A Method for Estimating
Occupational Radiation Dose to Individuals,
Using Weekly Dosimetry Data

Toby J. Mitchelff George Ostrouché¥Edward L. Fromg and George D. Keft

Hanford, Washington, in 1944, this practice was reversed,
Mitchell, T. J., Ostrouchov, G., Frome, E. L., and Kerr, Gand the film dosimeter provided the official dose of record,
D. A Method for Estimating Occupational Radiation Dose to IRghile the pocket meter became the day-to-day means of
igéd;gf*lléZ'gg Weekly Dosimetry DataRadiat. Res.147, iy qnitoring personnel exposures in the workplace (2). At

207 ( ) ORNL, however, the daily pocket-meter readings were also

Abstract: Statistical analyses of data from epidemiologic . tained t of an individual's d ds (1
studies of workers exposed to radiation have been based"g@Ntalned as a part of an individual's dose recor s (D).

recorded annual radiation doses. It is usually assumed that th&n individual’s radiation dose of record at ORNL for
annual dose values are known exactly, although it is generaiternal penetrating radiation, principally gamma rays, is
recognized that the data contain uncertainty due to measurengeed on pocket meters from 1943 to July 1944, film
error and bias. We propose the use of a probability distributigadgeS from then to 1975, and thermoluminscent dosime-

to describe an individual’s dose during a specific period of tinagrs since 1975 (3). The pocket meters were evaluated
and develop statistical methods for estimating this distributio '

The methods take into account the “measurement error” tha@@ly (minimum detectable limit of 0.02 mSv), and the

produced by the dosimetry system, and the bias that was inff0 badges were evaluated weekly from July 1944 to July
duced by policies of recording doses below a threshold as zek856, when quarterly monitoring was initiated (minimum
The method is applied to a sample of dose histories over the getectable limit of 0.30 mSv). This is the period to which
riod 1945 to 1955 obtained from hard copy dosimetry recordsthe methods developed in this report are applied. Several
Oak Ridge National Laboratory (ORNL). The result of this evajeports have already been published about missing dose
uation raises s_erious questions_about the vali<_jity of the_historiaalring the weekly evaluations of film badges (4, 5, 6, 7).
personnel dosimetry data that is currently being used in Stuq'-?gwever, there is considerable doubt in the current litera-

of the effects of low doses in nuclear industry workers. In par- . he | d ion limit of the film-bad
ticular, it appears that there was a systematic underestimatiofHf concerning the lower detection limit of the film-badge

doses for ORNL workers. This may result in biased estimatesigsimeters (8). The general issue of uncertainty in indi-

dose-response coefficients and their standard errors. vidual dose estimates in epidemiologic studies of nuclear
Keywords: Bayesian estimation, likelihood, film dosimeteindustry workers has also been discussed (9, 10, 11, 12).
missing dose, dose uncertainty The lower limit of detection of the most sensitive film

used at ORNL was 0.10 to .30 mSv. A lower detection
limit of 0.10 mSv was possible if an experienced technician
INTRODUCTION evaluated the exposed films with special care (13). During
o film-badge exchange, when hundreds to thousands of films
Pocket ionization chambers (or pocket meters) were {jisre read in large batches by technicians with widely vary-
tially considered the primary device for monitoring persqfy experiences, a lower limit of detection of about 0.30
nel exposures, with a film dosimeter being only a valuajlg,, was about as good as could be expected (14). In prac-
adjunct (1). With expanding experience at Oak Ridge, TgRg a film-badge reading of zero means the radiation dose
nessee, and with the startup of the production facilitiegffhe worker was less than 0.30 mSv unless a smaller value

*Mathematical Sciences Section, Computer Science and Mathegfglven' Thus, the missing dpse from weekly evaluations
ics Division, Oak Ridge National Laboratory, P. O. Box 2008, O the film badges occurred primarily among those workers

Ridge, Tennessee 37831-6367 with the lowest radiation-dose estimates between 1944 and
"Deceased 1956 (4, 5, 6).
:
Author to whom correspondence should be addressed. The design of the film badge and its use at ORNL

**Assessment Technology Section, Health Sciences Research Divi- .
sion, Oak Ridge National Laboratory, P. O. Box 2008, Oak Ridge, T&klanged considerably over the years. In November 1951,
nessee 37831-6383 for example, the photo film badge was introduced and all
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ORNL employees were required to wear a film badge distribution). Each reduction is a loss of some information
the job (1). Prior to November 1951, only those ORNind a gain in simplicity. These can be computed for an in-
employees who entered a radiation area were requiredit@ual or for any cohort of individuals. Such generality
wear a film badge. Two or more filters were used in allows the dose estimates to be useful for many purposes
ORNL film badges to aid in interpreting the radiation doseluding adjustment for dose uncertainty in epidemiologic
and in resolving the difficulty due to the fact that the udese-response analyses by methods already known or yet to
shielded films were more sensitive to x rays between &0developed.

and 100 keV than to x or gamma rays above 200 kev (14)A more detailed version of this report and related
The film-badge readings quoted throughout this report @venputational methods are available (16, 17) (or URL
estimates of the equivalent dose from external penetralittg://www.epm.ornl.gowost/compstat.html).

radiation at a depth of approximately 1 cm within the total

bOdy ora major portion of the total bOdy METHOD FOR A SINGLE PERIOD
Typically, epidemiological studies of the effects of ex-

ternal penetrating radiation on worker health have reliedBayesian statistical approach is used to estimate the un-
recorded annual doses to the individuals in the populatigiiserved quantities (true doses) given the values of the ob-
These annual doses were obtained by adding up recogdeded ones (recorded doses). A relationship between the
weekly film-badge readings. In the statistical analysitie dose and the recorded dose in the form of a conditional
these annual dose values have been treated as thoughptaewbility distribution is the key element of the method.
are known exactly, although everyone recognizes that thefeor each dose, the estimate is expressed in the form of
is uncertainty due to measurement error and bias. It is Usirobability distribution. A point estimate (single “best”
ally assumed that the measurement errors “average Qallie, by some criterion) could be obtained from this dis-
and that the bias is small. tribution, but we shall avoid this, since we regard the prob-
This project is motivated by the need for adjustment tiility distribution itself as the estimate, and think of any
dose bias and uncertainty in epidemiologic dose-respamsieiction as a loss of information. In particular, if annual
analyses. The first step is an adjustment for bias and quises are to be used as inputs to a model that relates health
tification of uncertainty in dose estimates, which is the selffects to radiation dose, it is necessary to obtain point es-
ject of this paper. Except for some general remarks, tineates and to quantify the uncertainty in these values.
effect of dose bias and uncertainty on dose-response eshir Bayesian estimation, quantities of interest, observed
mates is not considered (15). and unobserved, are endowed with a joint prior probabil-
The objective of this report is to provide methodolodgfy distribution that represents (approximately) the state of
for estimating the true dose of an individual during a yelnowledge about them prior to (or external to) observation
given the recorded weekly exposure histories for that @an-measurement. Then the actual values of the observed
dividual in that year. The “true” dose of an individual imeasurements are put in, as conditioning information, and
considered to be the quantity of radiation encounteredth laws of probability are used to find the conditional dis-
the film badge(s) worn by the individual during the periddbution of the unobserved valugisen the observed ones.
in question. The relevant and difficult issues involved $ee for example (18) for further background on Bayesian
estimating the dose to the body (or, even more relevant estimation or (19, 20) for an application in dosimetry.
more difficult, the estimation of doses to specific organs)n a single exposure period (e.g., one week), there are
will not be considered here but can be based on the samemequantities of interest:
framework.
The dose estimate proposed for each individual is a no
parametric probability distribution. This is the most gen-, ine recorded dose to the film badge.
eral description of uncertainty and can be reduced to other
descriptions of uncertainty. A nonparametric probability The “functional” approach to measurement errors is used
distribution estimate, consisting of many (say 100) dendigcause we consider the unobservadhave a fixed value
points, can be reduced to a more concise description §@d). Neverthelessis treated as a random variable to ex-
as the five points of a boxplot (see Section on Dose Egtiess the uncertainty associated with our knowledge of its
mates), or to a few parameters of an assumed distributioe fixed value. For example, there can be only one true
(such as the mean and variance of a normal or a lognoradle forx, but, in the absence of knowledge of what that

X the unobserved true dose to the film badge, and
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value is, we attach a (prior) probabili®(x) to every pos- Constructing the Likelihood Function for the 1945-1955
sible value ofk, wherey,P(x) = 1. We shall refer to the ORNL Cohort

functionP(x) as theprobability distributionof the random
variablex. The interpretation of probability here is degr
of belief in the truth of the proposition that the true dos ) .
x. This interpretation provides a mathematical represe gin by constructing(zx).

tion of the degree of uncertainty about deterministic quan—e.t Z be theexpressed dose the badge; that is, the
r%adlng that would be recorded if there were no round-

tities: a small bit of probability placed at each of a |ar% . . o .
. . 1ng or censoring. (“Rounding” means that readings are
number of values of reflects a high degree of uncertam&

whereas a probability of 1 placed at a single value refl ?/Sen n ”.‘“'“p'es 0f 0.05 mS\{' Censoring” is the practlce_
complete certainty of recording as zero all readings that are below a certain
' threshold.) The variability infor fixedx is intended to rep-

We emphasize th&(x) r_efe_rs_ o th_e distribution of IorOb_resent instrument error and reading error. We assume that
abilities that concernsne individual in one exposure pe-

. S . . Z has a lognormal distribution such that (®ghas mean
riod. This is important to note, because in other literat g (2

re - .
distributions often refer to a cohort of individuals. Lfog(x) and standard deviatian(x), both of which depend

. . onX. Thus,
The recorded dosais also treated as a random variable.

Prior to its observation, for a knownthere is uncertainty 5 1 1 5 2
P(Zx p{ 20(%) [log(2) —log(x)] ¢

él’he likelihoodL(x|z) is available from the complete spec-
|f?gation of P(z]x) for all possible values of andz. We

in its value. This allows the assumed relationship between V210((X)
z andx to take the form of a conditional probability dis- |formation about the dependencenabin x is obtained
tribution P(zx). This is an “ifx, thenz’ relationship, but ¢4, (13):

with uncertainty built in, uncertainty that exigtsor to the _ ) _ _ _
observation of. “...In ordinary routine procedures using techni-

The language of probability is used to arrive at a state- €1ans to process the film badges, the probable er-

ment abouk given z The conditional probability distribu- 0" iS about30 mrad [or 0.3 mSv of-dose]
tion P(x2) is called theposteriordistribution and is given -+ 11is £30 mrad does not represent our total
by the Bayes’ Theorem (see (18), for example) probable error in reading the film badges, except
when the readings are from 0 to 30 mrad. If the

P(X|2) = c(2)P(X)P(z]x), (1) exposure is to hargradiation [.1 to 3 MeV], we

can read 100 mrad t80.015 rad [i.e.4+15%)] or

wherec(2) is a normalizing constant which ensures that 1 rad to0.1rad [i.e.+10%]

SxP(X/2) = 1. To translate this into reasonable valuesd¢x), it is as-
The key component for implementing this approachsismed that the “upper 3-standard deviation” limit orfZpg

P(z]x). In effect,P(z]x) is the answer to the question: “Itorresponds to the following upper limits an0.3 mSv

the true dose ig, what is the probability that the recordedt x = 0.01 mSyv, 0.6 mSv ax = 0.3 mSy, 1.15 mSv at

value isz?” This is determined by careful consideration= 1 mSv and 11 mSv at x=10 mSv. Under the lognor-

of the properties of the measuring device (in this case i@l assumption, the probability that these upper limits are

film badge and the system used in reading and recordirgeeded is only 0.0013. That is, we are treating Morgan'’s

its dose). Note that that this is a function of two variabl€$3) “probable errors” essentially as maximum errors. This

namelyx andz, and it is constructed by specifying a disaterpretation is consistent with Morgan’s usage of them to

tribution onz for each possible (fixed) value »f(as we compute the errors for sums of film-badge readings. By

do in the section that follows). After specifyiRgz|x) for setting these upper limits ™, i.e., the logarithms of

all possiblez andx, it is used as a function offor each the limits to logx) + 3a, we finda = 1.134 atx = 0.01

observed. This is the “likelihood” ofx for the observed mSv,a = 0.231 atx = 0.3 mSv,a = 0.0466 atx= 1 mSy,

and is denoted bly(x|2). anda = 0.0318 atx = 10 mSv. To interpolate between
The prior distributiorP(x) is less critical but more prob-these values, the following piecewise linear function in

lematic. What beliefs and uncertainties should go into trse logx) is used:

determination of the prior probabilities? In most situations,

however, it is possible to formulate a descriptiorPf) —0.0884874-0.265401%log(x) ~ 0<x<0.30
. - a(x)={ 004658731 0.153210%log(x) 0.30<x<100  (2)
that is acceptably objective. 0.04658731- 0.00643505log(x) 1.00< x < 10.00
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P(2)
0.0 005 010 0.15 0.20 0.25 0.30 0.35 0.40 0.45

z (mSv)
00 05 10 15 20 25 30 35 40 45 50

00 05 10 15 20 25 3.0 35 40 45 50 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
X (MSv) z (mSv)

Figure 1: 99% probability bounds on expressed dasedifsus Figure 3: Probability density of recorded dasehen true dose
true dosex). Xis 0.32 mSv.

report. However, other more complex definitions are possi-

o le. For example, it is believed that some workers in higher
Because the lognormal distribution is skewed to the : . . .
gse categories might have removed their badges to avoid

right, the “pr le error” in the negative direction is | : S .
ght, the “probable erro e negative direction is essceedlng dose limits. This can be accounted for by an

than that in the positive direction. For example, the 9%?(0 ressed dose distribution that is a mixture of a lognor-
probability bounds foz are (0.0005, 0.19) at= 0.01, <P 9

mal and another distribution that is skewed to the left. The
(.17, 0.54) ak = 0.30, (:89, 1.13) ax = 1.00, and (9.21, mixing probabilities would be set by the probability of re-

10.85) at = 10.00. The bounds based on this interpol%-ovin a badge. Such information is not available, but this
tion are shown in Fig. 1, for.01 < x < 5.00 mSv. Fig. 2 9 ge. ’

shows, as an exampR(Zx) whenx — 0.32. This is a log- could be used to asses sensitivity of the results to badge

normal distribution such that Ig® has a normal distribu—removals' . o
tion with mean log.32) = —1.139 and standard deviation Recall thatz’is theexpresseddose. We assume in this
a(.32) = 0.221 (from Eq. (2)) section that theecorded dosez is obtained fromz by

o _ ~ rounding to the nearéstultiple of 0.05 mSy, and report-
The above definition of expressed dose is used in {higthis value if it is greater than or equal to 0.30 mSg, If ~

after rounding, is less than 0.30 mSy, then zero is reported.

We call this last policy theensoring conventionThese
© are simplified versions of the rounding and censoring that
were done when the historical ORNL data were recorded.
< | For example, the historical data contains a small number of
non-zero values that are less than 0.30 mSv, which clearly
O were not censored.
. Fig. 3 is derived from Fig. 2 by applying both the round-
o~ ing and censoring conventions. This is the assumed dis-
tribution of recorded doses that results if the true dose
o x =0.32 mSv. It is interpreted as a description of the
recorded-dose frequency distribution of a large number of
ol film badges exposed to 0.32 mSv and processed through
0o 01 oz o3 o4 os oe o7 os thedosimetry and recording system used at ORNL prior to

Z (mSv) 1956

Figure 2: Probability density function of expressed dpgsénén Iwe use unequal probability rounding suggested by historical data.
true dosexis 0.32 mSv. Multiples of 0.10 favor multiples of 0.05 at the rate of 85% to 15%.
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vides a good example of how data changes prior informa-
tion. The center of the prior (the median) also falls on the
censoring point. This gives lognormal parameter values of
p= —1.204 ando = 1.821. The 5th, 25th, 50th, 75th, and
95th percentiles of this distribution are 0.014, 0.084, 0.30,
1.0, and 6.0 mSy, respectively. Note that the spread of the
distribution is quite wide, reflecting a considerable amount
of prior uncertainty about the true dosm a given week.
This is called the “fixed” prior.

For computational convenience, the distributions and the
likelihood are discretized so that all of the probability lies
on multiples of a small dose (for example, 0.01 mSv).
Thus, in our example?(x) is the probability that the log-
normal variable with parametars- —1.204 ando = 1.821
lies within 0.005 mSv of, for x=0.01,0.02,0.03,.... De-
Figure 4: Likelihood of true dosewhen recorded doszis 0.40 tails of the discretization, including spacing of the discrete
mSv. mass points and their coverage, are discussed in (17). The
reader who is interested in prior and likelihood construc-

. The above definition oP(zx) is used to computc_a thetion and computation for another cohort may require the
likelihood of anyx for an observed. For example, Fig. 4 Jdditional detail presented in (17)

shows the likelihood ofwhen_z: 0.40 mSv, the recorded . Let x be the vector of discretizedvalues. TherP(x) is
dose to the badge. This provides an answer to the quesE on:

“How likely is it that this observed value= 0.40 mSv was "¢ vector of associated prior probabilities ajz) is the
) , vector of likelihood values. Equation (1) in terms of these
a result of a possible true das#

vectors is

0.4

0.3

likelihood

0.1 0.2

0.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6
X (mSv)

The Weekly Prior P(x2) = c(2)P()L(x[2), 3)
The lognormal distribution is used as the prior distributifiére the vector product is element-wise, meaning that the
P(x). The parameters ando are the mean and the star|th €lement oP(x[2) is ¢(2) times theith element oP(x)

dard deviation of lox). Note also that exp) is the me- imes theith element ot (x2).

dian (or 50th percentile) of This distribution is chosen Supposez = 0.40 mSv. The posterior distribution
partly for computational convenience, and partly becaffé¥|z= 0.40) is obtained by element-wise productk)

it reflects the general belief that larger doses are less liidHlL(x|z= 0.40), and normalizing so that the sum of prob-
than smaller ones. This belief is consistent with the sta@iBllities is one (See Eq. (3)). This is shown in Fig. 5
tical distribution of film-badge readings observed in larfRg€ther with the fixed prior distributid?(x) for compari-
homogeneous populations. Another good choice for 9. The knowledge of a single film-badge readind.40
prior would be the gamma distribution, for example. TRESV considerably sharpens our knowledgeinfthe sense
methodology can be applied with any choice of prior distff reducing the uncertainty about it.

butions (including improper distributions). The procedureNow suppose the recorded daskad been zero rather
used to specify the lognormal prior parameters is be dgn 0.40 mSv. The likelihood function in the case 0
cussed in a later section. is shown in Fig. 6. In Fig. 7, the fixed prior and the poste-
rior distributions are plotted together for comparison. Note
that although the film badge serves to exclude the possi-
bility that the true dose is greater than about 0.40 mSy, it
Two examples of a weekly dose estimate are given: aoes not distinguish well among low valuesxofin this
from a recorded dose of 0.40 mSv and another frémw dose region, the posterior distribution essentially mir-
recorded dose of 0 mSv. For illustration purposes, a weeklss the prior distribution, and is sensitive to the particular
prior with a median of 0.3 mSv and 75th percentile ofioice of prior. Comparing Fig. 5 and Fig. 7, shows that
1 mSv is used. This prior is chosen because its medtaaposterior distribution is much less sensitive to the prior
falls between the two recorded dose examples and it pvbenz > 0 than wherz = 0.

Computing an Individual Weekly Dose Estimate
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Figure 5: Comparison of prior to posterior distribution of truEigure 7: Comparison of prior to posterior distribution of true
dosex when recorded dosgis 0.40 mSv. dosex when recorded doseis zero.

ESTIMATING CUMULATIVE DOSE That is, conditional on the set of recorded dasdbe set
of true doses can be treated as independent random vari-

Now consider the estimation of a yearly dose based ogbfes, whose individual distributions are giverPfy;|z).
sequence af film-badge readings, obtained weekly fromene distribution of the sumr can be obtained numerically
single individual. Lekr = yiL; X wherex; is the true dosein various ways (see (17)). For this report, a large ran-
to the badge worn by the individual during tffeweek, dom sample from this distribution is generated and a his-
and letz be the corresponding recorded dose. Also, let t8§ram or a boxplot of the sample is reported. To gen-
set ofn true doses b& = {X1,X,..., %}, and the set of eratex;,, the mth value ofxr in this sample, first the
recorded doses le= {Z]_,Zz, e ,Zn} The objective is to get {X1m7X2m7 . 7Xnm} is generated by drawingy, from
obtain the posterior distributid?(xr|z), which will serve P(x|z) fori=1,...,n. These values are then summed:
as an estimate ofr. The simplest approach is to treat each

week as independent of the others, so that d
XTm= leima
i=

n

Pmazqwmm. (4)

[ and the procedure is repeated, until a large sample (consist-
ing of several thousand values) is generated. Combining in-
tervals through simulation allows nonuniform intervals as
well as the introduction of serial dependence structures be-
tween intervals. In the case of serial dependence, Eq. (4)
does not hold, but the simulation approach to computing
thexr distribution is still valid. For example, a dependence
structure can be introduced by providing a dependence re-
lationship of a prior in a given week on the posterior of the
previous week.

Note thatP(x;|z ) is represented by a discrete approxima-
tion on a finite number of points. The inverse cumulative
distribution function method is used (see (22), for example)
for drawing sample points from this discrete distribution.

‘ ‘ ‘ ‘ ‘ — See (17) for more detail.
0.0 0.1 0.2 0.3 0.4 0.5 . . .
X (MSV) The result of this procedure, is demonstrated using
weekly records from two individuals. The sequence of
Figure 6: Likelihood of true dosewhen recorded dos&is zero. recorded film-badge readingg for person A in 1948 is:

1.0

0.8

0.6

likelihood

0.4

0.2

0.0
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mSv mSv

Figure 8: Yearly dose distribution estimate for person A (witkigure 9: Yearly dose distribution estimates for person B (with
recorded dose of 0.65 mSv) based on a fixed prior. recorded dose of 27.2 mSv) based on a fixed prior.

0, USE OF ADDITIONAL DATA

0,

Additional information can be incorporated into the con-
struction of the likelihood and the prior. The available
the total for the year being 0.65 mSv. weekly data (described below in the application section)

For each weekP(xi|z) is computed, in a manner simalso includes a pocket-meter dose corresponding to each
ilar to the one used to generate Fig. 5 and Fig. 7. THegorded film-badge reading. This weekly pocket-meter
5,000 values ok are generated as discussed above.d@se is calculated as the sum of minimum daily read-
histogram of this sample, which can be viewed as an edfigs of a pair of pocket meters. This sum is the weekly
mate ofP(xt|z), is shown in Fig. 8. This suggests that tHRocket-meter dose and is denotedvhy Also, letw =
true 1948 dose of person A is roughly between 3.5 anfi,Wo,...,Wqa} be the vector oh weekly pocket-meter

mSv. doses that corresponds 2pthe vector of recorded film-
For person B, the sequence of recorded badge readi@gi9e readings. _ o
in 1954 is: The weekly pocket-meter dose, is used to indicate

whether censoring was needed for a given zero film-badge

{2.1,0,0.8,0.95,1.4,05,0,0.7,0,1.4,0.3, 3.45 rgading and to provide location information for a very dif-
1.6,0,1.6,0,0.8, 0.5, 0.7,0,0.4, 0,0, 0.6, 0.75, 0 fase prior. A more rigorous approach to the inclusion of
0,0,0,0,0,0,1.5,0,0,0,0,0, 0.9, 0.7, 1.1, 0, 0, oppcket-meter data would require likelihood construction
0,0,0,1.7,0.55,0.3, and prior construction for pocket meters by reviewing his-

torical information on daily pocket-meter dose measure-

the total for the year being 27.2 mSv. Fig. 9 shows tentat ORNL. These are the two basic components of our

estimate oP(xr|2) for this individual. It suggests that thénethodology that have to be “customized” in every new

31 mSv. be addressed to construct a likelihood for a single pair of
Note that for both individuals the estimate of yearly dod@ily pocket-meter readings include

is centered higher than the sum of recorded doses. This

is much more pronounced with the lower recorded annual

dose.

2All histograms presented here are density estimates and as such What is the probability that a single pocket meter or

have a total area of 1. Theaxis scale depends on the histogram bin  POth pocket meters are damaged? (Damaged pocket
size and is not displayed to avoid inappropriate comparisons. meters can produce artificially elevated results.)

What is the probability distribution of possible pocket-
meter readings for a given true dose?
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Figure 10: Likelihood of true dosg when recorded doseis Figure 11: Comparison of prior and posterior distributions of
zero without censoring. true dosex when recorded doseis zero without censoring.

e What is the probability distribution of possible reademonstrated on persons A and B. The sequence of weekly
ings of a damaged pocket meter? pocket-meter doses for person A is:

e What rounding and censoring conventions were used? {0, 0, 0.05, 0, 0,0, 0,0,0,0,0,0,0,0,0,0,0,0,0,
000,0.100000000,0,00.050000
The computed daily pocket-meter posterior distributions .05, 0, 0, 0, 0,0, 0,0, 0, 0, 0, O, 9.0
would then be used to compute the cumulative weekly
pocket-meter dose distribution, which in turn would B&d the same sequence for person B is:
the prioP(x) for the weekly film . Th

;J;cetdthﬁ poeclfetom(et)erg We(rae va?rnyin pailr)sacilgllseoS proviE(;es {06, 0.15, 085 08, 055,0,0.5,0,0.15, 0.6, 0.55,
some interesting possibilities for estimating the above dis- 43,13, 1.7, 1.95,09,045, 1.4, 1.6, 0.4,0.1, 03, 0,
tributions from data rather than just relying on historical 0.05,0.7,0,0.1,0.1,0,0,0.15,0,0,0.05 1.7, 0.1, 0,
: ) 0, 0, 0.15,0.35, 0.1, 0.1, 0.7, 0.45, 0.2, 0, 0, 0, 0.35,
information based on pocket-meter measurements. 0.2, 0.65}

Another Likelihood Formulation Their yearly dose distributions are shown in Fig. 12 and
o . o Fig. 13. As expected, both distributions have shifted closer
The likelihood function foz = 0, shown in Fig. 6 is basedyq the recorded dose, although both are still centered con-
on the censoring convention of recording as zero any regderaply higher than the recorded dose. The shift toward
ing that would be rounded below 0.3 mSv. When th&:orded dose is greater for person A, because of a larger
weekly pocket-meter dose is zero, it may be reasonproportion of “rounded” zeros. Rounded zeros also have

able to conclude foz = 0 that the expressed doBevas |ess uncertainty and this results in a narrower distribution
within rounding error of zero and no censoring was Nggr person A.

essary. Fig. 10 shows the likelihood functiorxgathe true
dose, whez= 0 and no censoring is performed. This is tIAe
“rounded” zero likelihood and to the likelihood of Fig. 6 is
the “censored” zero likelihood. The posterior distributidp to this point, the parametepsand o of the prior dis-
of true dosex that results from the “rounded” zero likelitribution P(x) have been fixed. To be more objective, the
hood is compared to the fixed prior in Fig. 11. Compariimfluence of the prior can be reduced by making it more
Fig. 11 to Fig. 7, shows that the “rounded” zero likelihoatiffuse and some other data can be used in its specification.
puts considerably more posterior mass near zero, effemeket-meter data are used to spegindo as follows.
tively excluding dose above 0.15 mSv. The weekly pocket-meter dose, is used as the median
The effect of the “rounded” zero likelihood Bfixr|z) is of P(x) (that is, = log(w)). The parameteo is set to

Simple Prior Formulation Based on Pocket-Meter Data
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2 3 4 5 6 0.0 0.1 0.2 0.3 0.4

mSv mSv

0.5 0.6

Figure 12: Yearly dose distribution estimate for person A (wifiigure 14: Yearly dose distribution estimate for an individ-
recorded dose of 0.65 mSv) allowing “rounded” zeros and witfal with zero recorded film-badge reading and all zero weekly
a fixed prior. pocket-meter doses.

a value that puts the 95th percentileRik) at w+ 6.00 cases that individual's weekly pocket-meter dose average
mSv. This ensures that the prior does not exclude higler the weeks that are not missing is used. When all
film-badge readings even when the pocket meter readingdekly pocket-meter doses are missing, they are treated as
very small or zero. It provides a large amount of prior urero for the purpose of specifying the prior. (See paragraph
certainty (i.e. the prior is diffuse) and allows the recordedlow for special treatment of zeros.) This implicitly as-
film-badge reading to be the overwhelmingly dominatisgmes that an individual with no pocket meter readings is
factor that determines the posterior dose distribution. To¢ a radiation worker.

posterior distribution is in fact not very sensitivevtdue to

the large value of. More posterior sensitivity is exhibited 11€ use of the lognormal distribution as our prior on
to a constant, discussed later in this section. X, the true dose to the film badge, implicitly assumes that

x> 0. This is consistent with the belief that the true dose
Some weekly pocket-meter doses are missing. In sO#ty be negligibly small but can never be zero. Since the
pocket-meters have a sensitivity threshold, many weekly
pocket-meter doses are recorded as zero. Because the log-
arithm of zero is undefined, the accepted practice is to

choose a small positive valeg to replace the zero. The
case oz =0 andw = 0 is used to calibrate the value, since
this is where results are most sensitive to it. The value
Co = 0.0003 mSv puts the 95th percentile Rfxy|z) at
0.30 mSv. That is¢p is chosen so that the probability is
.95 that the yearly true dose is below 0.30 mSyv, when all
pocket-meter and film-badge readings are zero. The value
0.30 mSv was chosen, because this is the censoring point

__lII II.__

2'7 2'8 2'9 3'0

for recording zero. This distribution is shown in Fig. 14.
As the recorded dose increases, sensitivity of the true dose

. distribution to the choice af decreases. For example, the

%1 mean of the true dose distribution for an individual with a
recorded yearly dose of 16.75 mSv (which consists of about

Figure 13: Yearly dose distribution estimate for person B (wifi0% weekly zeros) increases by 0.004 mSv in response to

recorded dose of 27.2 mSv) allowing “rounded” zeros and wittoubling thecy value. This is a very small change, particu-

a fixed prior. larly considering thaty is a weekly quantity and the dose

26
mSv
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records was obtained from the ORNL dosimetry files. The
hard copy records contain the detailed daily and weekly
monitoring results for each “person-year” selected. The
sample was obtained in two stages. It includes a strati-
fied random sample of exposed workers (150 person-years)
with yearly film-badge totals that are greater than zero. The
remainder of the sample (100 person-years) was obtained
by sampling at random from all person-year records over
the period from 1945-1955 when film badges were evalu-
ated on a weekly basis. The weekly film-badge reading and
the pocket-meter dose were abstracted from the hard copy
records. This data has also been used to develop a prelim-
, : , , , _inary dose-adjustment procedure in another study (23). It
0 L 2 . 3 4 5 is important to note that the data currently being used in
epidemiologic studies of ORNL workers (9, 24, 3, 8, 25)
Figure 15: Yearly dose distribution estimate for person A (wi§Pnsist of the yearly total of the weekly film-badge read-
recorded dose of 0.65 mSv) allowing “rounded” zeros and withgs for each worker. The detailed weekly records are not
pocket-meter specified priors. available in machine readable form at this time.

distribution is a yearly quantity. _
Fig. 15 and Fig. 16 demonstrate the the effed®pi|z) DOse Estimates
of specifying the prior parametepsand o with pocket- The dose estimation procedure was applied to the 150

meter data for persons A and B, respectively. Both dis; - . )
tribution have again shifted closer to the recorded doseperson years (out of the possible 250 described above) that

had at least 30 weekly records. The fact that a person-year
does not contain a full 50 weeks (2 weeks are vacation)

APPLICATION TO ORNL COHORT could be for a number of reasons. We assume that that per-
son worked only the weeks for which there are records.

To illustrate the application of the general dose estimatidit iS, no dose is accumulated for the weeks with no
method and the specific likelinoods and priors devebrgggords. Other solutions are possible with additional infor-

for the 1945-1955 ORNL cohort, a sample of hard Comation. For example, if there is information that a person
was assigned to a work area without film-badge monitor-

ing, a dose distribution for this assignment area could be
constructed from other data. This distribution would be
accumulated for the weeks concerned. The result of this
might be a slightly wider yearly dose distribution estimate.
The results are summarized in Figures 17-20, which
show boxplots oP(x|z) for each person-year (labeled with
andid number and year). The boxplots show the 1, 25,
50, 75, and 99 percentiles of each distribution. In addition,
a bold glyph indicates the relative position of the recorded
dose for each person-year. The person-years along the ver-
tical axis are in increasing order of recorded dose. The
available pocket-meter data is used to specify priors and
, , , , , . modify likelihoods as discussed earlier in this paper. The
26 2 2 . 2 30 31 data contain a few non-zero recorded film-badge readings
below the censoring point of 0.30 mSv. The “rounded”
Figure 16: Yearly dose distribution estimate for person B (wittkelihood is used in each of these cases, because clearly
recorded dose of 27.2 mSv) allowing “rounded” zeros and witlo censoring was performed.
pocket-meter specified priors. The following observations about Figures 17-20 are
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Figure 18: Boxplots of yearly dose distribution estimates and the corresponding recorded dose (mSv) for a sample of the ORNL

cohort (continued).
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id140282yr54

id75632yr51
id118652yr51
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id145085yr55

id75632yr50
id145025yr53
id143615yr51

id49812yr55
id150522yr50
id140282yr52
id137992yr50

Figure 19: Boxplots of yearly dose distribution estimates and the corresponding recorded dose (mSv) for a sample of the ORNL

cohort (continued).
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Figure 20: Boxplots of yearly dose distribution estimates and the corresponding recorded dose (mSv) for a sample of the ORNL

cohort (continued).

made with the knowledge of the underlying weekly dodese-response studies of radiation effects.

data for each person-year.

Almost all distributions are centered above t%

Studies pub-

lished to date (24, 3, 25, 26) that involve ORNL workers
are based on the recorded film-badge readings and have

recorded film-badge reading. Thus recorded dO§&s siatistical analysis.
systematically underestimate the true dose.

t taken the uncertainties described here into account in

A review article (27) discusses several approaches to

The recorded dose is below the one percentile of §f€-response analysis mostly from steuctural (see

distribution in about half the cases. This indicated%t)) View of the measurement error problem. Dose dis-

severe underestimate of the true dose by the recof§R4tion estimates in this report are based danational
dose view of the measurement error problem. The statistical

problem that remains is to develop a specific method for es-
The most severe underestimate occurs for persidmating the dose-response parameter given the time to fail-
years that have many zero recorded film-badge reai and the dose history distributidd&(t)|z(t)) for each
ings which correspond to non-zero pocket-metisdividual in the cohort. An obvious, but very computation-
doses. intensive solution is simulation.

The practical problem that remains for the ORNL cohort

The relative uncertainty is greatest at lower recordgdg optain the historical daily pocket-meter and weekly
dose levels. film-badge data in electronic form so that valid dose esti-

The large differences in uncertainty at the IoV\ﬁr:gates can be obtained for subsequent statistical analysis.

recorded dose levels appear to be mostly due to di ost likely a subset of the data that will support a case

ences in content of “rounded” and “censored” Zergg'ntrol study will be adequate. Thomasal. (27) report
Censored zerosv(> 0, z = 0) introduce more uncer_that sample sizes must be several times larger than for the
’ case of no measurement error.

tainty than rounded zerow & 0, z= 0).

SUMMARY

Dose-Response Analysis

The results indicate that recorded doses for ORNL workitsthodology is developed to account for uncertainty and
before 1956 that are currently being used in epidemiololgias in measurements of individual occupational radiation
studies contain a large systematic negative bias. Furtthese during 1945-1955 at Oak Ridge National Laboratory
there is considerable uncertainty in theses dose estim@&NL) using weekly dosimetry data. The product of this

that should be taken into account when they are usednathodology is an estimate of the true dose for a person-
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was formulated that includes the most important aspects of
film-badge dose measurement in the period 1945 to 1955 at
ORNL, however the historical information is often sketchy.
The method is very flexible and can easily incorporate
much detail. Further, the methodology can be used to asses
the sensitivity of dose estimates to various scenarios. The
methodology can also be applied to other time periods and
other sites by developing new specific models of measure-
ment process.

Another important component is the prior distribution
whose importance grows with uncertainty in measurement.
Since the largest uncertainty in recorded doses at ORNL re-
sults from censoring, dose estimates from data containing
many censored zeros are sensitive to prior specification.

It is demonstrated that additional data can be used to
specify the prior and modify the likelihood. Pocket-meter
data was used to specify the prior location parameter and
also to indicate whether a film-badge zero resulted from
only rounding or from rounding and censoring. A more
rigorous way of including pocket-meter data is by devel-
oping a model of the pocket-meter measurement system,
applying our methodology to produce a dose estimate from
the pocket meters only, and then use it as the prior for the
film-badge dose estimation. It would also be possible to use
information such as occupation or work location to specify
the priors.

The methodology was applied to a sample of dose histo-
ries obtained from hard copy dosimetry records at ORNL.
The estimated dose distributions show that recorded doses
generally have a strong negative bias. The bias is present at
all dose levels, but it is most severe at low to medium dose
levels, where the recorded dose is usually below the 1 per-
centile of the true dose estimate. This raises serious ques-
tions about the validity of the historical personnel dosime-
try data that is used in studies of the effects of low doses in
nuclear industry workers. In particular, the results in this
report indicate that ORNL workers employed prior to 1957
are likely to have had doses that were higher than those
recorded. Consequently, the dose-response coefficients that
are based directly on the recorded doses (24, 3, 25, 26) may
be biased and their uncertainty is understated.

Figure 17: Boxplots of yearly dose distribution estimates and the

corresponding recorded dose (mSv) for a sample of the ORNL

cohort.

year in the form of a probability distribution.
The key component of this methodology is a model mfrtment of Energy under contract DE-AC05-960R22464. We

the procedures used in a single film-badge measurenthatk the Office of Radiation Protection at ORNL for providing

This determines the likelihood function. A realistic modtle data used in this study, and the Center for Epidemiologic Re-
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