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The authors examined discrepant findings between a 1978 proportional mor-
tality study and a 1981 cohort study of workers at the Portsmouth, New Hampshire,
Naval Shipyard to determine whether the heatthy worker effect, selection bias,
or measurement bias could explain why only the proportional mortality study
found excess cancer deaths amoung nuclear workers. Lower mortality from
noncancer causes in nuclear workers (the healthy worker effect) partly accounted
for the observed elevated cancer proportional mortality. More important, however,
was measurement bias which occurred in the proportional mortality study when
nuclear workers who had not died of cancer were misclassified as not being
nuclear workers based on information from their next of kin, thereby creating a
spurious association. Although the proportional mortality study was based on a
small sample of all deaths occurring in the cohort, selection bias did not contribute
materially to the discrepant resuits for total cancer deaths. With regard to
leukemia, misclasslification of occupation in the proportional mortality study and
disagreement about cause of death accounted for some of the reported excess

deaths.
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yard involved identification of 1,722 death
certificates in New Hampshire, Maine, and
Massachusetts that indicated occupation at
a shipyard. Next of kin, if contacted (the
investigators contacted only 34 per cent),
were asked whether the decedent had worn
a radiation detector and had engaged in
work involving radiation exposure (“nu-
clear work”). Using age-specific propor-
tional mortality data for all US white
males, the investigators determined ex-
pected numbers of deaths. Among nuclear
workers, they observed statistically signif-
icant excesses of deaths from all cancers

The authors thank Dr. Tom Najarian, who kindly
provided us with copies of the original data used in
the PMR study; the staff of the National Institute for
Occupational Safety and Health, who prepared a tape
of their data; and Vera Bergen, who assisted in pre-
paring the manuscript.
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(56 observed, 31.5 expected) and leukemia
(six observed, 1.1 expected). Among non-
nuclear workers, they found no statistically
significant excess deaths from cancers or
leukemia. The authors acknowledged po-
tential sources of bias in their study and
suggested the need for “more careful and
thorough cohort studies of workers in naval
yards where nuclear powered vessels are
serviced” (1),

Investigators at the National Institute
for Occupational Safety and Health
(NIOSH) later conducted a historical co-
hort study of mortality among Portsmouth
Naval Shipyard workers (2). From shipyard
files, they identified 24,545 individuals who
had worked at least one day at the shipyard
between 1952 and 1977, of whom 4,762 had
died. They used nosologist-coded death cer-
tificates to calculate standardized mortality
ratios (SMRs) for three groups according
to shipyard records of radiation exposure:
those engaged in nuclear work and occu-
pationally exposed to radiation (subcohort
I); those not involved in nuclear work (sub-
cohort II); and those who had qualified for
nuclear work and had been monitored but
had no recorded occupational radiation ex-
posure (subcohort III). Age-specific mor-
tality rates for all US white males served
as the standard for comparison. The
NIOSH investigators found no significant
increase in mortality from cancer or leu-
kemia for any of the three subcohorts. The
mortality from cancer was actually higher
for nonnuclear workers (SMR = 100) than
for radiation-exposed nuclear workers
(SMR = 92) or for qualified but unexposed
nuclear workers (SMR = 84). Shipyard
workers who had qualified for nuclear work
(whether or not they had been exposed to
radiation) had a significantly lower all-
cause mortality than US white males, a
finding the authors attributed to the
“healthy worker effect.” No excess leuke-
mia mortality was observed in the nuclear
workers.

We evaluated several possible explana-
tions for the discrepant results between the
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original proportional mortality study and
the cohort study. First, the initial study
involved proportional mortality ratios,
while the cohort study employed standard-
ized mortality ratios. The elevated cancer
proportional mortality ratios in nuclear
workers might have largely resulted from
lower noncancer mortality (the healthy
worker effect) (3). Second, the mortality
experience of subjects identified by death
certificate in the proportional mortality
study might not have been representative
of all shipyard workers (selection bias).
Third, in the proportional mortality study,
the mortality experience of the subgroup
whose next of kin were successfully con-
tacted might have been atypical (selection
bias). Fourth, the next of kin might have
erred in their recall and reporting of the
subjects’ occupational category (measure-
ment bias). We restricted our statistical
analyses to deaths from all cancers because
of the smaller numbers of deaths from leu-
kemia and other specific hematologic can-
cers. We did, however, examine the deaths
reported as leukemia in the proportional
mortality study to determine their occupa-
tional radiation exposure and nosologist-
coded cause of death.

METHODS

Following the approach used in the pro-
portional mortality study, we considered all
individuals who had been monitored for
radiation exposure (subcohorts I and III in
the NIOSH study) as nuclear workers and
the remainder (subcohort II) as nonnuclear
workers. The published NIOSH report (2)
contained the observed and expected num-
bers of deaths by cause in the cohort. The
expected numbers were calculated from US
white male death rates by five-year calen-
dar time periods. From the tables in the
NIOSH report, we calculated, for nuclear
and nonnuclear workers, the cancer stan-
dardized mortality ratios.

The NIOSH investigators provided a
computer tape listing the name, radiation
exposure, date of birth, date of death, and
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cause of death for all Portsmouth, New
Hampshire, Naval Shipyard workers em-
ployed after 1952 and known to have died.
We eliminated from this list those workers
for whom no cause of death information
had been obtained by the Institute, leaving
4,416 decedents who constituted the
“NIOSH list.”

Dr. Thomas Najarian supplied a list of
names, dates of death, and causes of death
for subjects in the initial study. The list
also indicated whether next of kin had been
contacted, and, if so, the reported occupa-
tion as “nuclear worker” or “nonnuclear
worker.” Of the 1,750 names on this list,
116 were duplicates and 31 were women.
We matched the remaining 1,603 names
and dates of death with those on the
NIOSH list to determine which of the in-
dividuals identified through death certifi-
cates had actually been employed at the
shipyard during the period of interest. Us-
ing these procedures, we found a match for
1,174 individuals (73 per cent), who consti-
tuted the death certificate review list.
There were 429 unmatched individuals,
possibly including those who stopped work
at the shipyard before 1952, those who had
worked at the shipyard as nongovernment
contract employees, those who worked at
other naval shipyards, and those who never
worked at a shipyard. Cancer deaths were
those coded as ICD-8 (Eighth Revision of
the International Classification of Diseases)
140-207; the remainder were noncancer
deaths. Leukemia deaths were coded 204-
2017.

We defined the proportional mortality
ratio as the proportion of all deaths that
were caused by cancer. To adjust for pos-
sible effects of age differences between nu-
clear and nonnuclear workers, we also cal-
culated an age-adjusted proportional mor-
tality ratio using the total population of
Portsmouth Naval Shipyard deaths as the
standard. In particular, let p, = the propor-
tion of deaths due to cancer in age group i
in the total population of shipyard deaths,
Ci1,D;; = the number of cancer deaths and
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total number of deaths in age group i for
nuclear workers, and C,,,D;, = the number
of cancer deaths and total number of deaths
in age group i for nonnuclear workers. The
age-adjusted proportional mortality ratio
(PMR) for nuclear and nonnuclear work-
ers, respectively, is given by PMR, = 2C,,/
ED,lp,, PMR2 = EC,’Q/ED,QP,’.

We assessed whether selection bias af-
fected the initial proportional mortality
study results by examining the cancer pro-
portional mortality ratios for those nuclear
workers and nonnuclear workers enrolled
in that study and for those whose next of
kin had been successfully contacted. We
assessed the possible effects of measure-
ment bias by examining the cancer propor-
tional mortality ratios for nuclear and non-
nuclear workers classified correctly and in-
correctly by next of kin. Age-adjusted pro-
portional mortality ratios were also com-
puted for these various subgroups with the
same methods as given above for the total
group of nuclear and nonnuclear workers.

To determine the characteristics predic-
tive of a worker being selected and correctly
classified, we performed three multiple lo-
gistic regression analyses in which the re-
spective outcomes were 1) whether or not
he was enrolled in the death certificate
review list, 2) once enrolled in the list,
whether or not his next of kin was con-
tacted, and 3) once next of kin was con-
tacted, whether or not they correctly clas-
sified his exposure status. The predictor
variables considered in these analyses were
year of birth, year of death, cause of death
(cancer or noncancer), years employed at
the shipyard after 1952, type of worker
(nuclear or nonnuclear), and the interac-
tion between cause of death and type of
worker.

RESULTS
Characteristics of the groups

Of the 4,762 deceased Portsmouth Naval
Shipyard workers, 4,416 (93 per cent) had
a known cause of death, 1,174 (25 per cent)
were identified in the proportional mortal-
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TaBLE 1
Characteristics of the deceased worker population
wdentified by NIOSH, of the subgroup identified
through death certificate review (DCR) list, and of the
subgroup whose next of kin were contacted among
deceased workers at the Portsmouth, NH, Nauval
Shipyard, 1952-1977

DCR Next of kin

NIOSH list contacted
No. 4416 1,174 470
Mean death age (years) 624 655 65.5
Mean year of death 1967.6 1970.2 1971.2
% nuclear workers 223 324 36.2
% cancer deaths 222 221 234

ity study, and relatives of 470 (10 per cent)
were contacted. Table 1 presents the char-
acteristics of these three groups with regard
to age at death, year of death, proportion
who were nuclear workers, and proportion
who died of cancer. The group identified on
the death certificate review list included
relatively more nuclear workers than oc-
curred in the NIOSH group. Among the
470 individuals whose next of kin were
contacted, there were proportionally more
nuclear workers and slightly more cancer
deaths than were on the death certificate
review list. Thus, preferential selection of
nuclear workers occurred at each of the two
steps in assembling the study group, but
there was no major tendency to select can-
cer deaths.

The healthy worker effect

Tables 3-5 in the NIOSH report con-
tained information on all observed deaths
and expected deaths (calculated from US
white male mortality rates) among 8,960
nuclear and 15,585 nonnuclear workers.
From these data, we determined the all-
cause and the cancer standardized mortal-
ity ratios (SMRs) (table 2). We also calcu-
lated the cancer proportional mortality ra-
tios for the deaths with cause known to
NIOSH and listed on the computer tape
(table 2). Among nuclear workers, there
was a small deficit in cancer mortality
(SMR = 90) and a relatively large deficit
in all-cause mortality (SMR = 75). Among
nonnuclear workers, cancer mortality
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(SMR = 100) and all-cause mortality (SMR
= 98) were virtually identical with that
expected among US white males. Although
the standardized mortality ratio for cancer
in nuclear workers was 10 per cent less
than that in nonnuclear workers (ratio of
SMRs = 0.90), the cancer proportional
mortality ratio (PMR) was about 20 per
cent higher (ratio of PMRs = 1.20) because
the nuclear workers had a lower all-cause
mortality. This represents the healthy
worker effect and accounts for part of the
discrepancy in results between the propor-
tional mortality study and the cohort study.

Selection bias

For all workers identified in the original
proportional mortality study (the death
certificate review list), the proportional
mortality ratios for cancer were 0.268 in
nuclear workers and 0.198 in nonnuclear
workers (table 3), yielding a ratio of 1.36,
higher than the ratio of 1.20 for the NIOSH
list. The difference between these two fig-
ures is a consequence of selection bias oc-
curring in the identification of deceased
shipyard workers through death certificate
review.

Among the 1,174 deceased workers on
the death certificate review list, there were
470 whose next of kin had been contacted.
Among these, the proportional mortality
ratios for cancer were 0.207 in nonnuclear
workers and 0.282 in nuclear workers, giv-
ing a ratio of 1.37 (ratio of age-adjusted
PMRs = 1.53). Thus, we found only a mod-
est selection bias resulting from contact of
only about one third of the next of kin
(table 3).

Measurement bias

Among the 470 deceased workers whose
next of kin were contacted, when subdi-
vided according to the report of their rela-
tives, the proportional mortality ratios for
cancer were 0.193 in those reported as non-
nuclear workers and 0.336 in those reported
as nuclear workers, yielding a ratio of 1.74
(ratio of age-adjusted PMRs = 1.96), sub-
stantially higher than that calculated for
this group when actual occupational infor-
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TABLE 2
The healthy worker effect among Portsmouth, NH, Naval Shipyard workers, 1952-1977

All deaths Cancer deaths
Occupation Total workers :
! Not  SMR* No* SMR* PMRt  Astadusted
Nuclear 8,960 1,029 75 251 90 0.26 0.25
Nonnuclear 15,585 3,733 98 726 100 0.21 0.21

Ratio of SMRs = 0.76

Ratio of cancer SMRs = 0.90
Ratio of cancer PMRs = 1.20
Ratio of age-adjusted cancer PMRs = 1.20

* Number of deaths and standardized mortality ratios (SMR) taken from reference 2 and from NIOSH

records.

t Calculation of the proportional mortality ratios (PMR) and the age-adjusted proportional mortality ratios
based on the 986 nuclear worker deaths and 3,430 nonnuclear deaths with cause of death known by January

1982.
TABLE 3
Determination of proportional mortality ratios (PMRs) for deceased workers at the Portsmouth, NH, Naval
Shipyard, 1952-1977
Cause of deatht . . Ratio of
Group” Occupation  Ggncer Noncancer PMR l?]a%gf Ag‘ai:'MR ted age-adjusted
PMRs
(n) (n)
. Nuclear 262 734 0.26 0.25
NIOSH list Nonnuclear 730 2700 021 1% 0.21 120
Death certificate Nuclear 102 278 0.27 1.36 0.26 1.37
review list Nonnuclear 157 637 0.20 : 0.19 ’
Contacted group Nuclear 48 122 0.28 1.37 0.28 153
(occupation per Nonnuclear 62 238 0.21 ’ 0.18 i
navy)
Contacted group Nuclear 45 89 0.34 174 0.34 1.96
(occupation per Nonnuclear 65 271 0.19 ’ 0.17 ’
next of kin)

* See text for definition of groups.

t Based on the death with cause known as of January 1982.

mation was used (table 2). We attribute the
difference between these two figures to
measurement bias, or misclassification of
exposure status.

This bias was largely due to inaccurate
information from the next of kin regarding
the work exposure histories of those nu-
clear workers who died from noncancer
causes. The effect in the 2 X 2 table was to
diminish the numbers in the “nuclear
worker/not cancer” cell and increase the
numbers in the “nonnuclear worker/not
cancer” cell. There was a smaller tendency
to misclassify nuclear workers who died of
noncancer causes: the net effect introduced

a bias away from the null. The age-adjusted
proportional mortality ratios confirmed
these results.

The original report of the proportional
mortality study included 55 subjects whose
names were not found on the NIOSH list.
The data from these subjects did not ap-
preciably affect the results, since the ratio
of proportional mortality ratios in that
study was 1.65, while the ratio for the con-
tacted group was 1.74 (not age-adjusted).

Results of multiple logistic analyses

The most important term in the logistic
regression analyses was the cross-product
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term “cancer X nuclear worker,” indicating
whether the association between cancer
and nuclear work differed in various
subgroups. The subgroups considered in-
cluded the following comparisons: 1) per-
sons on the death certificate review list
versus those on the NIOSH list but not on
the death certificate list; 2) persons on the
death certificate review list whose next of
kin were contacted versus those on that list
whose next of kin were not contacted; 3)
persons whose next of kin provided correct
assessment of occupation versus those
whose next of kin provided incorrect as-
sessment.

As regards whether a person on the
NIOSH list was selected for the death cer-
tificate review list, after controlling for year
of birth, year of death, and years employed
since 1952 (all of which were significant
predictors of selection for the death certif-
icate review list), the variables cancer
death, nuclear worker, and cancer death X
nuclear worker were not statistically signif-
icant (table 4). Thus, there was no signifi-
cant tendency for either cancer deaths or
deaths of nuclear workers to appear on the
death certificate review list. Similarly, the
nonsignificant cross-product term means
that the proportions of cancer deaths se-
lected for the death certificate review list
were not significantly different in the
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subgroups of nuclear and nonnuclear work-
ers, respectively, and indicates that no sta-
tistically significant bias occurred at this
stage of the selection process.

The second analysis concerned the pos-
sible bias introduced by successfully con-
tacting only a small proportion of the next
of kin. Only year of death and years em-
ployed since 1952 were significant predic-
tors, while neither the main effects of can-
cer death or nuclear worker nor the cross-
product term relating these two variables
was statistically significant. This indicates
that no statistically significant selection
bias occurred as a result of contact with
only one third of the next of kin.

The third analysis concerned the possible
bias introduced by inaccurate information
about occupational exposure. Year of death
was the only significant confounding vari-
able, and both nuclear worker and the
cross-product term were significant predic-
tors of correct assessment of occupational
exposure. The occupational exposure infor-
mation was incorrect significantly more
often if the deceased was a nuclear worker.
Of particular importance, the significant
cross-product term indicates that this rel-
ative misclassification of nuclear versus
nonnuclear workers occurred more often
for noncancer than for cancer deaths, thus
creating a bias.

TABLE 4
Results of logistic regression analyses for deceased workers at the Portsmouth, NH, Naval Shipyard, 1952-1977

Predictors of selection Predictors of successful Predictors of correct
onto death certificate contact with next of kin classification of occupation by
Variable review list (n = 4,416) (n=1,159)* next of kin (n = 467) +
R SE  pvalue R SE  pvalue R SE pvalue
Constant -30.21 —-117.26 —-242.46
Year of birth —0.052 0.0043 <0.001 —0.0085 0.0079 NSt 0.019 0018 NS
Year of death 0.065 0.0072 <0.001 0.067 0.1561 <0.001 0.108 0.034  0.002
Years employed since 1952 0.136 0.0086 <0.001 0.041 0.016 0.013 —0.0064 0038 NS
Cancer death (1 = yes, 0 = —0.208 0.108 NS 0.049 0.186 NS —0.426 0.446 NS
no)
Nuclear worker (1 = yes, 0 = —-0.071 0.108 NS 0.033 0.168 NS —2.381 0.341 <0.001
no)
Cancer death X nuclear 0.190 0.191 NS 0.072 0.303 NS 1.504 0.599 0.012
worker§

* Fifteen persons excluded because of missing data.
t Three persons excluded because of missing data.
1 NS, not significant.

& Defined as 1 if both a cancer death and a nuclear worker and 0 otherwise.
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Leukemia deaths reported in the
proportional mortality study

The original report, based on 525 deaths,
described eight deaths from leukemia, six
in the nuclear workers (1.1 expected) and
two in the nonnuclear workers (2.8 ex-
pected). For these eight decedents, NIOSH
records, with cause of death coded by an
independent nosologist, were as follows:
Four were nuclear workers, of whom two
were coded as having died of leukemia, one
of “bone marrow failure,” and one could not
be assigned a cause of death because the
death certificate was not available; four
were nonnuclear workers, of whom two
were coded as having died of leukemia and
two of other causes, with leukemia only a
contributing cause. The nuclear worker
who had bone marrow failure listed as the
cause of death on the death certificate, was
said by his family to have died of compli-
cations following treatment for leukemia.
His death certificate was coded as ICD
289.9, i.e., aplastic anemia. Therefore, of
the eight deaths identified in the propor-
tional mortality study, four had the prin-
cipal cause of death assessed as nonleuke-
mia by the nosologist in the NIOSH study.

DiscuSSION

This evaluation indicates that the dis-
crepancies with regard to all cancers be-
tween the initial proportional mortality
study and the subsequent cohort study of
Portsmouth, New Hampshire, Naval Ship-
yard workers resulted largely from 1) the
healthy worker effect, i.e., the lower all-
cause mortality among nuclear compared
with nonnuclear workers, and 2) measure-
ment bias, a more substantial effect, which
resulted from misclassification of dece-
dents’ occupational exposure. Selection
bias contributed less to the discrepant re-
sults, although the proportional mortality
study included only a small proportion of
all deaths that occurred in the cohort.

The healthy worker effect may have oc-
curred because health requirements for en-
try into nuclear work were more stringent
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than those for nonnuclear work (2). Similar
effects have been reported in several occu-
pational cohort studies of mortality (4-6).
The potential presence of the healthy
worker effect, an inherent limitation in the
interpretation of all proportional mortality
studies (3, 6-8), partly explains why such
studies are used to suggest associations
rather than to test specific hypotheses.

Other investigators have explored the
problem of inaccurate exposure data ob-
tained from next of kin (9-14). Their re-
ports, however, have dealt primarily with
misclassifications occurring equally among
study groups, which always bias observed
results toward a null effect (15, 16). In the
proportional mortality study, misclassifi-
cation of occupation occurred principally in
the nuclear worker/noncancer group,
thereby introducing a substantial bias away
from the null hypothesis of no association
between nuclear work and cancer death.
When use of next of kin information is
unavoidable, this type of bias is an inherent
possibility that may be difficult to over-
come, particularly if the study hypothesis
is generally known.

In our analysis, we used the occupational
classification designated in the NIOSH rec-
ords, and we did not take into account total
radiation dosage when classifying subjects
as nuclear or nonnuclear workers. In this
regard, our definition did not permit explo-
ration of possible relationships between ra-
diation dose and cancer death.

Since we confined our analysis to the
category of all cancer deaths, we cannot
quantitatively address discrepancies con-
cerning deaths from site-specific cancers.
Nevertheless, for leukemia deaths, misclas-
sification of both occupation and cause of
death appeared important, although the
numbers were too small to reach firm con-
clusions.

In summary, misclassification of work-
ers’ occupation and lower all-cause mortal-
ity among nuclear workers contributed to
the initial finding of an elevated cancer
proportional mortality ratio among de-
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ceased nuclear shipyard workers. Bias oc-
curring in the selection of subjects for the
initial study accounted for a smaller part of
the elevation in cancer proportional mor-
tality ratios.
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