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Objective: In response to an unusual occurrence of glioblastoma at one jet engine
manufacturing facility located in North Haven (NH), Connecticut (CT), we examined
montality rates from central nervous system (CNS) neoplasms at NH and seven other company
Jacilities. Methods: Subjects were 223,894 workers ever employed in one or more of the
company’s eight CT manufacturing facilities from 1952 to 2001. Vital status was determined
through 2004 for 99% of subjects and cause of death for 95 % of 68,701 deaths. We compuled
standardized mortality ratios (SMRs) based on US and CT state rates and modeled internal
relative risks (RRs). Results: State comparisons revealed overall deficits in deaths from all CNS
neoplasms (606 deaths, SMR = 0.84, confidence interval [CI] = 0.78 to 0.91), including all
malignant (462 deaths, SMR = 0.87, CI = 0.79 to 0.95), all benign (23 deaths, SMR =
0.65, CI = 0.41 to 0.98), and all unspecified (121 deaths, SMR = 0.79, CI = 0.65 to 0.94).
Not statistically significant excesses in deaths from all malignant brain neoplasms were found
among subjects who worked only at NH (49 deaths, SMR = 1.11, CI = 0.82 to 1.47) or partly
at NH (24 deaths, SMR = 1.04, CI = 0.67 to 1.55) compared with deficits in non-NH plant
groups. In the combined NH plant groups, we found not statistically significant higher risks of
malignant brain neoplasms for salaried workers, older hirves and the most recent time period, but
no assoctation with duration of employment or time since first employment. Gonclusions: Total
cohort mortality rates for malignant, benign or unspecified CNS neoplasms were not elevated
relative to the US and CT general populations. The malignant brain neoplasm excesses in
certain subgroups of workers from NH may reflect external occupational factors, nonoccupa-
tional factors or workplace factors unique to NH that were not measured in the current study.
We will explore reasons for the NH excesses and examine specific types of brain neoplasms (eg,
glioblastoma) in our companion cancer incidence, case—control and exposure assessment
studies. (J Occup Environ Med. 2008;50:1099—-1116)
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ratt & Whitney (P&W) Aircraft was
established in 1925 and became a
division of United Aircraft Corpora-
tion, the forerunner of United Tech-
nologies Corporation, in 1934 (P&W
Aircraft, 1966). Since that time
P&W has operated up to eight air-
craft engine manufacturing, assem-
bly and overhaul and repair plants
in Connecticut (CT). The CT plants
have operated over various time-
frames with the majority open from
the 1960s to the 1990s. Sufficient
data exist to determine operations
performed among the eight facilities
in space and time over the course of
the study period. The operations may
be broadly categorized as new part
production, assembly and overhaul
and repair. Many of the operations
occupied the same facility footprint
for the entire life of the operation
whereas other operations periodi-
cally moved based on the needs of
production efficiency or other fac-
tors. This distribution of operations
over time provides a contrast scheme
for future analyses based on a work-
er’s occupational history relative to a
particular plant or even a particular
process.

In May 2000, the CT Department
of Public Health (CTDPH) began an
investigation of a perceived increase
of brain cancer at the P&W engine
manufacturing plant in North Haven
(NH), CT. By August 2001, the CTDPH
investigation had identified several
cases of primary, malignant brain can-
cer, all of which were confirmed by the
CT Tumor Registry Program. All
cases occurred among white male
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workers, and most of the cases were a
common type (glioblastoma). A pre-
liminary comparative cancer incidence
analysis conducted by the CTDPH was
inconclusive, and the CTDPH recom-
mended that a more comprehensive
and rigorous investigation be under-
taken by an independent research
group.

In August 2001, at the recommen-
dation of the CTDPH and the Na-
tional Institute for Occupational
Safety and Health, two of the authors
(G.M. and N.E.) were asked by
P&W to evaluate the feasibility of
conducting a formal epidemiologic
investigation of the suspected brain
cancer excess. The feasibility study,
which included an evaluation of in-
formation assembled by P&W for
NH and five other central CT plant
sites (East Hartford, Middletown,
Rocky Hill, Southington-Aircraft
Road and Southington-Newell Street),
concluded that sufficient data were
available for these plants to warrant a
formal epidemiological investigation
and recommended that this include
two other P&W central CT plants
(Cheshire and Manchester Foundry).
Only three of these plants (East Hart-
ford, Middletown, and Cheshire) are
currently operating. The other plants
were closed and the operations con-
tained therein were transferred during
the years 1988 to 2002.

In July 2002, we began work on a
multipart epidemiology study. The
epidemiology and biostatistical com-
ponent of the study, conducted by the
University of Pittsburgh (UPitt), De-
partment of Biostatistics, includes
historical cohort mortality and cancer
incidence studies, a nested case—
control study of malignant and be-
nign neoplasms of the brain and
other central nervous system (CNS)
cancer sites (termed CNS neo-
plasms) and a genetics study based
on tissue specimens obtained from
cases of malignant brain neoplasms.
A companion exposure assessment
project, conducted independently by
the University of Illinois at Chicago
(UIC), Division of Environmental
and Occupational Health Sciences, is
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characterizing the historical work
practices and exposures that oc-
curred in each P&W study plant.
Ultimately, UPitt will link the work
history and exposure information to
examine the relationship between
mortality and incidence from CNS
neoplasms and the past working en-
vironments of the P&W study plants.

The only well-established associa-
tion between an environmental or
occupational exposure and the occur-
rence of CNS neoplasms is with
exposure to therapeutic doses of ion-
izing radiation.'™ Considering how
little is known about the etiology of
CNS neoplasms, no specific occupa-
tional factors at the NH or other
P&W study plants (ie, exposures to
specific agents or particular job as-
signments) have been implicated as
risk factors for the perceived brain
cancer excess. Thus, we considered
this epidemiological investigation as
exploratory in nature and did not
attempt to test any specific a priori
etiologic hypotheses.

We report here the results of our
first analysis of CNS neoplasms
from the historical cohort mortality
study. Our evaluation of total and
cause-specific mortality (excluding
CNS neoplasms) in this cohort is
reported elsewhere.* The main ob-
jective of the current analysis was to
determine definitively whether mor-
tality rates from CNS neoplasms
were elevated among the P&W
workforce. For selected categories of
CNS neoplasms with elevated mor-
tality rates, we also sought to identify
possible occupational associations
using the currently available data on
workplace factors.

Materials and Methods

Study Sites and Subjects

The study cohort includes all per-
sons ever employed for at least 1 day
at one or more of the eight study
plants from 1952 through 2001,
where 1952 is the start-up date of the
NH “index” plant. For the three
plants that started before 1952 (East
Hartford—1930, Manchester Foun-

dry—1943, and Southington Aircraft
Road—1943), the earliest cohort en-
try date is also 1952, thus persons
who terminated or died before 1952
were not included. For the remaining
plants the earliest cohort entry date is
the date of plant start-up (Middle-
town—1966, Southington Newell
Street—1967, Rocky Hill—1967,
and Cheshire—1990). From 1957 to
1965 the Middletown site was a gov-
ernment-owned nuclear research lab-
oratory, the CT Advanced Nuclear
Engineering Laboratory (CANEL),
operated by P&W. P&W acquired
the site in 1966 and began jet engine
production. Work histories were col-
lected for CANEL employees that
continued to hold P&W jobs in 1966.
After the acquisition, however, expo-
sures related to CANEL jobs were
not characterized because the activi-
ties do not truly correspond to those
in jet engine manufacturing and
work histories for employees who
did not transfer to P&W were un-
available. We collected work histo-
ries for employees known to have
transferred to P&W facilities in West
Palm Beach, FL, Berwick, ME, and
Columbus, GA to ensure that overall
work histories were complete.

Cohort Enumeration

We enumerated the study cohort
from multiple sources identified
through discussion with company
human resources personnel and ex-
haustive searches of the company’s
archives and facilities. Study-rele-
vant records were identified on mi-
crofilm (n = 100,000), from two
company-held human resource data-
bases (n = 80,000), from employee
work cards (n = 245,000), and in
hard copy personnel files (n =
315,000). Hard copy and work card
records were scanned; microfilm was
converted to a digitized form. Study
variables were then abstracted from
the digitized images; data abstraction
was verified by cross-checking ran-
dom samples of files. During the
course of our cohort enumeration, we
had as many as 266,667 unique po-
tential study participants in the co-
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hort but some of these were found
not to be eligible because they did
not meet the cohort entrance crite-
rion of working one or more days
from January 1, 1952 to December
31, 2001 (n = 32,570) or because
they never worked at one of the eight
CT study facilities (n = 10,203). We
have more than three million work
history entries for employees in our
final cohort.

Independent Validation of
Cohort Completeness

We conducted standard internal
checks of cohort completeness by
examining patterns in work history
characteristics relevant to record fil-
ing, eg, name, date of hire, and ter-
mination. With the help of archivists
from the University of CT’s Thomas
J. Dodd Research Center, a sample
of union employees was randomly
selected from the archived union
records as an external validation of
cohort completeness. Records such
as union membership and seniority
lists were available for four study
plants: Middletown, East Hartford,
NH, and Southington for the time
periods 1967 to 1977, 1975 to 1981,
1964 to 1980, and 1973 to 1979,
respectively. A plant and time period-
stratified random sample of union
employees selected from the lists and
cross-checked against the cohort file
revealed an acceptable missing rate
of only 1.7% (95% confidence inter-
val [CI] = 0.9% to 2.5%).

Vital Status Tracing and
Underlying and Contributory
Cause of Death Ascertainment

We used our standard two-stage
vital status tracing protocol to iden-
tify deaths among cohort members®
with unconfirmed vital status (not
known from company-held records
to be alive as of the study end date,
December 31, 2004). Phase 1 con-
sisted of sending all the names of
cohort members not known to be
alive to the Social Security Admin-
istration. The Social Security Adminis-
tration identifies living, unknown, and

deceased vital status. Subjects with
invalid social security numbers and
those who were assumed alive at 100
years old were classified as lost to
follow-up and person years were
stopped at date of termination.

Phase 2 consisted of sending sub-
jects identified as having died before
1979 to the health department of the
state of death to obtain a death cer-
tificate. Subjects identified as un-
known or deceased after 1978 were
sent to the National Death Index-
Plus to obtain the coded cause of
death. Death certificates were coded
to the underlying cause of death by a
National Center for Health Statistics
nosologist using the International
Classification of Diseases (ICD)
rules in effect at time of death. The
Appendix (available online at www.
joem.org) provides the special cause
of death categories and revision-
specific ICD codes used in our de-
tailed evaluation of mortality from
CNS neoplasms. Because of the lim-
ited amount of information available
regarding the etiology of brain can-
cer and the lack of specific a priori
hypotheses in this study, we evaluated
mortality from all CNS neoplasms
rather than limiting our evaluations to
brain cancer to ensure that we did not
overlook any important findings. We
were unable to identify specific histo-
logical types of CNS neoplasms, such
as glioblastoma, using ICD codes be-
cause these codes do not incorporate
histopathological information.

As part of our internal cohort rate
analysis, we also made an effort to
identify employees for whom CNS
neoplasms were a contributory,
rather than the underlying, cause of
death. We reviewed the National
Death Index output, which includes
codes for up to 20 contributory con-
ditions, for any mention of a CNS
neoplasm code (online Appendix).
We also manually scanned all death
certificates for any mention of a CNS
neoplasm. Every death certificate
with mention of CNS was sent to our
nosologist who then coded the death
certificate for contributory causes of
death using the ICD rules in effect at
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time of death. We added an addi-
tional 74 deaths from 1976 to 2004,
because of a contributory, rather than
underlying, cause of death from CNS
neoplasms.

Statistical Methods

External Mortality Comparisons.
We examined mortality from CNS
neoplasms during the years 1952 to
2004. Because the specificity of the
ICD codes for CNS neoplasms in-
creased across the 6th through 10th
revisions of the ICD covered by our
study, we evaluated four different
time-dependent groupings of CNS
neoplasms. We also limited our de-
tailed evaluation of CNS neoplasms
to the time period 1976 to 2004 to
account for the major advancements
in diagnostic specificity and sensitiv-
ity for brain cancer that began in the
mid-1970s with the advent of highly
accurate computed tomography
scanning, and continued in the 1980s
with the introduction of effective nu-
clear magnetic resonance scanning
technology. Parallel to these mile-
stones was the release of the first
ICD for specialized oncologic coding
(ICD-O) in 1976. Benign CNS neo-
plasms were not evaluated in detail
because of the small number of ob-
served deaths and the diversity of the
tumors in this category.

Cohort analyses were performed
using a modified life table procedure
from the Occupational Cohort Mor-
tality Program (OCMAP-Plus).°
Person-year counts began at the be-
ginning of the study period or date of
hire (whichever occurred later) and
continued until date of death or the
end of the study period. For workers
lost to follow-up, person-year counts
stopped at the last date of known
vital status, which was employment
termination date. Using the propor-
tional allocation module in OCMAP-
Plus, person-years and observed
deaths for subjects of unknown race
were assigned to white or non-white
categories in proportion to the factor-
specific distributions (ie, age group,
time period, sex, and plant group) of
study members with known race.
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The accuracy of the proportional al-
location module procedure has been
previously validated by a model-
based imputation procedure based on
the E-M algorithm.” The expectation
maximization [EM] algorithm is a
statistical tool that can be used for
estimating regression coefficients in
settings involving incomplete data.’
In the expectation [E] step, the ex-
pectation of the likelihood is com-
puted using the unobserved data as if
it were observed. In the maximiza-
tion [M] step, the maximum likeli-
hood estimates of the regression
model parameters are computed by max-
imizing the expected likelihood found
in the E step. The parameters com-
puted in the M step are then used in
the next E step. This process is re-
peated until convergence.

We computed expected numbers
of deaths based on both the US and
CT state standard population death
rates. County-specific rates were not
used in this analysis as the contigu-
ous counties surrounding all eight
study plants comprised seven of the
eight counties in CT. Population-
weighted CT state rates were obtained
from the Mortality and Population
Data System maintained by UPitt.®
Due to Mortality and Population
Data System data limitations (mor-
tality rates for all causes combined
and nonmalignant causes limited to
1962 to 2004), expected numbers of
deaths for these cause of death cate-
gories during the years 1952 to 1961
were based on standard rates for
1962 to 1964. Because the more
regional state death rates usually pro-
vide more valid external mortality
comparisons (as they help to adjust
for the social, cultural, and economic
factors related to disease) our analy-
sis of general mortality patterns fo-
cused primarily on the CT state
comparison.

Standardized Mortality Ratios
(SMRs) and their 95% CIs were
computed for all subjects combined
and by the study factors: sex, em-
ployment type (short-term [<1 year]
vs long-term [1+ years]), age group,
time period, age and year of hire,
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duration of employment (DOE), and
time since first employment (TSFE).
DOE was considered as a surrogate
measure of a subject’s overall expe-
rience or “exposure” in the working
environments of the study sites;
TSFE was used to account for the
combined induction and latency pe-
riods of chronic diseases, which for
some diseases, such as cancer, can
equal 20 or more years.” Using P&W
clock number data, we assigned a
static, non time-dependent ‘“payroll
type” to each study member as
hourly, salary or mixed. P&W as-
signed clock numbers to workers in a
systematic fashion at hire or when
switching from hourly to salary
work. This variable is used as a
surrogate measure of socioeconomic
status (SES) and, if warranted, to
control for potential confounding by
SES in some mortality comparisons.
Using currently available data, we
also created a “plant group” variable
to distinguish subjects who had ex-
clusive or partial employment at the
“index” NH plant from subjects
never employed at NH or whose
plant affiliation is currently not
known for all jobs (unspecified)
(mortality analyses of the P&W co-
hort are planned that will enable
stratification by each of the eight
study plants). Statistically significant
deviations of the SMRs below and
above 1.00 were identified using
Poisson probabilities.'”

Internal Mortality Comparisons
for CNS Neoplasms. We used rela-
tive risk (RR) regression modeling to
investigate the dependence of the
internal cohort mortality rates for
CNS neoplasms (modeled as time to
death) on each of the study factors
considered. The analysis was limited
to the diagnostically more reliable
1976 to 2004 time period and all
study factors were categorized a pri-
ori to parallel the descriptive SMR
analyses. For each CNS neoplasm
category considered, risk sets were
explicitly constructed from the co-
hort data file with age as the primary
time dimension, using the RISKSET
program module in OCMAP-Plus.®

Risk sets were matched further on
sex and on date of birth (£1 year) to
control for cohort effects. Multipli-
cative RR models of the form A\(t) =
No(t) exp{x(t)B} were fit to the inter-
nal cohort rates'""'? and the stratified
conditional logistic regression pro-
grams in STATA'" and LogXact'*
were used to estimate (3 from the
explicitly constructed risk sets. No
attempt was made to impute race for
subjects with unknown race. Study
factors were first considered sepa-
rately to identify patterns of univariate
associations with outcome variables
and possible sparse data problems.
Possible multistudy factor models
were then evaluated with a forward
stepwise approach to adjust for pos-
sible confounders. Effect modifica-
tion was assessed if warranted by the
main effects. We assessed the statis-
tical significance of each main effect
(expressed as a global P value) with
a likelihood ratio statistic and, for
relevant factors, also conducted a test
for linear trend (expressed as a trend
P value).

We conducted our internal mortal-
ity comparisons of CNS neoplasms
using two groupings of cause of
death codes: 1) those identified as
the underlying cause of death as used
in the external mortality analyses and
2) those identified as the underlying
or contributory cause of death. The
addition of deaths coded as contrib-
utory cause(s) helps to identify CNS
neoplasms associated with longer-
term survival (eg, certain benign
CNS neoplasms) and, as such, pro-
duces estimates of RRs that are
closer to those obtained in cancer
incidence studies that ascertain cases
via a cancer registry.'”> SMRs and
RRs based on small numbers of ob-
served or expected deaths were (and
should be) interpreted with appropri-
ate caution due to their relative im-
precision (ie, wide CIs). All tests on
SMRs and RRs were done at the 0.05
significance level and no formal ad-
justments were made for multiple
comparisons. Results were not strat-
ified by race because of the large
number of unknown values.
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Results

Characteristics of the
Study Cohort

The study cohort includes 223,894
subjects who contributed 7,713,434
person-years of observation during
the 1952 to 2004 study period
(Table 1). A total of 26,801 subjects
(940,820 person-years) worked ex-
clusively at the NH plant and 11,898
subjects (423,515 person-years)
spent part of their known work his-
tory at this plant. Males comprised
80% of the total cohort and race was
unknown for about 60% of all sub-
jects. In all plant groups, the largest
percentage of workers was hired be-
tween ages 20 and 24 and during the
years 1952 to 1969. Short-term
workers (<1 year) comprised 36.6%
of the total cohort and approximately
2/3 of the cohort worked for less than
5 years; however, a substantial num-
ber of workers in each plant group
were employed for 5 or more years
and followed for mortality for 20 or
more years. The only NH group had
the largest percentages of hourly
workers (91.0%), short-term workers
(57.1%), and non-white workers
(28.2% of those with known race)—
findings consistent with known em-
ployment patterns at NH. Table 1
also shows that we identified 68,701
subjects or 30.7% of the cohort as
deceased and that cause of death was
obtained for 65,272 or 95.0%. Only
2066 subjects, or 0.9% of the cohort,
were lost to follow-up. We were able
to confirm that 138,087 subjects or
61.6% of the cohort were alive as of
the study end date; the remainder
(6.8%) were assumed to be alive per
our vital status tracing protocol.

External Mortality Comparisons

For the total cohort during the
entire 1952 to 2004 study period,
Table 2 shows observed deaths and
SMRs for CNS neoplasms based on
both US and CT state death rates. We
observed statistically significant US
rate-based deficits in deaths from all
CNS neoplasms combined (606
deaths, SMR = 0.85, CI = 0.79 to

0.92), all malignant CNS neoplasms
(462 deaths, SMR = 0.83, CI = 0.75
to 0.90), and all benign CNS neo-
plasms (23 deaths, SMR = 0.56,
CI = 0.36 to 0.84). Similar findings
were observed based on the CT state
comparisons. A total of 121 deaths
were observed for all CNS neo-
plasms of unspecified nature or un-
certain or unknown behavior (termed
“unspecified”), yielding a not statis-
tically significant 9% excess in
deaths based on the US comparison
(SMR = 1.09, CI = 0.91 to 1.30)
and a statistically significant 21%
deficit in deaths based on the state
comparison (SMR = 0.79, CI = 0.65
to 0.94).

Observed deaths and state rate-
based SMRs for CNS neoplasms
during 1952 to 2004 are shown in
Table 3 by payroll type and plant
group. Hourly workers were associ-
ated with about 70% of the observed
deaths in all categories except benign
CNS neoplasms (52%). With the
exception of a not statistically signif-
icant 13% excess in benign CNS
neoplasms among salaried workers,
deficits in deaths were observed in
all categories examined and many
were statistically significant. By
plant group, 109 (18%) and 87 (18%)
of deaths from all CNS neoplasms
combined and all malignant CNS
neoplasms, respectively, occurred
among subjects who worked only or
partly at NH, compared with 9 or
39% of benign CNS neoplasms.
SMRs for all CNS neoplasms, all
malignant CNS neoplasms and un-
specified CNS neoplasms were be-
low or close to 1.00 in all plant
groups; most deficits in the never
NH and unspecified plant groups
were statistically significant. For all
benign CNS neoplasms, 1.34-fold
(five deaths, SMR = 1.34, CI = 0.43
to 3.12) and 2.03-fold (four deaths,
SMR = 2.03, CI = 0.55 to 5.21), not
statistically significant excesses in
deaths were observed for the only and
partially NH groups, respectively.

Table 4 shows, for the total cohort
and the four plant groups, observed
deaths and state rate-based SMRs for
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broad and detailed categories of CNS
neoplasms for four overlapping (all
end in 2004) time periods (online
Appendix). Categories including less
than two observed deaths for all sub-
groups are not shown. During the
diagnostically more accurate 1976 to
2004 (B) time period, malignant
brain cancer accounted for 381 or
96% of the 398 deaths from all ma-
lignant CNS neoplasms combined
(Table 4). During the 1979 to 2004
(C) period when the anatomical lo-
cation of the brain neoplasm was
first identifiable from ICD codes,
333 or 92% of the 362 deaths from
malignant brain neoplasms were still
unspecified as to site. Table 4 shows
that during 1976 to 2004, about one-
half of the 21 observed deaths from
benign CNS neoplasms in the total
cohort were located in the cerebral
meninges. Other sites included cra-
nial nerves,” pituitary gland and
craniopharyngeal duct® and part un-
specified.* Deaths from benign CNS
neoplasms not shown in Table 4
include one brain and one spinal
meninges. During 1976 to 2004, 98
or 91% of the 108 unspecified CNS
neoplasms occurred in the brain.
SMRs for unspecified CNS neo-
plasms were mostly less than 1.00
for all plant groups and time periods.

As shown in Table 4, among
workers with only NH employment
we observed elevated, not statisti-
cally significant SMRs for all malig-
nant CNS neoplasms (time periods
A-D) and malignant brain neo-
plasms (time periods B-D), which
were higher than those in the other
three plant groups that revealed
mostly deficits in deaths. The SMRs
for malignant brain cancer in the only
NH group increased across the time pe-
riods, culminating with the largest,
not statistically significant SMR in
the most recent 1999 to 2004 (D)
period (16 deaths, SMR = 1.37,
CI = 0.78 to 2.23). With the excep-
tion of the partially NH group in the
B and C time periods, the other plant
groups revealed deficits in malignant
brain cancer deaths; the values and
pattern of SMRs for the broader cat-
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TABLE 1
Distribution of Jet Engine Manufacturing Worker Cohort by Selected Study Factors and Plant Group*
Only North Haven Partially North Never North Haven

All Workers Plant Haven Plant Plant Unspecified
Study Factor N Percent N Percent N Percent N Percent N Percent
Persons (1952-2001) 223,894  100.0 26,801 100.0 11,898 100.0 153,130 100.0 32,065 100.0

Person-years (1952-2004) 7,713,434 100.0 940,820 100.0 423,515 100.0 5,124,857 100.0 1,224,242 100.0
Race-sex

Known race 89,196 39.8 7177 26.8 6005 50.5 65,592 42.8 10,422 32.5
White male 62,673 70.3 4219 58.8 4477 74.6 46,061 70.2 7916 76.0
Non-white male 6849 7.7 1354 18.9 546 9.1 4316 6.6 633 6.1
White female 16,067 18.0 934 13.0 720 12.0 12,868 19.6 1545 14.8
Non-white female 3607 4.0 670 9.3 262 4.4 2347 3.6 328 3.1

Unknown race 134,698 60.2 19,624 73.2 5893 49.5 87,538 57.2 21,643 67.5
Male 109,590 81.4 17,100 87.1 4726 80.2 71,500 81.7 16,264 751
Female 25,108 18.6 2524 12.9 1167 19.8 16,038 18.3 5379 24.9

Worker type
Short-term (<1 yr) 81,938 36.6 15,297 57.1 1257 10.6 60,447 39.5 4937 15.4
Long-term (1+ yr) 141,956 63.4 11,504 42.9 10,641 89.4 92,683 60.5 27,128 84.6
Payroll type

Salary 64,718 28.9 1786 6.7 4550 38.2 46,118 30.1 12,264 38.2

Hourly 146,693 65.5 24,399 91.0 5812 48.9 99,463 65.0 17,019 53.1

Mixed 12,483 5.6 616 2.3 1536 12.9 7549 4.9 2782 8.7

Vital status (December
31, 2004)

Alive 153,127 68.4 18,802 70.1 8316 69.9 105,475 68.9 20,534 64.0
Assumed 15,040 9.8 2164 11.5 494 5.9 10,516 10.0 1866 9.1
Confirmed 138,087 90.2 16,638 88.5 7822 941 94,959 90.0 18,668 90.9

Dead 68,701 30.7 7868 294 3486 29.3 46,092 30.1 11,255 35.1
Cause of death known 65,272 95.0 7594 96.5 3323 95.3 43,662 94.7 10,693 95.0
Cause of death 3429 5.0 274 3.5 163 4.7 2430 5.3 562 5.0

unknown

Not traced 2066 0.9 131 0.5 96 0.8 1563 1.0 276 0.9

Working status (December
31, 2001)

Active 15,913 7.1 565 2.1 2194 18.4 11,635 7.6 1519 4.7

Separated 204,661 91.4 25,932 96.8 9491 79.8 139,424 91.0 29,814 93.0

Died while employed 3320 1.5 304 1.1 213 1.8 2071 14 732 2.3

Age at hire

<20 yr 30,574 13.7 4875 18.2 1357 11.4 19,992 13.0 4350 13.6

20-24 83,560 37.3 10,025 374 4572 38.4 57,108 37.3 11,855 37.0

25-29 40,232 18.0 3973 14.8 2480 20.9 27,664 18.1 6155 19.0

30+ 69,528 31.0 7928 29.6 3489 29.3 48,366 31.6 9745 30.4

Year of hire

<1952 27,152 12.1 396 15 1433 12.0 18,507 12.1 6816 21.3

1952-1959 58,601 26.2 6597 24.6 4781 40.2 36,173 23.6 11,050 34.4

1960-1969 81,700 36.5 14,429 53.8 2599 21.8 55,083 36.0 9589 29.9

1970+ 56,441 252 5379 20.1 3085 26.0 43,367 28.3 4610 14.4

Duration of
employment (yr)

<1 81,938 36.6 15,297 57.1 1257 10.6 60,447 39.5 4937 15.4

1-4 61,302 27.4 6308 23.5 3048 25.6 42,564 27.8 9382 29.3

5-19 42,919 19.2 2951 11.0 3622 30.4 27,355 17.8 8991 28.0

20+ 37,735 16.8 2245 8.4 3971 334 22,764 14.9 8755 27.3

Time since first
employment (yr)

<20 32,610 14.6 2963 11.0 1948 16.4 25,158 16.4 2541 7.9
20-29 33,846 15.1 3591 13.4 1669 14.0 24,974 16.3 3612 11.3
30-39 80,074 35.8 12,403 46.3 2767 23.3 55,056 36.0 9848 30.7
40+ 77,364 34.5 7844 29.3 5514 46.3 47,942 31.3 16,064 50.1

*Only North Haven—plant known for all jobs in work history and all plants are North Haven. Partially North Haven—at least one of known
plants is North Haven; plant may not be known for all jobs in work history. Never North Haven—plant known for all jobs in work history and
none of plants is North Haven. Unspecified—plant not known for all jobs in work history and none of plants is North Haven.
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TABLE 2
Jet Engine Manufacturing Worker Cohort Observed Deaths and SMRs for Selected Causes of Death, United States and
Connecticut State Comparisons, All Workers, 1952-2004

United States Connecticut

Cause of Death? Observed SMR 95% ClI SMR 95% ClI
All central nervous system (CNS) neoplasms 606 0.85** 0.79-0.92 0.84** 0.78-0.91
Malignant CNS neoplasms 462 0.83* 0.75-0.90 0.87** 0.79-0.95
Benign CNS neoplasms 23 0.56™* 0.36-0.84 0.65* 0.41-0.98
Unspecified CNS neoplasms 121 1.09 0.91-1.30 0.79* 0.65-0.94
*P < 0.05.
*P < 0.01.

2See online Appendix for listing of corresponding ICD codes by ICD revision.

TABLE 3
Jet Engine Manufacturing Worker Cohort Observed Deaths and SMRs for Central Nervous System Neoplasms, Connecticut

State Comparison, All Workers, 1952-2004, by Payroll Type and Plant Group

Payroll Type
Salary Hourly Mixed
Cause of Death?® Observed SMR (95% CI) Observed SMR (95% CI) Observed SMR (95% CI)
All central nervous 152 0.88 (0.75-1.04) 420 0.84** (0.76-.0.92) 34 0.72 (0.50-1.01)
system (CNS)
neoplasms
Malignant CNS 119 0.92 (0.77-1.11) 319 0.87* (0.78-0.97) 24 0.69 (0.44-1.11)
neoplasms
Benign CNS neoplasms 9 1.13 (0.52-2.15) 12 0.47** (0.24-0.82) 2 0.96 (0.12-3.45)
Unspecified CNS 24 0.68 (0.44-1.11) 89 0.82 (0.66-1.01) 8 0.81 (0.35-1.59)
neoplasms
Plant Group
Only North Haven Partially North Haven Never North Haven Unspecified Plant
Observed SMR (95% CIl) Observed SMR (95% CIl) Observed SMR (95% ClI) Observed SMR (95 % CI)
All central nervous 71 0.93 (0.73-1.18) 38 0.91 (0.64-1.25) 401 0.84** (0.76-0.93) 96 0.76** (0.62-0.93)
system (CNS)
neoplasms
Malignant CNS 57 1.01 (0.77-1.31) 30 0.97 (0.66-1.39) 306 0.87* (0.77-0.97) 69 0.75* (0.59-0.95)
neoplasms
Benign CNS neoplasms 5 1.34 (0.43-3.12) 4 2.03 (0.55-5.21) 9 0.39*(0.18-0.74) 5 0.76 (0.25-1.78)
Unspecified CNS 9 0.56 (0.26-1.07) 4 0.45 (0.12-1.15) 86 0.85 (0.68-1.04) 22 0.81 (0.51-1.22)
neoplasms
*P < 0.05.
**P < 0.01.

2See online Appendix for listing of corresponding ICD codes by ICD revision.

egory “all malignant CNS neo-
plasms” were similar. Table 4 shows
that, in the only and partially NH
plant groups, not statistically signif-
icant excesses were found for benign
CNS neoplasms based on small num-
bers of deaths (time periods A-C);
the never NH and unspecified plant
groups showed mainly deficits in the
benign CNS categories.

Table 5 shows observed deaths
and state rate-based SMRs during

1976 to 2004 for malignant brain
neoplasms according to plant group
and several selected study factors.
For many study factors, SMR pat-
terns for malignant brain neoplasms
were consistent between subjects
who worked only or partly at the NH
plant, eg, excesses in male workers
compared with deficits in females;
excesses in salaried workers com-
pared with mostly deficits in the
hourly or mixed groups; excesses

among workers aged 75 to 84 years
(only NH plant group, 10 deaths,
SMR = 2.18, CI = 1.05 to 4.02,
statistically significant) compared
with smaller excesses or deficits in
younger workers; excesses during
the last decade of follow-up (1995 to
2004) compared with mostly deficits
in earlier periods (eg, only NH plant
group: 1995 to 2004, 28 deaths,
SMR = 1.50, CI = 0.99 to 2.16);
excesses for workers hired in 1960 or
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later compared with hires earlier than
1960, excesses for subjects em-
ployed 20 or more years or followed
30 or more years (partially NH plant
group: workers followed 30 to 39
years, 16 deaths, SMR = 1.90, CI =
1.09 to 3.09, statistically significant).
Factor-specific SMRs were generally
lower for subjects in the never NH
and unspecified plant groups and no
remarkable patterns in SMRs were
evident.

Because of the uncertain nature of
the tumors in the unspecified CNS
neoplasm category, results for the
detailed analyses are not shown. We
combined subjects in the only and

Mortality Among Jet Engine Manufacturing Workers + Marsh et al

partially NH groups to form an “ever
NH” group due to smaller numbers
of observed deaths in these catego-
ries. No remarkable patterns or
trends in SMRs were apparent across
plant groups or by any study factors
within the plant groups. Several
excesses in deaths occurred sporadi-
cally across the study factors exam-
ined, but many were based on small
numbers of deaths and none was
statistically significant.

Internal Mortality Comparisons

Table 6 shows RR regression
models relating internal cohort rates
for malignant brain neoplasms to se-

lected study factors based on both
underlying codes and underlying
plus contributory (u+c) cause of
death codes. Here, all workers are
combined and the plant group vari-
able is used to compare rates by plant
group. We did not attempt to impute
race in the internal comparisons due
to the large number of unknown
values (we repeated key internal
comparisons assuming all subjects
with unknown race were white, ie,
white subjects only, and results were
not materially different from those
based on known whites. This was a
reasonable assumption given that
only 22 of 381 [5.8%] malignant

TABLE 6

Jet Engine Manufacturing Worker Cohort Observed Deaths and Relative Risks® (RR) for Malignant Brain Neoplasms, All
Workers, 19762004, by Selected Study Factors and Cause of Death Coding Scheme

Underlying Cause Only (n = 381)

Underlying + Contributory Cause (n = 406)

Study Factor Deaths Noncases® RR (95% CI) P* Deaths Noncases® RR (95% CI) P*
Plant group 0.695 0.560
Never North Haven 251 1,194,012 1.00 271 1,269,335 1.00
Only North Haven 49 250,249 1.06 (0.78-1.45) 51 263,745 1.03 (0.76-1.39)
Partially North Haven 24 102,556 1.09 (0.72-1.66) 25 109,770 1.05 (0.69-1.58)
Unspecified plant 57 289,447 0.87 (0.65-1.16) 59 308,787 0.84 (0.63-1.11)
Worker type 0.251 0.092
Short-term (<1 yr) 145 752,967 1.00 159 795,548 1.00
Long-term (1+ yr) 236 1,083,297 0.88 (0.71-1.09) 247 1,156,089 0.84 (0.68-1.03)
Payroll type 0.580 0.508
Salary 99 408,426 1.00 104 435,207 1.00
Hourly 260 1,307,479 0.91 (0.72-1.15) 280 1,387,797 0.93 (0.74-1.18)
Mixed 22 120,359 0.80 (0.50-1.28) 22 128,633 0.77 (0.48-1.22)
Age at hire 0.633 0.513
<20 yr 38 209,527 1.00 40 219,140 1.00
20-24 112 762,678 0.77 (0.52-1.14) 116 800,909 0.77 (0.52-1.13)
25-29 82 412,204 0.85(0.56-1.30) 91 444,936 0.90 (0.59-1.35)
30+ 149 451,855 0.85(0.55-1.32) 159 486,652 0.87 (0.57-1.32)
Year of hire 0.684 0.818
<1960 208 785,605 1.00 224 846,046 1.00
1960+ 173 1,050,659 1.06 (0.82-1.37) 182 1,105,591  1.03 (0.80-1.32)
Duration of 0.363 (0.312) 0.147 (0.146)
employment (yr)
<1 145 752,967 1.00 159 795,548 1.00
1-4 85 469,737 0.84 (0.64-1.11) 88 499,042 0.80 (0.61-1.03)
5-19 79 279,013 1.01 (0.76-1.34) 84 297,987 0.98 (0.74-1.28)
20+ 72 334,547 0.82 (0.61-1.10) 75 359,060 0.77 (0.58-1.02)
Time since first 0.890 (0.470) 0.905 (0.680)
employment (yr)
<20 43 236,292 1.00 44 247,188 1.00
20-29 102 527,533 1.01 (0.66-1.52) 107 565,013 1.03 (0.68-1.54)
30-39 142 737,172  0.92 (0.59-1.43) 156 778,883 1.03 (0.67-1.58)
40+ 94 335,267 0.86 (0.52-1.43) 99 360,553 0.91 (0.56-1.50)

*P: global, (trend).

?Risk sets were matched on exact age, gender, and date of birth (using a 1 yr caliper).
PThe number of persons in decedents’ risk sets used in calculation of RR.
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brain neoplasms were known or es-
timated as non-white in the SMR
analysis [Table 5]). The factors age,
time, and sex were matched in the
risk sets. Contributory cause of death
codes added 25 malignant brain neo-
plasm deaths to this analysis. For
most study factors, results based on
the two coding schemes were simi-
lar. For malignant brain neoplasms,
none of the study factors considered
was a statistically significant predic-
tor of mortality risk, and there was
no evidence that RRs increased with
increasing DOE or TSFE. RRs for
the only NH and partially NH plant
groups were elevated relative to the
baseline never NH plant group
(utc—only NH [51 deaths, RR =
1.03, CI = 0.76 to 1.39], partially
NH [25 deaths, RR = 1.05, CI =
0.69 to 1.58]). Long-term workers
had lower mortality risks compared
with the short-term worker baseline

group (u+c—?247 deaths, RR =
0.84, CI = 0.68 to 1.03) and hourly
and mixed workers had lower risks
than the baseline salaried workers
(utc, hourly—280 deaths, RR =
0.93, CI = 0.74 to 1.18; mixed—22
deaths RR = 0.77, CI = 0.48 to
1.22).

Contributory cause of death codes
added 19 deaths to the analysis of
unspecified brain neoplasms (data
not shown). None of the study fac-
tors considered was a statistically
significant predictor of mortality risk
and there was no evidence that RRs
increased with increasing DOE or
TSFE. Mortality risks were lower
among workers in the only and par-
tially NH group compared with the
never NH baseline plant group
(utc—only NH [10 deaths, RR =
0.71, CI = 0.37 to 1.38], partially
NH [5 deaths, RR = 0.71, CI =
0.29 to 1.75]). RRs for long-term
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workers were slightly higher than
short-term, but not statistically sig-
nificant (u+c—80 deaths, RR =
1.05, CI = 0.70 to 1.56). RRs were
higher among hourly and mixed
workers compared with salaried
workers, but the excesses were not
statistically significant (u+c—
hourly [86 deaths, RR = 1.29, CI =
0.81 to 2.06], mixed [7 deaths,
RR = 1.06, CI = 0.45 to 2.47]).
Additional internal analyses of all
workers (results not shown) using
1970 as the cut point for year of hire
(corresponding roughly pre-post
OSHA eras) produced similar re-
sults. Restricting the analysis to
workers with five or more years of
employment and 20 years or more
since first employment produced
similar results for plant group,
worker type and payroll type and
only slight increases in RRs for the

TABLE 7

Jet Engine Manufacturing Worker Cohort Observed Deaths and Relative Risks® (RR) for Malignant Brain Neoplasms, Ever
North Haven Workers, 1976-2004, by Selected Study Factors and Cause of Death Coding Scheme

Underlying Cause Only

Underlying + Contributory Cause

Study Factor Deaths SMR (95% Cl) Noncases® RR (95% Cl) P* Deaths Noncases® RR (95% ClI) P*
Worker type 0.847 0.897
Short-term (<1 yr) 30 1.11 (0.75-1.59) 169,499 1.00 31 178,099 1.00
Long-term (1+ yr) 43 1.07 (0.77-1.44) 183,306  0.95 (0.59-1.55) 45 195,416  0.97 (0.60-1.56)
Payroll type 0.175 0.220
Salary 17 1.49 (0.87-2.39) 51,756 1.00 17 55,189 1.00
Hourly 53 1.04 (0.78-1.35) 280,803 0.61 (0.35-1.06) 56 296,670 0.64 (0.37-1.12)
Mixed 3 0.68 (0.14-1.99) 20,246 0.43 (0.13-1.48) 3 21,656 0.44 (0.13-1.50)
Age at hire (yr) 0.602 0.339
<25 25 0.86 (0.56-1.28) 202,618 1.00 25 211,318 1.00
25-29 16 1.19 (0.68-1.94) 71,124 1.45 (0.71-2.99) 18 77,008 1.69 (0.85-3.38)
30+ 32 1.22 (0.83-1.72) 79,063 1.22 (0.54-2.78) 33 85,189 1.33 (0.59-2.99)
Year of hire 0.370 0.335
<1960 36 1.03 (0.72-1.42) 135,400 1.00 37 145,384 1.00
1960+ 37 1.13(0.80-1.56) 217,405 1.30(0.74-2.27) 39 228,131 1.31(0.76-2.27)
Duration of 0.762 (0.697) 0.634 (0.574)
employment (yr)
<1 30 1.11 (0.75-1.59) 169,499 1.00 31 178,099 1.00
1-4 13 0.85 (0.44-1.45) 81,795  0.76 (0.40-1.47) 13 86,732 0.74 (0.38-1.42)
5-19 14 1.11 (0.61-1.86) 46,806 1.07 (0.55-2.08) 15 50,023 1.12 (0.58-2.13)
20+ 16 1.30 (0.74-2.11) 54,705 1.10 (0.59-2.06) 17 58,661 1.14 (0.62-2.11)
Time since 0.820 (0.415) 0.729 (0.363)
first employment (yr)
<20 6 0.68 (0.25-1.48) 44172 1.00 6 46,093 1.00
20-29 17 0.91 (0.53-1.46) 103,885 0.91 (0.33-2.49) 17 111,092 0.91 (0.33-2.50)
30-39 34 1.36 (0.94-1.91) 149,125  0.86 (0.29-2.52) 36 156,457  0.88 (0.30-2.58)
40+ 16 1.07 (0.61-1.73) 55,623  0.63(0.19-2.12) 17 59,873  0.61(0.18-2.02)

*P: global, (trend).
?Risk sets were matched on exact age, gender, and date of birth (using a 1 yr caliper).
PThe number of persons in decedents’ risk sets used in calculation of RR.



1110

25+ age of hire groups and year of
hire 1960+.

Table 7 shows RR models based
on both cause of death coding
schemes for malignant brain neo-
plasms for workers from the only
and partially NH groups combined as
“ever NH.” Corresponding SMRs
based on underlying cause are also
shown. Some study factor categories
were combined due to small numbers
of deaths. For most study factors,
results based on the two coding
schemes were similar. Internal com-
parisons revealed that none of the
study factors considered was a statis-
tically significant predictor of mor-
tality risk for malignant brain
neoplasms and we observed no evi-
dence of an increasing trend in RRs
with increasing DOE or TSFE. The
not statistically significant excesses
among only and partially NH workers
during 1976 to 2004 noted in Table 4
are associated mainly with salaried
workers (17 deaths, SMR = 1.49,
CI = 0.87 to 2.39) and both short-term
(30 deaths, SMR = 1.11,CI = 0.75 to
1.59) and long-term (43 deaths,
SMR = 1.07, CI = 0.77 to 1.44)
workers. Mortality risks were elevated
but not statistically significant among
workers hired on or after 1960 com-
pared with those hired before 1960 and
for workers hired at ages 25 to 29
(u+c—18 deaths, RR = 1.69, CI =
0.85 to 3.38) and 30 or more years old
(u+c—33 deaths, RR = 1.33, CI =
0.59 to 2.99). Not statistically signifi-
cantly elevated RRs were observed for
workers with 5 to 19 years of employ-
ment (15 deaths, RR = 1.12, CI =
0.58 to 2.13) and 20 or more years of
employment (17 deaths, RR = 1.14,
CI = 0.62 to 2.11) based on underly-
ing and contributory causes combined.

For unspecified brain neoplasms
(results not shown), internal compar-
isons found only one factor, TSFE,
was a statistically significant predic-
tor of mortality risk based on u+c
causes (global P value = 0.049) and
a marginally statistically significant
predictor based on underlying codes
only (global P value = 0.065). These
main effects were driven by rela-
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tively large, but imprecise, 10.39-
fold (underlying cause only—4
deaths, CI = 0.70 to 175.8) and
7.04-fold (u+c—>5 deaths, CI = 0.60
to 77.9) elevations in RRs for sub-
jects followed 40 or more years from
first employment, giving rise to a
nearly statistically significant trend
in RRs (trend P = 0.053) based on
underlying causes (a review of the
risk sets involved in these results
revealed a highly skewed distribu-
tion of latency periods among the
non-cases in the risk sets. Of the
eleven risk sets, two had no non-
cases and seven had very small num-
bers of non-cases in the 40+ latency
category giving rise to large, impre-
cise estimates). Mortality risks were
lower among long-term workers com-
pared with short-term workers
(u+c—8 deaths, RR = 0.72, CI =
0.22 to 2.40) and hourly and mixed
workers compared with salaried work-
ers (u+c, hourly—I11 deaths, RR =
0.85, CI = 0.22 to 4.78). None of the
study factors considered was a statisti-
cally significant predictor of mortality
risk nor was there any evidence of a
trend in DOE or TSFE in separate
internal analyses of the never NH and
unspecified plant groups (results not
shown).

Discussion

We found that during the entire
1952 to 2004 study period, the total
cohort of P&W employees had fewer
than expected deaths from all CNS
neoplasms combined based on exter-
nal comparisons with the general
populations of the US and the State
of CT. Except for a slight 9% excess
in deaths from unspecified CNS neo-
plasms based on the US comparison,
we found the same pattern of statis-
tically significant overall deficits in
deaths for the three major subcatego-
ries of CNS neoplasms: all malig-
nant, all benign, and unspecified.
Further analyses involved external
and internal mortality comparisons
of more detailed categories of CNS
neoplasms during diagnostically
more accurate time periods and by
several demographic and work his-

tory factors. We relied more heavily
on the internal comparisons to assess
possible workplace associations as
these afforded better control for po-
tential selection and confounding bi-
ases related to the healthy worker
effect and socioeconomic or other
differences between the P&W work-
force and the general population.
The etiology of CNS neoplasms
remains enigmatic and largely un-
known. The increase in incidence
and mortality rates in recent decades
was initially thought by some to
suggest the effect of an environmen-
tal exposure, but this now appears to
be largely an artifact of improved
diagnoses.”*'®!'” Certain inherited
syndromes, such as tuberous sclero-
sis, can predispose persons to the
development of brain tumors, but
this factor accounts for less than 5%
of cases.”® A number of occupa-
tional epidemiology studies have re-
ported elevated brain cancer risks for
workers in certain industries. Al-
though some studies have suggested
that electrical and electric utility
workers may be at a slightly in-
creased risk of brain cancer, these
studies have important limitations,
such as exposure misclassification
and a lack of dose-response relation-
ships.'® Recent reports have pro-
posed a link between occupational
exposure to lead and brain cancer
risk,'>?° but these findings need to
be interpreted cautiously because of
limitations in the exposure assess-
ment. There is also some evidence
that farmers, petrochemical workers
and meat cutters have an increased
risk of glioma,?'* but much of the
information is from case—control
rather than cohort studies.” In addi-
tion, a number of specific risk factors
have been hypothesized, including
organic solvents, lubricating oils,
acrylonitrile, vinyl chloride, formal-
dehyde, polycyclic aromatic hydro-
carbons, and N-nitroso and phenolic
compounds.'* However, none of
these suggested associations has
been well established. Therapeutic
ionizing radiation, such as ionizing
radiation used to treat tinea capitis,
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has been shown to be strongly asso-
ciated with brain tumors, especially
when the exposure occurs as a
child."**°7*7 The effect is most
strongly associated with nerve sheath
tumors but also with meningiomas
and, to a lesser extent, gliomas.'=%~"
Diagnostic radiation techniques, such
as dental radiographs, have not shown
an association with increased risk of
glioma."*>

Unusual occurrences of brain can-
cer have been investigated in other
occupational settings and these may
provide some insights into the rea-
sons for the excesses noted in the
P&W cohort. For example, epidemi-
ologic studies of petroleum workers,
many initiated as a result of a brain
cancer cluster in a plant in Texas,
have found elevated risk of brain
cancer.”*>>7 One study found sta-
tistically significantly elevated risks
for hourly employees®’ but was not
able to conclusively identify any
associations to suspected chemical
carcinogens. To date, no specific car-
cinogen has been implicated in the
observed elevated risks. Vinyl chlo-
ride has also been studied exten-
sively in occupationally-exposed
populations after findings that vinyl
chloride exposure induced brain
tumors in animals. Nevertheless, al-
though some studies have found ele-
vated risks for brain cancer’®~*!
others have found no significantly
increased risk in these workers.*>~*°

Another cancer cluster investiga-
tion evaluated brain cancer incidence
among workers at a petrochemical
research facility in Illinois.**~*° The
investigators found a statistically
significant excess in brain cancer
incidence, which they were able to
restrict to white males who had
worked in one building. No associa-
tion with carcinogenic exposures
was identified, although they did
identify an association between cases
and potential exposure to ionizing
radiation and n-hexane. The authors
concluded that the ionizing radiation
exposure was of “doubtful biologic
significance™ and that epidemio-
logic and toxicologic evidence were

inconclusive regarding n-hexane as a
neurocarcinogen. A mortality study
of this same cohort found no eleva-
tions in brain cancer deaths with
follow-up through 1996 (1 death of
1.8 expected in the research faci-
lity).>® Nevertheless, the authors
were aware of three brain cancer
deaths that occurred in 1997 and two
that occurred in early 1998. Compre-
hensive identification of deaths was
not possible for the entire cohort
through 1997 (at the time of the
manuscript) but the authors prelimi-
narily estimated that they would find
a 2-fold excess through 1997 and
potentially higher than that through
1998.>°

Malignant Brain Neoplasms

In the current study, malignant
brain neoplasms comprised 96% of
all malignant CNS neoplasms, so
mortality patterns for these two cat-
egories were similar. Thus, detailed
analyses focused on malignant brain
neoplasms during the diagnostically
more accurate 1976 to 2004 period.
This cause of death category in-
cludes deaths from glioblastoma, al-
though these cannot be identified
with the mortality data used in the
current analysis. External mortality
comparisons revealed not statisti-
cally significant excesses in deaths
from malignant brain neoplasms for
subjects who worked only or partly
at the index NH plant compared with
deficits in deaths for subjects in the
never NH and unspecified plant
groups, where mortality patterns were
essentially unremarkable. Within the
NH plant groups, the excesses concen-
trated among salaried workers, work-
ers hired at older ages, older subjects
and the recent time periods. We did not
observe elevated risks for salaried or
older workers or in later time periods
in the never NH and unspecified plant
groups.

Our observation of a statistically
significant 2.18-fold excess among
only NH workers at risk between 75
and 84 years of age raises the possi-
bility of age-related diagnostic sensi-
tivity bias, considering the small
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overall excess (SMR = 1.01 for
1952 to 2004) and lack of association
with the usual work-related factors
such as DOE and TSFE in the inter-
nal cohort analyses. Researchers
found increased use of computed to-
mography scans on the elderly 75 to
84 and 85 or more years of age’'~*
from 1986 to 1994 and this may
reflect an effort by physicians to use
more aggressive diagnostic testing
for neurologic symptoms in the el-
derly. The larger excesses found
among only NH workers in the more
recent calendar time periods may not
be an indication of a possible work-
place association, as there was no
evidence of an association with the
time-correlated workplace factors
such as DOE and TSFE in our inter-
nal comparisons. Nevertheless, the
observation of a near-statistically
significant 50% excess in deaths
among only NH workers for all pay
types combined during the last de-
cade of the 53-year observation pe-
riod (1995 to 2004) and the excesses
at the highest levels of DOE and
TSFE may reflect risks not identifi-
able with currently available data on
workplace factors; more definitive
evaluations of potential work-related
risks will be conducted in subsequent
analyses.

The larger excesses among sala-
ried NH workers may be explained,
at least partly, by SES differences
between these workers and the gen-
eral US and CT populations. Some
researchers have found a strong pos-
itive relationship between SES and
risk of brain tumors,”™>> although
the positive relationship may exist
for some, but not all, subgroups of
the population. Although there is a
trend of increasing incidence with
increasing social class, the trend ap-
pears to hold only for white males."
White females show a clear trend
only for nerve sheath tumors; trends
for gliomas and meningiomas are
less evident. Nevertheless, studies of
white-collar petrochemical workers
have found brain cancer mortality
rates at or slightly below those of the
general population.?-*”
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The results of our internal cohort
rate comparisons based on all work-
ers were generally consistent with
the results of the external compari-
sons. We found that mortality risks
from malignant brain neoplasms
were higher among workers from the
only and partially NH plant groups
compared with never NH baseline,
among short-term (less than 1 year
employment) compared with long-
term workers and among salaried
workers compared with hourly or
mixed workers. We also found no
evidence that mortality risks were
related to general workplace factors,
such as increasing levels of DOE or
TSFE. The somewhat smaller mor-
tality risk differential noted for plant
group in the internal comparisons
(Table 6—underlying cause only)
compared with the external compar-
isons (Table 5) most likely reflect the
underlying homogeneity of the inter-
nal comparison groups that helps to
control for certain selection or con-
founding biases associated with ex-
ternal comparisons (eg, the healthy
worker effect).

Our internal comparisons of com-
bined workers from the only and
partially NH plant groups (“ever
NH”) also found a higher risk of
malignant brain neoplasms for sala-
ried workers, but here the difference
between hourly and salary workers
was larger, possibly reflecting for
NH workers a more pronounced dif-
ferential between hourly and salary
workers in SES or other correlated
occupational or nonoccupational fac-
tors. For the “ever NH” plant group,
we also observed higher risks among
workers hired at older ages and in the
more recent 1960 to 2001 period.
Mortality risks were not associated
with DOE or TSFE. Although the
findings for salaried workers may be
explained by SES or other correlated
occupational or nonoccupational fac-
tors, the findings in the “ever NH”
group for older and later hires, in
contrast to the absence of an associ-
ation with DOE or TSFE, suggests
the role of other employment or non-
occupational factors. It may also re-
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flect a “diagnostic sensitivity bias”
wherein people with access to qual-
ity medical care have more thorough
medical evaluations and, thus, a
greater likelihood of a tumor being
identified.®

With the currently available data
on workplace factors, we cannot
evaluate further the questions of why
the elevated risks for malignant brain
neoplasms are limited to the only and
partially NH plant groups, or why the
patterns of risk by payroll type, age
and time period were limited to the
NH workers. For example, compared
with the other plant groups, only NH,
in particular, had the smallest per-
centage of salaried workers (6.7%)
and the largest excess among salaried
workers, although this was measured
imprecisely from a small number of
deaths (5 deaths, SMR = 1.91, CI =
0.62 to 4.46). These findings may
reflect external occupational factors,
nonoccupational factors or work-
place factors unique to the NH plant
that were not measured in the current
study. Other explanations for the ex-
cesses noted are not possible without
the exposure assessment information
under development by UIC and the
supplemental information being col-
lected in the cancer incidence and
case-control studies.

Benign CNS Neoplasms

Less is known about the causes of
benign CNS tumors than about ma-
lignant tumors, although radiation
exposure is thought to be associa-
ted.">>” Some studies have sug-
gested that exposure to exogenous
female sex hormones may increase
the risk of meningioma, which is
twice as common in women than
men,>® but we did not see an in-
creased risk among women in this
cohort. In contrast to gliomas, previ-
ous head injuries have also shown
some association with the risk of
meningioma.'>"?® Occupational
studies have typically focused on
gliomas or have not differentiated
between types of CNS tumors. Nev-
ertheless, some association has been
seen with meningioma among per-

sons exposed to petroleum prod-
ucts.”” The prevalence of clinically
silent meningiomas has been reported
to be as high as 2800 of 100,000°" in a
cohort of older women given MRIs.
The increase seen in this study could
be a result of detection bias given the
brain cancer concern among cohort
members; this possibility will be in-
vestigated further in the case—control
study.

In the current study, results for
benign CNS neoplasms, which were
limited to external comparisons and
the study factors plant group, payroll
type and calendar time, were difficult
to interpret reliably and meaning-
fully due to the small total number of
observed deaths (observed = 23) and
diversity of the neoplasms included
in this broad category. Only one
benign brain neoplasm death was
observed among the total study pop-
ulation. Similar to our findings for
malignant brain neoplasms we ob-
served elevated, but not statistically
significant, mortality risks for benign
CNS neoplasms among workers
from the only and partially NH plant
groups and among salaried workers.
As with malignant brain neoplasms,
possible SES differences may ex-
plain at least part of the excess ob-
served among all salaried workers,
but the reasons for the overall excesses
that were observed only in NH work-
ers remain unknown.

CNS Neoplasms of Unspecified
Nature or Uncertain or
Unknown Behavior

Results from this category of CNS
neoplasms were also difficult to in-
terpret because of the unspecified
nature or uncertain or unknown be-
havior of the associated tumors. That
is, an unknown number of these neo-
plasms actually belong to the malig-
nant CNS neoplasms (or malignant
brain) category or the benign CNS
neoplasm category. Nevertheless, we
conducted a sensitivity analysis that
proportionally allocated unspecified
CNS neoplasms as malignant or be-
nign and this did not materially
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change the results in any category.
With these limitations notwithstand-
ing, we did not find a pattern of
overall higher mortality rates from
unspecified brain neoplasms by
study plant group, among subjects
who worked only or partially at NH,
and patterns in mortality risks by
other factors were generally unre-
markable in external and internal
analyses of the total cohort. Our
isolated finding of a statistically sig-
nificant association with TSFE in the
internal comparisons of the ever NH
plant group appeared to be a statisti-
cal artifact stemming from a highly
skewed distribution of latency peri-
ods for non-cases within the corre-
sponding risk sets.

Interpretational Considerations

The interpretation of the observed
mortality excesses for malignant
brain neoplasms and benign CNS
neoplasms at NH is complicated by
the fact that the index cases that
prompted this study arose in this
plant. Nevertheless, the number of
index cases (mostly glioblastoma)
was small relative to the total num-
ber of malignant CNS or brain neo-
plasms identified in this study, and
our systematic and comprehensive
case ascertainment and cohort enu-
meration obviated the ascertainment
bias that can arise in extended eval-
uations driven by index cases.”®"*°
Further, the index cases were mainly
of a specific histological type, glio-
blastoma, and because of death cod-
ing limitations, an evaluation of the
risk from this particular neoplasm is
only possible in the companion can-
cer incidence and nested case-control
analyses. It is possible that an envi-
ronmental exposure-based increased
risk for malignant brain neoplasms is
relevant only to a specific histologi-
cal type, or even a specific molecular
subgroup within a larger histological
type. For example, mechanisms af-
fecting p53 function would be rele-
vant to low grade astrocytomas, a
subset of anaplastic astrocytomas,
and not the group of glioblastomas
that develop de novo.

The results of this cohort mortality
study must be interpreted with con-
sideration given to the exploratory,
hypothesis generating nature of the
statistical analysis. While the overall
investigation began in response to an
unusual occurrence of glioblastomas
at the NH facility, we did not attempt
to test any specific a priori hypothe-
ses about the etiology of the brain
tumors observed in this study cohort.
To minimize false positive results
stemming from the multiple statistical
comparisons inherent in exploratory
analyses, we examined a relatively
small number of available study fac-
tors and limited the number of corre-
sponding subcategories. Study factors
were categorized a priori to the extent
possible and re-categorized only to
evenly distribute or ensure sufficient
numbers of observed deaths used in
risk estimate calculations. Despite
these precautions, the likelihood re-
mains that some comparisons were
deemed statistically significant by
chance factors alone.

Although large size and high sta-
tistical power are major strengths of
this study, many very small excesses
or deficits were detected as being
statistically significant. Recognizing
that very small excesses or deficits
derived from observational epidemi-
ology studies may not be meaningful
indicators of the presence or absence
of mortality risks, we placed little
importance on statistical significance
in these situations and focused pri-
marily on the magnitude, patterns
and consistency of our risk estimates
across the subgroups of the study
population examined. Despite the
large overall size of the study, we
observed relatively small numbers of
deaths in some categories of the rarer
forms of CNS neoplasms examined,
such as benign CNS neoplasms, re-
sulting in low precision in estimating
mortality risks via SMRs or RRs and
low statistical power to detect possi-
bly important mortality excesses.

The current analysis has other
important limitations. Because of
ongoing efforts to finalize the work
histories and exposure assessment
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component of the investigation, we
were limited here to evaluating only
basic work history factors, such as
plant group, worker type, payroll
type, year of hire, age at hire, DOE
and TSFE. Refinements made to sub-
jects” work histories in the ongoing
exposure assessment component of
this investigation should result in a
decrease in the number of employees
in the unspecified plant group and
may involve reclassifying some sub-
jects from one category to another
(eg, partially NH to only NH em-
ployment). The companion exposure
assessment will also allow us to eval-
uate findings of interest at the de-
tailed job level and with respect to
potential exposures to classes of
chemical and physical agents instead
of the basic work history factors
analyzed here. It will also permit us
to perform detailed analyses of the
remaining seven study plants rather
than only NH.

In the current analysis, we were
unable to investigate patterns of CNS
neoplasms by histological type due
to the inherent limitations in death
certificate-based data. Nevertheless,
we are currently working on the
brain cancer incidence component of
the study that will allow us to exam-
ine those patterns more fully. Brain
cancer incidence will be examined
from 1976 to 2004, rather than 1952
to 2004, to allow for better overlap
with the state cancer registries, most
of which did not exist until the late
1970s and beyond, and to take ad-
vantage of the improved diagnostic
techniques which began approxi-
mately in the mid-1970s. Because of
this, the CNS neoplasm cases inves-
tigated in the mortality study will not
correspond exactly to those in the
cancer incidence study. Our CNS
incidence study will include more
cases than the mortality study be-
cause some types of tumors, espe-
cially benign, are not fatal or are not
recorded as a contributory cause of
death and some of our cases were
diagnosed within the study period
but died after 2004. Some state can-
cer registries did not begin collecting
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benign incident cases until 2004,
however, because the number of in-
cident cases identified in these states
is generally small, it should not ma-
terially affect case enumeration. The
analysis of CNS deaths by time pe-
riod was also affected by the fact that
we were examining both prevalence
and incidence cohorts (ie, employees
alive and working before the follow-up
periods were included in the analysis);
these “healthy survivors” could have
biased the results of our analyses
slightly toward the null.

Our historical cohort study also
has many unique features and meth-
odological strengths. It is among the
largest and most comprehensive his-
torical cohort studies ever under-
taken in an occupational setting and
is the first and only large-scale, com-
prehensive epidemiological study of
workers in the jet engine manufac-
turing and repair industry. Only a
limited number of health studies
have been conducted on allied pro-
fessions or subareas of this industry
including cancer incidence studies of
pilots and flight attendants,®*** sev-
eral noise and hearing studies for
airport personnel,®>~® toxicological
studies on jet fuel, engine exhaust
and jet engine lubricating oils,*®~"*
and one study looking at respiratory,
rheumatic, and neurobehavioral
symptoms among jet engine repair
workers.”> Larger cohort studies
have been conducted on aircraft
maintenance workers’®~’® and air-
craft manufacturing workers.”*° No
excess risk of CNS or brain cancer
was found in these investigations,
although the exposures in those op-
erations do not correspond closely to
those found in the jet engine manu-
facturing processes studied here.

Our cohort of 223,894 subjects
contributed more than 7.7 million
person-years of observation, of
which about 1.4 million or 18% were
among workers employed more than
5 years and followed for 20 or more
years from first employment. This
led to the observation of 68,701
deaths through 2004, including
18,641 deaths from all cancers com-

Mortality Among Jet Engine Manufacturing Workers + Marsh et al

bined. The exceedingly large number
of person-years enabled us to iden-
tify a large number deaths overall
(n = 606) from the rare disease
outcomes of a priori interest in this
study (malignant, benign and un-
specified CNS neoplasms, including
brain neoplasms), and to examine
these with good precision in many of
the larger cohort subgroups of inter-
est. For example, the a priori statis-
tical power (the a priori statistical
power is the probability of obtaining
an SMR or RR statistically signifi-
cantly greater than 1.00 at the 0.05
level [one-sided] assuming no excess
risk and estimated numbers of ex-
pected deaths) to detect a 2.0-fold or
greater overall excess number of
deaths among subjects who only
worked at the “index” NH plant was
1.00 for all CNS neoplasms, 0.95 for
malignant CNS neoplasms, 0.91 for
malignant neoplasms of the brain,
0.47 for benign CNS neoplasms and
0.94 for unspecified CNS neoplasms.
Other major strengths of the study
include: long (up to 53 years) obser-
vation periods; nearly complete co-
hort enumeration; internal and external
validation of cohort completeness;
excellent rates of vital status ascertain-
ment and cause of death determina-
tion; the use of national and state
external mortality comparisons and ro-
bust statistical modeling of internal
cohort rates based on both underlying
and contributory cause of death codes.

Conclusions

At the total cohort level, mortality
rates for the broad categories of ma-
lignant, benign and unspecified CNS
neoplasms examined were not ele-
vated relative to the general popula-
tions of the US and CT. Our internal
cohort rate comparisons of all work-
ers revealed small, not statistically
significant elevated mortality risks
from malignant brain neoplasms
among workers employed only or
partly at the index NH plant. In
contrast with the other plants, within
NH we found elevated, but not sta-
tistically significant, risks for malig-
nant brain neoplasms among salaried

workers, workers hired at older ages
and in the more recent time period,
and no evidence of an association
with DOE or TSFE. While the NH
findings for salaried workers may be
explained by SES or other correlated
occupational or nonoccupational fac-
tors, the findings for older and later
hires, in contrast to the absence of an
association with DOE or TSFE, sug-
gests the role of other employment or
nonoccupational factors. We will be
able to further explore these and
other possible explanations for the
excesses noted with the exposure
assessment information under devel-
opment by UIC and the supplemental
information being collected in the
companion cancer incidence and
case-control studies.
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