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Exposure-Response Analysis of Cancer Mortality in a
Cohort of Workers Exposed to Ethylene Oxide

Leshe Stayner,! Kyle Steenland, Alice Grerfe,” Richard Homung,’
Richard B. Hayes,? Sue Nowlin," John Morawetz,? Virginia Ringenburg,’
Larry Elhiot,” and Willam Halperin®

The authors previously reported results from the largest cohort mortality study of
ethylene oxide-exposed workers that has been conducted to date. Here they extend their
previous work by quantitatively examining the relation between cancer mortality and
ethylene oxide exposure. This study included workers from 13 of the 14 geographically
distinct facilities that were included in the previous investigation. These facilites began
regularly using ethylene oxide to stenlize medical supplies or spices sometime between
1938 and 1969. Workers were followed from first exposure through December 31, 1987.
Histoncal exposures to ethylene oxide were estimated using a regression model Stan-
dard life-table analysis was used to examine cancer mortality in three categones of
cumulative exposure to ethylene oxide. The Cox proportional hazards model was also
used to examine cumulative and other measures of ethylene oxide exposure as pre-
dictors of cancer mortality. In both the Iife-table analysis and the Cox model, a positive
trend was observed Iin all lymphatic and hematopoietic cancer mortality for cumutative
ethylene oxide exposure. This trend was strengthened when ethylene oxide exposures
10 years prior to death were discounted (lagged) and when the analysis was restricted
to neoplasms of lymphoid cell ongin. Despite limitations discussed in this paper, the
authors believe that these findings provide some support for the hypothesis that ex-
posure to ethylene oxide increases the nsk of mortality from lymphatic and hematopoietic
neoplasms. The authors intend to continue follow-up of this relatively young cohort,
which may allow more definitive conclusions to be drawn in the future. Am J Epidemiol
1993;138:787-98.
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sterilization of medical devices and phar-
maceuticals. The National Institute for

Ethylene oxide is a chemical of major
commercial importance; with a US pro-

duction of approximately 5 billion pounds
(2.3 billion kg) in 1990 (1). It is widely
used as a chemical intermediate and in the
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Occupational Safety and Health estimates
that approximately 270,000 US workers
are exposed to ethylene oxide annually (2).
Those with relatively high exposures in-
clude approximately 96,000 hospital work-
ers and 21,000 workers exposed during the
commercial sterilization of medical sup-
plies, pharmaceuticals, and food products.

Ethylene oxide is a potent alkylating
agent (3) and has been shown to cause
mutations in a number of cellular test sys-
tems (4). An increased frequency of sister
chromatid exchanges, chromosomal aber-
rations, or both has been reported in ani-
mals (5, 6) and workers (7-13).

The results from epidemiologic investi-



788 Stayner et al.

gations of workers exposed to ethylene ox-
ide have been somewhat contradictory, with
some studies reporting an excess of leuke-
mia and stomach cancer (14-17) and others
failing to detect such an excess (18-23).
Interpretation of these findings has been
limited by the relatively small numbers of
workers studied and by the presence of po-
tentially confounding exposures.

Cancer incidence, particularly the inci-
dence of brain cancer (5), leukemia (24, 25),
and lymphoma (26), has been observed to
increase with ethylene oxide exposure in in-
halation studies of rodents exposed to eth-
ylene oxide.

To further investigate the possible relation
between ethylene oxide exposure and the
risk of cancer, particularly lymphatic and
hematopoietic (henceforth referred to as
“hematopoietic”) cancer and cancers of the
stomach, brain, and pancreas, we conducted
a retrospective cohort mortality study of ap-
proximately 18,000 workers employed in 14
US industrial facilities. The plants were pri-
marily involved in the sterilization of medi-
cal products. The primary outcomes of con-
cern were lymphomas and leukemias. As
noted above, animal studies have implicated
ethylene oxide in the occurrence of both of
these neoplasms, while an association with
leukemia has been reported in some human
studies. All cancers of the white blood cells
ultimately are derived from stem cells in the
bone marrow, and in recent years the lines
between lymphoma and leukemia have be-
come more blurred (27). Some authors have
suggested combining lymphocytic leukemia
and non-Hodgkin’s lymphoma into a single
category for epidemiologic analysis (28).

In a previously published article (29), we
reported results from a life-table analysis of
the mortality experience of this cohort.
Overall, there was no significant increase in
mortality from any cause of death in this
study. However, an increase in mortality
from all hematopoietic neoplasms (stan-
dardized mortality ratio (SMR) = 1.55, 95
percent confidence interval (CI) 1.02-2.26)
was observed among males that was

concentrated in the subcategories of
lymphosarcoma-reticulosarcoma (SMR =
2.60, 95 percent CI 1.05-5.36) and non-
Hodgkin’s lymphoma (SMR = 2.16, 95
percent CI 0.87-4.45). Analyses by job cat-
egory and duration of exposure showed no
relation with any particular type of cancer,
but a trend with time since first exposure
was observed for all hematopoietic neo-
plasms. In this paper, we examine the rela-
tion between cancer mortality and indi-
vidual estimates of ethylene oxide exposure
derived from an industrial hygiene-based
model.

MATERIALS AND METHODS

A complete description of the methods
used to identify the study facilities and
population was presented previously (29).
Briefly, 14 US industrial plants were se-
lected for the study following the comple-
tion of a feasibility study (30). Most of these
facilities produced and sterilized medical
supplies with ethylene oxide, although three
plants treated spices with ethylene oxide and
another manufactured and tested sterilizers
with ethylene oxide. These facilities were
selected for study on the basis of their con-
tributing a minimum number (n = 400) of
person-years at risk to the study, the ad-
equacy of their personnel records, and the
absence of any known confounding expo-
sures (e.g., benzene). The year in which the
study facilities first began regularly using
ethylene oxide ranged from 1943 to 1969.

Industrial hygienists from the National
Institute of Occupational Safety and Health,
working with plant personnel, identified ar-
eas of the plant where workers were poten-
tially exposed to ethylene oxide based on
their knowledge of the industrial process or
actual sampling data. Workers who had
never been exposed to ethylene oxide or
who had been exposed for less than 3
months were excluded from the study. Sala-
ried workers were generally excluded from
the study, because they frequently worked in
nonexposed areas or because their work-
history records had insufficient detail to in-
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dicate where they had worked. Although
workers from 14 facilities were included in
our previous report, the analysis for this re-
port was restricted to the 13 facilities that
had adequate information for estimating his-
toric exposures.

Ascertainment of workers’ vital status
was conducted through 1987 using a com-
bination of records from the Social Security
Administration, the National Death Index,
the Internal Revenue Service, and local post
offices. The end of follow-up was defined as
the date on which each member of the cohort
was last known to be alive. If a worker was
known to have been alive before January 1,
1979 (when the National Death Index was
created), and was not found in a search of
the National Death Index, he or she was as-
sumed to be alive at the end of follow-up
(December 31, 1987).

Exposure estimation

An industrial hygiene-based regression
model was utilized to estimate individual
ethylene oxide exposures for the exposure-
response analyses presented in this paper.
This model facilitated the estimation of ex-
posure levels for time periods, facilities, and
operations for which industrial hygiene data
were unavailable. The procedures used to
construct this model have been previously
reported (31). Briefly, the hygienic data con-
sisted of 2,350 individual time-weighted
exposure values acquired from 18 facilities
between 1976 and 1985. After excluding
passive diffusion monitoring data because
of their higher variability, we calculated
arithmetic mean exposure levels by facility,
year, and exposure category. The exposure
categories were based on grouping all
sampled jobs into eight categories with simi-
lar potential for ethylene oxide exposure.
(The eight exposure categories were steril-
izer operator, chamber area, maintenance,
production, warehouse, clean room, quaran-
tine, and laboratory.) The data were then di-
vided into one set for developing the regres-
sion model (205 mean exposure values from
12 plants) and another set for testing the

model (46 mean exposure values from six
other plants). The arithmetic means were
logarithmically transformed, and weighted
(inverse variance) linear regression models
were fitted. Seven (exposure category, ster-
ilizer volume, year, product age, product
type, aeration of product, and presence of
engineering controls) out of 23 independent
variables tested for inclusion in the model
were found to be significant predictors of
ethylene oxide exposure and were included
in our final model. The model predicted a
remarkable 85 percent of the variation in av-
erage ethylene oxide exposure levels. The
regression model also predicted the test data
well, with an average bias of only —1.1 parts
per million (ppm) (standard deviation =
3.7). In contrast, a panel of industrial hy-
gienists familiar with the industry estimated
the exposures for the same set of data with
an average bias of -1.3 (standard devia-
tion = 4.5).

The regression model was used to predict
exposure levels for the analysis in the fol-
lowing manner. Titles of jobs involving
exposure and department titles from the
personnel records for each facility were
classified into one of the eight exposure cat-
egories used in the regression model. Eth-
ylene oxide exposure was estimated for each
exposure category, stratified by calendar
year and facility, based on the values of the
predictor variables used in the regression
model and the associated regression coeffi-
cients. Information on the predictor vari-
ables was available for each facility, expo-
sure category, and time period. Thus, an
exposure matrix stratified by time and ex-
posure category was constructed for each fa-
cility. We estimated cumulative exposure for
each individual in the study by multiplying
the estimated ethylene oxide exposure
(ppm) for each job held by the duration of
time (days) spent in that job, using the fol-
lowing formula:

CUMEXP = Y, (ethylene oxide, X DUR)),

=1
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where CUMEXP represents cumulative ex-
posure to ethylene oxide, “ethylene oxide”
represents the estimated time-weighted ex-
posure level (ppm), DUR represents the
length of time (days) spent at that level, and
i indexes the jobs held.

Although cumulative exposure is gener-
ally the exposure metric of primary interest
in epidemiologic studies, estimates of du-
ration of exposure, average time-weighted
exposure level, and the maximum time-
weighted exposure level were also evaluated
in the analyses. The average exposure level
was defined as the cumulative exposure
divided by the duration of exposure. The
maximum exposure level was defined as the
highest time-weighted average ethylene ox-
ide exposure that an individual had experi-
enced over his or her work history. It was not
possible to test the influence of short-term
exposure peaks experienced during the
course of a day, since real-time data on eth-
ylene oxide exposure levels were not avail-
able for each individual in the study.

Summary statistics (mean, median, and
range) for the exposure variables (cumula-
tive, average, maximum, and duration) are
presented in table 1. The mean and median
exposure estimates differed substantially,
indicating that the distributions of these
measures were highly skewed. The range of
the exposure measures spanned several or-
ders of magnitude.

Statistical analysis

Exposure-response analyses were con-
ducted for cancers of the kidney (Interna-
tional Classification of Diseases, Ninth Re-

TABLE 1. Summary statistics for ethylene oxide
exposure In a cohort of US workers followed to
December 31, 1987

Exposure measure
Ouration Average Maximum Cumulative
(years)  (ppm") (ppm)  (ppm-years)
Mean 4.8 5.5 71 266
Median 2.2 3.2 4.5 56
Range
Lowest 0.24 0.05 0.05 ool

Highest  39.2 77.2 77.2
* ppm, parts per million.

1,3509

vision (ICD-9), codes 189.0-189.2), brain
(ICD-9 codes 191 and 192), stomach (ICD-9
code 151), and pancreas (ICD-9 code 157);
all hematopoietic neoplasms (ICD-9 codes
200-208); all leukemias (ICD-9 codes 204—
208); non-Hodgkin’s lymphoma (ICD-9
codes 200 and 202); and all other hemato-
poietic neoplasms (ICD-9 codes 201 and
203). In addition, Cox regression models
were fitted to a combined category of lym-
phocytic leukemia (ICD-9 code 204) and
non-Hodgkin’s lymphoma, since it has been
suggested that these neoplasms are closely
related and should be combined for epide-
miologic purposes (28).

A modified life-table program was used to
compute expected numbers of deaths by
multiplying cause-specific, S5-year age
group-specific, and 5-year calendar time-,
sex-, and race-specific mortality rates from
the US population by the corresponding
person-years distribution of the study popu-
lation (32). Person-years at risk for each in-
dividual began only after 3 months of ex-
posure was achieved. Person-years ended
when the individual was lost to follow-up or
died, or at the end of the study (December
31, 1987), whichever occurred first. For es-
timation of the SMR, the observed number
of deaths for each cause of interest was di-
vided by the expected number of deaths and
multiplied by 100. Two-sided significance
tests and 95 percent confidence intervals for
the SMRs were estimated using Byar’s
method (33) when there were seven or more
deaths observed; otherwise, exact tests were
conducted and confidence intervals were
computed. Tests for trend in the SMRs with
cumulative ethylene oxide exposure were
conducted using the method described by
Breslow et al. (34).

The life-table analysis was stratified by
race, sex, time since first exposure, and
cumulative ethylene oxide exposure. Cut-
points for the cumulative exposure catego-
ries were chosen a priori with the goal of
creating three categories (<1,200, 1,200-
8,500, and =8,500 ppm-days) with approxi-
mately the same numbers of expected
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deaths. For time since first exposure, cut-
points of 10 and 20 years were chosen a
priori on the basis of traditional epidemio-
logic practices.

Cox proportional hazards models were
fitted using the SAS program PROC
PHGLM (35). This model allowed us to ex-
amine the ethylene oxide exposure variables
(i.e., duration, average, maximum, and cu-
mulative exposure) as continuous predictors
of the cancer mortality (hazard) rate. For
each death from the cause of interest (fail-
ure), a risk set was created of all individuals
who had survived to at least the same age as
the failure and who had met the criteria for
entry into the cohort at that age. The values
of the time-dependent covariates (i.e., the
exposure variables and calendar time) were
estimated at the age of the failure for each
member of the risk sets. The analysis was
performed by blocking (stratifying) on the
risk sets; thus, the analysis tightly controlled
for the potentially confounding effects of
age. We also controlled for the potentially
confounding effects of sex and race by
stratifying on these variables. The poten-
tially confounding effects of calendar time
were controlled by including indicator vari-
ables in the models representing the time
periods (at the age of failure) <1960, 1960—
1969, and 1970-1987. We tested the pro-
portional hazards assumption by fitting the
models with and without a term representing
the interaction between age and the expo-
sure variables, and computing the log like-
lihood ratio statistic. Similarly, potential in-
teractions between the exposure variables
and the other covariates (i.€., calendar year,
race, and sex) were assessed on the basis of
the likelihood ratio statistic. We “lagged”
exposures by 5, 10, 15, or 20 years to dis-
count exposures occurring in previous years
that might not be etiologically relevant (36).

Results from the life-table analysis, strati-
fied by cumulative exposure to ethylene ox-
ide, are presented in table 2. An elevated
SMR (SMR = 124, 95 percent CI 66-213)
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1 The midpoints of the first two categories were used as scores for the trend test For the last category, the score used was the lower bound of the category plus 50% (i e , 12,750 ppm-days)

1 ICD-9, International Classification of Diseases, Ninth Revislon, Obs, observed no of deaths, SMR, standardized mortality ratio, Cl, confidence interval

* p < 0.05 (2-taled); ** p < 0 01 (2-tailed)



792 Stayner et al.

was observed for all hematopoietic neo-
plasms in the highest cumulative exposure
category, but the trend with cumulative ex-
posure was weak (x* = 0.97, p = 0.32). A
similar pattern was observed for non-
Hodgkin’s lymphoma, but no such patterns
were observed for the other two subcatego-
ries (leukemia/aleukemia and other hemato-
poietic neoplasms). A negative trend with
cumulative exposure was observed for all
stomach cancer (x* = 4.31, p = 0.04). There
was no evidence for a trend of increasing
mortality with cumulative exposure for can-
cer at any of the other sites.

The results from the life-table analysis for
all hematopoietic neoplasms, stratified by
race, sex, and cumulative exposure, are pre-
sented in table 3. An excess (SMR = 196,
95 percent CI 101-343) was observed
among males in the highest exposure cat-
egory. There was a suggestive positive trend
in the SMRs with exposure for males (@ =
1.69, p = 0.19), whereas a negative trend
was observed among females (x> = 1.01,
p = 0.31). The negative trend among fe-
males was based upon a small number of
deaths, particularly in the highest exposure
category.

The results of stratifying the life-table
analysis for all hematopoietic neoplasms by
time since first exposure and cumulative
ethylene oxide exposure are presented in
table 4. Overall, the greatest excess in he-
matopoietic neoplasms (SMR = 155, 95
percent CI 77-277) was observed among
workers with more than 20 years since first
exposure. However, no significant exposure-
response trend was observed for the >20
years category or for any of the other cat-
egories.

The regression coefficients (3 coeffi-
cients) and likelihood ratio tests (x*) from
the Cox proportional hazards analyses are
presented in table 5. Separate models were
fitted for each cause of interest in this study
and for each of the ethylene oxide exposure
parameters (i.e., cumulative, average, and

maximum). A highly significant e_)fsposure-
response relation (8 = 9.0 X 107% x* =

TABLE 3. Observed numbers of deaths and standardized mortality ratlos for mortality due to all hematopoletic neoplasms, by sex and race, in a cohort of

US workers exposed to ethylene oxide

Cumuiative exposure to ethylene oxide (ppm-days)

Trend testt
xa

Total

MR

>8,500

SMR

1,200-8,500

SMR

<1,200

SMRt

Sex and race

95% Cl

S|

Obs

24
17

85% Cl
101-343
92-423
79-745

OCbs

95% Cl

Obs

95% Clt

26243

Obst

019
0.27
072
031
on

169
1.22
0.12

97-225

75-206
103-529

151
129
257+

29-275

95
80

214

Male
White

101
254

204

25-104
23-106

55
53
65

0.15

2-364

N~ O o

Nonwhite

Female

5-1,191
19-176

1-128

0-95

20-192

69
75

White

0-739

0

Nonwhite

6-1,224

1 The midpoints of the first two categories were used as scoras for the trend test. For the last category: the score used was the lower bound of the category plus 50% (i e , 12,750 ppm-days)

+ Obs, observed number of deaths, SMR, standardized mortality ratio, Cl, confidencs interval

* p < 005 (2-talled)
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TABLE 4. Observed numbers of deaths and standardized mortality ratios for mortality due to all
hematopoietic neoplasms, by time since first exposure to ethylene oxide: US workers followed to

December 31, 1987

Cumulative exposure to ethylene oxide (ppm-days)

Years since

first o o <1,200 1,200-8,500 >8,500 Total Trend testt
Obst SMRt 95% Clt Obs SMR 85% Cl Obs SMR 95%Cl Obs SMR 95%Cl 42 p

0-10 4 85 23-219 2 44 5-162 3 238 26369 9 78 36-148 031 058

10-20 3 75 15219 4 78 21-200 6 130 48283 13 95 50-162 083 036

>20 1 74 2411 6 262 96570 4 116 32-296 11 155 77-277 235 013

t Obs, observed number of deaths, SMR, standardized mortality ratio, Cl, confidence interval.
1 The midpoints of the first two categories were used as scores for the trend test. For the last category, the score used was the

lower bound of the category plus 50% (i e, 12,750 ppm-days)

TABLE 5. Parameter coefficients (8) and chi-squares (x?) from fitting a Cox proportional hazards
model to risk of cancer mortality, using different measures to represent ethytene oxide exposure: US

workers followed to December 31, 19871

Measure of ethylene oxlde exposure

Neoplasm Duration (days) Average (ppm) Maximum (ppm)  Cumulative (ppm-days)
B x i x B @ B »

All hematoporetic
cancers 36X 105 028 16x102 087 13x102 088 64x10°% 381
Leukemia 78%x10°% 044 67x102% 002 23xX102% 0.00 6.9x10° 147

Non-Hodgkin's
lymphoma 19X105 004 21X102 076 18x102 089 77x10°% 332
Lymphoidf 52x10% 043 22x102 102 22x102 167 9.0x10°%* 680

Other hematopoietic

cancers 14x10% 001 28x102 067 15x%x102 025 -77x10°% 021
Stomach -1.5X 10~ 1.08 -22x 107'* 491 -15X107"* 408 -7.2X10°5* 44
Pancreas —-65%x10° 045 55x10* 000 -24x10° 001 -60%X10° 043
Brain 14X10™ 112 -43x 102 061 -37%x102 065 -1.2X10° 058
Kidney -17%x10% 200 13x102 018 12x102 021 -15x 105 181

* p < 005 (2-tailed), ** p < 0 01 (2-tailed) based on the log likelihood ratio test.

1 Results from all modets were controlled for calendar year, age at risk, sex, and race (except for the category "Other hema-
topoietic,” for which we could not provide solutions for the calendar year variables)

1 Combined category of tymphocytic leukemia (/nternational Classification of Dissases, Ninth Revislon (ICD-8), code 204) and

non-Hodgkin’s lymphoma (ICD-8 codes 200 and 202)

6.80, p < 0.01) was observed between cu-
mulative ethylene oxide exposure and the
combined lymphocytic leukemia and non-
Hodgkin’s lymphoma category (“lymphoid”
neoplasms). A weaker exposure-response
relation was observed for all hematopoietic
neoplasms (B = 6.4 X 1075 x> =3.81,p =
0.05) and for non-Hodgkin’s lymphoma
(B =177 X107% x> = 332, p = 0.07) and
cumulative ethylene oxide exposure. The
exposure-response relation between cumu-
lative ethylene oxide exposure and leukemia
was positive but statistically nonsignificant
(B = 6.9 X 1075 x* = 1.47, p = 0.23).
Negative coefficients were observed for cu-
mulative ethylene oxide exposure in the
models for other hematopoietic neoplasms

and stomach, pancreatic, kidney, and brain
cancers. The coefficients for duration, av-
erage, and maximum exposure were either
weakly positive or negative in all of the
models evaluated for these sites. No evi-
dence of a significant interaction between
the exposure variables and either age, sex,
race, or calendar year was observed in any
of the models.

The results from the best-fitting models,
assuming a lag period for the lymphatic
and hematopoietic neoplasm categories,
are presented in table 6. The model likeli-
hood was maximized for the “lymphoid”
category with a 5-year lag period, and for
leukemia, non-Hodgkin’s lymphoma, and
all hematopoietic neoplasms with a 10-
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TABLE 6. Results from Cox proportional hazards models for mortality due to lymphatic and
hematopoietic neoplasms In which cumulative exposures to ethylene oxide were laggedt,{

Lag Rate ratio
Neoplasm period B SE§ X2 for 45 95% ClI§,1
(years) ppm-years]

All hematopotetic cancers 10 112x10% 424 x10°® 496 120 105-138
Leukemia 10 1.29x 105 773x10° 207 124 096-158
Non-Hodgkin's lymphoma 10 129X 105 536x10°% 398 124 104-1 47
Lymphoid 5 120x10°% 331 x10° 844 1.22 109-135

1 Results presented are those from the models which used a lag period that maximized the goodness of fit (i e , minimized the

-2 log-likelihood)

1 Results from all models were controlled for calendar year, age at risk, sex, and race

§ SE, standard error; Cl, confldence interval

|| Rate ratios for a particular exposure level were estimated by using the following formula exp(g X), where X is the cumulative
exposure in ppm-days For example, the rate ratio for all hematopoietic neoplasms corresponding to 45 years of exposure at 1 ppm

is exp{(1.2 X 10°) (45 ppm-years) (365 days/year)]

{ Confidence Intervais for the rate ratios were estimated by computing the upper and lower bound estimates of the regression
coefficients (8 = SE) and substituting those bounds into the rate ratio formula described above

year lag period. Rate ratios and 95 percent
confidence intervals corresponding to a
working lifetime (45 years) of exposure at
the current Occupational Safety and
Health Administration standard level for
ethylene oxide (1 ppm) are also presented
in table 6. It is apparent that all of the
lagged models for lymphatic and hemato-
poietic neoplasms produced similar rate
ratio estimates of about 1.2 at the current
standard level. The rate ratio estimate for
leukemia was the least stable, as reflected
by the width of the confidence interval for
this category. None of the regression coef-
ficients for the other cancer sites and ex-
posure measures presented in table 5 were
statistically significant when different lag
periods were assumed.

DISCUSSION

In addition to being the largest epidemio-
logic study of workers exposed to ethylene
oxide conducted to date, this study is the
only study in which it has been possible to
quantitatively estimate past and present eth-
ylene oxide exposure levels. Previous evalu-
ation of this cohort (29) did not include a
detailed assessment of exposure. The avail-
ability of this exposure information has pro-
vided us with a unique opportunity to more
carefully examine the relation between level
of ethylene oxide exposure and cancer mor-

tality. We observed a strong relation (p =
0.004) between cumulative exposure to eth-
ylene oxide and mortality from neoplasms
of lymphoid cell line origin in the Cox re-
gression analysis. A weaker relation was
also observed between cumulative exposure
to ethylene oxide and mortality from all he-
matopoicetic neoplasms ( p = 0.03) and non-
Hodgkin’s lymphoma (p = 0.046) when a
10-year lag period was assumed.

A negative (inverse) exposure-response
relation was observed between cumulative
ethylene oxide exposure and cancers of the
stomach, pancreas, brain, and kidney. A pro-
tective effect of ethylene oxide exposure for
stomach, pancreas, and brain cancer is con-
trary to our a priori hypotheses for this study
and is inconsistent with previous studies.
Kidney cancer was not truly an a priori hy-
pothesis in our study, and these results sug-
gest that this excess is unrelated to ethylene
oxide exposure.

Our findings of an increase in lympho-
cytic leukemia and non-Hodgkin’s lym-
phoma combined (e.g., “lymphoid” neo-
plasms) need to be carefully examined in
light of the histopathologic characteristics of
these neoplasms and of results from the pre-
vious toxicologic and epidemiologic stud-
ies. We combined lymphocytic leukemias
and non-Hodgkin’s lymphomas on the basis
of ontogenic considerations, since these
neoplasms may represent different expres-
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sions of the same underlying disease process
(28, 37).

The observed excess incidence of lym-
phocytic leukemia and non-Hodgkin’s
lymphoma may be viewed as reasonably
consistent with the results from experi-
mental studies of animals exposed to eth-
ylene oxide. An excess of malignant lym-
phomas was observed in the National
Toxicology Program study among female
mice, but not among male mice exposed to
ethylene oxide (26). Mononuclear-cell leu-
kemia was found to be elevated in the in-
halation studies of Fischer 344 rats ex-
posed to ethylene oxide (5, 24). Stromberg
(38) has emphasized that the mononuclear-
cell neoplasms observed in Fischer 344
rats may be a useful model for human T-
cellchroniclymphocytic leukemias and non-
Hodgkin’s lymphomas.

Our findings for leukemia may be viewed
as not being wholly consistent with the ex-
cess of leukemia that was reported in studies
by Hogstedt et al. of Swedish workers ex-
posed to ethylene oxide (14-17). We only
observed a weak relation (p = 0.15) be-
tween cumulative ethylene oxide exposure
and leukemias as a group, although we did
observe a strong exposure-response relation
(p = 0.003) with a category combining lym-
phocytic leukemia and non-Hodgkin’s lym-
phoma. Given the clinical and pathologic
interrelations between these neoplasms, it
may be unrealistic to expect complete con-
sistency between epidemiologic mortality
studies in the results for the subcategories of
hematopoietic neoplasms.

Aside from cumulative ethylene oxide ex-
posure, none of the other measures of ex-
posure (i.e., duration, average, and maxi-
mum) were found to be predictors for
mortality due to all hematopoietic neo-
plasms or mortality from any of the other
cancers examined in our study. The lack
of a relation with duration of exposure ap-
pears to attest to the increased power gained
from using the quantitative exposure ma-
trix to estimate historic exposures in our
investigation.

The average exposure (or “exposure
rate””) examined in this investigation was not
found to be a predictor of mortality from
hematopoietic neoplasms. This lack of a
dose-rate effect is consistent with the results
from an experimental study of sister chro-
matid exchanges and histidine hemoglobin
adduct changes in rabbit lymphocytes (39),
but is inconsistent with the results of a
mouse dominant-lethal study (40).

Although the highest cumulative ethylene
oxide exposure category did show a slightly
elevated risk (SMR = 124) for all hemato-
poietic neoplasms in the life-table analysis,
the trend with cumulative exposure was not
statistically significant, as it was in the Cox
model. The discrepancy in results from these
analytic approaches may be readily ex-
plained by the increase in statistical power
resulting from the treatment of ethylene ox-
ide exposure as a continuous variable in the
Cox model as opposed to the categorical
treatment of exposure in the life-table analy-
sis. Thus, greater weight should probably be
given to the results from our Cox propor-
tional hazards analysis.

The results from the Cox regression
analyses were quite dependent on the inclu-
sion of those cases with very high cumula-
tive ethylene oxide exposures. For example,
dropping the case with the highest cumula-
tive exposure (352,465 ppm-days) from the
Cox regression model for the combined
lymphocytic leukemia and non-Hodgkin’s
lymphoma category had little effect on the
magnitude of the cumulative ethylene oxide
exposure coefficient; however, it did elimi-
nate its statistical significance (}* = 2.91,
p = 0.09). There is no known reason for
deleting this case or any of the other cases
from the analysis. However, the fact that the
inclusion of just one case would have such
a large influence indicates that our findings
were not “robust.” This problem might be
expected in an analysis based on only 19
cases.

The results from the life-table analysis
suggested a positive exposure-response re-
lation with cumulative ethylene oxide ex-
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posure and all hematopoietic neoplasms
among males, but a negative relation for
females. To some extent, this same phenom-
enon was also reflected in the Cox regres-
sion results. Although the regression coef-
ficient for the interaction between sex and
cumulative ethylene oxide exposure (lagged
10 years) was not quite statistically signifi-
cant (x* = 2.95, p = 0.09), the direction of
the coefficient representing the exposure-
sex interaction was indicative of a positive
exposure-response relation for males and a
negative relation for females. There is little
evidence from previous toxicologic or epi-
demiologic studies to indicate that the rela-
tion between ethylene oxide exposure and
mortality from hematopoietic neoplasms
should be modified by sex.

Although the exposure information avail-
able for our study was superior to the type
of exposure data often used in occupational
mortality studies, the potential for exposure
misclassification should be clearly recog-
nized. Our exposure matrix was created
without knowledge of the exposure status of
the cases. Thus, any errors made in the ex-
posure classification were expected to be
nondifferential with respect to disease sta-
tus. Random errors in classification of ex-
posures may result in bias either towards or
away from the null hypothesis when log-
linear models (e.g., the Cox model) are used
(41).

In summary, we observed a positive trend
between cumulative ethylene oxide expo-
sure and mortality from lymphatic and he-
matopoietic neoplasms in both the life-table
and Cox proportional hazards model analy-
ses. This trend was the strongest when cu-
mulative ethylene oxide exposure was
lagged 10 years, and when the analysis was
restricted to neoplasms of lymphoid cell ori-
gin. Our findings do not provide evidence
for a positive association between exposure
to ethylene oxide and cancers of the stom-
ach, brain, pancreas, and kidney, and leu-
kemias as a group. Interpretation of our
positive findings is limited by 1) the lack of
evidence for an exposure-response relation

among females, 2) the finding in the Cox
regression analysis that the statistical sig-
nificance but not the magnitude of the co-
efficient for cumulative ethylene oxide ex-
posure was sensitive to the deletion of a
single case with high exposure to ethylene
oxide, and 3) the lack of definite evidence
for an effect on leukemia as a group, which
had previously been observed epidemtiologi-
cally. Despite the above limitations, we be-
lieve that our findings do provide some sup-
port for the hypothesis that cumulative
exposure to ethylene oxide increases the risk
of mortality from hematopoietic neoplasms,
particularly neoplasms of lymphoid cell ori-
gin. We intend to continue follow-up of this
relatively young cohort, which may allow us
to draw more definitive conclusions in the
future.
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