of the production of
carrier free activity.

(c) 235U + In 4 90Kr + 144 Ba 2 in
92 0 36 56 0

(n, fission) reaction. This illustrates fission of 235U into two fission 011.

fragments and two additional neutrons.

(d) 15B+ + 4-y

in,a.) reaction. This is a reactior commonly used to detect neutrons.

2. RADIATION DETECTION

The reactions that the various types of radiation produce in matter
can be used to detect and to measure the radiation. Of these reactions,
the most commonly used are ionization in gases, orbital electron

12
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excitation in solids or liquids and specific chemical reactilans in sensitive
emulsions. The most common types.of detection methods employing
these mechanisms are described below.,

2.1. Autoradiographv

This method is a photochemical process and the one used by Becquerel
in 1896 in the discovery of ,radioactivity. Ionizing radiations interact
with the silver halide in photographic emulsions. When radilOactive
material is placed on 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 with a densitometer) at a given place %rill 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 linear-energy transfer of the
particular radiation. The linear - energy transfer (LET) is the energy
lost by the particle per unit path length. Gamma-rays must first be
absorbed to produce an ionizing particle and will produce very little
blackening. On the other hand, a-particles and low-energy k.-particles
which have a high LET (3H, 14C, 3,5 45Ca) are very effective. High-
energy I1-particleq produce diffuse radiograms due 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. For example, a thin histological section
containing about 100 dis/min per cm2 will require several weeks exposure
to show sufficient blackening for accurate measurement.

The method of autoradiography is particularly suitable when the
distribution of a radioactive compound in biological material is to be
studied. Autoradiography is essentially a.method to detect radiation
and not generally suitable for measurement or quantitative purposes.

2.2. Ionization detectors

A number of detectors are based on the principle that the ions
produced by radiation in a gas will migrate towards the appropriate
electrodes in an electric field. If the potential difference between the
two collecting electrodes is sufficiently large then the ion pairs formed
by the particle will not recombine but be collected at an electrode to
produce an ion current. If the ion current is amplified and measured,
it is proportional to the activity of the sample being measured.

A simplified ionization chamber circuit is shown it Fig. 5.
The chamber is filled with air and the collecting electrode is

connected through a resistor to the positive side of the power supply.
The collecting electrode or anodels insulated from the walls of the
chamber which serve as the cathode. If now ionizing particles traverse
the chamber, ion pairs will be formed along their paths. The electrons
produced will collect on the central electrode and the ion current is
measured by special electrometer circuits.

13

21



IONIZATION CHAMBER

INSULATOR

S /. r----

tB

T

ELECTROSSIETER
MEASURING

CIRCUIT

n. Schematic diagram of ionization-chamber circuit.
13 = Potential source
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S = Radioactive source
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FIG.'. Courier input circuit with a C-!%1 tube detector.



As will be seen in Section 3.2.1: if the walls of the :onization chamber
are constructed of "air-equivalent" material, 'such an ionization chamber
may he used to measure exposure dose of t -rays or N-rays in air.

if, howey4r, now the electrode potential is increased, then the ions
produced will move tov.ard their respective electrodes with greater
velocity-and at some voltage will gain sufficient kinetic energy to produce
further ionization themselves. This process is known as gas amplification
and the flood of ions produced is termed the Townsend Avalanche. as a
result of gas amplification, the pulse size produced increases rapidly
with applied voltage. Figure 6 shows the relationship of ion production
to applied counter voltage.

The graph is drawn for an o-particle and a , -particle traversing in
the sensitive volume of the tube.

In region I, the applied voltage is sufficiently great that all ions formed
are collected. This is called the ionization chamber r.,igion.

As the applied voltage is increased, amplification results and in region
II the pulse size produced is proportional to the number of ion pairs
prod ced in the initial event. This is termed the proportional region.
In region III, the voltage is sufficiently great that the size of the charge
collected on the anode is no longer dependent on the number of primary
ions produced. in this region then at a given voltage all pulses are the
same size and this is termed the Geiger-Milller (G-M) region. Detector
tubes operated as Geiger-MUller tubes are very sensitive and very little
additionhl amplific'ation of the pulse is necessary to drive a counting
circuit. In addition, they are relatively inexpensive. A simplified G-M
counter circuit is shown in Fig. 7.

The discharge in a G-M tube would continue indefinitely or until
all the gas molecules were ionized. Generally certain gas molecules
are added to quench the discharge. For example, noble gases such as
argon are added and these dissociate when they collide with positive
ions rather than become ionized themselves. in this fashion, the discharge
is stopped and the noble gas atoms then recombine.

The fact that sonic time is required to collect the flood of electrons
from each discharge and for the quenching process implies that during
this period the detector tube will be insensitive to other ionizing particles
in its sensitive volume. This period is approximately 100-300 usec
for G-M tul::s and is terrneo the resolving time. Therefore, particularly
at high count rates _a correction for this resolving time must be made.

Let r be the observed count rate of aG-M counter and 7, the resolving
time of the counter in minutes. During one minute, the counter will
have been ineffective for r-r min. Therefore, r counts have been registered
in only (1 - r1-1 min. The true count rate (retie) therefore is

(counts)
rtTUC 1-r-7 (min) or cpm

A method for calculating the resolving time of a counter is gi\ en
in Experiment 1. Correction is normally not necessary unless the
count rate exceeds about 2000 cpm.

The necessary associated equipment for a G-M counting system
include the G-M tube, a power supply, an amplifier-discriminator, a
scaler and a timer.

(12)
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2. 3. Detection by excitation

2. 3.1. Solid scintillator counting

Solid scintillators are particularly suited for the'detection of
y-rays and X-rays because of the high density and high Z of solid
crystals. The alkali halides (particularly'Nal activated with T1) have
been the most useful. A typical scintillation crystal counter system
is diagrammed in Fig. 8.

When a y-ray photon is absorbed in the scintillation crystal at least
one fast electron is liberated (depending upon the absorbing event either
a photoelectron, Compton electron or pair-production electrons). These
electrons produce excitation and ionization along their paths in the
crystal. When the excited atoms return to the ground state they giv-e
rise to light photons in, the violet or near-ultraviolet range. The number
of light photons produced will be proportional to the )-ray energy lost
in the crystal.,

The photocathode of the photomultiplier tube is optically coupled to
one face of the scintillation crystal and the photons produced are reflected
inside the crystal until they reach the photocathode. Here, by the photo-
electric effect, they release photoelectrons. The number of photoelectrons
again is proportional to the 7-ray energy lost in the crystal.

In the photomultiplier tube the photocathode is connected to a series
of dynodes or electrodes each at a successively higher positive potential
than the preceding stage. Thus, photoelectrons released from the
photocathode surface will be attracted to the first dynode stage and will
gain .sufficient kinetic energy to release two or more secondary electrons
from the first dynode. This multiplication process occurs at each stage
and at the end of 10 or more stages in a typical photomultiplier tube a
large pulse of electrons will arrive at the anode. The size of this pulse
still will be proportional to the original y-ray energy lost in the crystal.
The pulse is then amplified linearly and directed to a scaler or pulse-
height analyser.

In the pulse-height analyser, the pulses are sorted by virtue of their
voltage size (pulse - height) and stored in the respective portion of an
electronic memory. After counts have been collected for a period of
time, the readout of the memory will be t y-ray spectrum of the activity
available to the scintillation detector.

The energy lost in the scintillation crystal from an ,incident 1-ray
photon will range from zero to its maximum energy depending upon the
absorption event. The y-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 7-ray energy within the crystal. If this occurs then the
output pulse will be stored in a location proportional to the y-ray energy.
A typical y-ray spectrum is shown in Fig. 9 and the resulting peak is
labelled as the total absorption peak. If, however, the primary inter-
action in the crystal is Compton absorption apd the scattered photon
escapes from the detector, then the energy deposited in the crystal will
be less than the energy of the y-ray. The range of possible Compton
interactions result in a distribution of pulse heights. This distribution
is labelled as the Compton region in Fig. 9. It is apparent then that the
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location of the total absorption peak is characteristic of the particular
,-ra emitter and is useful in identification of the' -ray emitters in any
sample. The area under the total absorption peak is proportional to the
activity of that radionuclide in the sample. The peak is broadened into

,a distributio.n due.co statistical variation in the several conversion steps
from -,-ray absorption to final pulse-height.

l'ulse-height analysis is only required when it is necessary to
measure the activity of one ; -ray emitter in the presence of others, e.
in ;teutron-activation analysis or multiple-tracer experiments. GeneraI:
a less expensive'Aingle-channel, pulse-height analysir is.sufficient.

The other distinct, advantage of solid scintillation counting is the
very short .-rsoivitig time of such systems. This enables high count
rates. to he determined (up to at least 100000 cpml without the necessity
of resolving time correction.

Additional details of -,-ray spectral analysis will be presented in
Experiment 2.1.

The .art' of palIcle and , -ray spectroscopy hag recently been
significtinily advanced by the development of semiconduc,.or rad:a:inn
detectors. _In particular. lithium-activated germanium detectors have
been very useful in t, -ray spectros'copy. The energy resolution of such
systems is improved by at leasta factor of 10 over Nal(Til for :'7Cs
y-rays. Semiconductdr detectors have the disadvantage that they

25
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cannot be made as large as NaI(T1) and therefore the counting yield is
decreased. Also, they must be continually maintained at very low
temperature. In neutron-activation analysis, for example, where high
, -ray resolution is necessary, use of such detectors is warranted.

2.3.2. Liquid scintillation counting

Liquid scintillation counting techniques have promoted application
of radionuclides in the agricultural and biological sciences because they
have allowed much wider use of low-energy 13-particle emitters such as
3H and 14C.

In this technique, the sample to be counted is placed in solutions
'with an organic scintillating material in an organic solvent. Since each
radioactive atom or molecule is surrounded by molecules of the
scintillator, self-absorption is greatly reduced and the counting yield
greatly increased. If the sample is insoluble in the organic solvent
often it may be put in uniform suspension. .

There are now many solute-solvent liquid scintillator systems in
use;.however, a very common one is PPO (2-5 diplienyloxazole) with
toluene or dioxane as the solvent.

The ionizing particle from the radioactive material causes excitation
and ionization of the solvent molecules. These transfer their excitation
energy to the PPO molecules which in turn fluoresce, i. e. give rise to
a light photOn in the return to ground state. The number of light photons
emitted from thecounting vial per ionizing particle is proportional to
the energy lost by that particle in the solution. The counting vial is
optically coupled to a photomultiplier tube system to collect the output
light. A block diagram of a liquid scintillation system is`shown in Fig. 10.

Two photomultiplier tubes commonly are used to ccllect,the light
output from the scintillation vial. This increases the counting yield
,and from a single ionizing event the light photons will be registered at
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FIG. 10. Block diagram of typical liquid scintillation gounter.
S = Counting vial containing liquid scintillation solution and sample
PM = Photomultiplier tubes
Refrigerator = Refrigerating unit at -5C
Coincidence = Prompt coineddence and sum circuit
Disc = Upper- and lower-level discriminator.
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5. THE TRACER IVIETHOD

The tracer method is a technique to observe certain characteristics
of a population of specific things such as molecules, organisms or other
entities by observing the behaviour of the tracer. The substance to be
traced is generally termed the tracee. The criteria for an ideal tracer is
that it be indistinguishable from the tracee at the unit level and that the
introduction of the tracer does not disturb the system. Both of these criteria.
are nearly perfectly met by radioactive isotopic tracers.' Isotopes have
identical chemical properties (only slight mass differences) and they can
be obtained in very high specific activity. tTherefore, the introduction of
an isotopic tracer generally adds negligible mass to the system and does
not disturb its kinetics.

5. 1. Pathway identification

A most common use of a radioactive tracer is to follow the pathway
of an entity in a chemical, physical or biological system. When the
entity is, for example, an intact organism or an inorganic object, the
radioactive label used may belong to any element. The choice of label
will then be governed (1) by the ease of attachment or incorporation of
the label and its stability, (2) by the ease of detection of itt radiation and
(3) by half-life, in order to be able to follow the label over the desired
period of experimentation yet not unduly allow possible contamination of
the experimental environment. When the substance to be traced is an
organic material or compound, the radionuclide must belong to one of the

1

elements in the compound. This often reduces the choice to 14C or 3H
plus perhaps-32P, 35S, 36C1 or 1311. The label may be incorporated into the

i tracee through biological growth, chemical synthesis or exchange processes.
If the substance to be traced is a mineral nutrient, the label should

I be an isotope of that element. In general, elements.in the same chemical
group, e.g. alkali metals, have similar chemiCal properties but not
sufficient for a radioisotope of one element to serve as the tracer for
another element in the group.

If the tracer is introduced into the system, its identification in other
parts of the system infers information about the possible pathways of that
tracee irr.the system. A well-knoWn example is the use of 14C- labelled
glucose to observe the pathways and intermedidtes in the glycolytic cycle.
Another might be the migration of insects and identification of theft predators
in an ecology study.

5.2. Tracer dilution

The tracer dilution technique has been very useful in determination of
the exchangeable mass of a substance in a system. The principle is: that
for a given constant amount of tracer radioaCtivity, the final specific activity
is inversely proportional to the exchangeable mass of tracee in the system.

The technique, introduced by Hevesy, is particularly useful when
quantitative separations are not possible or are too tedious for the systems
,under study. In addition, it is the principal technique used to measure
the exchangeable mass "in vivo".

32'a.
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both photocathodes siniultaneously. The. coincidence circuit is designed
to proddce One output pulse if it receives an input pulse front each photo-
multiplier simultaneously, or'"in-coincidence". Background or noise
pulses from either tube will then not be in-coincidence, and, will be
rejected. This system increases the ratio of true counting rate to back-
ground and increases the sensitivity. Since the output pulse height. is
proportional to the energy lost in the liquid scintillatoy, limited pulse-
height analysis ispossible. It is limited because the pulse-height
resolution is very poor. However, it is 'generally possible to count
both 31-1 and 14C simultaneously.

The detector part of theystem is often refrigerated to reduce
thermally produced noise in the photonmHiplier tubes.

For certain high-energy 8-emitters (Film \IeV) it is often possible
to employ 'aerenkov.counting techniques using the liquid scintillation
counter. In such cases,. the radioactive sample need only be dissolved,
in water. The ionizing particle travels throhgh the water at velocities
greater than the velocity of light in that Tedium and eerenkov light
is produced. The amount of fight is 'proportionarto the activity of the
sample. El'erenkov counting techniques have proved useful with .1 2 K , N a

and other high-energy (7- emitters. .

One' of the main sources of error in liquid scintillation counting is
"quenching" of the light caused by.compounds in. the to be
measurt d This can be due to light absorption by coloured compounds
or joy certain chemicals. Since quenching commonly occurs and its
degree can be variable, it must always be considered. The three most
important correction methods are listed below:

(1) Removal of coloured material. The solution may be filtered
throligh activated charcoal or treated by an ion-exchahge technique to
remove the quenching agent.

(2) Channels ratio method. in general, quenching is greatest for
the highest-energy photons. Therefore, when quenching occurs,. the
output pulse spectrum is shift,d to lower .energy or longer wavelengths.
if by discrithinator settings the ratio of two Parts of the spectrum can
.beobtained, thgn it is possible to observe the shift in this ratio as a
.function of the counting yield in a set of standards with a known amount
of activity and known variable amounts of quench: A. standard,curve can
then bet used to correct each count rate for the decrease due to quench.

(3) External standard technique. in some instruments a standard
source may be moved into position beneath the vial counting position.
Thus, the relative decrease in standard count for each sample counting
vial will be prOportional to the amount of quenching material and will
provide the quench correction to be used for that vial count.

2. 4. ,Counting yield

Practically every tracer experiment involves a number of samples,
'containing radioactivity, andthe assay of the activity oftheSe samples
is an integral part of the complete experiment. When a radioactive atom
decays, often more than one particle ot photon is emitted. For example,
a "co nucleus emits either one (3- particle and two i-rays or occasionally
one of each (See Section 1. 3), However, metastable states excepted, a
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Consider a syst that contains an unknown amount, S grams, of a
substanqe: ,To this sy -- added a known amount of a radioactive4cacer
of initial specific activity at, so tI \at

R
a = s

where R .activity of the tracer in uCi (or counts/min)
s =rnass of tracee associated with tracer. ,

(25)

If the tracer is allowed to mix in the system then, according to the
dilution principle, the final specific activity, af, will be

substituting (25) into (26)

and solving for S

R
of = S + s

asat S + s

(26)

(27)

.S = s -1 (28)
of

Therefore, to determine S, only the final sp'ecific activity need be
measured, as at (and therefore s) is known. Quantitative separation on
the tracee in the sample from the system is not necessary because the
specific activity is independent of sample size, recovery, handling losses
etc. However, it is a necessary condition that the tracer be completely
mixed with the tracee in the system. This condition becomes very
important in tracer dilution studies "in vivo".

Very commonly, ss negligible compared with S. This is the case
with "carrier-free" or high specific activity tracers. By inspection of
Eq. (26), if s is negligible with respect to S, then

S=
of

(29)

and only the initial tracer activity and the final specific activity need be
known.

A variation of the tracer dilution technique, called "inverse tracer
dilution" enables determination of the amount of tracer in a system by the
addition of a known amount of tracee. Let at be the initial specific activity
in the system

Rat =

41
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FIG. 1I. Count rate as a function of tttickness for samples of constant specific activity.

disintegration including the emission of particle(s) and/or photon(s)
requires only 10-10 sec orless, wherez s the dead times of even the fast
counters are in the order of 10-7 sec. Thus, no practical counter will

. have a counting yield, Y counts per disintegration, of greater than 1.

count rate r (counts/min)Counting yield Y - disintegration rate A (disintegrations/min) (13)

In'most counters the counting yield is considerably less than 1, that
is only a fraction of the total disintegrations of the sample are detected
and registered by the counting system. Y is decreased from 1 due to:

(1) Geometry considerations: the solid angle of the souree'detector
arrangement divided by 477. For a small source close to the detector
window the solid angle is about 2r and the geometry factor about,O. 5.

(2) Air and window absorption:, particles, particularly a and low.-

energy Q, or photons may be absorbed in the air, the window or walls of
the detector and never reach the sensitive volume of the detector.

(3) Self-absorption in the sample: a- and 0-particles, and to a much
lesser extent y-rays, can be absorbed by the material in which the
radionuclide is contained and a significant fraction of the activity will
not be counted. This is a very important consideration for low-energy
a-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 sample thickness of constant specific activity material increases,
the count rate will reach a maximum as in Fig. 11. At thickness X the
sample is considered to be at "infinite thickness". Thickness is expressed
as the product of density and linear thickness and has units of mg/cm2.
A common 'method for assay of low-energy 13-emitters using G-M counting
is to count all samples at "infinite thickness". The count rate is then
proportional to the specific activity. The value for'infinite thickness of
a-emitters is approximately equal to the range of a-particles in units of
mg/cm2., Reference (4) contains curve of 0-particle range as .a function
of energy.
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Now R is the unknown. If an amount S of tracee is added and allowed
to mix the final specific activity will be

11
=

Substituting(30) and (31) into (29) and solving for R

( 1)

R
Sai (32)

a i ti
af.

Therefore, the determination of the specific activities before and
after the mixing of S grams of tracee enables calculation of the total
radioactivity of the system.

, The dilution equations developed above apply as well to the use of
non-radioactive tracers or indicators.

5.2.1. Two examples of tracer dilution

(1) Consider the problem of estimation of the volume or water in a
vessel. This would be an example of a "closed system" since no water
can enter or leave, that is, there is no communication with the external
environment. If R µCi of tritiatedwater (3HO1-I) of specific activity a;
(pCi/m1) is pipetted into the vessel and allowed to mix, then the water
volume of the vessel in millilitres can be calculated directly by Eq. (26)2.

(2) Consider as a second example the estimation of the volume of .

water in an animal. This tvould be an example of an "open system'',
presumably in the steady state with respect to water exchange with the
external environment. In the steady state the intake rate is equal to the
outgoing rate and the exchangeable.mass is constant. If 13 pCi of very
high specific activity tritiated-water tracer is injected into th'e animal,
then the water volume (total body water) can be calculated using Eq. (29).
The specific activity of (pCiiml) is determined by sampling plasma or
urine after. mixing is complete. However, the animal will have some
fraction of the initial amount R via excretion during this mixing period.
Therefdre, the total activity excreted during the mixing must be collected
and subtracted from R. Equation (29) is modified to

R - Rex (1-ICi)
S (nil) -f (pcjiml) (33)

'where Rcx = pCi of tritiated water excreted via all routes up to the time the
sample, containing al is taken.

2 Although specific activity is expressed in these two examples as nCi/ml of watM. it Is actually
the mass of exchangeable hydrogen being determined.
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(4) Scattering: particles or photons may be scattered towards or
away from the sensitive volume of the chamber. This scattering is due
to the backing material of the sample holder, the walls of the shield
and the air between the source and the window.

In most applications, the counting yield need not be determined by
investigating each of the above effects individually. Instead a standard,

e. a source of known actiVity or disintegration rate, prepared in identical
fashion with the samples, is counted under the same geometry to
determine the counting yield. Such standards may be purchased from
radionuclide suppliers or may lie prepared from the radioactive material
to be used in the experiment. In the latter case, the count rate oL all
experimental samples can be compared as a fraction of the experimental

,amount administered:'

2,5. Counting statistics

If a single radioactive-satnple is counted several times under identical
conditions and the c'Ount,rate is corrected for radioactive decay or else
the decay correction is.negligible, the individual count rates will be
observed to deviate about theinian value. These deviations are due to
the random nature of radioactive decay (Section 1.2). The understanding
of these statistical effects is necessary in the consideration of experimental
design and in the interpretation of experimental results.

Counting statistics follow closely the Poisson probability distribution..
By a special property of the Poisson distribution, the standard deviation
(a) of a registered number of counts C, is equal to the square root of
that number, For C registered counts

a =srd (14)

Table I gives the calculated deviation for given accumulated counts.
As can be seen from the table, the standard deviation increases as the
Ware root of the number of counts but decreases as a percentage of
the counts.

Referring to Eq, (14), if both sides are divided by the'period of
counting t, the result is the standard deviation of the count rate r.

1

However, since C = rt

a
t
- - ,== a,

t

Or =

(15)

(16)

When C becomes large (>20), 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. 3% of the total area under the probability function. .

'A useful rule of counting is to try to accumulate at least 10 000 counts,
in order for the % standard deviation to be 1% or less. If 10 000 counts
exactly are accumulated, then from this single assay it can be stated
that there is a 68. 3% probability that the true total count was 10 000 ± 100,
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FIG. 12. Schematic model of single open compartment.
S = Tracee in grams

= Radioactivity of tracer in oCi
a = Specific activity

R nCi
S gram

I = Intake rate in grams of S per unit time.

5.3. Tracer kinetics

The principal difficulty in the tracer dilution techni' que is to ensure
uniformity of mixing of the tracer. To determine the mixing time it is
necessary to take repetitive samples as a function of time from the system.
Such data contain valuable information on the kinetics of the mixing
processes. It is such analysis as well as the response of the system at
"tracer equilibrium" that is treated by the field of tracer kinetics.

Most biological systems are open, that is, there is exchange with
their environment. Consider an opqn compartment as shown in Fig. 12
in the steady state. A compartment is a subdivision of a system in which
the tracer specific activity is constant within its boundaries at any given
time. Thus, the tracer specific activity. defines the boundaries of a
compartment and they may or may not coincide with any chemical, physical
or physiological boundaries. Mixing within a compartment is rapid compared
with the rate that tracer leaves the compartment.

If the compartment is in the steady state then the input rate is equal
to the output rate or

I = kS (34)

Therefore, S is constant but the tracer activity R and the specific
activity a vary with time. (See caption to Fig. 12 for the symbol definitions.)

Consider now a compartment in which o tracer has been injected
and allowed to mix. Most compartments in nature are observed to follOw
first-order kinetics. That is, thqjpecific activity of the tracer is observed
to decline exponentially, as

a = aoe -kt

where k is the first-order rate constant.
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TABLE I. STANDARD DEVIATION OF ACCUMULATED COUNTS

Accumulated Standard deviation Standard deviation

counts C r = C as 1, C

100 10

1 000 31.

10 000 100

100 000 3 16

.1000 000 1 000

(

10

3, 2

1,0

0.3

0, 1

or in the range 9900 to 10 000. Two standard deviations (2o) account for
approximately 95% of tilts area under a normal distribution and in this case
it can be stated that there is a 95°,;) probability that the true total count
was 10 000 ± 200.

The number of counts C collected in any counting interval Are due
,to true counts of the sample plus those due to background. There is a
significant radiation background in almost any location. This background
is due to cosmic rays. and to cosmic-ray induced activity, such as 14C,
and to naturally occurring radioactive materials in the earth's crtIst,

226R 232Th and4°K. The latter all have associated gamma rays.
The cosmic-ray contribution varies with altitude and the composilion
of the earth's crust varies with location. All radiation detector-counter
systems have an associated background counting rate due to the above
sources and also 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
counting rate for that particular system. The background will be a
function. of the type of detector, the shielding, location, discriminator
settings,'etc.

The variations of background are independent of the variations of
the sample activity ancl,,thie appropriate error terms add as the sum of
the squares. Therefore,/ the variance due to the sample activity alone is

.

2
(352 = b (31)

where o = variance due to sample'alone
osi.b = variance due to count of sample plus background
ag = variance dire to count of background

For a total of C accumulated counts due to sample and background
counts the standard deviation of the sample count is given from Eqs 14
and 17 by

as =s1b1- Cb

where C.b = total counts due to sample plus background
C b = total counts due to.background counted alone
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FIG.13. Specific activity versus time in a single compartment after mixing of the tracer.

A plot of specific activity (after mixing) versus time would appear as
in Fig.13.

The slope of the line allows calculation of k. Exactly analogous to
radioactive decay, a half-life may be determined graphically or by

0.693T
k (36)

Til3 is commonly termed the biological half-life. Since it was assumed
that the tracer behaved exactly as the tracee it is now possible to calculate
the output rate kS. S can be determined by tracer dilution.

As can be inferred from Eq. (34) the biological half-life is not a true
biological.constant but inversely related to the intake. If the intake rate
increases by a factor of two, 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. 13 must be corrected for
this 'radioactive decay. If this is not done, an "effective half-life" will
be observed, accounting for both radioactive decay and biological loss.
Since these processes are independent,

?tell = X + k (37)

where A = radioactive decay constant of tracer

'41

The effective half=life then is:

k = biological rate constant

0.693Ti (38)

Consider now the case when tracer is supplied to the compartment
at a "constant rate i (MCi per unit time). Since a constant fraction of the
tracee will also be lost per ur time, the specific activity in the compart-
ment will increase from zero o a maximum value. The differential
equation describing this rate't'of change is given by

36



If is = counting time for sample in the presence of background
and

tb = counting time for background,
then abe standard deviation of the sample counting rate is given by

0, r4t
rb

s th
(19)

In tracer experiments, the net counting rate of samples very
commonly approaches, or is even less than, background counting rates.
In order to choose the best division of time for counting sample and for
counting background to obtain the minimum error the following may be
used:

rb
t, v rsb

2. 6. Neutron detection and measurement

(20)

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
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:

ioB In , y5 0

Both the sr-partidle and the 3Li recoil nucleus produce ionization.
The counter tube is generally operated in the proportional region to give
discrimination from pulses that may.be produced from interfering y -rays,
The tube can be used to detect last neutrons by surrounding it.with
paraffin wax to moderate the fast neutron to slow or thermal energies.

A BF3 detector is used for the detection of slow neutrons in the
determination of moisture content in materials. A source containing
a mixture 239PU and Belor 241Am and Be) provides fast neutrons which
are moderated or slowed down 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 G-M 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 R-particles
that are detected by the d-M tube. After several minutes, the count rate
of the G-M tube is proportional to the neutron flux.

Derivation of Eq. (20) is given in Appendix II.
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da
dt = intake rate minus loss rate = i - ka

Since a increases with time the loss rate will increase until it is
equal to the intake rate and da/dt = 0. The compartment would then be
in the' tracer steady state. Equation (39) can be integrated to give

a =
k
(1 -

or ka = i (1 -

-kt)

-kt)

In this case, a plot of a versus time will be as shown in Fig. 14.
The specific activity will reach i of the steady-state value a, in a time
equal to TIB, of this value in 2T15 etc.

aoo

a

I 2 3 4 5 6 7 8
TIME (NUMBER OF HALF-LIVES)

FIG. 14. Specific activity in a single compartment following initiation of constant itke ratc.

(39)

(40)

(41)

The behaviour of tracee in such steady-state systems is commonly
termed turnover. The turnover time, i. e. the average time a tracer atom
or molecule spends in the compartment is given by

turnover time or
t

1
=average life time

Since' k = 0.693 /T15

(42)

then t = 1.44 T15 (43)

The derivation of Eq. (42) is given in Appendix VI.
It should be apparent that once thetracer has mixed completely in

the whole system, though it probably will be composed of many compartments,
its behaviour will be as in a single compartment. Some description of a
three-compartment open model is given in Appendix VU.

The general equations for a closed two-compartment model are not
unduly rigorous and will be presented below. Consider the model as
shown in Fig.15.

v..
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'3. RADIATION PROTECTION

It is imperative-that 'a knowledge of the safe use of radionuclides and
radiation be gained before they can be applied as tools in agricultural
research. Ionizing radiation is hazardous to all biological systems, but
with proper consideration for health protection measures, the hazard to
personnel or experimental systems can be insignificant.

3.1. Units and basic considerations

The Röntgen (R) is the unit describing exposure of X- or .y-rays in air.
It is defined as the quantity of X- or .y-radiation which'produces, in air,
ion pairs carrying 1 electrostatic unit oe;:harge of either sign per cm3
of air at STP. On the average, it requir s 33.7 eV to produce one ion
pair in ail'. Therefore

1 13 - (1 esu/cm3) (33.7 eV/ion pair) (1.6 X 10-12 ergs/eV)
(1.29 X 10'3 g/cm3) (4.8 X 10-10 esu/ion pair)

= 87.7
ergs

gram of air
(21)

Therefore, 87.7 ergs are absorbed per gram of air due to a total
exposure of 1 B.

As discussed'in Section 1.4.3, the energy of rays absorbed per
gram of various materials is a function of properties such as Z and density,
Therefore, the energy absorbed from exposure to 1 13 will be slightly
different for soft tissue and for bone as compared to air and would be a
function of photon energy.

Any biological effect from a given type of radiation is proportional
to the energy absorbed and the basiC unit of absorbed dose is termed the
rad. One rad is equal to an absorbed dose of 100 ergs/g and is applicable
to any type of material and any type of radiation, Consider however,
a-particles dissipating 1 rad as compared to /3-particles dissipating 1 rad
in biological tissue. Since the a-particles have a much higher LET, that
is, they will produce more ionizations per unit track length; then the pro-
bability is higher that ionization will be produced in' an important con-
stituent of the cell. Thus, the relative biological effect of a-particles
will be greater than /3-particles. To account for this different relative
effect of various particles, the absorbed dose in rads is multiplied by
a weighting factor called QF (Quality Fae-C'to). The product of absorbed
dose in rad and QF is termed dose in rem.

Dose in rem ='dose in rad X QF

One rem of a-radiation .will then have the same biological effect as
1 rem of /3-radiation. For general radiation protection purposes, the
values Of QF for various types of radiation are given in Table II.

The safe ust of radionuclides and radiation can be divided into three
categories: (1) protection of personnel, (2) control of contamination
and (3)' waste disposal.
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FIG. 15. Closed two,-compartment model in steady state.

k2,,

2 St
Fip

a2

= first-order rate constant describing exchange of tracee or tracer from compartment 2 to compattinent 1

1(4, = first-order rate constant describing exchange of tracee or tracer front compartment 1 to compartment 2

p = rate at which tracee is exchanged, i.e. grams/unit time

If compartment 1 is initially labelled, the following differential
equations may be written

dR l sidai
dt dl P (a - a1)

S2da2
dt dl al - a2)

Let Al2 equal the difference in specific activities at any time.

A1.2' al a2

(1 1 1 A
dAl2 7 \Si S2 2dal - da2 7 1

Equation (47) is obserYed to be a first-order differential equation
identical in form to Eq.(1) and may be integrated directly to give

-1/ ("1"

A1,2 = a 1(0) e Si

(44)

(45)

(46)

(47)

(48)

where a1(0) is the initial, condition that at t = 0 all the activity is in
compartment 1. Therefore, Al2(0) = a 1(0).

Now since the system is closed, the total activity is. constant.
This can be expressed as .

S
1
al.+ S2 a2 = Sla 1(0) (49).

If Eqs (48) and (49) are solved simultaneously, the following solutions
are obtained
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TABLE II. QUALITY FACTORS (QF) FOR CONVERTING ABSORBED
DOSE IN RAD TO DOSE IN REM

Radiation QF

X- or ), -rays

d-particles E > 0.03 MeV

1

Thermal and slow neutrons 2.5

a-particles 10

Fast neutrons 10

3.2.. Protection of personnel

The International Commission on Radiation Protection (tCRP) has
recommended that the average yearly dose to radiation workers not exceed
5 rem/yea. This is equivalent to 0.1 rem/week. (Reference (9) gives this
recommendation in full detall.) This applies to whole-body dose from
hoth internal and external radiation.

3 . 2. 1 . External exposure

Radiation dose to personnel must alt'vays be kept as low as possible
and any.unneceSsary exposure must be avoided. In the case of external
exposure, this can be accomplished by (1.) sufficient shielding, (2) increas-
ing working distance from the source and (3) minimizing exposure time.
Shielding of a-emitters for xternal radiation is not required betause the
wall of the container or a few centimetres of air will absorb all particles.
The same considerations generally apply to low-energy 0-emitters such
as 3H, 14C or 45Ca. High-energy (3-emitters require only 1 - 2 cm of
low Z material, such as lucite, for shields. In the case of 7-rays, a high
Z material, such as lead, provides the best shielding. Table III provides
values of half-thicknesses of lead for shielding of 7-rays.

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

The attenuation factor F and the number of half-thicknesses n are
related as follows

or
F = 2"

log F
0.3

(22)

Work with 7-ray sources should always be performed with sufficient
shielding for personnel. The calculated dose rate after shielding should
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.
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al = al(0) (S1 + S2e 1- '1.2)

_ a i(01 S I e-pSt/Si S,

where S = S1 +S2

Plots of al and a2 versus time are shown in Fig. 1G.

TIME

(50)

FIG. 16. Specific activity in a close) two-compartment system with compartment 1 initially labelled.

(51)

Total S may be 'determined by the dilution technique. Now by
inspection of Eq. (50) at long times, i. e. when the tracer is completely
mixed, al equals the equilibrium value

alp) S!
a 1

S
(52)

Therefore, one can solve for Si and hence S2 by difference. Now a
plot of Eq.(48) will allow calculation of the slope

p(-1 L)/2.3 (liee Fig. 17).Si S2

Therefore, from the slope, the transfer rate p mr.y be determined.
To obtain transfer rates between compartments is the objective of most
tracer kinetic experimentation. It should be noted that

p = ki2s2 = k2 1St

which expresses the steady-state condition.
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TABLE III. APPROXIMATE VALUE OF THE HALF-THICKNESS OF
LEAD AS A FUI(ICTIGN OF GAMMA-RAY ENERGY

0101)
Approximate half-thickness

of lead shielding
(cm)

0.5

1.0

1.5

2-4

0. 5

1

1. 5

2

Radioactive materials; external
dose rates less than 2.5 mrem/h

External dose rates
2.5 100 mrem/h

External dose rates
exceeding 100 mrem/h

It is' of importance that before, beginning any work with appreciable
amounts of 7-ray emitters the researcher should know how great the
7-ray dose from the source will be. For point sources of activity, 7-ray
intensity will decrease as the square of the distance (inverse-square law).
Thus, the exposure dose can be calculated for any source as follows:

Exposure dose in R/11 for A (Ci) at distanced (cm) from point-7-ray
source

CAUTION RADIOACTIVE MATER IA LS

CAUTION7RADIATIQN AREA

CAUTION HIGH RADIATION AREA

A (Ci) X 2. 22 X 1012 (dis/min-Ci) X E (MeV/dis) X 1.6 X 10-6 (ergs/MeV)
60 (min/h) X 4i d2 (cm2) X 87.7 (ergs/g-R) X 1.3 X 10-3

p .(cm "1)
X- (g/cm

where `µ is the linear absorption coefficient in cm-1 for air of E energy
7-rays.

Equation (23) may be simplified if A is taken as 1 Ci, d as 100 cm (1 m)
and p as 3.3 X 104 cm-1 for all 7-rays in the range 0.1 - 3 MeV. Com-
bining constants, Eq. (23) reduces to

(23)

r (R/h-Ci at 1 m) = 0.5E (24)

where E is the average 7-ray energy which can be evaluated from the
decay scheme of that radionuclide and r is termed the -y-ray dose constant.

Once the exposure dose is known at any one distance, it may be cal-
culated at any other distance by the inverse-square law..

The 7-ray dose constant F(R/h-Ci at 1 m for various radionuclides)
is given in Table IV.
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FIG.17. Plot of Eq. (48) for closed two-compartment model.

A

INJECTED
ACTIVITY

FIRST SIGN OF
ACTIVITY AT LOCATION

FIG. 18. Illustration of diffuse appearance of tracer at location 13 following bolus injection at location A.

ti

TIME

F1G.18. Schematic curve of tracer concentration at location 8 following single bolus injection at
location A.

A final example of the use of tracers can be termed translocation or
rate bf flow studies. If a radioactive tracer is injected at one location (A)
in a system and its appearance observed at another location (B), the shape
of the injection pulse will have become diffuse due to the number of possible
pathways between locations A and B. See Fig. 18.

If a known amount of label R is injected at location A and the concen-
tration of label appearing at B is measured as a function of time, then a
typical curve as shown in Fig.19 may result.

If no tracer is lost between A and B (only a labyrinth in between) and
if the area under the curve in Fig. 19 can be determined (either.graphi-
cally or by integration) then the flow rate in the system, Q, can be cal-
culated from the Stewart-Hamilton principle.
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'FABLE 1V. GAMMA-RAY EXPOSURE DOSE LEVELS FOB SOME
R A DIONUC !IDES

Radionuclide ,.
Predominant
) -ray energy

( MeV)

I'

( itili- CI
at 1 no

c' Co 1, 17 and 1.33 . 1.3

"1Cs u. 662 0,31

H11 u. Ot. 0.22

"Cr 0.32 0. 02

Na 2. 76 1.04

Ita daughters in
equilibrium

40K

Many different

1.32

0.03

0.14

The inverse-square law shows that distance is a very important factor
in minimizing dose. Consider a source from which the y-ray exposure
dose was 1 mR/h 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
dcise at 1 mm distance would be 10 000 mR/h = 10 R/h to the finger tips.

The exposure time is equally as important in minimizing dose.
Manipulations with sources should be performed rapidly but carefully.

Monitoring of external dose can be accomplished by the use of personnel
dosimeters. These can be wone. on the body or attached to the hands or
wrists, if necessary, and provide an integrated dose over the total working

' period. Film badges or solid-state thermoluminescent dosimeters are the
most common systems currently in use.

3. 2. 2. Internal exposure

The internal hazards of radionuclides involve spme distinctly different
considerations. Beta-emitters and particularly alpha-emitters become
extremely rita zardous on entry into the body. The protection against internal
contamination largely involves prevention of accidental ingestion, inhala-
tion or skin absorption of radionuclides, The International Commission
on Radiological Protection has calculated maximum permissible body
burdens of all the radionuclides and the maximum permissible concentra-
tions in water and air that would produce such body burdens if chronic
exposure conditions existed. The factors that determine the maximum
permissible body burden of any radionuclide are:

(1) Particle radiation energy, LET and half-life
(2) Absorption from the gastrointestinal tract or lung tissue into

body fluids
(3) Distribution into body organs
(4) Biological half-life, i.e. the time required for the body burden

to decrease by one-half.
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(ml) (MCi)
R (time) area under curve (pCi/m1) (time)

Calculation of flow rate by this method has been very useful in
physiological circulation studies and can be adapted to natural systems
easily.

6. NEUTRON ACTIVATION ANALYSIS

(54)

If a stable element is exposed to a flux of neutrons there is a finite
probability that a stable nucleus can capture a neutrbn to produce the
isotope of that element with an increase in mass number of 1. As dis-
cussed in Section 1.4.4 this activation process is a primar7 method of
producing artificial radionuclides. An example of such a capture reaction
is

2370
11'''a on 24Na +

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, as follows.

Let nT be the number of stable nuclei exposed to a flux (I) of thermal
neutrons. Let a represent the cross-section per nucleus or the probability
of a capture reaction occurring. Therefore, the rate of production of
radioactive atoms N will be

dN
anT(D- (55)

where a = cross-section in units of cm2/nucleus
mr= total number of exposed stable nuclei
cio = thermal neutron-flux in neutrons/cm sec.

However, the radioactive atoms, N, produced by activation will
immediately begin to decay at their own rate characterized by the T4 of
the radioactive isotope produced. Therefore Eq. (55) must be modified to
include this rate of decay

dN
at anT'D XN

net rate = ( rate of ) (fate of radio-)
pr.oduction \ active decay

Equation (56), similar to Eq. (39), is integrated to the following

A = NX = anT40 (1 - e-at

where A = activity produced in dis/sec
X = decay constant of radioisotope produced
t = time of irradiation
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Considerations (2) and (3) also depend on the chemical and physical
form of the radionuclide. Also, the solubility in body fluids will largely
determine the absorption and transport of the radionuclide.

The recommendedmaximum permissible body burdens and correspond-
ing maximum permissible concentrations in air and water are given in
Appendix III.

3.3. Control of contamination

Contamination of laboratory, benches, glassware and operator by
radionuclides must be avoided for two reasons:

28

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

(2) Experimental results may become doubtful.

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

(1) Eating, drinking and smoking in the laboratory are strictly
prohibited.

(2) 'Each person should wear a laboratory coat. This coat should be
worn only in the laboratory space where the experiments with
radionuclides are done, not in the counting rooms.

(3) When there is a risk that the hands may become contaminated,
thin surgical gloves should be worn. These gloves have to be put
on in such a way that the inside never touches the outside in order
to prevent direct contamination of the skin. A detailed description
of the procedure for putting on or removing gloves is given in
Appendix N.
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.

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

(5) Protective eye glasses or shields should always be worn in a radio-
chemistry laboratory. This will shield the lens of the eye from.
high-energy (3-particles and will minimize eye injury in the event
of a chemical accident.

(6) To prevent contamination of gloves, hands, or equipment, paper
tissues should be handy and always used as an intermediate. After
use, these tissues should be disposed of in foot-operated waste
bins or large drums.

(7) All operations involving volatile materials, heating or digestion
must be done under a hood. The air velocity at the hood' face should
be approximately 40 m/min.

(8) 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 radio
active particles. These precautions are particularly important
in the case of alpha activity.
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Most commonly the technique is used_ to determine the number of
atoms nT of the stable element in a sample. The flux t1, irradiation time t,
and cross-section a are known and the activity produced is measured
allowing measurement of nT. A comparator technique, i.e. irradiating
a sample with a known amount of the element, is frequently adopted.

Using nuclear reactors as the source of neutrons the technique is
extremely sensitive for certain elements which cannot be analysed by con-
ventional chemical methods.

As seen from Eq. (57) the element for analysis should have high abund-
ance of the stable isotope, a high cross-section a, and a half-life that is
not so short to preclude easy measurement or so long that long irradiation
times are necessary. The detection limits for certain elements can be
as low as 10-12 grams.

7. NEUTRON MODERATION AND GAMMA-RAY ATTENUATION
TECHNIQUES

7.1. Neutron moderation in relation to moisture determination

Neutrons can be produced in the laboratory by using small sources
containing a-particle emitters and finely divided beryllium. The a-emitters
are commonly either 239Pu or 241Am. Both have long half-lives and emit
negligible -y-rays.. The nuclear reaction responsible for the neutron
production is

Ile+ Be ) 126C+ to

The neutrons produced from such a source have an average kinetic
energy of approximately 4.5 MeV, but the energies range from 0-12 MeV.

As discussed in Section 1.4.4, moderation or slowing down of fast
neutrons by elastic collisions is most efficient with small atoms, in
particular hydrogen. Water is a very efficient moderator (although some
neutrons are lost by (n, 7) capture by 1H). Th BF3 tub': (discussed in
Section 2. 6) used to detect neutrons is strIl tiv only to slow or thermal
neutrons. Thus, if a BF3 counter tube is pla d near a fast-neutron source,
the count rate in the tube will ibe directly proportional to the amount of
moderation between the sourc' and the detector. Soil scientists have used
this principle to measure the vater content of soils in situ. Most hydrogen
atoms in soil are in molecules of water. Therefore, the count rate of a
BF3 tube in a soil well containing also a neutron source is directly pro-
portional to the moisture content of the soil nenr the detector and source.
The system can be calibrated either by taking soil core samples near
each reading and determining their water content by oven drying, or by
taking a series of readings in soil barrels in which the water content is
controlled.

Sources of error in the t chnique are principally due to elements that
have a large thermal neutron absorption cross-section (e.g. Cd, B, Nino
Cl and Li). Fortunately, theSe elements are generally present in such
small concentrations that they produce little effect. However, in some
soils this source of error must be considered.

4-
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(9) All operations should be carried out over shallow trays. The
bottoms of the trays should be covered with absorbent paper.

(10) Storage bottles should be available for dumping of liquid. Waste.
These bottles should contain a small amount of on-exchange resin
to concentrate the activity.

(11) Avoid cross contamination by using glassware, can openers,
tweezers etc. for one particluar radionuclide only.

(12) An end-window G-M survey meter should be available for con-
tamination detection. In addition, it would be preferable to have
an ionization-chamber survey meter for exposure dose measure-
ments.

(13) Frequent surveys of laboratory work areas, equipment and per-
sonnel should be performed with the G-M survey meter to detect
contamination. In the case of a-emitters, 31-1 or electron-capture
emitters, filter paper should be used to swab the suspected areas.
The swabs should be counted with an appropriate detector.

A14) Before leaving the laboratory the hands, clothing and shoe soles
should be checked with a suitable survey instrument or swabbed.

3. 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 radioactiye isotope.
Obviously, the carrier,solution must be non-tokic to the skin:

Generally, the decontamination of glassware, metal surfaces or)1.

painted surfaces with radioactive mate ial 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.

Material
Glass:

r

Aluminium:

Steel:

Lead:

Linoleum:

Decontamination solution

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.

Phosphoric acid plus a spreading
agent.

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

Xylol or trichlorethylene to remove
wax surface.

Painted surfaces:. Spreading agent and ammonium citrate
or ammonium bifluoride.

37
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7.2. Gamma-ray attenuation in relation to density determination

As discussed in Section 1.4.3, the interaction of 7-ray photons with
matter is largely with orbital electrons. For medium and low Z, materials,
the predominant effect is Compton scattering and absorption. The .

Compton effect is proportional to the 711\I ratio or electrons/gram in the
attenuating materials. For most low and medium Z elements, the Z/T\I
ratio is very nearly 1/2. Thus, if the 7./11 ratios are nearly the same,
the attenuation of -y-rays will be proportional to the bulk density or number
of electrons/gram. The bulk density of medium and low 7_ materials,
such as soil, can be determined by this principle. Usually a 137Cs
7-ray source is used and the count rate of a Nal(Tl).seintillation-counter
detector will be inversely proportional to the bulk density in the material
between the source and the detector,
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Wood and concrete:

,

Difficult to dt-;contaminate. Partial
or complete removal of the contaminated
material will .usually be the only
effective method.

3. 3. 2. Special laboratory design features

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

(1) minimize the incidence and spread of contamination;
(2) maki possible rapid decontamination.

These facilities are further determined by the nature of the work
which is going to be carried out. Three types of laboratories may accord-
ingly be described (see Table V and lief. (8)). Usually, an "1' laboratciry
will b6 associated with reactor operations or waste processing rilants For
biological research "B" or "C" labora'tories will generally be adeauate.

le .11
A C laboratory may be any ordinary laboratory that has a gJod

ventilating system and an exhaust hood. Floors and benches should'have
a surface which can be cleaned easily.

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

The characteristics of ai"B" laboratory may be listed as follows:

(1) 'The laboratory room should be separate from the counting rooms.
(2) Ventillation of the laboratory should be sufficient to exchange the

total room volume 12 times per hour. The air flow should be from.
leas1 active to most active areas.' The fan for each hood should
be at the top of the vent duct so there is negative pressure through-
out the vent duct. 'The ventilation to the room should be separate
from that to other rooms, particularly counting rooms. There
should-be a particulate filter in each exhaust duct.

TABLE V. FACILITIES FOR RADIOACTIVE MATERIALS WORK

Radiotoxicity of
radionuclides

(anii examples of each)

Minimum

toxic
quantity

Type of laboratory or working plac desired

Type C
Good chemical

laboratory

Type ti

Radionuclide
laboratory

Type A
High-level
laboratory

Very high (Sr,"'" Po, 0.1 oCi 15) oCi or less 10 oCi -

10 inCi

10 mCi or
moreetc.)

High (45Ca, "Sr, 0'1,
etc.)

1.0 pCi 100 I Ci or less 100 Ci -
100 inCi

100 tnCi or
more

Moderate ("Ha. 3214, 10 dCi 1 inCi or less 1 -
1 CI

Ci or
store"Co, "Or.

etc.)

Slight (311, '4C) 100 dCi inCi or less 10 inCi - 10 Ci or
10 Ci MOM
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(3) Shielded, lockable, separate storage areas should be available
for radioactive sources.

(4) For facilitation of decontamination, floors and 'benches should bo
covered with vinyl or linoleum, preferably without seains. Under
no circumstances should uncovered wooden or concrete floors
and bench tops be allowed. Furniture should be of non-porous
material.

(5) The G-M survey meter, the hand and foot monitoring station and
laboratory coat hooks should be located just inside the entrance
to the laboratory.

(6) Water faucets should be of a foot- or elbow-operated design for
prevention of contamination.

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

(II) Drains should be located in the floor.
(9) Ridges and corners in which dust may accumulate and which are

difficult to clean should be absent.

3.4. Waste disposal

Radioactive waste should be controlled and disposed of according to
the recommendations of the ICRP (see Appendix \T). Generally, liquid
waste should be stored in polyethylene containers and not disposed to the
sanitary sewer :3ystern through sinks. High-volume, low - activity' liquid
waste may be treated by ion-exchangers to reduce the volume. Solid waste
should be put in foot-operated bins, All waste containers must have the
appropriate label as well as a label stating the date and quantities of each
radionuclide added,

If possible, it is advisable to store all liquid and solid waste until the
activities present have peen 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 materia:s.

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

SOME UTILIZATIONS IN BASIC PRINCIPLE

13y virtue of the 'ter). high sensitivity with which their radiatiOns may
be detected, radionuclides are widely used as indicators in tracer work
whenever stable indicators are unobtainable or impractical. Many of the
basic principles have been treated in the foregoing sections. However, the
basic lecture matter includes additional sections which deal with some
supplementary principles involved in pathway identification, tracer dilution,
tracer kinetics, 'neutron activation analysis, neutron moderatiop applications
and gamma-ray attenuation. The principal limitations involved in the use
of radioactive tracers are discussed in the introduction to the "Applied Part"
of this manual, and the experiments given in both parts are designed to
illustrate a number of principles and applications.
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LABORATORY EXERCISES

1'. EXPERIMENTS WITH A G-M COUNTER

1.1. The plateau of a G -TVI tube

INTRODUCTION

Geiger-Muller counter assemblies in normal operation often show
an appreciable variation in performance from time to time. It is thus
useful to have a reference source by which day-to-day counting may be
standardized. The half-life of such a standardtshould be so long that no
correction for decay need be made. A suitable reference source may be
made from black uranium oxide (U30s), This combines the required
chemical stability and long half-life (4.5 X 109 y4. The oxide should
not have been treated chemically for at least a year, during which time
any significant daughter products removed by previous treatments will
have agtin come to radioactive. equilibrium.

The total disintegration scheme of 298U and daughters i§ very complex,
and it is advisable to filter out all particles except the (3- particles of 2.3
and 1.5 MeV from 234 mpa This can be done by covering the source with
aluminium foil of approximately 35 mg/cm2 thickness. If this is done
the U308 source may be used as an absolute standard. Pure U306 under-
goes 724 dis/min per mg. The 2.3MeV 0-particle is.given off in greater
than 99% of the disintegrations.

With this or a similar standard beta reference source the following
properties of a G-M tube may be determined:

(1) The starting potential and threshold voltage.
(2) The characteristic curve of.connt rate versus tube voltage and

the counting plateau.
(3) The optimum operating voltage.
(4) The counting yield Y (counts/dis).

EXPERIMENTAL PROCEDURE

(1) Obtain a source counting about 5000 counts/min. If the source
is 11308, weigh the source.

(2) Put the source (on a planchet) into the planchet holder in the
shield. Be sure the high-voltage switch is off and turned to
its minimum, position. .Turn on the master power switch and
the instrument to "count" mode. Now turn on the high-voltage
switch.

(3) Increase the voltage slowly until the first counts are obtained.
The voltage is called the starting potential.

(4) Determine the count rate with increasing voltage. A total of
2000 counts for each voltage step is adequate. Increase the
voltage in steps of 25 or 50 volts.
When the count rate does not change appreciably as the voltage
is increased the threShold voltage has been reached and the G-M
tube is operating in the plateau region. When the count rate
begins to increase rapidly no further high-voltage steps should

(5)
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be applied. This is termed continuous discharge and above this
voltage the counter will race and damage to the G-Mtube will
occur'. .

(6) Calculate trio slope as the percentage increase in count rate per
100 volts; and the.plateau length V2 - V1 (see Fig.20). The
slope is

100 (r2 - ri)ri (1)
V2 v4

X 100 = per volts

A good G-M tube will have a slope of less than 10% per 100 volts.
(7) As the tube ages the plateau length will begin to decrease. To

allow for this choose an operating voltage of Vi + 75 volts, or
-;f (V1 + 172) if the plateau is less than 150 volts. Occasional checks
on the characteristic curve should be performed as the tube ages.
(Age is proportional to the total number of counts),

(8) At the operating voltage, if the disintegration rate of the standard
source is known, .cale-late the counting yield Y at each shelf
position inthe shield.

z
r

z r1
0

Y
r (counts/min)

A dis/min

PLATEAU

NG POTENTIAL

IL CONTINUOUS
DISCHARGE

M
VOLTAGE

V2

FIG.20. Characteristic curve for ()cigar-Muller tube.

1.2. The resolving-time of a G-M counter

INTRODUCTION

(2)

The resolving time, i.e. the time after each pulse that the G-M tube
is not able to register pulses, can be determined in various ways. The
method by which a series of samples of increasing strength is counted
isstraightforward. From the difference between the expected .rount rate
as extrapolated'from low copnting rates and the observed count rate, the
resolving time can be estimated.

As shown, in Section 2.2, if the resolving time T is known then the
true count rate R can be calculated from the observed count rate r as
follows

46,
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If the r of a radionuclide of knownhalf-life is plotted against time
on semi-log paper, B of the highest' count rates can be extrapolated from
the r of the lowest counting rates and T can then be estimated by use of
Eq.(1).

Another approximation of the resolving time T may be obtained by
the method of "twin samples"; i.e. from a comparison of the count rates
of each sample counted separately.

Let lik , 112, 131.2 and B be the true count rates (background included)
of, sample 1, sample 2, samples 1 plus 2, and a blahk sample, respectively.
Also let r3, r2, r12 and r be,the corresponding observed count rates.
Then by definition

+ 112 = Bl.z +

Substituting in Eq. (1)

r2 r1.2 r1- r17 - r27 1- r 12 1- r 7

(2)

Since r17 0 1 'and r7 « ri 7, the following approximations can be made

1 - rr1 + r17 and,i

Therefore, after substituting, we obtain

T
/1.2 - ri - 16

rl + r2 - 1'1,2 r

which can be simplified to

r2 1.12 rT

since

112 (ri + r2)2

l'ROCEDURE

(4)

(5)

(1) Tap about 5 ml (approx. 25 000 counts/min) from the 137'11Ea
column used in Experiment 2.2; cover the counting dish with
a plastic cap of 100 - 150 mg/cm2 a,ild immediately start making
6 - 8 one-minute countings separated by one-minute intervals.
Venaccurately record the elapsed time.

(2), After half an hour determine the residual count rate (background)
then plot the count rates corrected for background of 137mEa
versus time on semi-log graph paper.

(3) A straight line with a slope corresponding to the "tenth-life" of
131mBa (8.5 min) is drawn through the last 3 or 4 points. Now
from the small deviations of the first ew points from this straight
line, estimate the resolving time of th G-M counter using Eq.(1).
Note: Verify that Ti X 3.33 = Th.
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(4) Select two samples of 13-emitting radionuclides (e.g. 204T1) of

approximately 12 000 counts/min each.
(5) Count the first sample in a sample holder having two holes. In

the second hole insert a blank planchet.
(6) After counting the first sample, remove the blank planchet and

replace it with the second sample. Now count both samples together.
(7) Remove the first sample and replace by a blank planchet and count

the second sample.
(8) Determine the background by counting with two blank planchets in

counting position.
(9) Calculate z by use of Eq. (5).

(10) Use an end-window G -.M tube survey meter to survey for personnel
or equipment contamination. 30

1.3. Counting and sampling statistics

In scientific experimentation the standard deviation (calculated from
replicates) should always be given together with the results to permit
assessment of the uncertainty. When the standard deviation is calculated
from replicite analyses it automatically includes all sources of variation,

e, those due to the experimental methods as well as the natuPal variation
inherent in radioactive decay.

If a total of C counts are obtained on a single sample, the standard
deviation of)hat single count is estimated by

a = (1)

If the sample is counted repeatedly without moving the sample and
assuming the counter system performs perfectly, the standard deviation
of that series of counts, as calculated by statistics of the normal distribu-
tion, will give essentially the same estimate. The standard deviation will
only include the variation due to radioactive decay which we will term
natural uncertainty.

However, if the sample is moved between countings or a number of
"identical" samples are counted in succession, a larger value will generally
be obtained if the standard deviation is calculated by the latter method.
This is due to random variations in geometry and sample preparation.
These additional sources of variation including erratic counter performance
we will term technical uncertainty. An experimental evaluation of these
two types of uncertainty will be made.

MATERIALS AND REAGENTS

(1) 32P solution of approximately 0.1 sei/ml.
(2) 0.11 -ml pipette and pro-pipette (e.g. rubber bulb or syringe).
(3) 25 counting planchets.
(4) Infra-red drying lamp.

PROCEDURE

48

(1) Using the pro-pipette, pipette 25 samples containing 1 ml each.
Dry each sample under an infra-red lamp. Do not allow the
samples to. boil or spatter.
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(2)

(3)

Place one of the dry samples in the planchet holder and make
25 countings of 1 min each without moving the sample. Record
the result of each counting.
Calculate the natural standard deviation as

'jut =

where C is the mean value of the 25. countings.
(4) Calculate the total standard deviation by the following equation

(5)

(6)

(7)

(C -("tot
v n - 1 (2)

where C = d'ount.of each individual countingC_

= mean value of the 25 countings
n = number of countings (n = 25 in this case)

Compare gnat and crt.ot , and if they are found to be significantly
different, explain. Calculate ("rim in per cent.
Now count each of the 25 samples separately for 2 min, and
record the results.
Repeat the calculation of atot according to Eq. (2), and compare
with gnat . Calculate crteco, in per cent using the equation

2 '2
g tut = g nat "T" a tech (3)

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

1.4. Absorption of beta particles

The absorption of 0-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 maximum value for each parti-
cular radionuclide. 321? emits only 13-particles. The maximum energy
is 1.7 MeV and the average energy 0.7 MeV. The thickness of matter
which is able to absorb all incident 0-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 32P the range
Is approximately 800 mg/cm2.

A transmission cUrve of 32P beta particles through aluminium %yin
be prepared in the present experiment. A simplified method to determine
13-particle range and energy is also demonstrated.
PROCEDURE

(1) Obtain a 32P solution of approximately 0,1 pCi/ml.
(2) Pipette 100 X (0.1 m1)3 onto a planchet and dry

under an infra-red lamp.

3 1 A= 1 it-litre
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ti(3) Prepare a s nd sample by pipetting 100 X of a 32P solution
of approxima y 50 pCi/m1 into a planchet and drying.

(4) Count the low-activity source in the G-M counter. Obtain at
,least 10 000 counts. Place an aluminium filter of about 20 mg/cm2
between the counter window and the source and count again,
Continue counting at increasing absorber thickness until a count
rate of about 200 counts/min is obtained.

(6) Repeat the previous two counts with the high-activity source and
calculate the average eatiobetween low- and high - activity' source
count rates (Note: resolving time corrections must be made for
the high-activity source 'counts and 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.
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 /3-particles with the Al nuclei,

(8) Plot the observed and calculated net countrates 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'G-M tube and the air thickness, in mg/cm2, from
G-M tube window to source,)

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

(10) Determine by inspection the point at which the uncorrected trans-.
missioncurve appears to intersect the bremsstrahlung curve.
This point corresponds to the range of 3 2. P (3-particles and should
be approximately, 800 mg/cm2. . .

(11) A simplified method of determining (3- particle range is based
on determination of the fifth half -thiolsness of absorber. The half-
thickness is the thickness of absorber required to reduce the count
rate by a factor of 2. The fifth half-thickness is the amount
required to reduce the count rate by a factor of 25 or 32. The
fifth half-thickness has been found empirically, in most cases,
to beapproximately equal to the range of the maximum-energy
13particle.
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 2 and determine how well it
estimates the range of 32P particles.

(12) Repeat the exercise for 11C instead of 32P. The "range" for
14C should be about 30 mg/Cm2.

(13) How well can the initial portions of each corrected curve approxi-
mate a straight line?

(14) Use the end-window G-M survey meter to survey for personnel
or equipment contamination.

(5)

(7)
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1.5. Self-absorption and self-scattering of beta particles

INTRODUCTION

It is often necessary to measure the radioactivity of sources which
contain appreciable amounts of solid material. When a thick source is.
wonted, errors from self-absorption and from source scattering
introduced. Self-absorption decreases the count rate below the erected
value and is/most important with low-energy a-emitters whose maximum
energy is less thali 0.5 MeV.. ,Scattering tends to increase the count rate
and is most noticeable with high-energy n-emitters. (The effect of
self-absorption and self-scattering also exists with 7-ray emitters but is
usually negligible since 7-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
becomes closer to the counteras the sample thickness increases. The
combined effects of self-absorption self-scattering and self-geometry,
normally result in a decrease in the count rate. The principal method
commonly used to correct the self-absorption is as follows:

The method Is based on the assumption that the absorption of beta
'particles is an uponential function of absorber thickness. (To verify this,
observe that in the previous experiment the absorption was closely
approximated by an 9Axponential function over the first decade or two.)
Therefore, assume that the decrease in count rate per unit sample thick-
ness is proportional to the sample thickness or

dm
dx

= m

where m = count rate per cm3 thickness of sample
p = linear absorption coefficient of the self-absorbing material

in cm-1
x = sample thickness in cm

Equation (1) Can'be integrated to

where

m = mo e-"x

mo = count rate per cm3 of those atoms located on the surface
of the sample

m' = count rate per cm3 at thickness x of sample

(1)

The total observed count rate then from a sample of cross-sectional ,

area 0 (cm2) and thickness X is obtained by integrating the activity as a
function of thickness over the entire thickness of the sample, X.

ix

r= j0m0e - "xdx m00 -ox

SP

(3)

51



Fibwever,

mo t) X
=

where It =, count rate if there is no self-absorption

Therefore

r = (1 - e-"x ) (4)

Finally, decining a self-absorption factor f as the ratio between
observed count rate and the count rate if there were no self-absorption, as

r 1

f (1 e-"x ) (5)

Therefore, for samples of .x thickness, the factor f may be used to
correct observed count rates for self absorption. The constant must be
obtained experimentally.

Ifµ is expressed as the mass absorption coefficient (1.p /p, cm2/g)
and the thickness as density-thicimetspiri/cm2) thenµ will be largely
independent of the absorber material and only a function of the maximum
energy of the 0-particles.

As in Fig.11, Section 2.4 of the Lecture Matter, if samples of
constant specific activity but increasing thickness are counted the count
rate will asymptotically approach a constant value. Samples of this thick-
ness or greater are said to be infinitely thick and if a standard of known
specific activity is available, then unknown samples at infinite thickness
may be determined by simple proportion.

r unknown _ r known
a unknown a known

where r = count rate
a = specific activity

(6)

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

If the data for Fig. 11, Section 2.4, is replotted as count rate per unit
sample weight versus sample weight, a curve as in Fig.21 will result.

The curve is extrapolated to zero mass to obtain the estimate of the
"true"' counts/min mg. Now 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 intermediate thickness. See Fig. 22.

Thus we can determine the total activity of a sample of unknown con-
centration and intermediate thickness by:

(1) Weighing and counting the sample. Determine apparent specific
ability.
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FIG.22. Mass in mg.

F1G.21. Mass of sample in mg.
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FIG.23. Exploded view of filtering assembly.

(2) Determine from a graph, as in Fig. 22, the fraction of its activity
that will be counted.

(3) Divide the apparent specific activity by the above fraction to
obtain specific activity.

(4) Total activity = mass of sample X specific activity.

The following experiment will demonstrate the above techniques.

MATERIAL AND REAGENTS

Eight 1-in. planchets
Filter apparatus
Eight 1-in. glass filter papers
50-X, 100-X, 150-X, 250-X, 400-X, 500-X, 1-ml and 2-ml pipettes
Solution of NaeCO3 (approximately 3 mg/m1 and 0.05 uCihnl)
BaC12solution.
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PROCEDURE

(1) Place the following measured aliquots of a known stock solution
of radioactive sodium carbonate in six centrifuge tubes:
50 X, 100 X, 150 X, 400 X, 500 X, 1 ml, 2 ml and 5 Ml.
Precipitate the radioactive carbonate by the addition of excess
13aC12 solution.
Filter samples on.preweighed 1-in. filters and wash three times
with 5 ml of distilled water (see Fig.23). Air dry. Fix pre-
cipitate with 1 ml of collodian solution to prevent spread of con-
tamination. Be sure samples are thoroughly dry.
Weigh samples. Place in planchets and count.
Count background with an empty planchet in counter
Prepare curves from baCkground-corrected counting data as
described in the introductory material; i.e. count rate vs. sample
mass, count rate/mg vs. sample mass, and fraction of true count
rate vs. sample mass.
Calculate the value of ;A. For "C it should be approximately
0.28 cm2/mg. p can be determined from any point at infinite
thickness since at infinite thickness x becomes large, therefore
e-ax 0, 1 -11X 1

Use the end-window G-M survey meter to survey for personnel
or equipment contamination.

3. EXPERIMENTS MTH A SCINTILLATION COUNTER

2.1. Solid 'scintillation counting

The following solid scintillation crystals are used to detect radiation:

ir -particles 7,,nS (activated by silver) spread as a thin layer
10-20 ing/cm`

.;-particles Anthra cone, trans- stilbene

rays NaI (activated by thallium at about 0. concentration)

By far the most important application of solid scintillation crystals is
in tjle detection and measurement of -;'-rays. Scintillation detectors have
three distinct advantages over G-M tubes for measurement of 7-rays.
These arc:

(1) Higher detection efficiencies (20 to 40 times);
(2) No significant resolving time corrections up to 105 counts/min;
(3) The output pulse-height is proportional to the -ray energy lost

in the crystal. Therefore -i-ray spectrometry is possible.

NaI is hygroscopic and is encased in an air-tight metal can. The de-
tectors are single crystals and should be 'Protected against mechanical
shock or temperature changes. The crystal and photomultiplier tube combi-
nation is generally sealed in an air-tight metal case and shielded by lead in
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the counting position. In spite of shielding, the background of a scintilla-
tion counter will generally be considerably higher than for a G-1\1 counter.
This is due partly to electronic noise but mostly due to the high efficiency
of NaI(TI) for background 1-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.

The following four exercises are designed to illustrate the use and
advantage of -ray scintillation counting.

2.1.1. Integral scintillation counting

NIA :TRIALS A NI) EQI:IPME 7s: i

(I) NaI(Tl) scintillation crystal photomultiplier detector assembly,
(2) Single-channel pulse-height analyser and scaler.
(3) lligh-voltage supply.
(4) Gamma-ray sources of 1:'7CS, 6()Co andl:':'13a approximately

0. 11.1Ci each.

PROCEDL'IW

(1) Set the lower-level discriminator to 5 V. Set the differential-
integral switch to integral or else disable the upper-level dis-
criminator. The scaler will now count all pulses exceeding the
lower-level setting. This is termed integral counting.

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

the scaler to the count mode.
(5) Now increase the amplifier gain until the scaler begins counting.
(6) keep the gain constant and begin recording count rate with in-

creasing high voltage. Increase the high voltage in steps of 50 V.
Do not increase the high voltage above 1500 V or serious damage
to the photomultiplier tube will result.

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

Plot the above data as counts/min versus high voltage on 4 or 5 cycle
semi-log graph paper.

(9) Using one of the three sources increase the gain of the amplifier
by a factor of two and repeat the characteristic curve previously
obtained. What shift do you note? What change in photomultiplier
tube voltage is equivalent to a gain in two in amplified gain?

(10) Leave the gain the same as in (9) but increase the lower-level
discriminator by a factor of two. You should obtain the original
curve for your source. Why?

(11) If the activities of the three sources are known, plot counting
yield (counts /- -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 l'-ray energy. (Be sure and consider the number

55

63



of 7-rays per disintegration from the decay schemes as well as
the half-life and age of the source, )

(12) Set thp high voltage at the value corresponding to the start of the
plateau for the'6°Co curve. Use the "Co source and with the

. lower level discriminator set at 2 V take counts with increasing
discriminator setting until the count rate reaches background.
Plot the integral. curve, Explain the inflections of the slope of
the curve.

(13) What settings would you use to measure 6°Co in the presence of
1"Cs?

z

cart+T

t t+T

T
TIME

FIG. 24. Curve showing exponential decay of the activity of a sample where rt is the count rate at the
start of the counting interval, and rt+.1. is the count rate at the end of interval T.

2.1.. 2. Rapid radioactive decay

INTRODUCTION

TheThe primary purpose of this exercise is the investigation of the radio-
active decay law in one short laboratory period. In this, a short-lived
radionuclide is observed, and a secondary effect (of less importance)
ehay be considered. In counting of radionuclides with a very short half-
life the length of the counting period must be considered as follows.

Consider the case of counting a radionuclide in which the counting
period is long compared with the half -life 'of the nuclide, i, e, there is
appreciable change in source activity over the counting interval,

Figure 24 shows the change in count rate over a counting period T.
The observed count rate then is equal to the counting yield times the

total number of atoms that decayed during period T or

Nt Nt+T I
robs

where Nt = number of atoms present at time t
1\4+ r = number of atoms present after interval T
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Since Nt+T = N,C"
then

-
lobs = Y

If numerator and denominator are multiplied by X then

or

robs = Y XN
t
(1 - CAT)
XT

rt(1 - e-xT)

(2)

(3)

(4)

Therefore, the count rate at the beginning of a counting period T may
be related to the count rate observed over the whole period by

t
- robs

(1 - cm.) (5)

Inspection of Eq. (5) reveals that if T is small compared with the half-
life then \T will be small and for XT 0.05, (1 - e-xi) approaches T.

With the aid of Eq. (5) the ratio rt/robs may be calculated for various
counting periods. If the duration of each counting period T is the same
throughout a series of consecutive counts, then the ratio r, /robs will be
constant.

In the following experiment, Eq.(5) will be used to correct the count
rate of ta7rnBa. 137mBa is the metastable isomer of 137Ba. It has a half-
life of 2.6 min and decays by emission of a 0.662-MeV gamma-ray.

MATERIALS AND EQUIPMEN

(1) SO3-11 type cation exchange resin (e. g. Amberlite IR-120 or
Dowex-50).

(2) About 200 pCi 137Cs in solution.
(3) A conventional burette;
(4) EDTA solution (approximately 0.3% adjusted to pll 11-12 with

Na011).
(5) Plastic counting container.
(6) Stop-watch.

PROCEDURE

(1) Saturate 50 g of resin with Na' by leaving it overnight in liro
NaC1 solution. Put a glass-wool plug at the bottom of the burette,
and fill half up with resin. Run 1 litre of distilled water ipwards
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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 1:"7 Cs. Elute the column repeatedly with EDTA solution
at 10-min intervals until the amount of 13793a coming through each
time no longer increases. At each elution the 137m13a 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 ml of the effluent rich in 137m13a in a plastic counting
container; start counting immediately, using the scintillation de-
tector (well type if available).

(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
removal of the sample container.

(5) At the end of 30 min from the starting time of counting, the 1'i7oilla
remaining in the liquid will be much less than 1'!0 of the original,
and most of the count rate observed above empty-container back-
ground results from some 1"Cs 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 1"mlia against
time on semi-log paper. Deduce the lialf-life of 1"mIla from this
plot,

(7) Use Eq.(5) 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 semi-log paper.

2. 1.3. Inverse-square law; attenuation of gamma rays

IN CROIMJC I ION

The intensity of the 7-rays from a source of radiation can be reduced
by (a) increase in distance between the.source and the point of observation
and (b) an increase in the shielding material. in the path of the 7-rays.

(a) For a point source, the radiation intensity is conversely proportional
to the square of distance if no intervening matter is present in between.
This is usually referred to as the "inverse-square law", and applies to all
electromagnetic radiation. If the intensity of any source is known at any
distance, then it can be calculated at any other distance by

d'2
( I )

In this exercise, the decrease due to distance of 1-rays from a small
source is investigated.
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MATERIALS AND EQUIPMEN1

( 6°Co or 117Cs source approximately 5-10 pCi.
(2) NaIcro scintillation counter system.

PROCEDURE

(1) Apply an operating voltage previously determined in Experiment 2.1,1
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 and explain the reason for discrepancies, if

any, with the inverse-square law.
(6) Calculate the exposure dose rate in mR /h at 1 metre from the

source.

(b) The attenuation by matter of a collimated beam of monoenergetic -, -ray
photons is exponential. (See Sectir n 3.2.1 of the Lecture ;Matter. ) The
attenuation of 1-rays from "Co (or 137Cs) will be investigated.

MA FERIALS AND EOUIPMEN E

( ) Co or 1,7Cs source approximately 5- lOpCi.
(2) NaI("11) scintillation counter system.
(3) Lead shielding.
(4) Absorber set, preferably lead;
(5) :Micrometer for measuring absorber thickness.

PR(11.1:DURE

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

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

(3) Determine the count rate after placing one absorber between source
and detector. Repeat with increasing amounts of absorber.

(4) Remove the source completely and determine background with all
the absorbers in place.

(5) The net count rate from the sample is proportional to -i-ray intensity
and this is plotted against linear absorber thickness (mm) on semi-
log paper.
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(6)
(7)

Determine the half-thickness of lead for 6°Co (or 137Cs).,
Explain any discrepancy with simple exponential attenuation,

e. any lack of straight line on semi-log paper.

2.2, Liquid scintillation counting

INTRODUCTION

Liquid scintillation counting has the advantage that the sample is dis-
solved 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 13- emitters. Both 311 and 14C,
the two most important radiotracers in biological research, emit only

73-particles of very low energy. Organic fluors also exhibit a very short
"rdecay time of the fluorescence produced and resolving-time corrections
are not necessary. In addition, liquid scintillation counters can be adopted
to sample changers which allow automatic counting of large numbers of
samples.

The general description of a liquid scintillation counter is found in the
Lecture Matter, Section 2.3. 2. The following experiment is designed to
illustrate its use including methods to correct for "quenching". An optional
exercise demonstrating erenkov counting is also presented.

MATERIALS AND EQUIPMENT

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

(2) Liquid fluor system:

(3)

(4)

(5)

60

Toluene
PPG-(a-5 diphenyloxazole)
POPOP (1, 4 -bis-2-5

phenyloxazolyl)

0.5 litres
4 g/litre
0.05 g/litre

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 photo-
multiplier tubes. This procedure increases the counting yield and
is generally used in measurement of 3II
Benzoic acid-7-14C dissolved in toluene approx. 0. 02 /.4Ci/ml.
Benzoic acid-31i dissolved in toluene approx. 0. 1 biCi/m1 (or
other available compounds of Mb and 3H soluble in toluene).
Chloroform.
Sample counting vials.
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2. 2. 1. Determination of optimal counter settings

PROCEDURE

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

(2) Pill the sample counting vials with an equal measured volume
of the liquid scintillation solution (15 m1). (Pipette accuracy
is not necessary,) .

(3) Pipette 100 N of the 1'1C solution into one vial.
Pipette 1'00 ;, of the -11 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 V,
Set the upper discriminator of channel A at 50 V.
Set the lower discrinlinator of channel B at 50 V,
Set the upper discriminator of channel B at 1004V (or oc).
Channel A .11 now record all pulse's with pulse heights between
10 V and 50 V and channel B will record all pulses with pulse
heights between 50 V and 100 V (or op),
Determine the background count rate rb in both channels as a func-
tion of increasing high voltage, 'Begin at about 600 V,
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 b
approximately equal to the count rate in channel 13. This voltage
will very closely correspond to what is known askmlance point
operation. At this point, a decrease in counts from channel A
due to quenching will be offset by additional counts from B due
to quenching. Balance point operation provides a conlilition 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.
Determine the apparent countingyield (Y) at the balance point
settings for each radionuclide. It is not known at this point the
extent of quenching (if any) in the benzoic acid standards,

(5)

(6)

2.2. 2. Determination of counting yield at the optimal settings

This will be accomplished by the method of "Internal Standardization"
or spiking. After counting at the optimum settings an aliquot of a standard
(known disintegration rate) is added to each sample. Toluene-1'1C and
toluene -3H (which are unquenching standards) may be usedand rust be
added very accurately. An amount approximately equal to the sample
count rate should be added, (The pipetting of labelled toluene is somewhat
difficult and practice with unlabelled toluene should be taken.)

61

1



z

1'-A --1* B

\
1

UNQUENCHED

QUENCHED\
I , I \

PULSE HEIGHT

FIG.25. Effect of quenching on bet:: spectrum. in liquid scintillation counter.

INCREASED
QUENCHING-

CHANNELS RATIO A/B

FIG.2G. Quench correction curve.

TABLE VI.- QUENCH CORRECTIONS

Sample
No.

Liquid fluor system
PPO (4 01) and POPOP (0.05 g/l)

(ml)

chloroform

1 14 1 . 0

2 1 0.9 0.1

3 \ 14 0.8 0.2

.1
\ 1. 0.5 0.5

5 14 -'0.25 0.75

G 1-1 0 1.0

After spiking, recount the samples and calculate the counting yield Y
by the following

y - standard + sarnnk- rsample
disintegration rate of standard (1)

Are the counting yields calculated above the same as determined
previously for the benzoic acid samples? Does this indicate any quenching
effect by the benzoic acid?
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2.2.3, Determination of counting yield by the channels ratio method

This is a very simple method for quench correction and can be ac-
complished using any counter with two or more channels.

As mentioned previou0y, the effect of quenching is to decrease the
energy (increase the wavelength) of the fluorescence spectrum produced
by the 3-emitter. Thi is illustrated in Fig.2.5._,

As can he seen from Fig. 25, the-ratio of counts in channels A/B
increased as the quenching occurred. If increasing amounts of quenching
agent are added to a series of samples of known activity, then a correc-
tion curve as shown in Fig. 2(3 may be constructed.

This procedure has been shown to 1p$ generally independent of the
nature of the quenching agent.

PIZOCF.DURE

(1) Prepare a series of ,counting samples with compositions as
prescribed in Table VI. Chloroform will serve as the quenching
agent.

(2) To each of the samples add 100 \ of a standard solution of
toluene- "C containing 0.01 /.(Ci/m1 (or similkr standard solution).

(3) At the optimum settings for HC, count each sample in the series.
Determine the net count-rate ratio of channel A/I3. Plot the A/B
ratio versus counting yield as in Fig. 26.

6erenkov counting in a liquid scintillatjOn counter

The purpose of this exercise is to demonstrate the use of a liquid
scintillation counter in detection of high-energy13-emitters. Water serves
as the dielectric medium for production of 6erenkov light and scintillation
fluid, is not necessary.

MATERIALS AND EQUIPMENT

(1) Standard radioactive solutions of or :311) approximately
0.01 /..(Ci/m1 in aqueous solution.

PROCEDURE

(1) Fill one counting vial, with water and one with standard liquid
fluor solution.

(2) Add 100 A of the 421: (or 321,) solution to each.
(3) Determine the counting yields for Cerenkov counting,and liquid

scintillator counting.

The efficiency of erenkov light production increases rapidly with
the energy of the beta particle& energy. The threshold for the effect is

"approximately 0.3
Discuss the possible advantages of erenkov counting in biological

research.
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3. DECONTAMINATION

INTRODUCTION

In work with radioactive materials, it is always necessary to know if
the operator or the procedure is causing contamination of personnel, the
equipment or the laboratory.

Often a fresh spill on a clean and polished surface can be washed or
absorbed without resultant detectable contamination. If it is allowed to
react with the surface, .however, drastic action might be required to remove
it.

The methods of decontamination may be divided into physical and
chemical. Physical methods include absorption, vacuum cleaning, and
polishing, and steam or sand blasting. Chemical methods include the use
of acids and alkali with or without carrier, detergents, complexing agents
and ion- exchange material.

This important experiment will consist in contamination of several
different materials with several radionuclides and subsequent decontamination
with commonly used chemical agents.

MATERIALS AND EQUIPMENT

(1) Solutions of 32P, 45Ca and 1311, approximately 1 pCi /ml.
(2) Small pieces of the following materials: glass, lead, waxed

linoleum, perspex or'lucite, stainless steel, painted wood and
brick or masonry stone.

(3) Wash solution: a 1% detergent solution of 0. 3% EDTA to which is
added NaOtt to bring the pH to 12. "Radiacwash" is a commercial
preparation of this type.

(4) 1% carrier solutions of P, Cand I, e. g. Na3PO4, Ca(NO3)2 and NaI.
(5) 2N 11C1, acetone.
(G) Absorbent tissue paper.
(7) :G-M counter-scaler system.

PROCEDURE

(1) Count each material to be tested in the\shielded G-M, counter system.
(2) Using normal radiochemistry laboratory precautions, e.g. protective

gloves, apron, etc. (see Section 3.2, Lecture Matter) contaminate
each material by pipetting 100 A of each radioactive solution on the
surface and drying,
Count each material in the G-M counter and\ecord as initial activity.
Wipe each surface with a damp tissue paper, dry and measure
residual activity.
For a second series, use "washing solution" as decontaminating
material. Dry the sample, and measure the activity.
Try all the releGant decontaminating agents in a similar manner.
If necessary, as a final step with linoleum, try removing the wax
with acetone.
Record all the measured activities, and compare the effect of
decontaminating agents upon various substances and radioactive
isotopes.

(7)
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(8) Determine the extent of contamination of the protective glov,..x worn
during the experiment.

4. ENE:KC:NES ON BASIC APPLICATION

.1.1. Combustion of carbon compounds (determination of specific activit;
by persulphate oxidation of compound)

INTRODUCTION

It is not alway'§ possible to compare specific activities of diverse labelled
carbon compounds because of differences in crystal structure, ease of
crystallization etc. . Consequently, it is necessary to convert all such
compounds to a common. one. A convenient one is carbon dioxide, which,
for practical purposes, we measure as the barium salt, BaCO3.

Combustion may be performed in two major ways: "dry" combustion
and "wet" combustion. In dry combustion the sample is burned in the usual
manner with CuO for determination of formula composition, except that the
CO2 is caught quantitatively in an insoluble form, that is, either as the gas
or as carbonate. In wet combustion the compound is dissolved in a solution
which includes the oxidants. Two commonly used solutions, the Van Slyke
combustion mixture (112SO4, Cr207, K103, 1131304) and the persulphate mixture,
differ sharply in their response according to the amount of water present.
The utility of the former diminishes rapidly with increasing water content
whereas the latter uses water as a solvent. The convenience of water as a
solvent may well be an over-riding factor, as is illustrated in this experiment,

Oxidation of an aqueous solution of a variety of organic compounds
(including acetate, succinate, glucose and acetone) may be accomplished
quantitatively_with potassium persulphate (X2S208) at about 100°C. The CO2
evolved is quantitative and is caught in a Na011 gas-washing bottle and
converted to 13aCO3 for plating.

REAGENTS AND MATERIALS

(1) C11314COONa.
(2) 200 mg K2S208.
(3) 1 ml AgNO3.
(4) 0. 1N NaOH, CO2-free.
(5) 1120, COQ -free.
(6) BaC12 (saturated aqueous solution).
(7) CH3011, abs.
(8) N2 gas, or CO2-free air,
(9) Flow apparatus, consisting of a two-necked reaction flask, an 1120

condenser and a gas-washing tube.
(10) Filter apparatus (chimney and filter-stick).
(11) Centrifuge.
(12) Infra-red lamp.
(13) Analytical balance.
(14) Calibrated standard (i.r. infinitely thin 14C source of usual sample

area and containing knlown number of disimin).
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GAS -WA SKNG
TUBE OR BOTTLE

(FOR CO, ABSORPTION)

F1G.27. Assembly for combustion of carbon compounds and conversion of ( proth:ced.

l'ROC COURT:

(1) Arrange the flow apparatus as shown in Fig. 27.
(2) Calculate the amount of CI1334COONa needed to produce approximately

50 mg of BaCO3, and place into the reaction chamber.
(3) Add about 20 nil 1120, 200 mg KoS208 and 1 nil 5°0 AgNO3. (No

reaction occurs at room temperature.)
(4) Heat the reaction vessel to 70° C for 20 min; then increase the

temperature slowly to boiling, and maintain until the solution
becomes clear or the persulphate is dissolved.

(5) Simmer 10 min longer and sweep the system for an additional 10 min
to remove all traces of 14CO2.

(6) Wash the inlet of the gas-washing system with ,-free water
combining the washings with the 0. 1N Na011.

(7) Add sufficient saturated.BaC1, solution to precipitate all the
(8) Transfer quickly to a centrifuge tube, and centrifuge immediately

(or stopper and centrifuge at will).
(9) Wash the precipitate once with CO2-free water and then with

abs. C1130II.
(10) Re-suspend in CII3011, and filter onto the filter apparatus.
(11) Place an infra-red lamp 4-5 cm above the plating apparatus, and

continue drawing warmed air through the apparatus for 10-15 min,
by which time the BaCO3 plate will have dried.

(12) Weigh immediately.
(13) Count sample and standard.
(14) Calculate the absolute specific activity of sample (dis/min per mmole),

making corrections for self-absorption and taking the counting yield
of the standard into account.
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QUESTIONS

(1) State the conditions for preference for persulphate versus Van Slyke
oxidation procedures.

(2) What is the fate of the persulphate in the reaction?

_2. Tracer dilution chemistry

INTRODVCTION

One of the important advantages of using a radioactive substance in
quantitative analysis is that a quantitative isolation of the compound to be
determined from a material is unnecessary. A simple isotopic dilution
analysis of the phosphorus concentration in an unknown solution by comparison
with a solution of known phosphorus concentration will be conducted in this
experiment. The radioisotope 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

Solution containing 0.20 mmole solution.
Unknown P solution (of the order of 0. 1M).
Solution containing about:0.1 pCi 32P ( "carrier -frbe" or of known 1'
concentration).

s reagent' (13 g MgO, 175 g citric acid, 330 ml 25°,;) N114011
in water to give a 1-1 solution.
25°,4 N11.1011.

Mark six 100-1111 beakers as U1, U1', U2, , K and K', and
pipette into them, respectively, the following aliquots:

U1 U1' 5 ml unknown
112 U2' 20 ml unknown
K K' 5 ml of 0:20M 113PO4 solution

. Pipette accurately 1 ml of active phosphate solution into each
beaker, and mix thoroughly.
Add slowly 10 ml of Fiske' s reagent and 10 ml of 25°,4 N11.1011
while swirling.
After 5 min decant the supernatant from the precipitates;
wash three times with distilled water and once with methanol.
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
in between the amount from the U1- and U,- beakers, respectively.
Dry the thick slurry under an infra-red lamp, trying to make the
surface even,
After cooling, weigh the cups plus precipitates, and determine
weights of precipitate alone.
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(3) Count ta activity, (..

(a) Express the spec..fic hi the cpw
mmole.

(10) Calculate the moiarity of the Intl:now:1 l'-sohition.

(I) Do the value:: obtained for Lt and Pi: come c'.ut the
(2) What difference does is make to the c:-.ulation ml;nown P

if the activities of the sae ..pies are expressed cpul per
precipitate? Explain.

(3) Can the unknown P cone. 1.)o determined from the Nvei::Thts of
the precipitates alone?

cone,

-1.3. Kinetics of exchange between ions in solution and those in solid foram'

1!:"I'Ro;)1!,:110!:

It is often observed that at equilibrium the total concentration of a
substance distributed in two phases remains constant with respect to time.
Tlds, however, does not imply that the individral ionic or molecular species
is restricted in one phase. Instead, dynamic exchange of ionic or inolecular
snecies between the two phases is continually taking place.

By the introduction of a radioactive tracer, it is possible to investigate
the dynamic exchange of a species under equilibrium conditions.

In this experiment, the exchange of ions between it solution and a solid
surface will be studied by observation cf the approach to tracer equilibrium.

The necessary equations for this system \l'Ore developed in Lecture
Matter, Section 5.3, Equations (4-1-i:.1), The can be analySed as a
closed, two-compartment model in the steady state.

The model in Fig.28 describes tle system:

SI

RI

ka,
S2

az

of .1 tv.',-co ir.r.ir!:nent

In Fig. 28 let compartment I be the solution and compartment 2
represent the solid surface.

68

= stable isotope (tracee) in solution
= stable isotope (tracee) in the solid

lit = activity (cpm) of tracer isotope in solution
Its = activity (cpm) of tracer isotope in solid
al = specific activity cpinimmole in solution
a2 = specific activity cpm /mmole in solid
at t = 0 the label is added to the solution, therefore al (0) = 11/Si
where 11 = total tracer activity
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If now the system is sanyied : .!yro-cl,e :I: equilibrium ti
first-order rate constants and
determineuras developed in

mAIE;;IALs

(1) Anioit-e::elata,..-c
(2) tiCI2,:1'
(3) Solution o'
(4) l'ipette.-; ant! 1

(5) Stop-watch,
(6) C-'.\1. counter.

PROCe3)URE

(1)

(2)
(3)

(4)

(5)

,10 141:ly 1)0

Measure 2 nil of v:ct. resin I. I

Add 100 ml of 1:11y().1solutio::.
Now add the S PC: tt ;;;*.t,, 01. t 111: 1 t s,!tt;
begin stirrin..t and stop-watch. I a!,,

ml of the supernatant saluLan lat.-, a pia:if:hot
followin,;; times: i, 2, 6.. 7, id, 15, 20, '

60 min after addition. of Iaccr,
it is important 1.;1-'
The tip of the pipette must be a fine-mesh c!c
during The cap removed emptying, att!
replaced before 1:1:e at wade sampling' the soh;tio:i
should be continuously stirred to .1diminate the ac:tivit
graclient near tile resin partics.
Dry the sample,: (unklcr the and .Icterf:Lne. ti
activity in ct,t,:h sample unit::; the counter.
Since the concentration of 1' in solution was constant, the I';:tu
per inl of solution is proportional to al. at (U) may be deternjheti
by extrapolation or by calculation, If al -a (the l!liVilibritinl value)
is plotted versus time on semi-log graph paper, then the slope :nay
be determined and the exchange rate of P between solid and solution
as well as the two rate constants. In this instance, Si is known
and S must be determined from the equilibrium value and the
by difference.
Calculate the exchange rate in minolejmin. Tilers is no chemical
procedure to determine tills value.

4,4. Neutron activation analysis for silver

This exercise will serve to illustrate tile neutron activation analysis
technique.

Natural silver consists of isotopes of mass 107 and mass 109 in about
NBA--;equal abundance. Upon neutron capture, 107 Ag yields g which has a

half-life of 2,42 min, and 109kr, in kg which has a half-life of 0.41 min.
Both radionuclides are energetic j3- emitters and may be detected easily by
CI-111 counting. In this experiment, the amount of silver in a coin will be
estimated by the comparator method. Because of the very short half-lives
of the silver isotopes, the unknown (coin) and the comparator will be
separately irradiated but in precisely the same way.
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r.t,TERo,tt.s ANo wuti,mpri.

(1) Moderated Laboratory Neutron Source a 1'u -lie source
or similar..

(2) Coin of appreciable silver content.
(3) Pure Silver foil.
() (i-M counter.

PRO, :EDURI:

(1) Weigh the coin and record the weight.
(2) Weigh the silver foil comparator (cut to the same shape and

as the coin) and record the weight.
(3) The remaining procedure should be duplicated for the coin and the

comparator.
() Irradiate for exactly 10,0 min by the neutron source. Ensure there

is approximately 6-8 cm of paraffin between the source and sample
position.

(5) Terminate the irradiation and quickly transfer the sample to the
C-AI counter.

(6) Exactly 30 sec after the irradiation start counting for an interval
of 24 see. Record the scaler reading, quickly reset and start
a second 24-sec count after the, irradiation.

(7) Continue taking two 24-sec counts per minute until 7 min after
the irradiation.

(8) Subtract the background from each count and plot the log of the
net count rate versus corresponding time after irradiation.

(9) Since the net count rate will be due to the activity of both silver
isotopes with two different half-lives then the above plot will be
a sum of two separate exponential functions. These can be analysed
by extrapolating the straight portion of the observed count rate to
zero time. This line should have a half-life of 2.42 min. If this
line is subtracted from the observed count rate a second exponential
will result. The half-life of this second exponential should be
24 see.

(10) Determine the ratio of the intercepts of the two exponential functions.
This should be the ratio of the activities of the two silver isotopes
FmAginoAg This ratio should be approxiMately the ratio of the
activation cross sections of itrAgpo9Ag. Compare with published
data.

(11) Determine the silver content of the coin assuming the comparator
is 100%

(12) What assumptions were used in the above calculations?

4.5. Determination of copper in biological material by neutron activation
analysis

INTRODUCTION

Because of the low Cu content of biological materials, any chemical
means to determine it quantitatively requires large amounts of material.
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Activating the Cu present in biological material with neutrons has the
advantage of requiring only a small sample for a quantitative determination.

Copper-63, which is 69.2% abundant in natural copper, is activated to
(''ICu, which has a half-life of 12.75 h and emits [3-particles of 0.57 :\IeV
and 7-rays of 1.34 MeV. Activation for one (12.8 h) gives a specific
activity of 50 inCi/g. Simultaneously, of course, 65Cu is activated to "Cu,
but its half-life of 5.1 min is too short for the chemical separation procedures
that are necessary.

In this experiment the Cu content of plant or animal tissue is determined
by the comparator method. After activation, the tissue is digested, Cu
carrier is added and mixed with the radioactive Cu. Cu is then separated'
non-quantitatively by a chemical method and weighed and the "Cu is counted.
The specific activity of the unknown sample is then compared with the
specific activity of a known Cu standard and the Cu content of the original
tissue sample is calculated.

PEA(;r:"IT, AN!) EQ(' IPMENT

(1) 24N II ;O3 (conc. )
16N. I IN,O; (conc. )

IINO3
18N CII3C0011 (conc.)
15N N11.1011 (cone. )
2N NI14011

Acetone
S02-saturated water
Cu carrier (20 rug Cu /n11): 6.28 g Cu (CII3CO2)0I120 in 100 ml
water

(2) Reactor or neutron generator capable of 1012 nicm2 sec fluxes.

15°,O Na.2S03 (wt./vol.)
20°,.0 KSCN (wt/vol.)
10% Fe(NO3)3 (wt/vol.)

NIIII12PO4 (wt/vol.)
2% salicylaldoxime in ethanol

t'PA :El ) 21:

Take about 0.05 g of tissue and 1 pg of Cu standard sealed in polythene.
Activate for 13 In in identical neutron fluxes.

(1) In a hood, transfer tissue and standard to 50-ml centrifuge tubes,
and add 10 drops of 24N 11NO3. Boil until tissue has dissolved,
and add 10 mg of Cu (0. 5 ml of Cu carrier). Make up to 4 ml
with water; add I ml of Na0S03 and 1 ml of KSCN. Boil, and spin
down CuSCN when it has settled, reject supernatant and wash
precipitatewith hot water saturated with SO2.
Dissolve precipitate in 0.5 ml of hot 1GN I1NO3; add 5 drops of
Fe(1\103)3 and 1 drop of N114'12110,1, then 15N NII3 till dark brown.
Boil, spin down Fe(0I1)3 precipitate and wash it once with 2N NI13.
Combine supernatant and washings in a fresh tube, and acidify
with CII3CO211 till pale blue. Then add 0.5 ml of 1GN IIN03, 1 ml
of Na2S03 and 1 ml of KSCN; boil and spin down CuSCN. Pour away
supernatant and wash precipitate with hot water saturated with SO2.
Dissolve precipitate in 0.5 ml of 1GN IIN03; add 15N NI13 until
solution is deep blue and CII3CO2I1 until it is pale blue. Add 3 ml
of salicylaldoxime, and boil for 3 min. Spin down precipitate, and
wash it twice with water and once with acetone.
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) Slurry precipitate Nvith acetone onto a weidted aluminium eount.1::
tray; dry under a lamp, :in,! count with a Nal(T1)
Correct counts for decay and check the nalf-life of t:,e sep:tr,,t,
The chemical steps take about 2 h for ei.!Iht samples. filo
yield is about 75°c.

Cp111 wt standard Cu-salicv!,1::0-...imi../my CH in sample cpm standard vt sample (_:11-sAlic:,.i.;1410,:111;:,

. :1.".;A Y

u,:, lt,, ui Cu s ;. convt.:ni.ect raime for determination v.ith!!:
acl:111'

I.:. ;tink.unts (0. because of the, 2
1 1./.11(n, p) 'Cu. 1 :1:v the : equiv,,iknt

1U-;bw 0! (.upper.
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MENTAL EXERCISES

(!) When tic ;",-number of all nuclides is plotted a:;:tinst the \-num1.-,..r,
isotopes of a p,iticular element will be found on a horittontal
line. This kind of representation is usually given on 111.1t2.1e:ir
flow can the decay products of a particular nuclide be found after the
omission of

a -particle?
particle (t:iletron)?

-particle (positron)?
-, -ray?

elect ron capture (K-eanture)?
internal conversion?
neutron?

(2) With the aid of a nuclear chart, find the decay products of .1C, 1,40 Sr .1F.K, r and U.

(3) Calculate the weight of 100 pri of carrier-free Ile and 100 oCi of
earrier-tree 22Na:

(4) If a solution has a concentration of 100 pCi of carrier-free 11C per ml,
calculate its loolity.

(5) A sample of ''')Co has an activity of 1 Ci, calculate its activity 2 years
later.

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

(-.) 1:171.3a is formed from 13?Cs. Now many mei of 137"'lla will pc, formed
from 100 mei of 17es in 1, 2 and 20 min?
Answer: 23.9 mei, 42.0 mei and 99.57 mei.

(s) Determine the daily decrement (in per cent) of activity of any 3'.2 P
preparation.

('.)) A 24N a sample (Tt = 1.1.8 II) had a counting rate of 2 000 cpm. One
hundred hours it gave 250 cpm. Roughly estimate the dead-time
-of the C- \I counter.

(10) The' activity of Ile in 8 g of natural carbon sample with background was
found to have 10.2 cpm. The background of the counter was 4.5 cprn
and the counting yield was 5 %. Neglecting the statistical deviation
calculate the °'C content. T = 5600 yr.

(11) The background counting rate of a C-111 counter system is :30 cpm.
A sample is counted giving a total of 1050 counts in 15 min. The
background is counted for 5 min. Calculate the net count rate of
the sample and the standard deviation as a percentage of the not
count. rate.

(12) A 0.1-mg sample of pure .2:59Pu underwent 1.4 X 10''
the half-life of this radioisotope.

(13) Calcul;itethe thickness of lead shielding necessary to reduce time
exposure dose in air to 2.5 mR/h at 1 in from a 100-mp.`;')Co source.
Hint: Use Eq. (22) and assume the half-thickness of lead for ''Co
y-rays\to be 1.3 cm. Answer: 7. 5 cm.
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(14) Indicate the increase or decrease in number of neutrons and protons
and the mass number after the following nuclear reactions:

(n,
(n, y),
(n, a).

(15) Scandium is to be determined by the activation method. Assuming
the lower limit of the determination to be 50 cpm at 10% G-M counting
yield, 'compute the minimum amount of scandium determinable if the
sample is subjected to a neutron flux of 1012 n /cm2 sec for 2 h.
Assume the (n, y) reaction is the most likely reaction and that the
shielding effect is negligible.

(16) What would be the specific activity of phosphorus having a cross-section
of a = 0.2 b after irradiation by a neutron flux of 1012 n/cm2 sec for 1 h,
1 d and 10 d?

(17) Calculate the energy absorbed by a 70-kg man who has received a
whole-body dose of 700 rads, an'amount almost certain to be fatal.
Assume the body to be of the specific heat of water and calculate the
resulting temperature rise.
Answer: 117 calories, 1.7 X 10-3 degC.
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APPENDIXES

INTEGRATION OF EQUATION (1). THE RADIOACTIVE DECAY LAW

Given
(IN
( It

=- -AN

Separating variables for the indefinite integration

Now integrating

dN
= dt

N

(1)

(2)

ln N= -Ati (7 (3)

where C is the constant of integration. C is evaluated at any initial
conditions which are

N =No at t = 0

That is No is the number of atoms present at any initial time.

Therefore, at

= 0, C ln No (4)

Substituting () into (3).

N In No = -1 t (5)

or

Now taking the antilogarithm

or

In ("7 = -Ato'

,\t= e
No

N = Noe -.(t

83

(6)

(7)

75



L

APPENDIX II

DERIVATION OF EQUATION (20) SECTION 2.5 IN LECTURE :\IATTER

FromEq. (19)

( /1.5 b b

1s t b

By taking the derivative of both sides

2ors dais = - dts dtb

To obtain the minimum value set dogs = 0; and since the allowed
counting time is constant

and

Therefore, rearranging Eq. (2)

Therefore

76"

(1)

(2)

= (3)

dt dts ; (Rh =

clts

Pb dth
t, dt,

r
ts rs.-rb

(4)

(5)

(6)

(7)



APPENDIX III
41'

A BRIbCED E RSION OF IA BEE OF RECOMMENDED MAXIMUM
PERMISSIBLE CONCENTRA TIONS OF RADIONUCLIDES IN . NI)

IN DRINKINC; WATER AND MAXIMUM PERMISSIBLE BODY BURDENS
FOR OCCUPATIONAL EXPOSURE

Published in Report of Committe 2 ICRP (1962)

Railionuclid...
Ctitieal
or,:ana

NI:A:mum pcm.M:ible concentrations

For 40-h 1,1..6( Fel IL -h week Maximo:n r...mm Ible

(..-C.:1)
(:4PC)u.

liCi/em3
(N:It.t)
nCi/cm3

(`.IPC)u.

1...Ci/em3

(NI,C),
1lCi/en.3

3,11 (IITO er l', 0) b'
(sol.)

Body

tissue.

0.1 5 x 10-6 0.03 2 x 10-6 103

2 X 103

(T,)(tubniersion) Skin . 2x lu-3 x 10-4 -

',Sc (sol. )

(Insol.)

GI (LL1)

Total body 0.05
G x 10-6

0.02
2 x 10-6

-

COO

Lung .

GI (LU) 0.05' .
10-6

0.02
4 x 10-' -

-

:4, C (COO b (sol.)

(submersion)

Fat 0.02 4 x 10-6 8 x 10-3 10-6 300

Total body 5 x 10-5- 10 10 -- -

II, (sot.)

(insol.)

GI (SI) 0.02 5 x 10-6 9 x 10 3 2 X 10-6 -

GI (UL1) 0.01 3 X 10-6 5 x 10-3 9 X

(sol.)

(insol. )

Total body 10 -,i 2 x 10-7 x 10-4 G x 10-6 10

Lung

GI (L11) 9 x 10-4
9 x 10-9

3 x 10-4
3 x 10-9

'7I4iNa 5
(tot.)

(insol, )

GI (SI) i a x 10-3 0-3 2 X 10-3 4 x 10-1 -

GI (LLI) Sx 10-4 10-7 3 x 10-4 5 x 10"

i (soh) GI (S) 0.03 U N 10-6 --.) x 10" 2 X 10-6 -

GI (U11) a x 10-3 10-6 2 x 10-3 3 x 10'

a The abbreviations GI, S, SI, UU and LL1 refer to gistrointestinal tract, stomach, small intestine,
upper large intestine and lower large intestine, rt.spectively.

b See word of caution, Section 3.2.2, Basic Part.
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Radionuclide
Critical
organ'

Maximum permissible concentrations
For 40 h- week For 168h week

Maximum
permissible
burden in

total body
(liCi)

(MPC)w
(nCi/cm3)

(h1PC)a
(pCi/czna )

(MPC)
(iCi/cm3 )

(MPC)a
(pCi/cm 3)

ill' (sol. )

( insol.)

Bone 5 x 10'4 7x101 2x10 "4 2x10'1 6

Lung
GI (LLI) 7 x 10'4

8 00'1
2 x 10;.4

3x 10"1
-

!:S (sol. )

(insol.)

Testis 2 x 10'3 3x10'' 6x10-4 9x10 "1 90

Lung
GI (LLI) 8 x 10"

3 x In"
3 x 10-3

9x10-1 -

311Ct (sol.)

(insol.)

Total body 2x 10'3 4x10-3 8x 10-4 10'7 80

Lung

GI (LLI) 2 x 10-3

2 x 10'3
6'c 10-4

Bx 10'9
-

3$ C1
l' (5014

(insol.)

GI (S) 0.01 3x10'1 4 x 115-3 9)00-7 -

GI (S) 0.01 2x10'1 4 x 1Q13 7 x 10-7 -

NM
(submersion)

Total body 2 x10-6 4 x 10"
-

AUK (sol.)

(insol.)

61(S) ' 9 x 10'3 2x10'1 3 x 10-3 7 x ley

GI (LLI) 6 x 10'4 10'7 2 x 10-4 4x10'1 -

Ca . (sol,)

(insol.)

Bone 3 x 10'4 3 x 10-3 9 x 10-s 10-8 30

Lung

GI (LLI)

10'7
2 x 10-4

4x 10"7

iOC a
(sol,)

(insol.)

Bone 10-3 2 x10-3 5 x 10-4 G x 10-13
,.

5,

GI (LLI)
Lung

10'3 2 x10"
2 x10-7

3 x 10-4
.. ..

.. 6x 10.
6x 1t.r11- -

gSc (sol,)

/(insol,)/
.

GI (LLI)
Liver

10-3 2x10''
2x10-7

4x/10-4 8x10'1
8x10 "° 10

Lung

GI (LLI) 10-3

2x10'1
4x 10-4

8x10'9 -
-

fiSc (sol.)

(insol.)

GI (LLI) 3x10-3 6x10'3 9x10-4 2x10 -7 -

GULL!) 3. x 10" 5x10 -7 9x10 -4 2x 10" -

a The abbreviations GI. S. SI, ULI 1 LLI refer to gastrointestinal tract, stomach, small
intestine, upper large intestine and lower large intestine; respectively.
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ow*

TallpIMMIMOMI111M,

Radionuclide
Critical
organ a

Maximum permissible conceni/a1Bons
For 40 h- week For I 68- h\sieek\

Maximum
permissible
burden in
total body

(pci)
(N1PC

(pCi/ciii3)
(MPC)a

(pCi/c1113)

(NIPC)%,

(uCi/ciii6)
(N1PC),,

(uCi/cm6)

;Ise (sol.)
( insol.)

f...

GI (LLD'
GI(LLI)

8x10 -4
: 8 x10'4

2 x 10"
10-7

3x10 "4

3x10-'
6x10-'
5x 10'6

4123 V ( 501. )

( insol.)

GI(LLI) 9x10-' 2x10"' 3 x 10'4 6x10 "6 -

Lung

GI (LLI) 8x10 -'
6 xicrs

3 x 10'4

2 x 10'6 -

:ICI (sol,)

( insol.)

GI (LLI)
Total body

0.05 10"
10" '

411.02 4 x 10'6
4 x 10'6 800

Lung

GI (LLI) 0.05
2 x 10'6

0.02
8 x 10"' -

-

i51 In (sol.)

( insol.)

GI (LLI) 10 ; 2 x 10' 3 x_10'4 7 x 10-6 -

Lung

GI(LLI) 9x10-4
10-7

3 x 10-6

5 x 10"
5x10'6

-

-

:65 Mn ' (sol.)

( insol.)

GI (LLI)
Liver

4x10 -3

4 x 10-7

10'3 1

10" 20

Lung

GI LI) 3x10-3
4 x 10-1

10'3

10'6 -

-

26
55F (sol,) pleen 0.02 9 x 10° 8 x 10-3 3x10 "1 103

( in . ) Lung

GI (LLI) 0.07
10 "6

0.02
3 x 10' ? -

is Fe ' (sol,)

( insbl.)

. GI(LLI)
Spleen

2x10'3
10 "'

6x10 "4
5x 10'6 20

Lung

GI (LLI) 2x10-3
5x10 "6

5x10 "4
2 x 10" -

-
1

6T,Co (sot.)

( insol.)

GI(LLI)
Total body

10.3 3 x 10" 5x10'4 , 10-'
10-7

-

10

Lung

GI (LLI)
.

10-3
9 x 10-6

3x10 "4
3 x 10"61 -

riNi (sot.)

( insol.)

Bone 6 x10" / 5 x10'1 2x10'3 2x10" 103

Lung'
GI (LLI) 0.06

Elx 10"
0.02

3 x 104 -

-

a The abbreviations GI, S. SI, ULI and LLI refer to gastrointestinal tract, stomach, small
intestine, upper large intestine and lower large intestine, respectively.
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1,

Radionuclide
Critical '

a
organ

Maximum permissible concentrations
For 40-h- week For 168 h week

Maxim am
permissibb:
buiden in
total body

(,.l, i i I

(MPC)w
(iiClieln 3 )

(MPC)a
(ICl/el-113)

(MPC),
OlCi/C11131

(MPC) i
OICI / C:11 3 .I

(2(.:11 (sol.)

( insol.)

GI (LLI) 0.01 2 x 10'6 3 x 10-6 7x10'7
S

GI (LLI)
.,--"

6x10'3 10-6 2x10 -3 4 x 10-7 -

6370Z.n (sol.)

( insol. )

Total body
Prostate

Liver

3x 10,3

/

10"
10-7

10-7

10,3 4 x 10"
10'3 4 x 10-6

10-3
zr

...,
-90

10

SO

Lung
GI (LLI)

i
`,

500'3'
6x10'3

2x10-3
2 x 10-6

.....

2x 10' 6 0.8
rc:_'n (sol.)

(insol.)

GI(S)
Prostate

0.05
--\,,..., 7 x10-6

1
0.02

GI(S) 0,05 9 x 10'6 0.02 3 x 10-6. -

771Ga (sal.)

(insol.)

GI (LLI) 10'3 /
i

2x10'1 4x10 -6 8x10-6 -

GI (LLI) 10 3 2x10 -1 4x10'6 6 x 10" -

7377Ge (sal.)

(insol)

GI (LLI) 0.05 10-3 0.02 4 x 10'6 -

Lung

GI (LLI) 0.05
6 x 10'6 2 x 10-6

0.02
-

-

ps (sal,)

(insol.)

GI (LLI) 6x10
-6

10-7 2x10'6 4 x 10" -

GI (LLI)
-1

6 x 10- 4 10" 2x10 -6 3x10'6 -

istSe
(sal.)

(insol.)

Kidney
Total body

9 x 10,3

,
10-6

10-6

3 x 10'3 4x10 -1

3x 10-3
90

100

Lung

GI (LLI) 8x10-'
10" 4 x7.0-6

3x10'3

_

1325Br (sal.)

(insol.)

Total body
GI (SI)

8x10-3
8x10 -3

10-6 3x 10-3 4x 10-7
3 x 10-6.

10

GI (LLI) 10" 2x10'1 4x10'6 6x10'6 -

n
?

Rb (sal.)
3

(insol.)

Total body
Pancreas

Liver

2 x 10-6

2 x 10' 3

3 x 1.0-7

3 x 10"
7 x 10-4 10'7

7 x 10-4 10-1
a 10-1

30

30

40

Lung

GI (LLI) 7x10'6
7 x 10-6 2 x 10-8

2x10-6

-

a The abbrevia ions GI, S, SI, ULI and LLI refer to gastrointestinal tract, stomach, small
intestine, uppet large intestine and lower large intestine, respectively. ex_
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Radionuclide
Critical
organ 3

Maximum permissible concentrations
For 40-h week For 168 h week

Maximum
permissible
burden in
total body

(PCi)

(MPC).
(pC1 ieni3)

. ( !AFC) .
(ICl/cm3)

(k1PC),
(pC1 /ciii3)

( kIPC).,
(1sCi/cm1)

a! Rb
37

(sol.)

(insol.)

Pancrease

Total body
Liver

3 x 10- 3 5 x 10-' 101 2 x10-7

2 x10-7

2x10'7

200

200

200

lung
GI (LLI) 5x10-3

7 x 10"
1:x101

2 x 10-1 -

;esSr
(sol.)

(ins?!.)

Total body 3x10-3. 2 x 10'7 10'3 8 x 10'' GO

Lung
'GI (LLI) 5x10'3

10-.1

2x10 -3

4 x10'8 -
.

-

13r9 Sr (sol.)

(insol.)

Done 3 x10-4 3 x 10" 10'4 10'8 4

Lung
GI (L1.1) 8 x 10-4

4 x 10"'
3x10'4,

10'" -

-

3930sr (sol.)

(inibl.)

Bone 4x10'6 3 x 10'10 10'6 10'10 . 2

Lung
GI (LLI) 10'3

5 x 10'9
4 x10-4

2x10'9
-

'309 y (sol.)

(insol.)

GI (LLI) G x 10'4 10'1 2x10-4 .2 x10-8 -

GI (LLD 6x10 -4
.

10" 2x10-4 3x10'"

9391Y
(501.)

(insol.)

GI (LLI)
Done

8x10 "4

4 x 10''

.

3x10'4
10'8 .

-

5

Lung
GI (LLI) 8 x 10"4

3 x 10-"
3 x 10'4

10'8 -

9S Zr
40

(sol.)

(insol.)

GI (LLI)
Total body

2 x10-3
10- 7

G x10-4

4 x 10'8 20

Lung

GI (LLD 2x10'3
3 x Dr "

0(10-4
10'8 -

(sol.)

( insol.)

GI (LLI) 5 x 10-4 10'1 2x10' 4x10-" -

GI (LLD 5 x 10'4 9x10-" 2x10.4 3x10-"

4Nb (sol.)

(insol.)

GI (LLD
Total body

3x10 -3
5 x 13-3

10'3 2 x 10"3

2x 10-7.

-

40 .

Lung
GI (LLI) 3x10 -3

f
10-3

10-3

3x10 -" -

a The 'abbreviations GI, S, SI, ULI and LLI refer to gastrointestinal tract, stomach, small
intestine, upper large intestine and lower large intestine, respectively.
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V.)

Radionuclide
Critical-

a
organ

Maximum permissible concentrations
For 10-h week For 168 -h week

Maximum
permissible
burden in
total body

(pCi)
(MPC),

(µe.i/cm3)
(MPC)a

(uCi/cin 3)

t
(N1PC)w

(ICl/C1113)

(MK),
(lICl/C1113)

9;:'.I0 (sol.)

(insol.)

Kidney
GI ((.1.1)

5x10-3 i x 10-' 2x10'3
2x 10-3

3x10'' 8

GI (LLI 10-3 2 x10-7 4x 10-4 ix

(sol.)

(insol.)

GI( I) :l x 10'3 6<10 "' 10-3 2 x 10-7 -

GI(LLI) 10-3 2x10 "7 5x10-4 8 x 10-9 -

70' itti
44

(501.)

( insol.)

GI (LLD 4x10 -° 8 x IV° 10'4 3 x 10'9 -

Lung
GI(LLI) 3x10''

6, 10-9
10'4

2 x10'9 -

-

10,,a
45

(sol.)

( insol.)

GI (1.1.1) 4 x 10-3 8 x 10-7 10-3 3x10 -'
l

GI (LLI) 3x10 -3 5,.10'' 10'3 2x10'1

Ol,
46' " (sol.)

(insol.)

GI(LLI)
Kidney

0.01
10'6

3 x 10.3

5 x 10-7

-

20

Lung

G1 (LLI) 8,x10 -3
7x10'1

3x10-3
3x10 -' -

-

10' (sol.)

(insol.)

GI(LL!) 3 x 10'3 0(10-7 10'3 2 x 10-7

Lung
GI(LLI) 3x10 -3

8 x10'11

10-3 3 x 10'9

-

-

,IjAg (sol.)

( insol. )

GI (LLI) 10-3 3x10 -1 1x 10-4 10'7

GI(LLI) 10 3 2 x10-7 4x10-4 8x10'9.

'41C d (sol.)

( insol.)

GI (LLI)
Liver
Kidn,ey

5 x 10-3
5 x 10.9'

2%10-3
2x f o- A

2 x 10-9

-

20
20

Lung
GI(LLI)

,

5x10 -3
7 x10'9

2)( 10" 3

3 x 10'9
-

1 Sn

, .

(sol.)

(insol.)

GI(LLI)
Bone

2 x 10-3
4 x 10-1

9x10 -4
10-7

-

30

Lung
GI(LLI) 2x103

5 x 10-9
8x10.4

2 x 10'9 -

a The abbreviations GI, S, SI, ULI and LLI refer to gastrointestinal tract, stomach, small
intestine, upper large intestine and lower large intestine, respectively.
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Radionuclide

/

Ciitical
organ a

Maximum permissible concentrations
For 4U- h week For lir 11 week

Max iffillIll
permissible
burden in
total body

(ur:i)
( NI PC. ) ...

(11Cliel:i3)

( MPC) a

(irCa/ciii))

( MN.),
(ut:i/eni')

( N1PC).,

(0i/cm7i

irssb (sot.)
si

( insol. )

GI (1.1.1)

Lung

Total body
Bone

3 , 10- '
5x10"'

IV) 2 rz,- '

2 le
2 I 0- '

'. 1(,"7

40
tio

70

1.ung

GI (1.1.1) 3,10")
3). 10"

IV)
9 lu"9 -

c (sol.)

(insol.)

GI (LLI) rt x10-) 2, 10"6 3 IT) Iv"' -

GI (III) 5 x 10" ' 9x10 -' 2x10 -' 3 x 10"'

1::,Tc (sol.)

( i85°1.)

GI (S) 0.02 fo:10-6 x l0 -, 2x 10'6 -

GI (1.1.1) 0,0:: 4,10'6 r..1 x l04 10-6

Ill, (sol.).,,

'(into!. )

Thyroid 010-' 9x10-9 2 x'10"' 3 x 10"

GI (L1.1)

Lung

2 x IC) . 3 ..10"'
3 sIO''

fly 10-4 lu"'
1 0 -'

-

-

is?/ (sol.)
s3

'( insol.)

Thyroid 2:.(10-' :Ix 10-' 6 x I0-4 ri l0", 0.3

GI (LID 5 x lir) 0x10' 2 x 10") 3 x IV"'

'3s33/ (501.)

(insol. I

Thyroid 2x 10-4 3, 10"" 7 x 10", 10" 0.3

G1(111) . IV ) 2 x104

5 x10"?

4 x 10

IT)

7 x 100

1:31/ (sol.)

(ins01.)

Thyroid 4 , 10-7 2 x RI."' 0.2

'GI (S) 0.02 3 x 10-' Os 10" 10'6 -

Irl (SOL )
51

(into!.)

Thyroid 7 x1U-4 tU"' 2 x IC+ 4 x 10"" 0.3

GI (I.LI) 2 x10") 4).10- r 7x10 -' 10'7

II), Xc (submersion)
--....._

Total body 10.-' 3 x 10-6 -

' Xe (subniersio)..
..---

mil body 4 x IV' 10-6

'Ys (sol.)ss '

(insol.)

Total body
Liver

Spleen
Muscle

4x 10'4' i;>. l0-"

10"

2x 10'
2 x IT+
2, 104
2x10"'

2x 10-6 30
40

50
50

Lung

GI (LLD 10 -' 4 x 10"4

5x 10'9
-

a The abbreviations GI, S, SI, LTLI and I.1.1 refer to gastrointestinal tract, stomach, small
Intestine, upper large intestine and lower large intestine, respectively.
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Radionuclide
Critical

organ.'

Maximum permissible concentrations
For 40 -h week For 168 h week

Maximum
permissible
burden in
total body

(MCi)

(MPC),
(11Ci/cni')

(MPC)a
(tiCi/c')

( MPC),
(uCi/e:I')

( MPC) a

(nCi/c1113)

',°,11a (sol.)

(insol. )

GI (LLI)
Bone

8x10'4
10-7

3 x 10'9
4 x 10-9

-

Lung

GI (LLI) 7 x 10- 4

4 x 10-°

2x IV 4
10.° -

ilc 1 (sol.)

(insol.)

GI (LLI) 7x10'4 2 x 10-7 2x10 "' 5x10'°

GI (LL1) 7 x 10- 4 10.7 2 x 10" 2 x lir'

',`;Pr (sol.)

(insol.)

GI (LLI) 10-3 3x10-7 5 x 10-4 10-7 -

Lung

GI (LLI) 10-3

2 x 10-4

5 x 10'4

6 x 10-8 -

- .

1,";Prn (sol.)

(insol. )

GI (LLI)
Bone

6 x 10-3
6 x10-'

2 x 10-3

2 x 10- ' 60

Lung

GI (LLI) 6 x 10-3

10-7

2x10.3
3 x 10-0 -

',5,12Sin (sol.)

(insol.)

GI (LLI)
Bone

0.01
6 x10-9

4 x 10'9

2 x 10-1 100

Lung

GI (LLI) 0.01
10-7

4 x 10-3

5 x 10-8 -

"3 Eu (sol.)
( 3. 2 h )

(insol.)

GI (LLI) 2 x10-3 4x10 "' 6x10 "4 10 -' -

GI (LLI) 2x10'3 3 x 10'4 6 x 10-4 10 -' -

I'e:;E:u (sol.)
(13 ys)

( insol. )

GI (LLI)
Kidney

2x10'3
10-8

8x10 -4
4 x 10'9 20

Lung

GI (LLI) 2 x 10-3
2x10 "°

8x10 -4
6 x 10-? -

-

16; E (soh)

(insol.)

GI (LLI)
Kidney
Bone

6x10-4
4x10 -9
4 x10-9

2 x 10-4

10-9

10-9

-

5

S

Lung

GI (1,LI) 6 x 10-4

7 x 10-9

2 x 10-4

2 x 10'9 -

a The abbreviations GI, 5, SI, UL! and LLI refer to gastrointestinal tract, stomach, small
intestine, upper large intestine and lower large intestine, respectively.
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Radionuclides
Critical
organ "

GI (LLI)

Maximum permissible concentrations
For 40-h week For HS- h week

Maximum
permissible
burden in
total body
u-.1)

(MPC),
(1.(:1/c:n3)

(MPC)a
({:C' /erns)

(N1PC),
(u(::/c::13)

( MPC),,
(rCl/c ::3)

16,6.11.) (sol.)

(insol.)

9x10 -° 2x10 -7 3x10-° 7x 10' -

GI(LLI) 9x10'4 2x10 -7 3 y 10'4 E; x 10-4

, °Tin (sot.)

(insol.)

GI (LLI)
Bone

10'3
4 x 10- "

5 x 10'4
10"

Lung

G1(1.1.1) 10-3

3x10"
5x10 -°

10"

1" 1.11 (S01. )

(insol.)

GULL!) 3x10'' 6 x 10-7 10-3 2 x 10' -

GI (LLI)
Lung

3x10' S x 10' 10'3 2 x IV'
2 10"7

-

-

1473Ta (sol.)

( insol. )

GI(LLI)
Liver

10'3

4 x10"
4 x lu-4

Iv°
-

7

Lung

G1 (LLI) 10'3

2)00"
4 x 10"

7x10 -9 -

-

lisw (sol.)

(insol.)

GI (LLI) 0.01 2x10.6 4 x 10-3 8 x 10'1

Lung

GI(LLI) 0.01.

10-7

3 x 10'3

4 x 10'4 -

-

I IR, (sol. )

(insol.)

GI(LLI)
Total body

0.02
0.02 3 x 10'4

6 x 10'3

9 x 10-7 80

Lung

GI (LLI) 8x103
2)(10'1

3 x 10'3

5 x 10-4 -

-

mIr (sol. )

(insol.)

GI (LLI) 0(10'3 10" 2 x 10'3 4 x10" -

Lung

G1 (1.L1) 5+,10'3
x10-1

2 x10"3
10-7 -

-

V' (sol.)

(Insol.)

GI (LLI)
Kidney
Spleen

10'3

10'7

10'1

4 x 10'4
4 x 10'4

7

Lung

GI (LL1) 10-3

3x10-"
4 x 10- 4

9)(10" -

-

a The abbreviations GI, S, SI, UL1 and refer to gastrointestinal tract, stomach, small
intestine, upper large intestine and lower large intestine, respectively.
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Radionuclides
Critical

organ :1'

Maximum permissible concentration
For 40 h week For 168 h week

Maximum
permissible

burden in

total body
(11C4)

(NIPC),
(.1c,/,..in3)

(MPC)a
(nCi/cm3)

(NIPC)
(pCi/cin3)

( !AFC) a

(nCi/cin3)

"'Pt ( sol.)

(insol.)

GI(LLI) 4x10 -3 8x10 -' 10'3 3 x 10'7 -

GI(LLI) 3 x 10'3 G x 10-7 10'3 2 x 10-'

"Pt (sol.)
.ii

(insol.)

Kidney 0.03 10-6 9x10 -3 4 x 10'7 ' 70

Lung

GI (LLI) 0.05
3 x 10" '

0.02
le

'' 'Pt (sol.)

(insol)

GI (LLI) 4x10 -3 8 x 10-7 10-3 3 x 10'' -

GI (LLI) 3 x 10'3 6x10 -' 10'3 2 x 10',

19''Ail (sol.)

(insol.)

G1 (LLI) 5 x 10-3 '10 -6 2x 10'3 4 x IV

Lung

GI (LLI) 4 x 10'3
Gx 10-7 .

103
2x10 -'

'."Ati (sol.)

(insol)

GI(LLI) 2x10 -3 3x10 "7 5x10 -' 10-7 -

GI (LLI) 103 2 x 10.-7 5)(104 8 x 10'3 -

09..V.i (sol.)

(insor.)

GI(LLI) 5 x 10-3 10-6 2x10-3 4 x 10'7 -

GI (LLD 1x10-3 8x10-' 2x10-3 3)(10'7 -

ri:
), (sol.)

( insol.)

Kidney 9 x 10-3 10 6 3x10'3 .1x le. 4

GI(LLI) 0.01 3 x 10-6 5x10 "3 9 x IV' -

:,;0314,, ( sol. )

( insol.)

Kidney 5 x 10" 7 x1.0-6 2x10'' 2x10'8. 4

Lung

GI(LLI) 3x10 -3
10 -'

10'3

4 x 10 - .

-

".01 T1 (sol,)

(insol.)

GI(LLI) 0.01 3 x IC< 4x10 "3 9x10 -' -

GI (LLI) 7, 10-3 10" 2x10 "3 4 x 1 u-I -

1: TI (501.)

( insol.)

GI (LI.1) 9 x 10-3 2x10.6 3x10'3 7 x10-7

GI(LLI) 5 x 10-3 9x10 -7 2x10 "3 3 x 10'4 -

:so; Ti (sol.)

( insol.)

GI (1.1.1) 4 x 10-3 8 x 10-7 10'3 3x10' -

Lung

GI (LL1) 2x10 -3
2 x 10-7

..-
7x104

8 x 1 0 ' -

a The abbreviations GI, S. SI. ULI and LLI refer to gastrointes final tract, stomach, small
intestine, upper large intestine and lower large intestine, respectively.
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Radionuclides
Critical
organ a

Nlaxiinum permisilble concentrations
For 40 h week For II;:,- h week

Maximum
permissible

burden in
total body

01C.11

(MPC
(pCi/cm3)

MPC) a
(nCi/cni3)

(MPC),.
(pCi/ein3)

( NIPC),
(ii Ci1cm3)

7.011 T1 (sol. )

(insol.)

GI (LLI)
Kidney

3 Y. 1G-1

Coi1U-'
IQ" 11 x IC'

2x10''

.

I n

Lung

GI (LLI) 2x10 -3
3 x10-8

6 x lu-1
9 x IV' -

%°!,l'b (501.)

(insol.)

GI (LLI) 0.01 3x10 "'' 4 x 10'3 ..x hi'

GI (LLI) 0.01 2x10 -6 401U-3 0( IU-7 -

nopb (sol.)
I?

(insol.)

Kidney
Total body

4x10 -6
4x10'6

1'0 -10 10-6
10-6

.; x Iv" 0.4
4

Lung

GI (LLI) 5x10"3
2x10'!0

2x10 -°
ri x lu'll

-

:Z1'9 (501.)

( insol.)

Spleen
Kidney

2 x 10's
2x10 -5 ,

5x10-10
5 x 10"0

7x10 -6 2x10711

2x 1 (I"
0.03.
0.0.1

Lung, ,.

GI (LLI) 8x10 -4
2 x10-0

3 x10.4
7 x 10"" -

2151A5 (sol.)

( insol. )

Thyroid
Ovary

5010 -s
Sx 10'5

7x10 -9
7 x10-9

2 x 10-5

2010-5
::,(10-9 U.U2

0.02

Lung

GI(ULI) 2x10 -3
3x10-8

7x10"
IU" -

2..2(63 R11
* Lung 3 x10-7*

.._.,
10'7* -

217: ith .:: Lung 3 x10.1*
"-- .

10-8* -

7;', Ra (501.)

(insol.)

Hone 4 x10" 3 x10-11 IV' 10- II U.1

GI (LLI) 9x10'4 2x10'' 3x10 -4 0x10'8 -

7;AI: ( 501. )

(insol.)

lone 6X10-5 2)(10-12 2x10 "5 iix10-13 O. ud

Lung

GI (LLI) , 9 x 10-3
3 x l\ 0",

3x10-3
9 x 1012 -

-

The daughter elements of Rrin° and RI1222 are assumed to be present to the extent slut they
occur jn unfiltered air. For all other isotopes the daughter elements are not considered as part of the
intake; and, if present, they must be considered on the basis 'of the rules for mixtures.

a The abbreviations GI, S. SI, ULI and LLI refer to, gastrointestinal tract, stomach, small
intestine, upper large intestine and lower large intestine, respectively.
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Radionuclide
Critical
organ'

Maximum permissible concentrations
For 40-h we j< For 168 -h week

NIaximuni
permissible
burden in
total body
(nCi)

(MPC)is.
(11C1,:cm3)

(MPC)a
(pCi/cm3)

(N1PC)(s

(nCi/cm3)
(MPC) a

(liCi/bm 3)

i940Th (sol.)

( insol.)

GI(LLI)
Bone

5x10 -4

6 x 10"
2 x 104

2 x 1(ie 4

i Lung

GULL() 5,10"
3 x10-8

"2)(10"
10- e

90 Th- flat::: (501.' Bone 3 x 10'5 .. 2 x10-1';" 10-5 6 x 10_13 0.01

Lung

GI (LLI) 3x10 4
4 x IV?

IV'
10"I2

13,U (sal.)

( insol.)

GI (LLI)
Bone

9x`10.4

5 x 10;1°
3x10-,

2x10"1°
-

0.05

Lung

GI (LLI) 9x10'
.10-10

3x104
4x 10"11 -

i9 s,1]

.

(sal)

. (insol.)

GI (LLI)

Kidney
Bone

8 x 10'4

5 x IV°
3 x 104

,2 x 10' l°
2x 10-1°

-

0.03
0.06

Lung

GI (LLI) 8x10 -4

0 -1d

3 x 10
4 x 10-'1 -

-

92 U-nat (sol.)

( insol.)

GI (LLI)
Kidney

'5x10'4
7 x 10" "

2x10'4
3)(10-11 5)(103

Lung

GI (LLD 5 x 10'
t; x 10'11

2 x 10'4

2 x lo"" -

"9:1'u (sot.)

(insol.)

Bone 10'4 "2 x 10'1' 5x10-5 6 x 10-13 0.04

Lung .,

GI (LLD 8x10'
4 c 10.11

3 xi if'
lu 11

-

:::Am (s01.)

( insol.)

Kidney
Bone

,

10-4

10'
i', x 10-':
t; X I0.12

4 x Ili"' 2x 10- "
'.: x 10- 12

C. 1

0.05

Lung

GI(LLI) 8x10
10- io

3 x lu"
4 x 10'11 -

'''Crn (401.)

(insol.)

GI (LLI)
- Liver

7 x 10-4

10 10

2 x 10-4

4xl0-"
c

0.05

Lung

GI(LLI) 7x10 -4

2 v 10-'e
2x IV'

6 x 10'11

'.'" Provisional values for Th- nat.
a The abbreviations GI, S. SI. ULI and LLI refer to gastrointestinal tract. stomach. small

intestine, upper large intestine and lower large intestine. respectively.



APPENDIX IV

Il`bll` TO PUT.ON AND I -AKE OFF RUBBER GLOVES}

The technique employed in this procedure is such that the inside of
the glove is not touched by. the outside, nor is any part of the outside
allowed to come into contact with the bare skin.

.The procedure is as follows:

(1)
(2)

The gloves shOtild be chiSted internally with talcum powder,
The cuff of each glove should be folded over, outwards, for
about 5cm.

(3) Put one glove on by grasping only the internal folded-back part
with the other hand.

() Put the second glove on by holding it with the fingers'of the
gload hand tucked in the fold and only touching the outside of
the glove.

(5) Unfold the gloves by manipulating the fingers inside the fold.
(6) In taking off the gloves, seize the fingers of one gloveby the

other gloved hand and pull free.
(7) Take off the other glove by Manipulating the fingers of the free

hand under the cuff of the glove and fold it back so that an
internal part is exposed which may be seized, and the remaining
hand freed.

It is a great advantage if the inside and the outside of the gloves
are distinctly different, e.g. in colour or texture.

(.

APPENDIX V

. .

RADIOACTIVE WASTE CONTROL AND DISPOSALS

WASTE COLLECTION

ti

In all working places where radioactive wastes may originate,
suitable receptacles should be available.

Solid waste should. be deposited in refuse bins with foot-operated
lids. The bins should be lined with removable paper Or plastic bags to
facilitate removal of the waste without Contamination.

Liquid waste should, if no other facilities for liquid waste disposal
exist, be collected in bottles kept in pails. or trays designed to retain all
their contents in the event of breakage.

All receptacles for radioactive wastes should be clearly identified.
In general, it will be desirable to classify radioactive wastes according
to methods of disposal or of storage and to provide separate containers
for the various classifications used. Depending upon the needs of the in-

' Adapted from ;Safety Techniques for Radioactive Tracers", Cambridge (1958).

s Adapted from the International Atomic Energy Agency Safety Series No. 1: Safe Handling of
Radioisotopes (1962).
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stallation, one or more of the following bases for classification of wastes
may be desirable:

Gamma-radiation levels (high, low),
Total activity (high, intermediale), low),
Half-life (long; short),
Combustible, non-combustible.

For convenient and positive identification, itilay be desiradale to
use both colour coding acid wording.

Shielded containers should be Used when necessary.
It is generally desirable to maintain an approximate record of

quantities of radioactive wastes released to drainage systems, to sewers,
or for burial. This may be particularly important in the case of long-
lived radioisotopes. For this purpose it is desirable or necessary to
maintain a record of estimated quantities of radioactivity deposited in
various receptacles, particularly those receiving-high levels of activity
or long-lived isotopes. Depending upon the system of control used by
the installation, it may be desirable to provide for the receptacle to be
marked or tagge&with a,statement of its contents.

Radioactive wastes should be removed from working places by
designated pers'ongei underthe supervision of the "radiological health
and safety officer".

11'ASTE STORAGE

All wastes which cannot be immediately disposed of in conformity
with the requirements of the competent authority have to be placed in
suitable storage.

Storage may be temporary or indefinite. Temporary storage is
used to allow for decrease of activity, to permit regulation of the rate
of release, to permit monitoring of materials of unknown degree of
hazard or to await the availability'of suitable transport. Indefinite
storage in special places has to be provided for the more hazardous
wastes for which no ultimate disposal method is available to the particular
user.e

Storage conditions should meet the safety requirements for storage
of sources.

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.

DISPOSAL OF' WASTES TO THE ENVIRONMENT

General considerations

Disposal of radioactive wastes to the environment should be carried
out in accordance with the conditions established by the "radiological
health and safety officer" and by the competent authority.
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. .
The ways in which radioactive Ina erials may affect the environment

should be carefully examined for any proposed waste-disposal method.
The capacity of any route ofdispoSal.to accept wastes safely depends

on the evaluation of a number of factor4,/many of which depend on the
particular local situation. By assuming Unfavourable conditions with
respect to all factors, it is possible to Set a permissible level for
waste disposal which will be safe underiall circumstances. This usually
allOws a very considerable safety factor\ The real capacity of a particular
route of waste disposal can only be founds by a lengthy study by experts.

The.small user should first try to w rk within restrictive limits
which are accepted as being said and whi 11 will usually provide a workable
solution to the problem of waste disposal. Such a 'restrictive safe limit
is provided by keeping the level of activit at the point of release into the
environment below the permissible levels \ or non-occupationally exposed
persons recommended by the International Commission on Radiological
Protection for activity in drinking water or\ in air and indicated in
Appendix HI. This rule should be superseded if the competent authority
provides any alternative requirements or if local studies by experts
provicre\reasonable justification for other leels.

.

Disposal\toflrains and sewers \ .....

The release'of wastes into drains does not. usually need to be con-
sidered as a direct release into the environment. 'Hence, a restrictive
s-afe limit will usually be pro-vided if the concentrations of radioactive
waste material based on the totab available floi of water in the system,
averaged over a moderate period (daily or monthly), would not exceed
the maximum permissible levels for drinking water recommended by
the International Commission on Radiological I.-Protection for individuals
occupationally exposed; these are indicated in Appendix HI. This would
provide a large safety factor since water from drains and sewers is not
generally to be considered as drinking water. However, in situations
where the contamination affects the public water supply, the final
concentrations in the water supply should be to the levels set for non-
occupationally exposed persons. Some poesent studies suggest that if
the contamination affects water used for irrigation, the final concentra-
tions in the irrigating water should be lower by a factor of at least
ten below the levels set for occupational exposure and the possible build
up of activity in the irrigated lands and crops should be carefully surveyed.

yinally, before release of wastes to public drains, sewers and rivers,
the competent authorities should be informed and consulted to ascertain
that no other radioactive release is carried out in such a way that the
accumulation of releases %%ill create a hazardous situation.

Radioactive whstes disposed to drains should be readily soluble or
dispersible in water. Account should be takenof the possible changes
of pli due to dilution, or other physico-chemical factors which may lead
to precipitation or vaporization odiluted materials.

In general, the excreta of persbns being treated by radioisotopes .
do not call for any special consideration. (This, however, does not apply
to the unused residues of medical isotope shipments.)

Wastes should be flushed doivn by a copious stream of water.
The dilution of carrie -free material by the inactive element in the

same chemical form is sometimes helpful.



Maintenance work on active drains within an establishment should
only be carried out with the knowledge and under the supervision of the
"radiological health and safety officer". Special care should be given to
the possibility that 'small sources bave been dropped into sinks and
retained in traps or catchment basins.

The release of waste to sewers should be done in such a manner
as not to require protective measures during maintenance work of the
sewers outside the establishment, Unless other agreement has been
reached with the authority in charge of these sewers. The authority
in charge of the sewer system outside the establishment should be in-
formed of the release of radioactive wastes in this system; mutual dis-
cussion of the technic/al aspects of the waste disposal problem is desirable
to provide protectioit without unnecessary anxiety.

Disposal to the atmosphere

Release of radioactive waste in the form of aerosols or gases into
the atmosphere should conform with the requirements of the competent
authority.

Subject to the competent authority, concentrations of radioactive
gases or aerosols at the point of release into the environment should not
exceed the acceptid maximum permissible levels for non-occupationally
exposed persons referred to in Appendix III. If higher levels are re-
quired and protection is based on an elevated release point from a stack,
such levels can only be set after examination of local conditions by an
expert.

Even if activity below permissible levels is achieved at the release
point for an aerosol/Et hazard or nuisance may still arise from fall-out
of coarse particles. Therefore, the need for filtration'should be assessed.

Used filters should be handled as solid wastes.

Burial of wastes

Burial of wastes in soil sometimes pi-ON/ides a measure of protection
not found if the wastes are released directly into the environment. The
possibilities of safe burial of waste should always be appraised by an
expert.

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 with adequate
means of excluding the public.

A record should be kept of disposals into the ground.

Incineration of wastes

If solid wastes :,re incinerated to reduce the bulk to manageable
proportions, certain precautions should be taken.

The incineration of active wastes should only be carried out in
equipment embodying those features of filtration and scrubbing as may
be necessary for the levels of activity to be disposed of.
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Residual ashes should be prevented from becoming a dust hazard',
for example by damping them with water, and should be properly dealt
with as ordinary active waste. .

I.

\

\

DERIVATION OF EQUATION (42)
o

' '
If the rate of exchange or "turnover" is proportional only to the

amount of the substance present at any time, then the process is random
and any singl particle may haVe a life-time varying from 0 to oc. The
average life- ime (t) will be the sum of the existence times of all the
particles divi led by the initial nuMber. Therefore, if R0 represents
the initial nu ber of tracer particles present, then

APPENDIX VI

1t= f t dR
R

t=0

.(1)

However R = Roe-14. (2)

if the loss is by a first-order process
.and dR = -kRoe-kt dt (3)

Substituting in (1)

1

o

,'t =
R

tkRoe-kt dt = k

Integrating

te-kt dt .(4)

L

I K (kt + 1)] = k [0 + (5)

Therefore

- 1
t

k

and because

k'= 0.693pTo

(6)

Therefore

= 10.693/T1 = 1.44 TIB
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(7)
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APPENDIX VU

DESCRIPTION OF A THREE-COMPARTMENT MODEL

Consider the following open system as-represented F ig.29.
A model having one central Nmpartment with peripheral compart-

ments is generally. termed a mamillary system. If Compartment I is
given a single bolus of tracer and then all compartments sampled as a
function of time, the specific activity-time'relatiolzship may look as
shown in Fig.30.

The specific activity in all three compartments would eventually
'reach the same value, indicating that the tracer bolus has mixed in the
whole system. The continued decrease in specific activity can now be
described by a single exponential k. The value 0.693/k can then be
termed the biological half-life of the entire system. "Fh0 curve al can
usually be resolved into a sum of exponentials (in the case of 3 compart-
ments it would be a sum of 3 exponentials). Knowing. by dilution the
total exchangeable mass of the system; S1 + S 2 + S3, the five rate
constants shown in Fig.]. can be estimated. The mathematics for such
an exercise are beyond the scope of this discussion and the reader is
referred to Refs or 1131 for solutions to such systems.

94

FIG.29. A three-compa trnent open model (mamillary system).
k = first-order rate constant describing exchange of tracer or tracer from

compartment 2 to compartment 1, etc.

TIME

I1G.30. Specific activity in compartments of a three-compartment open system with compartment 1
initially labelled.

al = specific activity in.compartment.1
a, = specific adivity In compartment 2
as = specific activity in compartment 3
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INTRODUCTION

There can be little question that almost all laboratories engaged in
animal research. will soon utilize radionuclide techniques just as they now
use calor'imetry, spectrophotometry, chromatography, microscopy and
other such procedures. This is due to the advantage's of their use and is
possible because of the availability of many radionuclides and that adequate
instrunientation is rather inexpensive. In addition, experimental techniques
have become highly developed and many esearch personnel have become

, highly proficient in this area. Often the u e of radionuclides can provide
experimental data that would otherwise be u obtainable. However, the
design of such experiments must be on a soun scientific basis and include
statistical considerations as well asthose of ra iological safety. Before
attempting such experimentation the researcher ust be acquainted with
theprinciples of radionuclide methodology and obtan practice in special
laboratory techniques and operation of counting instruments.

1. PRINCIPLES

\.The unique advantage of radionuclides is that their behaviour,in a
system is usually biologically identical to that of thdir counterpart and yet
they can beidentified easily by their characteristic radiation. The criteria
for an ideal tracer is that it is indistinguishable from the tracee in
biological behaviour and that its introduction does not diSturb the system.
Radionuclides uniquely fit these criteria since their chemical behaviour is
identical to the stable counterpart and a great number of them can be
produced in high specific activity. Since radiation -can be detected with
very high sensitivity generally negligible mass as well as activity need
be administered to the system under study.

2. BASIC LIMITATIONS
. .

There are several basic limitations inherent in tracer methodology
which must be always considered. At first glance the listing of these may
appear formidable indeed. However, in practice, with proper experimental
design and knowledge of these limitationS, reliable experimental data may
be obtained.

2. 1. Chemical effects

Most radionuclides are produced by methods which ensure a minimum of
interfering chemicals. However, the investigator should be sure that the
radionuclide preparation administered to the animal does not contain
pyrogens, high concentrations of salts, high acidity or toxic indtals..

The amount of carrier or tracee in a radionuclide preparation may be
an important consideration. A classic example of the effect of mass on
metabolic behaviour is the effect of stable iodide on the uptake of radio-
iodine by the thyroid. If kinetic response is to be measured then the tracer
dose must be of high specific activity.
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2. 2. Radiochemical purity

It is very important in all tracer studies that the radionuclide solution
does not contain other radionuclides than the one under study. Such '

extraneous radioactivity may arise from impurities in the targe.t material
or from the chemical separation processes used: Gamma-ray spectromptry,
particularly using high-resolution detectors such as the semiconductor
detectors, is an excellent method to check the primary solution for radio-
active impurities. However, half-life of beta.-adsorption determinations
must be considered for pure beta emitters.

An important problem of chemical state arises when the carrier-free
preparations are used, as the chemical behaviour at the extremely low .
concentrations that exist in carrier-free preparations may differ from that
at ordinary concentrations. For example, the addition of a precipitating
agent may not cause a solubility product to be exceeded at carrier -free
concentrations. Also, the loss of minute amounts of reaction with trace
impurities and absorption on walls of vessels or on suspended particles'of
dust and silica may be a sizeable fraction of the total at low concentrations,
whereas, at the usual macroconcentrations these losses still occur but
constitute a negligible fraction. In some solutions carrier -free tracers
behave more like colloids than do solutes. Such particles of colloidal
dimension containing radioactive atoms are called radiocolloids and these
may behave rather differently in biological systems than do true solutes.

Another difficulty may arise due to the decay of radioactive atoms in
secondary radioactive atoms usually termed "daughters". Such parent-
daughter relationships must always be considered when. the radiation being
measured originates from both the parent and the daughter. This is
parAicularly true of the naturally occurring radioactive material's which
commonly have many radioactive daughters resulting from a long half-life
parent. For example, 'see the decay scheme of 226Ra.

2.3. Isotope effects

In most biological tracer work it isgenerally assumed that all isotopes
of an element behave in an identical fashion. With the heavy elements this
is generally a satisfactory assumption and any differences are certainly
within experimental error. However, for the light elements, particularly .
hydrogen and carbon, it has been shown .that biological fractionation of
isotopes is termed the "isotope effect". There is much datadocumenting
this effect in plants but relatively little concerning animals. Nevertheless,
the investigator should be aware of such pgssibilities especially in processes
dependent upon mass such as diffusion or reaction rates.

2.4. Radiation effects

It is essential that the experimental results should not be affected by,
any radiation received by the biological material and therefore the minimum
amount of radioactivity should be used. This; procedure also then minimizes
the possibilities for personnel radiation exposure, for contamination of the
laboratory and for problems with waste disposal. It is very important that
the investigalbr carefully calculates the proper activity of radionuclide
needed for each experiment. This will be based on factors such as the
biological half-life.and the counting yield of the detection instrument.
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. .
A. factor of importance concerning biological effects of radiation is

that the radionuclide may be incorporated into a critical biological molecule
such as DNA where the radiation dose effect may be increased. Also, there
may be chemical bond breaks by the recoil atom after disintegration'or
effects of trantmutation. ,Forexample, consider a biological molecule that
contains 32P tracer.. At the time of disintegration, the phosphorus tom
in the molecule will be transformed into a sulphur atom. and. this may have
an effect on the integrity or the function of the molecule., In practice this
is rarely a limitingconsideration,due to the fact that the sensitivity of the
method is so high that very small amounts of radioactivity are necessary.
One may usually determine whether radiation effects are significant by
performing replicate, experiments using graded levels of radioactivity.

Another problem involving radiation effects is that of radiation
decomposition.. It is known that many 14C-labelled organic compounds will
undergo self-decomposition because of the radiation from the 14C. This
means that labelled organic compounds, especially those that are purchhsed
commercially and may have been in storage for some time, should always
beexamined-chroniatographically beforeuse to make Sure there are no
appreciable amounts of decompoSition products present. Radiation'
de,compodition can be reduced by several methods such as dissolution in a
protecting solvent, adsorption on a solid matrix in thin layer, conversion
to a stable derivattive, and storage in the cold and in vacuum.'

2:5. Exchange reactions

Isotopic exchange is a special case of exchange in which atoms in.a
given element interchange between two or.more chemical forms of the
element. In most metabolic studies, 'radietracers are used to provide
information' on the processes involved lin the biological synthesis of ,

important metabolic compouods.. If the radionuclide becomes incorporated
in the metabolic product merely by exchange, which requires no energy
production, then these experiments are of no value in that there is no
evidence for synthesis of the product. Thus, it is necessary to carry out
stUdies that can show ,whether or not exchange has occurred. This can
be done by allowing th'e preclirsors and the product to react under conditions
where the biological or energy producing system is interfered with:- For

'example, animal tiepues are known to convert inorganic phosphate into
phospholipid. This is probably not aj exchange process because
experimental observation's showed that (a) inorganic phosphate. does not
exchange' with the phosphate radical or phospholipid' when sodium phosphate
is shakeh with a phospholipid solution, (b) homogenized liver failed to .

fOrm radioactive phospholipid from inorganic 32P, and (c) respiratory
inhibitors such as cyanide or carbon monoxide interfered with the formation
of the taggdd phospholipid.

It is also important to assure that there is no loss by exchange of the
label from the molecule ander study. For exampld, it would be of. no;'
avail to label the carboxyl hydrogen of an organic acid with tritium because
as soon as this labelled acid were placed in the biological system the
tritium would readily exchange with the hydrogen of the body water. On
the other hand, a tritium label in. an aldehyde group would be stable until
the aldehyde was oxidized.
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3. PRACTICE
.

3.1. Radionuclide preparation and delivery of dose

The inveStigator should have as much information as possible on the
characteristics of the radiorfticlide preparation, particularly in regard to
chemical or radiochemical impurities that may be present. It is 'necessary
that the solution be suitable foiadministration to the animal from the
standpoint of pH and freedom from particiiiate material. The investigator.,,''
should confirm the identity of the radionuclide and radiochemical purity.'..)
by determination of the half-life or energy spectrum. If dealing with a
labelled organic material, it may be advisable to make a chromatographic
evaluation to be sure that there are no decomposition pioducts present.

In most studies it is necessary to administer the radionuclide to the
'animal quantitatively. If necessary, extensive practice should be under-;
taken with stable substanbes so that the investigator will be proficient before
actually handling radiciactive material. Standard methods can be used
for oral, intravenous, subcutaneous, intramuscular and intraperitoneal
injections. Inhalation doses are more difficult and require specialized
procedures. It is usually necessary to prepare a standard solution. This
should be done from.the original preparation in such ix way that the amount
administered to the animal can be exactly correlated with the amount used
to make up the standard solution. For example, this might involve using
the same syringe or pipette for both processes.

3. 2. Procedures with animals

It is always important that normal, healthysubjects should be used
and shOuld be so maintained during the study. Whenever possible the animal
should be preconditionedAo the type of handling and management that it is
to receive during the experimental period. Needless to say, the scientist

%has a moral obligation to practice the highest degree of humaneness with
respect to experimental animals. Such endeavours automatically improve
the reliability of the resulti obtained.

After administration of radionuclides, the animal must be considered
as a source of external radiation and of radioactive materials excrettd.and
expired that can contaminate the surroundings. Provisions should be made
for appropriate collection and disposition of radioactive excretions,

Reference: GAY, \V, I, (Editor), Methods of Animal Experimentation,
Academic Press (1965).

3.3. Handling of samples

The proper collection of samples i§ just as important as the reliability
of subsequent analysis. It is important that the samples should be truly
typical of the material that it represents.

In studies where the entire sample is not used, it is essential that
proper mixing be done and that appropriate aliquots be taken. For example,
care must be taken to mix faeces well before sampling, because successive
increments may differ widely in activity especially at short times after
administrkion of the radionuclide. The conventional grinding of dry
material causes considerable difficulties with radionuclides because of
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the dust produced. :ore, grindin.: is not recomniended ICSS
precautions are :alien :tram.,.. i.mrds. In radmmie!hie siudies cross-
contamination must. part:eularly Lrued .cainst because of the
high dilutions that are otten fheasure.I. Arc.; i;:(hoactiv:ty round at the site
of administration ma': haye arrived there mechan'e.ili..- Itoi than
metabolically. for example,
found in the liver ott other andcsminal or:::Ins may ha% l'e't depo:Iited
mechanically. I; the raki.onu( td. ise, Leer -iven and the
killed short': thereafter, it is imper1.:.nt :hat t:ssue no: he
to conic fl cdrhaet cen!...r.:s.

`When fresh sg Lon 0115 00
basis the s';inTle tppr- tnuls7ure
has occurred. Witlt s.rmii: samples su, adrenal-. thyroids or
of laboratory animals, It 'r i'.1-- i ,-et. ;ice:irate ft-et:.
weights.and it is usu:-.11. x-is on a basis.
Depending on the experithen'.:, shimples ;;s
after collection to err 1 1nelogical
should lo dried in .1 oeer, at fo.:-70.C, ::. dry
required, th.c..:,Sarni:'-.-: ran be 'IlO C.

Dependiniz upon .ho H racter:tics and Ctn011n.
present, fluid sairples sin 1. as:
assayed directly hy mi:ters
to count solid f-u01)1,,,---
or chemical separa,eem. pienly
completely the ori.anto saniple. Depen-in:: upon den_reo of
completeness of ashin.: ne--,-.;-;!',.., rnet1,)':'-' (-Ill; he used:
(a) Pseudo v.:et-:-!slunL,
in concentrator!
(b) Conventional wet-,t-hing usin hseldahl
utilize oxidizing al.:ents';',n,1 H
in the muffle furnace. With this procedure :t impnrant to avoid
due to volatilization, incorporation r H, :II!, se.id e;,rbon
particles, or adsorption onto the vsalls of the 'run (1;) ';1)1.1:;11
procedures for "C or -.11,

The form of the sample r...-iirired for eouritini.".:.:il
primarily by the energy or racimtion emitted. In r.ereral, sa:cples
be geometrically and physically uniform, thtese requicements beim: 1:1:,.
rigorous for the lower-energy beta-emitters. The :.;ii 1. it.roeeclurt- s ht.:ye
been used for the preparation of solid samples. from raiioisccepes III
solution or suspension: (a) Direct evaporation can he utilled. However,
most biological samples will require a preliminary separ:ition if unwar.
soluble matter because of crystallization and crir!eplm: results in
uniform deposits. Direct evaporation is widely used
as calibration standards that have very little material: (ii)
filtration devices have been develop%1 for the purpose of quantitative
collection of precipitates for radioassay. Techniques involving the use
of filter paper suffer from the L:eneral disadvanac.-:, of ..'ariable exture,.
difficulty in reproducinT constant wel.:hts, tendency c: the paper and
precipitate to buckle, and necessity for careful handling- of the final
to avoid darn acing the precipitate; (c) Settlim: and c'entrifuginz method.'
have been used to overcome many of the difficuit'es en: o!inter,...-i ti the
filtration technique. Several simple devices can he us.--1 for tutus p.r

101

108



(d) Electre-plating is an excellent method for the preparation of uniform
;bin films of many metals. l\lany types of electrolysis cells are available
commercially for this purpose; (e) Dry powders may be pressed into
shallow dishes with a spatula er may be formed into brickettes with a
laboratory press and piston-cylinder apparatus.

The following exercises describe specific procedures. These are
not necessarily the only methods or the best, but they have been found
adequate under given coilditions. It is hoped that the user of this manual
will hereby have in his hands simple techniques to irrovide reliable data,
and that he '.1.111 be in a position to nialie such modifications as suit
Specialized needs.
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LABORATORY EXERCISES

. RADIOPHOSPHORUS DISTRIBUTION IN THE RAT AS DETERMINED
13V TECHNIQUES OF WET-ASHING AND L.IQUID COUNTING

Objectives

(1) To illustrate a convenient procedure for measurement of- radioactivity
in biological materials.

(2) To demonstrate a wet- aching technique, a procedure for counting liquids,
and metods of expression of data.

(3) To determine the distribution and turnover of P in various tissues of
the rat.

Introduction and theory

A great number of fundamental physiological and nutritional studies are
based upon determination in various tissues or secretions of their content
of a previously administered radioactive substance. The interest generally
is in using a radiotracer to determine the behaviour pf a normal body con-
stituent. In this instance measurements are required of both the radionuclide
and its stable counterpart in order to permit calculation of turnover rates.
Or the interest may be in knowing the behaviour of the administered radio-
nuclide itself, as for example in estimating retentions of radioactive environ- -
mental 'contaminants.

After entering the body, radioactive substances which are chemically
identical with normal body constituents will generally be metabolized in
exactly the same ways as their non-radioactive counterparts; both will have
the same uptake and distribution. Thus, 'if equilibration has taken place,
the amount of a radionuclide in a tissue will be related to the amount of stable
element normally present. For example, a tissue which normally contains
little phosphorus would be expected to take Up relatively little radiophosphous.
This behaviour is quantitated by calculations and comparisons in terms of
specific activities, which are expressed as amounts of radioactivity per
amount of stable element. The behaviour of foreign substances may some-
times be related to that of chemical cogeners, e.g, strontium-calcium.
However, the use of any such relationship should be based on experimental
evidence as to the degree of interdependence that actually occurs.

'The metabolic behaviour Jf substances in a biological system is typic-
ally studied by use of radiotracers according to the following scheme:

(1) The animal is acclimated to the experimental conditions.
(2) A known amount of the radiotracer is administered.
(3) Samples are collected after equilibration has been attained, or, for

kinetic studies, after giv6n time periods. These samples can be
accessible materials such as blood, exhaled gases, milk, faeces
or urine, which can be collected periodically, or they can be samples
of hicsues which require sacrificing the animal..

(4) The samples are converted into a physical state (usually identical
and homogeneous) suitable for quantitative measurements of radio-
activity. The treatment requirell depends. in part upon the radiation
characteristics of the nuclide..
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(5)

(6)

The radioactivity in each sample is measured, and if required; the
stable nuclide i's determined.
The data are calculated to some standard base for purposes of com-
parison. 'This usually requires a standard calibration clink made
from the radioactive preparation used for administration to the ani-
mal. Radioactivity is often expressed as "pet' cent of administered
radioactive dosage per unit weight of tissue". Specific activity is
often expressed as "per cent of radioactive dosage administered per
unit weight of element". If it is known that the radionuclide is dis-
tribifted through the animal in proportion to the body weight then the
data can be normalized to a given body weight for comparison among
animals.

Thus, almost every study of ietabolism using radioactive tracers
requires the accurate measurement of the amount of a radioactive material
in a biological sample. In addition, it is usually necessary to measure the
concentration of the stable element in order to calculate the turnovtr rate.
One advantage of the use of radiotracers is the simplicity and convenience
of the procedures. For radionuclides that emit gamma rays or beta particles
of at least moderate energies, the production of a homogeneous and uniform
sample suitable for'radioassay can readily be accomplished by a wet-ashing
procedure. If the sample can be measured directly in liquid state, then the
overa'N procedure becomes one of considerable convenience.

Wet- aching can be done by simple digestion in concentrated nitric acid.
The resulting solution is then diluted to a given volume from which an ali-
quot is taken for the actual measurement. If the sample contains a large
amount of fat, this can be extracted with iso-pentane alcohol which can be
counted separately. The radioactivity values for each phase are added to
give the total for the sample.

Materials

104

(1) Standard tray:
(a) Porcelain tray (1).
(b) 600-m1 beaker marked WASTE (1).
(c) 100-m1 beaker marked DIST. H2O (1).
(d) 1-oz bottle of acetone.
(e) Box of absorbent tissues (1).
(f ) Wax-coated dry-waste container (1).
(g) Plastic squeeze bottle containing distilled H2O (1).
(h) Wax.marking pencil (1).
(i ) Vacuum hose or other suitable arrangement for drying pipettes.

(2) Phosphate 32P solution suitable for injection at p11 6 (approx.
0.1 mCi /rat).

(3) G-M counter.
(4) Portable G-M survey meter.
(5) Mature rats (200-400g).
(6) Hot plate or Bunsen burner.
(7) Balance (accurate to 1 mg):
(8) Rat scale.
(9) Cages.

(10) Ether chamber.
(11) Concentrated nitric acid.
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(12) 100-ml beakers (5).
(13) 500-m1 volumetric flasks (2).
(14) 100-m1 volumetric...I:tasks (4).
(15) 100-m1 measuring cylinder.
(16) 50-m1 measuring cylinder.
(17) 25-m1 measuring cylinder.
(18) 10-m1 volumetric pipettes (2).
(19) 5-ml volumetric pipettes (3).
(20) 2-ml volumetric pipette.
(21) 1-ml volumetric pipette.
(221 1-ml tuberculin syringe with 24-gauge 1.25-cm needle.
(23)" Counting dishes (small Petri dishes will suffice).
(24) Planchets.
(25,-Surgical scissors.
(26) Rat-tooth forceps,
(27) Infra-red heat lamp.
(28) Pipette control.

Procedure

(1) From the original radionuclide shipment prepare a dosing solution
containing about 200 pCi 32P /ml (solution A).

(2) Inject 0.5 ml of the dosing solution (solution A) intra-muscularly
into the left hind le& of the rat. Leave the animal in a cage for about
1 h.

(3) Prepare dilutions of solution A for the calibration curve as follows:
(a) Dilute 2 ml of solution A to 500 ml to give solution B.
(b) Dilute 30 m1 of solution B to 500 ml to give solution C. Note: Be

sure that all dilutions are slightly acid to avoid loss of 32P by
adsorption on the glass of vessel walls.

(c) Prepare the series of actual calibration solutions as follows:

Solution Method of preparation

from step b

50 ml of solution C plus 25 ml H2O
C/5 20 ml of solution C plus 80 ml H2O
C/10 10 ml of solution C plus 90 ml H2O
C/20 5 ml of solution C plus 95 ml H2O

(4)

(5)

(6)

Calibrate the G-M counter by counting 5-ml aliquots of each of the
dilutions prepared.in step 3(c) using the Petri dishes provided.
At about 1 h after injection, kill the rat by placing in an ether
chamber and then weigh the body.
Remove small samples (0.5-1 g) of each of the following tissues:
brain, liver, kidney, right femur, and gastrocnemius muscle.
Avoid contamination of the tissue samples with radioactivity from
the site of injection.
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(7) Weigh each sample to the nearest milligram, place in a beaker,
cover with concentrated nitric acid, apd heat gently unti the tissue
is dissolved.
Transfer quantitatively to a measuring cylinder, make up to 25 ml
with water, mix, and pipette 5 ml into,a sample dish fon counting.
Count the samples in exactly the same way that the calibration solu-
tions were measured in step 4.
Evaporate 1 ml of solution C to dryness in a counting planchet and
count.

Calculations and reporting of results

(1) Record the following information in regard to the original 32P pre -
paration
(a) Amount of radioactivity;
(b) Assay date and time;
(c) Volume;
(d) Specific activity;
(e) Dilution factor used for preparatiozi of solution A.

(2) Calculate microcuries.,administered to rat.
(3) Calculate mass of phosphorus administered to rat.
(4) (a) Record data on calibration curve as follows:

Solution cmp (net) pCi /ml 'roof dose /5 ml

C

C/1.5
C/5

C/10

C/20

(5)

(b) Construct calibration curve on linear graph paper by plotting
% of dose per 5 ml versus counts per minute.

(c) Calculate a factor to convert observed counts per minute in
5 ml of solution to percentage of administered dose.

(d) Compare the relative sensitivities of dry versus liquid counting.
Complete Table VII to give results in terms of normaliz tissue -

concentrations of 32P and normalized specific activiti s.
Notes on calculations for Table VII:

(a) Values for column C (''o of dose in 5-ml aliquot) can be derived
directly from calibration or by use of factor computed in para. 4(c).

(b) Values for column D (To of dose in sample) are obtained by multi-
plication of column C value by the factor

volume of total sample
volume of counting aliquot'

value for column D
value for column A '(c) Values for column E =
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to

(d) Value for column F =

Value for column E X weight of rat used
weight to which normalized (300 g)'

(e) Values for column G (milligram P per gram of fresh tissues)
represent typical data from literature;
Values for column H = value for column F

value for cOluttin G

Questions

(1)

(2)

(3)

(4)

Explain on a physiological basis why the amount of 32P per unit
weight of bone is relatively high and yet the specific activitygis low.
In this procedure, why is it usually not necessary to correct for
coincidence losses or self-absorption? Under what conditions might
it be necessary to do so? ,Why were you asked to establish a'curve,
rather than just a single point from which the conversion factor could
be calculated?
Give an example of a study in which it would not be appropriate to
normalize for body weights,
List three radionuclides which could not be counted effectively by
the method described in this exercise. Why?

BIBLIOGRAPHY

CASARETT. A. P.. Radiation Biology. Prentice-Hall Inc. (1068).

2. ERYTHROCYTE AND BLOOD-VOLUME MEASUREMENTS USING
CHROMIUM-51-TAGGED ERYTHROCYTES

Objectives, -

) To illustrate a direct tracer dilution procedure.
To estimate erythrocyte volume and total blood volume of a
domestic or laboratory animal.

Introduction and theory

The earliest method for determination of the blood volume of an animal
was proposed in 1854; it consisted of complete exsanguination and measure-
ment of the blood collected. Since that time dilution techniques have been
developed. In principle these consist of the following steps: (a) The ad-
ministration of a "test-substance" or "tag" which is distributed through the
volume to be measured: (b) The allowing of time for the administered
substance to be uniformly distributed through this volume; and (c) The
withdrawal of a small sample for the 'measurement of the concentration of
the test substance. The amount of dilution which has occurred can then be
used to calculate the total volume by which the test-substance was diluted.
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Some of the earlier work was done using dyes, haemoglobin, carbon
monoxide and other substances as tags or test substances. The availability
of radionuclides provided tags with desirable characteristics such as ease
of measurement, possibility of repeated measurements at relatively short
time intervals, anduniform distribution through the void-tie to be measured.

For many years 32P was widely used to tag red cells in order to deter-
mine erythrocyte volume. However, this technique has certain disadvantages
such as the need to wash the cells after labelling which is time-consuming.
Also, there is a fairly rapid loss of 32P from the blood pool for which
corrections mustbe made. As a matter of fact, the biological half-life of
injected-32P- labelled cells is estimated at 12-39 h. In addition, 32P is a
beta emitter and its radioassay is slightly more difficult than that for a
gamma-ray emitter.

Radioactive iron (59Fe) was used as early as 1940 and it has been shown
that the tag remains with the erythrocytes during their entire life-span.
However, iron released from breakdown of the red blood cells is available
for further use in erythropoiesis.

In 1950, it was shown that radioactive chromium in the form of Xa251CrO4
could be used to tag red blood cells, and this method has now become
perhaps the most widely used for the determination of red blood cell volume
and total blood volumes. Since 51Cr is a gamma-ray emitter (0. 32 MeV) it
is easily counted in a well-type scintillation counter. Chromium-51 decays
by electron capture. It can only be detected by its gamma ray which is
emitted in only 9°,10 of the disintegrations. The binding of the 'Cr3 to the red
cells is very stable; the 51Cr is eluted from the red cells in the body with
a half-life of around 80 d so that a much smaller correction factor for loss
is necessary than with 32P. In addition, the chromium released from the
red cell on breakdown is not available for further use in erythropoiesis,
and it is not necessary to wash the red blood cells after labelling since the
chromium can be reduced chemically, in which case no further binding
takes place.

The procedure, in general, consists of incubating a volume of the
subject's blood in vitro with a suitable amount of radiochromium as the
hexavalent chromate ion. At the end of the incubation period, ascorbic
acid is added which reduces any unbound hexavalent chromium to the
trivalent form thus rendering it unavailable for further binding.
A known volume is then injected into the animal and the activity of the in-
jected suspension is measured in a well-type scintillation counter. At
specified time intervals, a sample of the subject's blood is withdrawn and
the activity determined.
- The following symbols are used in calculations involving erythrocyte
volume, plasma volume and blood volume:,-

Vcomp = total volume of the compartment (red blood cells (Vc)
plasma (Vp);

V1 = volume of injected tag (red blood cells or plasma);
C1 = concentration (cpm/ml) of injected tag:
Cr = concentration (cpm/ml) of recovered tag;
Vb = total blood volume:
V = plasma volume;
Vc = red blood cell volume;

or
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Vb(p)

Vb(c)
Hy

= blood volume calculated from plasma volume;
= blood-volume calculated from red blood cell volume;
= venous haematocrit (% cells);

Hm
Vp

= mean body haematocrit
+ Vc

Fc = F-cells factor;
Vc(p) = red blood cell volume calculated from plasma volume;
Vic) = plasma volume calculated from red blood cell volume.

From the general tracer dilution equation for a closed compartment
system:

Fr.
V

conIP LC,
V

if \rump is much greater than as in the study, then Eq. (1) becomes

C
Ycomp "I 's cr

(1)

(2)

Equation (2) is used for calculating the erythrocyte volume. Plasma
volume is determined in a similar manner with suitalile corrections for
removal of the trivalent chromium from the plasma.

After determining the plasma and erythrocyte volumes, the total blood
volume may be determined by adding the two:

Vb = Vp Vc

When only the plasma volume or the red blood cell volume has been
determined, the total blood volume may be calculated from either by
employing the venous haematocrit value (en. cells). Thus

and

V
PV : 1 00Vb(p) (100 - ii,)

V:
V X 100b(c) H

(3)

(4)

(3)

However, it has been shown that the venous haematocrit overestimates
the mean body haematocrit. Therefore, plasma-haematocrit determinations
of blood volume (V1,(p) ) overestimate the true blood volume while the cell-
haematocrit (Vbm)method underestimates the value. To compensate for
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these factors a factor (Fe) has been introduced which is defined as the ratio
of mean body haematocrit to venous haematocrit:

Jim
FC Hv

Provided that the value for Fe is constant, Eqs (4) and (5) may be
changed to:

Vp X 100
V

b(p) 100 - (II Fe )

Vc X 100
Vic)

(6)

(7)

(P)

Finally, when only the plasma volume or the cell volume is determined
experlm. entally, the following formulae can be used to calculate the other:

(a) If,Vp is determined:

Hv
V = V X

c(P) P 100 - Hv

(b) If Ve is determined:

100 - Hv
V = V Xp (c) c Hv

Materials and equipment

(1) Standard tray (see Exercise 1).
(2) 51Cr as the hexavalent chromate.
(3) Well-type scintillation counter.
(4) Sheep in metabolism stalls.
(5) Centrifuge with head for 15-ml centrifuge tubes.
(6) Microcapillary centrifuge.
(7) Microcapillary haematocrit reader.
(8) Heparin solution (1000 I.U./m1).
(9) Citrate buffer (acetate-citrate-dextrose).

(10) Ascorbic acid (crystalline) pre-weighed to 120-mg samples.
(11) Saponin solution 0.1 entre.
(12) Na-chromate solution (0. 1%).
(13) 20-ml syringes with 16- to 18-gauge needles (2).
(14) 10-ml syringes with 16- to 18-gauge needles (5).
(15) 2-7111 syringe with a 20-gauge needle (1).
(16) 125-ml Erlenmeyer flasks (2).
(17) 100-ml volumetric flasks (2).
(18) 50-m1 centrifuge tubes (4).
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(19) 15-nil centrifuge tubes (M.
(20) 10-nil calibrated pipette.
(21) 5-ml volumetric pipettes (4).
(22) 2-ml volumetric pipettes (4).
(23) 1-m1 volumetric pipettes (2).
(24) 0.5-ml Ostwald-Folin pipettes (10).
(25) Counting tubes (16).
(26) Capillary tubing.
(27) Bunsen burner.
(28) Pro-pipette.

Procedure

Tagging

(1) Withdraw approximately 20 ml of blood from the jugular vein of
the animal with a heparin-wetted syringe and transfer to a 125-ml
flask.
Note: if desired, the animals can be prepared by insertion of
indwelling polyethylene cannulae in both jugular veins. In this
instance one cannula can be used for withdrawal of blood and the
other for injection. If dogs axe used, the femoral vein is preferred;
if rabbits are used, the ear vein.

(2) Add 8 ml of the citrate buffer solution to the sample of blood.
(3) Add an amount of the hexavalent 51Cr solution containing approximate-

ly log mCi; record the time; swirl the sus sion frequently and
gently during the next 20 min.

(4) At the end of 20 min, add 120 mg of crystalline ascorbic acid and
swirl the suspension for another 2 min.

(5) Determine,in triplicate, the haematocrit (Hv) of the erythrocytes
in the suspension by the capillary-tube centrifugation method.

B. Injection and sampling

( 1) Inject intravenously and quantitatively into the animal between 18 and
22 ml of the tagged suspension noting exactly the volume adminis-
tered.

(2) Withdraw 10-ml blood samples from a vein (other than the one in
which the suspension was injected) 5, 1 0, and 20 min after
injection.

C. Preparation of standards and samples for counting

112

Standards

'(1) Deliver 0.5 ml of the suspension into the saponin solution. Add 1 ml
of a sodium chromate solution. Swirl gently and fill with water to
the 100-ml mark. Make duplicate dilutions and count three 1-ml
samples from each 100 ml.

(2) Place 5 ml of the suspension in a 15-ml centrifuge tube r6 spin into
a 50-ml volumetric flask half filled with water. Add 2 outlium
chromate solution and fill to the 50-ml mark. Count three 1-ml
samples.



;

Samples

(1m)

(2)

(3)

Determiine the haematocrit MO of erythrocytes in all samples in
triplicate.
Place 0.5 ml of blood in 2 ml of distilled water in counting tubes in
duplicate.
Collect the plasma from 5 ml of blood and place 0. 5 ml in 2 ml of
water for counting in duplicate.

Calculations and reporting of results

(1) Determine the net'counts per minute per ml in the volume of sus-
pension injected which are due to the erythrocytes present.
(a) Volume of red blood cells reinjected.
(b) Counts per minute per ml in red blood cells reinjected..

(2) Determine the concentration (cpm per ml of erythrocytes) in the
samples taken and calculate the erythrocyte volume (Vp) using Eq. (2).
Time cpm /ml red blood cells erythrocyte volume
1minL
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5
10
20

Determine the concentration (cpm/ml) in the volume of plasma
,1reinjected.

Determine the concentration of plasma samples taken over the
20-min period and plot against time as the abscissa on semi-log
paper.

Time
(rnin).

5
10
20

cpmf ml plasma

Fix the best. straight line by eye or method of least squares and
extrapolate to zero time. What is the concentration at zero time?
By using the concentration at zero time as (Cr), calculate the plasma
volume (Vp) according to Eq.(2). What is the.plasma volume?
Determine the total blood volume (Vc + irD) using V, at zero time and
Vc at 29 min. What is the total blood volume?
Determine the F-cells facter. What is
(a) Hv at 20 min,
(b) Hm,
(c) Fc?

Questions

(1) Why is it not necessary to wash the cells after incubating with 51Cr,
whereas it is necessary to wash them when32P is used?
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Why does the venous hiematocrit overestimate the Mean body
haematocrit? -

Why must one eXtrapolate to zero time to determine the diluted
concentration. of,,OCr-.in- plasma?
How would you'determine the major routes of elimination of 51Cr
from the body?
How should you monitor tha laboratory for 51Cr contamination?
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3, MEASUREMENT OF GAST TO-INTESTINAL BLOOD LOSS USING
CHROMIUM-51-TAGGED ERYTHROCYTES

Objectives

(1) To illustrate the use of 51Cr-labelled red cells for the measurement
of blood loss into the gut.

(2) To compare the gastro-intestinal blood loss in a normal sheep with
that in a parasitized sheep.

Introduction and theory

The labelling of red blood cells with 51Cr is described in Exercise 2.
A particularly useful property of erythrocytes tagged in this way is that,
should blood loss occur into the gut, only a negligible proportion of the .adio-
nuclide is reabsorbed. This has been demonstrated in many species by the
quantitative recovery in the faeces of doses of 51Cr administered orally as
51Cr-labelled cells. Bycomparing the total radioactivity of a complete 24-h
collection of faeces with that of a blood sample taken at the beginning of the
collection period, it is possible to estimate the amount of blood which has
been lost from the circulation into the gut during that time. The method has
been used to measure blood loss into the alimentary tract from bleeding
ulcers and the blood loss into the gut brought about by certain parasitic worms
in man and in animals.

The in-vivo stability of 51Cr-labelled red cells is not the same for all
species, and in sheep and cattle particularly there is a substantial loss of
radionuclide from the red cells by elution over the first 24 h after injection.
After the rapid elution phase there is a slower exponential loss of radionuclide
from the circulation, but the slope of this disappearance curve is still much
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steeper than in other species. The somewhat abnormal behaviour of oicr-
tagged erythrocytes in sheep and cattle does not invalidate their use in the
measurement of gastro-intestinal blood loss in that the radionuclide lost ultra-
vascularly is largely excreted in the urine. It is advisable, however, to make
no measurements during the phase of rapid elution, i.e. for the first 48 h
after injection.

Materials

(1) 51Cr as hexavalent chromate,
(2) Well-type scintillation counter, preferably Co take samples of at

least 5 ml.
(3) Sheep: one n ( parasite - free), one experimentally infected with

Easeiola hep tica at least eight weeks previously or one experiment-
ally infected with Haemonchus contortus at least four weeks prIvi-
ously. Field cases of either parasitic infection may ' be used. The
infected animals, from whatever source, should be"showing some
degree of anaemia. Male animals are preferred becatise by the use
of a faecal bag and a metabolism stall complete collections of urine
and faeces can be made without any fear of cross-contamination.

(4) Melabolism stalls for Sheep.
(5) Animal clippers.
(6) Items for jugular contamination as described in Exercise 8.
(7) Microhaematocrit equipment as in Exercise 2.
(8) Laboratory centrifuge with buckets for 50-ml cent,!ifuge tabk:s.
(1) Teat pipettes.

Procedure

A. Tagging

(1) Withdraw approximately 20 ml of blood from the jugular vein of the
animal with a heparin-wetted syringe and transfer to a heparinized
50-ml centrifuge tube.

(2) Add an amount of hexavalent 51Cr solution containing approximately
1 mCi and mix gently for 30 min.

(3) Cgntrifuge the sample and with a teat pipette draw off the supernat-
ant and discard into container for radioactive liquid waste.

(4) Wash the labelled cells three times by filling up the tube with saline,
mixing thoroughly, centrifuging and discarding the supernatant .
Finally, make up the cell suspension with saline to approximately
the original volume of blood. The labelled cells are washed in this
exercise as it is important that the plasma should not contain r!idio-
nuclides.

B. Injection and sampling

(1) The sheep should be given 2-3 days to become accustomed to the
metabolism stalls and faecal bags befOre the experiment is started.

(2) Using the jugular catheterization technique described in Exercise 8,
inject each animal (with the total labelled erythrocytic suspension
prepared from its own blodd.
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(3) 48 h after the injection, collect from the opposite-jugular vein a 5-ml
heparinized blood sample. Start the collection of urine and faeces.

(4) Each day at the same time remove a blood sample as above as well
as Abe urine and faeces collected over the 24-h period. Continue
this daily blood sampling and urine and faeces collection for a period
of 10-14 days.

C. Preparation and counting of samples

(1) Pipette duplicate 1.0-ml lots of each blood Sample into counting tubes
and make up to the standard volume for counting (say, 5 ml) with
approximately 0.01N NaOH. Larger volumesof blood may be used
for counting later in the experiment when the concentration of 51Cr
particularly in the blood of the infected animal may be much reduced.
On each blood sample carry out haematocrit determinations in trip..
licate.
Weigh the total collection of faeces for each 24-h period, spread the
pellets on a large sheet of paper, mix thoroughly and collect at
random in counting tubes triplicate '5 -g samples. With a glass rod
pack these down to the appropriate volume for counting, e.g. 5 ml.
With a graduated cylinder measure the volume of each urine collec- ,

tion and pipette out in duplicate suitable aliquots for counting.
Using .he well-type counter determine-the net counts per minute of
all the blood, tone and faeces samples. It is preferable that these
should be done all together at the end 6t the experiment, but should
it be necessary to measure the count -rates of samples from-day to
day as the experiment proceeds, they must all be corrected for decay
and possible day-to-day variation in the sensitivity of the counting
equipment by repeated measurements on one of the samples which is
then treated as a standard.

Calculations and reporting of results

(1) From the cpm/ml for each blood sample and its haematoci.it cal-
culate the cpm/ml red blood cells.

(2) Plot cpm/ml red cells against time in days as abscissa on semi-log
'paper and fit the best straight line by eye or the method of least
squares. Note the difference in slope of the lines obtained from the
normal and the-parasitized animals.

(3) For each 24-h period calculate a "faecal red-cell clearance" by
dividing the total counts per minute of the 24-h collection of faeces
by the cpm/ml red cells for the blood sample taken at the beginning
of that period. This clearance represents the volume of red cells
that would have to be lost into the gut each day to account for the
51Cr activity of the faeces. Calculate the mean clearance figures
for each animal over the period of the experiment and compare them.

(4) Calculate similarly clearance figures for the urine. These represent
the volumes of red cells from which radionuclides are libetated each
day within the body either by cell destruction or elution of radio-
nuclides.
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Questions

(1) What light do the above results throw on the aetiology of the anaemia
in fascioliasis or haemonchosis?

(.2) What inferences can be drawn about the nutrition of the parasites
concerned? .

(3) Why.is.it probably more accurate to express the loss into the gut in
terms of red cells rather than whole blood?

c
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4. GASTRIC EXCRETION AND ABSORPTION OF MACROMOLECULES

Objectives

.(1) To.demonstrate an in-vivo technique for monitoring gastro-intestinal
absorption and excretion.

(2) To observe the gastric excretion by the cat or dog of an injected
foreign substance.

Introduction and theory

Fin. pharmacological purposes it is often essential to know the biological
fate of specific foreign substances. The sites of concentration, turnover
rates, degree of degradation, and routes of removal may profoundly influence
the usefulness of a given drug. For example, sulphasoxazole is the sulpha
drug of choice for urinary infections because, after injection, it is rapidly
excreted via the kidneys and hence high concentrations of the drug can be
attained in the urinary tract. Neomycin is an excellent antibiotic for intestinal
infections because it is not absorbed from the intestinal tract and hence high
concentrations in the gut are possible after oral administration of the drug.

On the other hand, some drugs that have a definite therapeutic value may
be contra-indicated because of deleterious side effects on the body as avhole
or by action at certain sites, For example, sulphamethazine is a very good
drug for intestinal infections but must be used with caution because of its
tendency to precipitate in the nephron causing kidney stones. Polyvinylpyr-
rolidone.(PVP) is an excellent blood-volume expafider but is extremely dan-
gerous because of its carcinogenic properties.

Thus, extensive studies must be made on any,therapeutic or prophylactic
preparation before it can be recommended for general use. Very often radio-
tracer techniques can be used to reduce the time and effort required to obtain
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the necessary information. In the present exercise the excretion into
dige4tive tract will be studied of either "C-labelled dextran or 131I-labelled
polyvinylpyrrolidone; both these macromolecular substances are used as
blood-volume expanders.

The technique involves placing cannulae in each end of the stomach and
collecting the stomach fluids at specified time intervals by flushing the stomach
with a known amount of physiological saline solution and collecting the effluent.
The volume of the gastr1c juice can be determined by difference, and the.
amount of radionuclide in the fluid calcUlated by measurement of the radio-
activity in an aliquot using an appropriate detector.

Modifications of this procedure are widely used in studies of gastro-
intestinal absorption and secretion. In some instances when gamma-ray
emitters are used the tagged element or compound is injected into a ligated
intestinal segment and the amount remaining in the segment after a given
time period is determined by merely removing the segment, placing it in a
counting tube, counting, and comOaring with a duplicate dose standard. Uni-
directional fluxes can be calculated if the specific activity of the tagged sub-
stance in the gut is determined at the beginning and end of the time period.
A more precise method of determining unidirectional fluxes is to perfitse a
sectiOn of the intestinal tract at a known rate of flow with an automatic syringe
filled with a solution of the test substance, collect 'the effluent, and calculate
the fluxes from the amount of activity absorbed and the changes in concentra-
tion and specific activity that occur.

Materials

(1) Dogs or cats.
(2) I.-IC-labelled dextran (50 RCiianimal) or "I-labelled polyvinylpyr-

rolidone6 (PVP) (30 Ci/
(3) Liquid scintillation counter or well-type scintillation counter.
(4) Scintillation solution

(a) PPO (2-5 diphenyloxazole) 10.0 g
(b) POPOP (1-4-bis-2-5-phenyloxazolyl)benzene 0.50 g
(c) Naphthalene 100.0 g
(d) Dioxane and Cellosolve7 (1 :1): make up to 1000 ml

(5) Na-pentobarbital (65 mg/ml).
(6) 0. 9% NaC1 solution (sterile).
(7) 30- to 50-m1 syringe with a 16- to 18-gauge 2.5-cm needle.
(8) 10-ml syringes with new 20-gauge 2.5-cm needles (2).
(9) 5-ml syringe with new 20-gauge 2.5-cm needle.

(10) 100-ml-measuring cylinder.
(11) 100-m1 beakers (12).
(12) Polyethylene cannulae (one to fit a 16- to 182gauge needle).
(13) Liquid scintillation counting vials or counting tubes (15).
(14) General surgery kit including:

(a) Scalpel (e) Thumb forceps
(b) Surgical scissors (f ) Needle holder
(c) Haemostats (6) (g) Half-round needle
(d) Allis forceps (h) Suture material (cotton thread).
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(15) Endotracheal tube.
(16) Operating table or board and ropes.
(17) Animal clippers or razor.
;18) Absorbent tissues.

Procedure

11) Fast the experimental animal (dogor cat) for 12 or 24 li previous to
the experiment.

(2) Anaesthetize the animal by the intravenous or intraperitoneal injec-
tion of Na-pentobarbital, administering about 1 ml per 2 kg body
weight.

(3) If available, insert an endotracheal tube into the animal.
(4) Shave,the abdomen with the clippers or a razor, and wash it with

soap and water.
(5) Secure the animal on its back to an operating board or table.
(6) ,Incise the abdomen and present the stomach.into the incision.
(7) Tie off the pylorus and insert a polyethylene cannula.
(8) Insert another cannula into the stomach at the cardia. This cannula

should be of a diameter such that a 16 -. to 18-gauge needle will fit
snugly into it. ),.

(9) Replace the stomach-as completely as7possible into the peritoneal
cavity with the cannulae extending fr.6m the incision. Cove'r the
incision with saline-soaked absorbent tissues.

(10) Flush the stomach with saline to ensure a free flow of fluid through
the organ.

(11) Slowly inject by the intrav nous route about 50 uCi of the sterile
14C-labelled dextran or 2 -30 LiCi of 131I-labelled polyvinylpyrroli-
done and note the time.

(12) At the end of 20 min flush the stomach from the cardiac end with
30-50 ml of isotonic saline solution and collect the effluent from the
cannula in the pylorus. Empty the stomach as completely as possible'
and record the volume recovered.

(13-rttepeat this procedure every 20 min for 4 h.
(14) If 14C-dextran has been used pipette 3 ml of each flushing solution

into a scintillation vial, add 15 ml of scintillation fluid and determine
the 14C content at the optimum high voltage setting in a liquid scintil-
lation counter. If 131I-labelled polyvinylpyrrolidone has been used,
pipette 2 ml of each flushing solution into a counting tube and deter-
mine the radioactivity present in a well-type scintillation counter.

Calculations and reporting of results

(1) Plot the count rate per ml of gastric juice versus time as the abs-
cissa. If it is impossible to determine the volume of gastric juice,
plot the count rate per ml of flushing fluid versus time.

(2) Calculate the % dose secreted into the stomach during the course of
the experiment.

2.,45X
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Questions

(1) Is the radioactivity found in the stomach contents necessarily due to
the presence of the macromolecule?

(2) 11 not, hoiv can it be shown to be due to the molecule?
(3) How would you design an experiment to study the biological fate of

chlortetracycline (aureomycin)?
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5. METABOLIC DISSOCIATION OF SHORT-LIVED BARIUM-137m FROM
ITS CAESIUM-137 PARENT

Objectives

(1) To illustrate parent-daughter equilibrium relationships.
(2) To demOnstrate the determination of the half-life of a short-lived

radionuclide, 137mBa-.
(3) To demonstrate the metabolic dissociation of barium from caesium

in the animal body.

Introduction and theory

Caesium-137 has the decay scheme shown in Fig.31.
In the animal body 137Cs has .a metabolic behaviour similar to that of

potassium and accumulates pritinarily in soft tissues. 137mBa, however,
behaves more -like the other alkaline earths, calcium and strontium, and
therefore becomes deposited primarily in bone. Thus, if an equilibrium
mixture of 137Cs-137mBa is introduced into the circulating fluids, the?e would
be a preferential accumulation of caesium in soft tissues, whereas there
would be a preferential deposition of the `137mBa in other tissues such as bone.
This behaviour has been called metabolic dissociation. The movement of both
caesium and its barium daughter into and out of a tissue stops when the blood
supply to the tissue is interrupted. Following the interruption of the blood

.supply there would be a tendency for the radionuclides to attain the equilib-
rium mixture. That is, in tissues liaving an excess of caesium there would
be growth of 137mBa until the equilibrium 137Cs- 137mBa level was attained.
On the other 'hand, in tissues having an excess of 137mBa there would be a
decay of the excess short-lived barium until the equilibrium was attained.
From the growth or the disappearance of the 137mBa it is possible to cal-
culate its half-life. Because of the short half-life of 137mBa it is necessary
that accurate time records be kept during the experiment.
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The metabolic dissociation of 137mBa from the parent 137Cs -is usually
not observed experimentally because tissues are frequently not measured
within minutes after removal from the organism; this delay permits the re-
establishment of equilibrium conditions in the tissue samples (the rate of
establishment of equilibrium is governed by the half-life of the daughter,
2.6 min).

The fact that there is an excess or deficiency of 137mBa in the tissues of
the living animal which can be measured raises some interesting considera-
tions; (1) Since the gamma-ray activities in tissues of the living animal are
different from those expected from usual radioassay procedures, the radi-
ation dosage-may be different from that calculated from available 137Cs levels.
(2) 137mBa is produced within cells and the opportunity is presented for study.:
ing the mechanism by means of which this element is extruded from the cell.
(3) Steady-state levels of 137mBa in clinical cases after 137Cs administra-
tion 'may indicate both the state of the circulatory system and tissue .meta-
bolism; these.factors, among others, should influence they level of excess
137mBa in the blood. (4) The excess 137mBa in the skeleton offers the pos-
sibility of studying the processes of rapid incorporation of alkaline earths
into bone independent of the slower processes of growth.

1.17 MeV S 0.51 MeV

FIG. 31. Decay scheme of 137Cs.

Materials

(1) 137Cs- 137mBa (60 pi Ci/animal).
(2) Mature rats (250-300 g) fed or injected with the radionuclre several

days before the experiment.
(3) Well-type scintillation counters, count-rate meters, and suitable

chart recorders.
(4) Heparin (1000 I. U. /ml).
(5) Sodium pentobarbital (6 mg /m1).
(6) '1-ml tuberculin syringes and 24-gauge 1.25-cm needles (2).
(7) 5-ml syringe'and 20-gauge 2.5-cm needle.
(.9) Dissection kit with haemostat.
(9) Wooden applicator sticks.

(10) Rat scale.
(U) Push-button timer or stop-watch.
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Procedure

(1)' Anaesthetize the rat by intraperitoneal injection of 1 ml of the solu-
tion of sodium pentobarbital per 100 g body weight.

(2) Clamp a haemostat over the tail at or near its base and start timer.
This is zero time for this tissue. Cut a 1- to 2-cm piece from the
middle of the tail. Drop the tissue into a scintillation tube and place
the tube in the well as rapidly as possible.

(3) Start the reorder and adjust the count-rate meter so that the indica-
tor reads just above the middle of the scale.

(4) As soon as the rate-meter is stabilized, note the time and mark the
recorder sheet accordingly.

(5) Follow the-decay until equilibrium is reached (about 15 min). Stop
the recorder and mark the time.

(6) Open the abdominal cavity on the midline. emove a 1-cm square
piece of liver and start-timer when cut is made'. FolloW the same
sequence as with samples of tail in steps (2) to (5).

(7) Obtain blood by heart puncture (0.25 ml will suffice) and follow the
same sequence as with samples of tail except that zero time is
recorded when the first blood enters the syringe.

An alternate method can be employed in.which a young chicken is used
instead of the rat. In this instance convenient samples are blood and a small
intestine 2 cm long.

Calculations and reporting of results

(1) Express the results as follows:
C = observed counts per minute per given sample.
Ceq= counts per minute per given sample observed at equilibrium.

(2) Using semi-log graph paper plot:
(a) C on the ordinate'versus time on the abscissa.
(b) C - Ceq on the ordinate versus .time on he abscissa.

(3) From the slope of the C - Ceq Versus:time curve, calculate the half-
life of the 137mBa. Compare with the value reported in the literature.

Questions

1212

(1) What physical characteristic determines the time required for a
parent-daughter mixture to attain equilibrium composition? What is
the approximate numerical relationship between this physical charac-
teristic and the time required?

(2). Is an equilibrium composition attained if the half-life of the daughter
is greater than that of the parent?

(3) What is the fundamental difference between "secular" and"transient"
equilibrium?

(4) Explain how it is possible to study the metabolism of a radionuclide
such as 137Cs when the radioassay methods count the emissions of
both the 137Cs and the-daughter 137mBa.

(5) List Some advantagq that result from the measurement of a daughter
radioactivity in order to estimate the amount of the'longer-lived
parent present.

1:11.
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6. DETERMINATION OF THYROID FUNCTION IN THE DOG BY
EXTERNAL (IN VIVO) COUNTING AND MEASUREMENT OF PROTEIN-
BOUND IODINE

Objectives

(1) To demonstrate external counting techniques including quantitative
estimations, collimation, and scanning methods.

(2) To estimate thyroid function in the dog by measurement of the uptake
of radioiodfne by the thyroid gland and by determination of the protein-
bound iodine (PBI) conversion ratio.

4*

Introduction and theory

(1) Gene'al

Early chemical metluids of estimating thyroid function were indirect,
based on the administration of stable iodine and measurement of the amount
excreted in the urine. If relatively small amounts were excreted, the patient
was assumed to be hyperthyroid, if relatively large amounts, hypothyroid.
The availability of radioiodine offers important advantages: it is possible to
obtain a direct estimation by determinatiOn of the amount of radioiodine actu-
ally retained in the thyroid gland, using procedures that are simple and con-.
venient.

As is well known, the thyroid gland preferentially accumulates, inorganic
iodine and converts it to a protein-bound form. If inorganic radioiodine is
administered to an animal, it will behave exactly as does the stable form and
will concentrate in the thyroid gland. Thus, the behaviour of the radioiodine
provides an indication of the behaviour of'normally existing inorganic iodine
in the system. After administration of the 1311, equilibrium is reached
between the levels of the tracer in the plasma and the volume through which
iodine difftises rapidly. At this stage, the radioiodine is cleared mainly by
the thyroid gland and kidney. Assuming that no significant changes in the rate
of renal clearance occur in the absehcg of kidney disease, the thyroidal uptake
of 1311 will reflect the degree of uptake of stable iodine and therefore is one
of the parameters of thyroid function. 'The reasoning is that an 'overactive
thyroid gland accumulates iodine faster and in greater amounts than does a
normal gland. The reverse is true for an underactive thyroid gland. In dogs,
for example, experiments indicate the following diagnostic ranges: 0 to 6%.
uptake, hypoactivity; 7 to 37% normal; greater than 38%, hyperactivity.

Since 1311 is a gamma-ray. emitter (0. 360 MeV), the amount of iodine
preselit in the thyroid gland can be measured by properly placing a radiation
detector at a specified distance from the skin of the animal in the region of
the thyroid gland. A Geiger-MUller counter tube can be used. However,
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scintillation detectors are much more sensitive and are most commonly emp-
loyed because they allow the measurements to be made with smaller doses of
radioactivity. The external measurement on the animal is evaluated by com'-
parison with the measurement of a dose standard in tissue-equivalent material
counted at the same distance as in the animal and under identical conditions.
The percentage uptake by the thyroid gland can then be determined as follows:

counts per minute of thyroid - background% uptake -pounts per minute of standard - background X 100

Another parameter of thyroid function is the rate of conversion of inor-
ganic radioiodine to the protein-bound form. The term "conversion ratio"
(CR) is used to designate the per cent of radioiodine that has been converted
to protein-bound iodine (PRI). The general procedure for this test is to
obtain a blood'sample at a specified time after injection of the 1311, and then
to pass the plasma through a special ion-exchange resin which removes any
inorganid iodine. Radioassays are made of the original plasma and the .

effleunt to determine the ratio of counting rate in-the effluent to that of the
original plasma.

(2) Collimation

Difficulties in the measurement of radioactivity within the living animal
are caused by the location of the radioactive material in the body, anatomical
variations in the size and position of the organ containing the radioactivity,
and especially variation in the concentration of activity both within the organ
itself and in the surrounding tissues. It is usually necessary to use a colli-
mated detector. The purpose of collimation is to exclude radiation from
both general background and areas of the body other than the regions of inter-
est. The amount of shielding required should be kept at a minimum in order
to keep the bulk and mass of the 'detecting probe small enough to permit con-
venient handling. The shielding thickness of the collimator should be such
that the radiation reaching the detector through the shielding is only a small
fraction of that reaching the detector through the aperture. With 1311 usually
1-2 in. lof lead are used. The principles of collimator use are illustrated in
Fig.32.

SHIELD

RADIATION
DETECTOR

(a)
EXCESSIVE COLLIMATION
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CORRECT COLLIMATION

FIG. 32. Principles of collimator.
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There are many factors involved that affect the absolute measurements.
These include the size of the gland, the body background, the depth of the
gland below the skin of the neck, and the degree of scattered radiation. In
view of the complexity of the factors, determinations are usually made under
arbitrary conditions that are rigorously controlled. The procedures des-
cribed in this exercise represent typical\ methods,

(3) Scanning

It is often of value to know of the distribution of a radionuclide within .the
body. Such information can be obtained by a survey or scan which is made by
systematically moving the radiation detecting instrument over the region of
interest. This can be done by hand-held or standard mounted detectors.
However, it ISInuch more convenient to use an automatic scanning apparatus
in which the radiation detector is moved mechanically in a pre-set pattern
over the body. The basic equipment needed is a radiation detector with appro-
priate shielding and collimation, a mechanical system for moving the detec-
tor, and counting.equipment for recording the information obtained.

Materials.

(1) 1311 (approximately 50 IA Ci/dog of zarrier-free 1311 in 1-2 ml).
(2) Dogs. .

(3) Scintillation probe and stand with analytical count-rate meter.
(4) Well-type scintillation counter..
(5) Portable survey-meter.
(6) Automatic scintiscanner.
(7) Collimator sets and small lead filter for scintillation probe.
(8) Animal clippers.
(9) Centrifuge.

(10) Sodium pentobarbital (65 mg /ml).
(11) Heparin (1000 I.U. /m1).
(12) Physiqlogical saline solution. 4

(13) Counting tube with cotton for duplicate dose standard.
(14) Counting tubes (2).
(.15) 10-m1 syringe and 20-gauge 2.5-cm needle.
(16) 5-ml syringe and 20-gauge 2.5-cm needle.
(17) 2-ml syringe and 20-gauge 2.5-cm needle.
(18) 5-ml volumetric pipette.
(19) 2-ml volumetric pipette.

-(20) 1-ml volumetric pipette.
(21) Operation boards and ropes.
(22) 'Scalpel, haemostats, forceps, scissors.,
(23) Lead shield (a lead brick will suffice).
(24) 30-cm ruler.
(25) Thyroid phantom - a commercial plastic phantqm may be used. If

thi-s is not available, a 1000-ml beaker filled with water may be used
with the duplicate dose standard clamped in position in the beaker
about 0.5-1.0 cm from the wall.
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(26) Circles of filter paper.8
(27) Plastic ion-exchange column
(28) Circles of filter paper.8
(29) Small rubber bulb.8
(30) Plastic counting tubes.
(31) Pipette !control.

Procedure

Note; The procedures as used here are more complex than needed for
routine clinical diagnosis in order to provide additional' information. For
routine work it would not be necessary to anaesthetize the animal nor to
remove its thyroid for comparative measurements. With well-behaved ani-
mals the measurements can easily be made without any extraordinary
restraints.

(1) Inject intraperitoneally or intravenously into the dog about 50 pCi of
1311. By means of the same syringe and procedure deliver 'an iden-

tical volume into a test-tube containing a wad of absorbent cotton;
this is to serve as the standard. After 24 h proceed as follows to
measure thyroidal uptake.

(2) Place the count-rate,meter in operation.
(3) Place the heavy 1ei.d shield in front of the detector and determine

the background.
(4) Anaesthetize the dog by intravenous injection of pentobarbital. Sur-

vey the area over the thyroid gland with a portable survey-meter to
get an idea of the .activity present.

(5) If a scintiscanner is available, make a scintigram of the thyroid gland.
(6) Place the dog on the board provided on its back and with the head

extended by means of a jaw-holding attachment.
(7) With the detector exactly 30 cm above the thyroid gland, and with

the small lead filter in place in the probe, take a maximum reading.
(8) Place the heavy lead shield (lead brick) over the gland and take

another reading (this will be the background). Remove the dog from
the detector.

(9) Take the duplicate dose standard in a tissue-equivalent phantom and
place it at exactly the same distance from the detector as was the
thyroid gland. Repeat the measurement of standard and background
as was done on the dog.

(10) Sacrifice the animal with an over-dose of Na-pentobarbital, carefully
dissect out the thyroizi gland and place in a test tube. Place the
carcass of the dog back imposition and repeat the background mea-
surement.

(11) Place the test tube containing the thyroid gland in the phantom and
. line it up, with the detector at a distance that will give a reasonable

count. Measure the activity.
(12) Replace the test tube with a tube containing the duplicate dose stand-

,ard and repeat the count.
(13) Remove-both samples from the/vicinity and measure the background.

Obtainable as loresin RBI Conversion Ratio Kit from Abbott Laboratories, Oak Ridge, Tenn., USA.
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(14) By means of either the scintiscanner dr a scintillation probe and a
suitable grid, determine the radiation patterns "seen" by the differ-
ent collimators available. (The source used can-be a mock 1311
source or the duplicate dose standard. ) 410.

(15) Determine the conversion to protein-bound iodine according to the
following directions ,using the Abbott Kit;
(a) Place a piece of the pre-ciit filter paper on the bottom of the

polyethylene cylinder.
(b) Transfer, to this cylinder, gently with a dropper, sufficient ion-

exchange resin to produce a column 1.5 - 2 cm in height,,and
allow the water to drain through.
Wash the column once with physiological salirLe, anew it to drain,
and express the excess liquid by gentle air pressure from the
small rubber bulb supplied. (Care should be taken to }Dreak,The
seal between the bulb and the cylinder by turning and lifting
gently, before releasing the prebsure, so as-not'to disturb the
resin column.)

4,-(d) Obtain some plasma and pipette 2 ml into a graduated test tube;
measure the radioactivity in a well-type scintillation counter.

(e) After counting, pour the sample of plasma onto the column and
allow it to drain through..

(1) When plasma has stopped dripping from the column, pressure is
again applied with the bulb and the test tube is then washed with
2 ml of physiological saline followed by a second 1-ml wash.
These washings are added.to the top of the Column and collected
with the plasma effluent. - .

(g) Using 2 ml of plasma, the volume will now be about 5 ml as
indicated by the test-t,tube calibrations. This tube contains'
protein-bound 131I only.since the inorganic iodide has been
retained by the resin colurlin,

(h) Count the liquid in a Well-type scintillation counter as above.

(c)

Calculations and reporting of results

(j.) Calculate the % of thyroidal uptake of 131I from both in-vivo and
in:vitro measurements.

(2) Determine the Conversion of protein-bound iodine and express as
the conversion ratio.

Questions .

(1) -List as many factors as you can that might be expected to alter the
thyroidal retention of administered radioiodine

(2) Scintillation detectors as used for external counting are very sensi-
tive to low - energy, scattered radiation. In what two ways can this.
source of error be eliminated?
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7. LIVER FUNCTION AS STUDIED WITH IODINE-131-LABELLED
ROSE BENGAL

Objectives

(1) To illustrate a procedure for external counting of the liver of
sheep.

(2) To estimate liver function in the normal and diseased animal by
measurement of the uptake and excretion from the liver of 1311,

labelled Rose Bengal.

'Introduction and theory

'', :I'.

The metabolic behaviour of Rose Bengal, which is the potassium salt
of tetraiodo-tetrachlor-fluorescein, has been used for many years to test
liver function. When this dye is injected into the blood it is accumulated'
by the hepatic cells and excreted in the bile. Since the Kupffer cells of the
reticuloendothelial system are not involved, the uptake by the liver of Rose
Bengal is a measure of liver-cell function. There is no appreciable re-
sorption of this dye from thebowel or biliary system and it leaves the
body with the faeces. Urinary elimination is minimal except in cases of
severe hepatic insufficiency.

In principle, three types of informatiiir are available from the use of
this substance: (1) The extent of liver-cell function; (2) The patency or
lack of obstruction of the bile duct; (3) The degree of hepatic circulation.

In earlier tests the concentration of the dye was measured colori-
metrically and it was possible to measure hepatic cell function indirectly
by:the decrease of concentration in the blood as the serum was cleared of
the dye by the liver. This procedure was extremely difficult and limited.

The chemical-structure of Rose Bengal permits the replacement of
the stable iodine atoms with radioactive iodine ("'I) by means of an ion-
exchange reaction giving a high specific activity (1 mCi/mg) in thedye.
When this radioactive Rose Bengal (131RBI) is used the test has certain
advantages over that ba d on colorimetric estimations. Important features
are as follow's: .

(1) Hepatic-cell function is measured directly rather than by changes
in blood. Thus, repeated venipunctures are eliminated and greater
sensitivity is 'obtainable.

(2) The Pattern of dye uptake and release from the liver is continuously
recorded.
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(3) The test can be used safely in the presence of bilary tract ob-
struction because of the minute quantities of dye needed, which
eliminates the problem of toxicity.

(4) The patency of the biliary tract can be measured,

The procedure, in general, involves the detection and recording of the
uptake and elimin'ation of 13114-labelled Rose Bengal by an appropriately
positioned scintillation probe and count-rate meter connected to a chart
recorder. The tagged dye accumulates rapidly in the liver, .reaches
peak, which represents a transitory steady-state between rates of uptake

.and excretion, and then 'disappears from the liver comparatively slowly
as the rate of excretion dominates. The downward slope is a measure of
the, rate at which the liver is capable of excreting the dye since the blood
is essentially cleared by this time and there is no appreciable further up-
take by the liver.

With liver pathology a variety of abnormalities of the graphic picture
may be seen when a chart is compared with the record of a normal animal.
A few of these are: deCreased rate of uptake; decreased total uptake;
decreased rate of removal; no removal. The test will be performed on
two sheep one of which is normal, the other having a liver that is poisoned
with carbon tetrachloride.

Recently, it has been shown that certain substances, when injected
into an animal, can make the "'RBI test more sensitive. One of these
compounds is bromsulphthalein (BSP). If BSI' is injected into an animal
at a dose of 2.5 mg per kg of body weight just previous to the dose of
131RBI, the BSP decreases the hepatic uptake of the labelled dye. By
employing this technique on a number of patients, physician have found
that many people with liver pathology show an abnormally low uptake,
whereas if given the labelled dye without the BSP the same subjects shoW

.a low normal uptake pattern. Individuals with normal livers show no de-
crease in uptake of Rose Bengal when given the same dose of BSP.

Materials

(1) '31I-labelled Rose Bengal (25 pCi/animal).
(2) Sheep; one normal, one poisoned with CC14 (0.5m1/kg body wt

by stomach tube 24 hltrevious to experiment).
(3) Scintillation probe and stand with analytical count-rate meter

attached to chart recorder.
(4) Portable survey-meter.
(5) Metabolism stalls for sheep.
(6) Animal clippers.
(7) Stable Rose Bengal.
(8) Physiological saline solution.
(9) Heparin solution (100 I.U. /ml).

(10) 5-ml syringe& with 20-gauge 2.5-cm needle (2).
(11) Polyethylene tubing (PE 90).
(12) 15-gauge 2.5-cm needle.
(13) Haemostat.
(14) Adhesive tape.
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Procedure

(1) Confine the animals in the metabolism stalls restrained so as to
minimize lateral motion during counting.

(2) Shave the lateral side of the neck with the clippers and with the
15-gauge 2.5-cm needle make a venipuncture of the jugular vein.

(3) Slide a piece of the PE 90, previously filled with heparin, through
the 15-gauge needle into the vein. Remove the needle leaving the
piece of tubing in place as a cannula. Fasten it to the side of the
neck wiih adhesive tape.

(4) Fill the cannula with the heparin solution through-a 20-gauge
needle and clamp off the cannula with a haemostat.

(5) Assemble the scintillation Probe, lead shield, count-rate meter
and recorder. The recorder should run at 6 in. /h.

(6) Position the probe at a point on a horizontal line even with and
8.0 cm caudal to the point of the elbow. This position corresponds
to the maximum concentration of liver tissue and is suffiCiently
distant from the gall-bladder area to avoid interference from
labelled dye which becomes concentrated in the gall-bladder.

(7) Record background for 5 min using the 1000 scale and a 10-sec
time constant.

(8) Switch to the 30 000 scale and 0.5-sec time constant.
(9) Inject 25 pCi 1311-labelled Rose Bengal via the previously inserted

polyethylene jugular cannula. Mix the labelled dye with sufficient
stable Rose Bengal to make 2.5 - 3.0 ml; this tends to prolong
the excretion time, Inject 5 ml of sterile physiological saline
solution after the Rose Bengal to ensure that all the Rose Bengal
has reached the blood stream.

(10) After 5 min, switch to the 10-sec time constant.
(11) Continue recording for 1 -2h.
(12) At the end of 2 h and again at 24 h take readings over the heart,

liver and abdomen.
(13) Determine activity of faeces at 24 h with a survey-meter.

Calculations and reporting of results

(1) Calculate the mean rate of uptake of the labelled Rose Bengal by
the liver of the tivo sheep assuming that the peak represents
100°."0 uptake.

(2) By making the same assumption, determine the rate of removal
of the dye from the liver.

(3) With the data from (2), determine the time for about 95°0 of the
dye to be removed from the liver,

Questions
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(1) Why is collimation necessary in this procedure?
(2) What differences did you see in the uptake and excretion graphs

of the two sheep?
(3) Can you explain these differences on a pathological basis?
(4) Why was a dose standard necessary in the thyroid function study

but not important in this exercise?



(5) What type of graph would have been seen if one of the sheep had
had an obstruction of the common bile duct?
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8. TRANSPORT OF CALCIUM-45 AND STRONTIUM-85 ACROSS
SURVIVING INTESTINAL SEGMENTS

Ob ectives

(1) To demonstrate the use of the surviving intestinal sac.
(2) To illustrate an application of double counting techniques.
(3) To study the transport of calcium and strontium in relationship

to mechanisms of gastro-intestinal absorpticin.

Introduction and theory

The everted sac

An important technique for the study of transport of substances across
intestinal membranes is the use of surviving everted intestinal sacs from
laboratory animals. After eversion, the mucosal side of the intestine is
on the outside (see Fig..33) arid, when placed! in contact with the incubating
solution, it can be oxygenated to maintain mucosal function. The procedure
is generally 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, rewashed with the saline, and tied at one end
with a suture.

The solution to be studied is injected into the other end through a
ligature and this end is tied after removal of the needle. The filled seg-
ment is then placed in a flask and covered completely by 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 with time differing concentrations are found to develop within
and without the sac this is evidence that the membrane was able to trans-
port the radionuclide against a concentration gradient. The substance
studied can be either labelled or unlabelled material. The studies can
be done by starting with the same concentrations of substances on both
sides of the membrane and observing if differing concentrations develop.
Or the label can be placed only on one side and observations made as to
the rate of movement and the final equilibrium levels attained.
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SEROSA

MUCOSA

CD,
DUODENAL SEGMENT OVER FLEXIBLE

PROBE WITH TIE AT ONE ENO

PARTIALLY EVER TE 0 DUODENAL SEGMENT

COMPLETELY EVERTED DUODENAL SEGMENT

FIG. 33. Eversion of a duodenal segment with the ald of a flexible probe.

The advantage of this system is that it permits precise measure-
ments under restricted and specific experimental conditidis. The dis-
advantage is, of course, that the system may not represent the situation
as it exists in the living animal. However, there has been excellent
agreement in several studies that have been done where it has been
possible to make a comparison between the results obtained using surviving
intestinal segments and preparations in the living animal.

Multiple tracer techniques

In this'type of study as well as in many other biological experiments,
there is considerable advantage in the simultaneous use of two radionuclides.
This procedure requires accurate measurement of each when both are
present in a single sample. There are various methods both physical
and chemical that can be used for this purpose.

Spectrometry

If the two radionuclides emit different types of radiation (e. g. one a
beta emitter and the other an EC'emitter withan abundant gamma 'ray)
they can be differentiated by counters that respond primarily to one of
the radiation types. In this experiment, Tor example, 45Ca emits only
beta particles and 85Sr decays by EC and emits only gamma rays. There-
fore, a G-M counter may be used to meeEure the 45Ca and a well-type
NaI(Tl) scintillation counter to measure the 85Sr.

If the two radionuclides both emit gamma rays, then gainma-ray
spectrometry may be used to differentiate the two. Gamma-ray detectors
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with good-energy resolution, such as the semi-conductors, are particularly
.useful if the gamma-ray energies are close together. Alpha and beta
spectrometry is also possible with serni-conductor detectors.

jc In the liquid scintillation counter differential beta-particle counting
is possible if the beta energies differ by at least a factor of 4.

Chemical or physical separation

With isotopes of different elements, conventional physical or chemical
separation may be employed. For example, the separation of 45Ca from
32P by precipitation of calcium oxalate. Ion-exchange columns are often
useNklor this purpose. In the use of 24Na and 42K in studies of body
elecYrolytes it is possible to make sithultaneous measurements in plasma
by precipitating the potassium as cobaltinitrite. In studies of blood
volume, where 131I- labelled albumin and 51Cr-labelled red cells are used,
it is possible to separate these two radionuclides simply be centrifugal
deposition of the red cells in the usual way. In miaticounting methods,
it is important to have the concentration of each radionuclide such that
large errors are not introduced because of subtractive procedures for
the particular method used. Theoretical considerations are quite complex
for the optimizing of the methods and the concentrations of radionuclides.
The bibliography should be consulted for ditails. It is emphasized that
unless care is taken, it is quite likely that large uncertainties will be
introduced in double-counting procedures.

Materials

(1) Standard tray (see Exercise 1).
(2) Solution of Wilson and Wiseman9 containing 0".04 uCi 45Ca and

0.02 I2Ci 855r /ml.
(3) Solution of Wilson and Wiseman containing 0.04 uCi 45Ca/ml,

0.02 pCi 95Sr/ml, and 10-3 M NaCN.
(4) Solution containing 0.0i pCi per m145Ca.
(5) Solution containing 0.01pCi per ml "Sr.
(6> Rats (preferably maintained on a low calcium diet for at least

a week) .
(7) Well-type scintillation counter with single-channel analyser and

suitable scaler:
(8) .G-M counter.
(9) Constant-temperature water-bath shaker set at 37°C.

(10) Oxygen tank with attached rubber hose.
(11) Sodium pehtobitirbital (65 mg/ml).
(12) 5-ml szringe'and 20-gauge 2.5-cm needle.
(13) 1-ml tuberculin syringe and 20-gauge 2.5-cm needle.
(14) 5:0-ml volumetric pipette and control.
(15) 0.2-ml calibrated pipette.

9 Wilson and Wiseman solution:
NaCI 0.135 M
KCL . 0.011 M
CaCl2 4 x 10"$M
Na2HPO4(pH 7.4) 0.008 M

Li
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(16) 15-m1 graduated centrifuge tubes (2).
(17) 25-m1 Erlenmeyer flasks with rubber stoppers (2).
(18) Counting tubes (8).
(19) Planchets (8).
(20) Scissors, scalpel, forceps, flexible probe.
(21) Cotton thread.
(22) Squeeze bottle of physiological saline solution.
(23) Infra-red heat lamp.
(24) Planchet trays.

Procedure

(1) Kill 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 mesentery free but cut mesentery with surgical
scissors.

(3) Evert duodenal segment by inserting a flexible probe completely
through the lumen, tying off one end and telescoping the gut seg-
ment through itself beginning at the tie (see Fig. 33).

(4) Wash the everted segment with saline, and tie at one end with
surgical thread.

(5) Inject 0.6 ml of labelled incubating solution into other end cif
segment; inject into the segment through a second tie to prevent
backflow. After injection, remove needle while pulling the second
tie tight. Thus, a "gut sac" is formed with the serosa inside
and the mucosa outside.

(6) Place sac in 25-m1 Erlenmeyer flask containing 5 mi of incubating
solution, and gas for 1 min with oxygen.

(7) Close flask with rubber stopper and incubate in water-bath shaker
for 1 h..

(8) At the end of 1 h remove segment from flask, rinse with saline,
and blot on absorbent tissue paper. Allow fluid inside of sac to
run into a graduated 15-m1 centrifuge tube and determine residual
volume.

(9) Pipette 0.2-m1 samples in duplicate from outside and inside
solutions into stainless-steel planchets and dry under infra-red
heat lamp. Count dried samples for 45Ca beta activity.

(10) Pipette 0:2-m1 samples in duplicate from outside and inside
solutions into counting tubes and, determine 85Sr activity with a
scintillation detector.

(11) Repeat above procedure with another rat but use Wilson-Wiseman
solution containing 10-3 M NaCN.

Calculations and reporting of resu'ts

(1) Calculate the S/M ratios for strontium and calcium in the two
animals. The S/M ratio is define as the ratio of cpm/ml on
the serosal side (inside of sac) to cpm/ml on the mucosal side
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(outside of sac). Transport of an ion against a concentration
gradient from the Mucosil side to the serosal side will be. indi-
cated by S/M >1.

cpmiml 85Sr cpm./ml 45CaRatio Ratio
/Inside ( S M

S) Outside (M) Inside (S) Outside (M) S/M

Rat No. 1
Rat No. 2

5

Questions

(1) Is the observation that an ion is moved against a concentration
gradient sufficient evidence for active transport?

(2) What forces, other than active transport, may account for move-
ment against a concentration gradient?

(3) What other processes could cause ion movement across biological
membranes?

(4) From the data, what mechanisms would you propose for the intes-
tinal transport of Ca and Sr.
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9. IN.-VITRO TRANSPORT OF SODIUM ACROSS FROG BLADDER

Objectives

(1) To measure the rates of movement of sodium ions in both directions
across a biological membrane.

(2) To measure the electropotential produced by a biological membrane.
(3) To determine the type of transport by which sodium moves across a

frog bladder.

Introduction and theory

Many biological membranes have the capacity to transport sodium ions
'against an electropotential gradient. The bladder of the frog has been exten-
sively studied in this connection since it develops an electropotential differ-
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ence of 70 - 100 mV, actively transports sodium, and i4 convenient to work
with. For interpretation of the data from this type of experiment, Ussing
derived the classical rate equation which permits thermodynamic evaluation
of the processes that occur. This treatment-is used in the present exercise.

Generally, the bladder from a pithed frog is placed between the two
chambers of a diffusion cell (see Fig.34), and the chambers are then filled
with Ringer' s solution. The solution in one chamber is labelled with 22Na
(Ti = 2.6 yr) while the solution in the other chamber is labelled with 24Na
(Ti = 15 h). The unidirectional rate of each radioisotope is determined-and
the electropotential difference across the membrane is simultaneously
recorded with a sensitive potentiometer.

If only one sodium isotope isavailable, the following modifications may
be employed. Two diffusion cells are used, each containing a piece of tissue
from the same frog: In the first cell, only the solution in contact with the
outside of the tissue is labelled, whereasp in the other cell, the labelled solu-
tion is placed in ,contact with the inside. Another procedure is to label the
solution on one side and to determine the transport rate for a specific length
of time. The cell is then emptied, refilled with the labelled solution in con-
tact with the other side of the tissue, and the transport rate determined.

From the values obtained during the experiment, it can be determined
whether active° sodium transport is taking place on the basis of the following
considerations. If only simple diffusicin were occurring, the rate ratio should
be given by the theoretical equation:

Rate ratio = 1 ri ezFEAT
P2 C1

(1)

where
p1 is the transport rate of Na + from compartment 1 to 2 (p mole /h).
P2 is the transport' rate of Na' from compartment 2 to 1 (pmole/h).
c

1
is the Na" concentration in compartment 1 at zero lime."'

c2 is the Na' concentration in compartment 2 at zero time.
z is the valency of Na' = 1.
F is the Faraday constant = 96 500 coulombs pet? equivelent.
E is the potential difference between compartments (EI - E2).
R is the gas constant = 1.987 cal °C-1 mole-1 = 8.31 .1°C'
T is the absolute temperature = 273 + °C.
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FIG. 34. Diffusion cell.
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Under normal conditions, zF/RT is about equal to 1/25 mV. Since the
initial concentrations of sodium ion on each side of the membrane are the
same, Eq. (2) reduces to:

EsEi -

121 = e 25
P2 (2)

Thus it is necessary only to measure the potential difference in order to
calculate the theoretical diffusion-rate ratio of Na' . If the observed pi /p2
ratio as measured from the unidirectional transfer of radiosodium is equal
to the theoretical rate ratio as calculated, i.e. (p1 p2) observed = (p1 / p2 )
theoretical from Eq. (2), it is implied that Na traverses the membrane by
simple diffusion. If the observed value of (p1 /p2 ) is greater than the theore-
tical value of (P1 /P2), active sodium transport is indicated. If (P1 /P2) observed
is less than (p1 /p2) theoretical, sodium is thought to be transferred by a
combination of exchange diffusion and simple diffusion. If (p1 /p2) equals 1,
the 14a+ is transferred by exchange diffusion.

By the use of constants from the literature, the current carried by the
net rate of Na* can be compared with the total current crossing the membrane.
The total current is calculated from the equation;

i =EXC (3)
where

i is the total current in pA,
E is the potential difference (E1 - E2) in mV,
C is the total conductance = 0.55 mmhos/cm2.
Since the net transfer of 1 p -equivalent per hour = 26.8 pA, the total

p -equivalents per hour can be estimated. These values for i can then be
comparedykrith the observed net Na rate (p1 - p2). This will indicate what
fraction of the current is carried by Na' ions.

An ailditional calculation can be Made to estimate the work performed
by the Vembrane in accomplishing the transport of sodium. Since there is
no ccicentration difference, the only considerations are the work to over-
come the electropotential difference, and to overcome the internal sodium
resistance of the membrane. This is given by the equation:

W = zFE+ RT In
P2

(4)

where
W is the work in calories/p-equivanent of Na* transported, and the other
constants and variables are as defined above. By inserting appropriate
values for the constants and rearranging, Eq. (4) becomes:

W = 23 160 (E + 0.058 log pi /p2) calories/p -equivalent Na transported (5)

If two isotopes of sodium are used, it is necessary to measure each
accurately when both are present. A difficulty in the use of the gamma-ray
spectrometer for this purpose is caused by the fact that the lower gamma-
ray peak of 24Na (2.758 MeV, 1.38 MeV) lies quite close to the higher gamma-
ray peak of 22Na (1. 280 MeV, 0.510 MeV). This matter can be resolved in
either of two ways.

14/i
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In one procedure, the 24Na is counted at its higher peak immediately
after collection of the samples. The samples aresaved for one week during
which time the 24Na (TI = 15 h) will have decayed to a negligible value. The
samples are then counted again at the higher gamma peak of 22Na (Ti = 2.6 yr).
The alternative method is to count a standard sample containing only 24Na at
the peak of 24Na and at the peak of 22Na. The amount of cross-counting at
22Na peak can then be determined as a fraction of the count at the 24Na peak.
In like manner, a standard sample containing only 22Na is counted at both
peaks and the fraction of 22Na counted at the 24Na peak is determined. The
samples may then be counted for both 22Na and 24Na after collection and the
count of each isotope determined by the use of simultaneous equations.

Materials
(1) Standard tray.
(2) 24Na and/or 22Na solutions. Approximately O. 51.ilCi of 22Na should

be used in each half cell while 1.0 p Ci of 24Na per 11;.1f cell is
required.

(3) Bull frogs.
(4) Well-type scintillation counters with single-channel analysers.
(5) Diffusion cells.
(6) Potentiometer (high impedance) measuring the 0-100 mV/range.
(7) Matched calomel electrodes.
(8) KCI -agar bridges (boil 28% KC1 and 3% agar in H2O, and draw into

PE 200 polyethylene tubing with hypodermic syringe).
(9) Oxygen tank with suitable tubing.,

(10) Ringer's solution.
(11) Petroleum jelly.
(12) 20-ml volumetric pipettes Plus control (2).
(13) 1-ml volumetric pipettes (10).
(14) Counting tubes (10).
(15) Scissors, forceps, dissecting needle.

Procedure
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(1)
(2)

(3)

(4)

(5)

(6)

(7)

(8).

Grease all contact surfaces of the diffusion cell with petroleum jelly.
Pith the frog and excise an area of bladder tissue measuring about
4 cm by 4 cm. ..t,
Place the tissue between the two halves of the diffusion cell and
clamp together. Some trimming may be necessary.
To one chamber add 20 ml Ringer' s solution labelled with about
51J Ci bf 22Na. To the other chamber add 20 ml Ringer' s solution
labelled with about 10 pCi of 24Na.
Aerate by placing in each chainber a small polyethylene tube attached
to an 02 tank. The bubbling will also serve to mix the solutions.
Place one end of an agar bridge into each chamber and insert the
other end into the calomel electrodes which -are connected to the
potentiometer. Keep the length of thelbridges as short as possible
and make sure there are good contac at all points.
Sample each chamber at 10, 20, 30- d 40 min, taking 1 ml at each
sampling.
Record continuously the electropotential generated,by the membrane
and note the potential at the time of each sample.

1.45
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(9) Determine the 22Na and 24Na in each sample by counting at the
correct peak with a well-type scintillation counter and a single-
channel analyser or use the differential, decay method.

Calculations and reporting of results

(1) Calculate the unidirectional rates of sodium.
(2) Calculate the theoretical rate ratio from Eq. (2).
(3) Calculate the total current and compare with the current due to

Na+ movement.
(4) Determine the. amount of work performed by.the membrane, assuming

that active Nat transport does take place.

Questions

(1) From the data, what type of transport process is indicated for Nat ?
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10. CHOLESTEROL METABOLISM IN THE RAT AS STUDIED BY LIQUID
SCINTILLATION COUNTING OF TRITIUM AND CARBON-14,

Objectives

(1) To demonstrate a technique of sample preparation for liquid
scintillation counting.

(2) To study the absorption and biosynthesis of cholesterol in the rat.

Introduction and theory

The basic principles of liquid scintillation counting have been treated in
the Basic Part, Lecture Matter (Section 2.3.2) and in Laboratory Exercises
(Section 2.4). In this exercise applications are madeo the study of certain
aspects of cholesterol metabolism in the rat.

Dietary cholesterol is readily absorbed from thp intestinal tract of higher
animals. The route of absorption appears to be via the lymphatics. Choles-
terol alone is absorbed moderately well from the intestine of the rat, but
many dietary liquids and fatty acids such as oleic and linoleic acids enhance
the absorption of the sterol. A commonly held view is that fatty acids aid in
the transport of cholesterol through the Cell, or the exit from the cell, by
providing an essential substrate for its esterification.

Although cholesterol is readily absorbed from the gut, it is-not an essen-
tial component of the diet. The fact that most animals can synthesize their
own sterols from smaller carbon units has been known for a long time, and
the use of radioisotopic methods' has provided important information on the

1
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metabolic pathways in sterol synthesis. In 1-954 it was shOwn that acetate is
an effective precursor of 'cholesterol and that both carbon atoms of the acetate
radical are incorporated into the cholesterol molecule.

In the isolation of radioactive cholestetol from body tissues and fluids,
care must be taken that the'product is not contaminated with various pre-.
cursors. Recently, a technique has been proposed for the precipitation of
cholesterol using the glycosidal alkaloid tomatine, which is iscilated from the
stems and leayes of tomato plants. This technique appears to be more spe-
cific for cholesterol than any of the previous methods.

1 The following experiment is designed to demonstrate both the intestinal
absorption of cholesterol -7 -3 H and the biosynthesis of cholesterol from
ti3Clium acetate-1- 14C.

Materials

(1) Standard transe \ Exercise 1).
(2) Cholesterol-7-3H.
(3.) Sodium acetate-1- 14C.'
(4) Rats (100 200 g).
(5) Liquid-scintillation counter.
(6) Colorimeter.

( (7) Water bath, steam bath, or sand bath.
(8) Centrifuge.
(9) Nitrogen-gas tank plus gauge.

(10) Petroleum ether, 60 - .70°C boiling range.
(11) Acetone - ethanol solution (1:1).
(12) Acetone, ethanol, ether, (4:4:1). ,
(13) Alcoholic KOI-1 (50%Wvo1. in ethanol).
(14) Cholesterol solution.bissolve 100 mg of cholesterol in 100 ml of

glacial acetic acid. A working standard (0.02 mg/ml) is made
diluting 2 ml of stock solutionyto 100 ml with glacial acetic acid.

(15) Ferric chloride solution: Dissolve 1 g of ferric chloride exahydrate

O

in 10 ml of glacial acetic acid.
(16) Colour reagent: Pipette 1.0 ml of ferric chloride solution into a

100-ml voluinetric flask and dilute to the mark with concentrated .
sulphuric acid.

"(17) Glacial acetic acid,
(18) Tomatine solution:

tomatine in ethanol 55 parts
(b).-' water 44 parts

,(c) glacial acetic acid 11 tart
(19) Scintillation solution: ,

(a) PPO (2-5 diphenyloxazole)' 14 g
(b) POPOP (1-4-pis-2-5-phenyloxazoly1 benzene) 150 mg
(c) toluene make up to 1 litre

(20) Vegetable oil. I o' /(21) Heparin solution (1000 I. U, /m1).
(22) Ether,
(23) 15-ml centrifuge tube (1),
(24) 50-ml centrifuge tubes (2),
(25) Colorimeter tubes.'
(26) 17m1 syringes with 24-gauge needles (2?.
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(27) 10-m1 syringe with 20-gauge 2.5-cm needle.'
(28) Stirring rods. ,

(29) Disposable pipettes.
(30) Assorted volumetric pipettes plus control.
(31) Ether chamber.
(32) Liquid-scintillation counting vials.
(33) Polyethylene stomach tube.

Procedure

(1) Administer to a rat by stomach tube 0.4 mCi/kg body weight of
cholesterol -7- 3H dissolved in approximately 0.5 ml of vegetable oil.

(2) Leave the animal in a cage for 3 h after feeding.
(3) At the end of 3 h inject intraperitoneally into the rat 0.2 mCi/kg

body weight of sodium acetate-1- 14C.
(4) Return the animal to the cage for an additional 1-h period.
(5) At the end of 1 h anaesthetize the rat and remove approximately

5 ml of bloodrin a heparinized syringe by heart puncture or from
the vena caves after opening the abdomen.

(6) Centrifuge the blood sample for 15 min at 2000 rev. /min.
(7) Pipette two 0.5-ml aliquots of plasma into 50-ml centrifuge tubes

and add 0.5 ml of 50% alcoholic KOH.
(8) Heat on the water bath at 50 - 55"C for 1 h.
(9) Cool to room temperature, add 5 ml of petroleum ether and shake.

Now add 5 ml of water and shake vigorously for 1,min. After two
clear layers have formed, draw out the top layer. Repeat with
another 5-mlvolume of petroleum ether.

(10) Evaporate the solvent under nitrogen.
(11) Add 2 ml of acetone-alcohol (1:1) and then add 0.5 ml of the tomatine

solution (solution 18). 1
4 (12) Incubate' at room temperature for 16 min. 'Atthe end of this time a..,..

tomatinide precipitate should have formed.
.

(13) Centrifuge for 5 min to settle the precipitate and draw off the super-
natant. Wash the precipitate with the acetone, ethanol, ether mix-
ture, re-centrifuge and draw off the supernatant.

(14) Dissolve the precipitate in 5 ml of glacial acetic acid, heating gently.
if necessary.

(15) Pipette two 0. 5 -ml aliquots of the tomatinide solution into colori-
metric tubes for total cholesterol determination. Add 2.5 ml of
glacial acetic acid to each tube to' make a total volume of 3.0 ml.

(16) Prepare two blanks containing 3.0 ml cholesterol and two standards
containing 3.0 ml of the cholesterol standard (0.02 mg/ml).

i(17) Arrange the tubes in a test -tube rack with a blank and standard at the
'':'-,, 'beginning and the end of the series.

(18) Add 2.0 ml of colour-developing reagent (solution 16) to all tubes.
(19) Mix thoroughly using a very slowly flowing N2 stream through a dis-

posable pipette. If N2 is not available, air may be used. Use a dif-
feregt pipette for each tube.

20) Read the per cent transmission at 550 nm on the colorimeter
vided. .!

21) Place two 0.5-m1 dlivots of the tomatinide solution into liquid-/ scintillation counting vialslind add 20 ml of scintillation solution,
mixing thoroughly. '4

1,11 t-e, .
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(22) Prepare a blank containing 0.5 ml glacial acetic acid and 20 ml of
scintillation fluid.

(23) Count the samples in the liquid scintillation Counter at the optimum
high voltage settings for 14C and 3H determined previously in the
Basic Part (Section 2.4).

Calculations and reporting of results

- (1) Calculate the cholesterol content in mg per 100 ml of plasma.
(2) Determine the specific activity (cpm /mg) of cholesterol-3H and

cholesterol- 14C.'

Questions

(1) From the data what would you expect to be the best method of rapidly
inducing°a high cholesterol level in an animal?

(2) What sources of error might be present in the experimental
techniqye'?:,

(3) Since the toinatinide precipitation is not entirely specific for
cholesterol, how could you determine the presence. or absence of
considerable amounts of contaminants (cholesterol precursors)?
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'11. ASSAY OF TRITIUM IN MAMMALIAN TISSUES

Objectives 1

(1) To prepare akmal tissues Containing metabolically incorporated
tritium.

(2) To demonstrate two methods for production of tritiated H2O (for
liquid scintillation counting) from animal tissues labelled with
tritium.

(3) To demonstrat a method for the production of hydrogen gas and
methane (for co ting in an ionization chamber) from anlmallissues
labelled with tritiu

Introduction and theory

Because of.the very low energy of the;beta. particles (0.018 MeV) from
tritium (3H) and consequent self-absorptionc'direct counting of tritiated
stibstances using a gas-flow counter is not well suited for sensitive measure-
ments. Usually, tritium is measured either by converting all the hydrogen
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of the sample to gaseous compounds which can be assayed in an ionization
chamber or proportional counter, or by incorporation of the tritium into a
liquid system suitable for scintillation counting.

The simplest method of preparing samples for liquid scintillation count-
ing is to-dissolve the activated substance directly in the scintillation fluid as
is done in Exercise 11. However, this method often presents difficulties
because of the light-absorbing properties of Many biological materials. The
colour, which may appear in the scintillation fluid when the sample is acided,
absorbs part of the light from the scintillations, thus resulting in a
"quenching" effect. This quenching causes a lowered counting efficiency
of the procedure. Chemical reactions between the sample and the phosphor
may also result in quenching. While the use of internal standards or suit-
able correction curves may be employed to overcome this difficulty, it is
often more expeditious to convert these samples to compounds which do not
Cause quenching.

One of the simplest methods of conversion is the combustion of the
sample to produce water (stee Procedure ILI.) which can be assayed con-
veniently, and accurately by liquid scintillation counting. In the first
experimental procedure, dried blood or tissue satr)les are converted into
water, carbon dioxide and nitrogen by heating with 'pper:and copper oxide

c at 650°C in sealed tubes with break-off tips. The tubes are broken in an
evacuated apparatus and the tritiated water allowed to distill into a cold trap
containing some ordinary water which acts as a scavenger for the small
amount of tritiated water. The water is then flushed with 90";. ethanol into
a vial containing the scintillation counting solution and the radioacti'.ity
determined.

The second procedure ) is also based on combustion and is carried
out in a thick- whiled 2-litre flask (Schtiniger flask) with a suitable ignition
head fitted to a rubber stopper. 'the dried sample in a small bag made of
visking membrane is ignited in an atmosphere of oxygen by means of an
externally.appli.cd electric current. After combustion is complete, the
bottom surface of the flask is placed in contact with a freezing mixture of
dry-ice, chloroform and carbon tetrachloride. The water vapour within
the flask then freezes on the bottpt and 20 ml of scintillation solution
containing 20";. ethanol is added and swirled.around the bottom of the flask
to dissolve the ice. The flask is then placed in ice water for 10-15 min to
attain a constant temperature and a 15-nil sample is placed in a scintillation
vial for counting.

Conversion of the tritium in biologic'al materials into a gas is the 11;tsit;
of the third procedure (C). The tritium is converted into methane and
hydrogen by heating with zinc, nickelic oxide and water in a sealed tube at{
640°C. This mixture may be used for ion-current measurements in the
vibrating-reed electrometer and is also satisfactory for use in internal gas '-
counters.

Materials

-(1) Tritiated thyinichne (10 ;Xi/rat).
(2) Rats (100-150 g).
(3) Cages.
(4) heparin (1000 11".. /ml).
(5) Petri dish.
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B.I.

(6)
(7)
(8)
(8)

15-ml centrifuge tube.
5-ml syMnge and 20-gauge needle.
1-nil tuberculin syringe and 20-gauge needle for injection.
Scalpel, scissors, forceps.

(1) Tritiated biological samples.
(2) Balance accurate to 1.0 mg.
(3) High-vacuum pump.
(4) Constant-temperature water bath.
(5) Muffle furnace.
(6) Hand torch.
(7) Liquid scintillation counter
(8) Petroleum ether (for cleaning stop cocks and glass joints).
(9) Scintillation fluid

(a) PPO 7. 5 g
(b) POPOP 75 mg
(c) Naphthalene 120 g
(d). Xylenc 500 ml
(e) Dioxane 500 ml

(10) 96% ethanOl.
(11) High-vacuum stop-cock grease.
(12) Liquid nitrogen.
(13) 40-60 mesh copper oxide.
(14) 40-60 mesh'reduced copper.
(15) Vacuum manifold."
(16) Pyrex sample cups."
(17) U-tube cold traps. 10
(18) Drying tubes.10
(19) Combustion tubes.10
(20) Glass joints.10
(21) Distillation tubes with tops."
(22) U-tube caps. 10
(23) Accessory manifold glassware."
(24) McLeod gauge (tilting)."
(25) 5-ml calibrated pipette with control.
(26) 10-m1 volumetric pipette.
(27) Scintillation vials.
(28) Dewar flasks.
(29) Rubber tubing.
(30) Rubber tubing (high-vacuum).
(31) Bunsen burner.

B. II. (1) Tritiated biologicak samples.
(2) Liquid scintillation counter.
(3) Labk...atory transformer or induc,ion coil.
(4) Oxygen tank with attached rubber hose.

k's
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(5) Ignition head assembly (may be purchased or can be made
with the following items):
(a) Two-hole rubber stopper to fit 2-litre thick-walled flask;
(b) Platinum wire 23 g;
(c) Pyrex tubing;
(d) Hand torch.

(6) Balance accurate to 1.0 mg.
(7) Dry ice, chloroform, carbon tetrachloride bath.
(8) Ice-water bath.
(9) Scintillation solution (as in Section B.1.) containing 10('; ethanol.

(10) 20-ml volumetric pipette plus control.
(11) 15-ml volumetric pipette.
(12) Scintillation counting vials.
(13) 2-litre heavy-walled flask.
(14) Clamp to hold ignition assembly on flask.
(15) 2-cm-diam. seamless visking membrane.
(16) Haemostat, scissors.
(17) Adhesive tape.
(18) Cellophane tape or cellulose cement.
(19) Infra-red heat.

(1) Tritiated biological samples.
(2) Vibrating; -reed electrometer.
(3) Iligh-vacuum pump.
(4) Borkowski-type ionization chambers.
(5) Balance accurate to 1.0 mg.
(6) Muffle furnace.
(7) hand torch.
(8) Nickelic oxide.
(9) Zinc..

(10) 111 ethane gars.
(11) Pyrex reaction lubes."
(12) Vacuum manifold."
(13) :McLeod gauge."
(14) Gas-collection apparatus.11
(15) Pyrex tubing (for liquid samples).
(16) Small porcelain boats.

Procedure

Preparation of tritiated biological material

(I) inject into a rat, intraperitoneally, approximately 10 piCi of tritiated
thvmidine. Place the animal in a cage for 1 h.

(2) At the end of 1 h, exsanguinate Ur animal either by heart puncture
or decapitation, and collect the }hood in ahoparinized centrifuge
tube; also remove the liver.

1, Delmar Scientific Glass 4101 1%'est Gidnd Avenue. Chicago, CS 1.
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Combustion to produce water by Cu, CuO method

(1)

(2)

Cut the fresh tissue into small-pieces and place an amount repre-
senting 5 - 25 mg dry weight in a tared Pyrex cup.
Dry the sample by evacuation with an efficient oil pump for 30 min
while the sample is immersed in a water bath a t about 70°C (see
Fig. 35(b)). For drying, tube sealing and water distillation, it is
convenient to operate with a vacuum manifold equipped with a tilting
McLeod gauge and having six ports about 15' cm apart so that six
samples can be processed simultabeously.

(3) While drying condense the volatile constituents in a cold trap (liquid
N2) so that the radioactivity of this water can be del.ermined.

(4) Weigh the cup with the dried sample and determine water of de-
hydration by difference. Add 0.75 g of 40-60 mesh copper oxide and
0.25 g of 40-60 mesh reduced copper.
(Copper oxide is prepared by grinding reagent-grade copper oxide in
a mortar and pestle, or preferably in a ball mill, and taking the
portion which passes a 40-mesh but not a 60-mesh sieve. The copper
is obtained'by passing a stream of hydrogen through the 40-60 mesh
copper oxide in a tube heated to :300-350°C.)
Note: When liquid samples are being assayed (blood or tissue homo-
genate the copper-copper oxide mixture is placed iri the cup first
and 0.3 ml of the liquid is added to it with subsequent drying from
the frozen state.

(5) Place each cup in a combustion tube made of 11 mm outer diameter
(o. d.) Pyrex Y1 1720 glass, one end of which has been drawn out
to form a break tip (see Fig.:35(c)).

(6) Constrict the combustion tube about 14 cm from the break-sip end
with a hand torch.
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FIG. 35. Apparatus for tritium assay,
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(7) Connect the combustion tubes glass to glass inside a small piece of
rubber tubing to tlje glass joints fitting into the manifold ports (see
Fig. 35(c)).

(8) Evacuate the tubes to 1 mmlig with the oil pump and seal off at the
constriction with a hand torch.

(.9) Heat the sealed tubes in a horizontal position for 1 h in a furnace at
650 ± 10°C.

(10) Cool the tubes, agitate them to break up any lumps of uncombusted
carbonaceous material and reheat for a second hour at 650°C.

(11) A fter cooling, conpect the tubes to the distillation apparatus which
contains 0.10 ml of water in the U -trap (see Fig.35(a)).

(12) Immerse the trap in a cold bath and evacuate the system.
(13) Clbse the stop cock to the manifold,' rotate the vessel holding the

combustion tube (break-tip-down) upwards around the horizontal
glass joint,- and swing down sharply to break the tip of the com,
bustion tube.

(14) Re-open the stop cock momentarily to re-establish vacuum.
(15) Distil the water into the U-trap with the system shut off from the

vacuum for 5 min.
(16) Follow this by a 10-min distillation period with the pump connection

open during which time the vessel containing the combustion tube .

is heated with a Bunsen burner for 3 min.
(17) Remove the cold bath, admit air to the system, remove the U-trap

and cap it quickly to prevent evaporation of tritiated water.
(18) Trans fer.the contents of the ii -trap to a scintillation vial with

5.0 ml of 96% ethanol in tOo portions.
(19) Add 10 ml of scintillation fluid and detertnine the radioactivity ina

scintillation counter.

B.II. Combustion to produce water by Schoniger method

(1) Preparation of sample holder
(a) Cut a 5-cm long; 2-cm 7diam. seamless visking membrane.
(b) Prepare a bag by folding one of the ends and sealing with a drop

of cement or transparent tape,
(c) Open the bag with a haemostat wrapped at the ends with ad-

hesive tape, gum side up.
(d) Cut the open bag into the shape of a ladle with a 2-cm "cup"

as a sample holder. The "handle" will serve as a fuse for
ignition and a tab by which to hang a wet sample for drying.

(2) Preparation and combustiori of sample
(a) Place about 10 mg of liver or 2 ml of blood in the sample holder

and dry under infra-red heat lamp.
(b) Place the dry sample in the platinum basket of the ignition head

(see Fig. 36) and fold the fuse over the ignition filament.
(c) Fill the heavy-walled flask with 02 and immediately stopper

tightly with the ignition-head assembly containing the sample,
using a clamp to hold ignition head in place. '

(d) Using a laboratory transformer or an induction coil, allow
current to flow through the ignition head until the combustion
Of the sample becomes self-sustained.
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FIG, 36. Modified Sehbniger flask and ignition heads.

. 'FIG. 37. Apparatus for analysts of gas samples.
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F.

(e) When combustion is completed place the bottom of the flask in
a dry ice, chloroform, carbon tetrachloride bath for 30 min.

(f) At the end of the 30 min add to the flask 20 ml of scintillation
solution containing 20% ethanol and swirl to dissolve the ice.

(g) Place the flask in ice water for 10 - 15 min to attain a constant
temperature.

(3) Radioassay
(a) Pipette 15 ml of the solution in the flask into a scintillation

counting vial.
(b) Count the samples in a liquid scintillation counter.

/C. Preparation of hydrogen gas and methane (zinc fusion)
.(1)' Prepare reaction tubes 17 cm long with a break .tip from 11 mm

Pyrex # 1720 glass tubing.
(2) In each tube place 1.0 g of zinc, 100 mg of nickelic oxide and

5-6 mg of water.
(3) Add a 5.0 - 10.0 mg sample of the tritium-labelled tissue. Intro-

duce liquid samples in a small sealed Pyrex ampoule with a break
tip, and solid samples in a small porcelain boat.

(4) Constrict the reaction tube and evacuate to a pressure of 1 mm on
the manifold.

(5) Seal off the reacti on tube with a hand torch and agitate until the
ampoule is broken and its contents evenly distributed throughout the
reaction mixture.

(6) Place the reaction-tubes in a furnace and heat at 640 ± 10°C for 3 h.
(7) At the end of the 3 h, allow the reaction tubes to cool.
(8) Place the reaction tube in the gas collection apparatus (see Fig.37).
(9) Evacuate the system, close off the vacuum line, and invert the

sample chamber to break the tip of the reaction tube thus allowing
the gas to expand into the evacuated Borkowski-type ionization
chamber.

(10) The fraction of gas entering the chamber is calculated from the
known volume of the gas-collection apparatus plus ionization chamber
corrected for the gas displacement by the reaction tube.

(11) Fill the chamber to atmospheric pressure by addition of methane.
(12) Measure the ion current collected at 360 V with a vibrating-reed

electromet...r.

Calculations

(1) Determine the concentration (mCi/mg) of tritium in the tissues by
the var'tbus techniques used.

Questions

(1) Of the methods used, whiCh in your opinion is the most accurate
for the determination of tritium?

(2) What are the advantages and disadvantages of these techniques?
(3) Could any of these techniques be modified and used for the deter-

mination of "C? If so, what modifications are necessary?
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12. AUTORADIOGRAPHY

Objective

To illustrate the use of various autoradiographic procedures with
tissue of animal origin.

Introduction and theory

The general concepts of autoradiography have been covered in the
Basic Part of this book. Autoradiography provides visualization of the
location of radionuclides within a sample. Applications range from those
on a microscopic 'level which permit study of individual cellular or sub-
cellular elements to those on a gross scale which, for example, are useful
for the evaluation of macrodeposition in tissues and paper chromatograms.
Autoradiography often can provide information that is unobtainable by
counting methods. This is especially so for heterogeneous samples that
contain regions of interest which cannot be separated mechanically. Per-.
haps of greatest import from the biological standpoint, however, is that
autoradiography permits the study of cellular function at the cell or sub-
cellular level since observations can be made of 'individual cells or sub-
cellular structures from among millions. Thus, it becomes possible to
develop 'correlations between the location pattern of specific chemical
elements introduced into the system and cytological structure, cellular
physiology and pathology, and physicochemical properties of cells.

There are four commonly used procedures that differ primarily in the
method Of contact between the tissue section and emulsion. The first
method, simple apposition (A), is suitable for macro-autoradiography
only; the others (B.1. B. HI) can be used for irticro-autoradiography as
well.' The methods are described briefly as follows.

A. Macro-autoradiography, simple apposition method

The specimen to be studied is placed in contact with the photographic
emulsion and kept in contact. At the end of the exposure period the speci-`
men is removed and the film developed. This method is rapid and simple.
However, it does not allow good resolution because of poor contact.
Therefore, although the method is quite satisfactory for gross or macro-
autoradiograms, it is not adequate for cellular localization. This proce-
dure has been widely used in studies with bones, frozen tissue, and paper
chromatograms, Thin sections are not required but it is advisable to
have a smooth surface for good apposition to the film. Reasonably smooth
surfaces can be obtained by the use of an ordinary band saw with bones or
frozen animal carcasses. Also, samples such as bones and teeth can be
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polished with an emery wheel. The tissue must be placed very close to
the film but direct contact should be avoided because of the danger of
chemical fogging. Usually a thin sheet of plastic film is placed between
the tissue and the photographic film to avoid contact, and moderate pressure
is maintained between the section and the film to ensure good apposition.
For this purpose, a pr l ss of plywood or plastic with a sponge rubber liner
has been found conve ent. It is necessary to avoid excessive pressure

,since this may produce artifacts.

B. Micro-autoradiography

B. I. Mounting-method-

In this method the sections 'are mounted on the emulsion and...remain
permanently bound to it throughout the subsequent photographic and
staining processes. The method is simple, and the contact, registry,
ant) resolution are good, thus permitting studies on the cellular level.
The autoradiogram and section are always matched.and are observed
simultaneously which allows correlation between structure and photographic
image. Care has to be taken that there is no loss of radionuclide during
the fixation and the processing of the tissue. This method has been widely
used for lodalization of 1311 in the thyroid tissue and for studying blood
smears and-bone-marrow smears that have been prepared by applying
such samples directly to the surface of the emulsion.

B. II. Stripping film method

In this method an emulsion is stripped from its base and flattened .

over the histological section or smear on a glass slide. The specimen
can be stained either before contact with the film or through the film
base after exposure. y4tained sections .can be studied by phase micro-
scopy. This procedure also offerd the advantages of even emulsion thick-
ness, good contact, constant registry, and excel-lent resolution. It permits
good correlation of radioactivity With histological structure and has been
widely used for detailed cytological studies at the cellular level.

B. III. Coating method

In this method the section is covered with a fluid emulsion which is
allowed to harden and forms a permanent bond for subsequent exposure
and processing. This procedure provides good contact and constant
registry which leads to good resolution and permits satisfactory .correlation
of radioactivity with histological structure. The technique has proven
quite satisfactory for detailed cytological studies with various animal
tissues and is becoming the procedure of choice in many laboratories.

Resolution

Resolution is perhaps the most important consideration in the prepa-
ration of high-quhlity autoradiograms at the cellular or subcellular level.
If there are two point sources of radiation in a sample, each will produce
a small circle of darkening in the 'emulsion. If these areas overlap, it
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TABLE VIII. CHARACTERISTICS OF SOME COMMERCIAL EMULSIONS
RECOMMENDED FOR AUTORADIOGRAPHY

Type Sensitivity Resolution Background Recommendation

No-screen High Poor High Gross localization
X-ray or minimal

concentration

NTB Medium Vcry good Low Mounted hilto-
logical sections

Nrrii3 High for Very good Increases When s-tracks are
fl - tracks rapidly to be observed

Liquid . High Very good Increases When B-tracks are
emulsion rapidly to be observed

Stripping Low Vcry good Low Cellular
film localization

will be impossible to distinguish them in the autoradiogram. The greater
the resolution, the closer together are the areas that can be distinguished
from each other. In general, the following conditions promote increased
resolution: (a) Low-energy radiation; (b) Radiation of high specific
ionization; (c) Thin specimens; Id) Thin emulsions; (e) Fine-grained
emulsions; (f) Minimum of scattering from film backing and slide;
(g) Close contact between the specimen and emulsion.

Photographic film

Various photographic emulsions have been especially develOped to
provide characteristics of advantage for particular autoradiographic
application. Table VIII describes some of the commercial emulsions now
available with recommendations for their use.

Radioactivity content and exposure ti es

In the production of a satisfactor autoradiogram there is an inverse
relationship between the amount of radioactivity present in the tissue
and the required time of exposure of the film. There is no set rule in
regard to the amount of radioactivity that is required. A balance must

'be struck between large amounts of radioactivity that might produce
radiation effects and small amounts that require unduly long exposure
periods. In general, it has been stated that approximateLylive to ton
billion beta particles per square centimetre of emulsion will be sufficient
to cause adequate blackening. With alpha particles, one to two million
particles per square centimetre are required. For guidance, it has been
shown that with macro-autoradiograms, a section niOnitored with an end-
window counter that gives a measurement of about 100 cpm at a counting
yield of 10%, requires about a 10-15 d exposure period. In practice, the
best way to determine the exposure times is to carry out preliminary
investigations with graded levels of radioactivity, In this way the optimum
exposure time can be determined.
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Quantitation with autoradiograms

Autoradiography is used principally to obtain qualitativeinformation
on the distribution of radioactivity in biological material. However, it can
also provide quantitative data as to the amount of radioactivity deposited
in particular regions. This can be done by estimation of the photographic
density of a given region, and calibration against a film exposed to known
activities of the radioisotope in question under identical conditions.
Comparative quantitative autoradiography can also be done by the counting
of the grains produced per unit area. In this procedure it is necessary
to have a low degree pf darkening in the autoradiogram.

Sources of error in autoradiograms

Some of the major sources of error in autoradiographic procedures are:

(1) Removal or relocation of the radioactive atoms by biological or
physical processes 'during the time between sampling and formation
of the photographic image.

(2) Extraneous sourcee of image production, such as chemically
active substances in the specimen; pressure on the emulsion;
radioactivity in the films, chemicals, or glass used in processing;
and stray light or ionizing radiation.

(3) Fading of the latent image or desensitization of the emulsion by
the specimen.

(4) Non-uniform development.
(5) Scratches in the film; deposition of debris.
(6) Effects of staining solution on the emulsion.
(7) Movement of sample on film during exposure.

Many of these uncertainties have been eliminated in the procedures
that are described in this exercise.. It is always prudent, however, when
making a series of autoradiograms, to, include similar samples with no
radioactivity as a control for errors that may tend to produce extraneous
images.

Materials

A. (1) High specific activity 45CaC12 solution (50 pCi/ml).
(2) Young rats.
(3) Cages.
(4) Refrigerator.
(5) Darkroom facilities and safe-lights.
(6) Ether chamber.
(7) 2-ml syringe and 24 -gauge needle.
(8) No-screen X-ray fil
(9) Plywood and spong ubber press.

(10) Cardboard X-ray Min holders (cassettes),
(11) Developing and fixing solutions.
(12) Scalpel, scissors forceps.
(13) Thin plastic sheeting.
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B. I. (1) 'Celloialt)-coated mounted sections of 131I-activated thyroid gland.

(2) Refrigerator.
(3) Darkroom facilities and safe-lights.
(4) 'Developing and fixing solutions.
(5) Clean microscope 'slides:.
(6) No-screen X-ray film.
(7) Scissors.,
(8) Marking pencil.
(9) Aluminium foil.

(10.) Labels.
(11) Tape.
(12) Small paper clamps.

B. II. (1)' Thyroid-gland slides as in Part B. I.
(2) Refrigerator.
(3) Darkroom with \Vratten No. 1 filtered safe-lights.
(4) Autoradiographic plates, A)-10, Kodak Ltd. , England.
(5) Drying, fan.
(6) Time clock.
(7)

.(8)
Methylene blue.
Azure A. ti

(9) Glycerol C. P. 4
(10) Methanol C. P.
(11) KH2PO4.
(12) Na2HPO4 . 2H201
( 13) NaHSO3.
(14) Basic fuchsin (aqueous).
(15) Absolute ethanol.
(16) Xylene.
(17) Cedarwood oil.
(18) Anhydrous CaSO4.
(10 Canada balsam.
(20) Developing and fixing solutions

(a) 'tastman Kodak D19 diluted 1:1 with distilled water is a
suitable developing solution.

(b) Eastman Kodak acid fixer with hardener is a good fixative.
(21) Largeshallow dishes for floating emulsion.
(22) Slide-carrying racks with silver-plated wire handles.
(23) Cover slips. '
(24)' Staining dishes (20).
(25) Plastic slide boxes containing one clean microscope slide.
(126) Black friction tape,
(27) Wax marking pencil..
(28) Labels.
(29) Razor blades.

B. III. (1) Thyroid-gland slides as in Part B. I.
(2) Rgfrigerator.
(3) Darkroom facilities as for Part B. II.
(4) Constant-temperature water bath.
(5) NTB3 liquid emulsion, Eastman Kodak, Rochester, N. Y. , USA.
(6) Time clock.
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(7) 50-ml beakers (2).
(8) Medicine droppers.
(9) Drying racks (for holding slides in a vertical position).

(10) Absorbent tissues.
(11) Spreaders (1iclettes).
(12) Materials for developing, staining and mounting as in Part B. II.

Procedure

A. Macro-autoradiography

(1) Inject intraperitoneally4nto a young rat approximately 50 pCi
of a high specific activity solution of 45CaC12 and place the
animal in a cage for 1 h.

(2) At the end of 1 h kill the animal 111 an ether chamber.
(3) Remove the femurs and split i longitudinally with a sharp

scalpel.
(4) Under safe-light conditions (da room) obtain a sheet of no-

screen X-ray film (approximat y 2'0 cm X 25 cm) and cover
it with a sheet of very thin plastic film.

(5) Place the pieces of-bone, cut side down, on the film and insert
the film with applied bones in a cardboard film holder.

(6) Put the film holder in a plywood and sponge rubber rikess and
tighten the screws.

(7) Place the press in a refrigerator at 4°C and expose for a
period of 48 h.

(8) At the end of the exposure period develop the film according
to the directions of the manufacturer.

B. MicrO-autoradiography

Suitable mounted sections ,for these procedures may be prepared
by obtaining the thyroid gland of a dog 24-48 h after an injection of 0.5 to
1.0 mCi of 1311, inbedding it in paraffin, and cutting sections 5-10 pm thick.
After preparation of the mounted slides, remove the paraffin by dipping
for 2 min in each of two jars of xylene. Transfer to absolute ethanol
(2 changes), dip in 1% celloidin for 30 sec, dry till tacky in vertical -
position and dip again in 1% celloidin. Dry. the slides in a vertical position
and store in a dust-proof container (plastic slide box).

B, I. Mounting. technique (direct apposition)

(1) Cut 2 sheets of aliminium foil of appropriate size to wrap the
specimens.

(2) Prepare a label to mark the package.
(3) Under safe-light conditions (\Vratten No. 1) open a box containing

pieces of no-screen X-ray film previously cut to the size of the
microscope slides.

(4) Place the emulsion side of the film in contact with a celloidin-
coated slide bearing a specimen of thyroid tissue containing 1331,
place a second clean microscope slide. against the other side of
the film (Fig. 38).
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FIG.38. Arrangement of a specimen and an X-ray film.

(5) Hold firmly and apply clamps on both sides.
(6) Wrap twice with aluminium foil fastening edges with tape.
(7) Place in a refrigerator at 4°C for 2-d exposure.
(8) At the end of the exposure time, develop the X-ray film according

to the manufacturer's directions.

B. II. StrieeinE film technique

(1) Under safe -light conditions (Wratten No.1) outline areas of 'the
emulsion about 4 cm square with a razor blade Let the plates
stand for about 10 min before proceeding.

(2) Slip a razor blade Wider one corner of the outlined square and
pull upwards slowly. (This will be difficult if the humidity is
high. )

(3) Float the strip of emulsion face down on 'distilled water at
. 21-24°C, and let it soak for 2-3 Min.

(4) Slip a mounted slide into the water beneath the floating film and
lift the film out on top of the slide.

(5) Fold the free ends of the film underneath by turning the slide.
.(6) Dry in front of a fan at room temperature for approximately4 h.
(7) When slides.are dry place in a vertical position in a plastic

slide box containing a small amount of anhydrous CaSO4 trapped
at one end behind a clean slide. Seal the edges of the box with
black tape to ensure that it is light tight.

(8) Expose for 48 h in a refrigerator at 4°C..
(9) After 48 h, develop the slides according to the following procedure

with the developer, wash bdth, fixer, and wash sink all kept
at 4°C.
(a) Under safe-light, remove the autoradiographs from the

exposure box and place them in a slide carrier all facing .
the same way. Attach a silver-plated'holder to the carrier.

(b) Immerse in developer for 10 min, agitating lightly once
in a while.

(c) Rinse by dipping slowly 15 times in a wash bath.
(d) Fix for 15 min, then carry to wash sink fOr 15 min after

which tithe the lights may be tutned.on.
(10) Staining the autoradiographs (Kingsley - basic fuchsin).

Staining dishes and their contents are cooled to4°C and main-
tained at this temperature in an ice water bath.
(a) Stain the sections 5 min in a mixture of methylene blue and

azure A according to Kingsley (1936):
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Methylene blue
Azure A
Glycerol"C. P.
CH3OH C. P.
Distilled HvO
Phosphate buffer pH 6.9

0.065 g
0.010 g
5.0 ml
5.0 nil

25.0 ml
15.0 ml

Composition of buffer; K1-12P0,1 9. 078 g
Na2H PO4 211.,0 11. 876 g
H2O 1.0 'litre

,(b) Rinse in distilled water.
(c) Destain 5-.8 min in 0.05°.i aqueous NallS03 until the emulsion

is clear.
(d) Wash 2 min in distilled water.
(e) Counte'rstain 10-15 min in 0.05°0 aqueous basic fuchsin.
(f) Remove excess stain in .absolute ethanol.
(g) Dehydrate 5 min in cold absolute ethanol.
(Ii) Carry through two other ethanol baths, 5 min each, at

room temperature.
(11) Clearing and mounting.

(a) Transfer slides to a 1:1 mixture of absolute ethanol and
cedarwood oil. Leave until the emulsion is entirely clear
(5-15 min).

(b) Drain off the excess and transfer to pure cedarwood oil
(1.5-2 h).

(c) Drain excess oil and place in a 1:1 mixture of xylene and
Canada balsam (2-3 h).

(d) Apply a cover slip with a liberal amount of Canada balsam
dissolved in xylene.

B. III. Coatirg by the smear-drip method or by the dipping technique

For these procedures NTB3 liquid emulsion, Eastman Kodak, Rochester,
N. Y., USA, is required.

(1) Under safe-light conditions ( \ \'ratten No. 1) fill two 50-m1 beakers
with liquid emulsion and maintain in a water bath at 90 °C.

(2) Take one thyroid-gland slide and dip it in the melted emulsion
for 1-2 sec.

(3) Allow the excess emulsion to drain into the container.

SPREADER

MICROSCOPE SLIDE

S0 -100 pm DEEP

FIG. 39. Spreader for application of ..a liquid photographic emulsion.
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(1) Wipe the back Of the slide with an absorbent tissue.
(5) Place the slide on a drying rack for 30 min.
(6) If spreaders (raclettes) (see Fig. 39) are available, proceed as

follows:
(a) From the second beaker pick up son liquid emulsion with

the medicine dropper.
(b) I'lace four drops of emulsion at the inside end of one of the

thyroid-gland slides.
(c) lake the spreader and grasp firmly at both ends with the other

(d) Place it gently on the slide behind the emulsion layer,
(e) Carry it outward slowly, thus coating the slide evenly wiih

100 on of liquid emulsion.
(f) Place the slide vertically on a folded piece of absorbent tissue

and allow the excess emulsion to drain off (30-0 sec).
(g) l'lace in a drying rack, emulsion face out. Leave for 30 inm.

(7) ExposurC, developing, staining, and mounting procedures are
followed according to Section B. II.

Examination of autoradiographs

Examine with microscope stage in horiy .ntal.position.
(a) Look for definition of contact, coated, and strip-film preparations.
(b) Examine for background and size of grain.
(c) Examine for art iTakts (chemical or mechanical fog, leaching,

wrinkles, air bubbles).
(d) Compare distribution and intensity of the autoradiographi: record

over different cells of the various sections.
(e) Compare quality of staining with diffe-rent autoradiographic

procedures and differenremulsions.
(f) Prepare a report of your activities and observations, .

B 1B 1.10 G RA l'11Y

IIMIEPS, Techniques 'of Autoradiography, Elsevier Puhlishin.., Company I

ROTH, I.., STUNIPF, 0., Aritoradiop.raphy of Diffusible Substances, Academic Press I II.69),

GUDE, l., , Auromdiograplitc Techniques, Prentice hall (196E).

13. ACUTE 'EFFECTS 01' RADIATION ON T10.: RAT

Objectives

158

(1) To observe irradiation-induced changes in the blood and other
tissues of the rat,

(2) To follow the pattern of the acute radiation syndrome by comparison
of unirradiated (ontrol) rats with rats exposed to 700 1? of N- or
gamma rays,
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FIG..10. Effect of irradiation on formed. blood clement,.

Introduction and theory

It has been recognized since earliest times that ionizing radiations
produce deleterious changes in living tissues. The term "acute radiation
syndrome" has been given to the collective effects which are seen in mam-
mals following doses of X- or gamma-radiation which are of the order of
the 1.1)50130 (the dose of radiation that will kill 50';, of those individuajs.
exposed vithil.:-irty days of exposure).

The acute raciation syndrome may manifest itself in three different
vaysdepending upon the dose..of radiation received. When the whole-body
dose received is of the order of 200-800 It, the "haemorrhagic syndrome"
occurs. This terminology is used because most of the pathologic effects
are seen in the blood anct blood-forming organs. In general, the patho-
genesis is as follows. Within the first 24 to 48.h after exposure the lympho-
cytic cells drop markedly to 0-101:0 of their normal value. The granulocytes
usually show a transitory rise in the number of circulating cells followed
by a gradual drop to approiimately 25% of their normal value in 1 to 2 weeks,

Platelets and red blood cells show more latent changes due to the longer
life-span of these elements. A gradual drop in the number of circulating
red blood cells begins about 2 weeks after exposure with the most severe
anaemia occurring at 3 to 4 weeks post-exposure. If the animal recovers,
the blood cells begin a slow rise approaching normal values in 6 months to

_ 2 years, However, they may never regain the pre-irradiation levels.
Figure 40 summarizes the effects on the formed elements of the blood.

Changes in the bane marrow can be seen within 1 hour after exposure
and are manifested by a decrease in the numberof erythroblasts, After
9 or 10 days, the marrow cavity is virtually devoid of cells and contains
a gelatinciusmass with a few fibroblasts, blood vessels, and reticular
fibres as the only vital elements. If the .animal survives, regeneration
begins with the development of foci of primitive myelocytes and erythroblasts
about the reticular elements; eventually, the marrow may be completely
reconstituted,
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Fatalities from the haemorrhagic syndrome usually occur about the
10th to the 14th day after exposure due to the profodnd bacteraemia that
ensues when the granulocytes drop to their lowerit values.

Radiation levels ranging from 1000 to 10 000 11 whole-body dose lead
to the'"gastro-intestinal syndrome"; This syndrome is characterized by
nausea and vomiting beginning within a few. hours of exposure. Vomition
is followed by a haemorrhagic diarrhoea which leads to a severe dehydration.
Death usually occurs in 3 to 4 days,

The explanation for this three- to four-day stir/rival is that division
of the epithelial cells of the gut is inhibited and as the cells die (in the course
of about three days) no replacement occurs. The absorption of foodstuffs
is impaired, dehydration occurs as a result of diarrhoea, the resistance
to bacterial invasion from the gut is abolished, and a fatal bacteraemia
ensues,

If the dose received is in excess of
occurs within twenty-four hours and the
exhibited. The victim usually becomes
posure. Brain damage may be a direct
to' vascular destruction.

In this exercise an attempt will be made to produce the haemorrhagic
syndrome in a group of rats. However, bearing in mind the large species
and individual variations, the gastro-intestinal syndrome may also be pro-
duced in some animals,

10 000 11 total body dose death
"central nervous syndrome" is
comatose within 15 minutes of ex-
result of the radiation or secondary

Materials

200 kVp X-ray machine or 50-100 (3°Co source.
Mature rats.
R-chamber or other suitable dosimeter,'
Rat scale.
Balance accurate to 1 nig.
Light microscope.
Microcapillary centrifuge.
EDT&
Tiirk solution (for WBC)
(a) Glacial acetic acid 7.5 ml
(b) Distilled 1120 500,0 ml
(c) Gentian violet 1 crystal

(10) Bayern solution (for BBC)
( a) NaCl
(b) Na2S0.1
(c) 11gC12
(d) Distilled 1120

2.0 g
10, 0 g

1.0 g
-100.0 ml

(11) Wright' s stain powder
(a) Wright' s stain

a(b) Methyl alcohol, absolute
0,

100
270, 3 g

ml
(12) Immersion oil.
(13) Xylol.
(14) Ether chamber.
(15) Disposable spot plate s.
(16) Microscope slides.
(17) Glass rods (for use as droppers).
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(18) WBC pipettes.
(19) RBC pipettes.
(20) Haemocytometer (blood-cell counting chamber).
(21) Microhaematocrit (blood-cell counting chamber).
(22) Rubber tubing and mouthpieces (for blood pipettes).
(23) Micro-haematocrit reader.
(24) Dissection kit.
(25) Cotton sponges.
(26) Surgical scissors,
(27) flat metabolism cages.

Procedure

A. Procuring blood: preparation and counting of blood samples

(1) Anaesthetize a rat in an ether chamber.
(2) When animal if under anaesthetic, draw blood as follows:

(a) Swab the tail with a sponge moistened in xylol.
(b) Immerse the tail in warm water for 30 sec and gently dry

with a sponge or paper tissue.
(c) Sever the distal (1-2 mm) tip of the tail with a single incisive

cut from sharp scissors.
(d) Discard the first two or three drops and then let 3 to 6 drops

of blood fall into a disposable spot-test plate containing EDTA
(anticoagulant) and stir gently.

(3) Place the animal back in its cage.
(4) Prepare blood slides as follows;

(a) Place a small drop of blood about 2 cm from the end of a clean
microscope slide..

(b) Using a second slide as a spreader, hold the end of the second
slide at an angle of 45° or more against the surface of the slide
containing the blood and ahead of the blood drop.

(c) Back the spreader into the blood and push it slowly and smoothly
in the opposite direction across the surface of the slide producing
a thin smear.

(d) Label the slide and set it aside to dry.
(5) Fill a 1VBC pipette exactly to the 0.5 mierk. Promptly place the

tip of the pipette into the WBC dilution fluid (Turk solution) and
slowly fill to the 11 mark.

(6,) Holding the pipette by the ends between the thumb and middle fingei,
shake for about 1 min to disperse the cells and set the pipette aside

, horizontally.
(7) Repeat the procedure with an RBC pipette, using Bayern' s solution

as diluting fluid and filling to the 101 mark..
(8) Fill two micro-haematocrit capillary tubes about 3/4 full with

tail blood and seal the empty end'with the Bunsen burner.
(9) Spin down the samples and determine the haematocrit.

(10) Determine the total leucocyte count as follows:
(a) Place the counting chamber (haemocytometer) in a horizontal

position with' the cover slip in place over the ruled areas.
(b) Shake the pipette 2 min and discard 2 or 3 drops.
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(c) Fill the chamber immediately by placing a finger over the upper
end of the pipette and, while holding it almost horizontal, touch
the tip to the ruled area at the edge of the coveeslip. Slowly
release the finger and allow the fluid to fill the space under
the cover slip by capillarity. Do not overfill.

(d) Allow 1 min for the leucocytes to settle.
(e) Count four:corner groups of sixteen squares under lqw power

(see Fig. 41). Include in the count the cells falling on the upper
or left sides of the square but omit those falling on the lower
or right borders.

(f) The sum of the number of cells counted in the four squares,
when multiplied by fifty, gives the total leucocyte count per
mm3.

3
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UPPER ANO LEFT LOWER ANO RIGHT

W AREAS TO BE COUNTED UNOER LOW POWER
( x100) FOR LEUCOCYTES (Win)

R AREAS TO BE COUNTED UNOER HIGH POWER
(x40)FOR ERYTHROCYTES (RBC)

FIG.41. Chamber for counting erythrocytes and white blood corpuscles.

(11) Determine the total erythrocyte count as follows:
(a) Fill the counting chamber in the same way as was done for

the white cell count.
(b) Count only the four corner squares and one centre square in the centre

block of 25 squares (Fig.41). Use high power. The sum of
the number of cells counted in the five squares, when multi-
plied by 10 000, gives the total erythrocyte count per mrnl.
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(12) Stain the smears for differential count as follows:
(a) Plaae the smears ho'rizontally on screening or corks.
(b) Drop Wright' s stain on the slides until the entire surface

is flooded and let stand for 3 min.
(c) Add an equal amount of distilled water and mix by blowing

very gently across the surface. Let the preparation stand
for 9 min.

(d) Wash off the stain by running a stream of 1120 directly into
the centre of the slide.

(e) Allow smears to air dry.
(13) Inspect the slides under high-power objective to locate the best area

to count.
(14) Add a drop of immersion oil and switch to the oil-mmersion

objective.
(15) Count 100 leucocytes and report percentage of lymphocytes and

percentage of granulocytes. Count 100 consecutive white cells
following parallel horizontal tracks across the,slide.

IL Irradiation studies

(1) Obtain blood values (haematocrit, RBC, WBC, differential) on
four numhered'rats..

(2) Determine the dose-rate of the X-ray machine or gamma-ray
source with an R-chamber or any other suitable dosimeter.

(3) Irradiate two of the rats with a dose of 700 A- total body of X- or
gamma radiation.

(4) Confine all four'animals in metabolism cages and keep daily re-
cords of body weigh$, .water and feed consumption;,,and gross
clinical observation's such as diarrhoea, shaggy coat, irritability,
etc.

(5) Obtain blood values every other day for a week and then twice a
week for the next two weeks.

(6) Autopsy all animals dying during the course of the experinient.
(7) At the end of the 3-week period, sacrifice all remaining ani*als

in an ether chamber and perform a complete autopsy noting any
differences between the organs of irradiated and control animals,
e. g. weight, haemorrhage, etc.

II porting of results

(1) Prepare a graph of the blood changes in the irradiated rats over
the experimental time period plotting $ of normal values versus
time as the abscissa. The mean blood values of the controls may
serve as the normal values.

(2) List any differences noted between the organs of the irradiated
and control animals and give your ideas as to the pathogenesis.

Questions

(1) Do you consider that the dose given to these animals exceeded
the LD50130 for the rat?.

(2) What tissues are most susceptible to radiation injury?

via
a
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(3)
(4)

(5)

What tissues are least susceptible?
Can you formulate a hypothesis relating the rate of multiplication
and degree of differentiation of a tissue to radiosensitivity?
One school Of.thought feels that all tissues are equally sensitive
to radiation damage, From your observations, either support or
refute this theory.
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14. PREPARATION OF A PLASMA PROTEIN TRACE-LABELLED
WITH RADIO1ODINE

Objective

To demonstrate a simile technique for the in-vitro labelling of
proteins with radioiodine.

Introduction and theory

Proteins containing radionuclides canhe prepared by biological
labelling, i, e. by the administration to an animal, microorganisms or
cell culture of a suitably labelled amino acid which is then incorporated,
into protein during the normal synthetic processes. Proteins tagged in
this waymight appear to be the most desirable materials for many bio-
logical investigations, being completely native. The method has, however,
two limitations: (a) because of the lack of specificity in the incorporation
of the labelled amino acid, the particular protein required usually has to
be separated from a mixture of similarly labelled materials; (b) the specific
activity of the final product is likely to be low.

An alternative to biological labelling is to tag the protein in vitro by
attaching a foreign radioactive btorn. The most successful application of
this method so far has been the preparation of proteins tagged with radio-
iodine. If suitable precautions are taken during the labelling with respect
to the conditions and the amount of iodine introduced, tagged proteins of
very high specific activity which are biologically indistinguishable from the
natural protein, can be prepared by this method. It has been shown that
the iodine label remains firmly attached to the protein under physiological
conditions and is liberated only when the protein molecule is degraded,.

The method described below for trace-labelling depends on treating
theprotein, in slightly alkaline solution, with iodine monochloride to

which has been added the radioactive iodine as carrier-free iodide.
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The preparation is one of tagged rabbit-serum albumin which is suitable
for use in Exercise 16, but the method is general and can be appropriately
modified for the production of other labelled plasma proteins in different
amounts and with different specific activities,

Materials

(1) Carrier-free radioiodide (1311 or 1231), This p'reparation must be
free from reducing agents.

2) Iodine monochloride: a solution containing 0.42 mg If ml as ICI
in molar NaC1 and approximately 0. OIN with respect to FIC1.

(3) Buffers:
Glycine buffer A 9 ml molar glycine in

0. 25M NaC1+ 1 ml N NaOH
Clycine buffer B 8 ml molar glycine in

0. 25M NaC1.+ 2 ml 'N NaOH.
(4) Gel-filtration equipment and sephadex (see Exercise 6) or dialysis

tubing,
(5) An approximately 2% solution of rabbit serum albumin.

Procedure

(1) Place 4.0 ml of 2% rabbit serum albumin solution in a 100-ml
conical flask and add 2. 0 ml of glycine buffer B. Steps 2-4 are
to be carried out in a ventilated fume hood.

2) With a long-barrelled teat-pipette transfer approximately 1 mCi
of carrier-free iodide solution to a tube containing 1. 0 ml of
the 1C1 solution and mix.

(3) With the same pipette add the now labelled ICI solution to a tube
containing 2. 0 ml of glycine buffer A, mix and immediately add
the vhole solution to the albumin preparation in the conical flask.
The iodinating mixture should be jetted into the protein solution
from the teat pipette and the flask swirled using a remote-control
clamp at the neck.

(4) Allow a few minutes for the iodination to be complete and then add
"carrier" protein, e, g. freeze-dried bovine serum albumin, to
bring the specific activity to less than 5 NCif mg. This reduces
the risk of radiation decomposition.

(5) Remove unbound isotopes from the preparation either by gel fil-
tration (Exercise 6) or by dialysis for at least 48 h against a large
volume of physiological saline.

(6) After dialysis or gel filtration check the proportion of unbound
activity in the preparation as follows: Place one drop in a 15-m).
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 with water. Add 5.0 ml of 20% trichloracetic acid, mix
thoroughly and centrifuge. Remove the supernatant carefully 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. By means of the well-type counter
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Notes

/

compare the total radioactivity of the supernatant (unbound
activity) with that ot the dissolved precipitate solution (bound
activity). For many experiments it is desirable that the unbound
activity should be less than 2°,:) of the bound activity.

A. Uses

The tagged rabbit-serum albumin prepared in this exercise can be
used in various ways, e. g. in the measurement of plasma volume in rabbits
(cf. Exercise 2); in the measurement of catabolic rate of serum albumin
(Exercise 16); as a.labelled antigen in immunological studies.

B. Quantitative aspects of the labelling

It is usual to aim at1a trace-labelled preparation containing an average
of 1/2 to 1 atom of iodine per molecule of protein; the amount of ICI solu-
tion used is adjusted accordingly. With the quantities described above,
one would obtain the incorporation of about 2 atoms of iodine per molecule
of albumin assuming 100% incorporation. In practice, albumin gives usually
30-40% incorporation of iodine under these conditions, so the level of
iodination is likely to be acceptable. The amount of isotope added to the
preparation can be varied to give preparations of any desired specific
activity.

C. Potential health hazards

Since iodine isotopes' will tend to concentrate in the thyroid, it is
important that the precaution of carrying out certain stages of the prepara-
tion in a hood be strictly adhered to in case there is any ingestion or in-
halation. Periodic checks onthyroid activity of the workers involved is
recommended.
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15. lEASUREMENT 01."rlIE CATABOLIC IRATE OF PLASMA ALBUMIN
IN RABBITS

Objectives

/
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(1) To illustrate the use of trace-iodinated proteins in turnover studies.
(2) To compare the catabolic rate for plasma albumin in a normal

rabbit with that in a fluke-intecte::
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Introduction and theory

The amount of any plasma protein in the body at a given time represents
a balance between synthesis and catabolism. When a reduction occurs in a
body pool of protein, it is important to know whether this is due to a sub-
normal synthesis, an increased rate of catabolism or both. Proteins trace-
labelled with radioiodine are particularly suited for the measurement of
catabolic rates because there is no re-utilization of the label once the protein
has been 'degraded. Provided the thyroid of the experimental animal is
blocked by the administration of stable iodide, the label from degraded protein
is excreted largely in the urine. In practice a sample of the labelled protein
is injected intravenously and the plasma volume determined by applying the
dilution principle. Blood samples are collected daily and complete 24-11
collections of urine and faeces made over a period of 7-10 d. After counting
suitable samples of urine, faeces and plasma the fractional catabolic rate
(K), i.e. the fraction of the total intravascular pool degraded during 24 h,
is calculated by dividing the total excreted radioactivity over that period by
the total intravascular activity at the beginning of the collection period.

It is instructive to measure K in a normal rabbit and-in a rabbit showing
hypercatabolism of albumin, e.g. a rabbit infected with Fasciola hepatica.

Materials

(1) Rabbit serum albumin trace-labelled with radioiodine. The material
prepared in Exercise 15 should be suitable.

(2) Rabbits: a normal rabbit and one infected at least eight weeks
previously with V. hepatica.

(3) 'Metabolism cages for rabbits.
(4) A solution containing 0.005% NaI and 0.47°,'Q NaCI.
(5) Syringes, needles, etc. suitable for intravenous injection of rabbits.
(6) Micro-pipettes, e. g. 'auto-zero" type, to measure volUmes of

0.20 ml.

Procedure

(2)

(3)'

Establish rabbits in their metabolism cages at least 3 d before the
injection and replace drinking water by the iodide/saline solution
described in (4) above. This substittition is maintained throughout
the experimental period.
Prepare the rabbi( for injection and bleeding by shaving the hair
above the marginal vein of both ears.
Inject 4-5 ml of the labelled albumin solution into the marginal
vein of one ear of the rabbit and note the time. of injection and

'prepare a standard by diluting about 1 m112 of the labelled albumin
to 20 ml with diluted Na011.

n It is much more accurate to measure the amounts of labelled albumin injected and used for the standard
by weight rather than volume. This is easily done by weighing the syringe 6,11 apd again after delivering either
into the rabbit or the volumetric flask used for the standar.
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(4) Five minutes after.the injection collect 'aheparinized blood mple
(3-5 ml) from the marginal vein of the ear not used for injedion.
Collect a further blood sample at the same time each day for a
period of 10 d.

(5) Separate the plasma from each blood sample by centrifugation.
(6) Make complete 24-h collections of Trine and faeces starting at the

time of the first blood sample and continue daily throughout the
experiment.

Preparation and counting of samples

(1) Pipette into counting tubes duplicate 0.2 ml-samples of the plasma
obtained 5 min after injection and make up to the standard volume
for counting (say, 5 ml) 'with approximately 0.01N Na011. For all
later plasma samples, 1.0 ml lots are made up to 5 ml as above.

(2) Measure out duplicate 0.2-m1 samples of the standard and make up
for counting in the same way.

(3) Weigh the total collection of faeces for each 24-hiperiod, spread the
pellets on a largesheet of paper, mix thoroughly and collect at random
in counting tubes triplicate 5-g samples. With a glass rod pack
these domin to the appropriate volume for counting, e. g. 5 ml.

(4) Measure the volume of urine in each collection, make up to a round
figure with water and pipette out in duplicate suitable aliquots for
counting. '

(5) Using the well-type counter, determine the net counts per minute of
all the plasma, urine and faeces samples. If they are not all
counted 'at the same time, remember to repeat the counting of the,
standards on each occasion where counts are being made so that
appropriate corrections can be applied for decay and variations in
sensitivity of the counter.

Calculations

168

(1) From the cpm/ml of the standard solution, the weight of labelled
albumin solution used in preparing the standard and the weight of
labelled albumin solution injected into the rabbit, calculate the
total activity injected in counts per minute.

(2) Calculate the plasma volume of the rab'.:t as follows:

(3)

total activity injected (cpm)
P cpm /ml plasma

Taking the activity per millilitre of the 5-min plasma sample as
unity, express the activity of the later plasma samples as fractions
of it and then plot the plasma activity against time as abscissa on
semi-log paper. Compare the curves obtained from the normal and
infected animals.
For each 24-h collection period calculate the total activity F
excreted in the faeces, and the total activity U excreted in the urine.
From the plasma volume and the cpm /ml plasma at the beginning
of each collection period,_calculate the total plasma activity P.
The fractional catabolic rate K is then given by I<=(U+F)/P.

175



(5) Calculate 1< for each 24-h period throughout the experiment and
compare the mean value for the rilitrmal rabbit with that for the
infected one.
4

Questions

(1) Why is it apparently satisfactory in this experiment to calculate the
plasma volume from the activity of a single post-injection sample
(cf. Exercise 2)?

(2) What factors are likely to cause the day-to-day variations of K
determined as above?

(3) What will be the effect on the results of a significant change in
plasma volume during the course of the experiment?
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16. MEASUREMENTS OF THE SPECIFIC ACTIVITY OF EXPIRED CO2
AFTER ADMINISTRATION OF 14C-GLUCOSE TO RATS

Ob ective

To compare the utilization of 14C-glucose in fasted and non-fasted rats
by measuring the incorporation of I4C into CO and by determining the
distribution of 14C in the tissues.

I'rocedu re

(1) Fast a rat for 24 h.
(2) Inject a rat intraperitoneally with 1 ml of a uniformly labelled

14C-glucose solution.
(a) This, solution should contain about 6 uCi 14C and 1 g glucose

per millilitre;
(b) At the time of dosing apply a sample of the dosing solution to

filter paper and run the chromatogram.
(3) Place the rat in the metabolism chamber and measure the CO2

"hnd CO2I4 output. Add 35 ml of hyamine solution to the gas-washihg
bottle before starting the measurement.

(4) After the peak of activity has passed, remove the animal from the
chamber and sacrifice with nembutal.

(5) Pipette an aliquot (2-5 ml) of the hyamine solution from the gas-
washing bottle into a counting vial and add 15 ml of scintillation
fluid.

(6) Count in the liquid scintillation counter making all corrections
needed.

(7) Repeat this procedure with the non-fasted rat.
(8) Compare: (a) time of peak; (b) overall specific activitty;

(c) total 14C output.
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17. AN OXIDATIOlq TECHNIQUE FOR PREPARATION OF LIQUID-
SCINTILLATION SAMPLES

Objective

To demonstrate the preparation by the bomb-combustion technique of
samples for determination of 14C content.

Procedure

Dose each rat with 5.0 ati of uniformly 14C-labelled gluco§e about 2 h
before the experiment is to begin. At the end of this period sacrifice the
animals by an overdose of nembutal and take the following tissues for analys is:
blood (be sure to heparinize the syringe), liver (blot carefully to remove
excess blood), and a piece of muscle. place the tissue in a bag made up of
dialysis tubing and dry under a heat lamp. The bag and contents should
weigh not more than 300 mg wet weight.

The procedure for combustion is as follows:

(1) Place the bag in the sample basket of the flask, making sure that
the.black mark on the bag is plainly evident.

(2) Grease the stopcock of the flask with apiezon grease.
(3) Gas the flask with oxygen for 2 min.

' (4) Place the sample container firmlyon the flask.
(5) Place the flask in a dry-ice acetone bath for 30 sec.
(6) Remove the flask from the bath and place in4the combustion chamber.
(7). Carry out combustion by means of infra-red lamp.
(8) As soon as the combustion is complete remove the flask from the

chamber and place it in the dry-ice bath; leave it for 1 min.
(9) liemove the flask from the ice bath and add 15 of the.

ethanolamine" absorbing-counting solution'to the side arm of the
flask.

(1,0) Allow the countirg solution to drain into the flask until air is heard
running out; turn off the stopcock and allow the flask to set for
30 min at room temperature (swirl the flask frequently).

(11) Remove two 5-ml aliquots of this material and place in scintillation
vials for deterknination of activity.

Calculations

Calculate per cent of dose pe...gam or millilit.e of tissue.

Ethanolamine Is an efficient and inexpensive trapping material and does not interfere with the liquid-
scintillation process. A solvent mixture containing ethanolamine, ethylene glycolmonomethyl ether and
toluene in a ratio 1: 8:10 by volume kas been found to be 'most suitable. .The use of ethaii)31a mine-ethylene
glycolinonomethyl ether was required to facilitate the solubility of ethanolamine ip.toluene. For this system
5 to 6 g of PPO/litrss Is required.
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18. DETERNIINATION OF TOTAL- BODY WATI :11

The determination of total-body water volume in vivo is of interest in
many studies. Alan tracers have been used, but the most common is
tritiated water or T110 (311011). The experimental method is simple, and a
classical example of tracer dilution.

Materials and equipment

(1) Tritiated water high specific activity;
(2) Experimental animals (dog, goat, sheep, rabbit, etc. );
(3) Liquid scintillation counter;
(4) PhySiological

Procedure

(1) The tritiated-water dose to the animal should be approximately
5 mCi per 100 kg body weight. The specific activity should la
approximately 5 mCi /ml.

(2) Pipette the dose into a polyethylene beaker. Pipette an aliquot of
the dose into a liquid scintillation vial.

(3) Take up the dose into a syringe (10-25 ml volume).
(4) Wash the beaker with 1-2 ml of physiological saline and take up in

the .syringe.
(5) Repeat the washing process 2-3 additional times until it is assured

the entire close is in the syringe.
(6) An indwelling jugular cannula may be inserted into the jugular vein

of the animal. A "Tee" syringe fitting may be adapted and a.syringe
with physiological saline attached to one connection.

(7) Attach the syringe, containing the T110 to the other "Tee" connection
and inject into the animal. Wash the dose syringe with saline from
the other syringe and inject into.the animal. Repeat until it is
assured that the entire dose has been delivered intravenously.

(8) Take blood samples at 5 min, 10 min, 30 min, GO min, andN2 h,
3 h, 4 h and 6 h after administering the dose. (If possible continue
sampling for 2-3 days. The animal must be cn'aiconstant diet and
water intake.)

(9) Treat the blood samples as in experiment 12 for 'Conversion to water
and count in a liquid ,scintillation counter. Count the dose aliquot.

(10) Plot the specific activity versus time, on semi-log graph paper.
Extrapolate the straight-line portion of the curve through the last
3 or 4 points to zero time.

(11) Calculate total-body water in the animal by

Total-body water

where rdose
a

',dose (ePnl)
a

0
(cpm/ml

= net count rate of injected dose
= extrapolated value of specific activity at

zero time.
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(12) What is the biological half-life of water in the animal', Calculate
the turnover rate.

(13) Calculate total-body fat by the assumption that total-body water is
73. 2°20 of the fat-free body weifdit.

(14) Consider all sources of error Lu the experiment.
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19. DETERMINATION OF TOTAL-BODY SODIUM 1 ND EXCHANGEABLE
SODIUM IN THE RAT

Introduction

Total-body sodium (NaT) may be determined in vivo by neutron activation
of 23Na to 24Na and subsequent whole-body counting. Exchangeable sodium
(Nat) may be determined independently in vivo by tracer dilution using '.'4Na
(or 22Na). Total-body sodium must' by definition be greater than exchangeable
sodium. Na, -represents the osmotically active Na in the body, principally
in extracellular fluid, and usually Nac/NaT will be about 0.8. There is a
"non-exchangeable" pool of sodium principally in the skeleton and this is a
function of age andbody composition. This exercise is included to demon-
strate the techniques to measure these parameters in vivo.

A. Determination of total-body sodium

Materials and equipment

(1)

(2)

(3)
(4)

Rats
Reactor or neutron source capable of producing thermal flu. at
least 106 n/cm2 sec
NaI (T1) scintillation crystal-spectrometer
Bat holder and, rat phantom.

Procedure

172

(1) Weigh the rat.
(2) Construct a rat holder of lucite or pespex similar to that shown in

Fig. 42. Cylinders of different diameter may be used for rats of
different weight. ..

(3) Rat is inserted head-first and secured by a wad of kleenex and tape.
(4) Prepare a rat phantom from a polyethylene bottle selected to be as

identical as possible in size and shape to the rat holder.

1"9



POLYETHYLENE
BOTTLE

Rat holder and rat phantom.

(5) Add to the rat phantom an accurately weighed amount of NaC1,
approximately 2 g, rill with distilled water and seal.

((i) Irradiate the rat to the thermal neutron flux for approximately 1 h,
but accurately record the time length of irradiation.

(7) Irradiate the rat phantom in the identical positiop for the same
length of time.

(8) Count both the rat and the rat phantom by the NaI(TI) crystal-
spectrometer at approximately the same time after their respective
irradiation. Determine the count rate by integration of the area
under the 1.38.-MeV total absorption peak on the gaimita- ray
spectrum.

(9) Calculate the weight of Na in the rat by the following proportion

weight of Na in rat
=

I rat

weight of Na in phantom r Murton'

where r = net count rate.
(10) Express N8.1. a5 T, of body weight. The value should be approximately

(11) roin inspection of the garnina-ray spectra, what other radio-
nuclides were produced in the rat by the neutron irradiation? Could
total body Cl, Ca or 1: be estimated by the same technique')

H. Determination of exchangeable sodium in the rat

Materials and Liquipment

(1) Hat preferahly the same rat as used in part A of this experiment,
(2) ::.;Nit solution of high specific activity.
(3) at metabolism cage.
(1) NaI (T1) scintillation crystal-spectrometer.
(5) Elaine photometer.
(6 Counting vials (20 ml) of the liquid-scintillation-counter type.

ti

Pro du re

(1) Inject a known volume of 2.INa solution (approximately 2 uCi) intra-
peritoneally into the rat. Put the rat in the metabolic cage and begin
urine collection.

(2) Inject rat identical volume of the dose into a liquid- scintillation
counting %ial. Make up to 15 ml with water.

(3) After at lei,-;t h withdraw approximately 1 ml of blood from the rat
heart puncture or from the tail

80
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Centrifuge the blood and pipette an aliquot of plasma into a countin
vial. :Make up to 15 tnl with distilled xvat kind count on the
scintillation crystal.

(5) Determine the Na concentration in the plasma sample by flame
photometry and calculate the specific activity.

((i) Count the vial containing; an identical volume of the dose.
(7) Wash down the metabolic cage with water into the urine-collection

vial. Make up to 15 ml and count.
(8) correct all net count rates to an arbitrary initial time.
(9) Calculate Na as follows

Jose mexcreted(CP"
Na, a (cprnimEq)

where rdose = net count rate of dose
t'excreted = net count rate of close excreted
a = specific activity of plasma in cpa./mEq.

(10) If part A was completed, calculate the ratio Nae/Na.r.
(11) How can it he proven that the ivm-exchangeable pool of Na is in

hone?
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