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Background 
.Control of exposure to nuclides of the alkaline earth elements is based on 
the metabolic model described in ICRP Publication 20, intended to describe 
the retention in the whole body and in tissue sub-compartments over decades 
after a systemic injection. The model invokes certain working postulates, 
including an assumption that the retention functions are independent of age 
at intake during adult life, and, in relation to radium, it depends on 
long-term retention data which are deficient in certain respects. 

Scope 
The human metabolism of barium is known to resemble that of radium in 
important respects and "*--"Ba (half-life 10.74 y) is a convenient tracer for 
prolonged metabolic studies with trivial radiation exposure for the 
subject. Studies have therefore been initiated in six healthy male 
volunteers of ages 25 - 81 y, to assist ultimately in the development and 
evaluation of models of alkaline earth metabolism. 

The issue of age dependence has been addressed (i) by including among the 
volunteers Subject GEH, for whom data on the retention of barium were 
available following an earlier injection at age 60., (ii) through review of 
published and archived data on the metabolism of tracers for calcium and 
strontium in Subject GEH at various ages between 53 and 80 y and (iii) by 
administering a further injection of °̂ Sr to GEH at age 82. 

Experimental methods 

Excreta, were collected for 2-3 weeks after injection of the tracer into an 
antecubital vein; in the case of °̂ Sr, there were subsequent, additional 



24-h collections of urine at intervals up to 156 d. Activity in urine, 
ashed faeces and early samples of blood plasma was determined by gamma-ray 
scintillation spectrometry in shielded enclosures. Whole-body retention has 
been assessed through serial measurements of body radioactivity. The 
distribution of the retained tracer was investigated at intervals by 
scanning the body with suitably collimated detectors. 

Results and conclusions 
The injected •'••"Ba apparently became mainly skeletal within several days, 
much earlier than predicted by the ICRP's model. The relative 
faecal:urinary clearance up to 14 d varied from 6 to 14 in the six 
subjects. The whole-body retention at 32 d ranged from 5 to 14% and 
thereafter followed simple power functions over several hundred days (Fig 1 
attached), the rate of loss correlating with the excretory plasma clearance 
rate. In the five subjects for whom the study now extends beyond 500 d, 
departures are seen from the power functions in Fig 1; in terms of the 
ICRP's model, these mark the increasing importance of bone resorption in 
relation to ionic diffusion in effecting skeletal clearance. The resolution 
of these effects, and evaluation of the various parameters in the ICRP's 
model, will require prolongation of these studies to at least 10 y. 

No age-related trends were identified in the metabolism of calcium and 
strontium by GEH, either in factors affecting skeletal deposition or in 
retention patterns studied for up to 462 d after injection. More of the 
injected -"3jja w a s initially retained at age 81 than previously (Fig 2) but 
in the long-term the two sets of data appear to be converging. 



Publications (copies attached) 

1. The metabolism of calcium and strontium in late adult life. Health 
Physics, in press. 

2. The metabolism of injected barium in six healthy men. To be submitted 
for publication in Health Physics. 



Fig 1. Whole-body retention of barium in six male subjects. The 

superimposed power functions were obtained by fitting to 

the data between 32 and 337 d. 
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Fig 2. Whole-body retention of barium in Subject GEH, compared with data for 

the same subject injected 21 y previously. The increased long-term 

retention at age 81 results mainly from reduced early renal clearance, 

but there is evidence of convergence after 500 d. 
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THE METABOLISM OF CALCIUM AND 

STRONTIUM IN LATE ADULT LIFE 



THE METABOLISM OF CALCIUM AND STRONTIUM IN LATE ADULT LIFE 

D. Newton, G.E. Harrison,* J. Rundo**, C. Kang and A.J. Warner 
Environmental & Medical Sciences Division, Harwell Laboratory, 

Oxon 0X11 ORA, UK. 

• ABSTRACT 

Data are presented on the metabolism of calcium and strontium in a 
healthy male volunteer who, in a series of investigations conducted 
between the ages of 53 and 82 years, received controlled intakes of 4 5Ca, 
4 7Ca or 8 5Sr. No age-related trends were established, either in factors 
affecting the skeletal deposition of the tracers, or in their subsequent 
retention studied for up to 462 days after intake. The data thus lend 
support to an important working postulate in the ICRP's model of alkaline 
earth metabolism. 

Consultant 
Present address: Argonne National Laboratory, Illinois 60439, USA. 
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INTRODUCTION 

In this account, we compare the metabolism of calcium and strontium 
in a healthy male volunteer, Subject GEH, who on seven occasions between 
the ages of 53 and 82 years received controlled intakes of 4 5Ca (half-life 
163 d), 4 7Ca (4.53 d) or 8 5Sr (65 d). Some of this work is previously 
unreported; in one instance the data reported were in some respects 
incomplete; and in others they have since been re-examined. Collectively 
the results bear on the issue of whether, for purposes of radiological 
protection, the behaviour of an alkaline earth element can be regarded as 
independent of age at intake - an important working postulate in the 
ICRP's model of alkaline earth metabolism (ICRP, 1973). 

We report on or review each of the seven studies. In five cases the 
activity was given by injection, in isotonic saline, into an antecubital 
vein; in another, most of the injection was inadvertently subcutaneous; 
and in the remaining experiment, the intake was by ingestion. The 
injections of 8 5Sr were essentially carrier free: the high specific 
activity of 8 5Sr produced by charged-particle irradiation of Rb would have 
ensured that the injected mass of Sr was negligible in relation to the 
180 iiq normally present in circulating blood (ICRP 1975). Stable calcium 
would inevitably have been present in the injections of 4 5Ca or 4 7Ca, 
produced by neutron activation, but again in amounts much smaller than 
reference levels in blood (0.3 g, ICRP 1975). In no case therefore could 
the injection have disturbed the normal kinetics of Ca or Sr in the body. 

REPRESENTATION OF DATA ON WHOLE-BODY RETENTION 

A convenient function (Norris et al, 1958) which is often adequate to 
describe the fractional whole-body retention Rj. of a bone seeker, as a 
function of time t days after intake, has the form 

R t = Bt" C (0 < C < 1; t > 1 d). . (1) 

The parameters of this function have no specific metabolic significance; 
it is assumed to represent empirically the combined retention in a series 
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of compartments associated with bone. It is recognised (ICRP, 1973; Norris 
et al 1958) that deviations from the function are to be expected at long 
times (decades) after intake. Moreover, to describe the retention of 
alkaline earth elements during the first few weeks, it is necessary to add 
an exponential term: 

R t = Ae~ X t + Bt~ C (0 < C < 1; t & 1 d). (2) 

As with the power term, one cannot attribute a unique metabolic 
significance to the exponential component, beyond viewing it as reflecting 
the early retention in one or more labile pools. The choice of Equations 
1 or 2 will depend on the data available. Our principal interest is with 
the long-term retention in bone, i.e. with the parameters B and C; for 
these purposes, analysis of observed values R̂ . in terms of Eq 1 may 
suffice, omitting those at early times (t <~25 d) when the exponential 
term of Eq 2 is significant. In some instances however, e.g. where the 
later values are by themselves insufficient in number and/or statistical 
precision, we shall accept earlier data and adopt Eq 2, in the process 
generating values of A and \. These values may be invalid, because 
estimates of total body retention up to about day 6, whether by external 
counting or from the cumulative excretion, must exceed the true systemic 
retention by the indeterminate proportion present in the bowel. 

Analyses of the data in terms of Eq 1, or in some instances of Eq 2, 
have been performed by an iterative minimisation procedure (Salmon and 
Booker 1972) which yielded estimates of the uncertainty in each parameter 
as well as its most probable value. Such computer-fitting techniques were 
not widely available at the time of the earlier studies. 

RENAL CLEARANCE 

Excretion of Ca and Sr occurs predominantly in urine, and the renal 
plasma clearance rate affects the pattern of wholè-body retention both (i) 
through its influence on early clearance from labile pools and (ii) 
because excretion competes with skeletal re-cycling for tracer re-entering 
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the blood from long-term deposits in bone. Inevitably, the data are 
available only during the early stages of an experiment when the urinary 
excretion and concentrations in plasma are easily measured; with the 
likelihood of temporal variations, the result may not be relevant to the 
long-term clearance in a given experiment, but any age-related trend could 
be important. Where the data are sufficient, values of renal plasma 
clearance (L/d) have been derived by comparing the urinary excretion over 
periods of 24 hours (or multiples thereof) with the estimated time 
integral of the concentration in plasma, thus removing the effects of 
diurnal variations. 

NOMENCLATURE 

For convenience in reference, each study will be identified by the 
prefix letters C or S, according to the element (Ca or Sr), followed by 
the subject's age in years at its inception. 

Where mention is made of a procedure or result on day 'n', this 
refers to a time n days after intake of the tracer on day 0. 

METABOLISM OF CALCIUM: PREVIOUS STUDIES 

Study C60 (Harrison et al, 1966 and 1967a) 

The tracer (72 kBq 4 7Ca) was injected intravenously. 

Body radioactivity measurements were complicated by the additional 
presence of 8 5Sr (given 17 d previously) and by an injection of 2 2 3Ra 
et seq given 17 d later, and are not considered reliable. The published 
estimates of whole-body retention from urinary and faecal excretion 
require minor adjustment in two respects. The half-life of 4 7Ca is close 
to 4.53 d (Lederer and Shirley, 1979) whereas Harrison et al adopted a 
contemporary value of 4.7 d. We have applied a small correction, assuming 
that each sample or bulked sample was counted one day after the end of the 
collection period; the effect is to reduce the estimated fractional 
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retention at day 25, given as 0.459 by Harrison et al, to 0.435. The 
second revision concerns losses through the skin which, if neglected, 
would lead to overestimates of the whole-body retention. Carr et al (1973) 
reported that in Subject GEH at age 66 the loss of stable calcium by this 
route amounted to 3.4 % of the urinary output. The data for C60 in Fig 1 
have therefore been further adjusted on the assumption of similar relative 
losses at age 60. The short half-life of 4 7Ca curtailed the study and 
precluded evaluation of the parameters in Eq 1 or 2; the results are 
nevertheless relevant to the issue of long-term retention (see 
Discussion). 

The observed concentrations P̂ . in plasma, taken from Table 2 of 
Harrison et al (1967a), are included in our Fig 2a. Renal clearance rates 
(our Table 6) have been derived by graphical integration of a curve 
fitting these concentrations, and comparison of the results over 
appropriate intervals with the data on urinary excretion [Table 4 of 
Harrison et al 1967a]. Except for the first estimate, which is much 
higher than the renal clearance suggested by Harrison et al (1966), the 
results are close to their values. 

Study C66 (Carr et al, 1973) 

The tracer (110 kBg 4 5Ca) was injected intravenously. 

Calcium-45 emits no useful gamma-radiation, and estimates of whole-
body retention during the 388 days of the study depended on the 
administered dose, minus the estimated cumulative losses in urine and 
faeces and from the skin. All urine and faeces were collected during the 
first 23 d, and during intermittent 14-d periods thereafter. The data for 
days 5-388 (given in Table 2 of Carr et al) were analysed in terms of Eq 2 
and this led to estimates of the parameters which agreed closely with the 
estimates of Carr et al by graphical analysis. The fitted function was: 

R t = 0.27e~°-14t + 0.70t"0-150. (3) 
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This function is shown graphically in Fig 1 for t «40 d and the implied 
values of B and C, with their calculated uncertainties, are given in 
Table 7. However, when retention is calculated from cumulative excretion, 
random errors in individual measurements of excretion may bias assessments 
of subsequent retention and the parameters of functions fitted to them. 
Moreover, after 23 d, the authors' tabulations of retention were 
necessarily based on graphical interpolation of discontinuous data and 
inevitably conceal the effects of fluctuations in the daily excretion. 
The uncertainties quoted in Table 7- which reflect the scatter of the 
tabulated data about the fitted function, can take no account of any bias 
and in this instance they almost certainly underestimate the uncertainties 
from random scatter in the original data, which have not survived for 
re-examination. 

Concentrations in plasma, estimated from an enlargement of Fig 1 in 
Carr et al, are given in our Fig 2a. Renal clearance rates (Table 6), 
calculated for days 1-2 and days 1-5 by the same procedure as for Study 
C60, accord with the value (3.5 ± 0.1 L d _ 1 ) given by Carr et al for days 
0-15. 

METABOLISM OF CALCIUM: RECENT WORK (STUDY C80) 

Summary of experimental procedures 

More details are given in a Harwell report (Newton et al, 1987). 
Subject GEH received 200 kBq 4 7Ca intravenously as chloride. The 
whole-body retention was assessed at intervals by two methods of body 
radioactivity measurement conducted inside shielded rooms: 

(i) up to 8 d, with a single Nal(Tl) detector (230 mm dia x 152 mm 
thick) in 1.75-m-arc geometry, calibrated against a "point" 
source of 4 7Ca which had been standardised relative to the 
injected quantity; gamma-ray spectra were recorded with the 
subject facing both towards and away from the detector, and the 
procedure for calibration (Lillegraven and Rundo, 1965) took 

6 



account of changes in the attenuation of the 1297-keV photons 
resulting from early redistribution of the tracer; 

(ii) up to 38 d, with, an array of six Nal(Tl) detectors (Newton and 
Eagle, 1972) arranged four above and two below the supine 
subject; calibration was by reference to the response 
attributable to 4 7Ca in the first such measurement (60 min after 
injection, without intervening excretion), which was assumed to 
represent 100 per cent of the injected tracer. 

Two-hour collections of urine ware made with mid-times at 1.1, 2.1, 
3.1 and 6.1 d, and a 20-ml sample of venous blood was extracted at each of 
these mid-times. Gamma-ray spectra were recorded from aliquots of the 
urine or from diluted samples, with added carrier, in a polyethylene 
container standing on a Nal(Tl) detector of 152 mm diameter; a similar 
procedure was used to assess 4 /Ca in the plasma fraction from each blood 
sample. The detector was calibrated with aqueous solutions of the tracer, 
standardised relative to the injected quantity. 

Whole-body retention 

The data are given in Table 1, and those derived by method (ii) for 
t >ld appear in Fig 1. Table 1 includes eight pairs of estimates with the 
two counting systems between days 1 and 8. The mean ratio of estimates 
(array/arc) is 0.995+0.023(sd) and the individual ratios show no trend 
with time. This consistency suggests that the further estimates, made 
with the array only up to 38 d, are themselves free of important 
systematic error. 

Levels in plasma and estimated renal clearance 

The four observations of P t are shown in Fig 2a. Renal clearance 
rates, derived in this instance from the activity in two-hour urine 
collections and the contemporary observations of Pj-, are given in Table 6. 
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METABOLISM OF STRONTIUM: PREVIOUS STUDIES 

Estimates of whole-body retention, and of amounts of tracer in blood 
and excreta, are given after adjustment for radioactive decay with an 
assumed half life of 65 d, as was adopted by the authors of the three 
studies to be reviewed. Published values average -64.7 d (Lederer and 
Shirley 1979). 

Study S53 (Bishop et al, 1960) 

The subject received an intravenous injection of 17.6 kBg 8 5Sr. 

The whole body retention (Fig 1) was assessed at intervals by three 
methods: at first indirectly, from the cumulative urinary and faecal 
excretion, and then by spectrometric assay of the 513-keV gamma radiation 
with one (initially) or four (subsequently) scintillation counters viewing 
the body. The incomplete records surviving from 1957 are in some respects 
inconsistent with the published account, notably concerning the 
combination of the three sets of data by Bishop et al to derive their 
values for the parameters of Eq 2: 

R t = 0.31 e~°- 2 3 t + 0.52 t" 0- 2 0 (t ?- 1 d). (4) 

We have re-analysed the original data, correcting some minor errors and 
adopting a fresh approach to the normalisation of the three sets of 
results; full details appear elsewhere (Newton et al 1987). Our amended 
values for 6-336 d are fitted by 

R t = 0.43 e"°- 2 2 t + 0.47 t~ 0- 1 6 (t >, 1 d). (5) 

The revisions to B and C (Eq 5 cf Eq 4) lie within the estimated 
uncertainties in those parameters (Table 7). 

The concentrations P t of 8 5Sr in plasma given by Bishop et al were 
derived from a curve fitted to pooled observations for GEH and another 
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subject who showed similar results. Values of P t for GEH himself have 
been estimated from an enlargement of Fig 6 in Bishop et al and these are 
included in our Fig 2b. The three results for 616, 24 and 53 h are 
represented to within <1% by the function 

P t = 0.78 t - 0- 4 6, (6) 

with Pj. expressed as percentage of the injection per litre of plasma at 
time t days after intake. 

Ambiguities arise in the presentation of urinary excretion rates and 
consequently in the estimation of renal plasma clearance. Table 2 of 
Bishop et al lists the measured urinary and faecal excretion of GEH 
against entries in a column headed "days after dose". The latter are 
incorrect (Newton et al 1987); the estimate of 10.2% given for urinary 
excretion between 1 and 2 d relates in fact to the period 0.6 - 1.6 d. 
Comparing this excretion with the time integral of Eq 6 between 0.6 and 
1.6 d gives 13.4 + 0.9 L d - 1 as the renal clearance rate. However, 
graphical integration of the hourly excretion rates in Table 1 of Bishop 
et al suggests a lower urinary excretion of 8.4% for 0.6-1.6 d, leading to 
11.0 ± 0.7 L d"1 for renal clearance. 

Study S57; (Rundo and Lillegraven, 1966; Harrison and Sutton, 1967b) 

The activity was ingested in milk over a 32-d period, at an 
essentially constant daily rate of 18.5 kBq 8 5Sr. Records survive of the 
body radioactivity measurements made during the period of exposure and for 
more than 1 year afterwards. 

At times more than 28 d after the final intake, Eq 1 will represent 
adequately the retention of the systemic deposit arising from ingestion on 
any given day. For the present purposes, these deposits are assumed to 
have occurred at 24-h intervals, one on each of days 0-31. The activity A t 

of tracer remaining at time t d after the first intake on day 0 is given 
by 
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n * 31 
A t = k I (t - n ) ~ c e~ xr( t " n ) . (7) 

n = 0 

In Eg 7 k is a constant related to the parameter B in Eg 1, through 
the daily intake and the gut-uptake factor; the exponential term 
represents the radioactive decay of each increment between days n and t, 
with decay constant x r = 1.066 x 10~2 d"1. A value of C - 0.25±0.02 gave 
the best fit of Eg 7 to the 14 observations of A t for 60 « t « 431 d. In 
previous reports (Rundo and Lillegraven 1966; Newton et al 1987) values of 
C = 0.22 and 0.23±0.02 were quoted, with an integrated form of Eg. 1 or 2 
used to represent the "biological retention" of the tracer after the last 
intake, but this guantity did not allow correctly for the effects of 
radioactive decay between the intakes of the tracer and the subsequent 
measurements; in effect, the procedure was similar to that followed here, 
but with the expression e'̂ r** incorrectly substituted for the exponential 
term in Eq 7. 

Harrison and Sutton (1967b) estimated 8.1 L d"1 for the renal plasma 
clearance rate during the period of exposure, based on data given by Carr 
et al (1965). 

Study S60: (Harrison et al, 1966 and 1967a). 

The tracer (20 kBq 8 5Sr) was given by intravenous injection. 
Extensive measurements of 8 5Sr in body fluids and excreta, and derived 
estimates of whole-body retention up to 40 d (Fig 1), are given by 
Harrison et al (1967a); the concentrations in plasma are shown in our Fig 
2b. The data from body radioactivity measurements were not published. 

The whole-body retention was assessed at intervals by two methods: 

(i) up to day 13 d, with the single Nal(Tl)-detector in 1.75-m-arc 
geometry, by a procedure analogous to that used for 4 7Ca in 
Study C80; 
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(ii) up to 388 d, with an array of four Nal(Tl) detectors (IAEA, 
1970) each 152 mm dia x 89 mm thick, located two above and two 
below the supine subject. 

Method (i) was fundamentally the more accurate, and indeed gave 
results (Table 2) corroborated by estimates from dose minus excretion. 
Method (ii) was much the more sensitive, but the system was not amenable 
to accurate independent calibration, and the effects of early changes in 
the internal distribution of 8 5Sr could not be assessed reliably. To 
obtain estimates of the later whole-body retention (Table 2), a 
calibration was inferred by taking the four count rates attributable to 
8 5Sr which were recorded on days 30, 34, 37 and 41, and comparing them 
with the retention values for these times derived from the excretion 
measurements; the mean of the four ratios was then adopted as the 
calibration factor to be applied to all spectra recorded after day 30. It 
was assumed that the distribution had by that time stabilised sufficiently 
for this to be a valid procedure and that any subsequent changes did not 
affect the counting efficiency. The data for t ? 30 d and later were 
analysed as previously, to derive values for the two parameters, B and C 
in Eq 1; the results are given in Table 7. 

Harrison et al (1966) tabulated estimates of the renal clearance rate 
at specific times after injection. In our present treatment, mean rates 
for specified periods, generally of 24 h, are given (Table 6) to 
facilitate comparisons with results from our later study S82. They are 
based on the measured urinary excretion for those periods (Table 4 of 
Harrison et al, 1967a), and the appropriate definite integral of our 
empirical function describing the variation of plasma concentration with 
time t (days): 

P t = 4.63 e - ° - 7 2 t + 1.46 e - ° - 0 4 3 4 t + 1.00 e-0.0113t. ( 8 ) 

Eq 8 represents the seven observations of P t in Fig 2b (and an eighth, 
at 10 min) with a maximum deviation of 2.5%. The derived renal clearance 
rates (Table 6) accord on average with those given by Harrison et al 
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(1966). 

METABOLISM OF STRONTIUM: NEW WORK (STUDY S82) 

Experimental methods 

The subject received 106 kBg 8 5Sr, as chloride with 0.15 vg stable 
Sr. An intravenous injection was intended, but there was a substantial 
extravascular fraction, leading to temporary retention at the site of 
administration: about 10 % remained after 2 h, 1 % at 7 h and -0.1 % at 
26 h. 

The whole-body retention was assessed at intervals by two methods of 
body radioactivity measurement: 

(i) up to 24 d, with the single detector in 1.75-m-arc geometry, 
by a procedure analogous to that for 4 7Ca in C80; 

(ii) up to 462 d, with the six-crystal array as in C80, except that 
the equipment was calibrated by reference to the response of a 
whole-body phantom (Smith, 1962) containing a solution of 8 5Sr 
standardised relative to the quantity injected. 

The entire output of excreta was collected up to 18 d. Activity in 
urine samples, generally of 24 h but covering shorter intervals in the 
early stages, was assessed by recording gamma-ray spectra from aliquots or 
diluted samples, with added carrier, in polyethylene bottles resting on a 
152-mm diameter scintillation counter; the 8 5Sr contents of 10 additional 
24-hour samples, collected at intervals between 30 and 157 d, were also 
determined in this way. 8 5Sr in individual ashed faecal voidings was 
assessed by counting at 0.72 m from a 230-mm diameter Nal(Tl) detector; 
the large separation ensured a minimal dependence of counting efficiency 
on sample size consistent with acceptable counting statistics. Thirteen 
20-ml samples of venous blood were taken up to 17 d. 8 5Sr in the plasma 
fractions, with added carrier, was estimated with a well-geometry Nal(Tl) 
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scintillation counter, 50 mm dia x 50 mm thick. 

The analyses of gamma-ray spectra, whether of body radioactivity or 
of biological samples, took account of interference arising from the 
body's contents of natural 4 0 K and radiocaesium derived from the Chernobyl 
reactor, where these components were significant. 

Whole-body retention 

In Table 3, the values derived from measured excretion are seen to 
corroborate all the contemporary data from counting in distant arc 
geometry and also the four results with the six-crystal array for days 
9-17. The earlier estimates with the array appear to exaggerate 
marginally the true retention, but by day 9 the tracer had evidently 
assumed a distribution for which the procedure used to calibrate the array 
was valid; the effect on counting efficiency of any subsequent 
redistribution occurring up to 462 d is assumed to be negligible. Data 
from Table 3 are included in Fig 1. The best-fitting function with the 
form of Eq 1 was derived from the data for t ? 30 d: 

R = 0.48 f 0 - 2 2 3 . (9) 

The values of B and C indicated are included with their uncertainties in 
Table 7. To facilitate the later interpretation of the excretion data, 
the parameters offering the best fit of Eq 2 to the results for 7-462 d 
were also determined, giving 

R = 0.58 e " ° - 2 3 t + 0.48 t - 0 - 2 2 4 , (10) 

i.e. with the exponent in the power term identical, within analytical 
uncertainties, to that in Eq 9. 

Tracer levels in excreta 

The measured quantities of 8 5Sr in urine and faeces are indicated in 
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Table 4. Those for urine for t ? 17 d are fitted satisfactorily by the 
function 

U t = 0.0326 e ~ ° - 1 6 4 t + 0.0730 f 1 - 2 3 , (11) 

where U t is the fractional daily excretion. 

Levels in plasma and estimates of renal clearance 

Concentrations P^ of 8 5Sr in plasma are given in Table 5, and those 
for t ? 1 d and later are included in Fig 2b; earlier values will 
certainly have been affected by the mode of injection and the consequently 
delayed entry of the tracer into blood. For 1 « t « 17 d, the data 
may be represented by 

P t = 0.98 e~°- 6 9 t + Ü.91 e~°- 2 2 t + 0.04 e"°- 0 1 5 t. (12) 

The appropriate definite integrals of Eq 12 were evaluated over periods of 
urine collections and were compared with the measured excretion (Table 4). 
The derived clearance rates are given in Table 6. 

DISCUSSION 

Early metabolism 

There are remarkable similarities, both in the patterns of whole-body 
retention (Fig 1) and of plasma levels (Fig 2a), for Ca injected at ages 
60,66 and 80 years. The renal plasma clearance rates for Ca (Table 6) 
show no marked differences overall, although day-to-day variations 
evidently occurred within individual studies, both for Ca and Sr. 
Collectively, the data suggest that there was little change over 20 years 
either in the clearance patterns of Ca from labile pools, or, insofar as 
R 3 0 (Table 7) represents mainly skeletal tracer, in the proportions 
subject to long-term retention in bone. 
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There are much clearer differences in the data for Sr. Plasma levels 
(Fig 2b) fell more slowly in S60 than in S53, and more slowly again in 
S82. Renal clearance rates were higher in S60 than in S82 (Table 6) and 
they may have been higher still in 353 (Table 6 footnote). However, the 
accelerated removal from plasma in S53 was not solely a result of a higher 
renal clearance: indeed, the early urinary excretion was in fact lowest in 
S53 (Table 7), suggesting either that uptake by bone was more efficient on 
that occasion or that early remobilisation of skeletal deposits was less 
rapid. The outcome was a distinctly higher value of R 3 0 for Sr (Table 7 
and Fig 1) in S53 than following either of the later intakes of 8 5Sr by 
injection. It does not follow that these differences were linked with 
advancing age. Indeed, as regards renal clearance, other observations for 
Sr in GEH (Table 6 footnote) negate any such connection. 

A possible criticism of these comparisons is that there was no 
attempt to standardize the intake of dietary Ca in the studies following 
injection. Major perturbations in dietary Ca are reported to induce 
changes in renal clearance rates for Ca (Phang et al 1969), but no obvious 
differences in the rates appear between C60, C66 and C80 (Table 6). 
Moreover measurements of stable Ca excreted in the early stages of four 
experiments suggested that large changes are unlikely to have occurred 
between these studies. The outputs (g d - 1) in S53, S60/C60, C66 and S82 
were, respectively, 0.28, 0.27, 0.32, 0.26 (urine) and 0.90, 1.01, 0.98, 
1.11 (faeces). Stable Ca in plasma was 96 ppm (S60,C60) and 89 ppm (S82). 
Only major changes in Ca intake materially affect the early metabolism of 
absorbed Sr (Spencer, 1963). Transient elevations in plasma Ca from 
dietary intake would not be relevant: all injections were given in the 
post-absorptive condition about 1 hour after breakfast. 

Long-term metabolism 

As we have indicated, the parameter C in Eq 1 has no single metabolic 
significance. The mechanisms of long-term (> 30 d) clearance from bone 
are viewed (ICRP, 1973) as (i) re-entry of the tracer into blood following 
diffusion through the calcified matrix and (ii) skeletal resorption, in 
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both cases followed by partial excretion of the tracer released. During 
the period of these studies (i.e. up to 300-500 d) the diffusion mechanism 
would dominate, and indeed there is some theoretical justification 
(Marshall and Onkelinx, 1968) for the use of a power function to represent 
this process. The value of C observed in studies such as these will of 
course be influenced to some extent by the competing process of resorption 
and by the effects of partial recycling of the material released from 
bone; nevertheless, a comparison of these values (Table 7) affords a means 
of detecting possible age-related changes in the pattern of long-term 
retention. 

An additional inference is possible, concerning the value of C for Sr 
at age 66. From C66, C for Ca was 0.15 (Table 7). It appears that the 
long-term treatment of the two elements by the skeleton is similar (Reeve 
et al, 1983), with differences in the observed retention functions arising 
from the greater efficiency with which released Ca is re-cycled into bone. 
On this basis, a value >0.15 would have been found at age 66 if a 
simultaneous study had been performed with 8 5Sr. 

Estimates of the relative long-term endogenous faecal to urinary 
excretion rates, F/U, for Sr are of some interest. A ratio of 0*25 is 
currently (ICRP, 1988) recommended as a working assumption for 
radiological protection purposes in interpreting excretion rates of 
strontium isotopes. This accords roughly with the ratios of cumulative 
faecal to urinary excretion (EF/EU) observed in various studies after 
injection of 8 5Sr: 0.33 up to 10 d (Conn et al, 1963), 0.36 up to 12 d 
(Spencer et al, 1960) and values close to 0.25 up to 18 d which were 
evident in each of S53, S60 and S82 (Table 7). However, the presumption 
of a constant F/U, irrespective of time after intake, may be unwarranted. 
The experimental subject studied by Fujita et al (1963) showed a tendency 
for increasing F/U up to 50 d. Bishop et al (1960) concluded from S53 
that the later excretion would show F/U =1. While the data from S60 
(Harrison et al, 1967a) showed no tendency for F/U to increase up to 40 d 
the more extensive results from S82 imply an increase with time, 
Differentiation of Eq 10 gives, for the total excretion rate: 
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U t + F t = 0.133 e"°- 2 3 t + 0.108 t" 1- 2 2 4. (13) 

Comparison of Equations 11 and 13, which contain virtually identical 
values for the exponent in the second term, shows that, with the influence 
of the first terms largely dissipated after 20-30 d, F/U would approach 
-0.5 in GEH. It is assumed in this calculation that no important losses 
occurred from the skin; Tables 2 and 3, showing good agreement between 
early body radioactivity measurements and estimates based on measured 
urinary and faecal excretion, validate this assumption. 

Concluding remarks 

We have found no important age-related trends, either in factors 
which affect skeletal deposition or in the subsequent rate of release. 
Certainly fluctuations occurred which might have some relevance in cases 
of acute intake, but which would have no bearing on the setting of 
permissible standards for chronic exposure. We must stress that our 
findings relate to a single subject who throughout the period covered by 
these studies remained healthy and energetic, and whose patterns of 
skeletal accretion and early clearance for calcium were normal (Reeve 
et al 1976); others of similar age may differ metabolically. From studies 
of such limited duration, one cannot of course deduce how changes in bone 
turnover rates might have affected the pattern of long-term clearance; 
studies with 1 3 3Ba injected into the same subject at age 60 indicated a 
possible reduction in the resorption rate after age 70 (Newton et al, 
1985). 
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Table 1 Study C80 (injection of 4 7Ca at age 80): fractional whole-body 
retention R from body radioactivity measurements 

Days after R R Days after R 
intake (arc) (array) intake (array) 

0.0125 1.010 10. 0 0.606±0.004 
0.042 [1.00] 14. 1 0.529±0.005 
0.197 1.017 16. 1 0.510±0.005 
0.204 1.045 17. 1 0.472±0.003 
0.25 0.985±0.005 20 0.479*0.002 
1.04 0.959 24 0.454±0.004 
1.05 0.960 0.929±0.004 27 0.448±0.004 
1.12 0.862 29 0.435±0.005 
2.0 0.872 0.894±0.003 31 0.431±0.005 
2.2 0.889 0.856±0.004 34 0.420±0.006 
3.2 0.821 0.830*0.004 36 0.412±0.008 
5.1 0.739 0.722±0.004 38 0.405±0.008 
6.1 0.698 0.702±0.004 
7.1 0.660 0.667±0.004 
8.1 0.650 0.651±0.003 

Uncertainties (lo) quoted against estimates with the array are 
those from counting statistics only; other random errors 
contribute additional scatter of 2 per cent of the calculated 
retention. A half-life of 4.53 days was adopted in adjustments 
for radioactive decay. 
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Taille 2 Study S60 (injection of a i JSr at age 60): fractional whole-body 
retention R from cumulative excretion and from body radioactivity 
measurements 

Days after R R Days after R 
intake (1-EU-EF) (arc) intake (array) 

1 0.783 0.778 65 0.189+0.002 
2 0.663 0.657 70 0.192+0.002 
3 0.567 0.531 73 0.193+0.003 
4 0.477 0.460 83 0.184+0.002 
5 0.424 87 0.184+0.002 
6 0.388 0.381 94 0.178+0.003 
7 0.362 101 0.170+0.003 
8 0.338 0.329 108 0.176±0.003 
9 0.321 115 0.180+0.C04 

10 0.312 0.337 126 0.175+0.004 
13 0.278 0.266 136 0.180+0.005 
15 0.267 147 0.171±0.004 
20 0.244 R (array) 157 0.167+0.003 
25 0.231 

0.223 .004 
183 
204 

0.163+0.004 
30 

0.231 
0.223 0.225±0 .004 

183 
204 0.149±0.004 

34 0.216 0.218+0 .003 217 0.162±0.006 
37 0.214 0.211+0, .003 217 0.159±0.007 
41 0.212 0.211+0, .003 234 0.156+0.005 
52 0.198+0, .003 254 0.156+0.005 
55 0.198+0, .003 275 0.164+0.008 
58 0.197+0, .002 303 0.137±0.0U 
59 0.193+0, .003 332 0.140+0.009 
62 0.195+0, .003 360 0.149±0.019 
64 0.193+0, ,003 388 0.149+0.020 

Notes 

1. Estimates with the four-detector array are shown normalised to those from 
1-EU-EF between days 30 and 41 (see text). 

2. Uncertainties (la) quoted are those from counting statistics only: other 
random errors in the measurement of body radioactivity are believed to 
contribute additional uncertainties of 1 per cent of the retention 
estimates. 
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Table 4 Study S82 (injection of 8i3Sr at age 82): 
activity excreted 

Days after Excretion (% of intake) 
intake urine faeces 

0-1 17.72±0.04 0* 
1-2 9.03±0.02 2.18±0.02 
2-3 5.96±0.02 0* 
3-4 4.93±0.02 2.70±0.04 
4-5 4.34±0.02 3.93±0.04 
5-6 3.17±0.02 1.97±0.03 
6-7 2.51±0.01 0.80±0.01 
7-8 1.94±0.01 1.39±0.02 
8-9 1.66±0.01 0.53±0.01 
9-10 1.25±0.01 0* 

10-11 1.14±0.01 0.84±0.01 
11-12 1.02±0.01 0.23±0.01 
12-13 0.82±0.01 0* 
13-14 0.74±0.01 0.13±0.01 
14-15 0.59±0.01 0.21±0.01 
15-16 0.50±0.01 0.15±0.01 
16-17 0.47±0.01 0.37±0.01 
17-18 0.40±0.01 0.13±0.01 

29-30 0.139±0.001 
43-44 0.074±0.001 
59-60 0.047±0.002 
79-80 0.031±0.001 
93-94 0.028±0.001 

107-108 0.024±0.001 
114-115 0.024±0.001 
128-129 0.018±0.001 
148-149 0,016±0.001 
156-157 0.014±0.001 

Uncertainties (lo) quoted are those from 
counting statistics only 

* no voiding 
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Table 5 Study S82 (injection of ö 5Sr at age 82) 
concentrations of 8 5Sr in plasma 

Days after Concentration (%) 
injection of intake per litre) 

0.006 1.74*0.01* 
0.31 2.25±0.04 
1.05 1.33±0.01 
1.28 1.00±0.01 
2.07 0.90±0.01 
3.04 0.67±0.01 
4.06 0.44±0.01 
5.01 0.37±0.01 
7.19 0.24±0.01 
9.07 0.17±0.01 
11.1 O.lliO.01 
14.2 0.069±0.007 
17.1 0.054±0.006 

*values affected by delayed systemic 
uptake of local deposit at injection 
site 
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Table 6 Renal plasma clearance rates (L d"1) following injection 

Per iod 
(d) 

S T R O N T I U M * 
S60 S82 

C A L C I U M 
C60 C66 C80 

1-2 

2 -3 

3-4 

4 -5 

5-6 

6-7 

1-5 

1-7 

1 0 . 5 8 .6 

1 1 . 3 8 .0 

1 1 . 1 9 .0 

11 .8 1 0 . 1 

12 .7 9 . 7 

12 .0 9 .4 

11 .0 8 .8 

11 .2 9 .0 

4 . 8 ± 0 . 5 3.6 3 . 2 ± 0 . 1 

3 . 1 

3 .3 

3 .3 

3.6 

3 .1 

3.8 

3.7 

3.5 

3 . 2 ± 0 . 1 

3 . 9 ± 0 . 1 

2 . 6 ± 0 . 1 

3 .2±0 .5 

Estimates from all studies except C80 are derived from the total 
urinary excretion in the period indicated and the corresponding area 
under curves fitted to the data of Fig 2. For C80, each of the first 
four results is based on the 4 7Ca content of a 2-hour urine sample 
commencing at the start of the period shown, and the concentration 
(Fig 2a) in plasma sampled at the mid-time of the collection interval; the 
uncertainty (±0.1 L d - 1) derives from counting statistics. The "days 1-7" 
value for C80 is the mean of the four individual results with their 
standard deviation. If diurnal variations occur, these results may not be 
comparable with those for C60 and C66. 
Estimated accuracies where not indicated are <5 per cent. 

*Observations in other studies were as follows. 11.0±0.7 or 13.4±0.9 in 
S53 (see text); 8.7±0.3 following ingestion of 8 7 r asr also at age 53 
(Barnes et al, 1961); 8.1 in S57 (see text), during chronic intake and 
negative Sr balance (Carr, 1967). 
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Table 7 Summary of data on early excretion and long-term retention 

Study Body weight 
kg 

Cumulative 
to day 18 

urine 

excretion 
(per cent) 

faeces 

Long-term retention Body weight 
kg 

Cumulative 
to day 18 

urine 

excretion 
(per cent) 

faeces 
Period of 
analysis 
(days) 

B* c* 

S53 80 55.2 14. 6 6-336 0.47-1-0.09 0.16+0.06 

S57 70-76 28-399 0.25+0.02 

S60 80 60.3 14.5 30-388 0.39+0.01 0.17+0.01 

S82 72-75 58.2 15.6 30-462 0.48+0.01 0.223+0.00 

C60 80 33.3 17.1 

C66 80 33.5 18.0 49-388 0.70+0.01 0.150+0.00 

G80 76 

B and C are values of parameters in Equations 1, 2 or 7 providing the best fit t 
of whole-body retention. The "period of analysis" for S57 represents times afte 
32 days' chronic ingestion; in other cases times are days after a single injecti 
calculated from Equation 1 where values for B and C are given, otherwise by grap 
interpolation or extrapolation of observed data. The value for C (0.15) for Ca 
> 0.15 for Sr at age 66 (see text). 
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THE METABOLISM OF INJECTED BARIUM 

IN SIX HEALTHY MEN 



THE METABOLISM OF INJECTED BARIUM IN SLX HEALTHY MEN 

* D. Newton, G.E. Harrison , C. Kang and A.J. Warner 

AEA Environment and Energy, Harwell Laboratory, Oxon 0X11 ORA, UK 

ABSTRACT 

Data are presented on the early metabolism and long-term retention of ^ J^Ba 

(half-life 10.74 y) injected into six healthy male volunteers at ages 25-81 y. The 

tracer appeared to be mainly skeletal within several days, much earlier than predicted 

by the ICRP's model of alkaline earth metabolism. Excretion was mainly faecal, the 

relative faecal : urinary clearance up to 14 d ranging from 6 to 14 in the six 

subjects. The whole-body retention at 32 d ranged from 5 to 14% and thereafter 

could be represented by simple power functions over several hundred days, with the 

rate of loss correlating with the excretory plasma clearance rate assessed over the first 

4 d. In the subject aged 81 y, the pattern of retention differed from that established 

following an earlier injection at age 60 but the differences were not necessarily related 

to advancing age. 

* Consultant 

(i) 



INTRODUCTION 

Internal dosimetry for nuclides of the alkaline earth elements depends on a 

comprehensive metabolic model formulated by a Task Group of the ICRP (1973), 

which is used inter alia to describe the whole-body retention of a single systemic 

input during the following 50 years. In the case of radium, evaluation of the model's 

numerous parameters derives in part from data on whole-body retention which are 

scattered and fragmentary, and indeed non-existent between 1 and 20 years after 

intake. Metabolic studies following controlled injections of long-lived nuclides of 

radium could in principle provide the required quality of information, but could 

obviously not be sanctioned because of the unacceptable internal dose received by 

subjects in such experiments. A practical alternative is to inject volunteers with 
1 J J B a . Barium has been shown to be a valid metabolic tracer for radium in certain 

important respects (Harrison et al 1967). Moreover the decay characteristics of ^ B a 

(electron capture with 10.7 years half-life and abundant gamma-ray emission at 

356 keV) make it well suited to long-term studies of whole-body retention, following 

its administration in quantities delivering only trivial internal irradiation; in the studies 

to be reported, the anticipated committed effective dose equivalent was only 0.25 mSv, 

calculated according to the ICRP's (1981) recommendations. 

The feasibility of such extended studies has already been demonstrated. During 

1965 a healthy male volunteer aged 60, Subject GEH, received an intravenous injection 

of 83 kBq *-"Ba, a n c j s e rial body radioactivity measurements were made during the 

following 19 years. These led to estimates of whole-body retention whose trend 

followed the general form envisaged by the Task Group and which, interpreted in 

terms of the model, indicated values of bone turnover rates and of other parameters 

(Newton et al 1985). These data supported certain postulates in the ICRP's model but 

they related to one subject only; studies in others would be required if typical values 

were to emerge for the parameters. 

Accordingly, we have since 1986 injected five additional healthy male adults 

(Table 1) with 1 J J B a ; we have also re-injected Subject GEH, in continued good health 

at the age of 81, to identify possible changes in metabolism related to advancing age. 

A minimum of 10 years is likely to be required before we have sufficient data for 

the calculation of bone turnover rates. In the meantime we offer this account of the 

early metabolism of barium in our six volunteers, demonstrating large differences in 
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the proportion of each injection which is subject to long-term retention. 

METHODS AND MEASUREMENTS 

Outline of procedures 

Each of the six subjects (Table 1) received an accurately standardised injection 

of about 75 kBq J 3 3 B a , carrier-free in 5 ml saline solution, into an antecubital vein. 

Venous blood samples (nominally 20 ml), with added anticoagulant, were taken initially 

after typically 20 min and subsequently at increasing intervals for about 7 days. All 

urine and faeces were collected for 2-3 weeks after the injection, apart from two lost 

urine voidings at a later stage when the uncollected activity could be estimated with 

sufficient accuracy. Measurements of whole-body radioactivity were made initially at 

daily intervals or more frequently, the interval increasing to about monthly after 1 

year. In four subjects the regional distribution of the tracer was investigated at 

various stages with a collimated detector. All measurements of radioactivity were 

made by gamma-ray spectrometry inside enclosures shielded on all sides with 100 mm 

lead. 

Standardisation of injected activity and intercalibration of detectors 

Gamma-ray spectra from each loaded syringe prior to injection, and subsequently 

from the emptied syringe, were recorded with a Nal(Tl) detector, 152 mm 

dia x 89 mm thick, at a distance of 440 mm; the fraction injected was >97°/o in each 

case. The arrangement was calibrated ultimately by reference to the gamma-ray 

emissions from a point source of I J J B a standardised by Amersham International pic, 

due allowance being made for photon attenuation in the syringe and its contents. 

Solutions were required for the calibration of detectors used to measure activity in 

body fluids and in the whole body; these were prepared by dilution, with added 

carrier, of the contents of 5-ml syringes standardised in the same way as those for 

injection. An accuracy of 5% was quoted by Amersham for the activity of the 

primary reference point source. Any such error would be relevant only in relation to 

the radiation exposure of the subjects. It would not affect our experimental data, 

expressed in terms of the quantity of tracer injected; their validity depends only on 

the accuracy of intercalibration of the various counters involved, rather than on 

absolute standardisation. 
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Measurement of tracer in blood plasma 

Within 20 min of sampling, the plasma fraction of each 20-ml sample was 

separated and transferred to a glass specimen tube with added carrier solution (5 mg 

Ba4-1" in 0.5 ml) for subsequent assessment of the l j ^Ba content in a well-geometry 

Nal(Tl) detector. Calibration of this spectrometer was effected for a range of sample 

volumes and an appropriate value was adopted in each case. Allowance was made for 

the natural radioactivity of the specimen tube itself when this might give a response 

significant in relation to that from the tracer; at no stage did natural radioactivity 

( 4 Ü K) in the sample contribute significant interference. 

Measurement of tracer in urine 

Subjects voided urine directly into polyethylene bottles already containing a 

carrier solution and several ml 8M HCl; omission of this precaution war found to 

result in virtually instantaneous plating of the tracer on to the base and walls of the 

bottle, which was difficult to remove. Samples were generally received as 24-hour 

collections, except that during the first week the output prior to and following a 

measurement of body radioactivity would be collected separately to permit 

comparisons of retention determined by whole-body counting and from intake minus 

cumulative excretion. 

The usual practice was to dilute each sample, in the collection bottle, to one of 

the four standard volumes 0.2, 0.3, 1.0 and 2.1 L, and to stand the bottle on the 

plane surface of a Nal(Tl) detector, 152 mm dia x 89 mm thick, for gamma-ray 

spectrometry, with the sample kept sufficiently acid to discourage precipitation. The 

•"Ba content was assessed by reference to the gamma-ray spectrum from a 

standardised quantity of the tracer in the appropriate volume of aqueous solution; 

allowance was made for interference from 4 ^K (natural) and radiocaesium (mainly 

from the Chernobyl reactor) where their contributions were significant. 

A different procedure was required in some instances, and particularly with 

samples from Subject GEH, when plating and/or precipitation occasionally occurred, 

reducing the mean distance between the activity and the detector and invalidating the 

calibration established for activity wholly in solution. When such effects were present, 

they were readily evident from the shape of the gamma-ray spectrum. In the decay 

of 3 Ba, the principal gamma-ray emission at 356 keV occurs in cascade with 

radiation at 81 keV; the simultaneous detection of both quanta leads to a single 
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recorded signal at 431 keV, and the prominence of this summation effect is very 

geometry-dependent. The activity in any sample showing this effect with the 

single-crystal spectrometer was re-assessed from the combined response of two such 

detectors, positioned 580 mm apart, with the sample located coaxially and 

symmetrically between them. ' This combined response was much less sensitive to the 

. distribution of activity in the sample, but adjustments of up to 23% were nevertheless 

necessary to estimated activities calculated by reference to the response from 

standardised 1 J J B a wholly in solution. These adjustments were derived from a 

correlation established between the combined and relative responses of the two 

detectors to a JOBaSC>4 precipitate at various stages of sedimentation.. 

Measurement of activity in faeces 

The 1 J , : , B a content of ashed faecal samples was assessed with a Nal(Tl) detector 

230 mm dia x 152 mm thick. The sample, spread in a roughly uniform layer over 

the base of a 55-mm dia polypropylene dish, was positioned on the axis of the 

detector at one of several set distances between 450 and 1550 mm, according to the 

level of activity. Calibration was by reference to the response of the Amersham-

standardised point source at the appropriate distance; an allowance was made for 

photon attenuation in each sample, based on the measured transmission of 356-keV 

quanta through it. 

Measurement of whole-body radioactivity 

Two methods were used to assess the whole-body retention of the tracer from 

the response of scintillation counters exposed to the subject. 

Initially a single Nal(Tl) detector, 230 mm dia x 152 mm thick, was used in 

1.75-m-arc geometry; the whole-body retention was calculated from gamma-ray spectra 

recorded with the body facing both towards and away from the detector, with the 

distal surfaces at an essentially constant distance from it. These relatively insensitive 

measurements were generally practicable only during the first 2-3 weeks, when the 

count-rates were adequate to give sufficient statistical precision with acceptable 

counting times. The system was not independently calibrated: the response recorded 

in the first such measurement on each subject (within 45 min of the injection, and 

before voiding of excreta) was assumed to represent 100% of the injected quantity. In 

using the implied calibration to assess the retention on subsequent occasions, a 

procedure (Lillegraven and Rundo 1965) was adopted which was designed to allow for 
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changes in the attenuation of the 356-keV photons arising from redistribution of the 

tracer. 

Concurrently with the programme of serial measurements by the arc technique, 

and sustained indefinitely after its termination, measurements were made with an array 

of six Nal(Tl) detectors (Newton and Eagle 1972) arranged four above and two below 

the supine subject. This was a much more sensitive arrangement than the arc method, 

although its efficiency was expected to be more readily affected by changes in the 

distribution of the tracer. The spectral contributions from ^ ^ B a in the combined 

response of the six detectors were separated from those associated with the subject's 

natural and fission product activities (the latter from weapons tests and the Chernobyl 

reactor) by established methods of least squares fitting of reference spectra; in some of 

the later spectra from Subject GEH there was additional interference from " S r 

administered 15 months after the injection of ' j 3 B a (Newton et al 1990) and the 

analyses took account of this component also. A provisional calibration was derived 

from the response of a whole-body phantom containing 3 Ba; this consisted of a 

series of water-filled polyethylene vessels of circular or elliptical cross-section, 

assembled to simulate the human form (Smith 1962), with the contents of one of the 

standardised 5-ml syringes dispersed throughout its liquid volume. A more definitive 

calibration for each subject, differing by up to 7% from the provisional value, was 

later inferred by reference to contemporary estimates of retention by the arc method, 

after several days when the distribution of the tracer was considered to be sufficiently 

representative of that in the long term. This derived calibration was adopted for all 

subsequent measurements, with minor adjustments to allow for the effects on photon 

attenuation of any changes in body weight. 

Distribution studies 

The distribution of the tracer has been studied on several occasions in each of 

four subjects. For these purposes the 230-mm-dia detector was located below the 

mid-line of the supine subject and fitted with a 50-mm wide slit collimator, 

restricting the field of view to a roughly wedge-shaped volume of tissue. 'Profile 

curves', indicating the longitudinal distribution of response from the tracer, were 

obtained from a series of gamma-ray spectra recorded at increasing distances up to 

1.6 m from the vertex, with the long dimension of the collimator orthogonal to the 

direction of movement. Because the detector scanned only the posterior surfaces, these 

studies gave only qualitative information on the deposition of tracer in a given 
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anatomical region, although in principle serial measurements may indicate the rate of 

clearance from a region if the local distribution is unchanged. 

Additional inferences as to the pattern of deposition were obtained from the 

distribution of count rates between the constituent counters of the six-detector array 

used to assess whole-body retention. The detectors were in fixed locations relative to 

the subject's bed. However, the criteria for positioning the subj'ect were such that, in 

all six cases, one of the detectors (identified as No.l in Newton and Eagle 1972) was 

invariably close to the head and another (No.6) to the feet, Le^ both viewed regions 

of high bone content. No.3 was closest to the abdomen and most affected by activity 

in the gut. The other three viewed either substantial masses of primarily soft tissue 

(femoral regions) or structures with a more balanced composition of soft and calcified 

tissues. As a crude indication reflecting, in a given subject, the partition of activity 

between soft tissues and bone, the quantity 

F = lOOCSj + S 6)/(Sj; + S 2 + S 4 + S 5 + S 6 ) (1) 

was adopted, where S n is the response of Detector No.n and S3 has been omitted to 

remove the principal influence of early accumulations of tracer in the gut. 

RESULTS 

All estimates of 1 3 3 B a in biological samples and in the whole body are 

expressed as percentages of the inj'ected activity, after adjustment for radioactive decay 

to the date of injection, with an assumed half-life of 10.74 y (ICRP 1983). 

Activity in blood and excreta 

The measured concentrations of I 3 3 B a in plasma are given in Table 2. Initially, 

the levels of 1 3 3 B a were similar in the six subjects. The function 

P t = 0 . 4 4 t - 0 - 5 7 , 

where P t is the concentration in % of injection per li tre.of plasma at time t days, 

represents all of the data up to 6 h with an accuracy of 20%, except for the earliest 

value for GEH. Subsequently, there is greater variation between subjects, with 

differences of a factor of 3 after 4 d. The divergence reflects differences in the 
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effects of excretory plasma clearance and in the kinetics of uptake and turnover in 

tissue compartments. Estimates of P t for GEH in the current study are compared in 

Fig.l with those following his previous intake at age 60 (Harrison et al 1967): P t 

tended to be marginally greater than previously (Fig 1), with the time-integrated 

concentrations for the period 0.5 - 4 d increased from 0.27 to 0.33 %dL"^. 

Urinary excretion of the tracer is summarised in Tables 3 and 4 and data on 

faecal excretion are given in Table 5. 

Excretory plasma clearance rates 

Table 6 contains estimated urinary and faecal plasma clearance rates and their 

summed values, Le^ total excretory plasma clearance rates (EPCRs). The first are 

derived from the total urinary excretion (from Tables 3 and 4) during the periods 

indicated, i ^ about 0.4 - 4 d, and the time-integrated concentration of tracer in 

plasma, from graphical analysis of the data in Table 2. This process was simplified 

by the tendency for these concentrations to follow closely a power function of time 

from about 1 d, or in some cases earlier as in Fig 1, Lê  leading to a linear 

relationship between logarithms of the two variables; however, during the first few 

hours, when P t showed a much more rapid variation not amenable to accurate 

representation by a simple function, there were insufficient observations to permit a 

reliable assessment of clearance rates. The faecal clearance rates have been estimated 

simply by adjustment of the urinary rates according to the relative accumulated 

excretion by the two routes up to 14 d (Tables 4 and 5). 

Whole-body radioactivity 

In Table 7, estimates of whole-body retention from measurements in 1.75-m-arc 

geometry are compared with those indicated by the injected quantity minus cumulative 

urinary and faecal excretion. The former were derived from the observed response in 

relation to that measured shortly after the injection, before losses through excretion 

occurred. In this process, an allowance was made for the effects of changes in the 

distribution of the tracer, assessed by the methods of Lillegraven and Rundo (1965). 

These allowances are likely to be valid for changes which involve limited 

redistributions between anatomical regions, such as the shift from an early dispersion 

throughout blood and extra-cellular fluids to an ultimate pattern expected to be almost 
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wholly .skeletal. However, local accumulations will not be accorded an accurate 

correction. This is because Lillegraven & Rundo's methods presume an isotropically 

uniform detection efficiency, and this was not achieved in our arrangements: activity 

in the central regions of the body irradiated mainly the exposed plane surface of the 

cylindrical detector, while that located nearer to the extremities irradiated the curved 

surface also. Consequently, a change in effective solid angle occurred with the early 

secretion of systemic activity into the gut, and this accounts for the spurious estimates 

of retention >100% after 6 h (Table 7) and for the tendency, during the first few 

days, for values to exceed those from dose minus excretion. 

After that time, once the gut had ceased to contain a large fraction of the 

body's content, the discrepancies (Table 7) were generally much lower, persisting for 

only Subjects JAG and AM. Unquantified "small" losses of faecal ash from three of 

AM's samples (Table 4) were reported by the analyst, and a similar explanation may 

apply for JAG. Overall the excretion data provide strong corroboration of the later 

estimates of retention from counting in arc geometry, and the latter have been adopted 

as a basis for defining the initial portion of the long-term systemic retention function 

for each subject. 

Table 7 includes an additional set of estimates, from the combined response of 

the six-detector array in relation to that of the whole-body phantom containing a 

standardised quantity of 3 3 B a uniformly dispersed in solution. As was to be 

expected, the detection efficiency of this arrangement was affected by re-distribution 

of the tracer. This is evident from comparisons (Table 7) of the retention estimates 

for the first few days and values from intake minus excretion; surprisingly, however, 

in view of the proximity of the detectors to the body and the fact that sometimes 

more than half of the total response arose from the detector closest to the abdomen, 

the discrepancies are generally no greater than appear with the arc arrangement. 

After several days, the interval varying somewhat between individuals, the tracer 

present in the gut formed only a small part of the contemporary total body content, 

and, apart from an initial slightly elevated count rate in the detector closest to the 

abdomen, the distribution of response between the six constituent counters stabilised in 

each subject; the nature of the implied distribution of tracer in the body will be 

discussed later. After this point, indicated for each subject in Table 7, the overall 

agreement between the two sets of body radioactivity measurements was very 

8 



good. The mean ratios of estimates by the two methods vary from 0.94 to 1.07 

(Table 7), with a grand mean for the six 

subjects of 1.00. This is no doubt partly fortuitous, in view of the use of the 

solution-filled phantom to calibrate the array for assessing activity which is believed to 

have been substantially skeletal. The spread of individual mean ratios may reflect 

aspects of individual physique, although no strong correlation is seen with the records 

of weight or height in Table 1. 

Figure 2 shows the further estimates of whole-body retention which have been 

made with the six-detector array. These values were reached by applying the 

phantom-based calibration factor to the response attributable to ^Ba, adjusted 

according to the factor listed in Table 7 for the individual subject. In effect this is 

a normalising procedure to provide continuity of the later estimates of Table 7 in arc 

geometry and the extended study with the more sensitive array. Further adjustments 

were made to allow for the effects on detection efficiency of any changes in a 

subject's body weight. In a previous study (Newton et al 1985) ensuing changes in 

attenuation appeared to affect the calibration for skeletally deposited -"Ba in Subject 

GEH by + / - 0.8 per cent per kg decrease/increase; although that coefficient related to 

only one subject and to an array with only four detectors, it has been applied to data 

for all of the subjects in this study. 

Distribution of the tracer 

The earliest studies with the collimated detector, in relation to the time of 

injection, were in Subject MIW after 38 days. The profile recorded on this occasion 

(Fig 3) points to a predominantly skeletal distribution. Maxima are seen in three 

regions of high bone concentration: upper thorax (0.25-0.5 m below vertex), pelvis 

(0.75-1.0 m) and knee (1.25-1.4 m). There is no well-defined feature attributable to 

the skull, suggesting a larger deposit in trabecular than in compact bone. The low 

response at 1.05-1.2 m, i ^ in the femoral regions with high relative soft tissue/bone 

concentration, shows that the disseminated soft tissues constituted only a minor 

reservoir at that stage. Subsequent profiles for this subject at up to 871 d showed no 

changes in this pattern of response indicative of a transfer from soft tissue to bone. 

Similar conclusions emerged from profiles for Subjects NDP (first recorded after 74 d), 

JAG (100 d) and GEH (189 d), except that in GEH the response from the pelvic 

regions declined more rapidly than from elsewhere, suggesting an accelerated loss from 

trabecular bone. 
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Other indications emerge from the behaviour of the index F (Eq 1), representing 

that percentage of the combined response from five detectors close to the body which 

derived from the two counters viewing regions of high bone content. Values for each 

subject are given in Table 8 in respect of 

(i) the response from the subject's natural and fall-out radioactivity which 

is deposited mainly in soft tissues (ICRP Publication 23), 

(ii) the response from the tracer during the first 28 d, and 

(iii) the response from the tracer at a much later stage. 

Inferences from Table 8 are 

(i) that the values of F for the long-term (and presumably almost entirely 

skeletal) deposit of ' " B a a r e i n Variably larger than applies to a 

widespread soft-tissue deposit, 

(ii) that there were some early changes in F for injected *"Ba, which we 

attribute to the fluctuating quantity and variable location of tracer in 

the gut (despite the exclusion of Detector No 3's signals from the 

calculations) and also to the early rapid clearance from blood and 

compartments readily exchanging with it, 

(iii) that, after this period of change, generally lasting for several days, F 

stabilised at a level much closer to the long-term value for " B a t j j a n 

to the value for a widespread soft-tissue deposit, and 

(iv) that, in view of this stability, the predominantly skeletal distribution, 

evident in the first profile curves recorded variously after 38-189 days 

in four subjects, is likely in fact to have been assumed within a few 

days of the injections. 

DISCUSSION 

The indications of Fig 3 are strongly that the retained tracer was substantially 

skeletal after several weeks, and the further evidence of Table 8 suggests that this 

situation probably applied within days of the injections. In this respect the data are 

at variance with the predictions of the ICRP's model (ICRP 1973) thai 45% of the 

body's content of barium would be present in soft tissue at 32 d after injection, 
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declining to 15% after 316 d. They may conflict also with an estimate of 4.7% for 

the proportion of natural, stable barium present in soft tissue (Schlenker et al 1982); 

such an estimate would imply a much higher early deposit from an acute intake, in 

view of the relative lability of soft tissue pools. 

In Fig 2 we show, with both axes logarithmic, estimates of whole-body retention 

made to date with the six-detector array, from 10 d after injection. Earlier values of 

whole-body retention may be deduced from Table 7 but will exaggerate the systemic 

retention to a greater or lesser extent, depending on individual metabolism, excretory 

habits and the time after injection, because of the presence of tracer in the gut; this 

applies equally of course to estimates from dose minus excretion. The data for GEH 

are compared in Fig 4 with those following his injection at age 60 (Newton et al 

1985). 

The most striking feature of Fig 2 is the variation between individuals in the 

proportion of the injected activity which is subject to long-term retention. We shall 

arbitrarily regard R32. the percentage retained at 32 d, as reflecting the "initial level" 

of long-term retention, as it marks the start of a period of several hundred days 

during which the data can be represented conveniently by simple power functions 

(Norris et al 1958), leading to the essentially linear portions of the retention plots in 

Fig 2: 

R t = a t " C (2) 

where a is the notional value of R at 1 d and C is a dimensionless constant. 

According to the ICRP's model, the 'power function' behaviour arises because at these 

times the dominant mechanism of skeletal clearance is ionic diffusion through the 

calcified matrix and subsequent re-entry into blood; subsequently, departures from the 

linear form arise with the increasing relative importance of resorption proceses, and 

these are seen in Fig 2 after 400-500 d. 

Values of R32 and C, obtained by fitting a function with the form of Eq 2 to 

the observed values of R (Figs 2 and 4) between 32 and 337 d, are included in 

Table 6. There is no strong correlation (r = -0.62, p -0.1) between R 3 2 and EPCR, 

implying that the equilibration of tracer between plasma and other systemic 

compartments showed large inter-subject differences. In view of similarities noted 
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between the metabolism of barium and radium (Harrison et al 1967), comparable 

differences between subjects are likely to apply to retention of the natural 

radioélément; indeed the reported whole-body retention of radium 30 d after the end 

of a course of injections varied by a factor of 4 in six subjects (Norris et al 1955). 

The increase in R32 for GEH, compared with that found at age 60, derives 

substantially from reduced renal loss. The 0-14 d urinary excretion at age 81 (5.8%, 

Table 4) compares with 8.9% at age 60; the corresponding values for faecal excretion 

(78.8% in Table 5, cf 80.6%) show proportionately much less change. 

While EPCR did not correlate strongly with R32 it apparently exerted a strong 

influence on C. In Table 6, Subject DN, the only participant showing C significantly 

greater than the rest, displayed an unusually high EPCR; and the other subjects, with 

values of C in the narrow range 0.232-0.246, show some correlation (r = 0.66, p -0.1) 

between EPCR and C. This accords with one tenet of the ICRP's model: the EPCR 

is a critical factor in the later whole-body retention of alkaline earth elements, 

through its competitive effect on the recycling of tracer released to blood from tissue 

compartments. 

Figure 4 is of potential interest in the context of bone loss with advancing age: 

the two retention plots for GEH show a clear convergence after 600 d, with a 

markedly increased rate of loss of skeletal tracer at the greater age, and this may be 

linked to features in the activity profiles indicating an accelerated clearance from 

trabecular bone. However, it is not certain that these differences, or the minor 

differences which have been noted in the early metabolism of barium by GEH, are 

indeed related to age. The metabolism of calcium and strontium has been studied in 

GEH at various ages between 53 and 82 y (Newton et al 1990). Collectively, those 

studies pointed to variations in factors affecting the skeletal deposition of these 

elements and in their subsequent rate of release, but no important age-related trends 

were established. It is inviting, indeed tempting, to link the differences seen in Fig 4 

with the skeletal déminéralisation which accompanies advancing age, but the alternative 

hypothesis should not be summarily dismissed. 

The ICRP's model, on which current standards of permissible exposure to isotopes 

of radium are based, predicts a whole-body retention of radium of 8% after 32 d. 

The mean value of R32 for barium in the seven experiments (9%, from Table 6) is . 

consistent with this value in view of the virtually identical patterns of retention for 
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1 3 3 B a and 2 2 3 R a found up to 60 d in GEH at age 60 (Harrison et al 1967). The 

spread of 5-14% in individual values is substantial but, if typical, would in itself be 

considered a modest uncertainty by many standards in radiological protection. 

Evidence as to the validity of the model in other respects may emerge with the 

proposed continuation of body radioactivity measurements in our six subjects for as 

long as is feasible. 
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Table 1: Details of subjects and injections 

Subject Date of Age at 
injection injection 

(y) 

GEH 18 Mar 86 81 
JAG 24 Nov 86 48 
MTW 12 Jan 87 25 
NDP 2 Nov 87 38 
AM 18 Jan 88 59 
DN 8 May 89 52 

Body Height Amount 
weight injected 

(kg) (m) (kBq) 

73.8 1.75 76.45 

59.9 1.72 79.51 

74.7 1.78 73.44 

76.8 1.84 77.70 

88.9 1.88 72.38 

65.2 1.70 74.43 



Table 2: Concentrations of tracer in plasma (% of injection IJ ) at various times 
administration. Uncertainties (% of estimate, 1 sigma) from counting stat 
shown in parentheses. 

Subject GEH Subject JAG Subject MIW Subject NDP Subject AM 

h % h % h % h % h % 

0.18 4.66 ( 1) 0.17 

0.57 

7.57 ( 1) 

3.40 ( 1) 

0.25 

0.72 

6.11 ( 1) 

3.58 ( 1) 

0.40 4.58 ( 1) 
0.32 4.88 

1.15 2.06 ( 1) 1.12 2.85 ( 1) 1.08 2.79 ( 1) 0.98 2.87 ( 1) 1.25 2.41 
• 2.0 1.89 ( 1) 2.0 

3.1 
2.11 ( 1) 
1.70 ( 1) 

2.3 1.71 

3.8 l.U ( 1) 4.4 1.09 ( 1) 4.0 1.08 ( 1) 4.2 1.20 
7.9 0.56 ( I) 7.6 0.75 ( 1) 7.6 0.49 ( 2) 7.7 0.68 ( 2) 7.3 0.80 
24 0.179( 3) 26 0.22 ( 4) 24 0.116( 3) 24 0.24 ( 3) 23 0.30 

32 0.163( 5) 31 0.21 
50 0.074( 6) 49 0.10K 5) 48 0.045( 6) 48 0.093( 5) 47 0.168 
74 0.036( 8) 77 0.047(16) 73 0.029(10) 72 0.057( 8) 72 0.097 

98 0.031(16) 96 0.019(14) 102 0.038(13) 95 0.054 
146 0.020(10) 

170 0.018(11) 169 0.018(21) 168 
191 

0.036 
0.026 

216 0.01K 9) 



Table 3: Urinary excretion of "-"Ba during the first 12 hours 

Data are percentages of injected dose in urine voided at the indicated 
time t days after injection, with cumulative percentages in parenthese 

Subject GEH Subject JAG Subject MIW Subject NDP Subject AM 
t(d) % t(d) % t(d) % t(d) % t(d) % 

0.096 1.28 

0.223 0.60(1.88) 

0.431 0.98(2.86) 

0.043 2.47 

0.126 1.28(3.75) 

0.244 0.97(4.72) 

0.393 0.54(5.26) 

0.091 2.69 

0.244 0.99(3.68) 

0.393 0.49(4.17) 

0.088 3.88 

0.185 1,16(5.04) 

0.235 0.84(5.87) 
0.322 0.57(6.44) 

0.450 0.41(6.85) 

0.024 0.83 

0.130 1.23(2 

0.208 0.70(2 

0.500 1.03(3 



TABLE 4: Urinary excretion of '•33Ba (% of injection voided in 24 h up to times t days 
after injection). Uncertainties from counting statistics appear in parentheses 
where these amount to 1% or greater. 

Subject GEH Subject JAG 
% 

Subject MTW 
% 

Subject NDP 
% 

Subject AM 
% 

Subject DN 

I 4.05 ( I ) 6.43 4.73 8.18 5.62 4.67 
2 0.59 ( I ) 0.76 0.32 1.03 1.40 0.65 
3 0.295( I ) 0.35 0.182 0.48 0.81 ( I ) 0.269 
4 0.19K 2) 0.210 0.120 0.34 0.75 ( 1) 0.170 
5 0.148( 2) 0.153 0.077( I ) 0.229 0.51 ( 1) 0.117 

Total 0-5 5.27 7.90 5.43 10.26 9.09 5.88 

6 0.13K 2) 0.102( 1) 0.059( 2) 0.183( 1) 0.39 ( 1) 0.078( 3) 
7 0.069(30) 0.088( I ) 0.045( 2) 0.148( 1) 0.31 ( 2) 0.062( 2) 
8 0.069( 4) 0.108( 1) 0.038( 2) 0.147( l ) + 0.203( 3) 0.040( 3) 
9 0.050( 6) 0.07K 2 ) + 0.033( 2) 0.079( I ) 0.194 0.03l( 3) 

10 0.042(10) 0.05K 2) 0.03K 2) 0.081( 1) 0.183( 1) 0.034( 3) 
LI 0.039( 6) 0.036( 2 ) . 0.024( 3) O.063( 2 ) . 0.13K 3) 0.029( 4) 
12 0.032( 9) 0.028( 2)* 0.019( 3) 0.043( 2)** 0.150( I ) 0.020( 5) 
13 0.032( 8) 0.028( 2)* 0.019( 3) 0.043( 2) 0.103( 2) 0.017( 5) 
14 0.019(12) 0.028( 2) 0.018( 3) 0.040( 5) 0.100( 2) 0.017( 5) 

Total 0-14 5.76 8.44 5.72 11.09 10.85 6.20 

15 0.018(13) 0.029( 2) 
16 0.022(14) 0.020( 2) 
17 
18 

0.018( 3) 
0.017( 2) 

19 0.014( 4) 
20 0.017( 3) 
21 0.014( 4) 

0.016( 3) 0.044( 2) 
0.033( 3) 
0.026( 4) 
0.021( 5) 

0.100( 4) 
0.074( 2) 
0.073( 2) 
0.067( 5) 

* Activity in bulked 72h collection x 1/3. 
** Activity in bulked 24h collection x 1/2. 
+ No collection over a defined part (3-4 h) of the 24 h; contribution estimated for the missing 

period. 



TABLE 5: Barium-133 in ashed faeces (% of injection voided in 24 h up to times t 
after injection). Uncertainties from counting statistics appear in paren 
where these amount to 1% or greater. 

Subject GEH Subject JAG Subject MIW Subject NDP Subject AM 
% % % % % 

1 NV 0.07 (71) NV L5.ll NV. 
2 15.99 ( 1) 18.71 ( 1) 0.20 ( 3) 25.24 13.54 
3 25.40 ( 1) 7.30 ( 2) 60.48 22.53 8.74. 
4 22.23 ( I) 3.07 ( 2) 8.72 NV 18.57 
5 2.00 ( 5) 31.59 8.17 ( 1) 3.53 ( 7) 5.53 
6 4.51 ( 2) 4.05 ( 1) 2.00 ( 3) NV 4.11. 
7 1.64 ( 2) NV NV 3.55 ( 3) 7.95* 
8 0.88 ( 3) 4.32 ( 2) 1.23 ( 2) 2.74 ( 4) 1.04 
9 0.60 ( 5) NV 1.35 ( 1) 0.52 ( 3) 1.06 
10 0.99 ( 4) 1.05 ( 6) 0.74 ( 3) 0.80 ( 2) 0.73. 
11 1.20 ( 3) 1.26 ( 2) NV 0.53 ( 3) 2.86 
12 0.72 ( 4) 0.59 ( 7) 1.20 ( 2) 0.78 ( 3) 0.42 
13 0.41 ( 7) 1.29 ( 2) NV NV 0.48 
14 2.22 ( 3) 1.65 ( 2) 0.81 ( 3) 0.64 ( 4) 0.88 

Total 0-14 78.8 75.0 84.9 76.0 65.9 

15 0.41 (10) NV 0.06 (17) 0.28 ( 5) 0.49 
16 0.45 ( 9) 0.19 (16) NV 0.14 ( 6) NV 
17 0.22 (23) 0.22 (14) 0.28 ( 4) 0.37 ( 5) 0.60 
18 NV 0.45 ( 7) 0.09 (11) 0.19 ( 4) 0.32 
19 0.54 ( 8) 0.40 ( 8) 0.37 ( 4) 
20 NV 0.72 ( 8) 0.13 ( 8) 
21 0.16 (13) 0.14 ( 7) NV 
22 0.14 ( 7) 

losses reported during ashing. 
NV no voiding. 

http://L5.ll


Table 6: Early plasma clearance rates and whole-body retention parameters 

Subject Period (d) Plasma clearance rate (L d~L) c R32 

renal faecal+ total + + % 

GEH (age 60)* 0.50 - 4 9.1 82 91 0.246 7.7 
GEH (age 81) 0.43 - 4 5.1 70 75 0.237 11.6 

JAG 0.39 - 4 5.1 45 50 0.235 9.9 
MIW 0.39 - 4 4.5 67 71 0.237 6.2 
NDP 0.45 - 4 6.9 47 54 0.241 8.7 
AM 0.42 - 4 8.0 49 57 0.232 13.6 

UN 0.50 - 4 7.3 100 107 0.279 5.2 

* derived from data given by Harrison et al (1967). 
** estimated accuracy 5% or better, the possible error arising mainly in graphical 

integration (see text). 
+ derived from renal clearance rate and ratio of cumulative faecal to urinary 

excretion for 0 - 14 d. 
++ sum of renal and faecal components, i.e. total excretory plasma clearance 

rate (EPCR). 
+++ c and R09 (whole-body retention at 32 d), derived from Eq. 2 with parameters 

fitting data of Figs 2 and 4 for 32-337 d. 



Table 7: Early whole-body retention: data from body radioactivity measurement (BRM) and 
dose minus excretion (D-E) compared. 

Subject » GEH JAG MTW NDP AM DN 
Days'*"*" BRM** D-E BRM** D-E BRM** D-E BRM** D-E BRM** D-E BRM** D-E 

0.25 107 
99.4 

98.1 102 
103 

95.3 105 
99.6 

96.3 98.8 
94.1 

94.1 105 
96.2 

97.3 101 
108 

97.1 

I 106 
100 

96.0 96.1 
103 

93.5 100 
101 

95.3 80.4 
72.2 

76.7 103 
87.3 

94.4 43.5 
48.1 

42.5 

2 92.8 
82.9 

79.4 76.7 
75.2 

74.0 98.3 
92.2 

94.8 55.9 
49.8 

50.4 77.9 
70.8 

79.4 32.0 
32.6 

29.7 

3 58.2 
54.8 

53.7 68.4 
68.6 

66.4 34.2 
33.8 

34.1 28.0. 
27.0 

27.4 67.1 
60.4 

69.9 20.8 
22.5 

20.8 

4 33.2̂ . 
32.0 

31.2 67.5 
67.4 

63.1 25.1 
25.1 

25.3 24.5 
24.1 

25.0 45.8. 
42.0 

50.6 16.8. 
18.2 

17.4 

5 31.5 
29.0 

29.1 31.4 
30.8 

31.4 14.2̂ . 
14.9 

15.1 13.9 
15.3 

14.8 

6 27.1 
24.8 

24.4 14.5 
14.1 

13.8 

7 24.0 
23.1 

22.7 27.6. 
25.2 

27.1 12.4 
14.3 

14.4 17.3 
17.1 

17.7 28.4 
27.9 

31.8 13.0 
13.3 

13.0 

8 22.9 
21.8 

21.8 20.6 
21.7 

22.7 16.9 
16.3 

16.6 11.3 
11.5 

11.7 

9 21.8 
21.0 

21.1 19.7 
21.3 

22.6 10.7 
11.8 

12.3 15.9 
15.5 

16.0 10.1 
11.0 

11.3 

10 26.3 
24.1 

28.4 9.0 
10.3 

10.6 

11 18.7 
19.0 

20.2 11.1 
11.0 

11.5 13.7 
13.8 

14.5 

14 14.3 
14.9 

16.6 12.1 
12.0 

13.0 20.6 
19.4 

23.2 

Mean ratio* 0.95 (0.02) 1.02 (0.07) 1.07 (0.07) 0.98 (0.02) 0.94 (0.03) 1.06 (0.06) 

* First measurement indicating a stable regional distribution of systemic tracer similar to that 
applying in the long term. 

** Paired estimates made without intervening excretion: arc geometry (above) and six-detector array 
with phantom-based calibration. 

+ Mean ratio (with SD) of estimates (array/arc) made after systemic distribution stabilised. 
++ The times shown are approximate, varying somewhat during the working day and not necessarily 

coinciding with the end of each 24-h period for which excretion data are summarised in 
Tables 4 and 5. 
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Fig 1. Concentrations of tracer in blood plasma from Subject GEH 
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Fig 2. Whole-body retention of barium in six male subjects. 

The superimposed power functions were obtained by 

fitting to the data between 32 and 337 d. 
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Fig 4. Whole-body retention of barium in Subject GEH, compared 

with data for the same subject injected 21 y previously. 


