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Abstract: Background: With the development of the semiconductor industry over the past 60 years,
various occupational diseases have been reported to coincide with rapid industrial growth. Among
these occupational diseases, the association between semiconductor work and cancers, including
leukemia, remains controversial. Therefore, this systematic review and meta-analysis assesses the
associations between semiconductor work, leukemia, and cancer risk. Methods: The core research
databases, including PubMed, were screened for studies published until 31 July 2022. All eligible
studies assessed cancer risk among workers in the semiconductor industry. Results: Nine studies
were selected after a literature review. The employment period of semiconductor workers in each
study was between 1965 and 2009. Semiconductor work was not significantly associated with the
risk of leukemia (Relative Risk [RR], 1.02; 95% Confidence Interval [CI], 0.74–1.41) or cancer (RR, 1.00;
95% CI, 0.93–1.07). Conclusion: In this meta-analysis, semiconductor work was not significantly
associated with leukemia or cancer risk. Internal comparisons, such as non-fab workers, quality of
the study, employment period, and healthy worker effect, should be considered for interpretation.
Furthermore, a prospective cohort study based on overall semiconductor workers in the industry
could be useful to assess occupational disease risk as a mandatory component of health assessment.
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1. Introduction

Over the last 60 years, the semiconductor industry has been developing rapidly, and
is an important national strategic industry in some countries [1]. Along with the global
growth of the semiconductor industry, many environmental studies have been conducted
worldwide. These studies have reported associations between semiconductor work and
occupational diseases, including skin problems, musculoskeletal disorders, and women’s
diseases such as menstruation disorder, spontaneous abortion, and cancers [2–4].

Higher cancer incidence and mortality rates have been described for semiconductor
workers living in the United Kingdom [5]. Several observational studies and reviews
have since described an association between semiconductor work and the increased risk
of several occupational diseases [6–8]. A previous study also reported significant rates
of spontaneous abortion in female workers [9]. However, findings from existing studies
are insufficient for reaching a definitive conclusion concerning the relationship between
semiconductor work and occupational disease risk.
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Semiconductor manufacturing processes are largely divided into three stages: (1) wafer
manufacturing, (2) fabrication process, and (3) assembly. Generally, the fabrication process
consists of creating a chip by engraving a semiconductor onto a wafer. Most of the previous
studies defined photo-lithography, etching, clean, ion-implant, and metal processes as
fabrication work; workers could be exposed to various organic solvents and occupational
substances from the processes. In particular, workers may be exposed to acetone, arsenic,
2-ethoxyethanol, and dichloromethane through fabrication processes.

In the major occupational disease report in a semiconductor facility from South Korea,
a female worker in her twenties died of leukemia. Subsequently, academic research needs
and social interest in occupational diseases at semiconductor facility has been increasing.
As a result, reports have been published concerning musculoskeletal diseases, dermatitis,
cystitis, breast cancer, lymphoma, non-Hodgkin lymphoma, infertility, and ovarian cancer.
Whilst all of the diseases could be related to semiconductor work, each disease can be fur-
ther classified into fabrication, assembly, and overall semiconductor work-related diseases,
respectively. As these previous studies primarily assessed occupational diseases according
to fabrication work status, assessment of the detailed exposure source has been insufficient.
Therefore, structured epidemiological studies considering fabrication processes or occu-
pational substances are required. Bio-monitoring has recently been conducted based on
biological exposure indices which consider harmful exposure levels in humans.

In this trend, a comprehensive evaluation is required through a systematic review
and meta-analysis of previous studies concerning the link between occupational diseases
and semiconductor work. The criteria of semiconductor workers, employment period, and
comparison groups were considered as comprehensive evaluation factors. In particular, we
considered leukemia, non-Hodgkin lymphoma (NHL), brain and central nervous system
(CNS) cancers, breast cancer, and other cancer types.

2. Materials and Methods
2.1. Search Strategy

To identify individual studies for systematic review and meta-analysis, we used the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines. For the
literature review, PubMed, Embase, and Cochrane Library were considered core database
sources, and included studies that were published up to 31 July 2022. The search terms were
“semiconductor” [MeSH Term] OR “semiconductor” [All Fields] AND “work” [MeSH Term]
OR “work” [All Fields] AND “cancer” [All Fields] OR “neoplasms” [MeSH Term]. During
the literature review process, Endnote X9 (Thomson Reuters, New York, NY, USA) was
used for selection, which was conducted by two independent reviewers.

2.2. Selection Criteria

Previous studies that assessed the association between semiconductor work and cancer
risk were included in this systematic review and meta-analysis. The detailed selection
criteria of the studies were as follows: (1) epidemiology study dealing with cancer in
semiconductor workers; (2) semiconductor work defined as: (a) overall semiconductor
work, (b) fabrication (fab) work, (c) occupational substance exposure, (d) semiconductor
process work; (3) comparison group, defined as general population or non-fab workers,
such as office or assembly workers. For the meta-analysis, we considered (4) case-control,
cohort, and cross-sectional studies; and (5) studies published in English or Korean. The
exclusion criteria were in vivo or in vitro studies, exposure assessment, letters, reviews,
and studies that did not assess cancer as the outcome. In addition, where there were a
number of studies based on the same study population source, only one representative
study was included. In this study, fabrication work is defined as a process of manufacturing
semiconductor chips by engraving circuits on the wafer, as detailed processes of fabrication
work, photo-lithography, diffusion, etching, ion-implant and thin film were included.
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2.3. Quality Assessment and Data Extraction

The Newcastle-Ottawa Scale (NOS) was used in case-control and cohort studies [10].
The total NOS score was calculated for each category of the NOS tool, and all processes
were conducted by independent authors. If the total score was not identical to that of the
authors, another author was involved in the NOS score calculation. In the meta-analysis, a
high-quality study was defined as a NOS score over 6 points; 4 and 5 points were consid-
ered as medium; and lower than 4 points were defined as low-quality studies. Detailed
data extraction, first author, publication year, subject information, location, recruitment
(employment) period, outcome, reported indicators, and the number of population and
cases were extracted by two independent authors.

2.4. Statistical Analysis

For the meta-analysis, we used a random effects model based on the variance effect
to estimate summary statistics. The summary statistics of each cancer, including all types
of cancer, were summarized in terms of incidence and death rates. In the case of a study
that described an internal comparison group, summary relative risk (RR) was presented
as a summary statistic. Furthermore, the association between semiconductor work and
cancer risk has been described according to the sex and quality of individual studies in
subgroup analyses [11]. To present the heterogeneity, this study used both Higgins I2 and
Cochran Q statistics [12,13]. To interpret the I2 test, <50%, 50–74%, and >75% were defined
as low, intermediate, and high heterogeneity, respectively, and we described the detailed
I2 statistics if it was >50% [13]. In the case of the Cochran’s Q test, a value <0.1% indicates
significant heterogeneity. Furthermore, both Egger and Begg tests were conducted to assess
publication bias, and a p-value < 0.05 defined statistically significant publication bias [14,15].
All statistical analyses were conducted using the STATA software package (version 14,
StataCorp, College Station, TX, USA).

3. Results

Based on the search strategy, 24 eligible full-text studies were included (Figure 1). Nine
studies were included in the systematic review and meta-analysis, according to the selection
criteria. The detailed characteristics of the individual studies included in the meta-analysis
are described in Tables 1, S1 and S2. The cancer incidence and mortality risk of semiconduc-
tor workers compared to the external comparison groups (general population) are described
in Table 2. With the NOS tool, the quality of individual studies is presented in Table S3;
seven studies were of low quality [5,16–22] and only two studies were of high quality [7,22].
Among the studies, three were conducted in Asia [7,19,21], three in Europe [5,16,17], and
others in the USA [18,20,22]. When we reviewed the comparison groups, six studies used
only external comparison groups [5,7,16,17,19,21], and three studies used both external
and internal comparison groups [18,20,22]. The excluded studies are described in detail
in Table S4.

When the general population was used as a comparison group, there were nine studies
that described occupational exposure, cancer incidence rates, and mortality risk (Table 2).
In the meta-analysis, we concluded that the association between semiconductor work and
the risk of cancer (cancer incidence, SIR, 0.87; 95% CI, 0.82–0.92; cancer mortality, SMR, 0.70;
95% CI, 0.62–0.79), and both cancer incidence and mortality, showed intermediate and high
heterogeneity, respectively (cancer incidence, I2, 39.1%; cancer mortality, I2, 72.8%). In the
case of NHL, both incidence and mortality showed intermediate heterogeneity, however,
neither were significantly associated with semiconductor work (NHL incidence, SIR, 1.05;
95% CI, 0.81–1.38; NHL mortality, SMR, 0.97; 95% CI, 0.68–1.39). In addition, although there
was no heterogeneity in leukemia, brain and CNS, or breast cancer incidence and mortality,
the association was not significant. Stratified meta-analysis, according to sex, showed that
most patterns were comparable to those of overall semiconductor workers (Tables 3 and 4).
Although the incidence and mortality rates of leukemia and NHL were not significantly
different between men and women, the summary point estimates appeared to be higher
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than those of overall semiconductor workers (female leukemia incidence, SIR, 1.17; 95% CI,
0.75–1.84; NHL incidence, SIR, 1.73; 95% CI, 0.86–3.49; female leukemia mortality, SMR,
1.27; 95% CI, 0.62–2.57; NHL mortality, SMR, 2.50; 95% CI, 0.68–6.40).
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Table 1. General characteristics of individual studies included in the meta-analysis.

Author [Ref.] Subjects Location,
Recruitment Period Quality Diseases Reported

Indicators

McElvenny, 2003 [16]
Scottish semiconductor

manufacturing facility (fab and
non-fab) workers

Scotland,
mid-1970s–1999 6 Leukemia, Breast

cancer SIR, SMR

Darnton, 2012 [17]
Scottish semiconductor

manufacturing facility (fab and
non-fab) workers

Scotland,
The 1970s–1999 5 Brain tumor,

Breast cancer SIR

Nichols, 2005 [5]
Semiconductor manufacturing

facility workers who were
employed for at least 1 month

West Midlands, UK
1970–1983 5

Leukemia, Brain
tumor, Breast

cancer
SIR, SMR

Bender, 2007 [18] IBM semiconductor and
electronic storage device workers

East Fishkill (NY), San
Jose (CA), USA

1965–1999
5

Leukemia, NHL,
Brain tumor,
Breast cancer

SIR, RR

Lee, 2011 [7]

Eight Korean semiconductor
manufacturing industry workers

(Office and manufacturing;
fabrication, assembly)

Korea,
1998–2007 7

Leukemia, NHL,
Brain tumor,
Breast cancer

SIR, SMR
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Table 1. Cont.

Author [Ref.] Subjects Location,
Recruitment Period Quality Diseases Reported

Indicators

Lee K, 2015 [19]

Samsung Electronics factories
workers in two semiconductor

memory facilities, 1 testing, and
packaging process facility

Kiheung, Hwasung
and Onyang, Korea

1998–2009
6 Leukemia, NHL SIR

Beall, 2005 [20]

IBM employees who worked at
least 1 day in two semiconductor
facilities and one storage device

facility

East Fishkill (NY),
Burlington (VT), San

Jose (CA), USA
1965–1999

5
Leukemia, NHL,

Brain tumor,
Breast cancer

SMR, RR

Hsieh, 2005 [21] Eight semiconductor industry
companies workers in Taiwan Taiwan, 1980–2000 3 Leukemia SMR

Boice, 2010 [22]

US cohort of workers involved in
the manufacture of

semiconductors who were
employed at least 6 months

Arizona, California,
New Mexico, Oregon,

and Texas, USA
1983–2002

7
Leukemia, NHL,

Brain tumor,
Breast cancer

SMR, RR

Abbreviations: SIR, standardized incidence ratio; SMR, standardized mortality ratio; RR, relative risk; NHL,
non-Hodgkin lymphoma.

Table 2. Meta-analysis for the standardized incidence ratios (SIRs) and standardized mortality ratios
(SMRs) of cancer, leukemia, NHL, brain tumor, and breast cancer in semiconductor workers compared
to the general population.

N Individual Studies SIR (95% CI) 1,4 N Individual Studies SMR (95% CI) 1,4

Cancer McElvenny, 2003 [16]
Male 0.47 (0.17–1.02)

Female 1.10 (0.69–1.64)
Nichols, 2005 [5] 1.00 (0.87–1.13) Nichols, 2005 [5] 0.77 (0.63–0.92)
Bender, 2007 [18] Beall, 2005 [19] 0.78 (0.75–0.81)

East Fishkill 0.81 (0.77–0.85) Hsieh, 2005 [21]
San Jose 0.87 (0.82–0.92) Male 0.41 (0.27–0.60)

Lee, 2011 [7] Female 0.68 (0.42–1.02)
Male 0.86 (0.74–0.98) Boice, 2010 [22] 0.73 (0.68–0.78)

Female 0.88 (0.74–1.03) Lee, 2011 [7]
Darnton, 2012 [17] 1 Male 0.44 (0.32–0.58)

Male 0.90 (0.69–1.16) Female 0.79 (0.51–1.18)
Female 1.02 (0.85–1.22)

7 Summary SIR (95% CI) 0.87 (0.82–0.92) 2,4 9 Summary SMR (95% CI) 0.70 (0.62–0.79) 2,4

Leukemia McElvenny, 2003 [16] 1.45 (0.04–8.06) McElvenny, 2003 [16] 1.72 (0.04–9.61)
Nichols, 2005 [5] 1.21 (0.39–2.83) Nichols, 2005 [5] 0.96 (0.20–2.82)
Bender, 2007 [18] Beall, 2005 [19] 0.85 (0.69–1.05)

East Fishkill 0.70 (0.49–0.98) Hsieh, 2005 [21] 2.18 (0.87–4.49)
San Jose 1.03 (0.73–1.42) Lee, 2011 [7]

Lee, 2011 [7] Male 0.39 (0.08–1.14)
Male 0.69 (0.30–1.37) Female 1.37 (0.55–2.81)

Female 1.28 (0.61–2.36) Boice,2010 [22] 0.77 (0.54–1.07)
Lee K, 2015 [19] 0.86 (0.50–1.47)

7 Summary SIR (95% CI) 0.89 (0.73–1.08) 3,4 7 Summary SMR (95% CI) 0.92 (0.71–1.20) 3,4

NHL Bender, 2007 [18]
East Fishkill 0.94 (0.74–1.18) Beall, 2005 [20] 0.99 (0.82–1.19)

San Jose 0.91 (0.69–1.17) Boice, 2010 [22] 0.69 (0.48–0.97)
Lee, 2011 [7] Lee, 2011 [7]

Male 0.93 (0.45–1.71) Male 1.33 (0.43–3.09)
Female 2.31 (1.23–3.95) Female 2.50 (0.68–6.40)

Lee K, 2015 [19] 0.93 (0.51–1.67)

5 Summary SIR (95% CI) 1.05 (0.81–1.38) 2,4 4 Summary SMR (95% CI) 0.97 (0.68–1.39)
2,3,4
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Table 2. Cont.

N Individual Studies SIR (95% CI) 1,4 N Individual Studies SMR (95% CI) 1,4

Brain Nichols, 2005 [5] 0.50 (0.06–1.81) Nichols, 2005 [5] 0.83 (0.17–2.43)
Bender, 2007 [18] CNS Beall, 2005 [20] 1.08 (0.87–1.32)

East Fishkill 0.94 (0.65–1.32) Boice, 2010 [22] 1.11 (0.84–1.45)
San Jose 0.91 (0.56–1.39) Lee, 2011 [7]

Lee, 2011 [7] Male 0.92 (0.25–2.35)
Male 1.37 (0.62–2.59) Female 0.34 (0.01–1.87)

Female 0.22 (0.01–1.22)
Darnton, 2012 [17] 2.09 (0.57–5.35)

6 Summary SIR (95% CI) 0.99 (0.77–1.26) 3,4 5 Summary SMR (95% CI) 1.08 (0.92–1.27) 3,4

Breast McElvenny, 2003 [16] 0.74 (0.20–1.90)
Nichols, 2005 [5] 0.78 (0.59–1.02) Nichols, 2005 [5] 0.47 (0.25–0.81)
Bender, 2007 [18] Beall, 2005 [20] 0.95 (0.80–1.12)

East Fishkill 1.04 (0.89–1.20) Boice, 2010 [22] 0.92 (0.75–1.12)
San Jose 1.02 (0.87–1.19) Lee, 2011 [7] 0.84 (0.10–3.02)

Lee, 2011 [7] 0.77 (0.44–1.26)
Darnton, 2012 [17] 1.22 (0.90–1.63)

5 Summary SIR (95% CI) 1.00 (0.87–1.13) 3,4 5 Summary SMR (95% CI) 0.88 (0.74–1.05) 3,4

Abbreviation: SIR, standardized incidence ratio; SMR, standardized mortality ratio. 1 Heterogeneity and publica-
tion bias across studies were presented only when the number of individual studies was 5 or more. 2 Heterogeneity:
I2 = 39.1% (54.3% (NHL) for SIR; I2 = 72.8%, 55.0% (NHL) for SMR. 3 No heterogeneity I2 < 50% regardless of
Cochran p-value. 4 No publication bias in Begg or Egger test; p > 0.05.

Table 3. Sex-specific meta-analysis for the standardized incidence ratios (SIRs) of cancer, leukemia,
NHL, and brain tumor in semiconductor workers compared to the general population.

Study
N SIR (95% CI) 1 Study

N SIR (95% CI) 1

Men Women
Cancer Cancer

Nichols, 2005 [5] 1.30 (0.95–1.73) Nichols, 2005 [5] 0.94 (0.82–1.09)
Lee, 2011 [7] 0.86 (0.74–0.98) Lee, 2011 [7] 0.88 (0.74–1.03)

Darnton, 2012 [17] 0.90 (0.69–1.16) Darnton, 2012 [17] 1.02 (0.85–1.22)
3 Summary SIR (95% CI) 0.98 (0.78–1.23) 3 Summary SIR (95% CI) 0.94 (0.86–1.03)

Leukemia Leukemia
Nichols, 2005 [5] 2.33 (0.28–8.40) McElvenny, 2003 [16] 1 1.45 (0.04–8.06)

Lee, 2011 [7] 0.69 (0.30–1.37) Nichols, 2005 [5] 0.91 (0.19–2.67)
Lee K, 2015 [19] 0.65 (0.27–1.57) Lee, 2011 [7] 1.28 (0.61–2.36)

Lee K, 2015 [19] 1.13 (0.56–2.26)
3 Summary SIR (95% CI) 0.76 (0.44–1.32) 4 Summary SIR (95% CI) 1.17 (0.75–1.84)

NHL NHL
Lee, 2011 [7] 0.93 (0.45–1.71) Lee, 2011 [7] 2.31 (1.23–3.95)

Lee K, 2015 [19] 0.83 (0.37–1.85) Lee K, 2015 [19] 1.11 (0.46–2.67)
2 Summary SIR (95% CI) 0.89 (0.531.48) 2 Summary SIR (95% CI) 1.73 (0.86–3.49)

Brain Brain
Lee, 2011 [7] 1.37 (0.62–2.59) Nichols, 2005 [5] 0.61 (0.07–2.21)

Lee, 2011 [7] 0.22 (0.01–1.22)
1 Summary SIR (95% CI) 1.37 (0.62–2.59) 2 Summary SIR (95% CI) 0.43 (0.11–1.75)

1 Heterogeneity and publication bias across studies were presented only when the number of individual studies
was 5 or more.

In terms of the internal comparison group-based study, there were three or four studies
on each type of cancer (Table 5). Including all cancers, none of the meta-analyses were
associated with fab work compared to non-fab (office or assembly) work (RR, 95% CI;
all cancers, 1.00 (0.93–1.07); leukemia, 1.02 (0.74–1.41); NHL, 0.87 (0.63–1.19); brain and
CNS, 0.93 (0.68–1.27); breast, 0.91 (0.64–1.31]). Regardless of the quality status, none of the
meta-analyses for each cancer was associated with semiconductor work (Table 6).
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Table 4. Sex-specific meta-analysis for the standardized mortality ratios (SMRs) of cancer, leukemia,
NHL, and brain tumor in semiconductor workers compared to the general population.

Study
N SMR (95% CI) 1 Study

N SMR (95% CI) 1

Men Women
Cancer Cancer

McElvenny, 2003 [16] 1 0.47 (0.17–1.02) McElvenny, 2003 [16] 1 1.10 (0.69–1.64)
Nichols, 2005 [5] 1.12 (0.75–1.61) Nichols, 2005 [5] 0.69 (0.55–0.86)
Hsieh, 2005 [21] 0.41 (0.27–0.60) Hsieh, 2005 [21] 0.68 (0.42–1.02)

Lee, 2011 [7] 0.44 (0.32–0.58) Lee, 2011 [7] 0.79 (0.51–1.18)
4 Summary SMR (95% CI) 0.56 (0.33–0.95) 4 Summary SMR (95% CI) 0.77 (0.63–0.94)

Leukemia Leukemia
Nichols, 2005 [5] 1.59 (0.08–7.83) McElvenny, 2003 [16] 1 1.72 (0.04–9.61)
Hsieh, 2005 [21] 2.18 (0.87–4.49) Nichols, 2005 [5] 0.80 (0.10–2.91)

Lee, 2011 [7] 0.39 (0.08–1.14) Lee, 2011 [7] 1.37 (0.55–2.81)
3 Summary SMR (95% CI) 1.13 (0.34–3.78) 3 Summary SMR (95% CI) 1.27 (0.62–2.57)

NHL NHL
Lee, 2011 [7] 1.33 (0.43–3.09) Lee, 2011 [7] 2.50 (0.68–6.40)

1 Summary SMR (95% CI) 1.33 (0.43–3.09) 1 Summary SMR (95% CI) 2.50 (0.68–6.40)

Brain Brain
Lee, 2011 [7] 0.92 (0.25–2.35) Nichols, 2005 [5] 1.02 (0.21–2.98)

Lee, 2011 [7] 0.34 (0.01–1.87)
1 Summary SMR (95% CI) 0.92 (0.25–2.35) 2 Summary SMR (95% CI) 0.82 (0.25–2.66)

1 Heterogeneity and publication bias across studies were presented only when the number of individual studies
was 5 or more.

Table 5. Meta-analysis for the relative risks (RRs) of cancer, leukemia, NHL, central nervous system
cancers, and breast cancer in exposed semiconductor workers compared to non-exposed semiconduc-
tor workers.

Studies
N Individual Studies RR (95% CI)

in Each Study

Cancer 3 Bender, 2007 [18]
East Fishkill 1.0 (0.9–1.2)

San Jose 1.0 (0.9–1.1)
Boice, 2010 [22] 0.98 (0.8–1.1)

Summary RR (95% CI) 1.00 (0.93–1.07) 1,2

Leukemia 4 Bender, 2007 [18]
East Fishkill 1.1 (0.5–2.4)

San Jose 1.1 (0.5–2.2)
Boice, 2010 [22] 0.96 (0.5–1.9)
Beall, 2005 [20] 1.0 (0.6–1.6)

Summary RR (95% CI) 1.02 (0.74–1.41) 1,2

NHL 4 Bender, 2007 [18]
East Fishkill 1.2 (0.6–2.2)

San Jose 0.7 (0.4-.1.1)
Boice, 2010 [22] 1.34 (0.7–2.6)
Beall, 2005 [20] 0.7 (0.5–1.0)

Summary RR (95% CI) 0.87 (0.63–1.19) 1,2

Brain 4 Bender, 2007 [18]
East Fishkill 1.2 (0.5–3.0)

San Jose 0.8 (0.3–1.9)
Boice, 2010 [22] 0.76 (0.4–1.4)
Beall, 2005 [20] 1.0 (0.7–1.7)

Summary RR (95% CI) 0.93 (0.68–1.27) 1,2

Breast 4 Bender, 2007 [18]
East Fishkill 0.8 (0.6–1.1)

San Jose 1.2 (0.8–1.6)
Boice, 2010 [22] 0.62 (0.4–1.0)
Beall, 2005 [20] 0.8 (0.6–1.2)

Summary RR (95% CI) 0.91 (0.64–1.31) 1,2

1 Heterogeneity and publication bias across studies were presented only when the number of individual studies
was 5 or more. 2 No heterogeneity I2 < 50% regardless of Cochran p-value.
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Table 6. Sub-group meta-analysis by study quality for the standardized incidence ratios (SIRs) and
standardized mortality ratios (SMRs) of cancer, leukemia, NHL, brain tumor and breast cancer in
semiconductor workers compared to the general population.

Cancer
Type Quality Study

N
Summary

SIR (95% CI)
Study

N
Summary

SMR (95% CI) 1

Total
cancers

High quality 4 0.91 (0.83–0.99) 5 0.69 (0.51–0.91) 2,3

Middle quality 3 0.87 (0.80–0.96) 2 2 0.78 (0.75–0.81)

Leukemia
High quality 4 0.93 (0.64–1.34) 4 0.82 (0.58–1.15)

Middle quality 2 0.88 (0.65–1.20) 2 0.85 (0.69–1.05)

NHL
High quality 3 1.27 (0.69–2.34) 3 1.14 (0.53–2.49)

Middle quality 2 0.92 (0.77–1.10) 1 0.99 (0.82–1.19)
Brain
tumor

High quality 3 1.33 (0.61–2.89) 3 1.09 (0.83–1.41)
Middle quality 3 0.91 (0.69–1.20) 2 1.07 (0.87–1.32)

Breast
cancer

High quality 2 1.02 (0.66–1.59) 3 0.91 (0.75–1.11)
Middle quality 3 0.98 (0.85–1.12) 2 0.71 (0.36–1.40)

Abbreviation: NHL, Non-Hodgkin’s lymphoma; SIR, standardized incidence ratio; SMR, standardized mortality
ratio. 1 Heterogeneity and publication bias across studies were presented only when the number of individual
studies was 5 or more. 2 Heterogeneity: I2 = 76.2% for SMR. 3 No publication bias in Begg or Egger test; p > 0.05.

4. Discussion

This systematic review and meta-analysis assessed cancer risk among semiconductor
workers. Most of the studies included in these meta-analyses were of low quality. Although
the studies were conducted in Asia, Europe, and the United States, cancer risk was compa-
rable. In addition, most studies defined the general population as the comparison group,
and only a few studies defined non-fab or office workers as the internal comparison group.
Regardless of the comparison group or the quality of the studies, cancer risk was not
significantly associated with semiconductor work.

It is necessary to understand the historical context of semiconductor work in order to
determine its relationships with cancer risk. First, there is a lack of research on the topic.
In the case of spontaneous abortion, there were only seven individual studies, including
one meta-analysis [3,9,23,24]. In the case of cancer, there were at least two to six studies for
each cancer type [16–22]. Only the United States, Taiwan, Japan, and South Korea are major
semiconductor manufacturing countries, and only a few studies have been published in
these countries [25]. It is essential to conduct additional studies to evaluate the health status
of semiconductor workers in detail. Meanwhile, considering the major semiconductor
manufacturing countries over the past 20 years, including France, Italy, Germany, and
Japan, their exposure environment could be different to that of the United States, Taiwan,
Japan, and South Korea. Unfortunately, exposure environment, safety management levels,
and occupational substances used in the factory could not be compared between the
countries. Therefore, along with the top major countries, research from other countries is
needed to assess the health effect of the semiconductor workers.

Second, it is difficult to identify changes in the semiconductor work environment
over time. The employment period of semiconductor workers in this study was 1970–2009,
and semiconductor work was defined as fab work, overall work in the semiconductor
facility, or specific processes [26]. Therefore, the assessment of detailed environmental
changes is limited. In addition, owing to rapid changes in the semiconductor industry and
occupational substances, it is difficult to conclude that past and current semiconductor work
have the same effect on cancer risk. For example, TCE was used in the past, but it is rarely
used in the current industry as a result of technological advancement and its harmful impact
on humans [27]. Many alternative substances are used, however, their harmful effects
on humans are insufficient [28]. According to a previous study, occupational exposure
probability varies depending on the work period [29]. This suggests that direct exposure
has decreased, owing to the automation system and employment change (i.e., subcontractor
workers) in the semiconductor facility. However, detailed environmental changes were
limited in this study.
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Third, systematic exposure assessment should be considered. In South Korea, Sam-
sung Electronics began to develop a health management system, an environmental safety
integration system, and an environmentally safe workplace in 2012. Only a few studies
have considered this. According to a previous study, the worker’s department, working
processes, job duties, district, employment period, and use of occupational substances
should be considered when assessing occupational exposure in the semiconductor in-
dustry [30]. In addition, wafer manufacturing eras and wafer size changes need to be
considered as additional factors for exposure assessment [30,31]. Although most of the
studies had limited information for assessing detailed occupational exposure, one study
could be referred to [32], which was not included in the meta-analysis, as it used the same
source population and case-control study as another study. Compared to the other studies,
it dealt with various job categories and various chemicals used in the facility. Although it
was impossible to evaluate the exact automatic change period, this study classified various
periods in order to assess the health effect on semiconductor workers. Thus, this report
on semiconductor workers is important, but a systematic consideration of the various
information is required for further study.

In addition, the diversity of semiconductor employment types should be considered.
In the 2000s, many semiconductor factories expanded in response to global semiconductor
demand. In addition to this demand, many more semiconductor workers have been hired.
In the semiconductor industry, semiconductor and subcontractor workers are employed.
In the case of subcontractor workers, one of their primary duties is the prevention and
maintenance of semiconductor facilities. Although most processes are automated in the
current industry, there is a possibility of occupational substance exposure within these
prevention and maintenance duties. Therefore, it is necessary to pay attention to the health
status of subcontractor workers. However, due to the nature of their work environment
and to the social issues that they face, access to individual exposure information and health
status was limited. Compared to semiconductor workers, their employment period is short;
therefore, access to lifetime health monitoring is limited. Therefore, a continuous study
that considers various occupational substance exposure assessments are required [33,34].

Throughout the studies described in this paper, few considered multiple job categories
as an exposure assessment. One of the studies described the occupational substances present
in the cleanroom. Although four studies described the possible occupational substances at
the facility, they did not apply them as exposure assessments. The number of subjects varied
from 2000 to 130,000, and five studies consisted of more than 50,000 semiconductor workers.
In the case of the employment period, four studies reported over an employment period
of more than 10 years, and at least 20% to as much as 34% of workers had been working
over 10 years. In addition, some studies included a study population whose employment
period was less than a year. Thus, a consideration of the employment and latent period is
required. Four studies could not identify the detailed age distribution; elsewhere, nearly
half of the workers were younger than 30 or 40. Therefore, health effect assessment should
be considered based on their age distribution.

In this meta-analysis, there were several limitations to assessing the association be-
tween semiconductor work and cancer. First, most studies defined the general population
as the comparison group. As this can induce bias in assessing cancer association, consid-
ering semiconductor workers who are not exposed to occupational substances would be
appropriate. In South Korea, the National Health Insurance Database can identify medical
and disease history, including cancer, according to employment insurance records. Through
the database, the cancer risk of semiconductor workers can be compared to various work
groups. In occupational epidemiological studies, the effects on healthy worker needs to
be considered. Although it is difficult to clearly identify this factor in this study, a minor
impact is likely. There was no significant difference between the internal and external
comparison in Tables 2 and 5. However, given that 40% of the semiconductor workers, in
several studies, were under the age of 40, careful interpretation is needed. In addition, an
assessment of the association between semiconductor work and other cancer types was not
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available due to the lack of existing studies. Therefore, further research consideration of
various cancer types is needed.

5. Conclusions

This systematic review and meta-analysis found no significant association between
semiconductor work and cancer risk. In the evaluation of each study, it was difficult to con-
sider changes in the semiconductor work environment and systematic exposure assessment
over time. In addition, due to the inappropriate comparison group and healthy worker
effect, it is difficult to conclude that semiconductor work is not a significant predictor of
cancer development and mortality. Nevertheless, NHL and leukemia are still occupational
diseases of interest in South Korea; therefore, lifetime monitoring is needed. As a first step,
the construction of a prospective cohort, including all semiconductor workers, is essential
to overcome the limitations of previous studies. Finally, this can lead to an objective and
standardized health impact assessment, which can be applied in other semiconductor
manufacturing countries.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijerph192214733/s1, Table S1: Existing studies on the risk of cancer
of semiconductor workers compared to external comparison groups (general population). Table S2:
Existing studies on the risk of cancer and specific cancers (leukemia, NHL, brain tumor and female
breast cancer) of semiconductor exposed workers compared to internal comparison groups (office
work or non–fabrication work). Table S3: Results of literature quality evaluation using the Newcastle
Ottawa Scale (NOS). Table S4: The excluded studies during the systematic review and meta-analysis.

Author Contributions: Conceptualization, K.L. and S.K.P.; methodology, K.K. and H.K.S.; validation
K.K. and K.L.; formal analysis, K.K.; data curation, K.K.; writing-original draft preparation, K.K.;
writing-review and editing, K.K. and S.K.P.; supervision, S.K.P.; funding acquisition, K.L. and S.K.P.
All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by a grant from the Samsung Ombudsperson Commission,
which is financially supported by Samsung Electronics and Samsung Display through Seoul National
University R&DB Foundation, according to Article 3, Paragraph 6 of the three parties’ (Samsung
Electronics, SHARPs, and the Family Committee for Compensation over Leukemia Issue) settlement
agreement regarding prevention measures in January 2016. The authors were invited as independent
investigators by the Samsung Ombudsperson Commission and do not have any form of conflict
of interest with Samsung. Financial support for the research was funded by Samsung Electronics
through the committee (Project No. 0406-20160048). The financial support was not for individual
research projects but for overall investigation of the committee.

Institutional Review Board Statement: This study was approved by the Institutional Review Board
of Seoul National University (IRB No. 1703-0750839, 25 March 2017).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: We thank the Samsung Ombudsperson Commission for support of this project.
Additionally, we take off our hat to Hyun-Sul Lim who attributed the research to Samsung Om-
budsperson Committee.

Conflicts of Interest: The funders had no role in the design of the study; in the collection, analyses, or
interpretation of data; in the writing of the manuscript. They have reviewed the manuscript before the
submission by the contract, however, there was not any request to change the content of the manuscript.

https://www.mdpi.com/article/10.3390/ijerph192214733/s1
https://www.mdpi.com/article/10.3390/ijerph192214733/s1


Int. J. Environ. Res. Public Health 2022, 19, 14733 11 of 12

References
1. Flamm, K.; Reiss, P.C. Semiconductor Dependency and Strategic Trade Policy. Brookings Papers on Economic Activity. Microeco-

nomics 1993, 1993, 249–333.
2. Pocekay, D.; McCurdy, S.A.; Samuels, S.J.; Hammond, S.K.; Schenker, M.B. A cross-sectional study of musculoskeletal symptoms

and risk factors in semiconductor workers. Am. J. Ind. Med. 1995, 28, 861–871. [CrossRef] [PubMed]
3. Beaumont, J.J.; Swan, S.H.; Hammond, S.K.; Samuels, S.J.; Green, R.S.; Hallock, M.F.; Dominguez, C.; Boyd, P.; Schenker, M.B.

Historical cohort investigation of spontaneous abortion in the Semiconductor Health Study: Epidemiologic methods and analyses
of risk in fabrication overall and in fabrication work groups. Am. J. Ind. Med. 1995, 28, 735–750. [CrossRef] [PubMed]

4. Fowler, B.A.; Yamauchi, H.; Conner, E.A.; Akkerman, M. Cancer risks for humans from exposure to the semiconductor metals.
Scand. J. Work Environ. Health 1993, 19 (Suppl. S1), 101–103. [PubMed]

5. Nichols, L.; Sorahan, T. Cancer incidence and cancer mortality in a cohort of UK semiconductor workers, 1970–2002. Occup. Med.
2005, 55, 625–630. [CrossRef] [PubMed]

6. Chang, Y.M.; Tai, C.F.; Yang, S.C.; Chen, C.J.; Shih, T.S.; Lin, R.S.; Liou, S.H. A cohort mortality study of workers exposed to
chlorinated organic solvents in Taiwan. Ann. Epidemiol. 2003, 13, 652–660. [CrossRef]

7. Lee, H.E.; Kim, E.A.; Park, J.; Kang, S.K. Cancer mortality and incidence in korean semiconductor workers. Saf. Health Work 2011,
2, 135–147. [CrossRef]

8. Kim, M.H.; Kim, H.; Paek, D. The health impacts of semiconductor production: An epidemiologic review. Int. J. Occup. Environ.
Health 2014, 20, 95–114. [CrossRef]

9. Kim, K.; Sung, H.K.; Lee, K.; Park, S.K. Semiconductor Work and the Risk of Spontaneous Abortion: A Systematic Review and
Meta-Analysis. Int. J. Environ. Res. Public Health 2019, 16, 4626. [CrossRef]

10. Wells, G.; Shea, B.; O’Connell, D.; Peterson, J.; Welch, V.; Losos, M.; Tugwell, P. The Newcastle-Ottawa Scale (NOS) for Assessing the
Quality of Nonrandomised Studies in Meta-Analyses; Ottawa Hospital Research Institute: Ottawa, MI, USA, 2014.

11. Ahn, H.S.; Kim, H.J. An introduction to systematic review. J. Korean Med. Assoc. 2014, 57, 49–59. [CrossRef]
12. Cochran, W.G. The Combination of Estimates from Different Experiments. Biometrics 1954, 10, 101–129. [CrossRef]
13. Higgins, J.P.; Thompson, S.G.; Deeks, J.J.; Altman, D.G. Measuring inconsistency in meta-analyses. BMJ 2003, 327, 557–560.

[CrossRef]
14. Egger, M.; Davey Smith, G.; Schneider, M.; Minder, C. Bias in meta-analysis detected by a simple, graphical test. BMJ 1997,

315, 629–634. [CrossRef]
15. Begg, C.B.; Mazumdar, M. Operating Characteristics of a Rank Correlation Test for Publication Bias. Biometrics 1994, 50, 1088–1101.

[CrossRef]
16. McElvenny, D.M.; Darnton, A.J.; Hodgson, J.T.; Clarke, S.D.; Elliott, R.C.; Osman, J. Investigation of cancer incidence and mortality

at a Scottish semiconductor manufacturing facility. Occup. Med. 2003, 53, 419–430. [CrossRef]
17. Darnton, A.; Miller, B.G.; Maccalman, L.; Galea, K.S.; Wilkinson, S.; Cherrie, J.W.; Shafrir, A.; McElvenny, D.; Osman, J. An

updated investigation of cancer incidence and mortality at a Scottish semiconductor manufacturing facility with case-control and
case-only studies of selected cancers. Occup. Environ. Med. 2012, 69, 767–769. [CrossRef]

18. Bender, T.J.; Beall, C.; Cheng, H.; Herrick, R.F.; Kahn, A.R.; Matthews, R.; Sathiakumar, N.; Schymura, M.J.; Stewart, J.H.; Delzell, E.
Cancer incidence among semiconductor and electronic storage device workers. Occup. Environ. Med. 2007, 64, 30–36. [CrossRef]

19. Lee, K.; Kim, S.G.; Kim, D. Potential risk factors for haematological cancers in semiconductor workers. Occup. Med. 2015,
65, 585–589. [CrossRef]

20. Beall, C.; Bender, T.J.; Cheng, H.; Herrick, R.; Kahn, A.; Matthews, R.; Sathiakumar, N.; Schymura, M.; Stewart, J.; Delzell, E.
Mortality among semiconductor and storage device-manufacturing workers. J. Occup. Environ. Med. 2005, 47, 996–1014.
[CrossRef]

21. Hsieh, G.Y.; Wang, J.D.; Cheng, T.J.; Chen, P.C. Exploring cancer risks among workers in the semiconductor industry in Taiwan.
Occup. Environ. Med. 2005, 62, 11-O2.2.

22. Boice, J.D., Jr.; Marano, D.E.; Munro, H.M.; Chadda, B.K.; Signorello, L.B.; Tarone, R.E.; Blot, W.J.; McLaughlin, J.K. Cancer
mortality among US workers employed in semiconductor wafer fabrication. J. Occup. Environ. Med. 2010, 52, 1082–1097.
[CrossRef]

23. Pastides, H.; Calabrese, E.J.; Hosmer, D.W., Jr.; Harris, D.R., Jr. Spontaneous abortion and general illness symptoms among
semiconductor manufacturers. J. Occup. Med. Off. Publ. Ind. Med. Assoc. 1988, 30, 543–551.

24. Correa, A.; Gray, R.H.; Cohen, R.; Rothman, N.; Shah, F.; Seacat, H.; Corn, M. Ethylene glycol ethers andrisks of spontaneous
abortion and subfertility. Am. J. Epidemiol. 1996, 143, 707–717. [CrossRef]

25. Yoon, C. Much concern but little research on semiconductor occupational health issues. J. Korean Med. Sci. 2012, 27, 461–464.
[CrossRef]

26. Korea Occupational Safety and Health Agency. Environment, Exposure Characteristics Assessment in Semiconductor Workers in
Facility. Available online: https://oshri.kosha.or.kr/oshri/publication/researchReportSearch.do?mode=view&articleNo=6315
4&article.offset=0&articleLimit=10&srSearchVal=%EB%B0%98%EB%8F%84%EC%B2%B4 (accessed on 9 March 2022).

27. Kim, K.; Sung, H.K.; Jang, J.; Suh, E.E.; Lee, K.; Park, S.K. Health Status, Health-Related Factors and Work Environment in Korean
Semiconductor Workers between 1984–2012: A Qualitative Study and a Cross-Sectional Study. Int. J. Environ. Res. Public Heal.
2022, 19, 6286. [CrossRef]

http://doi.org/10.1002/ajim.4700280617
http://www.ncbi.nlm.nih.gov/pubmed/8588569
http://doi.org/10.1002/ajim.4700280609
http://www.ncbi.nlm.nih.gov/pubmed/8588561
http://www.ncbi.nlm.nih.gov/pubmed/8159952
http://doi.org/10.1093/occmed/kqi156
http://www.ncbi.nlm.nih.gov/pubmed/16234257
http://doi.org/10.1016/S1047-2797(03)00038-3
http://doi.org/10.5491/SHAW.2011.2.2.135
http://doi.org/10.1179/2049396713Y.0000000050
http://doi.org/10.3390/ijerph16234626
http://doi.org/10.5124/jkma.2014.57.1.49
http://doi.org/10.2307/3001666
http://doi.org/10.1136/bmj.327.7414.557
http://doi.org/10.1136/bmj.315.7109.629
http://doi.org/10.2307/2533446
http://doi.org/10.1093/occmed/kqg111
http://doi.org/10.1136/oemed-2011-100606
http://doi.org/10.1136/oem.2005.023366
http://doi.org/10.1093/occmed/kqv112
http://doi.org/10.1097/01.jom.0000183094.42763.f0
http://doi.org/10.1097/JOM.0b013e3181f7e520
http://doi.org/10.1093/oxfordjournals.aje.a008804
http://doi.org/10.3346/jkms.2012.27.5.461
https://oshri.kosha.or.kr/oshri/publication/researchReportSearch.do?mode=view&articleNo=63154&article.offset=0&articleLimit=10&srSearchVal=%EB%B0%98%EB%8F%84%EC%B2%B4
https://oshri.kosha.or.kr/oshri/publication/researchReportSearch.do?mode=view&articleNo=63154&article.offset=0&articleLimit=10&srSearchVal=%EB%B0%98%EB%8F%84%EC%B2%B4
http://doi.org/10.3390/ijerph19106286


Int. J. Environ. Res. Public Health 2022, 19, 14733 12 of 12

28. Kim, S.; Yoon, C.; Ham, S.; Park, J.; Kwon, O.; Park, D.; Choi, S.; Kim, S.; Ha, K.; Kim, W. Chemical use in the semiconductor
manufacturing industry. Int. J. Occup. Environ. Health 2018, 24, 109–118. [CrossRef]

29. Herrick, R.F.; Stewart, J.H.; Blicharz, D.; Beall, C.; Bender, T.; Cheng, H.; Matthews, R.; Sathiakumar, N.; Delzell, E. Exposure
assessment for retrospective follow-up studies of semiconductor- and storage device-manufacturing workers. J. Occup. Environ.
Med. 2005, 47, 983–995. [CrossRef]

30. Park, D.-U. Retrospective Exposure Assessment of Wafer Fabrication Workers in the Semiconductor Industry. Korean J. Environ.
Heal. Sci. 2011, 37, 12–21. [CrossRef]

31. Telescope Magazine. From 20 mm to 450 mm: The Progress in Silicon Wafer Diameter Nodes. Available online: https://www.tel.
com/museum/magazine/material/150430_report04_03/ (accessed on 21 August 2022).

32. Rodrigues, E.G.; Herrick, R.F.; Stewart, J.; Palacios, H.; Laden, F.; Clark, W.; Delzell, E. Case-control study of brain and other
central nervous system cancer among workers at semiconductor and storage device manufacturing facilities. Occup. Environ.
Med. 2020, 77, 238–248. [CrossRef]

33. Park, S.H.; Shin, J.A.; Park, H.H.; Yi, G.Y.; Chung, K.J.; Park, H.D.; Lee, I.S. Exposure to Volatile Organic Compounds and Possibility
of Exposure to By-product Volatile Organic Compounds in Photolithography Processes in Semiconductor Manufacturing Factories.
Saf. Health Work 2011, 2, 210–217. [CrossRef]

34. Park, H.; Jang, J.K.; Shin, J.A. Quantitative exposure assessment of various chemical substances in a wafer fabrication industry
facility. Saf. Health Work 2011, 2, 39–51. [CrossRef] [PubMed]

http://doi.org/10.1080/10773525.2018.1519957
http://doi.org/10.1097/01.jom.0000177128.50822.01
http://doi.org/10.5668/JEHS.2011.37.1.012
https://www.tel.com/museum/magazine/material/150430_report04_03/
https://www.tel.com/museum/magazine/material/150430_report04_03/
http://doi.org/10.1136/oemed-2019-106120
http://doi.org/10.5491/SHAW.2011.2.3.210
http://doi.org/10.5491/SHAW.2011.2.1.39
http://www.ncbi.nlm.nih.gov/pubmed/22953186

	Introduction 
	Materials and Methods 
	Search Strategy 
	Selection Criteria 
	Quality Assessment and Data Extraction 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

