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MEASUREMENT OF RADIOACTIVE CONTAMINATION
BY WHOLE BODY SPECTROMETRY

J. F. COLARD, R. R. BOULENGER, J. A. HENRY and W. G. VERLY#
Centre d'Etude de l'Energie Nucleaire, Mol, Belgium

(Receivcd 3 Fcbruary 1963; in revisdfor 20 May 1963)

AbstractThis paper describes a whole body countcr which has bccn used to mcasure
contamination levels of persons over thc past } years. The results from 2,600 measurements are
discusscd. 'The cvolution of the mean caesium-137 body burdcn activity, from 1959 to date,
is rcportcd. The first rcsults of a study on iodine-131 metabolism in order to cvaluate the
hazards of iodine contaminations are given. For continuous exposure the amounts of iodine
131 activity in the thyroid and in the rest of the body arc in the ratio 86 : 14 implying a
maximum permissible body burden of 0.16 c iodine-131.

Tn workers of nuclear centres and of radio
isotope laboratorics arc exposcd to two types of
irracliations-thosc duc to cxtcrnal sources
locatcd ncar the personnel and thosc duc to
cxternal or internai contaminations. The latter
result from radioclcmcnls ingcstcd or inhalcd
chronically or during an incident.
To dctcrminc the internai contamination of

the personnel of the Centre d'Etude de !'Energie
Nucléaire at Mol, a cell for the mcasurcmcnt of
total internal gamma activity of men was in
stalled in 1958. Approximately 2600 mcasure
mcnts have bcen carricd out since this time and
the data thus obtaincd cnabled us to evaluate
the possibilities and the importance of this
dcvicc.

THE TOTAL BODY COUNTER
Basically the technique of the "tilting-chair"

described by MARINELLI in 19564,%) has bcen
adoptcd. The man to be mcasurcd sits in a
chair which allows a rcproduciblc position in
relation to the dctector. l\fost of the body
forms an arc with 35 cm radius around the
crystal (Fig. !). The dctcctor consists of a
large Nal(TI) crystal of 20.3 cm diamctcr and
J 0.2 cm hcight. The gamma spectrum is rc
cordcd by a 256-channcl pulse hcight analyzcr
with magnetic memory. The pcrson to be
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mcasurcd and the dctcctor arc placed in a room
shicldcd by 20 cm steel (inncr dimensions
1.50 x2.10 x 1.50 m; wcight40 tons).

MEASURING AND CALIBRATION METHOD
The gamma spcctrum is rccordcd on a dia

gram, and the contaminating radioclcmcnts arc
quantitativcly dctermincd by planimetric mcas
urcmcnts of the numbcr of pulses accumulatcd
undcr a charactcristic photoclcctric pcak.
Rcsults are intcrprctcd in tcrms of the cfficiency
of the crystal for the radioactive gamma source,
assuming a uniform distribution in the body.
The calibration method generally adopted con
sists ofsimulating the human body by a dummy
or by containers fillcd with a radioactive solu
tion; this proccdurc applics to a particular
radioclcmcnt.
This mcthod has bccn uscd to obtain the

photoclectric cfliciency of our apparatus as a
function of y-ray cnergy in ordcr to overcomc
the problcm of estimating rapidly the quantity
of a contaminaling radioclement when an acci
dent occurs. The importance of this curve has
bcen shown by the widc varicty of radioclcmcnts
encountcrcd during mcasurcmcnts made in the
nuclear centre and also on personnel from
various industries and univcrsity laboratorics.
The yicld curve has bccn establishcd in vitro

by mcans of isotopes of known activitics whosc
gamma cncrgics range from 140 keV to 2. 75
MeV. Thcsc isotopes arc diluted in a 70-1.
solution simulating the body undcr the crystal
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(Fig. 2). The curve obtained R(E) allows the
dctcrmination of the activity prcscnt in the
body if the probability of the gamma transition
in the disintcgration schcmc is known. Howcver
it must be pointcd out that the assumption that
radioactive substances arc non-uniformly dis
tributed in the body may lead to erroncous
rcsults.
Calibrations were also carried out in vivo by

means ofingcsted potassium-42 (1.52 MeV) and
iodinc-131 (364 keV).
Through this procedure the calibration in

vitro was chccked and the variations of the
cstimate duc to individual diffcrcnccs were
observed. In the case of potassium-42 a stand
ard dcviation of 5.8 pcr cent has been found.
In the case of iodine-131, measuremcnts wcre

Fig 1

carried out 1 ! hr after ingestion, supposing that
only negligible traces of radionuclide wcre still
localised in the stomach at this moment. A lcad
shield removed the influence of the thyroid
gland, the amount of iodine alrcady prescnt in
this organ being detcrmined by directional
scintillation counting of thyroid uptakc. For
seven di!fcrent individuals, the standard devi
ation was about 8 per cent.

Cesium-132 (670 keV; Ti= 6.2 d) would
be anolher valuable isotope for such measurc
ments. C3l

SENSITIVITY OF THE APPARATUS
The lowcr limit of detcction has bcen set by

the minimum spectrum surface to be mcasured
as photoclcctric pcak, taking into account the
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Enerqy MeV

Fm. 2. Body-crystal cfficicncy or the human countcr

Table I
Limit ofdetectionfor di.ffmn/ isotoprs as np,rc,nfag, of lht maximum pmnissiblt body burdm.

Smallcst dctcctablc activity

Radionuclide Energy pcrcentage orµc MPBB

Na" 2.75 MeV 10-3 0.01
Cr' 323 kcV 1.5 10-2 0.002
Fe"" 1.10 MeV 2.5 10-3 0.01
Co60 1.17 MeV 1.5 10-° 0.02
Zn4° 1.11 MeV 3 10 0.005
S;86 513 keV 1.5 10-3 0.0025
Zr0° 750 keV 1 10 0.003
S1" 1.69 MeV 1 10-3 0.01
Csl:U 797 keV 1 10-3 0.005
Csl37 662 keV 1 10-3 0.003
La10 1.60 MeV 5 J0-3 0.05
Autos 411 keV 1.5 10-3 0.008
Ra" (sec B;) 7.5 10-3• 7.5
(fü21') 1.12 MeV 2.5 10-9 -

1.72 MeV 2.5 10-°
TH"A» (sec T l208) 1.5 104 7.5
(T1y 2.62 MeV 2.5 10 -Sr- yeo 100-200 keV 4 10 20

''brcmsstrahlung''

• Ra220: 30 pcr cent or the dccar products arc assumcd to rcmain in the body.
t Th228: 50 pcr cent or the dccay products arc assumed to remain in the body.
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natural activity of potassium-40 in the body
and the background of the countcr.
Thcse limits, for 50-min measurcments, are

listed in Table 1. According to I.C.R.P. rulcs,
they are generally a fcw hundrcdths of a pcr
cent of the maximum chronic pcrmissiblc radio-

2

activity lcvcl for the human body except for
thorium-232 and radium-226, owing to the
very low tolcrance lcvcls for thcsc radioclcmcnts.
For strontium-90 the scnsitivity is vcry low
owing to the fact that it can only be dctected
through its "brcmsstrahlung" spcctrum.
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RESULTS OF TOTAL BODY
MEASUREMENTS

During the past 3 ycars, 2588 examinations
were pcrformcd:

(1) as routine checks (R), thc periodicity
dcpcnding on the work of thc pcrson.

(2) aftcr an cxposure (E) rcsulting from a
particularly hazardous opcration with a
high possibility of contamination and

(3) after an incident (I) involving the dis
pcrsion of radioelcments.

Tables 2 and 3 summarizc data of the
mcasurements performed on the membcrs of
thc various dcpartmcnts of C.E.N. or othcr
institutions whose personnel have bcen mcasured
in our shiclded room. Among the C.E.N. per
sonnel, scvcral positive rcsults wcrc obscrvcd
cvcn for the routine chccks wherc no ingestion
of radioactive products could normally be
assumed. The section "Radioisotope produc
tion'' lissthc grcatestamount of contaminations;
this is duc to the high activities manipulated,
the type of trcatment applicd to thc radioactive
products, the chcmical operations and the
various conditionings. Neverthcless most of the
contaminations arc lowcr than I/O of the maxi
mum permissible lcvel. For the wholc C.E.N.
personnel, out of 2010 examinations, 303 (i.e.
15 per cent) revcal contaminations of less than
ra of the tolcrancc levcl and 25 (i.e. 1.25 per
cent) arc of a higher value. In the case of
workers of othcr institutions, an cvcn grcatcr

70 --

of this isotope arc bcing produced at the C.E.N.
and thc high volatility of most ofits compounds
makcs its manipulation most hazardous. Some
recent incidents which could not bc rcportcd in
the tables gave risc to contaminations of 30
times the maximum permissiblc levcl of iodinc-
131. Zinc-65 appeared frequcntly in the case
of workers cmployed ncar the rcactor BR-1;
this was particularly obscrvcd with ail persons
cxposcd during the anncaling of the rcactor
BR-1. • The zinc is probably camcd mto the
rcactor as a conscquence of the erosion of plates
in the ventilation duels. Moreovcr, it sccrns
worth while to notice also somc contaminations
by radium-226 whose tolerance levcl will be
rcadily rcached since it is fairly low (0.1 µc
Ra16). This provcs the importance of a
rcgular control of the personnel employed in
laboratories where this radioelcment is being
handled.

NATURAL ACTIVITY AND RADIOACTIVE
FALL OUT

Amean activity of0.12 µcofK-40, thenatural
radioactive isotope, is found in the human body
without any contamination. Morcovcr atomic
explosions cause a general contamination of the
population by ccsium-137. The mean amount
of this isotope rcached a maximum in 1959 but
considcrably dccreased aftcrwards owing to the
cancelling of nuclcar wcapon tests; now it is
incrcasing again. Howcver, contaminations of

1959 1960 1961 (962
Fo. 3. Caesium-137 body burden due to fallout.

1963

perccntage of positive rcsults has becn observed
--174 out of 578 (i.e. 30 pcr cent.) Howcver,
thcse mcasuremcnts arc gcncrally rcqucstcd
after an incident.
ln Tables 4 and 5 arc listcd the frequencics

of occurrence of diffcrent radioclcmcnts. lodinc-
131 is dctcctcd most frcquently. Large amounts

local populations can rcach mcan valucs 10 to
50 timcs that observed in other rcgions.47)

Another fission product, zirconium-35, has
been dctectcd recently in th c lungs of various

This phenomenon has been observed also by
S. H. Con t al,()
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Table 3
Examnations perforrd on employces of txltmal utabliJhmmls.

Number of cxaminations in which radio-

Performcd Positive nuclidcs wcrc <lctcctcd at indicatcd lcvcl as
pcrccn tagc of tl 1c maximum pcnniss iblcEstablishment examina.. examina- bod y burdcn Observed isotopes

tions lions

<1% 1-10% 10-100% 100-900%

20 10 13 - +· Zn 1IIUniversitices 60 28 ("'Th) 17& ++TA

"Mn "Co "'Co
»Zn Br ""Zr 4

lndwtrics 110 72 70 30 2("'Ra) 5(Ra) Nb "Ru 'mAg
16(1) 1f 1ç 11r

14u 1+p;
1+pi mm+Ra

Nuclcar C 'Zn "Zr
centres and 387 73 69 13 !("'Th) 2("'1) + Nb "'Ru

1(+n1) 11 1C0, 7CGlabora tories
"'Cc "'Ra "'Th

Othcr 21 I I - 1(Ra) - 1C mRa

Fm. 4. Four-compartmcnts modcl for
iodinc mctabolism.

The urinary cxcrction of iodidc causes a fast
dccrcasc of the body radioactivity whcrcas the
maximum activity is rcachcd in the thyroid
gland somc 24 hr after the ingestion. Afer
somc days an incrcase of the internai radio
activity, duc to the relcasc ofiodinc-131 labelled
thyoxine by the thyroid gland is obscrvcd.

In the case of chronic contamination by
iodinc-131, the calculations show that the dis
tribution of the radioactivity is as follows:

( 1) 86 pcr cent in the thyroid gland,

Urine--•

Dttusion
comportment

22

Ploun allc
compartment

3

! 701'91/d
Thyrod

8,0009I
20cm'

E •Ira ,,,,.,o,dal
arqan,c ,ad,r.t
compartment
2512c09

STANDARDS FOR IODINE-131
Contaminations by this radioactive clemcnt

arc obviously as frequcnt among the C.E.N.
cmployccs as among the staff of other insti
tutions. Morcover its prcscncc in the fall-out
of nuclear explosions or during a rcactor
incident (Windscale, 1957) urgcd us to study
the mctabolism ofthis radioclcmcnt which con
ccntrates in the thyroid gland.
A thcoretical modcl ofiodine metabolism has

bccn proposcd by BRowELL (Fig. 4).<91 The
basic assumption is that the daily uptakc by the
thyroid gland is a constant amount of 70 µg of
iodide and its claboration into iodinatcd hor
mones; morcovcr, it has bccn acccptcd that
the cxchangcs bctwecn the diffcrcnt compart
ments occur at constant rates.
The mathcmatical analysis of thcse proccsses

lcads to a set of four diffcrential cquations which
has bccn cstablishcd and applicd to the case of
a single or chronic contamination by iodine-131,
assuming a daily food intakc of 100-300 µg of
iodidc. Thcse equations have bccn solvcd on a
digital computer and the rcsults wcre plottcd
on a graph. (Fig. 5).

persans who wcrc not connected in any way with
radioactive laboratorics.
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Table 4
Radionuclides obserd during examinations performed on C.E.N. employees

Numbcr of investigations in which a radionuclide

Radionuclides
was dctcctc<l al indicatcd lcvcl as a pcrccntagc of

the maximum pcrmissiblc body burdcn

Total <1% 1-10% 10-100% 100-900%

%Na 2 2 - - -
·Cr 2 2 - - -
64Mn 1 1 - - -
69Fe 2 2 - - -
·Co 1 1 - - -
Co 46 45 1 - -
42n 124 124 - - -
855, 2 2 - - -
83Zr-Nb 34 34 - - -
109Ru 27 27 - - -
1uom,Ag 3 3 - - -
11sCd 1 1 - - -
1ms 2 2 - - -
11$b 12 Il 1 - -
1a=Te 4 3 1 - -
191q 144 68 52 15 9
121 5 2 3 - -
1cg 3 3 - - -
17c- 15 14 1 - -
10Ba--La 1 1 - - -
198,u 4 4 - - -
mm+Hg 1 1 - - -
2orT1 1 1 - - -
ma6Ra 1 - - - 1
91 3 3 - - -
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(2) 14 percent in the body (for a food intakc
of 150 µg daily).

For the calculations devclopcd by the I.C.R.P
committee, iodinc was assumcd to havc a bio
logical half-lifc of 138 days, both in the thyroid
gland and in the body, but only the thyroid
organic iodine has this hal-life and a considcr
able fraction in the form of iodide is climinatcd
by urinary excrction with a biological half-lifc
of a few hr. Conscquently, ifa maximum dose
of 8 rems per 13 weeks is admittcd for the
thyroid, the maximum permissible amount
pcrmanently allowcd in the body is 0.16 c
(0.14 c in the thyroid gland) and not O. 7 c
as proposed by the I.C.R.P.
The validity of our thcoretica l rcsults has

been confirmed by cxperiments on eight male
voluntcers wcighing 59-80 kg and 23--38 ycars
old; 0.5 µc ofiodine-131 as carrier frce sodium

iodide in 20 cm" Na.S,O,.10-" M solution were
ingestcd by cach individual, fasting for 12 hr.
Rcsults of Iwo typical mcasurcments of the
radioactivity in the thyroid gland and in the
body arc shown in Fig. 6. They agrec fairly
wcll with the calculated curvc ifone assumes a
daily food intake of 100 µg ofiodide. The curve
observed in a slightly hyperthyroid subject
clearly illustrates the rcleasc of iodinatcd hor
moncs. A complctc discussion of thcse rcsults
will be published shortly.
Thus the proposed model appcars valid and

the conclusions drawn concerning the maximum
permissible radioactivity lcvel lead to a revision
of I.C.R.P. values for maximum pcrmiss ible
iodinc body burden.

CONCLUSION
Owing to its sens itivcncss and its sclectivity,

a total body countcr is csscntial for the contrai
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Table 5
Radionuclides obseroed in investigations perfonned on employees of

extemal establishments.

Numbcr of investigations in which a radionuclide

Radionuclides
was dctcctcd at indicatcd lcvcl as a pcrccntagc of

the maximum pcrmissiblc body burdcn

Total <1% 1-10% 10-100% 100-900%

Mn 1 1 - - -
+Co 3 3 - - -oc 25 23 2 - -
6Zn 13 13 - - -
84B 1 1 - - -
tszr-Nb 1 1 - - -
1a+Ru 2 2 - - -
n1omAg 1 1 - - -
1911 96 42 35 17 2
1c, li li - - -
137Cs 57 56 1 - -
1a»ce 3 3 - - -
1eI 4 4 - - -
198Au 5 4 1 - -
sp; 2 1 1 - -
'"°Bi 2 1 1 - -
oRa 10 - 2 3 5
nsT} 23 - 10 13 -
!:l!Th 1 - - 1 -

fsedin'a±
ICOugl/day

-- 300l/ day

o.01~, - --
1
-'----' ,--'·'"':\.:..~- '----'-'--' ,'-'1~c.c1-"'1,oo.:..1---'w...·!IOO..' ·...c•-1000.:..

1
~

Tine, hr

F10. 5. lodinc-131 activity (thcorctical
curvcs).

o.,

Time, hr

Fm. 6. lodinc-131 activity (cxpcri
mental curves).
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of the personnel in institutions where unscaled
sources of radioactive products arc being
handled, not only in the case of an accident but
also as a prevcntative by mcans of routine
checks.

Sueh a dcvicc was succcssfully used to study
the iodine rnctabolisrn and to check the validity
of a rnodcl proposed for its tumn-ovcr.
Rcsults obtaincd lcad us to propose ncw

standards for MPL ofiodinc-131.
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