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Association of Spontaneous Abortion and Other 
Reproductive Effects With Work in the 
Semiconductor Industry 
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Brenda Eskenazl, PhD, S. Katharine Hammond, PhD, Bill L. Lasley, PhD, 
Stephen A. McCurdy, MD, Steven J. Samuels, PhD, Cathy L. Saikl, MS, and 
Shanna H. Swan, PhD 

This study tested the hypothesis that fabrication room (fab) work in the silicon-based 
semiconductor industry is associated with an increased risk of spontaneous abortion 
(SAB). The study was conducted nationwide at 14 companies representing a spectrum 
of large to small manufacturers. A small increase in risk of SAB was observed among 
fab workers compared with nonfabrication room (nonfab) workers in two cohorts, 
historical (adjusted RR = 1.43,95% confidence interval [CI] 0.95-2.09) and prospec- 
tive (adjusted RR = 1.25, 95% CI = 0.63-1.76). Analysis of specific fab exposures 
in the historical cohort showed a consistent, dose-response association of SAB with 
photoresist and developer solvents, whose major component was ethylene-based glycol 
ethers. The consistency of our findings and the toxicological data for these agents 
suggest that this is a causal association. Independent associations of SAB with self- 
reported stress and with etching fluorides were observed and require further research. 
No significant decrease in fertility was observed among men or women working in fabs, 
but reduced fecundability was suggested for some women fab workers. 
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TABLE 1. Epidemiologic Components of the Semiconductor Health Study 

Component Population Subjects Years 
Historical Current and former full-time One pregnancy from each of 1986-1989 

female employees at I site 
in seven states from each 
of 14 companies women screened 

employees at 7 sites in 2 
states from 5 companies 

904 women, aged 18-44. 
selected from 6,088 

Prospective Current full-time female 402 women, aged 18-44. 1989-199 I 
followed prospectively 
from 2,639 women 
screened 

men, aged 18-72 
Cross-sectional Current full-time male and 1.637 women and 1,538 1989-1990 

female employees at 8 
sites in 5 states from 8 
companies 

INTRODUCTION 

This study was undertaken to test the hypothesis raised by Pastides et al. [ 19881, 
who found increased spontaneous abortion (SAB) rates among women working in the 
fabrication of silicon wafers in the semiconductor industry. If increased risk of SAB 
was observed, investigators would then attempt to ascertain if the risk was associated 
with specific jobs, exposures, or work environments. The greatest limitation of the 
earlier study was its small sample size of women working at only one semiconductor 
fabrication facility (fab). The Pastides et al. [ 19881 study considered only 34 preg- 
nancies in the production facility, with little comparability between pregnancy his- 
tories of women in production and nonproduction jobs. Finally, characterization of 
workplace exposures, verification of pregnancy outcomes, and potential recall bias 
were concerns in that study. 

The present investigation was designed primarily to address the potential asso- 
ciation of SAB with work in semiconductor fabs (Table I). The first component was 
a large historical cohort investigation of pregnancy outcomes among current and 
former women employees of childbearing age [Beaumont et al., 1995; Swan et al., 
19953. The second was a prospective cohort investigation of SAB rates and menstrual 
cycle outcomes among current women employees [Eskenazi et a]., 1995a,b; Gold et 
al., 1995a,b; Lasley et al., 19951. The third component was a cross-sectional inves- 
tigation of nonreproductive health outcomes among male and female semiconductor 
workers [McCurdy et al., 1995; Pocekay et a]., 19951 and of infertility among male 
workers [Samuels et al., 19951. 

Integral to these three epidemiologic components was a unique industrial hy- 
giene exposure-assessment component [Hallock et a]., 1995; Hammond et a]. , 1995; 
Woskie et al., 19951. Exposure-assessment investigators were responsible for char- 
acterizing current and past exposures in participating companies and for classifying 
individual subjects’ exposures in the three epidemiologic components. Because of the 
complex environment and multiple agents handled in semiconductor wafer fabs and 
the absence of a single specific agent hypothesized to cause SAB, a unique system of 
exposure assessment and characterization was developed for this study [Hammond et 
a]., 19951. 

This overview summarizes the design and interrelationships of the epidemio- 
logic components and synthesizes the results addressing reproductive outcomes and 
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their relationships to fab work. Findings are considered in the light of internal con- 
sistency, available toxicological information, statistical considerations (study power, 
biologic plausibility, alternate explanations), and other studies in the literature. Sub- 
sequent articles in this issue provide details for each study component’s methods, 
results, and component-specific discussions. 

METHODS 
Study Populations 

When this study began in 1989, the available sampling frame for study subjects 
from participating companies was approximately 50,000 male and female workers, or 
20% of all U.S. semiconductor workers, representing the spectrum of semiconductor 
manufacturers, from large to small, that were members of the Semiconductor Industry 
Association (SIA). 

Historical Component 
The historical cohort encompassed female semiconductor employees aged 

18-44 who became pregnant while working fulltime in a participating company from 
1986 to 1989 (Table I). This component was designed to provide an adequate sample 
size to test the study hypothesis, a representative sample of participating companies, 
a short recall period to improve accuracy and response rate among former workers 
and to reduce potential recall biases, and validation of reported SABs. 

One site was selected from each of the 14 participating companies, based on an 
algorithm to maximize the number of female fab workers [Beaumont et al., 19951. A 
sample of 7,269 women was selected, and 84% (n = 6,088) completed a screening 
questionnaire by telephone about their work and reproductive histories (Table 11). 
During the study period, 953 women had eligible pregnancies and 904 (95%) of these 
completed a more detailed telephone interview on their work during that pregnancy, 
reproductive history, and personal habits. If a woman had more than one eligible 
pregnancy during the study period, one pregnancy was selected at random for the 
detailed work and pregnancy history. Spontaneous abortions reported to interviewers 
were validated or confirmed by medical records. 

Prospective Component 
The prospective cohort applied laboratory methods to determine pregnancy and 

pregnancy loss among women currently employed in the semiconductor industry 
[Lasley et al., 19951. All women screened (n = 2,639) completed a questionnaire to 
identify those meeting eligibility criteria (risk of becoming pregnant) for follow-up 
(n = 739). Assays of daily urine samples collected by the 403 women who partic- 
ipated in the follow-up for at least 1 month identified all conceptions, whether 
clinically apparent or not, and provided the means to detect subclinical pregnancy 
loss. Daily diaries provided information on menstrual periods, so menstrual charac- 
teristics (e.g., cycle length and variability) could be related to work activities [Gold 
et al., 1995al. Reproductive outcomes were determined from diaries and urinary 
hormones, without knowledge of work exposure [Eskenazi et al., 1995a,b; Gold et 
al., 1995bl. In turn, exposure assessment was carried out without knowledge of 
pregnancy or menstrual outcomes. 

These methods provided an objective determination of reproductive outcomes, 
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TABLE 11. Comparison of Demographics in Three Study Populations' 

Variable Historical cohort Prospective cohort Cross-sectional cohort 

Screened (n) 6,088 2,639 NA 
Interviewed (n) 904 48 I 3,175 

Work site (S) 50 50 45 55 47 53 
Ethnicity (8) 

White 57 62 49 42 60 68 
Asian 23 22 27 31 22 19 

Filipino 17 13 20 17 ND ND 
Other 6 9 7 14 ND ND 

Hispanic 13 10 12 14 8 5 
Black 3 3 3 6 4 3 
Other 3 3 8 8 6 6 

Fab Nonfab Fab Nonfab Fab Nonfab 

Education (9%) 
5 12years 48 33 47 23 82 59 

Smokingb (%) 13 12 22 12 25 21 
Income (96) 

5 $4o,OOo 69 35 56 32 55 42 
Pregnancies' 447 444 19 34 NA NA 

"ND, no data; NA, not applicable. 
bSmoking during pregnancy for historical cohort subjects. 
'Historical cohort totals exclude 1 1  unconfirmed SABs. Prospective cohort totals include only first 
pregnancies. 

but they were labor intensive and more expensive than those used in the historical 
cohort. The personnel and sample-handling requirements made it more feasible to 
. conduct this component at a limited number of sites near the University of California 
(UC), Davis. In contrast to the historical cohort, for which interviewing could con- 
tinue until a target number of women with eligible pregnancies had been identified, 
the size of the prospective cohort was based on actual conception rates, which could 
not be controlled. Ultimately, industry layoffs, finite study resources, and other 
limitations determined the size of the cohort. The number of pregnancies was affected 
not only by sample size but also by a lower pregnancy rate in working women than 
in the U.S. population of women as a whole [Ventura et al., 19881. 

Thus, the historical and prospective components were designed with comple- 
mentary strengths to address the primary study hypothesis. Objective determination 
of conception and clinical and subclinical SABs in the prospective cohort was bal- 
anced against the small number of conceptions. Analysis of menstrual cycle data was 
not limited by number of pregnancies, because all women in the cohort contributed 
diary data on menstrual activity. In contrast, the historical sample was adequate to 
examine SAB rates in relation to specific tasks and exposures. 

Cross-Sectional Component 
Semiconductor manufacturing involves many potentially hazardous physical, 

chemical, and ergonomic exposures [LaDou, 19861, but few health studies have been 
conducted in the industry. The cross-sectional component was largely a hypothesis- 
generating investigation. With limited resources and no specific hypotheses, the 
investigation was restricted to a questionnaire-based survey to identify health out- 
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comes and exposures requiring further study. To optimize resources, investigators 
administered questionnaires to a large representative population rather than adminis- 
tering examinations or physiological tests (e.g., pulmonary function, nerve conduc- 
tion velocity, neuropsychological battery) to a much smaller subset of workers. 

The cross-sectional component involved eight sites in eight companies (Table 
I). A stratified sampling scheme identified the sites at random, based on probability 
in proportion to size [McCurdy et al., 19951. The final sample consisted of 3,175 
subjects (78% participation), with 5 1 % women (n = 1,637) and 47% fab employees 
(n = 1,489) (Table 11). 

In addition to evaluating nonreproductive health outcomes, the cross-sectional 
component assessed fertility among current male and female employees. All subjects 
answered a question on history of unsuccessful attempts to achieve pregnancy for at 
least 1 year. In addition, males responded to a detailed set of questions about their 
fertility history and their wives’ reproductive history. These responses were analyzed 
in relation to workplace exposures and other potential risk factors [Samuels et a]., 
19951. 

Industrial Hygiene Exposure Assessment 
The traditional approach to exposure assessment for occupational epidemiologic 

studies was precluded by the many chemical, physical, and ergonomic agents used in 
semiconductor manufacturing, the need to estimate historical exposures, the finite 
study resources, and the lack of a single exposure or work process as the suspect 
cause of SAB among fab workers. Instead of collecting numerous time-weighted 
average (TWA) samples, study industrial hygienists used a unique three-tiered ap- 
proach to characterize exposures. By this method, they determined whether or not an 
individual worked in a fab, then categorized work groups for individuals using similar 
processes or equipment, and finally characterized exposures to individual chemical, 
physical, and ergonomic agents. 

Classification of fab-nonfab and work-group status for all study subjects was 
based primarily on responses to questions designed by exposure-assessment investi- 
gators and was incorporated into epidemiologic questionnaires. However, exposure 
determinations for each chemical and physical agent incorporated information from 
site visits to all operating fab rooms, notebooks on historical work practices com- 
pleted by company industrial hygienists, and responses to questions about work 
practices reported by subjects on questionnaires [Hammond et al., 1995; Woskie et 
al., 19951. 

RESULTS 
Study Populations 

The study sample for the historical component was the most representative of 
women working in the U.S. semiconductor industry. This was reflected in the range 
of sizes of companies (< 100 to >6,000 employees), the response rate among subjects 
screened and selected for in-depth interviews (95%), and the low refusal rate (2%). 
To enable investigators to achieve a balance between fab and nonfab workers during 
sample selection, companies initially identified employees with histories of fab work 
during the study period. However, study industrial hygienists made the final exposure 
assessments. 
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The population for the prospective cohort came from seven sites in five com- 
panies in two states. One location was northern California, an area with approxi- 
mately half of all U.S. semiconductor workers, and the other was Utah, a large 
regional semiconductor manufacturing area. Unlike companies in the historical co- 
hort, which spanned the range of work-force sizes, companies in the prospective 
component were among the largest. Workers in the prospective cohort represented the 
ethnic and demographic character of the two study areas (Table 11). The California 
sites employed an ethnically diverse population that was less than 30% white, ap- 
proximately 40% Asian, and 15% Hispanic. In Utah, the population was over 80% 
white, less than 10% Hispanic, and less than 5% Asian. 

Cross-sectional participants were representative of employees in participating 
companies nationwide. The addition of men and the inclusion of all age groups 
expanded the spectrum of participants and resulted in differences from subjects in the 
other components. For example, cross-sectional subjects had a lower educational 
level, lower mean family income, and higher prevalence of smokers than historical 
and prospective participants (Table 11). The ethnicity of subjects in the cross-sectional 
component was similar to that of the historical cohort and reflected the industry 
nationwide. 

Spontaneous Abortions and Fabrication Room Work 
Based on the historical cohort investigation, the crude relative risk of SAB for 

fab (n = 447) vs. nonfab workers (n = 444) was 1.45 (95% CI = 1.02-2.05; Table 
111) [Beaumont et al., 19951. Univariate adjustment for variables potentially associ- 
ated with SAB had little effect on this relative risk, with the range of adjusted relative 
risks for fab vs. nonfab being 1.32-1.64. Adjustment for confounding factors in a 
multiple logistic regression model also resulted in little change in the relative risk of 
fab work in the historical cohort (RR = 1.43; 95% CI = 0.95-2.09). Noteworthy 
among risk factors independently associated with SAB in the multiple logistic model 
was age >35 years (RR = 1.81; 95% CI = 1.04-2.97). cigarette smoking during the 
pregnancy (RR = 1.34, 95% CI = 0.81-2.17), and prior SAB (RR = 1.64, 95% 
CI = 1.05-2.45). Women who reported feeling extremely stressed at work also had 
a significantly higher risk of SAB (RR = 2.18, 95% CI = 1.39-3.26). Asians had 
significantly lower risks of reported SAB than whites (RR = 0.49, 95% CI = 
0.26-0.91), although this was primarily the result of pregnancies in the early study 
years, suggesting poor recall. The risk of SAB was higher among fab than nonfab 
workers during all four study years. 

A similar elevated fab vs. nonfab relative risk was observed in the prospective 
cohort. The crude risk ratio for SAB of women in the prospective cohort (first 
pregnancy only per woman) was 1.39 (95% CI = 0.84-2.31) [Eskenazi et a]., 
1995al. The number of conceptions was too small to yield stable risk estimates for 
individual covariates, so adjustment was made for potential confounding variables 
using the risk model derived in the historical component. This slightly decreased the 
relative risk estimate for fab work (RR = 1.25, 95% CI = 0.63-1.76). Considering 
only clinically apparent pregnancies and SABs in the prospective cohort (theoretically 
similar to recalled events in the historical cohort) increased the crude relative risk to 
2.10, but with a wide confidence interval (95% CI = 0.51-8.62) due to the small 
sample size. 

Because nonfab nonoffice workers are potentially exposed to chemical or phys- 
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TABLE 111. Spontaneous Abortions (SAB) in the Semiconductor Health Study' 

Outcome 
Historical cohort relative risk 

(95% confidence interval) 
Prospective cohort relative risk 

(95% confidence interval) 
~~ 

Fab vs. nonfab workers 
Crude RR = 1.39 (0.82-2.20) 

Clinical SAB RR = 1.45 (1.02-2.05) RR = 1.79 (0.40-8.01)b 
Adjusted RR = 1.43 (0.95-2.09) RR = 1.25 (0.63-1.76) 

Work group 
crude 

MASK RR = 1.69 (1.17-2.44) RR = I .47 (0.85-2.54) 
DOPEFILM RR = 1.28 (0.81-2.03) RR = 1.57 (0.86-2.86) 
SUPV/ENGR RR = 1.21 (0.54-2.70) RR = 1.47 (0.61-3.55) 

Adjusted 
MASK RR = 1.78 ( I .  17-2.62) RR = 1.30 (0.59-1.84) 
DOPEFILM RR = 1.17 (0.68-1.93) RR = 1.39 (0.51-1.96) 

"fab, fabrication; nonfab, nonfabrication; MASK, masking supergroup; DOPEFILM, dopants and thin 
film supergroup; SUPVIENGR, supervisors and engineers. 
bRR = I .79 if all pregnancies are included in denominator of rate; RR = 2.10 if only clinical pregnancies 
are included in both numerator and denominator. 

ical hazards, the risk of SAB among fab workers was compared with that for office 
workers. This analysis produced negligible changes in the relative risk of SAB among 
fab workers in the historical and prospective cohorts. 

Spontaneous Abortions and Work Groups 
The industrial hygiene analysis indicated that employee process groups were 

stable entities located in particular areas of the fab and associated with similar pro- 
cesses and materials [Hammond et al., 19951. Therefore, the second-tier analysis of 
SAB in relation to exposure was based on classification into a work group or pair of 
work groups, called a supergroup, classification. In the historical component, the 
unadjusted relative risk of SAB among women during the first trimester of pregnancy 
was higher in fab supergroups involved in masking (MASK) (RR = I .69,95% CI = 
1.17-2.44) or dopants and thin film (DOPEFILM) (RR = 1.28) than among nonfab 
women (Table 111) [Beaumont et al., 19951. Within the MASK supergroup, the 
etching (ETCH) work group (RR = 2.15, 95% CI = 1.40-3.29) was at higher risk 
than the photolithography (PHOTO) workgroup (RR = 1.53,95% CI = 1.02-2.30). 
Adjusted relative risks and analyses by participation in only one work group during 
the first trimester of pregnancy showed similar patterns: higher risk in MASK than in 
DOPEFILM and, within the MASK supergroup, higher risk in ETCH than in 
PHOTO, 

Similarly, analysis of the prospective component by supergroup showed higher 
SAB risk among MASK and DOPEFILM workers than among nonfab workers. 
However, the small number of pregnancies resulted in wide but comparable confi- 
dence intervals for the two supergroups. In the adjusted model, relative risks were 
1.30 (95% CI = 0.59-1.84) for MASK and 1.39 (95% CI = 0.51-1.96) for DOPE- 
FILM (Table 111). The small number of pregnancies in the prospective cohort only 
allowed analysis of SAB in the two supergroups but not in the four work groups. 
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Spontaneous Abortions and Specific Agent Exposures 
For the historical cohort, SAB risk by specific agents was analyzed in detail 

[Swan et al., 19951. This analysis utilized the 14 agents selected by study industrial 
hygienists, based on toxicological evidence and exposure prevalence. Some agents 
were grouped by common uses or functional groupings (photoresists, fluoride, clean- 
ing solvents, dopant gases). Using an algorithm incorporating questionnaire re- 
sponses and site-visit data, we classified four levels of exposure (0-3) for the 14 
target agents, recognizing that the limited measurements of air concentrations of each 
agent were well below occupational standards [Woskie et a]., 19951. The use of 
questionnaire responses and workplace assessments to categorize individual expo- 
sures meant that exposure was not based solely on subject’s recall. Eight of the 14 
target agents showed no significant independent association with SAB in univariate 
analyses in the historical component [Swan et al., 19951. These included the dopant 
gases (antimony, arsenic, boron, phosphorus) and the physical agents (extremely 
low-frequency magnetic fields and radiofrequency radiation). Further analyses of 
these agents failed to show a consistent pattern suggesting any clinically significant 
association with SAB. 

The most consistent finding in the agent-specific analyses was an association of 
SAB with photoresist chemicals (ethylene-based glycol ethers [EGE], propylene gly- 
col ethers [PGE], n-butyl acetate, xylene) and with fluoride exposure among subjects 
in the ETCH work group. Cluster analysis confirmed that exposure to photoresist 
chemicals tended to occur together among subjects in the historical cohort [Hines et 
al., 19951. Women exposed to any photoresist chemical had an adjusted relative risk 
for SAB of 1.35 (95% CI = 0.89-2.01); this risk increased to 2.18 (95% CI = 
1.30-3.40) for women in higher exposure categories and was even greater for women 
working only in the MASK supergroup. Analyses of individual photoresist chemicals 
showed similar relative risks and dose responses for EGE, n-butyl acetate, and xylene 
but not for PGE. The SAB rate for women with the highest exposures to EGE, n-butyl 
acetate, and/or xylene was 30% (10 out of 33). 

Fluoride also showed a strong association with SAB (adjusted RR = 1.79,95% 
CI = 1.22-2.54). The higher risk among women exposed to fluoride was highly 
significant for women in the MASK supergroup, for whom fluoride is part of buff- 
ered-oxide etching mixture (RR = 2.24). but only slightly elevated among women 
exposed to fluoride outside the ETCH work group (RR = 1.23). Analysis of SAB 
rates among women exposed to photoresist chemicals, buffered-oxide etch, or both 
showed that each agent was independently associated with SAB, the highest risk 
being among women exposed to the highest levels of both photoresist chemicals and 
buffered-oxide etch. Conversely, fab women with no exposure to photoresist chem- 
icals or buffered-oxide etch (n = 196) had no higher risk for SAB than nonfab 
workers (adjusted RR = 0.98). 

Self-reported stress was strongly associated with SAB in the historical cohort 
(adjusted RR = 2.18) but only among fab workers, for whom a dose-response with 
the amount of stress was observed [Swan et a]., 19951. The “stress variable” was 
based on a single question: “Considering the activities you were required to perform, 
the time pressures operating, and the general environment and supervision, in general 
how stressful was your work during the first three months of your pregnancy (or 
before you changed your job activities)?” Analysis of individual stress-related ques- 
tions concerning workplace conditions showed that this single stress question was 
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equally predictive of SAB in the full regression models. Women who reported high 
stress levels and worked in high-risk work groups or in the presence of agents 
associated with increased risk of SAB had higher relative risks of SAB than women 
who did not report increased stress or who were not exposed to these agents. The 
magnitude of SAB risk for MASK supergroup workers was relatively unchanged 
when stress was added to the models, and stress had little effect on associations 
between SAB and exposure to photoresist chemicals or buffered-oxide etch, yet stress 
was a strong independent risk factor for SAB. 

In the prospective component, the small number of pregnancies resulted in only 
those agents associated with increased SAB risk in the historical cohort being ana- 
lyzed. Although not statistically significant, this limited analysis tended to confirm an 
association between EGE and SAB but not between fluoride and SAB. Evaluation of 
stress in this cohort was similarly limited by the small sample size. However, the 
baseline question found higher stress among fab than among nonfab women. 

Other Reproductive Outcomes 
Many other reproductive outcomes were analyzed in the three study components 

(Tables 111 and IV). In the cross-sectional population, the standard infertility question 
of “ever trying unsuccessfully for one year or more to get pregnant” was weakly and 
insignificantly associated with fab work in men and women. Among the 2,639 
women screened for the prospective component, infertility was not significantly 
associated with fab work. In the cross-sectional sample, a more sensitive fertility 
analysis of men who had ever been manied showed no evidence of decreased fertility 
in fab workers (aFR [adjusted fertility ratio] = 0.98, 95% CI = 0.80-1.19) [Sam- 
uels et al., 19951. 

In the prospective component, the crude conception rate was slightly, but not 
significantly, lower among fab than among nonfab women (RR = 0.91, 95% CI = 
0.54-1.53). However, logistic regression models of the probability of conception in 
each cycle (“fecundability ”), controlling for multiple covariates, including oppor- 
tunity for intercourse and type of contraception, resulted in lower fecundability ratios 
(FR), although no model achieved statistical significance (FR = 0.56-0.68) [Es- 
kenazi et al., 1995bl. When fecundability was analyzed by supergroup, results sug- 
gested some reduction among DOPEFILM women (FR = 0.64, 95% C1 = 0.28- 
1.46) but little decrease among MASK women (FR = 0.94,95% CI = 0.47-1.85). 

Menstrual cycle data from diaries of fab and nonfab women showed that fab 
women had small but generally not statistically significant increases in mean cycle 
length, variability in cycle lengths, percentages of long or short cycles, and mean 
days of menstrual bleeding (Table V) [Gold et al., 1995bl. Menstrual cycle analysis 
by work group showed that fab women in the thin film and ion implantation (TFII) 
work group tended to have longer adjusted mean cycle length (34.8 days) than nonfab 
women (32.5 days, p = 0.07). When analyses were restricted to women assigned to 
only one work group, this difference became statistically significant (36.1 vs. 32.0 
days, p = 0.02), as did the mean variability in cycle length (6.7 vs. 4.1 days, p = 
0.01). 

DISCUSSION 

This study provides evidence for higher SAB rates among women working in 
silicon-wafer fabs than among women working in nonfab locations in the semicon- 
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TABLE IV. Other Reproductive Outcomes Among Fabrication-Room (Fab) and 
Non-Fabrication-Room (Nonfab) Employees in the Semiconductor Health Study+ 

Outcome 
~~ 

Prospective cohort Cross-sectional cohort 
Menstrual cycle 

Length (days) 
Variability (mean In SD) 
Long cycles 

Short cycles 

Mean days of bleeding 

Crude 

All women 
MASK 
DOPEFILM 

Men 

(% 235  days) 

(% <24 days) 

Conception rate (pregnancies/ I 0 0  women) 

Fecundability (pregnancies/cycle) 

Infertility (rl year) 

A = 0.03 day, p = 0.97 
A = 0.6 day, p = 0.12 
RR = 1.00 
(95% CI = 0.64-1.45) 
RR = 1.41 

A = 0.13 day, p = 0.45 
(95% CI = 0.85-2.12) 

RR = 0.91 (0.54-1.53) 

FR = 0.51 (0.27-0.95) 
FR = 0.75 (0.37-1.55) 
FR = 0.32 (0.11-0.90) 

ND 

OR = 1 . 1 1  
(95% CI = 0.71-1.71) 
ND 

ND 
ND 
ND 

ND 

ND 
ND 

ND 
ND 
ND 

Women 

Fertility, male 

*ND, no data; RR, relative risk; C1, confidence interval; FR, fecundability ratio; MASK, masking 
supergroup; DOPEFILM, dopants and thin film supergroup; OR, odds ratio. 

OR = 1.17 

OR = 1.09 
(95% CI = 0.79-1.74) 

(95% CI = 0.72-1.46) 
FR = 0.98 (0.80-1.19) 

TABLE V. Rates of Spontaneous Abortion (SAB) and Relative Risks in Studies of 
Semiconductor Fabrication (Fab) vs. Nonfabrication (Nonfab) Workers 

SAB rate (a) Adjusted 

Fab Nonfab Relative risk 95% CI' 
Historical studies 

D E C ~  35.3 17.8 1.98 1.19-5.30 
SIA 14.1 10.4 I .43 0.95-3.09 
IBM 16.7 15.1 I .40 0.90-1.90 

SIA 63.2 45.5 I .25 0.63-1.74 
IBM 57.0 44.0 I .30 0.90-2.00 

TI, confidence interval; DEC, Digital Equipment Corporation; SIA, Semiconductor Industry Associa- 
tion. 
bIncludes photolithography and diffusion workers only. 

Prospective studies 

ductor industry. Consistent findings from the historical and prospective components 
provide the greatest support for that conclusion. These two components, which in- 
volved different populations and used different methods, arrived at similar SAB risk 
ratios in comparisons of fab and nonfab women. Adjusted SAB risk ratios of 1.43 and 
1.21, respectively, were noted. This small difference may reflect statistical variabil- 
ity, although differences in outcomes measured (clinical vs. clinical and subclinical 
pregnancies), in populations investigated, and in study time frames may also have 
contributed to the observed difference. 
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In view of the positive association between fab work and SAB, we attempted to 
identify fab-specific work processes or exposures associated with the increase. The 
historical cohort was the primary population for this effort because of its larger size. 
Analysis of SAB by supergroup revealed a greater risk in the MASK than in the 
DOPEFILM supergroup. Within the MASK supergroup, SAB risk was greater in 
ETCH than in PHOTO. Although differences in risk between supergroups were not 
found in the prospective component, the confidence intervals for supergroups in the 
prospective cohort included point estimates from data analyses for the historical 
component. 

Historical cohort data also suggested that photoresist/developer solvents and 
buffered-oxide etch were associated with increased SAB risk. This analysis consid- 
ered the specific agent(s) to which a woman was exposed, independent of her work 
group(s). There was a consistency of the findings for the photoresist chemicals and 
fluoride used in etching in the historical cohort. Moreover, exposure to the photore- 
sist or developer solvents (EGE, n-butyl acetate, and xylene) was highly correlated 
among women working in fabs, limiting the ability of investigators to analyze out- 
comes following exposure to any single photoresist chemical. Nevertheless, the as- 
sociation between exposure to photoresist or developer solvents and SAB was 
strongly dose related, with an adjusted SAB risk threefold higher in the highest 
exposed group than in women not exposed to these agents [Swan et al., 19951. EGE 
were the predominant components of photoresist and developer solvents. The rela- 
tionship between these chemicals and SAB risk was further supported by the lack of 
evidence for increased SAB risk among fab women not exposed to photoresist chem- 
icals or fluoride. 

Another important finding was the absence of an independent association of 
SAB with dopant gases (arsenic, phosphorus, boron, antimony), cleaning solvents 
(acetone, isopropyl alcohol, methanol), or radiation from electromagnetic fields or 
radiofrequency sources. However, the association of self-reported stress with SAB in 
the historical cohort is noteworthy. Although the presence of stress was based on 
self-report, consistency and strength of the association suggest that further work is 
needed to understand this risk factor. The greater prevalence of reported stress among 
fab than nonfab women in the prospective component supports the conclusion that the 
self-reported stress in the historical component was not due only to recall bias. 
Furthermore, the association of greater reported stress with exposure to a greater 
number of chemical agents suggests that responses to the stress question may reflect 
greater workplace exposures or greater numbers of assigned tasks. Specific workplace 
exposures and stress could both contribute to increased risk of SAB, particularly since 
modeling suggested that they posed independent risks. 

A fundamental question is raised by these findings: Is there a generalized 
“fabrication-room effect” on SAB, or is the association restricted to specific jobs or 
agents? Our study cannot completely resolve this question. Because the highest risk 
of SAB was consistently seen among women in the MASK supergroup and women 
who handled photoresist or developer solvents or buffered-oxide etch, it appears that 
exposures within the fab-and not the room environment per se-are responsible for 
the increased risk. 

These findings must be considered in light of their biological plausibility, 
strength and consistency of association, and other possible explanations, including 
chance and bias or confounding. Finally, they must be considered in the context of 
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other studies of workplace hazards to reproduction and of semiconductor workers in 
particular. 

Biological Plausibility 
Analyses of SAB in the prospective component suggested a greater relative risk 

of clinical than occult SAB among women working in fabs. The crude fab-nonfab risk 
ratio for clinical and occult SAB was 1.24. Considering only clinical pregnancy 
outcomes in the prospective component (comparable with outcomes studied in the 
historical cohort) gave a crude RR of 2.10. This possible difference in risk of clinical 
and occult SAB among fab workers may relate to reduced fecundability among fab 
women in the prospective cohort. There is a possible biological association between 
low fecundability and decreased early SAB: Occult SAB may indicate reproductive 
health, since most women who experience occult SABs go on to have normal preg- 
nancies [Wilcox et al., 19881. 

Similarly, increased menstrual cycle length and variability among women in the 
TFII work group [Gold et al., 1995bI may relate to the increase in SABs or to the 
decrease in fecundability in the DOPEFILM supergroup [Eskenazi et al., 1995bl. 
However, the prospective cohort was selected, in part, to exclude menstrual abnor- 
malities. In addition, these measures of cycle length and variability are crude indices 
of abnormal ovarian function. Thus, our menstrual cycle results require confirmation 
and better assessment of ovarian function. Although some epidemiologic studies have 
found associations of abnormal cycle lengths with reproductive risk factors (e.g., 
smoking) or with abnormal ovulation, the data are sparse. More accurate assessment 
of hormonal function requires daily measurement of luteinizing hormone, progester- 
one, and estrogen or their metabolites. 

The lack of a reported history of infertility among men and women in the 
cross-sectional component and among women in the screened prospective component 
suggests no fab-related reduction in fertility. However, results of this crude measure 
of infertility may be biased by a reverse “healthy worker effect” or other selection 
factors among working populations. The more sensitive fertility analysis among men 
in the cross-sectional population found no evidence of reduced fertility among male 
fab workers [Samuels et al., 19951. 

Statistical Strength of the Results 
Similarities between estimated risk in two different populations using entirely 

different methods argue strongly against the likelihood that chance alone explains the 
association of fab work with SAB. Although fab-nonfab results in the historical 
cohort were of borderline statistical significance, the fab-nonfab results are statisti- 
cally strengthened by the consistency between the historical and prospective analyses. 
Furthermore, agent-specific analyses showed statistically significant results; for ex- 
ample, photoresist and developer solvent exposures correlated positively with SAB. 

Bias or Confounding 
Reporting bias has been suggested as a possible explanation for findings from 

several retrospective studies of SAB [Neutra et a]., 1992; Swan et al., 19921. The 
strongest evidence against bias as an explanation of these results is, again, the con- 
sistency of the prospective findings with the historical results and with other studies. 
The objective measure of outcome in the prospective component, determined inde- 
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pendently of exposure assessment, excludes reporting bias as a possible explanation 
of the prospective findings and supports the absence of bias in the historical compo- 
nent results. 

It is more difficult to exclude any contribution of selection bias or confounding 
to the observed association of fab work and SAB. Careful attention was given to 
measuring and controlling for potential confounding factors, including both estab- 
lished and suspect risk factors for SAB, in both the historical and prospective com- 
ponents. Adjustment for these variables individually and together had little effect on 
the risk of fab work observed in multiple logistic models [Beaumont et al., 1995; 
Eskenazi et a]., 1995al. Nevertheless, fab and nonfab workers differed in measurable 
ways, including younger age (except in the prospective cohort that frequency- 
matched on age), less education, and lower family income. Although some unmea- 
sured risk factor associated with these characteristics could affect SAB, strong evi- 
dence against such a possibility is the absence of a marked effect on the risk of fab 
work by adjustment for age and other known risk factors. Another possibility is that 
more health-conscious women preferentially avoid entering fab work because of its 
chemical-intensive nature or publicity about possible health hazards. However, an 
adjustment for degree of concern about adverse health effects of semiconductor work 
did not change the observed association of fab work and SAB in the historical 
component, providing additional evidence against a reporting bias or an unmeasured 
Confounder. Finally, the high response rate in the historical component and the 
consistency of the association in current and former workers provides additional 
evidence against a selection bias. We cannot exclude the possibility of some selection 
bias, but, for the reasons noted earlier, we do not think it greatly affected our 
findings. 

Consistency 
The findings of this study are consistent with those of the original investigation 

of SAB and fab work [Pastides et al., 19881. Although their crude relative risk of 1.98 
for any fab work was slightly higher than the risk we observed, findings in the two 
studies show a marked similarity. The most elevated risk of SAB in the Pastides study 
(RR = 2.18) was among “diffusion” workers, a group that would include part of the 
MASK and part of the DOPEFILM supergroups in our study. Pastides and coworkers 
observed a lower risk for photolithographic workers (RR = 1.75), similar to the 
lower risk for the PHOTO work group of the MASK supergroup in our historical 
component. However, the Pastides study suggested that metals and acids were more 
strongly associated with high SAB risk among fab workers than were solvents, an 
agent-specific risk we did not confirm. 

A more recent study suggested that microelectronics assembly workers had 
increased risk of SAB [Huel et al., 19901. This investigation did not look at semi- 
conductor workers and is not directly comparable to the present study. It also had 
serious methodological problems, including selection and possible response biases, 
appropriateness of the control population, and unvalidated health outcomes. 

Many studies have investigated the association of solvent or other chemical 
exposures with SAB. A recent community-based study of California women found an 
association of first-trimester solvent exposure and SAB [Lipscomb et al., 19911. 
Solvent exposure assessment was based on job classification or self-report and did not 
distinguish between electronics and semiconductor work. A Finnish study found 
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increased SAB in association with tetrachloroethylene exposure among dry-cleaning 
workers [Kyyronen et al., 19891. Another community-based, case-control study 
found no increase in SAB related to solvent exposure [Windham et al., 19911. A 
recent case-control study of SAB among women living in Santa Clara County (Silicon 
Valley) found no increase associated with any electronics work, but the study was 
limited by small numbers of cases and controls in semiconductor manufacturing (n = 
52) [Shusterman et al., 19931. Several studies of mixed chemical solvent exposures 
and SAB in occupations such as laboratory work have yielded varied results [Ahlborg 
et al., 1989; Axelsson et al., 1984; Hansson et al., 1980; Hemminki et al., 19801. 

These studies provide little basis for comparison to our investigation of semi- 
conductor workers. Exposure assessment was indirect (usually by self-report or job 
classification). The nature and magnitude of exposures was distinctly different, as 
were many of the industries studied (chemical manufacturing, dry cleaning, phanna- 
ceuticals). These solvents were often halogenated hydrocarbons, frequently used at 
high exposures. In the semiconductor industry, solvent exposures as estimated by air 
concentrations are generally low (usually less than 10-158 of threshold limit values) 
and commonly involve EGE (nonhalogenated compounds) [Hallock et al., 19951. 
Finally, none of these studies assessed pregnancy outcome prospectively, and pos- 
sible reporting biases may explain some inconsistencies [Joffe, 1985; Neutra et al., 
19921. 

More relevant to the present investigation are two recent investigations of SAB 
among semiconductor workers. The first, a study of female employees at a single 
semiconductor manufacturer in Florida, found no increase in SAB risk among fab 
women. However, this cross-sectional investigation in an industry with high turnover 
did not include former employees, may have had biased results, and was thus not 
directly comparable with ours [Lemasters and Pinney, 19901. The other study, a 
historical and prospective assessment of pregnancies and related reproductive out- 
comes, was conducted among employees of two IBM semiconductor manufacturing 
facilities in the northeastern United States [Gray et at., 19931. Exposure assessment 
was based on processes, chemicals, and engineering controls used in clean rooms and 
on subjects’ responses to questionnaires. These yielded “zones of exposure” or 
“exposure groups.” Measured exposures to specific agents were not used in the 
epidemiological analysis, nor were results reported for potential exposures to agents 
other than EGE-based photoresist chemicals and solvents. 

The IBM retrospective investigation included current and former employees 
who worked at IBM for at least 6 months and had not undergone surgical sterilization 
before 1980. The 1,963 women interviewed had experienced 1,174 pregnancies 
during their IBM employment since 1980 (up to 10 years of recall). The response rate 
was lower among former (25%) than among current (67%) employees. Female sub- 
jects were predominantly white (90%). Data analysis included all eligible pregnancies 
with adjustment for multiple pregnancies, whereas our historical cohort used one 
random eligible pregnancy per woman. 

Despite differences in location, demographics, period of recall, inclusion of 
multiple pregnancies per woman, and exposure assessment methods, the IBM his- 
torical cohort results were remarkably similar to those in the SIA study (Table V). The 
adjusted odds ratio for SAB among women working in clean rooms was I .4 (95% CI 
0.9-1.9) compared with women working in non-clean-room areas. Also similar to 
SIA historical results was the IBM finding of significantly increased SAB rates 
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among women potentially exposed to EGE-based solvents, with an observed dose- 
response. Comparing women with “high” and “less intensive” potential exposure to 
EGE-photoresist and solvent, unadjusted relative risks for SAB were 2.3 and 1.3, 
respectively. These results are the same as the observed SIA relative risks for the two 
highest photoresist- or developer-solvent exposure categories [Swan et al., 19951. 
The IBM investigation did not evaluate potential effects of “stress” on SAB, but the 
EGE analysis did compare clean-room women exposed and unexposed to EGE to 
control for clean-room effects such as stress. 

The IBM prospective cohort included fewer women than the SIA prospective 
cohort (n = 148 vs. 402, respectively), but more conceptions (n = 92 vs: 53, 
respectively) during the follow-up. IBM prospective findings were also close to SIA 
prospective results. The IBM adjusted odds ratio for clinical and subclinical SABs for 
clean-room vs. non-clean-room women was 1.3 (95% CI 0.9-2.0). compared with 
the adjusted RR of 1.2 in the SIA study (95% CI 0.60-1.74). The IBM exposure- 
specific analysis, although limited by small numbers, suggested an increase in SABs 
during cycles with potential EGE exposure (n = 6, adjusted odds ratio = 2.5, 95% 
CI 0.9-8.5). Three pregnancies occurred in the SIA prospective cohort while the 
woman was working with EGE (RR = 2.0, 95% CI 1.5-2.8), and all three resulted 
in SABs [Eskenazi et al., 1995al. 

The remarkable consistency among the two historical and two prospective in- 
vestigations is notable: All show an increased risk of SAB among women with 
potential exposure to EGE-based photoresist or developer solvents. Both the SIA and 
IBM investigations suggest an increased risk of SAB among women working in 
semiconductor fabs, but the increase is of borderline significance, and these studies 
cannot resolve whether the increase resulted from fab-specific exposures (e.g., EGE) 
or from a “fabrication-room effect. ” 

Clinical reports of acute glycol ether toxicity relate to exposures orders of 
magnitude higher than those in semiconductor manufacturing [Paustenbach, 19881. 
One study of male employees involved in EGE-based processes failed to show ad- 
verse hematological or fertility indices, but interpretations from this study are limited 
by the low sampling fractionsand the cross-sectional design [Cook et al., 19821. 
Studies of reproductive health in males, who were often exposed to high glycol-ether 
concentrations, are sparse and not directly comparable to the semiconductor investi- 
gations of SAB in women [Cullen et al., 1983; NIOSH, 19831. A recent case-control 
study of men found a highly significant association of infertility or subfertility and 
EGE metabolites in the urine [Veulemans et al., 19931. 

Despite the lack of data in humans, particularly females, laboratory studies 
show that EGE induces dose-related embryotoxicity and other reproductive effects in 
several species of animals exposed by different routes of administration [NIOSH, 
19911. Oral and inhalational exposure to EGE in multiple species resulted in sper- 
matogenetic abnormalities and testicular atrophy [Creasy and Foster, 1984; Lamb et 
al., 1984; Miller et al., 1981; NIOSH, 1983; Rao et al., 19831. EGE exposure was 
also embryotoxic and teratogenic following oral and inhalation administration in 
multiple animal species [Hanley et al., 1984; McGregor, 1984; Nagano et al., 1981; 
Nelson and Brightwell, 1984; NIOSH, 1983; Scott et al., 19891. Exposures of preg- 
nant animals to EGE levels below the OSHA-permissible exposure limit increased 
fetal death [NIOSH, 19831. 

The few published toxicological studies generally have shown that PGE expo- 
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sure causes less reproductive toxicity than EGE exposure [NIOSH, 19911. For ex- 
ample, rats, mice, and rabbits exposed to I-methoxy-2-propanol glycol ether (PGME) 
showed no changes in testis weight or histology [Landry et al., 1983; Miller et al., 
19811, and pregnant rats exposed to 600 ppm PGME during pregnancy had no 
adverse reproductive outcomes [Doe et al., 19831. However, adverse pregnancy 
outcomes were observed with high (2,700 ppm) exposures of rats to the beta isomer 
of 2-methoxy-1-propyl acetate [Merkle et a]. , 19871, and teratogenic effects were 
observed in rabbits at lower concentrations [Merkle et al., 19871. Overall, PGE 
showed less acute or chronic toxicity, including reproductive toxicity [NIOSH, 
19911. The few reproductive effects of PGE occurred at significantly higher concen- 
trations than those caused by EGE. Metabolic products of EGE (alkoxyacetic acids) 
are more biologically active and exert greater toxic effects than PGE metabolites, 
consistent with the greater toxicity of EGE in toxicological studies [Brown et a]., 
1984; Miller et al., 1982; NIOSH, 1983, 19911. 

The low measured air concentrations of glycol ethers in this study raise ques- 
tions about the plausibility of the epidemiologic findings. However, full-shift TWA 
samples do not reflect actual doses because dermal exposure is more important than 
inhalation and TWA samples estimate inhalation [Clapp et al., 1984; Daniel1 et a]., 
19921. Permeability of gloves to glycol ethers may be a problem [Zellers et a]., 
19921, and peak exposures, which are not reflected in full-shift measurements, may 
also be important. Glycol ethers are easily absorbed through the skin. Because our 
individual exposure estimates reflected both dermal and air concentrations, we cannot 
separate the contributions of those two potential routes of exposure. However, the 
known absorption of glycol ethers through the skin and the work practices associated 
with dermal exposure (e.g., cleaning up spills) suggest that dermal exposure may be 
of more clinical importance. Our findings on female reproduction and EGE exposure 

* may also indicate an effect of EGE at levels lower than those previously recognized. 
The provocative findings associating fluoride exposure and SAB require further 

investigation. Inhalation exposures of animals to hydrogen fluoride produce signs of 
severe mucous membrane and pulmonary irritation, with death occumng from re- 
peated exposures at or above 8 mg/m3; no pathologic respiratory effects are observed 
at concentrations of 2.5 mg/m3 [NIOSH, 19761. Inhalation exposures distribute ab- 
normal amounts of fluoride to tissues, primarily bone. In a Russian study, rats 
inhaling hydrogen fluoride at 0.47 mg/m3 experienced substantially retarded fetal 
development, associated with generalized edema of subcutaneous cells and hydro- 
cephaly [Lasley et a]., 19951. 

Fluoride is known to cross the placenta, and highdose oral ingestion of fluoride 
affected reproduction in animal studies [Hodge and Smith, 1977; Theuer et a!., 
19711. For example, embryotoxicity of rat fetuses (fetal death, abortion) occurred 
following 3-12 mg fluoride/kg/day [Devoto et al., 19721, and ingestion of more than 
60 ppm fluoride by dairy cows interfered with reproduction [Hodge and Smith, 
19771. Other studies showed growth retardation and impaired reproduction in mice 
ingesting 100 and 200 ppm fluoride in drinking water [Messer et a]., 19731. In 
general, doses that cause reproductive toxicity in animals are substantially higher on 
a weight-for-weight basis than estimated occupational exposures. 

Data on reproductive effects of human exposures to fluoride are practically 
nonexistent [Hodge and Smith, 19771. A single Russian epidemiologic study ap- 
peared to show menstrual irregularities, but no differences in pregnancy outcomes, 
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among women exposed to fluoride in a superphosphate plant, where fluoride con- 
centrations ranged from 0.3 to 2.8 mg/m3 [Kuznetsova, 19691. Because postshift 
urinary fluoride correlated with postshift fluoride levels in serum [Kono et al., 19921 
and in hair [Kono et al., 19901, biological markers of fluoride exposure could be used 
in semiconductor or other industries to evaluate possible reproductive toxicity. How- 
ever, many other issues would need to be addressed in such a study, including 
fluoride dose from the water supply, dietary and supplementary ingestion, biological 
half-life of fluoride, dose to target organs, route of occupational exposure, and 
relative contribution of various sources of fluoride to total dose. Toxicological studies 
and our present findings suggest that further investigation is warranted. 

Our finding of increased SAB risk with self-reported stress is consistent with 
other reports. For example, a large Montreal study of SAB found consistent increases 
in SAB risk with heavy lifting and other physical efforts [McDonald et al., 19881. In 
that investigation, SAB was also associated with other correlates of stress, such as 
long hours and exposures to noise and to cold. Some individual correlates of stress 
were identified in the historical and prospective components of the present study, but 
further work is needed to characterize the nature of stress among fab workers, par- 
ticularly those with multiple chemical exposures. The magnitude of the “stress ef- 
fect,” the ubiquity of this exposure in modern workplaces, and the possible interac- 
tion of stress with chemical or other workplace exposures provide additional support 
for research to understand the nature and mechanism of work- and non-work-related 
stress on reproduction. 

CONCLUSIONS 

The present findings are based on a sample from a population representing 
approximately 20% of the U.S. semiconductor manufacturing industry. The 14 par- 
ticipating companies covered a spectrum of large to small manufacturers nationwide, 
and the study sample represented the spectrum of participating companies. Our pro- 
spective and historical components found similar risks of SAB, particularly clinical 
SAB, associated with fab work. Among fab workers, the evidence was most consis- 
tent for a causal association of SAB with EGE exposure. This finding is greatly 
Strengthened by consistency with findings from IBM historical and prospective in- 
vestigations. 

Further work is needed to evaluate specific exposures and work processes 
Suggested as risk factors for SAB by this study. In particular, attention should be 
focused on women working in etching and photolithography areas, and women han- 
dling photoresist or developer solvents, including EGE. The effect of leaving fab 
work was not evaluated in this study and should be investigated. Although our data 
associated buffered-oxide etch with SAB, more study is needed on the nature and 
magnitude of this exposure among fab workers and on its potential reproductive 
toxicity. Fluoride exposure from buffered-oxide etch and other sources should be 
considered. Further research will require more focused assessment of individual 
exposures, including biological markers of exposure when possible. Many other 
industries handle agents identified in this industry, and they may provide a means to 
isolate effects of individual agents on pregnancy. Future studies of reproductive 
outcomes should evaluate interrelationships of SAB, fecundability , and menstrual- 
cycle perturbations. Studies in occupational settings should consider ongoing surveil- 
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lance of pregnancy outcomes, which would require careful attention to employee 
confidentiality. Finally, prudent public health policy would suggest that semiconduc- 
tor company practices and policies be reviewed in light of these findings and appro- 
priate changes made, particularly to reduce exposures to agents identified as likely 
causes of SAB. 
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