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Abstract—We made radiochemical determinations of 22°Ra and the **Ra-decay product, 2*Th,
in samples of bone from former Ra dial workers who belonged to a major cohort of Ra-exposed
persons under study for health effects at our institution. Most of the former workers were long-
term residents of two communities supplied with drinking water containing elevated natural
levels of 22!Ra and 2?°Ra, so determinations also were made of radioactivity in samples of bone
from long-term residents not occupationally exposed to Ra. The %Th activity of the bones of
the former workers, after correction for the presence of natural radioactivity, showed that some
had significant occupational intakes of *®Ra, contrary to published reports that ® Ra was never
used by the Illinois company that had employed the cohort of early workers. For 14 workers
hired in the years 1920-23, the calculated ratio of the occupational intake of 2*Ra to ?*Ra
activity averaged 0.15 (coefficient of variation 0.65), whereas for three workers hired in 1924,
it was not significantly different from zero (mean 0.05, coefficient of variation 1.5). The risk of
radiogenic cancer for the typical worker hired before 1924 may have been nearly twice that

incurred in the absence of the 2*Ra component of the Ra intakes.

INTRODUCTION

THE FORMER employees of the Radium Dial
Company, which operated dial-painting studios
in Illinois from 1918 to 1936, constitute one of
the major cohorts of Ra-exposed persons under
study for health effects at the Center for Human
Radiobiology (CHR) (Ro78b; Ru86). Both 22!Ra
(half-life 5.75 y) and **Ra (half-life 1600 y) were
used in Ra-activated luminous compounds in the
early years of the dial painting industry (Au52),
but earlier studies reported contradictory anec-
dotal data on the use of *®Ra by the Radium
Dial Company, i.e., 2®Ra was used before 1926,
probably in 1920, but not after 1926 (Au52) and
228Ra was never used (Fi69).

The determination of the residual activities of
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both isotopes of Ra is important not only because
absorbed doses to the various body organs fol-
lowing the uptake of ??®Ra generally exceed those
following the uptake of a comparable activity of
22Ra (Ke83), but also because the effectiveness
of the a-emitting decay products of S-emitting
28R a in producing bone sarcomas appears to ex-
ceed that of 22°Ra and its decay products for equal
absorbed doses to bone (Ro78a). In this paper,
we present results of measurements of radioac-
tivity in former Radium Dial Company workers
and in control subjects, estimate the relative oc-
cupational intakes of ??)Ra and ***Ra by the
workers, and examine the radiobiological signif-
icance of the ?*®Ra intakes.

MATERIALS AND METHODS

Exposure period

Information gleaned from former workers
suggested the following dates of operation of the
Radium Dial Company studios in the four Illinois
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cities or towns where they were located: Chi-
cago—from 1918 to 1920 or 1921; Peru—from
1920 or 1921 to August 1922; Ottawa—from
September 1922 to December 1936; and Strea-
tor—about 9 mo in 1925. Some of the former
workers transferred to a dial-painting studio
founded in 1934 in Ottawa by another company.
Data on the employment periods of former
workers were obtained from personal interviews,
sometimes corroborated by listings of employees
supplied by the company and published in city
directories, or by the identification of employees
in dated group photographs.

By 1925, mouth-tipping of the brushes used
by the workers to apply the luminous compound
had been implicated as the chief mode of intake
of radium (Ca25; Ho25; Mar25). This practice
was largely discontinued by 1926 (USBL29), and
significant residual activities of Ra are compar-
atively rare in former workers hired after 1925
{Ro78b; Rud6). Consequently, all Ra intakes by
the workers hired before 1926 were assumed to
have occurred during the interval between the
date of hire and the end of employment or 31
December 1925, whichever came first.

Radioactivity measurements

Whole-body ?Ra and ?**Ra decay-product
activities were determined in vivo at the CHR in
113 women hired by the Radium Dial Company
before 1926. The techniques used at CHR to de-
termine whole-body ?Ra and ?!2Bi (half-life 1.0
h) activity iz vivo have been described by Toohey
et al. (To83). Estimates of whole-body ?**Ra ac-
tivity in vivo were inferred from determinations
of whole-body 2'?Bi (Ke84).

Radium-226 and the ?*®Ra decay product
228Th (half-life 1.91 y) were determined radio-
chemically by CHR or its predecessors (Ev38;
Ev60; Ev66; Mi69b) in a total of 48 samples of
bones or teeth, acquired at surgery, autopsy or
exhumation, from 17 women hired at a median
age of 18 (range 15 to 30) by the Radium Dial
Company before 1925. Radium-226 activities in
samples of bone were determined by dissolving
the ashed bone in nitric acid, passing N through
the solution to remove Rn, and subsequently
counting the « particles emitted by the collected
22Rn (half-life 3.823 d) and its decay products
(Au52; Lu61). Thorium-228 activities in samples
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of bone were determined either by passing N
through the ashed-bone solution and subse-
quently counting the « particles emitted by the
electrostatically collected decay products of *’Rn
(half-life 55 s; Au52; Ku76) or by extracting **Th
into dibutyl phosphate and counting the « par-
ticles emitted by the 228Th-decay product ***Ra
(half-life 3.62 d) stripped from the organic phase
(St56; Lu74).

The estimation of the occupationally derived
activities of 226Ra and especially of **Ra in the
bones of former Ra dial workers often is limited
not by the sensitivity and specificity of the radio-
chemical method, but rather by the magnitude
and the variability of the natural levels of these
isotopes in bone. The 17 former workers whose
bone samples were analyzed radiochemically
could be placed in three categories with respect
to levels of dietary intake of Ra. At Level I were
seven former workers who had been long-term
residents of Ottawa, 1L, a town supplied with un-
treated drinking water pumped from deep wells.
At Level 1I were three former workers who had
been long-term residents of Peru, IL, a town sup-
plied with treated drinking water pumped from
deep wells. At Level 11l were seven former work-
ers who had been long-term residents of com-
munities located in surficial drinking-water re-
gions, for whom food rather than water would
have been the principal source of dietary Ra
(Lu61).

Natural radioactivity in bone for persons at
Level I was determined radiochemically in 2-10
g samples of ashed rib from 12 long-term Ottawa
residents not occupationally exposed to Ra. Nat-
ural radioactivity in bone for persons at Level 11
was estimated from the values for Levels I and
111 and the radioactivity concentrations measured
by Lucas in one well-water and one tap-water
sample from Peru, and in four well-water samples
from Ottawa (Lu85). Natural radioactivity in
bone for persons at Level 111 was estimated from
the skeletal ??Ra content of Reference Man
(ICRP75), the population distribution of the nat-
ural 22°Ra content of bone determined by Walton
et al. (Wa59), and the natural **®*Th content of
bone determined by Lucas and Markun (Lu74)
and by Wrenn et al. (Wr81; Ib83). A portion of
the natural 2*®Ra content of bone arises from the
natural 2*2Th activity of bone (Lu70; Wr81; Ib83).



A. T. KEANE et al.

Data analysis .

Equations used in the computation of the re-
sults are presented in the Appendix. These equa-
tions express: (1) the time-dependence in vivo and
postmortem of the ratio of the activity of **Th
to the activity both of its natural and of its oc-
cupationally derived 2*®Ra parent; (ii) the time-
dependence of the ratio of occupationally derived
228Ra to **Ra activity in bone; and (iii) the prop-
agation of statistical errors. Although the vari-
ability in the natural Ra activity of skeletons
is compatible with a lognormal distribution
(Wa$59), the parameters of the normal distribu-
tion adequately predict the upper limit of 90%
confidence of the natural ?°Ra and ?**Ra activity
of bone at each level of dietary intake. Therefore,
for computational convenience in determining
residual occupational radioactivity in the bones
of the former dial workers, the arithmetic mean
and standard deviation were used as parameters
of the population distribution of natural radio-
activity in bone.

RESULTS AND DISCUSSION

Natural radioactivity of bone
Table | shows the natural 2**Ra and ??*Ra ac-
tivities of bone determined radiochemically in
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the 12 persons at Level I who had not been oc-
cupationally exposed to Ra. The specific 2*Ra
and **®Ra activities were highly correlated (r
= 0.94, P < 107*). Regression of the specific *?Ra
activity on length of residence and on age indi-
cated that the latter two variables would not con-
tribute significantly as estimators of natural ra-
dium activity in the former workers. Estimates
of the natural radioactivity of drinking water and
bone for the three levels of dietary Ra intake are
summarized in Table 2.

Radioactivity in bone samples of former workers
The results of the radiochemical analyses of
the samples of bone of the 17 former Radium
Dial Company workers are presented in Table 3,
ordered by case number. The gross results in Ta-
ble 3 for several samples that were analyzed by
one of us (HFL) before the inception of CHR
had been previously reported by Miller e al.
(Mi69b). Samples analyzed by Evans ef al. (Ev58;
Ev60; Ev66) are also referenced accordingly.
The gross **®Ra activities in Table 3 are suffi-
ciently above natural levels to be ascribable vir-
tually entirely to occupational origin. Equation
(1) of the Appendix was used to calculate the ex-
pected natural 2¥Th values. Equations (2-5) were

Table 1. Natural **Ra and **®Ra in bone of residents of Ottawa, IL. In deriving the **Ra
activities from the measured ***Th activities, ***Ra and *Th were assumed to have been at
equal activities in bone at the time of saumpling. Entries preceded by + are standard errors

Age of Length of

resident residence 226Ra 228Ra
(¥) (y) (Bg*/kg ash) (Bg/kg ash)
28 28 2.0 + 0.22 0.89 + 0.19
44 44 5.6 + 0.19 2.2 % 0.11
47 34 5.2 + 0.19 1.3 £ 0.11
50 50 4.4 + 0.19 2.1 + 0.37
53 53 3+ 0.74 7.0 + 0.44
53 53 3.2 + 0.22 0.78 + 0.11
54 54 5.9 + 0.22 2.4 +0.26
64 33 1.6 + 0.11 0.85 + 0.15
65 30 3.5 + 0.15 2.4 t 0.15
70 18 3.7 + 0.19 0.56 + 0.07
75 42 3.7 + 0.19 0.59 + 0.07
79 55 2.2 + 0.15 0.59 + 0.11

*One Bq = 27.0 pCi

1606400
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Table 2. Natural *$Ra and **Ra in drinking water and in bone. Entries preceded by + are
: standard deviations

Activity concentration Specific activity

Level of in drinking water of bone

dietary (Bg/m*) (Bg/kg ash)

radium

intake 226Ra 22BRa 226Ra 228Ra,228ThHC

I 200 ¢ 362 130 + 442 3.7 + 1.49 1.3 + 0,784

I1 462 252 1.1 + 0.78% 0.37 + 0.24®
111 < 1P ( <1)b 0.37 + 0.187  0.15 ¢ 0.0929

aLu85;Lu61. Level-I water is untreated; Level-11 water is treated. For

Level 11, the 226Ra concentration was determined in 1 sample of Peru tap
water (LuB85, Table 2) whereas the 228Ra concentration was estimated by us
using the ratio of 228Ra to 226Ra activity (0.54) determined in 1 sample of
Peru raw water (Lu85, Table 4).
BNCRP75
‘It is assumed that 228Ra and 228Th are at equal activities. Of these
activities, it is assumed that 0.04 + 0.03 Bq per kg ash are in secular
radioactive equilibrium with 232Th (Lu70;Wr81;I1b83).
dTable 1, outlier excluded (13 Bq 226Ra per kg ash; 7.0 Bg 228Ra per kg ash).

Water Ra II

e
Bone Ra III + Water Ra 1

fWa59; 1CRP75.
9Lu74;Wrel;1b83.,

used to calculate the ratios of occupationally de-
rived 2%®Ra to ?**Ra activity. The predicted 2 Th
to 228Ra activity ratios at the time of sampling
(eqn 2 and Fig. 1, Appendix) that were used in
computing the occupationally derived ?®*Ra ac-
tivities (eqns 3 and 4, Appendix) ranged from
1.96 to 1.56, depending on the time from intake
to sampling, Although the standard errors of the
226Ra results are not shown in Table 3 (relative
errors were generally <3%), these errors were
propagated with others in determining the stan-
dard errors of the occupational ratios (eqn 6, Ap-
pendix).

Intake ratios based on radioactivity in bone
samples

Column 4 of Table 4 lists the weighted mean
(eqns 7 and 8, Appendix) of the ratios in Column
7 of Table 3 for each worker except Case 03-455,
the only former worker for whom samples of
bone were obtained at two different times after
intake, and Cases 03-488 and 03-649. For the

1006901

(Bone Ra 1 - Bone Ra III).

latter two workers, the gross 2*Th and **Ra ac-
tivities in Table 3 were amenable to least-squares
analysis, so eqn (9) of the Appendix was used to
determine both the natural ***Ra activityt and
the ratio of occupationally derived ?**Ra to ***Ra
activity in the bones of these two workers at the
time of sampling,.

Column 5 of Table 4 lists the ratio of the oc-
cupational intake of ?*Ra to 2?*Ra activity for
each worker, computed by use of eqns (10) and
(11) of the Appendix from the mean ratio at the
time of sampling in Column 4. The entries in
Table 4 are ordered by the dates of hire of the

t The best-fit values of natural **®Ra at the time of
sampling were 2.4 = 0.33 Bq per kg ash for Case 03-
488 and 0.78 + 1.4 Bq per kg ash for Case 03-649.
These least-squares estimates are congruous with the
Level-I value of 1.3 = 0.78 Bq 2*®Ra per kg ash (Table
2) used in eqn (1) to derive the expected natural 2*Th
values that are shown in Column 5 of Table 3 for these
two long-term Ottawa residents.
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Table 4. Ratios of intake of ***Ra 10 ***Ra activity for Radium Dial Company workers, based
on activities of **Th and ***Ra determined radiochemically in bone. Entries preceded by + are
standard errors

Mean ratio (x100)
of occupationally

Average time acquired Ratio (x100) of
Employment from intake 22BRa to 226Ra occupational intake
period to sampling activity of 228Ra to 226Ra

Case no, (d mo y) (y) at sampling activity
01-454 1Ju120-31Dec36 47.7 0.054 + 0.0090 17+ 2.9
01-562 1Jul2l-1dun22* 10.0 3.2 +0.18 11+ 0.62
03-648 2Jan22-26Dec24 33.2 0.42 + 0.028 23+ 1.6
03-671 1dul22-31Aug22 30.4 0.43 + 0.039 17 + 1.6
03-779 1Ju122-31Aug22 20.0 0.011 + 0.014 0.1 + 0.1
03-528 1Jul122-1Jul32 55.3 0.027 + 0.028 21+ 22
03-488 1Sep22-1Mar23 52.2 0.027 t 0.067 14 + 35
03-619 1Sep22-1Apr23 39.2 0.14 ¢ 0.023 16 + 2.7
03-455 15ep22-10ct23 ;ig g'}m : ;:gogo 32+ 3.9
01-002 1Sep22-5Nov36 14.7 1.4 + 0.35 8.2+ 2.1
03-666 1Jan23-6Aug29 5.12 8.9 t+ 0.88 16 + 1.6
03-547 1Jul23-1Aug2s 37.5 0.25 + 0.059 23+ 5.5
03-402 1Jui23-1duizs 29.3 0.095 + 0.0084 3.2+ 0.29
03-407 1Jdul123-1Julde 36.3 0.013 + 0.0091 1.0 ¢+ 0.70
03-479 1Jun24-1Dec24 34.5 0.021 + 0.057 1.3 ¢+ 3.5
U3-487 1Jul24-300c¢t36 38.8 0.14 3+ 0.074 15 + 7.9
03-649 1duiz24-1Julsl 29.3 0.004 + 0.004 0.1 + 0.1

*Case 01-562 may have worked previously at the studio in Chicago.

TRadium intakes were assumed to have occurred in the interval between the date

of hire and

the end of employment or 31 December 1925, whichever came first.

workers. If only a year was reported as a date of
hire, a date of | July of that year was assumed,
except for persons hired at Ottawa in 1922, for
whom a date of I September was assumed. The
sampling times (Column 3 of Table 4) used in
eqn (10) were computed from the midpoints of
the corresponding intake periods.

The activity ratios in Column 7 of Table 3 for
the workers with multiple samples displayed a
weighted mean coefficient of excess variation of

1006911

0.15. Consequently, in determining the standard
errors of the weighted mean ratios in Column 4
of Table 4 for each worker other than Cases 03-
488 and 03-649 (the two former workers for
whom the activity ratio in Column 4 of Table 4
was determined by the method of least squares),
an excess relative standard error of 0.15 n™%% was
propagated with the predicted relative standard
error, where 7 is the number of samples that were
analyzed for the worker (eqn 8, Appendix). Un-
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Table 5. Ratios of intake of ***Ra 10 ***Ra activity for Radium Dial Company workers, based
on body activities of *"?Bi and ***Ra determined in vivo. Entries preceded by * are
standard errors

Mean ratio {x100) of occupational intake

of 228Ra to 226Ra activity

Year of intake No. of

(mid-interval) workers {a) (b)
1919 2 - 280 + 1800 - 640 + 1900
1922 19 -49+ 26 -27 t 26
1923 20 28 + 16 21t 16
1924 43 - 1.0 ¢ 5.5 - 3.7 ¢ 5.5
1925 29 - 3.7t 6.5 - 5.5 ¢ 6.8

(a)

A1l y-ray results were corrected for y-ray equivalents of 1.9 + 1.4 Bg

212Bi and 15 + 2.6 Bq 214Bi, determined in vivo in normal control

subjects.,

In addition to the natural 22%Ra and 228Ra activity, body 40K

and inhaled 222Rn, 220Rn, and short-lived decay products are the
principal sources of the normal 214Bi and 212Bi y-ray equivalents.

(b)

All y-ray results were corrected for expected y-ray equivalents of

4,2 + 2,1 Bq 212Bf and 17 + 2.7 Bq 214Bi in unexposed residents of

Ottawa.

identified analytical errors as well as biological
variability could have contributed to the excess
variance.

Comparative metabolism of isotopes

Implicit in the calculation of the intake ratios
was the assumption that the biological retention
of the two Ra isotopes was the same. Limited
confirmation of the validity of this assumption
was obtained from the results of the radiochem-
ical analysis of the two bone samples of Case 03-
455, a sample of ulna surgically removed at 11
y after intake and a sample of femur surgically
removed at 54 y. Nearly identical values of the
intake ratio were computed from the activities in
the two bones at the time of sampling, suggesting
that the ratio of the activities of the two radium
isotopes in the skeleton during the 43-y interval
between bone samplings was significantly altered
only by radioactive decay at the differential rate
Ay — Ag (eqn 10, Appendix), which reduced the
occupationally acquired 2**Ra to *°Ra mass ratio
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from 3.1 X 107#at 11 y after intake to 1.8 X 107
at 54 y.t

Intake ratios based on radioactivity in vivo
Equation 10 of the Appendix was used to de-
termine the intake ratios from the body activities
of 2®Ra and 2**Ra measured in vivo at CHR in
113 former workers. Table 5 shows the weighted
means of the ratios grouped according to the year
in which the intake period was centered. We did

+ The sample of ulna of Case 03-455 was analyzed
for 22*Th by dibutyl phosphate extraction, whereas the
sample of femur was analyzed by electrostatic collec-
tion of 22°Rn-decay products. The few other available
comparisons of *!Th activities determined by the two
methods in different bone samples from the same
worker similarly suggested that the two methods
yielded comparable results. Of the two methods, di-
butyl phosphate extraction had the lower detection
limit, partly because of lower and less variable blank
values.
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not attempt to correct for natural radioactivity
in each former worker according to place of res-
idence. Rather we derived two sets of intake ra-
tios, one after corrections were applied for body

radioactivity determined in typical unexposed

subjects, and the other after corrections were ap-
plied for the greater natural radioactivity expected
in Ottawa residents. Data were excluded for one
person, Case 03-499, the only former worker for
whom resuits in vivo at CHR were unambigu-
ously positive for a body activity of 2'2Bi, and for
whom the intake ratio of 1.2 was greater by an
order of magnitude than those based on the ra-
diochemical determinations in colleagues.$ Miller
et al. reported that this person had probably re-
ceived 22®Ra medically (Mi69a).

The mean ratios in Table 5 agree statistically
with the ratios derived from the radiochemical
determinations. It is not surprising that none of
the means is significantly different from zero. Of
the 113 body ***Ra activities measured in vivo,
47% were <0.37 kBq and 80% were <3.7 kBq.
The intake ratios in Table 4 suggest that, at the
times of 45 to 60 y after intake when body ra-
dioactivity in the 113 former workers was deter-
mined /n vivo at CHR, body 2'?Bi activity would
have been of the order of 0.2% or less of body
226Ra activity, i.e. <0.7 Bq in 47% and <7 Bq in
80% of the former workers. These expectations
are well below the minimal detection limit (20)
of about 20 Bq body 2!?Bi activity when no sig-
nificant 2?Ra decay-product activity is present.

CONCLUSIONS

Intake ratio vs. year of hire

The use of **®Ra at the studio in Peru in the
summer of 1922 is suggested by the data in Table
4 for Case 03-671; the use of 22®Ra at the studio
in Ottawa after 1922 is suggested by the data in
Table 4 for Case 03-666. The data in Tables 4
and 5 suggest that 2?®Ra may not have been used
after 1923. Arithmetic means and coeflicients of

§ Case 03-499 allegedly was hired in 1924, but she
may actually have been hired earlier. The relatively
high residual body 2*®Ra activity in this former worker
is especially at variance with the relatively negligible
intakes of ®Ra by the three workers hired in 1924
(Table 4) and by the cohort of workers whose periods
of intake were centered in 1924 (Table 5).
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variation were computed for the intake ratios in
Table 4 for groups of workers according to date
of hire. From these data, the following conclu-
sions were drawn: (i) the ratio of the intake of
228Ra to **°Ra activity averaged 0.15, with a coef-
ficient of variation of 0.65, for workers hired at
Peru or Ottawa before 1924; and (ii) the intake
of ?2Ra activity by workers hired after 1923 was
probably negligible. For the intake ratios of the
workers hired before 1924, the mean of 0.15 and
coeflicient of variation of 0.65 provide an ade-
quate description of the observed distribution,
even though a 6% occurrence of negative ratios
is implied.

In the application of these results to the do-
simetry of the former workers measured in vivo,
bias would be introduced if the 17 former workers
in Table 4, most of whom showed severe adverse
health effects of high intakes of Ra activity, were
not a random sample of the Radium Dial Com-
pany cohort with respect to the relative intakes
of 22!Ra and ??°Ra by year of hire. Although the
intake ratios in Table 4 for the former workers
hired before 1923 showed a negative correlation
with the estimated intake of 2*Ra activity
(CHRSS5; the data of Case Nos. 03-488 and 03-
528 were excluded because their ratios have large
standard errors), this relationship was not statis-
tically significant (Spearman r = —0.26, P < 0.5).
Apart from the anomalously high intake ratio for
Case 03-499 based on body radioactivity mea-
sured in vivo, we found no evidence to counter
a suggestion that the distribution of the intake
ratios of the 17 former Radium Dial Company
workers by year of hire is representative.

Radiobiological significance

If ?*®Ra decay products do not translocate in
vivo, and if ?**Ra decay-product activity in soft
tissue is not significant, the a-particle doses to
the various tissues and organs other than bone
in a SO-y period following an intake of ***Ra
would be 5.8 times those following the intake of
an equal activity of 2*Ra (Ke83). For the Radium
Dial Company workers hired before 1924, for
whom the #*®Ra intake averaged 0.15 Bq per Bg
226Ra intake, the dose to soft tissues from the
decay of 2®Ra would have been (5.8)(0.15), or
0.87 times the soft-tissue dose from the decay of
226Ra. If we neglected the probable **Ra intakes
of those Radium Dial Company workers hired
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before 1924 whose retained body 2'2Bi activities
were below the limit of detection, we might un-
derstate their soft-tissue dose commitment by a
factor of (1 + 0.87), or about 1.9.

In addition to the implication for soft-tissue
health effects, the 2?®Ra component of the intake
of Ra activity by the Radium Dial Company
workers hired before 1924 also carries with it a
similar implication for bone-cancer risk. The re-
lationship found by Rowland et al. (Ro78a;
Ro083) between the incidence rate  of bone cancer
among former Ra dial workers and the Ra intake
D is expressed by

I=(C+ BDYe P,

where C is the natural incidence rate of bone
cancer, B and «y are rate constants, and D = D,y
+ 2.5Ds55, where D,og and Daog are the intakes
of ?*Ra and **Ra activity, respectively.t At a
combined **Ra and ?**Ra intake such that e™?
is close to unity (y = 3 X 1078 Bq™'; Ro83), the
expected risk rate of radiogenic bone cancer in-
curred by a Radium Dial Company worker hired
before 1924 (D = 0.15D;) would be G([1
+ (2.5)(0.15)]D;,26)%, which again is 1.9 times the
risk rate 8D3,¢ incurred in the absence of the mi-
nor 228Ra component.
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APPENDIX

Time dependence of natural ***Th activity in bone

We assumed the following: (i) dietary 22®Ra, includ-
ing ***Ra in drinking water, and natural 2*?Th (half-
life 1.4 X 10'° y) in the body were the only significant
sources of natural 2®Th in the body; (ii) >**Th was not
biologically cleared; (iii) 2®Ra arising from the activity
of natural »*’Th in bone was in secular radioactive
equilibrium with 2*2Th at the time of analysis; and (iv)
natural ®Ra and its 2*Th daughter were at equal ac-
tivities in bone at the time of sampling (i.e. at surgery
or death) as a consequence of the virtual constancy of
natural body ?*!Ra activity.

Radium-228 and 2**Th activities in a bone sample
do not remain constant with time after sampling be-
cause dietary 2*®Ra is no longer being supplied. In es-
timating the 2?®Ra activity of a bone sample from an
unexposed subject, or in computing the expected nat-
ural 28Th activity of a bone sample from a former
worker, we must consider the dependence of natural
28Th activity on the time after sampling. This depen-
dence 1s expressed by eqn (1):

T = (Ms— Ta)
X AAre™ — MM — M) + Tana, (1)

where 77, is the natural ?*®Th activity of bone at the
time of analysis, M’ is the natural *®Ra activity of
bone at the time of sampling (Table 2), T,3,; is the
natural #32Th activity of bone (Table 2), Ay, and Ay are,
respectively, the radioactive decay constants of ***Ra,
(0.1205 + 0.0006) y~! (May62), and **Th (0.363
+0.0004) y~! (Ki56), and 7 is the elapsed time from
sampling to analysis. For bones acquired postmortem,
the sampling time was considered the time of death.

Time dependence of occupationally derived radio-
activity

The time dependence in vivo of the ratio p of 2*Th
activity to the activity of its parent is expressed by eqn

(2):
t
Ar f MoR(x)e ™ % g 21U-Rdx
o

MyR(t)e™™

B )\7e(>w->‘r)f

! {(AT-AM)x,
) L R(x)e dx, (2)

where ¢ is the time following an uptake of 2*Ra of
activity My, R(x) is the fractional biological retention
function for Ra, and R(¢) is the value of R(x) at 1. The
three curves plotted in Fig, | were generated by eqn
(2). The time dependence of p is shown by curve 1 of
Fig. 1 for biological retention of Ra according to the
alkaline earth model of ICRP Publication 20 (ICRP73;
Sc82) and by curve 2 of Fig. | for biological retention
according to the function of Norris et al. (No55), if
228Th arising in vivo is not excreted. Curve 3 shows the
time dependence of the ratio in an originally pure 2®Ra
source not subject to biological elimination.

Computation of occupationally derived radioactivity in
bone

Equation (3) expresses the relationship between the
occupationally derived 2Ra activity of bone at sam-
pling time, M,, and the net ***Th activity of bone at
the time of analysis, Tops ~ T4t

Oy = M) (Tons — Ta)
M, = 3
$ONe™M — A — (Ar — Madpsle T 3

where Ty, is the gross 2%Th activity and 77, the ex-
pected natural 2®*Th activity of bone at the time of
analysis (eqn 1), Tys — T is the 22°Th activity arising
from the occupationally derived %®Ra activity, p; is
the predicted ratio of 22#Th activity to its occupationally
derived parent **®Ra activity at the time of sampling
(egn 2), and 7 is the elapsed time from sampling to
analysis. Values of g, derived from the biological re-
tention function of Norris ef al. (curve 2 of Fig. 1) were
used in eqn (3), the Norris function providing the more
accurate description of late retention in former Ra dial
workings retaining >10 Bq per g bone ash (Ru85). It
should be noted that errors in the values of p; do not
significantly affect the estimates of M if the time from
sampling to radiochemical analysis is long compared
to 1/Ay, whence the relationship expressed by eqn (3)
becomes

M~ (1= Mg/ A Tows — Tade™. (4)

Equation 5 expresses the relationship between the
occupationally derived 2*°Ra activity of bone at the
time of sampling, R,, and the gross *Ra activity of
bone at the time of analysis, Rows.
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F1G. (. Time dependence of the ratio of 22®Th to ®Ra activity following an intake of *Ra
according to the alkaline earth model of /ICRP Publication 20 (ICRP73; Sc82; curve 1} and,
according to the simple power function of Ra retention of Norris et al. (No55; curve 2), if 22*Th
arising in vivo is not excreted. Also shown (curve 3) is the time dependence of the ratio in an

originally pure 2*Ra source not subject to biological elimination (i.e. in vitro).

R: = RobSCXRY - R’Ia (5)
where R is the expected natural 2®Ra activity of bone
at the time of sampling (Table 2) and Ag is the radio-
active decay constant of **Ra, 0.00043 y™".

The ratio of occupationally acquired 2**Ra to *Ra
activity at sampling, (M/R); (column 7, Table 3), was
obtained by dividing M; (eqn 3 or 4) by R, (eqn 5).
The relative standard error of (M/R); is typically prin-
cipally that of the specific net ?*Th activity (Tous
— T,) at analysis. There are relatively small contri-
butions to the statistical uncertainty in (M/R), from
uncertainties in the values of p;, Ay, Ar, Ry, and
R;. The relative standard errors of the values of these
parameters and variables were generally <1, so the
overall standard error, Saz),, of each value of (M/R);
in Table 3 was computed as

S(M/R), ~ (E Siz(aF/aPi)z)l/z, (6)

where F'is the right side of eqn (3) divided by the right
side of eqn (5) and the §; are the standard errors of the

parameters and variables P;. No estimate was made of
the standard errors of the values of p,, but for none of
the bone samples in Table 3 would probable uncer-
tainties in p, have contributed significantly to the over-
all uncertainty in (M/R),. The negligible contribution
of the uncertainty in Ag could be ignored.

Computation of the weighted mean, (MJR),_

In determining the weighted mean, (M/R);, of the
n values of (M/R); for a given former worker (column
4, Table 4), the inverse square of the standard error of
(M/R);, i.e., Siry,, was used for the weight, w. Thus,

2 UM/R)Jw;

(M/R); = S

Q)
The standard error, Sg7g),, of (M/R),; was computed

as

Saim, = [0 IS(M/R),) +
(2 (Shur, + (1 = DAY'T? (8)
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where 4 = Sy(M/R)/(Tops — 75, S, being the standard
error of T%. Because 3 is chiefly a between-skeletons
variance of the population of natural 8Th activities
at the time of analysis, analyses of multiple bone sam-
ples from the same skeleton would not reduce the un-
certainty in (M/R), from this source. Hence, we have
added to the square of the standard error of [(M/R),);
the derived term (n — 1)4? as an approximate correc-
tion. The predicted standard error of (M/R),, in-
corporating this correction, is (2 (S, + (n —
DAY Y2, The factor 0.15 in eqn (8) is the coef-
ficient of excess variation, S.../(M/R),, determined
from the analysis of certain of the data of Table 3 as
mentioned in the main text. The excess variance,
S%, had been determined as the difference between
the observed variance, S2,,, and the predicted variance,
S, of the population of ratios [(M/R),); for a given
worker, where

n 2 (((M/R)) — (MIR),Yw;

sz)s_
’ -1 w ’
and S =12 wi

Least-squares method .

The precision of an estimate of (M/R), is ultimately
limited by the uncertainty in the expected value of
natural »*Th activity. The 2*Th activities determined
in several samples of bone from Cases 03-488 and 03-
649 were in the range of expected natural levels, and
the specific ***Ra content varied widely among the
samples, so the specific natural ***Ra activity, M, and
the mean ratio of the occupational **Ra to ***Ra ac-
tivity in bone at the time of sampling, (M/R),, were
determined by combining eqns (1), (3) and (5) to form
eqn (9), in the expectation that this alternative method
might provide a more accurate estimate for these two
workers:
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327

qTops + (1 = @T232 = (1 + (p, — 1)ge™™)
X (Ropse™™ — R)M/R), + My, (9)

where ¢ = (Ar — Mg)/(Aze™™ — A\ye ™), and Ta3, is
the expected specific 2*2Th activity of bone (Table 2).

We carried out a weighted least-squares fit of eqn
(9) to the specific **Th activity, Ty, and Z°Ra activity,
Ry, determined in the bone samples of each of the
two workers, modified by the time-dependent factors
shown in eqn (9) before fitting. Thus, the left side of
eqn (9) was the dependent variable and the coefficients
of (M/R), constituted the independent variable with
respect to the least-squares estimation of the slope,
(M/R),, and the intercept, M. The assumptions that
M and (M/R), were constant among the samples are
implicit. Values of the dependent variable were
weighted by the factor (g25? + (1 — ¢)*S%)~!, where S,
is the standard error of T, and S, is the standard error
of T,3,. The relative errors of the other known quan-
tities in eqn (9) were comparatively small and were
ignored.

Ratio of occupational intakes

Equation (10) expresses the relationship between the
ratio of the occupational intake of 22°Ra to 2**Ra ac-
tivity, (M/R),, for a worker and the mean ratio of oc-
cupationally derived 22®Ra to 22°Ra activity in bone at
the time of sampling, (M/R),:

(M/R)o = (M/R), e+, (10)

where ¢ is the time elapsed from the intake of Ra to
the sampling of bone.

The standard error, S gy, of (M/R)o (Table 4) was
computed as

Sure = (MIR)([Sa7m/(M/R)? + S, (11)

where S, is the standard error of A,,.



