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A nested case-control study using conditional logistic re-
gression was conducted to evaluate the exposur e—+esponsere-
lationship between external ionizing radiation exposure and
leukemia mortality among civilian workers at the Portsmouth
Naval Shipyard (PNS), Kittery, Maine. The PNS civilian
workers received occupational radiation exposure while per-
forming construction, overhaul, repair and refueling activities
on nuclear-powered submarines. The study age-matched 115
leukemia deaths with 460 controls selected from a cohort of
37,853 civilian workers employed at PNS between 1952 and
1992. In addition to radiation doses received in the workplace,
a secondary analysis incorporating doses from work-related
medical X rays and other occupational radiation exposures
was conducted. A significant positive association was found
between leukemia mortality and external radiation exposure,
adjusting for gender, radiation worker status, and solvent ex-
posure duration (OR = 1.08 at 10 mSv of exposure; 95% CI
= 1.01, 1.16). Solvent exposur e (including benzene and carbon
tetrachloride) was also significantly associated with leukemia
mortality adjusting for radiation dose, radiation worker sta-
tus, and gender. Incorporating doses from work-related med-
ical X rays did not change the estimated leukemia risk per

unit of dose. © 2005 by Radiation Research Society

INTRODUCTION

In 1978, Ngarian and Colton (1) reported elevations in
proportionate mortality from leukemia and from all cancers
combined for civilian workers at the Portsmouth Naval
Shipyard (PNS) in Kittery, Maine. In response to these find-
ings, Rinsky et al. (2) conducted a cohort mortality study
of 24,545 civilian workers (white males only) employed

1 Address correspondence to: Epidemiologist, NIOSH, DSHEFS, 4676
Columbia Parkway, R-44, Cincinnati, OH 45226; e-mail: TKubale@
cdc.gov.
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from January 1, 1952, through August 15, 1977, but found
no excess of leukemia or overall cancer mortality.

After the cohort mortality studies, Stern et al. (3) con-
ducted a leukemia case-control study that did not find a
statistically significant association between external ioniz-
ing radiation or possible solvent exposure and leukemia.
However, elevated leukemia risk was seen in workers with
cumulative equivalent doses of at least 10 mSv.

In 2004, Silver et al. (4) studied the mortality of an ex-
panded PNS cohort of 37,853 male and female workers
ever employed between January 1, 1951, and December 31,
1992, with vital status follow-up through 1996. At the end
of vital status follow-up, 32.7% of the cohort was classified
as deceased. Leukemia mortality was as expected based on
U.S. population rates [standardized mortality ratio (SMR)
= 1.01; 95% confidence interval (Cl) = 0.84, 1.22] in the
full cohort, but it showed a statistically nonsignificant ele-
vation among non-radiation-monitored workers (SMR =
1.08, 95% Cl = 0.86, 1.35). While the SMR did not indi-
cate an excess, internaly standardized rate ratios (SRRs)
showed a significant trend of increasing leukemia risk with
increased radiation exposure among radiation workers (P
= 0.01). The leukemia SRRs were 2.06 (95% Cl = 0.77,
5.50), 2.94 (95% CI = 1.10, 7.86), and 5.08 (95% CI =
1.35, 19.20) among radiation workers who had cumulative
doses between 1-<10 mSv, 10—<50 mSy, and greater than
or equal to 50 mSv when compared to workers in the base-
line group (0—<1 mSv). No evaluation of potential con-
founding by solvent exposure was conducted (4).

The positive dose—response pattern for leukemiareported
by Silver et al. was aso observed in a recent analysis of
the 13,468 radiation-monitored PNS workers by Yiin et al.
(5). Using a linear relative risk model, Yiin et al. reported
a dtatistically nonsignificant excess relative risk (ERR) of
10.9% (95% CI = —0.09%, 38.0%) per 10 mSv of external
radiation exposure (5). However, Yiin et al. were not able
to consider detailed confounding, such as from potential
occupational exposure to solvents, or to evaluate the impact
on risk estimates by the inclusion of doses from work-re-
lated medical X rays with doses resulting from exposures
common to the workplace.
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TABLE 1
Frequency of Cases by International Classification
of Diseases (ICD) Code Revisions

Tota
number
Leukemia ICD Number of of cases

ICD revision Years codes CLL cases* (n = 115)
9th 1979 to 1999  204.0-208.9 9 65
8th 1968 to 1978  204.0-207.9 5 35
6th and 7th 1949 to 1967 204.0-204.4 0 15

aThe 6th and 7th revisions to the International Classification of Dis-
eases (ICD) do not specify chronic lymphocytic leukemia (CLL).

The purpose of the current study was to investigate as-
sociations between external ionizing radiation exposure and
leukemia mortality among civilian workers employed for
at least 1 day between January 1, 1952, and December 31,
1992, at the Portsmouth Naval Shipyard (PNS). This study
employed a nested case-control design to analyze that as-
sociation while controlling for confounding and evaluating
potential effect modifiers not available in the full cohort.

MATERIALS AND METHODS
PNS Study Subjects

The study population from which the cases and controls were selected
is described by Silver et al. (4) and consists of 37,853 civilian workers
ever employed between 1952 and 1992 whose vital status and cause of
death were obtained through 1996. Of the total cohort, 13,468 workers
were monitored for external ionizing radiation.

All deaths occurring between 1952 and 1996 among the entire cohort
with an underlying cause of death classified as leukemia under the revi-
sion of the International Classification of Diseases in effect at the time
of death were selected as cases (n = 115) (Table 1).

For each case, four controls were randomly selected from each risk set
using incidence density sampling methods described by Beaumont et al.
(6). A risk set consists of all workers who were under observation at the
age of the index case at the time of failure (that is, were hired at an
earlier age than the case's death age and lived longer than the case). Cases
and controls were matched on attained age because it is a strong predictor
of leukemia mortality and is therefore an important potential confounder
of the associations of interest in these analyses.

Radiation Exposure

Personal radiation monitoring was conducted for all employees and
visitors entering radiological areas or handling radioactive materias. In
1950, PNS began using persona dosimetry for recording worker doses
to penetrating v radiation. The monitoring program was expanded and
improved in 1958 for work related to nuclear-powered submarines. After
medical and training qualifications as radiation workers, shipyard em-
ployees were issued persona radiation dosimeters when accessing radi-
ation-controlled areas of the shipyard, both on board submarines and in
support buildings. Non-radiation workers were restricted from accessing
these areas and did not require personal monitoring. For this study, non-
radiation workers were assumed to be unexposed to ionizing radiation
from shipyard sources other than work-related medical X-ray examina-
tions. Work-related medical X-ray doses were calculated for each worker,
including those not monitored for occupational sources, as described be-
low.

Nearly al worker radiation exposure occurred while performing tasks
within the shielded reactor compartment on nuclear-powered submarines

during overhaul and repair activities. Workers were predominantly ex-
posed to whole-body penetrating v radiation emitted by activation prod-
ucts deposited in reactor systems and components, principally ©Co (half-
life 5.27 years). Observed photon energies typically ranged between 100
and 3,000 keV, with lower-energy photons (<100 keV) from scattered
radiation and X rays contributing less than 5% to worker radiation dose.
Except for limited exposures involving X-ray generating equipment and
sealed sources, exposure profiles do not vary greatly for shipyard workers
due to the similar nature of work. Approximately 65% of the radiation
field was anterior to posterior, 25% was rotational, and the remaining
10% was isotropic (7). Details of the radiation exposures at PNS and the
procedures for assembling and validating dosimetry data for this study
are described elsewhere (7, 8).

Shipyard employees were also exposed to penetrating radiation from
work-related medical X rays (8). Pre-employment and periodic chest X-
ray examinations were performed throughout the period addressed by this
study. Early routine chest examinations were conducted frequently and
used photofluorographic equipment, which resulted in significantly higher
exposures than those from the direct radiographic techniques employed
today. Additionaly, shipyard radiation workers were required to partici-
pate in routine examinations more frequently than non-radiation workers,
resulting in a potential association between the level of dose from work-
related medical X rays and the level of occupational dose (8).

Workplace exposure data were gathered from personal dosimetry rec-
ords. For most workers, exposure data were available for each dosimeter
processing period. However, computer reports of annual persona expo-
sure reports were used to supplement data collection when interval data
were not available. Exposure records included estimates for shallow,
deep, X-ray and neutron exposures.

Information describing medical X-ray examinations was abstracted
from the medical records of each study subject. Data regarding exami-
nation date, reason (i.e., work-related medical X rays or nonroutine), type
of projection (i.e., body part and orientation), and imaging equipment
used (i.e., photofluorographic or direct radiographic) were coded into a
relational database. Dose estimates also required specific knowledge of
X-ray geometry, accelerating voltage and current, exposure time, beam
filtration, and patient sex, age and anatomy. X-ray equipment and oper-
ating parameters were abstracted from available historical documents.
The physical arrangement of the X-ray beam and patient were described
by U.S. Navy technical procedures (8). Other parameters necessary for
modeling were adopted from average values reported by the National
Council on Radiation Protection (NCRP) (9, 10).

Dosimetry

External ionizing radiation exposure was the primary exposure vari-
able. Three radiation dose metrics are considered in the study analysis.
First, the cumulative whole-body equivalent dose for each case and con-
trol was calculated by summing the worker’s reported dose from each
monitoring period recorded in shipyard dosimetry records. The cumula-
tive whole-body dose was limited to X-ray and y-ray exposures, since
there was no evidence of significant neutron or internal exposures to
workers within the study population (7). Second, reported whole-body
doses were adjusted to account for recognized biases in the measurement
process that arise from exposure to heterogeneous radiation fields, cali-
bration methods, dosimeter design, and dosimeter energy response (8).
Dosimeter-specific bias factors were applied to the adjusted whole-body
doses to obtain an estimate of equivalent dose to the active bone marrow.
The bias factors were derived as described by Thierry-Chef et al. (11)
using dose conversion coefficients recommended by the International
Commission on Radiological Protection (ICRP) (12). Third, the equiva-
lent dose to bone marrow from work-related medical X rays was calcu-
lated using methods described by Daniels et al. (8). The cumulative
equivalent dose to active bone marrow was then determined by summing
doses from work-related medical X rays and traditional occupational
sources. For controls, all dose metrics were assessed from date of first
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exposure to the cutoff date (i.e., the date at which they reached the age
at death of the matched case).

Some exposures were not detected as a result of limitations in mea-
surement sensitivity. Given the dosimetry methods used at PNS, the
amount of “missed dose”” from measurement sensitivity is expected to
be small in comparison to recorded doses (7). In general, missed-dose
values were imputed from the distribution of recorded values grouped by
worker (preferred) or by dosimeter type and monitoring period. These
grouped data, including left-censored placeholders, were fitted to a log-
normal distribution to impute substitution values for reported less-than
values. Distribution fitting was performed using maximum likelihood es-
timation or by probability plotting using least-squares regression of the
log of exposures as a function of the normal score (13).

Because most leukemia subtypes have a relatively short latent period,
lag assumptions of 0, 2, 5 and 7 years were tested, first with each radi-
ation dose term individually (unadjusted) and then in the final regression
model. From log likelihood testing, the 2-year lag was determined to be
the most appropriate lag period and was employed for &l radiation dose
variables (14). The 2-year lag period for leukemiais also consistent with
analyses of leukemia mortality in other populations (15). All radiation
exposure assessment was done by those blind to case status.

Solvent Exposure

Solvent exposure was considered because of the possible increased risk
of leukemia among workers exposed to benzene or carbon tetrachloride
(16-18). Jobs and shops determined to have exposure potential were ab-
stracted from work history records for each study subject. Duration of
employment in those jobs and shops was chosen as a surrogate for ex-
posure magnitude because monitoring records were sparse.

Information for the evaluation of chemical exposures was found in
records kept by the PNS medical clinic and, beginning in the early 1980s,
the industrial hygiene (IH) department. These records contained limited
information on chemical use during shipyard construction, overhaul and
maintenance activities. The documents included manufacturing process
descriptions, production flow charts, plant production inventories, and
routine inspection and accident reports. The IH department also kept rec-
ords of environmental monitoring results for airborne contaminants with-
in the shipyard complex.

Additionally, the shipyard IH department had records detailing work
practices and process improvements. The work practice records describe
the use of persona protective equipment during sand blasting, welding
and painting activities, and local exhaust ventilation while working in
confined spaces. Other records indicated that the shipyard reduced poten-
tial exposures by replacing hazardous chemicals with less toxic substi-
tutes when possible. For example, in 1948 the shipyard began phasing
out the use of carbon tetrachloride. Also, the shipyard substantially de-
creased the use of benzene by discontinuing the purchase of bulk benzene
by February 1958; however, it remained as a contaminant in petroleum
distillates (2-5%) such as gasoline and in some solvents (11-15%) such
as toluene, xylene and naphthas. Records detailing new construction, re-
fueling and overhaul at the shipyard were also kept by the IH and Public
Affairs offices. These records identify specific periods when significant
changes in work activity occurred at the shipyard (14).

Job titles and shop assignments for each case and control throughout
their employment at PNS were gathered from available personnel records.
All work history information was coded by staff who were unaware of
case status to avoid potential bias. A total of 1,372 job title and shop
combinations were identified and solvent exposure potentials were related
to these combinations. Shops were grouped by (1) function of the shop
(e.g., production, administrative, support), (2) types of chemicals and ma-
terials used, and (3) whether the employees performed work on subma-
rines. The job titles were grouped by (1) type of work tasks performed
and (2) type of potential chemical exposures.

Given the limited availability of relevant monitoring data and chemical
use information, the intensity and frequency of potential exposures could
not be quantified. Job titles and shops identified for potential benzene

and carbon tetrachloride exposures were painting, welding, machining,
woodworking, electrician and transportation groups. Individuals working
in these jobs who were assigned to a production or support shop were
classified as exposed to benzene or carbon tetrachloride. In contrast,
workers assigned to administrative job/shop functions were not consid-
ered solvent-exposed.

Sparse benzene monitoring data available from the late 1970s and early
1980s did not reveal any exposures above 0.15 parts per million (ppm).
Therefore, a last exposure date of December 31, 1980, was assigned to
al of the exposure job groups except the transportation group. The trans-
portation job group was still considered potentially exposed until January
1, 1990, when benzene in gasoline was reduced to less than 1% in re-
sponse to requirements enacted by the U.S. Environmental Protection
Agency (19). Therefore, a worker employed in the transportation group
would not accumulate exposure time after January 1, 1990, and all other
workers exposure time contributions were considered to have ceased
after December 31, 1980.

Time Since Radiation Exposure

Time since radiation exposure (TSRE) was analyzed using time win-
dows of exposure as described by Rothman (20). The total radiation ex-
posure accrued by each case and control in the periods 0-<2.5 years
prior to case failure (or, for controls, prior to the cutoff date), 2.5-<5
years prior, 5-<10 years prior, and =10 years prior was determined. The
association between leukemia mortality and total exposure accrued in
each window was examined.

Radiation Monitoring Status

The results of the PNS cohort mortality study suggest that radiation-
monitored and non-monitored PNS workers had very different occupa-
tional and non-occupational exposure histories, with radiation-monitored
workers showing a strong healthy worker effect while their non-moni-
tored colleagues do not. The average employment duration also differed
substantially among the radiation-monitored and non-monitored workers
in the PNS cohort. The non-monitored workers have a much shorter av-
erage duration of employment, with fewer than half employed as long as
5 years. SMR and SRR results for many causes of death, including leu-
kemia, differed between these two groups (4). Thus the potential impact
of the healthy worker survivor effect (21, 22) would differ substantially
in the two groups. Many other nuclear worker studies have accounted for
this by stratifying on radiation monitoring status or restricting the study
to monitored workers. Non-monitored workers were included in the study
to evaluate the influence on risk of work-related medical X rays (which
could be evaluated in both groups of workers). In recent studies of Mayak
workers (23), a dichotomous variable was used to differentiate monitored
and unmonitored radiation workers given evidence of different mortality
risks between the two groups. Consistent with the Mayak study approach,
the radiation monitoring status of each worker was incorporated as a
dichotomous variable.

Gender

Gender was included in the analysis because males have a higher risk
of leukemia than females (24) and males were expected to receive more
exposure than females. The analysis of this variable is limited because
the PNS cohort is predominantly male (93%).

Satistical Analysis

Conditional logistic regression was used to evaluate any exposure—
response relationship between external ionizing radiation exposure and
leukemia mortality. The full conditional logistic regression model used
was log-linear with parameters estimated for radiation exposure, solvent
duration, TSRE, radiation monitoring status, and gender. The incidence
density design ensures that the OR approximates the rate ratio in the
cohort. Given that the linear excess relative risk (ERR) model is often
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TABLE 2

Temporal Variables for all Leukemia Cases and Matched Controls between

1952 and 1996

Tempora variables Cases (n = 115)  Controls (n = 460) P value
Mean year of birth 1912 1914 0.24
Mean age at date first employed (years) 34.2 35.3 0.30
Mean duration of employment (years) 19.6 17.6 0.13
Mean year first employed 1947 1949 0.06
Mean year last employed 1966 1967 0.46
Percentage employed at least 5 years 79% 76% 0.52
Mean time since last employed (years) 136 145 0.47
Mean age at cutoff date (years) 67.5 67.4 0.98

aStudent’s t test of difference in mean values between case and control groups.
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used in radiation epidemiological studies (25), a linear ERR model was
developed using a software package (PECAN module of EPICURE) de-
signed for matched case-control analysis (26). Because the induction pe-
riod for leukemia from radiation exposure was suspected to be as short
as severa years (15), a lag period of 2 years was selected. Radiation
doses and solvent exposure duration were truncated for each control when
they attained the age at death of their matched case, minus the lag period.

Odds ratios (ORs) and the corresponding 95% CI were derived from
parameter estimates and the associated standard errors of the conditional
logistic regression model. A two-tailed test of significance with a signif-
icance level (o) of 0.05 was used to determine the statistical significance
of the OR and exposure—response relationships. Assessment of possible
interactions between radiation exposure variables (e.g., reported cumu-
lative equivalent dose, cumulative bone marrow equivalent dose exclud-
ing work-related medical X-ray contribution, and cumulative bone mar-
row equivalent dose with work-related medical X-ray contribution) and
other covariates (e.g. solvent exposure duration, radiation worker status,
and gender) was performed using a hierarchically formulated approach
in which all interaction terms except those of a priori interest (e.g. TSRE)
were evaluated simultaneously (27). Statistical testing of interaction
(cross product) terms was performed using the log likelihood ratio test
assuming a x? distribution for the nested models. Potential confounding
variables are independent risk factors that are correlated with both radi-
ation exposure and leukemia mortality and were considered for exclusion
from the analysis if their remova changes the relative value of the ra-
diation exposure coefficient by less than 10%.

RESULTS
Descriptive Satistics

For each of the 115 cases, four controls were selected
for a total of 460, five of which were selected twice. Of
the 444 (78%) cases and controls with known race, 99%
were white. Mean values of the temporal variables for the
cases and controls are shown in Table 2. All temporal val-
ues were computed as of the cutoff date for each case/
control set. There were no statistically significant differ-

ences in the mean values of the temporal variables between
the cases and controls.

Radiation Exposure

Of the 575 cases and controls, 201 (35%) were radiation-
monitored; 173 (87%) of the radiation-monitored cases and
controls had reported exposure greater than zero. Among
the 115 cases, 34 (30%) were monitored for radiation ex-
posure; al were mae. Of the 81 non-radiation-monitored
cases, only three were female. Among the 460 controls, 167
(36%) were radiation-monitored (all male) and 293 (63%)
were not monitored (253 male and 40 female). Five radi-
ation-monitored cases (15%) and 23 radiation-monitored
controls (14%) had zero recorded exposure (Table 3).

The mean and median reported cumulative equivalent
doses for the case-control study group from onsite expo-
sures were 23.2 mSv and 4.52 mSv, respectively. The mean
dose for the cases (39.0 mSv) was nearly twice that (20.0
mSv) for the controls. Similarly, the median dose for cases
(10.4 mSv) was about 2.5 times that (3.82 mSv) for the
controls. Doses were estimated for 175 workers to account
for exposures below the measurement sensitivity of the dif-
ferent dosimetry devices. The ““missed dose” increased the
collective dose by 87.6 mSv (1.84%).

Work-related medical X-ray dose estimates were as-
signed to 555 (96.5% of) cases and controls. The collective
cumulative equivalent dose to active bone marrow from all
occupational sources was approximately 6.1 person-Sv, of
which 2.6 person-Sv (43%) was from work-related medical
X rays. Radiation-monitored cases and controls received
2.3 times the number of work-related medical X rays of
non-monitored cases and controls (8). However, the mean

Radiation Monitoring Status among Cases and Controls (%)

TABLE 3

Radiation monitoring status Cases (n = 115) Controls (n = 460) Total (n = 575)
Monitored with reported exposure >0 29 (17) 144 (83) 173
Monitored with no reported exposure 5 (18) 23 (82) 28
Not monitored 81 (22) 293 (78) 374
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TABLE 4
Equivalent Dose to Active Bone Marrow from Occupational Sources and Work-Related Medical
X Rays Combined

Equivalent dose to active bone marrow (mSv)

Occupational sources only

Occupational sources and work-related

Work-related medical X rays only medical X rays combined

Cases Controls Total Cases Controls Total Cases Controls Total
Statistic n=34) (=167 (=201 (n=111) (n=440) (n=551) (n=111) (n=444) (n = 555)
Mean 29.1 14.6 17.1 5.13 4.68 4.78 14.1 10.1 10.9
Median 7.88 2.82 3.45 450 450 450 6.00 454 4,62
Minimum 0 0 0 0.04 0.04 0.04 0.04 0.04 0.04
Maximum 145 145 223 16.5 15.1 16.5 147 236 236
Collective dose (person-Sv) 0.99 244 343 0.57 2.06 2.63 1.56 4,50 6.06

bone marrow dose value from work-related medical X rays
for radiation-monitored cases and controls (5.97 mSv) was
only moderately higher than for the non-monitored cases
and controls (4.10 mSv). The 111 exposed cases had a col-
lective dose of 1.6 person-Sv, of which 0.6 person-Sv
(37%) was from work-related medical X rays (Table 4).
Only four cases and 16 controls were not exposed to ra-
diation from any source considered in this study.

Solvent Exposure

Sixty-three cases and 244 controls were identified as em-
ployed in job and shop categories likely to involve benzene
or carbon tetrachloride exposure. The mean and median
values for cumulative employment duration in any of the
exposed groups were 14.5 and 14.3 years for the cases and
10.0 and 7.7 years for the controls. The machining group
included more cases (30) and controls (112) than any of
the other exposed groups. The mean and median cumula-
tive employment duration in the machining group was 15.6
and 16.1 years for the cases and 10.7 and 10.1 years for
the controls (Table 5).

Regression Analysis

The log-linear regression model shows a significant pos-
itive exposure—response relationship between leukemia

mortality and external ionizing radiation (OR = 1.08 at 10
mSv of exposure; 95% CI = 1.01, 1.16), adjusting for sol-
vent exposure duration, radiation worker status, and gender.
When the analysis is conducted without the radiation mon-
itoring status variable, the non-adjusted risk estimate is
lower (OR = 1.04 at 10 mSv of exposure; 95% Cl = 0.97,
1.10). When the analysis is conducted without the solvent
exposure duration variable, there is only a slight change in
the 95% confidence interval of the risk estimate (OR =
1.08 at 10 mSv of exposure; 95% CI = 1.01, 1.15).

The interaction between attained age and radiation ex-
posure was assessed and was found to be nonsignificant (P
= 0.07). Also, a birth cohort analysis was conducted and
revealed no differences in leukemia mortality among birth
cohort groups and no effect on the radiation risk coeffi-
cients.

Some analyses of leukemia risk in nuclear workers have
shown an increase in the risk estimate when chronic lym-
phocytic leukemia (CLL) cases are excluded (25). The sig-
nificant exposure response remained unchanged when all
14 of the cases identified as CLL and their controls were
excluded from the analysis. Only three of the 14 cases of
CLL had a history of radiation exposure, and their collec-
tive exposure was only 0.05 person-Sv. CLL cases prior to
1968 could not be identified since an International Classi-

TABLE 5
Frequency of Cases and Controls by Job/Shop with Likely Solvent Exposure Including Benzene and
Carbon Tetrachloride

Mean Median Mean Median
duration (years) duration (years) duration (years) duration (years)

Solvent-exposed group Cases  Controls (cases) (cases) (controls) (controls)
Painting group 2 12 13.0 13.0 9.2 8.8
Welding group 11 34 14.0 131 114 7.8
Transportation group 9 27 9.3 5.8 52 3.0
Electrical group 19 44 8.0 6.1 929 55
Machining group 31 113 15.6 16.1 10.7 10.1
Woodworking group 3 28 41 25 59 21
Totals within a solvent-exposed group (no duplicates)? 63 244 145 14.3 10.0 7.7

aThere were 26 cases and controls that were included in more than one job/shop group.
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TABLE 6
Final Model (Log-Linear): Cumulative Whole-Body Equivalent Dose with 2-Year Lag
Parameter Standard
Variable estimate error Odds ratio  95% confidence limits
Equivalent dose (10 mSv) 0.076 0.035 1.08 1.01 1.16
Solvent duration exposed, lagged 2 years 0.0323 0.0115 1.03 1.01 1.06
Radiation worker (1 = Yes, 0 = No) —0.7283 0.2632 0.48 0.29 0.81
Gender —1.194 0.6112 0.30 0.09 1.00

fication of Diseases (ICD) code was not assigned to this
leukemia subtype at that time.

When the radiation exposure variable in the log-linear
model includes only measured exposure from occupational
sources and no estimated missed exposure, there remained
a significant positive exposure—esponse relationship be-
tween leukemia mortality and radiation exposure, and the
odds ratio and confidence limits remain essentially un-
changed (OR = 1.08 at 10 mSv of exposure; 95% CI =
1.01, 1.16). The analysis was aso conducted using a linear
excess relative risk model adjusting for solvent exposure
duration, radiation worker status, and gender. This model
yielded higher risk estimates (23% ERR per 10 mSv; 95%
likelihood-based Cl = 3%, 88%) at low dose than the log-
linear model.

Both the linear excess relative risk model and the log-
linear model detect a significant trend of increasing risk
with increasing exposure. These models predict similar rel-
ative risk (6.7 with a log-linear and 6.9 with a linear ERR
model) at a cumulative dose of about 250 mSv, which cor-
responds to the top 1% of the doses among the 13,468
radiation-monitored workers in the PNS workers in the co-
hort. Below 250 mSyv, the linear ERR model estimates high-
er relative risks, while the log-linear model estimates higher
relative risks above that level. Given that recent studies
have suggested the dose response in the lower-dose range
appears to be linear-quadratic (15), the log-linear model
may be the preferred model because it provides a reason-
able approximation of the linear-quadratic dose-response
curve in the low-dose range (15). The addition of a qua-
dratic term to the linear ERR analyses used in this case-
control study was not significant (P = 0.23).

Time since Radiation Exposure

The time windows categorical approach shows slightly
heterogeneous risk of leukemia mortality with time after
radiation exposure. While the effect estimate is elevated in
the 2.5- to 5-year exposure window (OR = 1.32 at 10 mSyv;
95% Cl = 0.56, 3.12), the tota radiation dose between 5
and 10 years appears to have the greatest effect on leukemia
mortality (OR = 1.42 at 10 mSv; 95% CI = 1.04, 1.95),
and the effect estimate declines for previous exposures 10
years or greater (OR = 1.06 at 10 mSv; 95% CI = 0.99,
1.15).

Radiation-Monitored Workers

The parameter estimate for radiation worker status in the
log-linear model was negative (Table 6), indicating that ra-
diation-monitored workers had a lower overall leukemia
risk than non-monitored workers. This result is consistent
with the overall cohort analysis (4). Because leukemia mor-
tality was greater among non-monitored workers, an anal-
ysis including only radiation-monitored workers was con-
ducted using both log-linear and linear ERR models. Gen-
der was dropped from these models because only three fe-
male radiation-monitored workers would be included.

The log-linear model shows a significant positive expo-
sure-response relationship between leukemia mortality and
external ionizing radiation exposure (OR = 1.20 at 10 mSv
of exposure; 95% Cl = 1.05, 1.37), adjusting for solvent
exposure duration. The solvent exposure duration is ele-
vated but is no longer statistically significant (OR = 1.05
at 1 year of exposure; 95% Cl = 0.99, 1.10). The relative
risk (RR) using a linear excess relative risk model indicated
greater risk (RR = 1.40 at 10 mSv; 95% likelihood-based
Cl = 1.05, 2.89) than the log-linear model.

Analyses were conducted using both the log-linear and
linear ERR models, excluding all cases and controls with
more than 100 mSv of cumulative external ionizing radia-
tion dose to examine the influence of highly exposed sub-
jects on the point estimates. Although the point estimates
of both models remained essentially unchanged, neither
model yielded statistically significant results when highly
exposed subjects were excluded (14).

Solvent Exposure Duration

The log-linear model also shows a significant positive
exposure response between leukemia mortality and solvent
exposure duration (OR = 1.03 at 1 year of exposure; 95%
Cl = 1.01, 1.06). When the analysis is restricted to non-
radiation-monitored workers, there is only a dlight change
in the 95% confidence interval of the risk estimate (OR =
1.03 at 1 year of exposure; 95% Cl = 1.01, 1.07).

Exposure from Work-Related Medical X Rays

When bone marrow doses from work-related medical X
rays and the other occupational sources were combined, the
association with leukemia mortality (adjusting for gender,
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TABLE 7
Log-Linear Model: Equivalent Dose to Bone Marrow from All Occupational Sources
and Work-Related Medical X Rays Combined with 2-Year Lag

Parameter Standard
Variable estimate error Odds ratio 95% Confidence limits
Equivalent dose (10 mSv) 0.108 0.046 111 1.02 1.22
Solvent duration exposed, lagged 2 years 0.0312 0.0115 1.03 101 1.06
Radiation worker (1 = Yes, 0 = No) —0.7581 0.2660 0.47 0.28 0.79
Gender —1.198 0.6110 0.30 0.09 1.00

radiation worker status, and solvent exposure duration) is
significant (OR = 1.11 at 10 mSv equivalent dose to active
bone marrow; 95% CI = 1.02, 1.22) (Table 7). Without
work-related medical X-ray dose contributions, the associ-
ation of leukemia risk with bone marrow dose remains es-
sentially unchanged (OR = 1.11 at 10 mSv; 95% Cl =
1.01, 1.22).

DISCUSSION

A statistically significant positive association was found
between leukemia mortality and increasing external ioniz-
ing whole-body radiation exposure, after adjusting for ra-
diation worker status, gender and solvent exposure duration
(log-linear OR = 1.08 at 10 mSv; 95% CI = 1.01, 1.16).
When including only PNS recorded dose (i.e., excluding
estimated missed radiation exposure), the odds ratio and
confidence limits remained unchanged. Missed doses ac-
counted for less than 2% of the collective dose estimated
for the cases and controls. Radiation doses received in the
5- to 10-year period before death showed the strongest as-
sociation with leukemia risk. The window-of-exposure
method accounts for the fact that radiation exposures at
PNS were not single, acute exposures (in which time since
exposure is easily defined) but are protracted exposures
over time. The finding of a significant dose—response re-
lationship between leukemia mortality and radiation dose
is consistent with the most recent cohort analyses of PNS
workers (4, 5). Also, categorical risk estimates for this case-
control study reported previously (14) are similar to those
reported for the entire PNS cohort by Silver et al. (4)

The linear ERR model estimated an excess relative risk
of 23% (95% ClI = 3%, 88%) per 10 mSv of external
radiation exposure from occupational sources after solvent
exposure was included. When solvent exposure was ex-
cluded from the model an ERR of 21% (95% Cl = 2%,
77%) per 10 mSv was estimated. The excess relative risk
has been estimated in previous studies at between —4.1%
and 19.0% at 10 mSv for workers exposed to penetrating
ionizing radiation (28) and approximately 4% at that dose
for A-bomb survivors who were exposed instantaneously
as adults and developed leukemia less than 25 years after
exposures (15, 25, 29). In contrast, workers in this study
received fractionated exposures over periods that were of -

ten several decades long. A linear-quadratic model is often
used in analyses for A-bomb survivors because it fits these
data better than a smple linear model (15, 30). The fit in
the linear ERR analyses used in this case-control study was
not significantly different with the addition of a quadratic
term (P = 0.23).

A dtatistically significant positive relationship was found
between leukemia mortality and duration of employment in
the six PNS job categories (machining, transportation,
welding, electrical, painting and woodworking) classified as
having potential exposure to benzene or carbon tetrachlo-
ride. Yiin et al. reported an elevated but nonsignificant leu-
kemia risk among 13,468 radiation-monitored workers ever
exposed to solvents compared to those never exposed (RR
= 1.14; 95% Cl = 0.56, 2.34) (5). However, unlike in this
case-control study, the solvent exposure metric used by
Yiin et al. was dichotomous (ever/never worked in a po-
tentially exposed job). When the dichotomous solvent ex-
posure metric was used in this case-control study, it aso
was not significant.

It is unlikely that the solvent exposure duration variable
is a confounder because there was less than a 10% change
in the relative value of the radiation exposure parameter
estimate when the solvent variable was removed from the
regression model; additionally, the solvent variable is not
significantly correlated with the radiation exposure variable
(P = 0.14). There was also no evidence of effect modifi-
cation on a multiplicative scale of radiation by solvent ex-
posure (P = 0.35).

The leukemia risk estimate in the regression model of
equivalent dose to bone marrow is dslightly higher (OR =
1.11 at 10 mSv; 95% CI = 1.01, 1.22) compared to the
model of whole-body equivalent dose (OR = 1.08 at 10
mSv; 95% CI = 1.01, 1.16) because attenuation of radia-
tion by the body results in less dose to active bone marrow
per unit exposure. However, in this study, incorporation of
dose from work-related medical X rays did not change the
leukemiarisk estimate. When the regression model includes
bone marrow dose from both occupational sources and
work-related medical X rays, a significant dose response
remains.

There are severa possible reasons why the inclusion of
work-related medical X rays made no difference in the leu-
kemia risk estimate despite the fact that work-related med-
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ical X rays were not randomly distributed among the cases
and controls. First, these results may provide evidence that
the effects produced by work-related medical X rays were
of similar magnitude per unit dose as other occupationa
radiation exposure, since many more radiation-exposed
study subjects were added by considering medical X-ray
exposures. Second, athough radiation-monitored workers
received more work-related medical X rays than non-radi-
ation-monitored workers, the mean bone marrow doses are
only moderately higher for the radiation-monitored cases
and controls (5.97 mSv) than for the non-radiation-moni-
tored cases and controls (4.10 mSv) because monitored
workers received greater numbers of X rays using the low-
er-dose direct radiographic technique (8). After 1966, near-
ly al work-related medical X rays documented in the med-
ical records indicate that direct radiographic techniques
were used, which lowered the estimated average equivalent
dose to active bone marrow from 1.5 mSv per examination
to 0.04 mSv per examination.

LIMITATIONS

In evaluating these findings, it is important to consider
the relatively small number of study subjects who were
radiation-monitored. However, the radiation risk estimates
seem robust; the addition of medical X-ray bone marrow
doses (which greatly increased the radiation-exposed per-
centages) changed risk estimates very little.

Variability of dosimetry practices, exposure conditions,
and other factors such as the sex, age and anatomy of the
exposed worker all result in uncertainty in the recorded
whole-body radiation doses resulting from occupational ex-
posure (7, 31). Also, a number of factors affect the actud
dose to workers from a diagnostic X-ray procedure (8). Al-
though efforts to reduce sources of dose uncertainty were
maximized, differences between actual values and reference
values used for dose reconstruction may have resulted in
some bias in dose estimates.

The number of work-related medical X rays may have
been underestimated for the cases and controls. Information
about the type and frequency of X rays was gathered from
existing medical records, and, although records were avail-
able for 90% of the cases and controls, the amount of per-
tinent information in the medical records varied consider-
ably. This variation was due in part to differences in re-
cording practices by attending physicians and changes in
record management policies throughout the years.

To evaluate the impact of work-related medical X rays
on leukemia risk, bone marrow doses from both medical X
rays and occupational exposures were estimated. Many
generalizations were required in the development of the
dose conversion factors that were applied to estimate the
equivalent dose to bone marrow. Therefore, uncertainty is
likely when estimating a worker’s bone marrow dose, given
the variability of several critical parameters over the period
of the study. These parameters include, but are not limited

to, X-ray procedures and equipment, exposure geometry,
incident photon energies, and worker age, sex and anatomy
(8). Radiation exposures from non-occupational medical
therapeutic and diagnostic sources as well as natural sourc-
es have not been evaluated in the radiation exposure as-
sessment for this study. The impact of these exposures is
unknown. However, there is no reason to expect that they
are correlated with occupational dose.

Because the PNS civilian worker cohort and the cases
and controls included in this study were overwhelmingly
white and male, direct interpretation of leukemia risk for
either females or non-whites was not possible. However,
these results may be generalized to other occupational co-
horts that are predominately white and mae and receive
low-level protracted exposuresto low-linear energy transfer
(LET) radiation.

Misclassification of workers exposed to benzene and car-
bon tetrachloride is likely. Subjective determinations, based
on examination of sparse industrial hygiene data supple-
mented by field surveys and discussions with Portsmouth
Naval Shipyard personnel, had to be used to designate the
various shops and jobs with possible benzene or carbon
tetrachloride exposure. Since benzene and carbon tetrachlo-
ride exposures were not known, duration of employment in
potentially exposed jobs was selected as a surrogate for
cumulative solvent exposure. Despite these limitations,
there is no evidence of confounding by these solvents of
the radiation dose—response relationship observed in this
study.

Smoking was not included as a study variable in the
analysis because of the lack of readily available individual
smoking information in the PNS medical records. Thereis
evidence suggesting that certain forms of adult leukemia,
i.e. non-lymphocytic, may be associated with cigarette
smoking (32, 33). However, since that association is weak,
it is not likely that the increased risk estimate seen in this
study is a result of confounding by smoking (34).

CONCLUSIONS

This study of a workforce exposed to both radiation and
known or potential chemical leukemogens provides an es-
timate of leukemia risk in an occupational context in con-
trast to the extrapolation of risk from high-dose-rate ex-
posures. The findings support other nuclear worker studies
that collectively observe slight elevations in mortality from
leukemia subtypes other than CLL that appear to be related
to increases in low-LET radiation exposure (25, 35, 36).
The current study explored the role of chemical exposures
on leukemia risk in greater detail than previous studies in-
volving PNS workers and observed a significant exposure
response between leukemia mortality and the amount of
time workers were employed in job categories where these
exposures were probable.

Unlike previous PNS studies, this case-control study pro-
vides an in-depth analysis of work-related medical X rays
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on leukemia risk using detailed information from worker
medical records. The study observed that incorporating
dose from work-related medical X-ray exposures had es-
sentially no effect on the magnitude of the radiation-related
risk estimate for leukemia in the PNS workers.
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