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1 Overview 

This report was prepared at the request of counsel for Defendants in re:  Camp Lejeune Water Litigation, 
Case No.:  7:23-cv-897.  The Plaintiffs claim that it is at least as likely as not that exposure to 
trichloroethylene (TCE), perchloroethylene (PCE), benzene, vinyl chloride, and trans-1,2-dichloroethylene 
(DCE) in water caused bladder cancer in individuals that worked or resided at Camp Lejeune.  
 
I analyzed relevant epidemiology and toxicology literature to assess whether it supports a causal association 
between exposure to these chemicals and bladder cancer at Camp Lejeune or more generally.  I considered 
study characteristics, quality, and results, and integrated epidemiology, toxicology, and mode-of-action 
(MoA) evidence using the Bradford Hill framework.  My opinions are based on a review of the published 
scientific literature, including a substantial number of scientific and regulatory documents, as well as my 
training and experience in toxicology, epidemiology, and risk assessment. 
 
Below, I provide an overview of my opinions regarding TCE, PCE, benzene, vinyl chloride, and trans-1,2-
DCE exposure and bladder cancer at Camp Lejeune and more generally.  My credentials are discussed in 
Section 2.  After describing scientific principles and my methodology in Section 3, I provide an overview 
of carcinogenicity generally and bladder cancer specifically in Section 4.  I review Camp Lejeune 
epidemiology studies in Section 5, and analyses of chemical-specific risks at Camp Lejeune again in 
subsequent sections to integrate them with the larger body of evidence on each specific chemical.  Section 
6 describes the epidemiology, toxicology, and MoA evidence regarding TCE and bladder cancer, and 
agency reviews of this evidence.  I also evaluate the available evidence as a whole in the context of Bradford 
Hill's considerations.  Similar information is provided in Sections 7, 8, and 9 for PCE, benzene, and vinyl 
chloride, respectively.  In Section 10, I discuss available evidence for trans-1,2-DCE.  I discuss mixtures 
toxicology in Section 11.  My overall conclusions on all five chemicals and bladder cancer are presented in 
Section 12.  Attachment A describes my literature search methods and Attachments B through K include 
tables with information on epidemiology and toxicity study quality, characteristics, and results.  My 
curriculum vitae and testimony experience are provided in Attachments L and M, respectively.   
 
1.1 Camp Lejeune Epidemiology Studies 

Five studies have evaluated bladder cancer risks among Marines or Navy personnel stationed at Camp 
Lejeune or civilian workers on base.  The methods used to assemble the study populations, characterize 
exposures, and address confounding varied across studies.  Overall, there were no consistent associations 
reported between either working or living at Camp Lejeune, or TCE, PCE, benzene, or vinyl chloride 
exposures at Camp Lejeune, and bladder cancer.  Almost all risk estimates were statistically null and close 
to 1.  The few reported statistically significant risk estimates were not reported across other analyses of the 
Camp Lejeune population.  These epidemiology studies also had several methodological limitations, 
including a high likelihood of exposure misclassification and the lack of adjustment for smoking in all 
studies except ATSDR (2018a), and the potential for selection bias in ATSDR (2018a).  Also, NRC (2009) 
concluded that "limitations in population size, data availability, and data quality cannot be overcome."  
There are no animal carcinogenicity or mechanistic studies of Camp Lejeune drinking water, but animal 
carcinogenicity and mechanistic studies do not provide evidence that exposures to TCE, PCE, benzene, or 
vinyl chloride can cause bladder cancer. 
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Overall, (1) Camp Lejeune epidemiology studies are not of high quality, (2) most epidemiology analyses 
do not provide evidence of associations, and (3) animal and mechanistic studies do not provide evidence of 
causation in humans for TCE, PCE, benzene, or vinyl chloride.  Thus, I conclude that the currently available 
evidence does not support a causal association between exposure to drinking water at Camp Lejeune 
generally or exposure to TCE, PCE, benzene, or vinyl chloride in drinking water at Camp Lejeune and 
bladder cancer. 
 
1.2 TCE 

TCE is a colorless, nonflammable, and volatile liquid.  While there are a few circumstances in which TCE 
can occur naturally, it is most frequently manufactured for use as a solvent to remove greases, fats, tar, oils, 
and waxes and to make refrigerants, adhesives, paints, pesticides, lubricants, paint strippers, and varnishes 
for both industrial and commercial products.  TCE has also been used by the textile processing and dry-
cleaning industries.  Impurities of commercially manufactured TCE include both PCE and 1,1,1-
trichloroethane (1,1,1-TCA). 
 
Individuals can be exposed to TCE from contaminated air, water, food, and soil.  TCE can enter the body 
via inhalation, ingestion, and dermal contact.  TCE has been found in prepared food at concentrations 
between 2 and 100 parts per billion (ppb).  When TCE enters the body and reaches the bloodstream, most 
of it is quickly exhaled from the lungs.  When TCE reaches the liver from the bloodstream, it is metabolized 
into breakdown products that are mostly excreted in the urine within 1 day.  While repeated or high 
exposures to TCE can result in its storage in fat, once exposure has ceased, TCE and its breakdown products 
are rapidly released from fat.  The half-life of TCE in the body is less than 3 days. 
 
Although limited in quality (particularly with respect to a high likelihood of exposure misclassification and 
a lack of adjustment for potential confounders), most analyses do not provide evidence of associations 
between or exposure-response trends for TCE and bladder cancer in cohort and case-control studies.  
Animal evidence does not indicate that TCE can cause bladder cancer, and there is no proposed MoA with 
sufficient scientific support.  I conclude that, as a whole, the currently available evidence does not support 
a causal association between TCE exposure and bladder cancer.   
 
1.3 PCE 

PCE, also known as PERC, perchloroethylene, or tetrachloroethylene, is a colorless, nonflammable, and 
volatile liquid.  While it can occur naturally, PCE is most frequently manufactured for use as a solvent in 
the dry-cleaning, textile, automotive, and metal industries.  It is used to remove grease and oil, repel water, 
and finish fabric; to manufacture other chemicals; and as an ingredient in some consumer products, 
including adhesives, degreasers, cleaners, lubricants, sealants, and polishes.  PCE can degrade in the 
environment to TCE, and TCE may be present as a contaminant in products containing PCE. 
 
Individuals can be exposed to PCE from contaminated air, water, food, and soil.  PCE is one of the most 
commonly detected chemicals in indoor environments, due to its use in consumer products, building 
materials, and dry-cleaning products; its presence in drinking water; and its ability to vaporize.  PCE can 
be absorbed into the body after inhalation, ingestion, or dermal contact.  PCE is quickly absorbed into the 
bloodstream, and is quickly excreted via exhalation.  PCE that is not quickly exhaled can be metabolized 
to breakdown products and excreted in the urine.  PCE has an affinity for fat and can distribute to multiple 
organs, including the liver, kidney, brain, lung, and heart.  The half-life of PCE in the body is about 3 days. 
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Although limited in quality (particularly with respect to a high likelihood of exposure misclassification and 
a lack of adjustment for potential confounders), most analyses do not provide evidence of associations 
between or exposure-response trends for PCE and bladder cancer in cohort and case-control studies.  PCE 
did not cause bladder cancer in animal studies, and there is no proposed MoA with sufficient scientific 
support.  I conclude that, as a whole, the currently available evidence does not support a causal association 
between PCE exposure and bladder cancer.  
 
1.4 Benzene 

At room temperature, benzene is a colorless, transparent liquid with a sweet odor.  In the natural 
environment, benzene is emitted from volcanoes and forest fires and is present in crude oil.  Benzene has 
been widely used in various industrial processes and as an additive to unleaded gasoline.  Common 
anthropogenic sources of benzene exposure include tobacco smoke, automobile service stations, exhaust 
from motor vehicles, and industrial emissions.  Automobile exhaust is the largest source of benzene in the 
environment.  Benzene in indoor air is primarily associated with cigarette smoke.  Because of its high 
volatility, benzene exposure mainly occurs via inhalation in the general population and in occupational 
settings.  

Several epidemiology studies and a few animal bioassays have evaluated benzene exposure and bladder 
cancer.  Most epidemiology studies reported risk estimates around 1, and statistically significantly increased 
associations were only reported in a few studies with indirect or non-specific exposure measurements.  In 
addition, the epidemiology studies have critical methodological limitations, including a high likelihood of 
exposure misclassification and uncontrolled confounding.  There is no evidence that benzene causes bladder 
cancer in animal models, and there is no evidence for a plausible MoA. 

Although limited in quality (particularly with respect to a high likelihood of exposure misclassification and 
a lack of adjustment for potential confounders), most analyses do not provide evidence of associations 
between or exposure-response trends for benzene and bladder cancer in cohort or case-control studies.  
Animal evidence does not indicate that benzene can cause bladder cancer, and there is no proposed MoA 
with sufficient scientific support.  I conclude that, as a whole, the currently available evidence does not 
support a causal association between benzene exposure and bladder cancer.   
 
1.5 Vinyl Chloride 

Vinyl chloride is a colorless, flammable gas with a mild, sweet odor that is unstable at high temperatures.  
It does not occur naturally.  It can be formed when TCE, PCE, or trichloroethane break down in the 
environment.  It is used almost exclusively to make polyvinyl chloride (PVC), which is used to make plastic 
products like pipes, wire and cable coatings, and packaging materials. 
 
Small amounts of vinyl chloride can dissolve in water.  Vinyl chloride in water or soil near the surface can 
evaporate, while vinyl chloride in air breaks down in a few days.  Individuals can be exposed to vinyl 
chloride in air from cigarette and cigar smoke or near plastic manufacturing facilities, hazardous waste 
sites, and landfills.  They can also be exposed to very low levels of vinyl chloride in drinking water.  
Workers can be exposed by breathing vinyl chloride in air or from contact with skin or eyes in the 
workplace. 
 
Few studies have evaluated vinyl chloride exposure and bladder cancer.  There is no evidence for a plausible 
MoA, and vinyl chloride does not cause bladder cancer in animal models. Most epidemiology studies 
reported risk estimates that were null and less than 1; statistically significantly increased associations were 
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only reported in a single study that relied on an indirect and non-specific exposure estimate.  In addition, 
the epidemiology studies have critical methodological limitations, including a high likelihood of exposure 
misclassification and uncontrolled confounding. 
 
Although limited in quality (particularly with respect to a high likelihood of exposure misclassification and 
a lack of adjustment for potential confounders), most analyses do not provide evidence of associations 
between or exposure-response trends for vinyl chloride and bladder cancer in cohort or case-control studies.  
Animal evidence does not indicate that vinyl chloride can cause bladder cancer, and there is no proposed 
MoA with sufficient scientific support.  I conclude that, as a whole, the currently available evidence does 
not support a causal association between vinyl chloride exposure and bladder cancer.   
 
1.6 trans-1,2-DCE 

DCE exists as 1,1-DCE and 1,2-DCE.  trans-1,2-DCE was detected as a breakdown product of TCE in 
drinking water at Camp Lejeune.  trans-1,2-DCE is a low molecular weight, volatile, halogenated liquid 
that is commonly used as a chemical intermediate or an industrial solvent.  Most trans-1,2-DCE exposures 
are from anthropogenic sources.  Specific industrial uses of trans-1,2-DCE include cleaning and degreasing, 
surface treatment, adhesion, spot cleaning, stain removal, and lubrication (US EPA, 2020b).  Occupational 
exposure to trans-1,2-DCE most commonly occurs via inhalation or dermally, while the general population 
is exposed via inhalation or ingestion.  The currently available scientific evidence is too limited to address 
whether there is a causal association between trans-1,2-DCE and bladder cancer.   
 
1.7 Agency Reviews 

Chemical carcinogenicity is evaluated by government and scientific agencies, including ATSDR; the 
National Academies of Sciences, Engineering, and Medicine (NASEM); the United States Environmental 
Protection Agency (US EPA); the International Agency for Research on Cancer (IARC); and the National 
Toxicology Program (NTP).  Despite the goal of being systematic and objective, all of their reviews involve 
some degree of subjectivity.  In many instances, their reviews do not fully take study quality into account 
and therefore conclude that the strength of the evidence is stronger than it truly is.  The IARC, US EPA, 
and NTP carcinogenicity categories all include "possibly carcinogenic to humans" or "reasonably 
anticipated to be a human carcinogen."  The requirements for including an agent in these categories are 
such that the evidence may not be sufficient to make a scientifically informed judgment regarding the 
agent's carcinogenicity.  For example, there may be no human data, or the preponderance of epidemiology 
studies of the agent may not show evidence of an association at all or may only show evidence of an 
association that can readily be explained by plausible noncausal alternatives (e.g., chance, bias, or 
confounding).   
 
The review process for the "ATSDR Assessment of the Evidence for the Drinking Water Contaminants at 
Camp Lejeune and Specific Cancers and Other Diseases" (ATSDR, 2017a) has even more methodological 
issues than other reviews conducted by ATSDR and other agencies.  ATSDR (2017a) did not evaluate the 
evidence in a systematic, objective manner.  It used non-traditional methods and a biased framework to 
make determinations regarding causation.  Its conclusions regarding causation for many health outcomes 
are inconsistent with those of several other agency reviews, including other reviews by ATSDR. 
 
Government and other agencies have either concluded that the scientific evidence is insufficient to make a 
determination regarding TCE and bladder cancer causation or have not drawn any conclusions.  In the most 
recent reviews of the epidemiology evidence, most government and other agencies concluded there is some 
weak evidence for an association between PCE and bladder cancer, but that evidence is too limited to 
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support causation.  Government and other agencies have either not reviewed the evidence for benzene and 
bladder cancer, have not drawn conclusions, or have concluded that there is inadequate or insufficient 
evidence to evaluate benzene and bladder cancer risk in humans.  Most government and international 
agencies did not discuss bladder cancer in their reviews of vinyl chloride, while ATSDR (2017a) concluded 
there was "below equipoise evidence for [bladder cancer] causation" due to insufficient information.  
ATSDR (2023) stated, "No studies evaluating potential carcinogenic effects of inhalation, oral, or dermal 
exposure of laboratory animals to trans-1,2-dichloroethene…were located."    
 
1.8 Conclusions  

I did not identify any epidemiology studies of trans-1,2-DCE and bladder cancer.  Many of the 
epidemiology studies are not of high quality and most analyses do not provide evidence of associations 
between TCE, PCE, benzene, or vinyl chloride exposure and bladder cancer.  Animal carcinogenicity and 
mechanistic studies do not provide evidence of causation for these chemicals or trans-1,2-DCE.  Based on 
the currently available evidence, I conclude, to a reasonable degree of scientific certainty, that TCE, PCE, 
benzene, vinyl chloride, and trans-1,2-DCE in Camp Lejeune drinking water did not cause bladder cancer. 
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2 Credentials 

I am an epidemiologist and board-certified toxicologist with expertise in human health risk assessment.  
I am a fellow of both the American College of Epidemiology and the Academy of Toxicological Sciences 
(ATS), and I am currently on the Board of Directors of ATS.  I am a Principal at Gradient, an environmental 
and risk sciences consulting firm.  From 2009 to 2017, I was an adjunct faculty member in the Department 
of Epidemiology at the Harvard T.H. Chan School of Public Health.   
 
I received an S.B. degree in environmental engineering science from the Massachusetts Institute of 
Technology in 1996.  I received an Sc.M. in epidemiology and a Ph.D. in environmental health 
sciences/toxicology from the Johns Hopkins Bloomberg School of Public Health in 2000 and 2002, 
respectively.  From 2002 to 2004, I was a Cancer Prevention Fellow at the National Cancer Institute (NCI), 
where I conducted several molecular epidemiology studies on colon, breast, and prostate cancers and was 
instrumental in the development of "Polymorphism Interaction Analysis," a statistical tool for cancer risk 
assessment.  In 2004, I joined Gradient.  My consulting practice consists of evaluating toxicity, 
epidemiology, and exposure data in the context of evaluating human health risks from substances in 
consumer products, pharmaceuticals, and medical devices, as well as from occupational and environmental 
exposures. 
 
Based on my experience and expertise, I work with several organizations on issues relating to toxicology, 
epidemiology, risk assessment, and public health.  Since 2008, I have served as an elected member of the 
Board of Health in Canton, Massachusetts, the community in which I reside.  In this capacity, I provide 
advice on a broad range of public health topics, from the evaluation of chemical risks to the prevention of 
coronavirus disease 2019 (COVID-19).  I am also a member of the Massachusetts Medical Reserve Corps 
and the Massachusetts Environmental Justice Assistance Network.  In May 2012, I served as a panelist at 
a US EPA meeting that addressed how MoA evidence should be used in assessments of exposures to and 
health effects caused by chemical mixtures.  In 2013, I served as an expert external peer reviewer for US 
EPA's "Provisional Peer-Reviewed Toxicity Values for Styrene-Acrylonitrile (SAN Trimer)" report.  In 
2014, I served as a reviewer for research grants submitted to the National Science Foundation, the California 
Breast Cancer Research Program, and the John Templeton Foundation.  In 2016, I served as a reviewer for 
a K99 research grant submitted to the National Institute for Occupational Safety and Health.  In 2017 and 
2018, I served as a reviewer for several R21 research grants submitted to the National Institutes of Health. 
 
I have been active in the Society of Toxicology for many years; I was previously the treasurer/secretary of 
the Risk Assessment Specialty Section and an elected member of the Nominating Committee.  I am also 
active in the American College of Epidemiology, for which I served on the Board of Directors, and the 
Society for Risk Analysis.  I taught "Research Synthesis and Meta-Analysis," a graduate-level course at the 
Harvard T.H. Chan School of Public Health.  As reflected in my curriculum vitae (Attachment L), I have 
authored over 150 original peer-reviewed research articles, review articles (including systematic reviews, 
meta-analyses, and weight-of-evidence evaluations), and book chapters on a wide variety of chemicals, 
including TCE, PCE, and benzene, and health outcomes in peer-reviewed journals, books, and meeting 
proceedings.  I was on the editorial boards of Carcinogenesis and The Open Biomarkers Journal and was 
a managing editor of the Journal of Environmental Protection Science.  I have been a peer reviewer for 
more than 35 journals. 
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3 Principles and Methodology 

I analyzed relevant epidemiology and toxicology literature, as well as agency reviews of this literature, to 
assess whether it supports a causal association between TCE, PCE, benzene, vinyl chloride, or trans-1,2-
DCE exposure and bladder cancer.  To conduct my analysis, I considered a number of well-established 
epidemiology and toxicology principles.  These principles are described in this section, followed by a 
detailed discussion of my methodology, which includes a review of individual study quality and results, as 
well as an integration of study findings in the context of the Bradford Hill considerations (Hill, 1965; 
Garabrant, 2000). 
 
3.1 Epidemiology 

Epidemiology is the study of the causes, distribution, and control of disease in human populations (Lash et 
al., 2021).  In epidemiology studies, both exposures and outcomes are measured or estimated, and statistical 
analyses are conducted to assess whether there are associations (i.e., correlations) between the two.  Unlike 
experimental animal studies, epidemiology studies involve exposure conditions relevant to humans.  
However, they sometimes involve very high exposures (e.g., in an occupational setting) that produce effects 
that would not be expected to occur at lower exposures (e.g., in the general population).  Because these 
studies involve people living in the real world, study participants often have other exposures or attributes 
that make it difficult to determine whether an association is specific to the exposure of interest, and each 
epidemiology study can have other limitations that can affect the interpretation of its results.  As such, 
associations in epidemiology studies do not always indicate causation, as they could be a result of chance, 
bias, or confounding.1  
 
3.1.1 Risk Ratios 

Epidemiology studies typically present risk ratios (often called risk estimates), including odds ratios (ORs), 
relative risks (RRs), standardized incidence ratios (SIRs), standardized mortality ratios (SMRs), hazard 
ratios (HRs), or incidence rate ratios (IRRs), depending on the study design.  All are measurements or 
estimates of the rate of disease (e.g., cancer) in people with an exposure of interest compared to the rate in 
unexposed people, as shown in the equation below: 
 

Risk Ratio = 
Rate of Disease in Exposed

Rate of Disease in Unexposed
 

 
Definitions of these risk estimates are shown in Table 3.1.   
 
  

 
1 A confounder is associated with an exposure, but is not caused by that exposure, and can cause the disease of interest.  
Confounding bias can occur when a confounder is not fully accounted for in an analysis.  For example, smoking is associated with 
alcohol consumption and can cause lung cancer.  One might find an association between alcohol consumption and lung cancer 
because people who drink more alcohol smoke more, and not because drinking alcohol causes cancer. 
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3.1.2 Study Design 

There are several types of observational epidemiology study designs.3  All epidemiology studies are likely 
subject to exposure and outcome misclassification, confounding, and bias to varying degrees.  In some 
cases, the study limitations can be overcome with the study design (e.g., matching in a case-control study 
to address confounding, or relying on medically confirmed disease outcomes instead of self-reported 
outcomes) or by using certain statistical methods (e.g., adjusting for confounding).  In other cases, study 
limitations cannot be overcome, and one must take them into account when interpreting a study's results.  
Below, I discuss some of the major strengths and limitations of several observational epidemiology study 
designs. 
 
Cohort Studies 
 
In prospective cohort studies, a cohort, or group of individuals who share a common characteristic (e.g., 
birth year, place of residence, occupation) but are heterogeneous with regard to one or more exposures, is 
identified, and detailed information on cohort members' exposures of interest and other factors (e.g., 
demographic factors, lifestyle factors, medical history, and health conditions) is obtained at enrollment.  
The cohort is then followed over time, and disease outcomes, and sometimes changes in exposure and other 
factors, are documented (Lash et al., 2021).  Disease risks, incidence rates, or the time to disease occurrence 
in exposed and nonexposed individuals are then compared. 
 
Prospective cohort studies are often considered to have the most robust observational epidemiology study 
design.  In these studies, exposures of interest and characteristics of the cohort members are assessed at 
baseline and sometimes also during follow-up, before the occurrence of any disease.  This prospective 
feature of exposure assessment protects risk factor data from recall bias (discussed below), which can occur 
in case-control studies.  Extensive information on known or suspected risk factors for diseases of interest 
is often available for well-characterized cohorts, so the results generated from studies of these cohorts can 
be less biased when multiple potential confounders are considered in the statistical analysis, compared to 
case-control studies.  However, unmeasured and residual confounding cannot be ruled out completely in 
any observational study.  Although it is possible that people who choose to participate in a cohort study do 
not accurately reflect the population about which inferences are being made (which can bias the study's 
results), selection bias is less of a concern when a prospective cohort is assembled because a person's future 
disease status is unknown and thus cannot influence whether they participate in the study.  In contrast, 
during the follow-up period, there can be issues related to the attrition of study participants (i.e., loss to 
follow-up).  If the loss to follow-up is related to either an exposure or the disease of interest, it can result in 
biased risk estimates.  In addition, changes over time in exposures or other potential risk factors and in how 
diseases are defined or measured can impact the results of cohort studies (Gordis, 2014). 
 
Retrospective cohort studies are generally conceived after a group of individuals have developed the disease 
of interest.  In these studies, the investigators identify a point in time before these individuals developed 
the disease and assess their exposures at that point in time (or at several points in time), often by relying on 
historical records.  Compared to prospective cohort studies, retrospective cohort studies are more prone to 
confounding because information on important risk factors for the disease of interest (e.g., other chemical 
exposures) is often not available.  Retrospective studies may also be prone to selection bias because 
participants are recruited after their exposure and disease status are known, and individuals' knowledge 
about their exposures and disease status may influence whether they participate (Gordis, 2014). 
 

 
3 In observational studies, the researchers observe the effects associated with an exposure, treatment, intervention, or other factor, 
but do not choose who is or is not exposed/treated.  In contrast, in clinical and community trials, the researchers introduce a 
treatment or intervention and study associated effects (Gordis, 2014). 
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Case-Control Studies 
 
In case-control studies, individuals with (cases) and without (controls) a specific disease are identified, and 
then each person's past exposures to a substance or substances of interest are measured or estimated (Paneth 
et al., 2002).  The control group is used to estimate the distribution of exposure in the source population 
that gives rise to the cases.  Comparing the exposure distribution in the cases to that in the controls yields 
direct estimates of RR measures, such as ORs. 
 
All case-control studies can suffer from bias, including selection and recall bias.  Recall bias is a type of 
exposure misclassification error that occurs when study participants' ability to accurately recall past 
exposure is associated with their disease status (Sackett, 1979; Lash et al., 2009, 2021).  In other words, 
diseased and non-diseased individuals may remember past exposures and events differently, leading to 
inaccurate estimates of associations between the exposure and the disease.  Recall bias is not an issue in 
studies that use information that was collected before the disease diagnosis (e.g., from medical or 
occupational records).  Selection bias occurs when an individual's probability of being included in a study 
is associated with exposure or disease status (Sackett, 1979; Lash et al., 2009).  In a case-control study, 
selection bias can occur when investigators do not use the same criteria to select cases and controls, and 
when the criteria used are related to exposure status.  Case-control studies are also vulnerable to selection 
bias related to nonresponse, when the decision to participate in a study is related to the case status and 
exposure experience, especially if the research hypothesis is known to the subjects.  Case-control studies 
may also be subject to survivor bias if cases who have been cured or have died are excluded from the study. 
 
Nested case-control studies and case-cohort studies are studies that are conducted within an established and 
often well-characterized cohort.  In these studies, study participants are selected from the population of a 
larger cohort study, in which exposure information was collected prior to disease development.  In a nested 
case-control study, controls are matched to cases based on follow-up time.  In a case-cohort study, a sample 
of the total cohort is selected to be controls at baseline; however, these individuals may become cases during 
follow-up.  Because the cases and controls are selected from the same source cohort in both nested case-
control and case-cohort studies, the likelihood of selection bias is greatly diminished in studies using these 
designs compared to studies using the traditional case-control design (Lash et al., 2021).  A unique 
advantage of nested case-control and case-cohort study designs is that the same subcohort can serve as a 
control population for different sets of cases (Lash et al., 2021). 
 
Cross-Sectional Studies 
 
In cross-sectional studies, individuals' exposure and disease status are ascertained at one point in time or 
over a short, defined period (Lash et al., 2021).  In these studies, the prevalence of disease among exposed 
individuals is compared to the prevalence of disease among unexposed individuals.  Although many 
exposures and diseases can be ascertained in a cross-sectional study, it cannot be known whether an 
exposure is causal, because exposure during the study period may differ from exposure prior to onset of the 
disease.  Also, because one is studying prevalent cases (the current number of people with the condition) 
and not incident cases (the number of new cases with the condition who will be diagnosed over a given 
period), individuals who were cured or died prior to the study are not included, which could affect the 
study's results; this is known as survivor bias.  Cross-sectional studies may also be subject to selection bias 
if those who participate in a study differ from those who do not. 
 
Ecological Studies 
 
Ecological studies examine aggregates of individuals defined by units (e.g., geographic region, workplace) 
and assess whether the overall occurrence of disease in a population correlates with the overall occurrence 
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of exposure (Webster, 2007).  There are no individual-level data in an ecological study, so it is not possible 
to know which specific individuals are exposed and which individuals have a disease.  Thus, it is not 
possible to draw conclusions with certainty regarding whether exposure is a causal factor for the disease 
based on the results of these studies, and group-based associations between exposure and disease outcomes 
may not apply to individuals. 
 
Semi-ecological or semi-individual studies assess outcomes, and sometimes covariates, at the individual 
level, but exposures are aggregated, so these studies also cannot provide evidence with respect to causation 
(Künzli and Tager, 1997).  For example, some Camp Lejeune analyses are semi-ecological in that the 
exposure is aggregated (i.e., employed or stationed at Camp Lejeune) while the outcomes are specific to 
each individual (e.g., Bove 2024a, b).   
 
Case Reports and Case Series 
 
Case reports usually contain detailed information about individual patients.  A case series is a group or 
series of case reports of individuals who had a similar health outcome or were given a similar treatment 
(Hennekens and Buring, 1987).  Because there are no individuals without the outcome to consider for 
comparison in these studies, it is usually not possible to determine whether a particular exposure or 
treatment was a causal factor of the individuals' health outcomes.   
 
Proportionate Mortality Studies 
 
Proportionate mortality studies estimate the association between exposures to a chemical and a specific 
cause of death by comparing the proportion of deaths due to a specific cause in a group of individuals (e.g., 
with a particular exposure) to the proportion in a comparison group in a proportionate mortality ratio (PMR) 
(Lash et al., 2021).  These studies are often used to investigate the association between occupations and 
causes of death in large populations, and as such can be useful for rare diseases.  However, these studies 
have significant methodological limitations (e.g., the inability to determine whether an exposure is 
associated with an increase in a specific cause of death or a reduction of other causes of death; 
misclassification of the exposure or the cause of death).  These studies cannot ascertain whether the 
exposure was a causal factor in the development of a fatal disease, and their results can be skewed based 
on other causes of death. 
 
Pooled Analyses 
 
A pooled analysis is a statistical analysis of individual data from primary studies (Blettner et al., 1999).  A 
pooled analysis is often conducted to reconcile previous studies or may be prospectively planned, as part 
of the study protocol, to standardize data collection among several studies.  With pooled analyses, new 
hypotheses may be examined, or different subgroups may be assessed, with the added sample size.  Pooled 
analyses require that the original data characteristics be defined or planned prior to the evaluation.  If similar 
data and models are available, heterogeneity among study populations, protocols, or results in a pooled 
analysis can be low.  However, if heterogeneity within or among study populations, protocols, or results is 
high, pooled estimates may be difficult to interpret and are not appropriate to present (Blettner et al., 1999). 
 
Systematic Reviews and Meta-Analyses 
 
A systematic review evaluates a body of evidence using a systematic, reproducible, transparent approach 
that includes a research question, a search strategy, study inclusion and exclusion criteria, study screening 
methods, an evaluation of study quality, and information about data analysis and synthesis (Krnic Martinic 
et al., 2019).  A meta-analysis is a type of systematic review that involves a statistical analysis of the results 
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of multiple independent studies, and generally aims to produce a single effect estimate (Egger et al., 2001).  
Meta-analysis results are obtained in a two-stage process:  first, a relevant summary statistic is obtained 
from each study; next, a weighted average is calculated.  Study weights are chosen to reflect the amount of 
information each study contains.  The number of subjects, risk of bias, and adjustment for confounders are 
often, but not always, considered in the assignment of weight.  By statistically pooling the results from 
multiple studies, meta-analyses may allow for the detection of modest effects that were not observed in 
individual studies because of a lack of statistical power.  They may also allow for the exclusion of small 
effects. 
 
One issue with meta-analyses is that they may result in "over-conclusiveness," or the appearance that results 
are more precise and conclusive than they actually are (Lash et al., 2021).  Also, because meta-analysis 
methods cannot correct the biases in the underlying study-specific results, these biases carry over to the 
meta-analysis results.  When pooling studies with similar biases, individual study CIs and p values "tighten" 
to yield even stronger pooled values, resulting in this over-conclusiveness. 
 
In addition, all systematic reviews and meta-analyses are subject to potential publication bias.  Publication 
bias results when published research does not reflect the overall body of completed research studies.  
Typically, this occurs because journal editors are more likely to publish positive findings than null findings.  
As a result, the research literature becomes enriched in studies that report statistically significant results.  
Underrepresentation of null findings can bias the results of a systematic review or meta-analysis away from 
the null.  One must carefully consider the issue of nonrandom sources of uncertainty when interpreting the 
results of systematic reviews and meta-analyses (Lash et al., 2021). 
 
3.2 Toxicology 

Toxicology is the study of the potentially adverse health effects of chemicals on living organisms (Hayes 
and Kobets, 2023).  It encompasses studies of humans, laboratory animals, isolated cells, and isolated 
molecules, including MoA studies that assess how these chemicals may cause observed effects.  An 
understanding of toxicology is necessary for determining to how much of a chemical one can be exposed, 
and under what conditions, without the likelihood of harm.  In addition to an exposure assessment (i.e., 
whether an individual had any contact with a chemical and, if so, to what degree and under what conditions, 
as discussed below), a determination of dose (the amount of a chemical taken into the body over time) is a 
key component of evaluating health effects from chemicals.  Factors that may influence the toxicity of a 
chemical in individuals include genetic background, sex, age, health status, behavioral traits (e.g., smoking 
and alcohol use), diet, and nutritional status (Aleksunes and Eaton, 2019). 
 
The evaluation of the relationship between exposure to a chemical and health effects is referred to as a dose-
response assessment.  Although virtually every chemical can produce toxic (or adverse) effects at some 
dose, the range of doses necessary to produce adverse effects, injury, or death varies widely among 
chemicals (Aleksunes and Eaton, 2019; Faustman, 2019).  The body has many biochemical and 
physiological processes that allow it to counteract a chemical's adverse effects, and most chemicals do not 
cause adverse effects unless the dose is sufficient to overwhelm the body's normal processes for a certain 
period of time.  In other words, there is a threshold dose of most chemicals below which there is no evidence 
of adverse health effects (Clewell et al., 2019).4 
 
The nature and severity of effects from a chemical can also vary with dose, and some chemicals that provide 
beneficial effects at low doses cause toxic effects at high doses.  Aspirin, for example, provides pain relief 

 
4 In some cases, a threshold cannot be identified in scientific studies.  The fact that a threshold cannot be identified does not mean 
that one does not exist. 
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at or below the recommended dose of two tablets per day, but increasingly higher doses of aspirin may 
cause adverse effects ranging from fever and acidosis to convulsions and respiratory failure (Ellenhorn and 
Barceloux, 1988; Grosser et al., 2011). 
 
The frequency and duration of exposure to a chemical are also critical factors for determining its toxicity, 
and the adverse effects of a chemical can differ depending on whether exposure is to a single, large dose 
(acute exposure) or to lower doses over a long period of time (chronic exposure).  For example, in the case 
of ethyl alcohol, acute exposure to a single dose can cause severe adverse effects in the central nervous 
system, whereas chronic exposure to lower doses can damage the liver and cardiovascular system (Bruckner 
et al., 2013).  For most chemicals, acute exposures typically cause more severe health effects.  With chronic 
exposure to sufficiently low doses, the body is able to eliminate each dose via excretion and repair any 
damage that may have occurred or adapt and find other means of accommodating each dose (Aleksunes 
and Eaton, 2019).  Even if several individuals are exposed to a chemical at the same frequency and for the 
same duration, the severity of the adverse effects resulting from that exposure can vary because of 
differences in personal characteristics, as described above. 
 
Finally, many chemicals can only affect tissues that they or their metabolites can physically access.  The 
exposure route (e.g., ingestion, inhalation, and skin contact) and chemical and biological factors influence 
which tissues can be exposed to a chemical. 
 
When animal studies are used to evaluate toxicity, study results must be extrapolated across species and 
often from relatively higher doses to the much lower concentrations to which humans may be exposed 
(US EPA, 2005a).  For regulatory purposes, it is generally assumed that humans are as sensitive as the most 
sensitive animal species and that effects observed in animals can occur in humans, even though this is not 
always the case owing to differences in physiology and metabolism across species (US EPA, 2005a).  This 
is because regulators do not estimate the likelihood of health effects actually occurring in a population or 
an individual (US EPA, 2004; ATSDR, 2018b).  Rather, they use high-end estimates of exposure and 
toxicity (that generally result in overpredictions of potential health risks) to be protective of human health.  
That is, their aim is not to precisely define which health effects are expected to occur following an exposure, 
but to define the exposure level at which health effects are unlikely to occur (Aleksunes and Eaton, 2019). 
 
For carcinogens, when an MoA for a particular chemical is not known, a linear approach is used for 
regulatory purposes to extrapolate risks at low doses from risks at high doses.  A linear no-threshold (LNT) 
model assumes that there is no threshold exposure below which a chemical has no biological response.  The 
LNT model also assumes that low doses over a lifetime will have the same effect as high doses over a short 
period of time.  However, as stated by Clewell et al. (2019): 
 

Initial discovery that DNA mutation was the root of cancer led quickly to regulatory 
processes that assumed such a simple relationship could be described with a linear 
approach.  This linear, no threshold approach has since become the default approach to risk 
assessment of chemicals with carcinogenic potential.  Since then, a multitude of intrinsic 
processes have been identified at the molecular, cellular and organism level that work to 
prevent transient DNA damage from causing permanent mutations, and mutated cells from 
becoming cancer.  Mounting evidence indicates that these protective mechanisms can 
prevent carcinogenesis at low doses of genotoxic chemicals, leading to non-linear dose-
response.  Further, a number of non-genotoxic mechanisms have demonstrated threshold-
shaped dose-response for cancer outcomes 

 
The LNT model provides a conservative estimate of risk that is public-health protective (US EPA, 2005), 
and that overestimates cancer risks at low doses. 
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3.3 Individual Study Reviews 

I conducted a systematic review of the relevant epidemiology and animal carcinogenicity studies of bladder 
cancer.  First, I reviewed government and other agency assessments of TCE, PCE, benzene, vinyl chloride, 
and trans-1,2,-DCE to identify epidemiology and animal carcinogenicity studies that evaluated exposure to 
these chemicals and bladder cancer for various purposes.  I also conducted literature searches using PubMed 
and Scopus for studies published after these assessments' literature searches were completed and reviewed 
the reference lists of identified studies to find additional relevant studies (Attachment A). 
 
For all of the epidemiology and animal carcinogenicity studies included in my evaluation, I summarized 
relevant information on study characteristics and results, as well as study quality, in text and tables.  With 
the exception of studies of Camp Lejeune populations, all of which I have reviewed here, if several 
epidemiology studies analyzed the same cohorts or population groups, I generally summarized only the 
most recent study (because it had longer follow-up times and/or used more reliable exposure estimates), 
unless older studies reported additional results (e.g., dose-response relationships).  I excluded studies that 
examined non-specific aggregations of chemical exposures (e.g., solvents, hydrocarbons) or that evaluated 
exposures to chemicals in ambient air.5  Finally, because some epidemiology study designs are inherently 
lower in quality and limited in terms of the information that they can provide regarding causal inference 
(e.g., case reports, ecological studies, PMR studies), I only conducted formal quality assessments and 
detailed reviews of cohort and case-control studies.  For animal carcinogenicity studies, I focused on 
chronic toxicity studies, because acute, subacute, and subchronic studies do not observe animals for a long 
enough duration to be able to evaluate the development of tumors. 
 
I evaluated the quality of the epidemiology and animal carcinogenicity studies to determine how valid and 
reliable the results of individual studies are for addressing causation.  The study quality criteria I used are 
based on those identified from several available frameworks (e.g., reviewed by Lynch et al. [2016] and 
Waspe et al. [2021]).  Although aspects of these frameworks differ, they all share common themes.  For 
each individual epidemiology and animal carcinogenicity study, I assessed strengths and limitations for 
each critical quality aspect presented in Sections 3.3.1 and 3.3.2, respectively, but I focused on those aspects 
that were most likely to impact the validity and reliability of each study's results. 
 
I focused my in-depth systematic review on epidemiology and animal carcinogenicity studies because these 
studies provide the most direct evidence for the potential of a particular agent to cause cancer.  I also 
conducted a high-level review of available in vitro and in vivo mechanistic studies, with a specific focus on 
those studies that have been proposed to support specific mechanisms by which TCE, PCE, benzene, vinyl 
chloride, or and trans-1,2,-DCE could cause bladder cancer.  For these studies, I reviewed the results to 
determine whether they are sufficient to support a MoA for cancer, considering important factors such as 
assay type and the overall relevance of the results within the context of the treatment (i.e., dose, route, and 
duration) and model system (human, non-human mammalian, non-mammalian).   
 
Camp Lejeune epidemiology studies are reviewed in Section 5.  TCE, PCE, benzene, and vinyl chloride 
epidemiology studies are reviewed in Sections 6.1, 7.1, 8.1, and 9.1, respectively, and TCE, PCE, benzene, 
and vinyl chloride animal carcinogenicity and mechanistic studies are reviewed in Sections 6.2, 7.2, 8.2, 
and 9.2, respectively.  I reviewed the limited evidence for trans-1,2-DCE in Section 10. 
 

 
5 As noted by ATSDR (2024), which also excluded epidemiology studies of benzene exposures in ambient air, there is "great 
uncertainty about causality in these studies."  The agency further stated, "Major uncertainty in the interpretation of these ambient 
exposure studies is that benzene levels (air or biomarkers) may have been a surrogate variable for exposure to 'air pollution' in 
general (e.g., emissions from fuels and fuel combustion).  These pollutants (e.g., BTEX, NO2, PM10) tend to be correlated." 
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3.3.1 Epidemiology Studies 

As summarized in Table 3.2, the quality domains I considered for epidemiology studies are the study 
population, exposure assessment, outcome assessment, covariates considered, and temporality.  Following 
the table, I describe in detail the key aspects of each domain and how differences in the design or execution 
of these key aspects can impact the quality of an epidemiology study.  I consider all of these domains for 
each study reviewed in detail in the attachments to this report, but as suggested by Savitz et al. (2019), I 
focus my discussion on the few critical aspects that warranted detailed assessment based on their potential 
impact on a study's validity and reliability.  For most of the epidemiology studies I reviewed, the exposure 
assessment is the factor most likely to critically impact the validity of results.  This is because most 
environmental epidemiology studies do not use robust quantitative methods for estimating exposure (i.e., 
direct measurements), although some use semiquantitative methods that are more reliable than studies that 
use strictly qualitative methods. 
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and case-control studies with nondifferential participation rates (i.e., participation rates in cases and controls 
differ by at most 15%) to be less likely to be subject to selection bias (Gordis, 2014).6  If a study recruited 
or retained participants that systematically differ from the population of interest (e.g., when recruited from 
hospitals), or if the exposed and unexposed (cohort study) or diseased and non-diseased (case-control study) 
differ on important factors, risk estimates may be biased (Gordis, 2014). 
 
Exposure Assessment 
 
In epidemiology studies, chemical exposures are commonly estimated using job titles, job-exposure 
matrices (JEMs) in which exposures are linked to occupational titles or tasks by experts, air or water 
monitoring or modeling, biomarkers (including exhaled breath and urine metabolites), self-reported 
exposures, or residential proximity to chemically contaminated sites. 
 
I considered personal or occupational monitoring with sufficient information regarding time spent near the 
monitor to be the strongest methods for measuring exposure.  I considered other means of estimating 
exposure, including job titles, JEMs, biomarkers (including exhaled breath and urine metabolites), self-
reported exposures, the presence of a chemical in drinking water (either measured or modeled), and 
residential proximity to contaminated sites, to be weaker methodologically because of the higher likelihood 
of misclassification.  However, among these latter methods, those that are applied in a quantitative or semi-
quantitative manner (i.e., those that consider duration, frequency, or intensity of exposure) are stronger than 
those that are qualitative (e.g., those that evaluate ever vs. never exposed or exposure based on job title).7  
For example, those based on JEMs with some chemical measurement data or modeled drinking water 
concentrations (without water consumption data) based on chemical measurements are more reliable than 
other methods that lack any quantitative basis for exposure estimates. 
 
While JEMs provide an indirect measurement of exposure, they are often more reliable than qualitative 
methods of estimating exposure (i.e., ever vs. never exposed, or job title), but the quality of an exposure 
assessment based on a JEM varies based on the expertise of the person or people linking job titles to 
exposures, and whether the assessment is semiquantitative or not (e.g., whether the duration, frequency, or 
intensity of exposure is considered).  Also, exposure estimates based solely on job titles are subject to 
potential exposure misclassification due to possible differences in tasks and exposure conditions for specific 
jobs.  Using these (or other) broad categories for exposure assessments also does not account for individual 
job characteristics that could modify an individual's exposure potential.  They also usually do not account 
for differences in chemical exposures in terms of the exposure route, duration, frequency, or intensity.  I 
considered studies that estimated duration of exposure to a chemical by duration of employment, or by 
using information from self-reported work history, census data, or company records as proxies for exposure 
dose, to be of higher quality than those that did not, but these exposure estimates are still subject to the 
same issues discussed above, including misclassification and recall inaccuracies.  Overall, estimated 
chemical exposure concentrations in studies that relied on JEMs or job titles more generally do not always 
reflect actual individual exposure levels, but are more likely to be accurate when they are based on chemical 
measurements. 
 
Directly measured or modeled chemical concentrations in the environment (e.g., drinking water) are more 
reliable than exposure estimates that are not based on any quantitative information, but with no direct link 
between the measurement and true individual-level exposure (e.g., individual-level water consumption 

 
6 I am not aware of any standard cutoff, so I considered a >15% difference in participation rates between cases and controls to 
constitute differential participation.   
7 Duration of employment is often used in studies as a proxy for exposure.  However, intensity and frequency of exposure could 
vary dramatically over the same duration of time for different people.  For example, an individual who was exposed to consistent 
high levels of TCE daily over 10 years would be in the same exposure category as someone exposed to intermittent low levels of 
TCE for 10 years, despite having very different cumulative exposure profiles.   
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Allocation 
 
I determined that studies that randomly allocated animals to experimental groups are stronger than those 
that did not, as random allocation helps to minimize selection bias and systematic differences in animals 
among treatment groups.  Employing appropriate randomization techniques ensures that each animal has 
an equal chance of receiving a particular treatment.  Merely selecting an animal "at random," based on 
arbitrary judgment, does not constitute statistical randomization.  Ideal methods for randomization include 
weight randomization or utilizing random number generators.  Studies that did not randomize animals are 
more prone to reporting exaggerated results that meet conventional statistical significance thresholds 
(Percie du Sert et al., 2020; Batke et al., 2023; Haseman, 1984). 
 
Bias 
 
Bias refers to a systematic error or deviation from the truth in a study's results or in the interpretation of its 
results, potentially leading to an inaccurate estimation of the true effect.  The impact of bias can range from 
trivial to substantial, with the latter resulting in a finding that may be completely attributed to bias (Percie 
du Sert et al., 2020).  Often the impact of a bias on study results is unknown, making the interpretation of 
study results difficult.  Common types of bias include selection bias, performance bias, detection bias, and 
attrition bias. 
 
In animal carcinogenicity studies, factors such as co-exposures to multiple chemicals, diet, palatability, and 
husbandry practices (e.g., light-dark cycles, caging variables) can contribute to variability within groups.  I 
considered stronger studies to be those that reported the strategies taken to mitigate potential discrepancies 
between treatment groups throughout the entire experimental period and lower-quality studies to either have 
differences between treatment groups or a lack of sufficient information to enable a reliable assessment of 
bias. 
 
Sample 
 
I considered stronger studies to be those that specified the exact number of experimental animals allocated 
to each treatment group, the total number of animals in each experiment, and the total number of animals 
used in the entire study.  This information is critical when assessing the validity of a study's statistical 
analyses and the reliability of its experimental results.  It is also preferable for studies to justify how the 
sample size was chosen, and to ensure the bioassay has sufficient statistical power (Percie du Sert et al., 
2020).  The appropriate sample size also depends on the endpoint being studied.  For carcinogenicity assays, 
the OECD Guidelines state that chronic studies should test at least 50 male and 50 female rodents per dose, 
subchronic studies should test at least 10 male and 10 female rodents per dose, and subacute studies should 
test at least 5 male and 5 female rodents per dose (OECD, 2018, 2024).  Studies with too few animals have 
low statistical power and may not produce reliable information on chemical carcinogenesis (Percie du Sert 
et al., 2020; OECD, 2018, 2024). 
 
The starting sample size is also necessary to estimate attrition (the number of animals that have been 
excluded from analysis) and identify in which groups attrition occurred.  I concluded that stronger studies 
accounted for all the animals throughout the experiment, and reported all animals that were excluded from 
analyses, along with the rationale for their exclusion.  A high attrition rate that is not described or accounted 
for, particularly when the attrition rate differs across treatment groups, can result in unsupported 
conclusions (Percie du Sert et al., 2020). 
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I considered the quality of in vivo mechanistic studies in a similar manner to the way in which I considered 
the quality of animal carcinogenicity studies.  For in vitro studies, I focused on factors that generally have 
a large impact on the interpretation of the results, including the consistency and reliability of the reported 
results and the overall relevance of the treatment (i.e., dose, route, and duration) and model system (human, 
non-human mammalian, non-mammalian) used, with consideration for whether there were any factors that 
may have biased the results (e.g., differences in culture conditions, high levels of non-specific cytotoxicity, 
increased cell passages, lack of relevant detoxification pathways, co-exposures, reagent production lots, 
and infections). 
 
3.3.3 Study Quality and Human Relevance Evaluation 

As discussed in Sections 3.3.1 and 3.3.2, I conducted a formal quality assessment of cohort and case-control 
studies and chronic animal carcinogenicity studies.  Because the cutoffs for higher and lower quality are 
subjective, I did not simply categorize studies as higher or lower quality, but rather reviewed each study 
with the above quality aspects in mind and determined how each aspect impacted the interpretation of both 
the individual study's results and the body of literature as a whole.   
 
The quality criteria for animal carcinogenicity studies are focused on internal validity, or the degree to 
which the results are free from bias and are not due to methodological limitations.  I also considered external 
validity, which is whether an animal study's results have human relevance (Aleksunes and Eaton, 2019).  If 
a study has poor internal validity, then it cannot have external validity.  Thus, low-quality animal studies, 
as determined generally based on exposure conditions and the outcome evaluation, both of which are likely 
to impact the interpretation of a study's results, have limited human relevance.  Also, by design, animal 
carcinogenicity studies test high doses of chemicals that are generally not directly relevant to human 
environmental or occupational exposures (Goodman et al., 2020).  Regardless, I considered animal 
carcinogenicity studies to have adequate human relevance if they tested more than one dose; evaluated an 
inhalation, oral, or dermal route of exposure; and provided relevant data. 
 
Although I did not conduct a formal quality assessment of in vivo and in vitro mechanistic evidence, I 
considered the overall biological plausibility and relevance of this evidence to humans, including the dose 
levels at which the mechanistic event was observed, whether the observed mechanistic event represents an 
adverse effect, whether this adverse effect is relevant to a cancer pathway, and any fundamental differences 
between the test systems and humans.  I also considered whether events were consistent with and specific 
for carcinogenesis generally and bladder cancer specifically.  For example, changes in gene and protein 
levels may represent normal biological responses of cells to their environment and are not necessarily 
associated with adverse effects.  In addition, in vitro studies typically use experimental systems that lack 
the normal suite of detoxification pathways (e.g., DNA repair) present in whole organisms and often use 
high doses that are not relevant to humans.  As a result, chemicals can produce false positive results in in 
vitro assays for cancer related mechanisms (e.g., genotoxicity) due to the absence of normal detoxification 
and repair processes and/or non-specific effects related to the high doses used (US EPA, 2022).   
 
Similarly, with respect to the key characteristics of carcinogens (KCCs) paradigm, which is based on the 
concept that human carcinogens often demonstrate activity for at least one of 10 key characteristics (i.e.., 
electrophilicity, genotoxicity, alters DNA repair or causes genomic instability, induces epigenetic 
alterations, induces oxidative stress, induces chronic inflammation, causes immunosuppression, modulates 
receptor-mediated effects, causes immortalization, and alters cell proliferation, cell death, or nutrient 
supply), the observed effects from exposure to a given compound may not be evidence of an adverse effect 
and activity for a given KCC does not necessarily mean that the compound could produce cancer through 
this activity.  For example, increased oxidative stress and can be the result of normal physiological processes 
and is not specific to carcinogens, as numerous compounds that do not cause cancer have been shown to 
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available evidence.  Overall, I relied on these considerations to determine whether an association is likely 
to be causal or whether other explanations are more likely (Ward, 2009).  As stated by Dr. Hill (1965): 
 

None of my nine viewpoints can bring indisputable evidence for or against the cause-and-
effect hypothesis and none can be required as sine qua non.  What they can do, with greater 
or less strength, is to help us make up our minds on the fundamental question – is there any 
other way of explaining the facts before us, is there any other answer equally, or more, 
likely than cause and effect?   

 
In summary, I evaluated study quality to determine how reliable the results of individual studies were for 
addressing causation, and then considered individual study results in the context of study quality.  I then 
integrated epidemiology, toxicology, and MoA evidence, with a particular focus on higher-quality studies, 
in the context of the Bradford Hill considerations for TCE, PCE, benzene, and vinyl chloride in Sections 
6.3, 7.3, 8.3, and 9.3, respectively, to evaluate whether the evidence as a whole supports causality.  Too 
few studies were available to conduct this type of assessment for trans-1,2-DCE. 
 
3.5 Agency Reviews 

3.5.1 Overview 

Several government and scientific agencies, including ATSDR, NASEM, US EPA, IARC, and NTP, 
conduct evaluations of chemical carcinogenicity.  IARC, US EPA, and NTP all classify chemicals 
according to how likely it is that they are human carcinogens, each using a unique framework, as shown in 
Table 3.5.  NASEM and ATSDR do not classify agents according to their human carcinogenicity potential 
(an exception being ATSDR [2017a], as discussed below).  NASEM, ATSDR, US EPA, and NTP evaluate 
cancer risks, while IARC classifies cancer hazards (IARC, 2019).  That is, IARC only considers whether 
agents have a potential, no matter how remote, to be carcinogenic, and not the likelihood of agents being 
carcinogenic under real-world exposure conditions.  IARC's framework for evaluating independent realms 
of evidence (human, animal and mechanistic) is shown in Table 3.6. 
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The US EPA and NTP carcinogenicity categories include ones similar to IARC's Group 2B ("possibly 
carcinogenic to humans"):  "possibly carcinogenic to humans" and "reasonably anticipated to be a human 
carcinogen," respectively (US EPA, 2005; NTP, 2023).  As with agents categorized in IARC's Group 2B, 
the available evidence for agents placed into the equivalent US EPA and NTP categories is generally not 
sufficient to make a scientifically informed judgment regarding their ability to cause cancer in humans.  As 
such, for agents in IARC's Group 2B, US EPA's "possibly carcinogenic to humans" category, and NTP's 
"reasonably anticipated to be a human carcinogen" category, it is not always the case that the scientific 
evidence demonstrates that the agents are at least as likely as not to be human carcinogens.  Rather, these 
classification categories indicate that additional evidence is required to make a scientifically informed 
conclusion regarding the carcinogenicity of the agent. 
 
Regardless of the classification, it is important to note that classifications for all agents are based on specific 
cancer types.  When an agency classifies a chemical as to its likelihood of being carcinogenic to humans, 
this classification does not apply to all cancer types. 
 
3.5.2 ATSDR (2017a) Assessment 

The review process for the "ATSDR Assessment of the Evidence for the Drinking Water Contaminants at 
Camp Lejeune and Specific Cancers and Other Diseases" (ATSDR, 2017a) was quite different than those 
discussed above.  ATSDR (2017a) stated, "The purpose [of this report] was to assess the strength of the 
evidence supporting causality of adverse health effects from exposures to the drinking water contaminants 
at Camp Lejeune.  This report represents ATSDR's assessment of the state of evidence at this time."  This 
report did not evaluate the evidence in a systematic, objective manner.  It used non-traditional methods and 
a biased framework to make determinations regarding causation.  Its conclusions regarding causation for 
many health outcomes are inconsistent with those of several other agency reviews, including those by 
ATSDR. 
 

3.5.2.1 Resources 

In his recent deposition, Dr. Bove (2024a) indicated that he was the sole author of this report.  He noted 
that a few senators requested that he conduct this review over a 6-week period.  He stated, "During that 
period, I had enough material together so that it was peer-reviewed by two people to give their advice.  One 
person liked it, one person didn't like it, but that – so – and I took their comments into account. And we 
briefed the VA researchers/scientists…  And for the most part, they agreed with what my – with what my 
assessment was.  There were some disagreements." 
 
It is simply not possible to conduct an objective, systematic review of four chemicals with a considerable 
amount of data and 16 health outcomes in 6 weeks.  Systematic reviews can take months or years for teams 
of researchers to complete, and they then generally undergo a rigorous peer-review process.  Bove (2024a) 
even acknowledged that this type of review was unusual to conduct at ATSDR.   
 

3.5.2.2 Statistical Significance 

With respect to evaluating individual studies, ATSDR (2017a) did not "use significance testing to assess 
the evidence for causality."  ATSDR (2017a) stated, "There are several limitations to the use of statistical 
significance testing (Rothman et al. 2008, Goodman 2008, Stang et al 2010).  Moreover, a finding that does 
not achieve statistical significance nonetheless can provide important evidence for a causal association, 
while a finding that achieves statistical significance can often lack scientific and public health significance."  
ATSDR (2017a) instead relied heavily on a concept later defined by Bove et al. (2024a,b) as a Confidence 
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I provide brief summaries of bladder cancer assessments in agency reviews of TCE, PCE, benzene, and 
vinyl chloride in Sections 6.4, 7.4, 8.4, and 9.4, respectively. 
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4 Carcinogenicity 

4.1 Overview 

Cancer is a term used to describe a group of over 100 chronic diseases that can develop in almost every part 
of the body (ACS, 2019a).  Because organs and tissues are made up of several types of cells, several 
different types of cancer can arise in the same organ or tissue (ACS, 2019a).  The "defining feature of cancer 
is the rapid creation of abnormal cells that grow beyond their usual boundaries, which can then invade 
adjoining parts of the body and spread to other organs" (WHO, 2018).  Chemical carcinogens impact 
specific biological pathways and each can only cause specific cancer types (ACS, 2019b; Meek et al., 2014; 
US EPA, 2005).  For example, benzidine causes only bladder cancer in humans (IARC, 2012a).  Also, the 
cancer types caused by carcinogens can vary across humans and animals, and some chemicals that can 
cause cancer in some species do not cause cancer in others (US EPA, 2005). 
 
Carcinogenic substances can only affect cells by specific MoAs.  The MoAs of known or suspected 
carcinogens are investigated based on physical, chemical, and biological information that explains key 
events in the development of cancers.  While some carcinogens may have more than one MoA, as indicated 
by Meek et al. (2014), "In general, mode of action analysis applies to a single effect in a single tissue.  In 
essence, there is one mode of action leading to an effect of interest in the relevant organ for a given 
substance."  Carcinogens can only affect tissues that they, or their metabolites, can physically access.  A 
carcinogenic substance cannot cause cancers in tissues that it cannot reach (US EPA, 2005). 
 
If a substance can cause cancer, this can only occur with sufficient exposure (Wolf et al., 2019).  For 
example, high doses of ionizing radiation can cause cancer, but low doses cannot (ATSDR, 1999; 
Dobrzynski et al., 2015; HPS, 2020). 
 
One of the primary characteristics of cancer is the latency period.  According to the National Research 
Council (NRC, 2001): 
 

For cancers, there is generally a period of time, which may be as long as several decades, 
between a critical molecular interaction of a carcinogen within a single cell and the first 
appearance of a malignant cell.  The length of this period will vary based on the nature of 
the cancer and whether the molecular interaction occurs early or late in the chain of events 
leading to the cancer.  That period between the critical exposure to the carcinogenic agent 
and the occurrence of the cancer is referred to as the latency period.  Latency is usually 
estimated by determining the period between the time of first exposure to the carcinogen 
and the clinical detection of the cancer.  

 
Latency periods are disease specific and, for cancer, can range from <1 year (e.g., leukemias following low-
level ionizing radiation [CDC, 2015]) to several decades (e.g., lung cancer development from smoking 
[CDC, 2014; Weisenburger, 1992; Weiss, 1997; Smith, 2001; Bilello et al., 2002; US PHS, 2004]).  If a 
chemical exposure can cause cancer, it is often necessary for the exposure to occur repeatedly over a long 
period of time that is sufficiently before disease onset (i.e., at the beginning of the latency period). 
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US.  About 49.6% of all new US bladder cancer cases are diagnosed in people between the ages of 55 and 
74 years, with a median age at diagnosis of 73 years (NCI, 2024b). 
 
Bladder cancer has several risk factors, including genetic and lifestyle factors.  According to ACS (2024), 
"Smoking is the most important risk factor for bladder cancer.  People who smoke are at least 3 times as 
likely to get bladder cancer as people who don't.  Smoking causes about half of all bladder cancers."  Among 
demographic risk factors, being male, older, and white make it more likely that an individual will develop 
bladder cancer (ACS, 2024).  Other risk factors include prior cancer treatment, chronic bladder 
inflammation, a personal or family history of bladder cancer, and genetics (Mayo Clinic, 2017; ACS, 2024).  
There is some evidence that certain medications or dietary factors may be associated with bladder cancer, 
including the diabetes drug pioglitazone, aristolochic acid-containing supplements, and arsenic in drinking 
water, while fluid intake is inversely associated with bladder cancer (ACS, 2024).   
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5 Camp Lejeune Studies 

NRC (2009) produced the report, "Contaminated Water Supplies at Camp Lejeune:  Assessing Potential 
Health Effects."  The report concluded, "The available scientific information does not provide a sufficient 
basis for determining whether the population at Camp Lejeune has, in fact, suffered adverse health effects 
as a result of exposure to contaminants in the water supplies."  NRC (2009) went on to say: 
 

Additional research on potential health effects of water contamination at Camp Lejeune 
are unlikely to provide definitive information on whether exposure to it resulted in adverse 
health effects.  Limitations in population size, data availability, and data quality cannot be 
overcome.  Those limitations are due in part to the lack of documentation of exposure and 
the difficulty in assessing the health events that residents experienced after they were 
exposed.  Even if ATSDR's planned work goes forward successfully, the outcome of the 
efforts is unlikely to determine conclusively whether Camp Lejeune residents were 
adversely affected by exposure to water contaminants. 

 
Despite this, several Camp Lejeune epidemiology studies were conducted after the NRC (2009) report.  
Below I review five cohort studies that evaluated bladder cancer risks in US Marines and Navy personnel 
or civilian employees at Camp Lejeune.  The characteristics, results, and quality of these studies are detailed 
in Attachments B and C.  Below, I provide brief summaries of the studies and describe important quality 
considerations that impact the interpretation of study results, followed by a discussion of the study results.    
 
5.1 Study Overview 

5.1.1 Study Populations 

The study populations examined in the five Camp Lejeune studies overlap but are not identical.  All of the 
studies used appropriate comparison groups.  The three mortality studies (Bove et al., 2014a,b, 2024a) had 
high retention and low loss to follow up, largely because of their reliance on historical records for 
enrollment and outcome ascertainment.   
 
The two studies that reported on incidence (ATSDR, 2018a; Bove et al., 2024b) had a higher potential for 
selection bias.  Bove et al. (2024b) did not report on retention or loss to follow-up.  The cohort study 
conducted by ATSDR (2018b) reported low response rates to the health survey among military personnel 
and civilian employees at Camp Lejeune and Camp Pendleton (31% overall).  It is not known how those 
who did not participate differed from those who did.   
 
The compilation of the study cohorts in the four Bove et al. (2014a,b, 2024a,b) studies relied on historical 
records, which likely did not result in any selection bias.  ATSDR (2018a) actively recruited participants 
via mail surveys.  At the time of recruitment, the contamination at Camp Lejeune was well known.  ATSDR 
(2018a) stated that:  

 
[S]election bias could have impacted analyses comparing Camp Lejeune to Camp Pendleton, likely 
biasing results away from the null (potentially overestimating the effect of the exposures) because 
those at Camp Lejeune with health problems may have been more likely to participate than those 
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at Camp Pendleton with health problems.  The Camp Lejeune participants with health problems 
may have been more likely to participate because they were aware of the contaminated drinking 
water and believed they were affected by their exposures. 
 

This is supported by the fact that civilian employees at Camp Lejeune had a higher participation rate than 
civilian employees at Camp Pendleton and Marines at either base (see Table 1 of ATSDR, 2018b). 
 
5.1.2 Exposure Assessment 

All five studies included at least some comparisons of bladder cancer risks in Camp Lejeune populations 
to risks in Camp Pendleton populations without consideration of chemical specific exposures or doses.  
Three of the studies (Bove et al., 2014a, 2024a,b) relied on being stationed or employed at Camp Lejeune 
as the basis of exposure.  Using this broad definition of exposure does not account for actual individual 
level exposures and fails to consider differences between individuals that could impact their exposure 
potential (e.g., water consumption/exposure).  Bove et al. (2024a,b) considered disease risk by duration of 
assignment or employment on base, which is better than only considering whether an individual was ever 
on base as Bove et al. (2014a) did, but it still does not account for chemical concentrations in the water to 
which each individual was exposed during their assignment or employment and does not link chemical 
concentrations in drinking water to data on individual water consumption/exposure. 
 
Some studies conducted analyses of Marines and Navy personnel who began active duty before 1975.  
There are no data available on military unit codes for Marines and Navy personnel who began active duty 
prior to 1975.  These individuals could have been stationed at Camp Pendleton, Camp Lejeune, or elsewhere 
prior to 1975, leading to exposure misclassification. 
 
Bove et al. (2014b) and ATSDR (2018a) estimated individual exposures at Camp Lejeune based on 
modeled average monthly levels of chemicals in drinking water on base.  These levels were estimated based 
on ATSDR (2007b, 2013) groundwater fate and transport models and data on historical occupation codes, 
workplace or residence, and period and duration of employment or residence.   
 
Modeled exposure estimates are generally less reliable than direct measurements, particularly when 
modeled estimates are only based on limited or sparse quantitative information or are not based on any 
quantitative information.  Also, modeled exposure estimates based on chemical concentrations in the 
groundwater supplying different locations on base depend on the accuracy of the model's assumptions, and, 
while the time-varying nature of the water concentrations of chemicals were considered in the ATSDR 
model, the modeled estimates are constrained by the limited timing and frequency of measurements and do 
not necessarily reflect long-term or even average concentrations.   
 
Drs. Hennet's and Spiliotopoulos's reports show that, for several reasons, including the lack of chemical 
concentration data prior to 1980 and the lack of reliable data on the start and quantity of contaminant source 
releases, ATSDR's modeled exposure estimates are biased high, raising questions about quantitative 
exposure estimates derived from this model (Hennet, 2024; Spiliotopoulos, 2024).  Furthermore, without a 
direct link between measurements or modeled exposure estimates and individual-level water 
consumption/exposure data, exposure estimates are likely to be even less accurate with respect to individual 
exposures.  Similarly, the ATSDR (2017b) "Public Health Assessment for Camp Lejeune Drinking Water" 
stated: 
 

Limitations related to VOCs include the lack of water sampling data prior to 1982, 
uncertainty about when contamination first occurred in water supplies, reliance on the 
testing of finished water for leaving the treatment plant rather than at the point of exposure 

Case 7:23-cv-00897-RJ     Document 463-14     Filed 08/24/25     Page 54 of 371



 

  46 
 

(i.e. the faucet or shower) for estimating exposure, limited information about site-specific 
exposure parameters, lack of indoor air samples, uncertainties that are intrinsic to the use 
of models to predict inputs to the assessment, uncertainties about the combined effects of 
exposure to the specific mixture of chemicals in the water systems, limitations in the 
available toxicological data to predict the health impacts of exposure, and lack of specific 
health outcome data, specifically incidence data for cancer and cardiac defects to confirm 
the potential effects that are described in this assessment.   
 

Finally, Bove et al. (2014b) and ATSDR (2018a) reported near perfect correlations between the TCE, 
benzene, vinyl chloride, and total VOC categorical exposure variables among Marines and Navy 
personnel.  For civilian employees, ATSDR (2018a) reported that categorical exposure variables for TCE 
and PCE were nearly perfectly correlated.  Therefore, results from these studies are not specific to 
individual chemical exposures.  
 
With respect to exposure misclassification, ATSDR (2018a) stated: 
 

Additionally, the study results could have been impacted by exposure misclassification 
bias.  Exposure misclassification bias could have resulted because of errors in base 
assignments, limited information on each unit's barrack location, lack of information on 
how much drinking water was consumed at the Marine's residence, lack of data on where 
a Marine at Camp Lejeune trained on-base and drinking water use during training, inability 
to accurately capture time spent away from the base for training or deployment, uncertainty 
about the drinking water use of civilian workers at Camp Lejeune, and uncertainty about 
workplace locations (e.g., during the workday, a worker might have been assigned to 
multiple locations at the base).  The exposure misclassification bias is likely non-
differential because the errors in exposure assignments should be unrelated to diseases 
status.  
 

Nondifferential exposure measurement error can, but does not always, bias results towards the null (i.e., 
towards a lack of effect).  It is guaranteed to bias associations towards the null only under specific conditions 
(van Smeden et al., 2020).  It has been demonstrated that when evaluating categories formed from 
continuous exposure measurements (Flegal et al., 1991) or multiple exposure categories (Dosemeci et al., 
1990;  van Smeden et al., 2020), similar to what was modeled and estimated in Bove et al. (2014b) and 
ATSDR (2018a), non-differential misclassification can result in bias either toward or away from the null.   
 
5.1.3 Outcome Assessment 

Bove et al. (2014a, b) and Bove et al. (2024a) evaluated cancer deaths among Marines and Navy personnel 
who were stationed at Camp Lejeune between 1975 and 1985 and civilian workers at Camp Lejeune who 
were employed full-time between 1972 or 1973 and 1985.  Both ATSDR (2018a) and Bove et al. (2024b) 
evaluated cancer incidence among Marines and Navy personnel stationed at Camp Lejeune between 1975 
and 1985 and among civilians employed at Camp Lejeune between 1972 and 1985. 
 
All four Bove studies (Bove et al. 2014a,b, 2024a,b) used reliable sources to identify cases or deaths (i.e., 
SSA, National Death Index, cancer registries).  ATSDR (2018a) confirmed cases using medical records or 
death certificates, but initially relied on self-reporting to identify cases, which could have resulted in some 
missed cases.  All of the studies had sufficient follow-up time for cancer to develop (range:  22-40 years) 
but, because bladder cancer is not always fatal, analyses evaluating incidence are more informative than 
those evaluating mortality.  Bove et al. (2024b)  evaluated bladder cancer risk by subtype:  papillary 

Case 7:23-cv-00897-RJ     Document 463-14     Filed 08/24/25     Page 55 of 371



 

  47 
 

transitional cell carcinoma (PTCC), non-papillary transitional cell carcinoma (NPTCC), and urothelial, 
malignant, and in situ cancer.   
 
5.1.4 Covariates 

ATSDR (2018a) controlled for age, or age and sex, in analyses of Marines and Navy personnel and either 
did not include any covariates or only controlled for age in analyses of civilian employees.  All four Bove 
studies (2014a,b; Bove et al., 2024a,b) controlled for age, sex, and race.  Bove et al. (2014a, 2024a,b) also 
controlled for occupation (blue vs. white collar) as a proxy for other chemical exposures when evaluating 
risk among civilian employees.  No Camp Lejeune study controlled for other important covariates, 
including smoking, prior cancer treatment, chronic bladder inflammation, personal or family history of 
bladder cancer, genetics, or other potential occupational exposures.  
 
Besides age, smoking is the most important risk factor for bladder cancer (see Section 4.2).  Bove et al. 
(2014a) used COPD as a proxy for smoking and concluded that the confounding effect of smoking in their 
study was consistent with other occupational health studies.  They also noted that "HRs for other smoking-
related diseases such as cardiovascular disease, and cancers of the bladder, esophagus, stomach, pancreas, 
and liver were <1.0 in the Camp Lejeune cohort."  Similarly, Bove et al. (2014a) stated: 
 

Among the smoking-related diseases not known to be associated with solvent exposure, 
only COPD was elevated in the Camp Lejeune cohort with HR of 1.21.  Using the HR for 
COPD to adjust for the possible confounding effects of smoking would reduce the HRs for 
the diseases of primary and secondary interest by approximately 17.5%.   

 
It is notable that Bove et al. (2014a) pointed out the HR for bladder cancer was <1.0 (HR = 0.76, 95% CI: 
0.34-1.71).  While smoking increases the risk of bladder cancer, it does not increase the risk of all smoking-
related diseases equally (American Lung Association, 2024).  The degree to which smoking contributed to 
these smoking-related diseases in study participants is unknown.  Because this is unknown, this Bove et al. 
(2014a) analysis is not informative with respect to the degree of confounding from smoking in the bladder 
cancer risk estimates.  
 
In a similar vein, Bove et al. (2024a,b) conducted quantitative bias assessments of various cancers to assess 
the potential bias from smoking using "negative control diseases."  The studies, however, did not conduct 
such an analysis for bladder cancer.  For other outcomes, the bias estimates were based on a series of 
assumptions that were not validated, so the results are uninterpretable. 
 
Finally, the amount of missing covariate data was not always reported, which limits the ability to fully 
interpret the results. 
 
5.1.5 Temporality 

All of the studies had documented exposures prior to the onset of disease, and Bove et al. (2014a,b, 2024b) 
appropriately considered disease latency by incorporating 10-year lags into some of their analyses.  Bove 
et al. (2024a) did not consider disease latency in their analyses but noted that 75% of the deaths occurred 
more than 10 years after the water contamination ended.  ATSDR (2018a) also did not consider disease 
latency in their analyses, but stated that "virtually all participants with a confirmed cancer of interest 
developed their cancers ten years or more after they were first stationed or worked at either base."   
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0.45-1.76), and there was no increase in risk with increasing duration of employment (i.e., the highest risk 
was in the lowest exposure category). 
 
5.2.5 Bove et al. (2024b) 

Bove et al. (2024b) retrospectively evaluated bladder cancer incidence among 154,821 Marines and Navy 
personnel who began service and were stationed at Camp Lejeune between 1975 and 1985, and 6,494 
civilians employed at Camp Lejeune between 1972 and 1985, who had been potentially exposed to 
contaminated drinking water on base.  Between 1996 and 2017, there were 444 bladder cancer cases among 
Marines and Navy personnel at Camp Lejeune, which was similar to the incidence among Camp Pendleton 
Marines and Navy personnel (HR = 1.09, 95% CI: 0.95-1.24).  The results for bladder cancer subtypes (i.e., 
PTCC, NPTCC, urothelial, malignant bladder, and in-situ bladder) were very similar to the results for all 
444 urinary bladder cancers combined (HR range:  0.99-1.11).  Compared to those at Camp Pendleton, 
Marines and Navy personnel at Camp Lejeune did not have a statistically significant increase in risk of 
bladder cancer associated with any duration of assignment (HR range: 1.02-1.20).  The results for each 
bladder cancer subtype based on duration of assignment were very similar to the results for all urinary 
bladder cancers combined. 
 
There were 87 bladder cancer cases among civilian employees, which was similar to what would be 
expected compared to Camp Pendleton civilian employees (HR = 1.10, 95% CI: 0.81-1.50).  The results 
examining risk of bladder cancer subtypes were similar to the results for all 87 urinary bladder cancers 
combined (HR range:  1.07-1.30).  Compared to those at Camp Pendleton, civilian employees at Camp 
Lejeune did not have any statistically significant change in risk for bladder cancer associated with 
low/medium (HR = 1.18, 95% CI: 0.80-1.75) or high durations of employment (HR = 1.09, 95% CI: 0.69-
1.71).  Risks of bladder cancer subtypes based on duration of employment were very similar to the results 
for all urinary bladder cancers combined; risk was highest for those with the shortest employments and 
lowest for those with the longest employments for all types.  Although all risk estimates were above 1, none 
of the results for bladder cancer subtypes based on duration of employment were statistically significant 
(HR range = 1.06-1.51). 
 
5.3 Toxicology 

No animal carcinogenicity or mechanistic studies have investigated exposures to Camp Lejeune drinking 
water.  As discussed in Sections 6.2, 7.2, 8.2, and 9.2, respectively, toxicity studies of TCE, PCE, benzene, 
and vinyl chloride either do not support causation at all, or do not provide evidence for a casual association 
with bladder cancer at Camp Lejeune.  I did not identify any chronic trans-1,2-DCE animal toxicity studies. 
 
5.4 Exposure 

TCE, PCE, benzene, vinyl chloride, and trans-1,2-DCE concentrations in the water supply at Camp Lejeune 
have been modeled by ATSDR (2007b, 2013).  As noted in Section 5.1.2, these values are unreliable and 
biased high.  Still, in its assessment of potential health effects from contaminated drinking water at Camp 
Lejeune, NRC (2009) stated: 
 

Because of the historical and complex nature of the contamination that occurred at Camp 
Lejeune and the availability of few empirical data on concentrations in water supplies, only 
crude estimates of exposure can be obtained.  Even with the use of reasonable and, in some 
cases, advanced approaches, limitations in data availability and quality cannot be 
overcome.  Thus, only a general conclusion can be drawn that the Tarawa Terrace and 
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6 TCE and Bladder Cancer 

In this section, I describe epidemiology and toxicity studies that assessed TCE exposure and bladder cancer, 
and government and other agency reviews of this evidence.  I conclude that scientific evidence does not 
support a causal association between TCE and bladder cancer. 
 
6.1 Epidemiology 

6.1.1 Overview 

I identified 32 cohort studies (in 24 unique populations), seven case-control studies, three pooled analyses, 
and one meta-analysis that evaluated TCE exposure and bladder cancer.  Almost all study populations were 
from Europe and North America; two were from Taiwan.  I review here all studies of populations at Camp 
Lejeune if TCE exposures were specified, even if overlapping, for completeness.  If several studies analyzed 
the same cohorts or population groups, I summarize only the most recent study because it had longer follow-
up times and/or used more reliable exposure estimates, unless older studies reported additional results (e.g., 
dose-response relationships).  I provide an overview, including a brief discussion of study characteristics, 
below, and this is reviewed in more detail in Tables D.1 and D.3 for cohort and case-control studies, 
respectively.  Study results are discussed briefly in Section 6.1.2 and reviewed in more detail in Tables D.2 
and D.4.  The pooled and meta-analyses are also summarized in Table D.5, and study quality is reviewed 
in more detail in Table C.1.  Epidemiology evidence is integrated with experimental evidence in Section 
6.3.   
     

6.1.1.1 Study Population 

In most cohort studies, exposed and unexposed participants were selected from the same source population.  
Individuals with and without bladder cancer were also drawn from appropriate source populations in most 
case-control studies, but a few used inappropriate control groups, which could have increased the risk of 
selection bias (e.g., Siemiatycki et al. [1994] used cancer-based controls).  Most cohort studies reported 
low exclusion rates (<20%), however, approximately one-third of the studies reported high (>20%) or 
unknown loss to follow-up.  Most of the case-control studies reported low (<80%) or unknown participation 
rates among controls, which increased the potential for selection bias.  In most cohort and case-control 
studies that reported high loss to follow-up or low participation rates, the authors did not report information 
on how those who were included differed from those who were not, making the assessment of selection 
bias difficult. As discussed in Section 5, ATSDR (2018a) noted that in its Camp Lejeune study, selection 
bias could have biased results away from the null.   
 

6.1.1.2 Exposure Assessment 

I assume that most participants in occupational studies were exposed to TCE via inhalation or dermally, 
while participants in the Camp Lejeune studies could have been exposed via ingestion, inhalation, or dermal 
absorption.   
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studies did not adjust for smoking or other potentially important confounders besides age and sex.  I 
conclude that the epidemiology evidence does not support a causal association between TCE exposure and 
bladder cancer.8 
 
6.2 Toxicology 

6.2.1 Animal Carcinogenicity Studies 

I identified ten oral and seven inhalation chronic bioassays that stated they evaluated TCE exposure and the 
bladder.  The results of these studies are reported in Attachment E, Tables E.1 and E.2; an overview of 
chronic study quality is described in Attachment E, Table E.3, and the quality of individual chronic studies 
is shown in Attachment E, Table E.4.  Experimental evidence is integrated with epidemiology evidence in 
Section 6.3.  
 
Among the 10 chronic oral TCE bioassays in rats and mice, there were no increases in bladder tumor 
incidence in two NCI (1976) bioassays and two NTP (1990) bioassays.  A few benign and malignant bladder 
tumors were observed in rats in four bioassays conducted by NTP (1988), but none were significantly 
elevated in any sex or species at any dose.  NTP (1988) concluded, "The studies are considered inadequate 
for either comparing or assessing trichloroethylene-induced carcinogenesis in these strains of rats," due to 
"chemically induced toxicity, reduced survival, and deficiencies in the conduct of the studies."  These 
deficiencies included many accidental deaths in the high-dose group due to gavage error. In the oral 
bioassays conducted by Henschler et al. (1984) and Maltoni et al. (1986, 1988a), the bladder was evaluated, 
but no bladder tumors were observed.   
 
Seven inhalation bioassays evaluated bladder tumors.  Henschler et al. (1980) observed a few benign and 
malignant bladder tumors in Wistar rats (but not in hamsters or mice of either sex) but concluded that they 
were not treatment-related.  The exposure duration in this study was only 78 weeks, and the observation 
period was 156 weeks for rats and 130 weeks for mice and hamsters.  Maltoni et al. (1986, 1988a) evaluated 
the bladder in several strains of rats and mice but did not report any bladder tumor incidence.  
 
Overall, chronic bioassays had several methodological limitations, including inappropriate exposure and 
observation periods, and do not provide evidence that TCE can cause bladder cancer. 
 
6.2.2 Mechanistic Studies 

There is limited information regarding any specific mechanisms or overall MoA by which TCE could cause 
bladder cancer (US EPA, 2020c; ATSDR, 2019b; Zhu et al., 2024; Rusyn et al., 2014; NTP, 2021a).  In 
humans and animals, TCE is metabolized via oxidation and glutathione conjugation, mainly in the liver and 
kidney, but also in the lung and testes (IARC, 2014a; Cichocki et al., 2016).  Some TCE metabolites can 
enter systemic circulation and have been detected in urine; however, there is no evidence that the bladder 
is a site of TCE metabolite formation, and the liver and kidney have the highest concentrations of TCE 
metabolites due to local formation in these organs (IARC, 2014a).   
 
While the major oxidative metabolites of TCE are not mutagenic in most studies, there is evidence that 
some reactive glutathione metabolites (e.g., dichlorovinyl cysteine, dichlorovinyl glutathione) are 
mutagenic, and they form the basis of the proposed genotoxic MoA for kidney cancer (US EPA, 2020c; 

 
8 The results of the study by Xie et al. (2024), which I identified after the completion of my literature search (Section 6.1.2), do not 
change my conclusions regarding TCE exposure and bladder cancer risk. 
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above evidence for causation" for TCE and multiple myeloma, all types of leukemia, liver cancer, 
Parkinson's disease, end-stage renal disease, and systemic sclerosis/scleroderma; and "below equipoise 
evidence for causation" for TCE and pancreatic cancer, prostate cancer, breast cancer, bladder cancer, 
esophageal cancer, rectal cancer, and brain/central nervous system cancers. 
 
The conclusion for bladder cancer was based on findings of "only limited evidence of a positive association" 
in epidemiology studies (ATSDR, 2017a), including negative results among most occupational cohort 
studies, and inconsistent results among the few studies that reported an association.  ATSDR (2017a) did 
not address animal or mechanistic studies of TCE and bladder cancer.  
 
In its Toxicological Profile for TCE, ATSDR (2019b) stated that there is "strong evidence that 
trichloroethylene can cause kidney cancer in people and some evidence that it causes liver cancer and 
malignant lymphoma (a blood cancer)."  ATSDR (2019a) further stated, "Lifetime exposure to 
trichloroethylene resulted in increased liver cancer in mice and increased kidney cancer in rats at relatively 
high exposure levels. There is some evidence for trichloroethylene-induced testicular cancer and leukemia 
in rats and lymphomas and lung tumors in mice."  Several epidemiology studies that addressed TCE and 
bladder cancer were listed, but ATSDR (2019a) did not present any conclusions regarding an association, 
and did not discuss any animal or mechanistic data specific to bladder cancer.   
 
6.4.2 NASEM 

Subcommittees of NASEM reviewed the associations between solvent exposures and various cancers in 
the contexts of the Gulf War and Camp Lejeune.  Most of the studies included in NASEM's reviews were 
not specific to TCE.  The Institute of Medicine (IOM), now called the National Academy of Medicine 
(NAM) and one of three NASEM operating units, conducted the first evaluation of insecticides and solvents 
in the context of the Gulf War (IOM, 2003).  In 2003, IOM (2003) did not conclude that TCE was associated 
with any cancer type in humans.   
 
IOM (2003) identified three cohort studies in which workers were biologically monitored for exposure to 
TCE; none showed an association with bladder cancer (Anttila et al., 1995; Axelson et al., 1994; Hansen 
et al., 2001).  IOM (2003) also identified a nested case-control study, in which worker exposures were 
estimated based on job records, that also showed no association (Greenland et al., 1984).  Other studies that 
IOM (2003) considered to have reasonably good assessments of solvent exposure included Gerin et al. 
(1998), Pesch et al. (2000), Aschengrau et al. (1993), Cordier et al. (1993), and Silverman et al. (1989a,b).  
IOM (2003) considered the findings for associations of TCE and bladder cancer "weak and imprecise," and 
noted that "[m]ost suffered from low statistical power and probable exposure misclassification."  On this 
basis it concluded that there was "insufficient evidence to determine whether an association exists."  IOM 
(2003) did not discuss any animal or mechanistic data. 
 
In an assessment of potential health effects at Camp Lejeune, the National Research Council (NRC, 2009), 
the operating and principal programmatic arm of NASEM, concluded that there was "limited/suggestive 
evidence of an association" for TCE and kidney cancer in humans, but "inadequate/insufficient" evidence 
for other cancers evaluated.  NRC (2009) also noted, "TCE was reported to cause kidney and testicular 
cancers in rats and liver and lung cancers in mice."  The NRC (2009) conclusion was based on an updated 
review with four additional cohort studies of workers potentially exposed to TCE (Raaschou-Nielsen et al., 
2003; Zhao et al., 2005; Boice et al., 2006; Sung et al., 2007) and one that did not make a distinction 
between TCE and PCE (Chang et al., 2003).  NRC (2009) also identified additional studies of dry-cleaning 
workers (Blair et al., 2003; Lynge et al., 2006) and a drinking water study (Morgan and Cassady, 2002).  
NRC (2009) noted that these newly identified studies had mixed and inconsistent results with respect to 
bladder cancer.  Based on this analysis, NRC (2009) reiterated the conclusion from IOM (2003) that there 

Case 7:23-cv-00897-RJ     Document 463-14     Filed 08/24/25     Page 68 of 371



 

  60 
 

was "insufficient evidence to determine whether an association exists."  NRC (2009) did not discuss any 
animal or mechanistic studies regarding TCE and bladder cancer. 
 
In 2012, the US Congress passed the Honoring America's Veterans and Caring for Camp Lejeune Families 
Act, also known as the Janey Ensminger Act (Public Law 112-154) (IOM, 2015).  The Veterans Health 
Administration (VHA) drafted clinical guidance to help determine which medical conditions should be 
covered by the act.  IOM (2015) conducted and published a "Review of the VA Clinical Guidance for the 
Health Conditions Identified by the Camp Lejeune Legislation."  In its 2015 review, the IOM committee 
identified four additional studies of solvent exposure and bladder cancer that had been published since the 
NRC (2009) report (Christensen et al., 2013; Hansen et al., 2013; Lipworth et al., 2011; Scott and Jinot, 
2011) and stated, "These new studies have generally supported the conclusions of the previous report" 
(IOM, 2015).  IOM (2015) did not cite any animal or mechanistic data regarding TCE and bladder cancer. 
 
6.4.3 US EPA 

US EPA (2011) has characterized TCE as "carcinogenic in humans by all routes of exposure," based on 
"convincing evidence of a causal association between TCE exposure in humans and kidney cancer."  US 
EPA (2011) stated that evidence from epidemiology studies "is strong for non-Hodgkin Lymphoma but less 
convincing than for kidney cancer, and more limited for liver and biliary tract cancer." US EPA (2011) 
further stated, "less human evidence is found for an association between TCE exposure and other types of 
cancer, including bladder, esophageal, prostate, cervical, breast, and childhood leukemia."  Regarding 
evidence from animal studies, US EPA (2011) noted chronic TCE exposure caused "low, but biologically 
and sometimes statistically significant, increases in the incidence of kidney tumors" and "statistically 
significant increases in TCE-induced liver tumors" in mice (but not rats or hamsters).  US EPA (2011) 
concluded, "there is more limited evidence for TCE-induced lymphohematopoietic cancers in rats and mice, 
lung tumors in mice, and testicular tumors in rats." 
 
US EPA (2011) reviewed 25 epidemiology studies that evaluated TCE and bladder cancer.  Thirteen studies 
were considered by US EPA to meet certain study design standards, including a high likelihood of TCE 
exposure in study subjects.  Of these, seven reported a significant association at the highest exposure level 
and/or an increasing risk of bladder cancer with increasing exposure (Siemiatycki, 1991; Boice et al., 2006; 
Morgan et al., 1998; Pesch et al., 2000; Radican et al., 2008; Zhao et al., 2005; Blair et al., 1998).  Twelve 
other studies were given less weight by US EPA (2011) due to a lesser likelihood of TCE exposure and 
other study design limitations.  Based on this evaluation, US EPA (2011) stated, "the available 
epidemiologic studies also provide suggestive evidence of an association between TCE exposure and other 
types of cancer, including bladder."  US EPA (2011) did not discuss animal or mechanistic data regarding 
TCE and bladder cancer. 
 
In its most recent evaluation of TCE, US EPA (2020c) upheld its conclusion that TCE is "Carcinogenic to 
Humans" based on "positive associations of NHL, kidney cancer and liver cancer with exposure to TCE."  
Regarding bladder cancer, US EPA (2020c) stated, "There is some evidence of association for bladder or 
urothelial cancer and high cumulative TCE exposure, however the reasonably available studies examine 
multiple sites and do not completely account for potential confounding factors."  US EPA (2020c) did not 
discuss any animal or mechanistic evidence for bladder cancer. 
 
6.4.4 IARC 

In 2014, IARC evaluated TCE and cancer and concluded TCE is "carcinogenic to humans (Group 1) (IARC 
2014)."  Regarding epidemiology evidence, IARC (2014) concluded there is "sufficient evidence" in 
humans that TCE "causes cancer of the kidney," and that there is a "positive association" with liver cancer 
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and NHL.  Regarding evidence in experimental animals, IARC (2014) indicated that TCE caused liver and 
kidney cancer.  
 
IARC (2014a) described 12 cohort, two case-control, and two ecological studies of TCE exposure and 
bladder cancer, but did not evaluate these studies.  IARC (2014a) did not discuss animal or mechanistic 
data or make a determination regarding TCE and bladder cancer. 
 
6.4.5 NTP 

In its 2015 Report on Carcinogens Monograph on Trichloroethylene, NTP (2015) conducted a cancer 
hazard assessment focused on kidney cancer, NHL, and liver cancer.  NTP (2015) classified TCE as "known 
to be a human carcinogen," based on "sufficient evidence of carcinogenicity from studies in humans."  NTP 
(2015) stated, "This conclusion is based on epidemiological studies showing that TCE causes kidney cancer 
in humans, together with supporting evidence from toxicological, toxicokinetic, and mechanistic studies 
demonstrating the biological plausibility of its carcinogenicity in humans."  NTP (2015) did not discuss 
TCE and bladder cancer, but noted that, "IARC [2014] concluded that although cancer incidence was 
increased at several other tissue sites [i.e., other than kidney, lymphohematopoietic system, and liver], the 
data were insufficient for an evaluation." 
 
In its most recent evaluation of TCE, NTP (2021a) reaffirmed its previous classification of TCE as "known 
to be a human carcinogen based on sufficient evidence of carcinogenicity from studies in humans."  NTP 
(2021a) stated:  
 

This conclusion is based on epidemiological studies showing that it causes kidney cancer 
in humans, together with supporting evidence from toxicological, toxicokinetic, and 
mechanistic studies demonstrating the biological plausibility of its carcinogenicity in 
humans.  Epidemiological studies also provide limited evidence that trichloroethylene 
causes non-Hodgkin lymphoma (NHL) in humans.  Supporting evidence is provided by 
studies in experimental animals demonstrating that trichloroethylene causes cancer at 
several tissue sites, including some of the same sites as seen in humans. 

 
Regarding evidence from experimental animal studies, NTP (2021a) stated that TCE caused kidney and 
testicular tumors in male rats, liver and lung tumors in mice of both sexes, and lymphoma in female mice.  
NTP (2021a) did not discuss TCE and bladder cancer.   
 
6.4.6 Conclusions 

Most government and scientific agencies either concluded that the scientific evidence is insufficient to make 
a determination regarding TCE and bladder cancer causation (ATSDR, 2017a; IOM, 2003, 2015; US EPA, 
2020c), or did not draw any conclusions (ATSDR, 2019a; IARC, 2014; NTP, 2021a).  These determinations 
were based on a limited number of epidemiology studies with inconsistent results.  None of the agencies 
presented any animal or mechanistic evidence regarding TCE and bladder cancer.  US EPA (2011) was the 
only agency to conclude that there was "suggestive evidence of an association" based on a few 
epidemiology studies, but the agency did not present any supporting animal or mechanistic evidence and 
later acknowledged that "reasonably available studies examine multiple sites and do not completely account 
for potential confounding factors" (US EPA, 2020c). 
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6.5 Conclusions 

Most government and scientific agencies have either concluded that the scientific evidence is insufficient 
to make a determination regarding TCE and bladder cancer causation (ATSDR, 2017a; IOM, 2003, 2015; 
US EPA, 2020c), or have not drawn any conclusions (ATSDR, 2019a; IARC, 2014; NTP, 2021a).  These 
determinations were based on a limited number of epidemiology studies with inconsistent results, and none 
of the agencies presented any animal or mechanistic evidence regarding TCE and bladder cancer.  The 
majority of the associations between TCE and bladder cancer in epidemiology studies I reviewed were null 
and many were based on a small number of cases or were statistically unstable (based on wide CIs).  There 
was no compelling evidence that supports a dose-response relationship, and each study had several 
methodological limitations that impacted the interpretation of the results (particularly a high likelihood of 
exposure misclassification and uncontrolled confounding).  There is no animal evidence indicating TCE 
can cause bladder cancer, or any proposed MoA with sufficient scientific support.   
 
Because (1) the epidemiology studies are not of high quality and most analyses do not provide evidence of 
associations, (2) animal studies do not provide evidence of causation in humans, and (3) there is no MoA 
with sufficient scientific support, I conclude that, as a whole, scientific evidence does not support a causal 
association between TCE and bladder cancer.  
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7 PCE and Bladder Cancer 

In this section, I describe epidemiology and toxicity studies that assessed PCE exposure and bladder cancer 
and governmental and other agency reviews of this evidence.  I conclude that the scientific evidence does 
not support a causal association between PCE and bladder cancer. 
 
7.1 Epidemiology 

7.1.1 Overview 

I identified 22 cohort studies (in 13 unique populations), 21 case-control studies, 2 pooled analyses, and 2 
meta-analyses that evaluated PCE exposure and bladder cancer.  Most of these studies were conducted in 
Europe and North America; two were conducted in Taiwan and one in New Zealand.  I review here all 
studies in populations at Camp Lejeune where PCE exposures were specified, even if overlapping, for 
completeness.  Otherwise, if several studies analyzed the same cohorts or population groups, I summarize 
only the most recent study because it had longer follow-up times and/or used more reliable exposure 
estimates, unless older studies reported additional results (e.g., dose-response relationships).  I provide an 
overview, including a brief discussion of study characteristics and quality, below; this is reviewed in more 
detail in Tables C.1, F.1, and F.3.  Study results are discussed briefly in Section 7.1.2 and reviewed in more 
detail in Tables F.2 and F.4; the pooled and meta-analyses results are reviewed in Table F.5.  Epidemiology 
evidence is integrated with experimental evidence in Section 7.3.   
 

7.1.1.1 Study Population 

In most cohort studies, exposed and unexposed participants were selected from the same source population.  
Individuals with and without bladder cancer were also drawn from appropriate populations in most case-
control studies.  Several case-control studies selected controls from populations that were not representative 
of the population from which the cases were drawn and could have been subject to selection bias (e.g., 
Christensen et al. [2013] used electoral lists where voter registration was non-compulsory to identify 
controls).  There was a lot of variation in reporting on retention among cohort studies, but among those that 
did report on retention, all had low rates of loss to follow-up (<20%).  Many of the case-control studies 
reported low (<80%) or unknown participation rates in cases and/or controls, which increased the potential 
for selection bias.  In most cohort and case-control studies that reported high loss to follow-up or low 
participation, the authors did not report on how those who were included differed from those who were not, 
making the assessment of selection bias difficult.  As discussed in Section 5, ATSDR (2018a) noted that in 
its Camp Lejeune study, selection bias could have biased results away from the null.   
 

7.1.1.2 Exposure Assessment 

I assume that most participants in occupational studies were exposed to PCE via inhalation or dermally, 
while participants in the Camp Lejeune studies could have been exposed via ingestion, inhalation, or dermal 
absorption. The most critical limitation of all cohort and case-control studies was the manner by which 
exposures were estimated.  The cohort studies examining PCE exposure and bladder cancer were largely 
conducted among populations that represented specific occupational groups (e.g., dry-cleaning workers).  
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All studies estimated PCE exposure in an indirect manner based on place of employment, job titles, a JEM, 
self-reported exposures, or the presence of PCE in drinking water (Camp Lejeune studies).  There were no 
directly measured air or water exposure concentrations at the individual level in any studies.   
 
Bove et al. (2014b) and ATSDR (2018a) estimated individual exposures at Camp Lejeune using modeled 
average monthly levels of chemicals in drinking water on base, based on groundwater fate and transport 
models calculated in ATSDR (2007b, 2013) along with historical occupation codes, workplace or residence, 
and period and duration of employment or residence.  As discussed in Section 5.1.2, these estimates are 
unreliable and biased high (ATSDR, 2017b; Hennet, 2024; Spiliotopoulos, 2024).  Neither Bove et al. 
(2014b) nor ATSDR (2018a) had individual water consumption data, so individual exposures were likely 
misclassified to some degree.  In addition, there was a high correlation between some of the chemical-
specific categorical exposure variables in Bove et al. (2014b) and ATSDR (2018a), which limits the 
interpretation of the PCE-specific results. 
 
Most of the case-control studies characterized exposure based on self-reported exposure or occupational 
information collected after bladder cancer had been diagnosed (e.g., Burns and Swanson, 1991).  Self-
reported exposure information is subject to potential recall inaccuracy due to the long time period between 
potential chemical exposure and interviews, and potential recall bias when cases may recall exposures 
differently than controls.   
 
Most of the studies did not consider the frequency, duration, or intensity of potential exposures.  The studies 
that did attempt to account for dose did so based on modeled contamination in drinking water (with no 
individual consumption/exposure data), JEMs, or duration of employment; these indirect measurements are 
often crude and generally do not reflect actual individual exposure levels.  In addition, most of the studies 
did not consider the time-varying nature of potential exposures (e.g., exposure was measured or estimated 
at a single time point or incorporated into the statistical model as a single value). 
 

7.1.1.3 Outcome Assessment 

Information on bladder cancer outcomes was obtained or confirmed using reliable and complete methods 
in most cohort and case-control studies.  Most cohort studies identified cases using medical records, 
registries, or government databases (e.g., national death index), and most case-control studies identified 
cases from registries, national databases, or medical facilities.  A few studies may have had incomplete 
ascertainment of cases, namely when relying on self-reporting to identify cases without another source of 
identification (such as a registry to identify cases who did not self-report or who were deceased, e.g., 
ATSDR [2018a]).  Most studies reported on bladder cancer incidence or mortality specifically, but several 
studies reported on larger system-level cancers (e.g., cancers of the bladder, ureter, and urethra combined 
in Pukkala et al. [2009]), which did not provide an accurate estimate of the PCE/bladder cancer association.  
All studies had sufficient follow-up time (i.e., >5 years). 
 

7.1.1.4 Covariates Considered 

Almost all epidemiology studies have some residual or uncontrolled confounding, which can bias the results 
in either direction.  Most studies controlled for age and sex, while other variables were controlled for less 
consistently (e.g., race, smoking).  This is particularly an issue for smoking, which causes half of all bladder 
cancers in the US (see Section 4.2).  Very few studies controlled for prior cancer treatment (Schoenberg et 
al., 1984; Teschke et al., 1997), chronic bladder inflammation (Schoenberg et al., 1984; Teschke et al., 
1997), or family history of bladder cancer (Zheng et al., 2002), and no studies controlled for genetic factors.  
Even when important covariate data were collected, most of the cohort studies did not account for the time-
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studies did not adjust for certain relevant covariates (e.g., smoking).  I conclude that the epidemiology 
evidence does not support a causal association between PCE exposure and bladder cancer.9 
 
7.2 Toxicology 

7.2.1 Animal Carcinogenicity Studies 

I identified two oral and four inhalation chronic bioassays that stated they evaluated PCE exposure and the 
bladder.  The results of these chronic studies are reported in Attachment G, Tables G.1 and G.2; an overview 
of chronic study quality is described in Attachment G, Table G.3; and the quality of individual chronic 
studies is shown in Attachment G, Table G.4.  Experimental evidence is integrated with epidemiology 
evidence in Section 7.3.  
 
The two chronic oral PCE bioassays were conducted by NCI (1977).  Bladder tumors were not observed in 
either Osborne-Mendel rats or B6C3F1 mice.  The agency noted that, "[B]ecause of a high rate of early 
deaths in treated rats the results of this bioassay do not allow an evaluation of the carcinogenicity of [PCE]."  
Of the four chronic inhalation PCE bioassays, a few benign and malignant bladder tumors were observed 
in F344/N rats in one bioassay conducted by NTP (1986b) but the incidences were not statistically different 
than controls.  No bladder tumors were reported for rats or mice in the other three bioassays (NTP, 1986b; 
JISA, 1993).  Collectively, chronic PCE oral (NCI, 1977) and inhalation studies (NTP, 1986b; JISA, 1993) 
do not provide evidence that PCE can cause bladder cancer. 
 
7.2.2 Mechanistic Studies 

There is limited information regarding any specific mechanisms or overall MoA by which PCE could cause 
bladder cancer (IARC, 2014b; US EPA, 2020a; ATSDR 2019a; Cichocki et al., 2016).  Animal and human 
studies indicate that PCE metabolism is relatively limited, particularly at higher exposures (US EPA, 2012, 
2020a), but it can occur via both oxidation and glutathione conjugation pathways, mainly in the liver and 
kidney, but also in the lung (US EPA, 2012, 2020a; IARC, 2014b; Cichocki et al., 2016).  Some PCE 
metabolites can enter systemic circulation and have been detected in urine; however, there is no evidence 
that the bladder is a site of PCE metabolite formation, and the liver and kidney have the highest relative 
concentrations of PCE metabolites due to local formation in these organs (IARC, 2014b).   
 
In both humans and animals, metabolism through the oxidation pathway exceeds the conjugation pathway, 
and the major oxidative metabolites of PCE are not mutagenic in most studies.  In contrast, there is evidence 
that some glutathione conjugation metabolites of PCE are mutagenic (IARC, 2014b; Cichocki et al., 2016), 
and they form the basis of the potential mutagenic MoA for kidney cancer as a result of PCE exposure.  
However, substantial uncertainty exists regarding the contribution of the glutathione conjugation pathway 
to PCE metabolism, including the extent to which humans form reactive glutathione metabolites (US EPA, 
2012, 2020a; Chiu and Ginsberg, 2011; IARC, 2014b; Cichocki et al., 2016).   
 
Limited data from immunotoxicity studies have suggested that PCE exposure may increase oxidative stress 
and alter white cell counts and immune system markers in humans and mice (US EPA, 2012, 2020a; Li et 
al., 2024; Ghahri et al., 2022), but some of these changes were observed at cytotoxic concentrations and 
reported effects were inconsistent across studies (e.g., both anti-inflammatory and inflammatory changes 

 
9 The results of the study by Xie et al. (2024), which I identified after the completion of my literature search (Section 6.1.2), do not 
change my conclusions regarding TCE exposure and bladder cancer risk. 
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7.4 Agency Reviews 

Several government and scientific agencies, including ATSDR, NASEM, US EPA, IARC, and NTP, 
conduct chemical carcinogenicity evaluations.  IARC, US EPA, and NTP all classify agents according to 
whether they are likely to cause cancer in humans, each using a unique framework, as described in Section 
3.5.1 and Table 3.5.  ATSDR, NASEM, US EPA, and NTP evaluate cancer risks, while IARC classifies 
cancer hazards (IARC, 2019).  That is, IARC only considers whether agents have a potential, no matter 
how remote, to be carcinogenic, and not the likelihood of agents being carcinogenic under real-world 
exposure conditions.  IARC's framework for evaluating independent realms of evidence (human, animal 
and mechanistic) is shown in Tables 3.6 and 3.7. 
 
Despite the goal of being systematic and objective, all of these reviews involve some degree of subjectivity.  
In many instances, the reviews do not fully take study quality into account and conclude that the strength 
of the evidence is stronger than it truly is.  Also, IARC, US EPA, and NTP carcinogenicity categories all 
include ones called "possibly carcinogenic to humans" or "reasonably anticipated to be a human 
carcinogen."  The requirements for including an agent in these categories are such that the evidence may 
not be sufficient to make a scientifically informed judgment regarding the agent's carcinogenicity.  For 
example, there may be no human data for the agent at all, or the preponderance of epidemiology studies of 
the agent may not show evidence of an association at all or may only show evidence of an association that 
can readily be explained by plausible noncausal alternatives (e.g., chance, bias, or confounding).  The 
review process for ATSDR (2017a) had even more methodological issues than those discussed above (see 
Section 3.5.2 and Table 3.7).  This report did not evaluate the evidence in a systematic, objective manner.  
It used non-traditional methods and a biased framework to make determinations regarding causation. 
 
Most government and scientific agencies concluded there is some weak scientific evidence for an 
association between PCE and bladder cancer, but that the evidence is too limited to address causation 
(ATSDR, 2019b; IOM, 2003, 2015; US EPA, 2020a; IARC, 2014b; NTP, 2021b).  These agency 
assessments of PCE carcinogenicity are described below.   
 
7.4.1 ATSDR 

In its review of drinking water contaminants at Camp Lejeune, ATSDR (2017a) concluded there was 
"sufficient evidence for causation" for PCE and bladder cancer, "equipoise and above evidence for 
causation" for PCE and NHL and end-stage renal disease, and "below equipoise evidence for causation" 
for PCE and kidney cancer, multiple myeloma, leukemias, liver cancer, pancreatic cancer, prostate cancer, 
breast cancer, Parkinson's disease, esophageal cancer, rectal cancer, brain/central nervous system cancers, 
systemic sclerosis/scleroderma, and cardiac defects. 
 
ATSDR (2017a) based its conclusion regarding bladder cancer on a small increased risk in a meta-analysis 
by Vlaanderen et al. (2014), as well as an increased risk among dry-cleaning workers in a study by Blair et 
al. (2003),10 and an exposure-response trend in a drinking water study by Aschengrau et al. (1993).11  
ATSDR (2017a) noted that there were no animal studies or strong mechanistic data that supported 

 
10 Callahan et al. (2019) added 22 years of follow-up to the Blair et al. (2003) study, and risks were not statistically significant in 
any analyses. 
11 The exposure-response trend was based on very few exposed cases in an unadjusted analysis.  The estimated unadjusted risk in 
the high exposure category were based on only 4 exposed cases and was statistically unstable (OR = 6.04, 95% CI: 1.32-21.84). 
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causation, but cited some evidence suggesting that workers with certain genetic variations that affected one 
of the major metabolic pathways for PCE are at increased risk of bladder cancer.12 
 
In its 2019 Toxicological Profile for PCE, ATSDR (2019b) stated, "Available human data provide 
suggestive, but weak evidence for [PCE]-induced non-Hodgkin's lymphoma, multiple myeloma, and 
bladder cancer in humans."  Regarding evidence from animal studies, ATSDR (2019b) reported, "Increased 
incidences of tumors in the kidney, liver, and lymphoid tissues have been reported in chronic bioassays of 
rats and mice exposed to tetrachloroethylene via inhalation and oral exposure routes." 
 
ATSDR (2019b) relied on the US EPA (2012) criteria to identify what it considered to be 10 higher-quality 
cohort and five higher-quality case-control studies of dry-cleaning and other PCE-exposed workers that 
evaluated PCE exposure and bladder cancer.  Based on the findings of these studies, ATSDR (2019b) 
concluded, "Available human data provide suggestive, but weak evidence for tetrachloroethylene-
induced…bladder cancer in humans."  ATSDR (2019b) did not discuss any animal or mechanistic studies 
of PCE and bladder cancer. 
 
7.4.2 NASEM 

In 2003, IOM (2003) did not conclude that PCE caused any cancer type in humans.  It concluded there was 
"limited/suggestive evidence of an association between chronic exposure to tetrachloroethylene and dry-
cleaning solvents and bladder cancer" (IOM, 2003) based mainly on two cohort studies of dry-cleaning 
workers that showed positive associations (Blair et al., 1990; Ruder et al., 2001), and several case-control 
studies that reported positive associations that were not statistically significant (Schoenberg et al., 1984; 
Teschke et al., 1997; Smith et al., 1985).  IOM (2003) also considered a study of PCE in drinking water 
(Aschengrau et al., 1993) and a worker study that showed an increased risk in men but not in women (Pesch 
et al., 2000).  IOM (2003) did not cite any animal or mechanistic data. 
 
In an assessment of potential health effects at Camp Lejeune, NRC (2009) concluded that there was 
"limited/suggestive evidence of an association" between PCE and esophageal, lung, breast, and bladder 
cancer in humans and that "PCE was reported to cause liver cancer in mice and mononuclear cell leukemia 
and kidney cancer in rats."  Regarding bladder cancer, NRC (2009) identified three epidemiology studies 
that were not reviewed in IOM (2003):  Morgan and Cassady (2002); Blair et al. (2003); and Lynge et al. 
(2006).  NRC (2009) reported that these studies had inconsistent results, and concluded again that "there is 
limited/suggestive evidence of an association between chronic exposure to PCE…and bladder cancer."  
NRC (2009) did not cite any animal or mechanistic studies regarding bladder cancer.   
 
In its 2015 review, an IOM committee reiterated the conclusions of prior NASEM reports.  It also identified 
four additional studies of solvent exposure and bladder cancer that had been published since the NRC (2009) 
report (Christensen et al., 2013; Hansen et al., 2013; Lipworth et al., 2011; Scott and Jinot, 2011) and 
stated, "These new studies have generally supported the conclusions of the previous report" (IOM, 2015).  
IOM (2015) did not cite any animal or mechanistic data regarding PCE and bladder cancer. 
 
7.4.3 US EPA 

US EPA (2012) concluded that PCE is "'Likely to be Carcinogenic to Humans' by all routes of exposure," 
based on "suggestive evidence of carcinogenicity in epidemiologic studies and conclusive evidence that the 

 
12 Matic et al. (2014) evaluated bladder cancer risk and glutathione S-transferase  gene polymorphisms in a hospital-based case-
control study.  They reported an interaction between specific polymorphisms and exposure to any solvents, which included PCE, 
but they did not evaluate risk associated with PCE specifically.  
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administration of tetrachloroethylene, either by ingestion or by inhalation to sexually mature rats and mice, 
increases tumor incidence," citing JISA, (1993), NTP (1986b), and NCI (1977) as support for this 
conclusion.  Regarding epidemiology evidence, US EPA (2012) stated that there is "a pattern associating 
tetrachloroethylene exposure and several types of cancer, including bladder cancer, non-Hodgkin 
lymphoma and multiple myeloma," and that, "for other sites, including esophageal, kidney, lung, cervical 
and breast cancer, more limited data suggestive of an effect are available."  Regarding animal evidence, US 
EPA (2012) stated,  
 

[T]etrachloroethylene increased the incidence of liver tumors (hepatocellular adenomas 
and carcinomas) in male and female mice and of mononuclear cell leukemia (MCL) in both 
sexes of rats…  Additional tumor findings in rats included significant increases in the NTP 
bioassay of testicular interstitial cell tumors and kidney tumors in males, and brain gliomas 
in males and females.  In mice, hemangiosarcomas in liver, spleen, fat, and subcutaneous 
skin were reported in males in the JISA study. 

 
In this PCE review, US EPA (2012) identified 32 epidemiology studies on PCE exposure and bladder 
cancer.  US EPA (2012) placed the most weight on five studies with exposure methodologies that the agency 
considered relatively high quality (Calvert et al., 2011; Lynge et al., 2006; Blair et al., 2003; Pesch et al., 
2000; Aschengrau et al., 1993) and four large cohort studies of dry-cleaning workers (Pukkala et al., 2009; 
Wilson et al., 2008; Ji et al., 2005; Travier et al., 2002).  In the first set of studies, four of the five reported 
an increased risk of bladder cancer with PCE exposure; in the second set, the relative risk estimates ranged 
from 1.01-1.44 (US EPA, 2012).  US EPA (2012) concluded that "the pattern of results from this collection 
of studies is consistent with an elevated risk for tetrachloroethylene of a relatively modest magnitude."  US 
EPA (2012) did not present any animal or mechanistic evidence to support this conclusion. 
 
US EPA (2020a) conducted its most recent review of PCE in 2020 and, similar to its 2012 review, concluded 
"there is a pattern of epidemiological evidence associating PCE exposure with NHL.  There is some 
evidence for bladder cancer and MM but results are mixed.  Additional epidemiological data were available 
showing weaker support for cancers at other sites, including esophageal, lung, and blood (lymphoma).  
Studies provide more limited support for associations with breast cancer, with little or no support for 
associations with kidney, esophagus, or liver cancer, and no useful information for cervical cancer."  
Regarding rodents, US EPA (2020a) concluded there is "conclusive evidence of the carcinogenicity of 
PCE" for liver cancer, testicular cancer, [mononuclear cell leukemia], renal tubular adenomas and 
adenocarcinomas, brain gliomas, hemangiosarcomas/hemangiomas, and adenomas of the Harderian gland.  
Overall, US EPA (2020a) concluded that PCE is considered 'likely to be carcinogenic in humans' by all 
routes of exposure based on conclusive evidence in animals and suggestive evidence in humans." 
 
US EPA (2020a) identified five additional epidemiology studies of bladder cancer that it considered to 
"provide little support for an association between bladder cancer and PCE exposure":  Bove et al. (2014b), 
Christensen et al. (2013), Silver et al. (2014), Lipworth et al. (2011), and Hadkhale et al. (2017).  The 
agency found that these studies showed slight statistically significant increased risks in the medium-
exposure groups, but not in the high-exposure groups, and no significant dose-response trend, suggesting 
that the increases were not PCE-related (US EPA 2020a).  US EPA (2020a) concluded, "There is some 
evidence for [an association between PCE and] bladder cancer…but results are mixed."  US EPA (2020a) 
did not present any animal or mechanistic evidence for PCE and bladder cancer. 
 
7.4.4 IARC 

In 2014, IARC did not conclude PCE is a known human carcinogen, but rather "probably carcinogenic to 
humans (Group 2A)" (IARC, 2014b).  Regarding evidence in humans, IARC (2014b) stated, "There is 
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limited evidence in humans for the carcinogenicity of tetrachloroethylene. Positive associations have been 
observed for cancer of the bladder."  IARC (2014b) further concluded, "Several studies evaluated exposure 
to tetrachloroethylene and the risk of cancers at other sites, including oesophagus, kidney, cervix, and non-
Hodgkin lymphoma.  No consistent patterns were seen across studies."  Regarding animal evidence, IARC 
(2014b) concluded, "There is sufficient evidence in experimental animals for the carcinogenicity of 
tetrachloroethylene" based on evidence related to mononuclear cell leukemia, testicular cancer, kidney 
cancer, fibroadenomas of the mammary gland, and brain gliomas in rats, and liver cancers, 
hemangiomas/hemangiosarcomas, and Harderian gland adenomas in mice. 
 
With respect to bladder cancer, IARC (2014b) reviewed five cohort studies (Boice et al., 1999; Blair et al., 
2003; Lynge et al., 2006; Calvert et al., 2011; Selden and Ahlborg, 2011) and nine case-control studies of 
PCE and bladder cancer (Aschengrau et al., 1993; Schoenberg et al., 1984; Steineck et al., 1990; Burns and 
Swanson, 1991; Swanson and Burns, 1995; Pesch et al., 2000; Gaertner et al., 2004; Colt et al., 2011; 
Christensen et al., 2013) and noted, "While positive associations with bladder cancer were observed in 
several cohort and case-control studies, and smoking was adequately controlled for in the majority, 
employment in dry-cleaning was in most cases the only indicator of exposure to tetrachloroethylene, the 
number of exposed cases was small, and support for an exposure-response relationship was lacking."  IARC 
(2014b) concluded, "The bladder has been identified as a target organ for tetrachloroethylene-induced 
carcinogenesis in humans; however, there are no mechanistic studies available to support this."  IARC 
(2014b) also did not present any data on bladder cancer from experimental animal carcinogenicity 
bioassays. 
 
7.4.5 NTP 

NTP (2021b) concluded that PCE is "reasonably anticipated to be a human carcinogen based on sufficient 
evidence of carcinogenicity from studies in experimental animals."  NTP (2021b) stated that PCE caused 
liver tumors in mice and MNCL in rats, and increased the incidence of benign and malignant kidney tumors 
in rats.  Regarding epidemiology evidence, NTP did not present its own conclusions, but rather stated that 
the 1995 volume of the IARC Monographs on the Evaluation of Carcinogenic Risks to Humans titled "Dry 
Cleaning, Some Chlorinated Solvents and Other Industrial Chemicals" concluded that there was "limited 
evidence" for the carcinogenicity of PCE in humans "based mainly on evidence of consistent associations 
between tetrachloroethylene exposure and esophageal cancer, cervical cancer, and non-Hodgkin 
lymphoma," but that "confounding by exposure to other chemicals could not be ruled out, and the total 
numbers in the combined cohort studies were small" (NTP, 2021b).  NTP (2021b) did not discuss bladder 
cancer.   
 
7.4.6 Conclusions 

Most government and scientific agencies concluded there is some weak scientific evidence for an 
association between PCE and bladder cancer, but that the evidence is too limited to address causation 
(ATSDR, 2019b; IOM, 2003, 2015; US EPA, 2020a; IARC, 2014b; NTP, 2021b).  Only two agencies 
initially concluded there was sufficient evidence for an increased risk in humans (ATSDR, 2017a; US EPA, 
2012), but these agencies' conclusions were different in later assessments (ATSDR, 2019b; US EPA, 
2020a).  ATSDR (2017a) based its conclusion of sufficient evidence on the findings of a slight excess risk 
in one meta-analysis, one study that reported an increase in bladder cancer among dry-cleaning workers, 
and one drinking water study.  US EPA (2012) based its conclusion of elevated risk in one group of five 
studies with exposure methodologies that the agency considered relatively high quality, and another group 
of studies of dry-cleaners with mixed results.  In contrast, ATSDR (2019b) concluded the evidence was 
suggestive but weak, and US EPA (2020a) concluded evidence was mixed.  None of the agencies presented 
any animal or mechanistic evidence regarding PCE and bladder cancer.   
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7.5 Conclusions 

The majority of associations between PCE and bladder cancer in epidemiology studies were statistically 
null and close to 1.  There was no compelling evidence that supports a dose-response relationship, and each 
study had several methodological limitations that impacted the interpretation of the results (e.g., a high 
likelihood of exposure misclassification and uncontrolled confounding, particularly by smoking).  Animal 
and MoA evidence does not support causation.  In the most recent reviews of the epidemiology evidence, 
most governmental and scientific agencies concluded there is some weak evidence for a statistical 
association between PCE and bladder cancer, but that evidence is described as mixed and limited to 
determine causation (ATSDR, 2019b; IOM, 2003, 2015; US EPA, 2020a; IARC, 2014b; NTP, 2021b).  
None of the agencies presented any animal or mechanistic evidence regarding PCE and bladder cancer.   
 
Because (1) the epidemiology studies are not of high quality and most analyses do not provide evidence of 
associations, (2) animal studies do not provide evidence of causation in humans, and (3) there is no MoA 
with sufficient scientific support, I conclude that, as a whole, scientific evidence does not support a causal 
association between PCE and bladder cancer. 
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8 Benzene and Bladder Cancer 

In this section, I describe epidemiology and toxicity studies that assessed benzene exposure and bladder 
cancer, and governmental and other agency reviews of this evidence.  I conclude that the scientific evidence 
does not support a causal association between benzene and bladder cancer. 
 
8.1 Epidemiology 

8.1.1 Overview 

I identified 44 cohort studies (in 26 unique populations), five case-control studies, one case-cohort study 
(Shala et al., 2023; which I include in the case-control study tables) one pooled analysis of case-control 
studies and one meta-analysis that evaluated benzene exposure and bladder cancer.  Most of these studies 
were conducted in North America or Europe, but there were also studies in Australia, South Korea, and 
China.  I review here all studies in populations at Camp Lejeune where benzene exposures were specified, 
even if overlapping, for completeness.  Otherwise, if several studies analyzed the same cohorts or 
population groups, I summarize only the most recent study because it had longer follow-up times and/or 
used more reliable exposure estimates, unless older studies reported additional results (e.g., dose-response 
relationships).  I provide an overview, including a brief discussion of cohort and case-control study 
characteristics, below and in Tables H.1 and H.3.  Detailed study quality assessments are described in Table 
C.1.  Study results are discussed in Section 8.1.2 and in Tables H.2, H.4, and H.5.  Epidemiology evidence 
is integrated with experimental evidence in Section 8.3.   
 

8.1.1.1 Study Population 

In most cohort studies, exposed and unexposed participants were selected from the same source population.  
Individuals with and without bladder cancer were also drawn from appropriate populations in most case-
control studies.  There were two exceptions, Gérin et al. (1998) used electoral lists to identify potential 
controls in a population where voter registration was non-compulsory, and Hadkhale et al. (2017) allowed 
for cases and controls to have a prior history of cancer.  Most cohort studies reported high retention rates, 
but did not always report rates of exclusion, and some of the case-control studies reported low (<80%) 
participation rates among controls; the latter two aspects increased the potential for selection bias.  In all 
cohort and case-control studies that reported high loss to follow-up or low participation rates, the authors 
did not report information on how those who were included differed from those who were not, making the 
assessment of selection bias difficult.  As discussed in Section 5, ATSDR (2018a) noted that in its Camp 
Lejeune study, selection bias could have biased results away from the null.   
 

8.1.1.2 Exposure Assessment 

I assume that most participants in occupational studies were exposed to benzene via inhalation or dermally, 
while participants in the Camp Lejeune studies could have been exposed via ingestion, inhalation, or dermal 
absorption.   
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cumulative benzene exposure of 15.04 ppm or greater (HR = 1.22, 95% CI: 1.03-1.44).  However, these 
associations were based on self-reported occupational history from decennial censuses and a JEM.  Shala 
et al. (2023) reported an elevated risk of bladder cancer incidence among benzene-exposed offshore 
petroleum workers with 18.8 to 33.5 years of exposure when compared to unexposed workers (HR = 1.89, 
95% CI: 1.14-3.13); there was also a significant trend based on exposure duration (ptrend = 0.044).  These 
results should be interpreted with caution, however, as 31% of eligible controls did not participate and these 
results were based on indirect exposure assessments (i.e., from work history information, job codes, and a 
JEM).  Finally, in a Canadian case-control study, Gérin et al. (1998) observed a statistically significant 
decreased risk of bladder cancer incidence when compared with unexposed individuals (OR = 0.2, 95% CI: 
0.0-0.6), although this was based on only 2 cases.  Two case-control studies investigated the risk of 
urothelial cancer among subjects exposed to benzene (Steineck et al., 1990; Pesch et al., 2000) and neither 
study observed any differences in risk between exposed and unexposed subjects. 
  
I identified one pooled study that estimated the association between benzene and bladder cancer (Table 
H.5).  Sciannameno et al. (2018) linked occupational data from two case-control studies to a JEM to 
estimate the probability and intensity of benzene exposures.  Most reported risk estimates were close to 1 
(range:  0.94-1.08) and none were statistically significant.  The two case-control studies used in the pooled 
analysis did not report any information on benzene, so they are not reviewed here.  Regardless, because the 
pooled analysis relied on an indirect exposure assessment (i.e., occupational data linked to a JEM), the 
pooled analysis is limited by the potential for exposure misclassification.  Seyyedsalehi et al. (2024) 
conducted a meta-analysis of 35 cohort and case-control studies examining benzene exposure and risk of 
bladder cancer incidence or mortality.  The analysis found an increased risk of incident bladder cancer 
based on 17 cohort and case-control studies (RR = 1.10, 95% CI: 1.01-1.20).  There were no associations 
reported in analyses stratified by geographic region, quality score, control for tobacco smoking, exposure 
circumstance, or sex.  However, when stratified by year of publication, there was an increased risk of 
bladder cancer incidence and mortality combined (RR = 1.11, 95% CI: 1.01-1.21) in studies published in 
2000 or later.  There were no associations reported for any level of exposure in analyses stratified by level 
or dose of benzene exposure. 
 
8.1.3 Conclusions 

Most cohort and case-control studies did not report associations between benzene exposure and bladder 
cancer or demonstrate exposure-response relationships.  All studies had critical methodological limitations 
that impact the interpretation of their results, particularly with respect to exposure measurements, and most 
studies did not account for all relevant confounders (e.g., smoking).  I conclude that the epidemiology 
evidence does not support a causal association between benzene exposure and bladder cancer.13 
 
8.2 Toxicology 

8.2.1 Animal Carcinogenicity Studies 

I identified seven chronic oral bioassays and one chronic inhalation bioassay of benzene that evaluated the 
bladder.  The results of these studies are reported in Attachment I, Tables I.1 and I.2.  An overview of study 
quality is described in Attachment I, Table I.3, and the quality of individual chronic studies is shown in 
Attachment I, Table I.4.  Experimental evidence is integrated with epidemiology evidence in Section 8.3.   
 

 
13 The results of the study by Xie et al. (2024), which I identified after the completion of my literature search (Section 6.1.2), do 
not change my conclusions regarding TCE exposure and bladder cancer risk. 
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Overall, the chronic bioassays had several methodological limitations, and none reported any bladder tumor 
data for rats or mice of either sex.  These studies do not provide evidence that benzene can cause bladder 
cancer. 
 
8.2.2 Mechanistic Studies 

There is limited information regarding any specific mechanisms or overall MoA by which benzene could 
cause bladder cancer.  In animals and humans, benzene is primarily metabolized in the liver, and secondarily 
in the bone marrow, to reactive metabolites that are electrophilic, pro-oxidant, genotoxic, and 
immunosuppressive (IARC, 2018; ATSDR, 2007a, 2024; US EPA, 1998).  The toxicity of benzene is 
dependent on the formation of these reactive metabolites, with evidence suggesting that they may induce 
certain leukemia subtypes (AML and MDS) via a genotoxic MoA.  Although the precise mechanisms have 
not been fully elucidated, various processes are believed to be involved, including oxidative stress, protein 
and DNA damage, disruption of gene expression, genomic instability, decreased DNA repair, enzyme 
inhibition, immune dysfunction, inflammation, chromosome damage, epigenetic changes, and altered cell 
functions, including proliferation, cell death, and receptor-mediated effects (IARC, 2018; ATSDR, 2007a, 
2024; US EPA, 1998; North et al., 2020).  Reactive metabolites generated in the liver can also be transported 
to the bone marrow (ATSDR, 2024).   
 
Cytogenetic abnormalities, including chromosomal aberrations (hypo- and hyperdiploidy, deletions, 
breaks, and gaps) in peripheral lymphocytes and bone marrow cells are commonly observed in benzene-
exposed humans (ATDSR, 2007a).  Although benzene is considered genotoxic, mechanistic evidence 
suggests it is not a direct-acting DNA mutagen, but rather indirectly induces genotoxicity through a 
threshold-mediated process in which exposures below the threshold do not result in genetic toxicity (North 
et al., 2020).  Evidence from epidemiology studies also provides support for a threshold below which 
benzene does not cause cancer (Rhomberg et al., 2016).   
 
Metabolic activation in the liver and bone marrow, followed by various downstream effects resulting in 
genotoxicity, is generally accepted as a biologically plausible MoA for the association between benzene 
and certain leukemia subtypes, but whether this MoA is applicable to other types of cancers that are 
etiologically distinct, including bladder cancer, is unknown.   
 
8.3 Evidence Integration 

Several epidemiology and toxicity studies have evaluated benzene and bladder cancer (see Sections 8.1 and 
8.2).  Most of these epidemiology studies had higher-quality study designs and outcome assessments and 
had low likelihoods of selection bias.  Appropriate consideration of temporality, latency period, and control 
for potential confounders varied across studies, but none sufficiently controlled for all important potential 
confounders, particularly smoking.  Most importantly, although some studies used semi-quantitative 
exposure estimates, none of the epidemiology studies adequately assessed benzene exposures, calling into 
question the validity of reported risk estimates.  In addition to being limited in number and quality, animal 
studies do not provide evidence for causation.  Keeping study strengths and weaknesses in mind, I review 
the available evidence as a whole in the context of Bradford Hill's considerations in Table 8.1.  I conclude 
that the evidence does not support a causal association between benzene and bladder cancer. 
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Overall, governmental and international agencies did not conclude there was evidence for an association 
between benzene and bladder cancer.  Agency assessments of benzene carcinogenicity are described below.   
 
8.4.1 ATSDR  

In its 2007 "Toxicological Profile for Benzene," ATSDR concluded that benzene can cause leukemia, and 
stated that there was "suggestive evidence of associations" between occupational exposure to benzene and 
NHL (ATSDR, 2007a).  The agency discussed two studies that did not find bladder tumors, and in its 2015 
Supplemental Report (ATSDR, 2015), bladder cancer was not discussed.  In its review of drinking water 
contaminants at Camp Lejeune, ATSDR (2017a) concluded there was "below equipoise evidence for 
causation" for benzene and bladder cancer due to insufficient information.  ATSDR (2017a) did not discuss 
any animal data.  In 2024, ATSDR released a Draft Toxicological Profile for Benzene for Public 
Comment.  Bladder cancer is not discussed in this report (ATSDR, 2024b).  
 
8.4.2 NASEM 

IOM (2003) concluded that there was "inadequate/insufficient evidence" to determine whether there was 
an association between benzene and bladder cancer.  IOM (2003) identified two studies that included data 
on benzene exposure based on job histories that showed either no association (Gerin et al., 1998) or mixed 
results that depended on the methods of exposure estimation (Pesch et al., 2000).  The agency did not cite 
any animal or mechanistic data.  NRC (2009) stated that NHL and multiple myeloma have been associated 
with occupational exposure to benzene, but that "these associations have not been consistently observed 
across studies."  NRC (2009) and IOM (2015) did not discuss benzene and bladder cancer. 
 
8.4.3 US EPA 

US EPA (1998) classified benzene as a known human carcinogen based primarily on increased risks of 
acute myeloid leukemia (AML) in epidemiology studies.  US EPA did not discuss bladder cancer in its 
review of the carcinogenic effects of benzene (US EPA, 1998). 
 
8.4.4 IARC 

IARC (2012b) concluded, "There is sufficient evidence in humans for the carcinogenicity of benzene. 
Benzene causes acute myeloid leukaemia/acute non-lymphocytic leukaemia."  IARC (2012b) did not 
discuss bladder cancer. 
 
IARC (2018) concluded, "There is sufficient evidence in humans for the carcinogenicity of benzene. 
Benzene causes acute myeloid leukaemia in adults."  IARC (2018) also noted that "[t]here is sufficient 
evidence in experimental animals for the carcinogenicity of benzene" and the "Group 1 evaluation was 
supported by mechanistic data."  The agency identified six occupational studies of benzene exposure and 
bladder cancer (Linet et al., 2015; Koh et al., 2011; Greenland et al., 1994; Wong, 1987; Sorahan et al., 
2005; Bulbulyan et al., 1999), but did not draw any conclusions regarding an association and did not cite 
any animal or mechanistic data regarding bladder cancer. 
 
8.4.5 NTP 

NTP (2021c) concluded "benzene is known to be a human carcinogen based on sufficient evidence of 
carcinogenicity from studies in humans."  NTP (2021c) indicated that the strongest evidence was from 
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occupational cohort studies that found associations with leukemia – "mainly acute myelogenous leukemia."  
NTP (2021c) noted that case-control studies were "limited by poorly defined exposures and mixed exposure 
patterns."  NTP (2021c) did not discuss any bladder cancer epidemiology studies. 
 
NTP (2021c) further stated that "benzene causes cancer at numerous tissue sites in rodents."  NTP (2021c) 
indicated that this includes malignant lymphoma in mice of both sexes after oral exposures in the Huff et 
al. (1989)/NTP (1986a) study and "a tendency towards induction of lymphoid tumors in mice," citing 
subchronic studies (IARC, 1982, 1987).  NTP (2021c) did not discuss bladder tumors. 
 
8.4.6 Conclusions 

Overall, governmental and international agencies did not conclude there was evidence for an association 
between benzene and bladder cancer. 
 
8.5 Conclusions 

Government and international agencies have either not reviewed the evidence (ATSDR, 2007a, 2015; NRC, 
2009; IOM, 2015; US EPA, 1998), have not drawn conclusions (IARC, 2018), or have concluded that there 
is inadequate or insufficient evidence to evaluate an association between benzene and bladder cancer in 
humans (ATSDR, 2017a; IOM, 2003).  There is no evidence that benzene causes bladder cancer in animal 
models, and epidemiology evidence does not support a causal association.  Most epidemiology studies 
reported risk estimates around 1, and statistically significantly increased associations were only reported in 
a few studies with indirect or non-specific exposure measurements.  In addition, the epidemiology evidence 
is based on studies with critical methodological limitations, including a high likelihood of exposure 
misclassification and uncontrolled confounding.   
 
Because (1) the epidemiology studies are not of high quality and most analyses do not provide evidence of 
associations, (2) animal studies do not provide evidence of causation in humans, and (3) there is no MoA 
with sufficient scientific support, I conclude, as a whole, the evidence does not support a causal association 
between benzene and bladder cancer. 
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9 Vinyl Chloride and Bladder Cancer 

In this section, I describe epidemiology and toxicity studies that assessed vinyl chloride exposure and 
bladder cancer, and governmental and other agency reviews of this evidence.  I conclude that the scientific 
evidence does not support a causal association between vinyl chloride and bladder cancer. 
 
9.1 Epidemiology 

9.1.1 Overview 

I identified seven cohort studies (in five unique populations) that evaluated vinyl chloride exposure and 
bladder cancer; I did not identify any case-control studies, pooled analyses or meta-analyses.  All of these 
were conducted in the US.  I review here all studies in populations at Camp Lejeune where vinyl chloride 
exposures were specified, even if overlapping, for completeness.  Otherwise, if several studies analyzed the 
same cohorts or population groups, I summarize only the most recent study because it had longer follow-
up times and/or used more reliable exposure estimates, unless older studies reported additional results (e.g., 
dose-response relationships).  I provide an overview, including a brief discussion of study characteristics 
and quality, below, and this is reviewed in more detail in Tables C.1. and J.1.  Study results are discussed 
briefly in Section 9.1.2 and reviewed in more detail in Table J.2.  Epidemiology evidence is integrated with 
experimental evidence in Section 9.3.   
 

9.1.1.1 Study Population 

Two studies evaluated vinyl chloride exposure and bladder cancer in populations living or working at Camp 
Lejeune (Bove et al., 2014b; ATSDR, 2018a), and three studies examined the relationship in chemical or 
plastics workers (Teta et al., 1990; Carreón et al., 2014; Mundt et al., 2017).  All studies had appropriate 
study and comparison groups, though Teta et al. (1990) compared subjects of varying races/ethnicities to a 
white population.  Most studies had high participant retention; however, Teta et al. (1990) and Bove et al. 
(2014b) did not report whether any participants were excluded from their analysis, and ATSDR (2018a) 
reported low participation rates.  As discussed in Section 5, ATSDR (2018a) noted that in its Camp Lejeune 
study, selection bias could have biased results away from the null.     
 

9.1.1.2 Exposure Assessment 

I assume that most participants in occupational studies were exposed to vinyl chloride via inhalation or 
dermally, while participants in the Camp Lejeune studies could have been exposed via ingestion, inhalation, 
or dermal absorption.   
 
The most critical limitation in all studies is how exposures were estimated.  The cohort studies examining 
vinyl chloride exposure and bladder cancer were largely conducted among populations that represented 
specific occupational groups (e.g., chemical or plastics workers).  All studies estimated vinyl chloride 
exposure in an indirect manner, based on job title/history, whether individuals were ever or never exposed 
to vinyl chloride at work, or the presence of vinyl chloride in drinking water (Camp Lejeune studies).  Bove 
et al. (2014b) and ATSDR (2018a) estimated individual exposures at Camp Lejeune using modeled average 
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monthly levels of chemicals in drinking water on base, based on groundwater fate and transport models 
calculated in ATSDR (2007b, 2013) along with historical occupation codes, workplace or residence, and 
period and duration of employment or residence.  As discussed in Section 5.1.2, these estimates are 
unreliable and biased high (ATSDR, 2017b; Hennet, 2024; Spiliotopoulos, 2024).  However, neither study 
had individual water consumption/exposure data, so individual exposures were likely misclassified to some 
degree.  In addition, there was a high correlation between some of the chemical-specific categorical 
exposure variables in Bove et al. (2014b) and ATSDR (2018a), which limits the interpretation of the vinyl 
chloride-specific results.  Carreón et al. (2014) was the only other study that considered duration of 
exposure (based on duration of employment); other occupational studies did not consider intensity or 
frequency of exposure. 
 

9.1.1.3 Outcome Assessment 

One study examined bladder cancer incidence (ATSDR, 2018a) and the other four examined bladder cancer 
mortality.  Because bladder cancer is not always fatal, analyses evaluating incidence are more informative 
than those evaluating mortality.  All studies had sufficient follow-up time for cancer to develop (range:  10-
72 years).   
 
For all but one study (ATSDR, 2018a), data on bladder cancer outcomes were obtained or confirmed using 
reliable methods based on identification or confirmation in medical records, registries, or government 
databases (e.g., national death index), resulting in complete or near complete ascertainment of cases.  
ATSDR (2018a) may have incompletely ascertained cases, as it relied on self-report to identify cases 
without another source of identification, such as a registry, to identify cases who did not self-report or who 
had died.   
 
Finally, the Camp Lejeune studies and Teta et al. (1990) examined bladder cancer specifically, while Mundt 
et al. (2017) and Carreón et al. (2014) examined cancers of the bladder and other urinary organs combined, 
which did not provide an accurate estimate of the vinyl chloride/bladder cancer specific association.   
 

9.1.1.4 Covariates Considered 

Almost all epidemiology studies have some residual or uncontrolled confounding, which can bias the results 
in either direction.  All studies controlled for age and sex, but other variables were controlled for less 
consistently (e.g., race or ethnicity).  None of the studies considered or controlled for prior cancer treatment, 
chronic bladder inflammation, personal or family history of bladder cancer, or genetics.   
 
None of the studies controlled for smoking.  One Camp Lejeune study (Bove et al., 2014b) attempted to 
quantify the bias due to smoking through various means of examining the risk of cancers that are associated 
with smoking but not with solvents.  Bove et al. (2014b) reported no associations in these analyses, 
suggesting that smoking is not a confounder in other analyses of smoking-related cancers.  There is no 
evidence, however, that the lack of associations in analyses of the smoking-related cancers or the 
adjustments of risk estimates for any observed associations adequately addressed confounding by smoking.   
 
Reporting on the degree or potential impact of missing covariate data varied.  Even when important 
covariate data were collected, none of the studies accounted for the time-varying nature of certain covariates 
in analyses (e.g., smoking). 
 

Case 7:23-cv-00897-RJ     Document 463-14     Filed 08/24/25     Page 92 of 371







Case 7:23-cv-00897-RJ     Document 463-14     Filed 08/24/25     Page 95 of 371



 

  87 
 

"below equipoise evidence for causation."  These agency assessments of vinyl chloride carcinogenicity are 
described below.   
 
9.4.1 ATSDR 

In its 2006 "Toxicological Profile for Vinyl Chloride," ATSDR concluded that the strongest human 
evidence with respect to cancer comes from "the cluster of reports of greater than expected incidences of 
liver angiosarcoma" and said that liver angiosarcoma had been observed in several animal species.  ATSDR 
(2006) noted that cancer has also been observed in other tissues (i.e., respiratory tract, 
lymphatic/hematopoietic system, and the brain and central nervous system), but discussed uncertainties 
with these associations.  ATSDR (2006) did not make a determination regarding bladder cancer, nor did it 
discuss any epidemiology studies or bladder tumors in animal bioassays.  In the subsequent "Addendum to 
the Toxicological Profile for Vinyl Chloride," ATSDR (2016) did not make additional conclusions 
regarding cancer.   
 
In its most recent Toxicological Profile for Vinyl Chloride, ATSDR (2024a) maintained the conclusions of 
its 2006 evaluation, concluding that the strongest human evidence with respect to cancer is for liver 
angiosarcoma, which is a rare tumor type, with sufficient evidence from experimental animal studies.  
While ATSDR (2024a) noted that tumors have also been observed in the mammary gland, lung, and adipose 
tissue, the agency concluded there is little consistency in the findings across species.  Similar to the 2006 
evaluation, ATSDR (2024a) did not make a determination regarding bladder tumors, nor did it discuss any 
epidemiology studies or bladder tumors in animal bioassays.  The agency noted that the carcinogenicity of 
vinyl chloride likely is a result of the formation of reactive metabolites followed by direct interaction with 
DNA, but this mechanism was not discussed in the context of bladder cancer. 
 
In its review of drinking water contaminants at Camp Lejeune, ATSDR (2017a) concluded there was 
"below equipoise evidence for causation" for bladder cancer due to insufficient information.  ATSDR 
(2017a) did not discuss evidence regarding bladder cancer in any animal or mechanistic studies.   
 
9.4.2 NASEM 

In its 2003 review, an IOM committee did not discuss animal or mechanistic data or make any conclusions 
regarding bladder cancer (IOM, 2003).  NRC (2009) stated that "there is limited/suggestive evidence of an 
association between chronic exposure to…mixtures of organic solvents and bladder cancer," but did not 
discuss any epidemiology, animal, or mechanistic studies regarding vinyl chloride specifically and bladder 
cancer.  IOM (2015) did not include any discussion of bladder cancer and vinyl chloride specifically. 
 
9.4.3 US EPA 

US EPA (2000a) concluded that vinyl chloride is a known human carcinogen by the inhalation and oral 
routes of exposure, and highly likely to be carcinogenic by the dermal route, based on sufficient evidence 
for liver angiosarcoma and hepatocellular carcinoma in humans, consistent evidence of liver 
carcinogenicity in experimental animals, and supportive mechanistic evidence.  US EPA (2000a) did not 
discuss any epidemiology, animal, or mechanistic evidence regarding and bladder cancer.   
 

Case 7:23-cv-00897-RJ     Document 463-14     Filed 08/24/25     Page 96 of 371



 

  88 
 

9.4.4 IARC 

IARC (2008) classified vinyl chloride as a Group 1 carcinogen.  The agency concluded, "There is sufficient 
evidence in humans for the carcinogenicity of vinyl chloride.  Vinyl chloride causes angiosarcoma of the 
liver, and hepatocellular carcinoma."  IARC (2008) also noted that "[t]here is sufficient evidence in 
experimental animals for the carcinogenicity of vinyl chloride."  IARC (2008) did not discuss any 
epidemiology, animal, or mechanistic evidence regarding bladder cancer.   
 
In an updated evaluation, IARC (2012a) maintained the same conclusions, discussing sufficient evidence 
for carcinogenicity of vinyl chloride based on angiosarcoma of the liver and hepatocellular carcinoma in 
humans and sufficient evidence from experimental animal studies.  IARC (2012a) did not discuss any 
epidemiology, animal, or mechanistic evidence regarding bladder cancer.   
 
9.4.5 NTP 

NTP (2021d) concluded that "vinyl chloride is known to be a human carcinogen based on sufficient 
evidence from carcinogenicity studies in humans."  NTP (2021d) noted that the strongest evidence was 
from epidemiology studies and case reports showing associations with hepatic angiosarcoma, a rare tumor 
type in humans.  
 
NTP (2021d) further stated that "vinyl chloride caused tumors in three rodent species, at several different 
tissue sites, and by several different routes of exposure."  The agency also noted that the carcinogenicity of 
vinyl chloride is likely attributable to metabolism of vinyl chloride to chloroethylene oxide and 
chloroacetaldehyde, both of which can form etheno DNA adducts.  The etheno adducts can cause base pair 
substitutions, and to a lesser degree, frameshift mutations.  NTP (2021d) did not discuss any epidemiology, 
animal, or mechanistic evidence with respect to bladder cancer.   
 
9.4.6 Conclusions 

Bladder cancer was not discussed in vinyl chloride assessments by ATSDR (2006, 2016, 2023), IARC 
(2012a), NRC (2009), IOM (2003, 2015), or US EPA (2000a).  ATSDR (2017a) concluded there was 
"below equipoise evidence for causation." 
 
9.5 Conclusions 

Most government and international agencies did not discuss bladder cancer in their reviews of vinyl chloride 
(ATSDR, 2006, 2016, 2024a; IARC, 2012a; NRC, 2009; IOM, 2003, 2015; US EPA, 2000a).  ATSDR 
(2017a) concluded there was "below equipoise evidence for causation" for bladder cancer due to insufficient 
information.  Although these studies had methodological limitations, treatment-related bladder tumors were 
not reported in any chronic vinyl chloride bioassays.  The epidemiology evidence does not support an 
association between vinyl chloride and bladder cancer, as most epidemiology studies reported risk estimates 
that were close to 1 and no study reported statistically significant associations.  All epidemiology studies 
had a high likelihood of exposure misclassification and uncontrolled confounding, particularly for smoking.   
Because (1) the epidemiology studies are not of high quality and most analyses do not provide evidence of 
associations, (2) animal studies do not provide evidence of causation in humans and (3) there is no MoA 
with sufficient scientific support, I conclude, as a whole, the evidence does not support a causal association 
between vinyl chloride and bladder cancer.  
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11 Mixtures 

People are typically exposed to complex mixtures of chemicals from various sources, including food, 
drinking water, air, and consumer products, on a daily basis (Feron and Groten, 2002).  While people are 
not adversely affected by these near-constant exposures to chemical mixtures in the environment, in some 
cases, simultaneous exposures to several chemicals at sufficient concentrations may result in chemical 
interactions that alter the toxicity of the individual chemicals.  The nature of these interactions depends on 
the specific chemicals, their concentrations, their respective MoAs (i.e., the type of mechanism that can 
lead to toxicity in the body), and the frequency, duration, and route of exposure to each (ATSDR, 2004).   
 
In general, chemicals' joint toxic actions may be either additive (the toxic effects produced by exposure to 
several chemicals at once is equal to the sum of their individual effects), synergistic (the toxic effects 
produced by exposure to several chemicals is equal to greater than the sum of their individual effects 
because interactions enhance the toxicity of each chemical), or antagonistic (the toxic effects produced by 
exposure to several chemicals is equal to less than the sum of their individual effects because interactions 
diminish the toxicity of each chemical) (ATSDR, 2004).  Chemicals' joint toxic actions at relatively low 
exposure concentrations, such as those encountered in the ambient environment, usually result in effects 
that are additive or less than additive (Cassee et al., 1998; Borgert et al., 2004).  For additive joint toxic 
actions to occur, the chemicals in a mixture must act independently and not amplify each other's toxicity.   
 
To determine whether the components of a chemical mixture are additive, one must evaluate each individual 
component's MoA, movement throughout the body (called pharmacokinetics), and toxicity in specific 
tissues of the body (US EPA, 2007).  In the absence of information regarding potential interactions, US 
EPA guidance for chemical mixture risk assessment assumes additive joint toxic actions for constituents of 
a mixture that have the same or a similar MoA and/or tissue where they can exert effects (US EPA, 1989, 
2000, 2007).  This is a conservative approach, because assuming additivity can result in an overestimate of 
the risk of health effects for the chemical mixture (Cassee et al., 1998). 
 
Regarding the potential for additive effects, Bloch et al. (2023) explained, "The probability of additive 
effects of substances in a mixture will decrease with the number of different molecular targets they act upon 
and with the number of different cell types and tissues that are affected due to differences in toxicokinetics."  
Similarly, regarding the potential for synergistic effects, Kortenkamp et al. (2009) stated, "Deviations from 
predicted additivity, indicative of synergisms or antagonisms, are comparatively rare, relatively small and 
largely confined to mixtures with only a few compounds.  Any synergistic interaction between the mixture 
components can be expected to be highly scenario specific, depending on the number and nature of the 
involved components, the exposed organisms and analyzed endpoint." 
 
The exposure concentrations of each component in a mixture are also the key drivers for potential 
synergistic effects.  The available literature suggests that there is little to no likelihood of synergistic 
interactions between chemicals present in a mixture at low concentrations (i.e., at or below their individual 
toxicity thresholds) typical of environmental exposures (Charles et al., 2007; Crofton et al., 2005; Feron et 
al., 1995).  Cedergreen (2014) reviewed the scientific literature on potential interactions among 
environmental chemical exposures to evaluate whether any groups of substances tend to elicit synergistic 
interactions and concluded that "true synergistic interactions between chemicals are rare and often occur at 
high concentrations."   
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Without a direct evaluation of the chemicals and their concentrations in a particular mixture, it is not 
possible to know for certain if chemical interactions will occur, and to what extent.  Because of this, as well 
as the general understanding that synergistic interactions are rare and do not typically occur at low levels 
of exposure, there is no evidence to indicate that there would be additive or synergistic effects on toxicity 
from exposure to a mixture of the chemicals of concern simply because they are present in the ambient air 
or water as a chemical mixture.   
 
Finally, while combined exposures to multiple chemicals may be additive or synergistic in experimental 
animals, this does not provide any indication of whether combined effects would occur in animals of other 
species, in animals of other strains of the same species, or in subjects of different ages (Mauderly and Samet, 
2009).  Interspecies, interstrain, and age-related differences exist in susceptibility and sensitivity to adverse 
effects.  It is also possible that synergisms occurring at an intermediate step in an MoA may not manifest 
at clinical and public health scales in human populations (Mauderly and Samet, 2009). 
 
Scientific evidence does not demonstrate TCE, PCE, benzene, vinyl chloride, or trans-1,2-DCE can cause 
bladder cancer (discussed in Sections 6-10).  Each of these chemicals has a distinct MoA, targeting different 
cell types and operating through separate molecular pathways.  Thus, evidence does not support the 
hypothesis that exposure to a mixture of these chemicals could act in an additive or synergistic manner with 
respect to bladder cancer causation.   
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12 Conclusions 

Across the five studies that evaluated bladder cancer risks among Marines or Navy personnel stationed at 
Camp Lejeune or civilian workers on base, there was no evidence for associations reported between either 
working or living at Camp Lejeune, or TCE, PCE, benzene, or vinyl chloride exposures at Camp Lejeune, 
and bladder cancer.  Almost all risk estimates were statistically null and close to 1.  The few reported 
statistically significant risk estimates were not reported across other analyses of the Camp Lejeune 
population.  These studies also had several methodological limitations, including a high likelihood of 
exposure misclassification and a lack of adjustment for smoking in all studies except ATSDR (2018a), and 
the potential for selection bias in ATSDR (2018a).  Collectively, these studies do not provide evidence for 
an association between working or living at Camp Lejeune, or exposure to TCE, PCE, benzene, or vinyl 
chloride on base, and bladder cancer. 
 
The majority of the associations between TCE and bladder cancer in epidemiology studies were null and 
many were based on a small number of cases or were statistically unstable (based on wide CIs).  There was 
no compelling evidence that supports a dose-response relationship, and each study had several 
methodological limitations that impacted the interpretation of results (particularly a high likelihood of 
exposure misclassification and uncontrolled confounding). There is no animal evidence indicating TCE can 
cause bladder cancer, or any proposed MoA with sufficient scientific support.  Government and other 
agencies have either concluded that the scientific evidence is insufficient to make a determination regarding 
TCE and bladder cancer causation or have not drawn any conclusions.  These determinations were based 
on a limited number of epidemiology studies with inconsistent results, and none of the agencies presented 
any animal or mechanistic evidence regarding TCE and bladder cancer.   
 
The majority of the associations between PCE and bladder cancer in epidemiology studies were null and 
many were statistically unstable (based on wide CIs).  There was no compelling evidence that supports a 
dose-response relationship, and each study had several methodological limitations that impacted the 
interpretation of results (particularly a high likelihood of exposure misclassification and uncontrolled 
confounding).  Animal and MoA evidence does not support causation.  In the most recent reviews of the 
epidemiology evidence, most government and other agencies concluded there is some weak evidence for 
an association between PCE and bladder cancer, but that evidence is too limited to support causation.  None 
of the agencies presented any animal or mechanistic evidence regarding PCE and bladder cancer. 
 
There is no evidence that benzene causes bladder cancer in animal models, there is no evidence for a 
plausible MoA, and epidemiology evidence does not support a causal association.  Most epidemiology 
studies reported risk estimates around 1, and statistically significant increased associations were only 
reported in a few studies with indirect or non-specific exposure measurements.  In addition, the 
epidemiology evidence is based on studies with critical methodological limitations, including a high 
likelihood of exposure misclassification and uncontrolled confounding.  Government and other agencies 
have either not reviewed the evidence for benzene and bladder cancer, have not drawn conclusions, or have 
concluded that there is inadequate or insufficient evidence to evaluate benzene and bladder cancer risk in 
humans.   
 
Vinyl chloride does not cause bladder cancer in animal models, there is no evidence for a plausible MoA, 
and epidemiology evidence does not support an association.  Most epidemiology studies reported risk 
estimates that were statistically null and less than 1; statistically significantly increased associations were 
only reported in a single study that relied on an indirect and non-specific exposure estimate.  In addition, 
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epidemiology evidence is based on studies with critical methodological limitations, including a high 
likelihood of exposure misclassification and uncontrolled confounding.  No government or international 
agency reviews of vinyl chloride discussed bladder cancer except for ATSDR (2017a), which concluded 
there was "below equipoise evidence for [bladder cancer] causation" due to insufficient information.   
 
The currently available scientific evidence is too limited to address whether there is a causal association 
between trans-1,2-DCE and bladder cancer.  ATSDR (2023) stated, "No studies evaluating potential 
carcinogenic effects of inhalation, oral, or dermal exposure of laboratory animals to trans-1,2-
dichloroethene…were located."   
 
Based on the currently available evidence, I conclude, to a reasonable degree of scientific certainty that 
TCE, PCE, benzene, vinyl chloride, and trans-1,2-DCE in Camp Lejeune drinking water did not cause 
bladder cancer.  I reserve the right to update or amend the opinions contained herein based on new or 
additional evidence not currently available. 
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A.1 Trichloroethylene and Bladder Cancer 

A.1.1 Publication Date Range 

I first identified scientific studies from government and other agency reports that evaluated 
trichloroethylene (TCE) and bladder cancer for various purposes (US EPA, 2011, 2020c; ATSDR, 2017a, 
2019a; NTP, 2015; IARC, 2014a).  I then conducted literature searches using PubMed and Scopus for 
studies published after agency literature searches were completed. For TCE and bladder cancer, the searches 
identified epidemiology, animal carcinogenicity, and mode-of-action studies published from January 1, 
2016 - November 15, 2023. 
 
I conducted weekly searches of PubMed and Scopus using the search terms "Trichloroethylene OR Ethinyl 
Trichloride OR Trichloroethene OR Trilene OR Trielina" to identify any relevant papers published after 
the last date of my search through the end of 2023.  
 
A.1.2 PubMed Search Terms 

A.1.2.1  Epidemiology 

((((("Trichloroethylene"[Mesh] OR trichloroethylene OR TCE[ti]) OR (79-01-06[EC/RN Number]) OR 
(1,1-Dichloro-2-chloroethylene[tiab] OR 1-Chloro-2,2-dichloroethylene[tiab] OR 79-01- 6[rn] OR 
Anamenth[tiab] OR Benzinol[tiab] OR Blacosolv[tiab] OR Cecolene[tiab] OR Chlorilen[tiab] OR 
Chlorylea[tiab] OR Circosolv[tiab] OR Crawhaspol[tiab] OR Densinfluat[tiab] OR Dow-Tri[tiab] OR 
Dukeron[tiab] OR (Ethene[tiab] AND trichloro[tiab]) OR Ethinyl-trichloride[tiab] OR (Ethylene[tiab] 
AND trichloro[tiab]) OR Ethylene-trichloride[tiab] OR Fleck-Flip[tiab] OR Fluate[tiab] OR Lanadin[tiab] 
OR Lethurin[tiab] OR Narcogen[tiab] OR Narkosoid[tiab] OR Nialk[tiab] OR Petzinol[tiab] OR TCE[ti] 
OR Triasol[tiab] OR TRIC[tiab] OR Trichlorethene[tiab] OR Trichloroethene[tiab] OR 
Trichloroethylene[MeSH] OR Trichloroethylene[tiab] OR Trike[tiab] OR Trilene[tiab] OR Tri-Plus[tiab] 
OR TTE[ti] OR Vestrol[tiab] OR Vitran[tiab] OR Trichlororan[tiab]))) AND (("Urinary Bladder 
Neoplasms"[Mesh] OR "bladder cancer*" OR "bladder tumor*" OR "bladder cancer"[Title/Abstract:~2])) 
AND (("Humans"[MeSH] OR human OR humans OR men OR women OR female OR male OR adult* OR 
elderly OR population OR epidemiolog* OR occupation* OR worker* OR cohort OR "Cohort 
Studies"[Mesh] OR"Cohort Studies"[Mesh] OR "Case-Control Studies"[Mesh] OR "Case Reports" 
[Publication Type] OR "Retrospective Studies"[Mesh] OR "Longitudinal Studies"[Mesh] OR 
"Observational Study" [Publication Type] OR "Cross-Sectional Studies"[Mesh] OR "Epidemiologic 
Studies"[Mesh] OR "epidemiology" [Subheading]) NOT (mice OR mouse OR rat OR rats OR rodent)))  
 

A.1.2.2  Animal Carcinogenicity and Mode of Action 

((((("Trichloroethylene"[Mesh] OR trichloroethylene OR TCE[ti]) OR (79-01-06[EC/RN Number]) OR 
(1,1-Dichloro-2-chloroethylene[tiab] OR 1-Chloro-2,2-dichloroethylene[tiab] OR 79-01- 6[rn] OR 
Anamenth[tiab] OR Benzinol[tiab] OR Blacosolv[tiab] OR Cecolene[tiab] OR Chlorilen[tiab] OR 
Chlorylea[tiab] OR Circosolv[tiab] OR Crawhaspol[tiab] OR Densinfluat[tiab] OR Dow-Tri[tiab] OR 
Dukeron[tiab] OR (Ethene[tiab] AND trichloro[tiab]) OR Ethinyl-trichloride[tiab] OR (Ethylene[tiab] 
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AND trichloro[tiab]) OR Ethylene-trichloride[tiab] OR Fleck-Flip[tiab] OR Fluate[tiab] OR Lanadin[tiab] 
OR Lethurin[tiab] OR Narcogen[tiab] OR Narkosoid[tiab] OR Nialk[tiab] OR Petzinol[tiab] OR TCE[ti] 
OR Triasol[tiab] OR TRIC[tiab] OR Trichlorethene[tiab] OR Trichloroethene[tiab] OR 
Trichloroethylene[MeSH] OR Trichloroethylene[tiab] OR Trike[tiab] OR Trilene[tiab] OR Tri-Plus[tiab] 
OR TTE[ti] OR Vestrol[tiab] OR Vitran[tiab] OR Trichlororan[tiab]))) AND ((((toxicity OR toxicolog* 
OR toxic OR toxicant OR carcinogen* OR carcinogenesis OR cardiotox* OR Toxicokinetics OR 
carcinogenicity OR embryolethality OR embryotox* OR Teratogenicity OR Terato* OR mutagenesis OR 
"Gene mutation" OR "Chromosome aberration" OR aneuploidy OR polyploidy OR neurotox* OR 
nephrotox* OR immunotox* OR hepatotox* OR Epigenetic* OR genotox* OR Cytotox* OR "Lethal dose" 
OR PBPK OR Pharmacokinetics OR "dose response " OR "reference dose" OR Poison* OR poisoning OR 
Mutagen* OR "Lethal Dose 50"[Mesh] OR "Poisons"[Mesh] OR "Pharmacokinetics"[Mesh] OR 
"Threshold of Toxicological Concern"[Title/Abstract] OR "Toxicological Concern"[Title/Abstract] OR 
"toxicity" [Subheading] OR "No-Observed-Adverse-Effect Level"[Mesh] OR NOAEL OR " Tolerable 
Daily Intake"[Title/Abstract] OR "Toxicological Phenomena"[Mesh] OR "Maximum Tolerated 
Dose"[Mesh] OR "Cardiotoxicity"[Mesh] OR "pharmacokinetics" [Subheading] OR 
"Toxicokinetics"[Mesh] OR "Teratogens"[Mesh] OR "Mutagenesis"[Mesh] OR "Genes, 
Suppressor"[Mesh] OR "Chromosome Aberrations"[Mesh] OR "Birth Weight/drug effects"[Mesh] OR 
"Cardiovascular Diseases/chemically induced"[Mesh] OR "Digestive System Diseases/chemically 
induced"[Mesh] OR "Endocrine System Diseases/chemically induced"[Mesh] OR "Pregnancy 
Complications/chemically induced"[Mesh] OR "Eye Diseases/chemically induced"[Mesh] OR "Hemic and 
Lymphatic Diseases/chemically induced"[Mesh] OR "Immune System Diseases/chemically 
induced"[Mesh] OR "LC50"[Title/Abstract] OR "Neoplasms/chemically induced"[Mesh] OR "Nervous 
System Diseases/chemically induced"[Mesh] OR "Nervous System Diseases/chemically induced"[Mesh] 
OR "Skin and Connective Tissue Diseases/chemically induced"[Mesh] OR terata* OR Teratogenesis OR 
"Regul Toxicol Pharmacol"[Journal] OR "Toxicol Appl Pharmacol"[Journal] OR "Toxicol*"[Journal] OR 
"Reproductive and Urinary Physiological Phenomena/drug effects"[Mesh])) OR ((mechanistic* OR 
mechanism* OR "mode of action")))) AND (("Urinary Bladder Neoplasms"[Mesh] OR "bladder cancer*" 
OR "bladder tumor*" OR "bladder cancer"[Title/Abstract:~2])))  
 
A.1.3 Scopus Search Terms 

A.1.3.1  Epidemiology 

( ( ( TITLE-ABS-KEY ( trichloroethylene OR trichloroethylene ) OR TITLE ( tce OR  tte ) OR 
CASREGNUMBER ( 79-01-6 ) ) OR TITLE-ABS-KEY ( {1,1-Dichloro-2-chloroethylene} OR {1-Chloro-
2,2-dichloroethylene} OR anamenth OR benzinol OR blacosolv OR cecolene OR chlorilen OR chlorylea 
OR circosolv OR crawhaspo OR densinfluat OR {Dow-Tri} OR dukeron OR ( ethene AND trichloro ) OR 
{Ethinyl-trichloride} OR ( ethylene AND trichloro ) OR {Ethylene-trichloride} OR {Fleck-Flip} OR fluate 
OR lanadin OR lethurin OR narcogen OR narkosoid OR nialk OR petzinol OR triaso OR tric OR 
trichlorethene OR trichloroethene OR trichloroethylene OR trike OR trilene OR {Tri-Plus} OR vestrol OR 
vitran OR trichlororan ) ) ) AND ( TITLE-ABS-KEY ( "Bladder Neoplasms" OR "bladder cancer*" OR 
"bladder tumor*" OR {bladder cancer} ) ) AND ( TITLE-ABS-KEY ( human OR child* OR infant* OR 
boy OR girl OR adolescent* OR teenager* OR men OR women OR female OR male OR adult* OR elderly 
OR population OR epidemiolog* OR occupation* OR worker* OR cohort OR {cohort study} OR {case-
control} OR {case control} OR {case report} OR {retrospective study} OR {longitudinal study} OR 
{observational study} OR {cross-sectional study} OR resident* ) )  
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A.1.3.2  Animal Carcinogenicity and Mode of Action 

( ( ( TITLE-ABS-KEY ( trichloroethylene OR trichloroethylene ) OR TITLE ( tce OR tte ) OR 
CASREGNUMBER ( 79-01-6 ) ) OR TITLE-ABS-KEY ( {1,1-Dichloro-2-chloroethylene} OR {1-Chloro-
2,2-dichloroethylene} OR anamenth OR benzinol OR blacosolv OR cecolene OR chlorilen OR chlorylea 
OR circosolv OR crawhaspo OR densinfluat OR {Dow-Tri} OR dukeron OR ( ethene AND trichloro ) OR 
{Ethinyl-trichloride} OR ( ethylene AND trichloro ) OR {Ethylene-trichloride} OR {Fleck-Flip} OR fluate 
OR lanadin OR lethurin OR narcogen OR narkosoid OR nialk OR petzinol OR triaso OR tric OR 
trichlorethene OR trichloroethene OR trichloroethylene OR trike OR trilene OR {Tri-Plus} OR vestrol OR 
vitran OR trichlororan ) ) ) AND ( TITLE-ABS-KEY ( "Bladder Neoplasms" OR "bladder cancer*" OR 
"bladder tumor*" OR {bladder cancer} ) ) AND ( TITLE-ABS-KEY ( toxicity OR toxicolog* OR toxic OR 
toxicant OR carcinogen* OR carcinogenesis OR cardiotox* OR toxicokinetics OR carcinogenicity OR 
embryolethality OR embryotox* OR teratogenicity OR terato* OR mutagenesis OR "Gene mutation" OR 
"Chromosome aberration" OR aneuploidy OR polyploidy OR neurotox* OR nephrotox* OR immunotox* 
OR hepatotox* OR epigenetic* OR genotox* OR cytotox* OR "Lethal dose" OR pbpk OR 
pharmacokinetics OR "dose response " OR "reference dose" OR poison* OR poisoning OR mutagen* OR 
"LD50" OR pharmacokinetics OR "Threshold of Toxicological Concern" OR "Toxicological Concern" OR 
"No Observed Adverse Effect Level" OR noael OR "Tolerable Daily Intake" OR "Maximum Tolerated 
Dose" OR teratogens OR mutagenesis OR "Chromosome Aberrations" OR terata* OR teratogenesis OR 
mechanistic* OR mechanism* OR "mode of action" ) OR SRCTITLE ( toxciol* ) )  
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A.2 Perchloroethylene and Bladder Cancer 

A.2.1 Publication Date Range 

I first identified scientific studies from government and other agency reports that evaluated 
perchloroethylene (PCE) and bladder cancer for various purposes (US EPA, 2012, 2020a; ATSDR, 2017a, 
2019b; IARC, 2014b).  I then conducted literature searches using PubMed and Scopus for studies published 
after agency literature searches were completed.  For PCE and bladder cancer, the searches identified 
epidemiology, animal carcinogenicity, and mode-of-action studies published from January 1, 2016 - 
November 17, 2023. 
 
I conducted weekly searches of PubMed and Scopus using the search terms "Perchlorethylene OR 
Tetrachlorethylene OR Tetrachloroethylene OR Perchloroethylene OR Tetrachloroethene" to identify any 
relevant papers published after the last date of my search through the end of 2023.  
 
A.2.2 PubMed Search Terms  

A.2.2.1  Epidemiology 

(((("Tetrachloroethylene"[Mesh] OR Tetrachloroethylene OR Perchloroethylene OR PCE[Title] OR 
PerSec OR Tetravec OR Tetrachloroethene OR Tetrachlorethylene OR Perchlorethylene OR 
Perchloroethylene OR "Ethylene tetrachloride" OR PERC OR "perchloror" OR perchloroethylene OR 
"1,1,2,2-tetrachloroethylene"[Text Word]) OR 127-18-4[EC/RN Number]) OR (Ankilostin OR 
Antisal[Title/Abstract] OR "Dee-Solve" OR "Didakene" OR "Dow-per" OR "Fedal-Un" OR Perclene OR 
Percosolv OR Perklone OR "PerSec" OR Tetlen OR Tetracap OR Tetraleno OR Tetravec OR Tetroguer 
OR Tetropil OR Perawin OR Tetralex OR "Dowclene EC"[tiab:~0])) AND ("Urinary Bladder 
Neoplasms"[Mesh] OR "bladder cancer*" OR "bladder tumor*" OR "bladder cancer"[Title/Abstract:~2]) 
AND (("Humans"[Mesh] OR human[Title/Abstract] OR child* OR infant* OR boy OR girl OR adolescent* 
OR teenager* OR men OR women OR female OR male OR adult* OR elderly OR population OR group 
OR epidemiolog* OR occupation* OR worker* OR cohort OR"Cohort Studies"[Mesh] OR "Case-Control 
Studies"[Mesh] OR "Case Reports" [Publication Type] OR "Retrospective Studies"[Mesh] OR 
"Longitudinal Studies"[Mesh] OR "Observational Study" [Publication Type] OR "Cross-Sectional 
Studies"[Mesh] OR "Epidemiologic Studies"[Mesh] OR "Case-Control Study"[tiab:~3] OR "Case Control 
Studies"[tiab:~3] OR "Retrospective Study"[tiab:~2] OR "Retrospective Studies"[tiab:~2] OR 
"Longitudinal Study"[tiab:~2] OR "Longitudinal Studies"[tiab:~2] OR "Cross-Sectional Study"[tiab:~3] 
OR "Cross-Sectional Studies"[tiab:~3] OR "observational study"[tiab:~2] OR "observational 
studies"[tiab:~2] OR "observational study"[tiab:~2] OR "observational studies"[tiab:~2] OR 
"epidemiology" [Subheading] OR "Child"[Mesh] OR "Adult Children"[Mesh] OR "Infant"[Mesh] OR 
"Men"[Mesh] OR "Women"[Mesh] OR "Female"[Mesh] OR "Adult"[Mesh] OR "Young Adult"[Mesh] 
OR "Aged"[Mesh] OR "Middle Aged"[Mesh] OR "Population Groups"[Mesh] OR "Persons"[Mesh] OR 
"Occupational Groups"[Mesh] OR "Prospective Studies"[Mesh])))  
 

A.2.2.2  Animal Carcinogenicity and Mode of Action 
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(((("Tetrachloroethylene"[Mesh] OR Tetrachloroethylene OR Perchloroethylene OR PCE[Title] OR 
PerSec OR Tetravec OR Tetrachloroethene OR Tetrachlorethylene OR Perchlorethylene OR 
Perchloroethylene OR "Ethylene tetrachloride" OR PERC OR "perchloror" OR perchloroethylene OR 
"1,1,2,2-tetrachloroethylene"[Text Word]) OR 127-18-4[EC/RN Number]) OR (Ankilostin OR 
Antisal[Title/Abstract] OR "Dee-Solve" OR "Didakene" OR "Dow-per" OR "Fedal-Un" OR Perclene OR 
Percosolv OR Perklone OR "PerSec" OR Tetlen OR Tetracap OR Tetraleno OR Tetravec OR Tetroguer 
OR Tetropil OR Perawin OR Tetralex OR "Dowclene EC"[tiab:~0])) AND ("Urinary Bladder 
Neoplasms"[Mesh] OR "bladder cancer*" OR "bladder tumor*" OR "bladder cancer"[Title/Abstract:~2]) 
AND ((toxicity OR toxicolog* OR toxic OR toxicant OR carcinogen* OR carcinogenesis OR cardiotox* 
OR Toxicokinetics OR carcinogenicity OR embryolethality OR embryotox* OR Teratogenicity OR 
Terato* OR mutagenesis OR "Gene mutation" OR "Chromosome aberration" OR aneuploidy OR 
polyploidy OR neurotox* OR nephrotox* OR immunotox* OR hepatotox* OR Epigenetic* OR genotox* 
OR Cytotox* OR "Lethal dose" OR PBPK OR Pharmacokinetics OR "dose response " OR "reference dose" 
OR Poison* OR poisoning OR Mutagen* OR "Lethal Dose 50"[Mesh] OR "Poisons"[Mesh] OR 
"Pharmacokinetics"[Mesh] OR "Threshold of Toxicological Concern"[Title/Abstract] OR "Toxicological 
Concern"[Title/Abstract] OR "toxicity" [Subheading] OR "No-Observed-Adverse-Effect Level"[Mesh] 
OR NOAEL OR " Tolerable Daily Intake"[Title/Abstract] OR "Toxicological Phenomena"[Mesh] OR 
"Maximum Tolerated Dose"[Mesh] OR "Cardiotoxicity"[Mesh] OR "pharmacokinetics" [Subheading] OR 
"Toxicokinetics"[Mesh] OR "Teratogens"[Mesh] OR "Mutagenesis"[Mesh] OR "Genes, 
Suppressor"[Mesh] OR "Chromosome Aberrations"[Mesh] OR "Birth Weight/drug effects"[Mesh] OR 
"Cardiovascular Diseases/chemically induced"[Mesh] OR "Digestive System Diseases/chemically 
induced"[Mesh] OR "Endocrine System Diseases/chemically induced"[Mesh] OR "Pregnancy 
Complications/chemically induced"[Mesh] OR "Eye Diseases/chemically induced"[Mesh] OR "Hemic and 
Lymphatic Diseases/chemically induced"[Mesh] OR "Immune System Diseases/chemically 
induced"[Mesh] OR "LC50"[Title/Abstract] OR "Neoplasms/chemically induced"[Mesh] OR "Nervous 
System Diseases/chemically induced"[Mesh] OR "Nervous System Diseases/chemically induced"[Mesh] 
OR "Skin and Connective Tissue Diseases/chemically induced"[Mesh] OR terata* OR Teratogenesis OR 
"Regul Toxicol Pharmacol"[Journal] OR "Toxicol Appl Pharmacol"[Journal] OR "Toxicol*"[Journal] OR 
"Reproductive and Urinary Physiological Phenomena/drug effects"[Mesh] OR mechanistic* OR 
mechanism* OR "mode of action")))  
 
A.2.3 Scopus Search Terms  

A.2.3.1  Epidemiology 

( TITLE-ABS-KEY ( "Tetrachloroethylene" OR tetrachloroethylene OR perchloroethylene OR tetravec 
OR tetrachloroethene OR tetrachlorethylene OR perchlorethylene OR perchloroethylene OR "Ethylene 
tetrachloride" OR "perchloror" OR perchloroethylene OR {1,1,2,2-tetrachloroethylene} ) OR TITLE-ABS-
KEY ( ankilostin OR {Antisal 1} OR {Dee-Solve} OR {Didakene} OR {Dow-per} OR {Fedal-Un} OR 
perclene OR percosolv OR perklone OR {PerSec} OR tetlen OR tetracap OR tetraleno OR tetravec OR 
tetroguer OR tetropil OR perawin OR tetralex OR {Dowclene EC} ) OR CASREGNUMBER ( 127-18-4 ) 
) AND ( TITLE-ABS-KEY ( human OR humans OR child* OR infant* OR boy OR girl OR adolescent* 
OR teenager* OR men OR women OR female OR male OR adult* OR elderly OR population OR 
"population group" OR "demographic group" OR epidemiolog* OR occupation* OR worker* OR cohort 
OR "case-control stud*" OR "case report" OR "retrospective stud*" OR "longitudinal stud*" OR 
"observational stud*" OR "cross-sectional stud*" OR "human stud*" OR persons ) ) AND ( TITLE-ABS-
KEY ( "Bladder Neoplasms" OR "bladder cancer*" OR "bladder tumor*" OR {bladder cancer} ) )  
 

A.2.3.2  Animal Carcinogenicity and Mode of Action 
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( TITLE-ABS-KEY ( "Tetrachloroethylene" OR tetrachloroethylene OR perchloroethylene OR tetravec 
OR tetrachloroethene OR tetrachlorethylene OR perchlorethylene OR perchloroethylene OR "Ethylene 
tetrachloride" OR "perchloror" OR perchloroethylene OR {1,1,2,2-tetrachloroethylene} ) OR TITLE-ABS-
KEY ( ankilostin OR {Antisal 1} OR {Dee-Solve} OR {Didakene} OR {Dow-per} OR {Fedal-Un} OR 
perclene OR percosolv OR perklone OR {PerSec} OR tetlen OR tetracap OR tetraleno OR tetravec OR 
tetroguer OR tetropil OR perawin OR tetralex OR {Dowclene EC} ) OR CASREGNUMBER ( 127-18-4 ) 
) AND ( TITLE-ABS-KEY ( human OR humans OR child* OR infant* OR boy OR girl OR adolescent* 
OR teenager* OR men OR women OR female OR male OR adult* OR elderly OR population OR 
"population group" OR "demographic group" OR epidemiolog* OR occupation* OR worker* OR cohort 
OR "case-control stud*" OR "case report" OR "retrospective stud*" OR "longitudinal stud*" OR 
"observational stud*" OR "cross-sectional stud*" OR "human stud*" OR persons ) ) AND ( TITLE-ABS-
KEY ( "Bladder Neoplasms" OR "bladder cancer*" OR "bladder tumor*" OR {bladder cancer} ) ) AND 
ORIG-LOAD-DATE > 20230111 AND NOT TITLE-ABS-KEY ( dog ) 
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A.3 Benzene and Bladder Cancer 

A.3.1 Publication Date Range 

I first identified scientific studies from government and other agency reports that evaluated benzene and 
bladder cancer for various purposes (US EPA, 2002; ATSDR, 2007a, 2015, 2017a; IARC, 2018).  I then 
conducted literature searches using PubMed and Scopus.  For benzene and bladder cancer, the searches 
identified all epidemiology, animal carcinogenicity, and mode-of-action studies published through 
November 16, 2023. 
 
I conducted weekly searches of PubMed and Scopus using the search terms "benzene OR BTEX" to identify 
any relevant papers published after the last date of my search through the end of 2023.  
 
A.3.2 PubMed Search Terms  

A.3.2.1  Epidemiology 

(("Urinary Bladder Neoplasms"[Mesh] OR "bladder cancer*" OR "bladder tumor*" OR "bladder 
cancer"[Title/Abstract:~2]) AND ((71-43-2[EC/RN Number] OR ("Benzene"[Mesh] OR 
"benzene"[Title/Abstract])) AND (("Humans"[MeSH] OR human OR humans OR men OR women OR 
female OR male OR adult* OR elderly OR population OR epidemiolog* OR occupation* OR worker* OR 
cohort OR "Cohort Studies"[Mesh] OR"Cohort Studies"[Mesh] OR "Case-Control Studies"[Mesh] OR 
"Case Reports" [Publication Type] OR "Retrospective Studies"[Mesh] OR "Longitudinal Studies"[Mesh] 
OR "Observational Study" [Publication Type] OR "Cross-Sectional Studies"[Mesh] OR "Epidemiologic 
Studies"[Mesh] OR "epidemiology" [Subheading]) NOT (mice OR mouse OR rat OR rats OR rodent)))  
 

A.3.2.2  Animal Carcinogenicity and Mode of Action 

(("Urinary Bladder Neoplasms"[Mesh] OR "bladder cancer*" OR "bladder tumor*" OR "bladder 
cancer"[Title/Abstract:~2]) AND ((71-43-2[EC/RN Number] OR ("Benzene"[Mesh] OR 
"benzene"[Title/Abstract])) AND ((((toxicity OR toxicolog* OR toxic OR toxicant OR carcinogen* OR 
carcinogenesis OR cardiotox* OR Toxicokinetics OR carcinogenicity OR embryolethality OR embryotox* 
OR Teratogenicity OR Terato* OR mutagenesis OR "Gene mutation" OR "Chromosome aberration" OR 
aneuploidy OR polyploidy OR neurotox* OR nephrotox* OR immunotox* OR hepatotox* OR Epigenetic* 
OR genotox* OR Cytotox* OR "Lethal dose" OR PBPK OR Pharmacokinetics OR "dose response " OR 
"reference dose" OR Poison* OR poisoning OR Mutagen* OR "Lethal Dose 50"[Mesh] OR 
"Poisons"[Mesh] OR "Pharmacokinetics"[Mesh] OR "Threshold Toxicological 
Concern"[Title/Abstract:~3] OR "Toxicological Concern"[Title/Abstract:~2] OR "toxicity" [Subheading] 
OR "No-Observed-Adverse-Effect Level"[Mesh] OR NOAEL OR " Tolerable Daily 
Intake"[Title/Abstract] OR "Toxicological Phenomena"[Mesh] OR "Maximum Tolerated Dose"[Mesh] OR 
"Cardiotoxicity"[Mesh] OR "pharmacokinetics" [Subheading] OR "Toxicokinetics"[Mesh] OR 
"Teratogens"[Mesh] OR "Mutagenesis"[Mesh] OR "Genes, Suppressor"[Mesh] OR "Chromosome 
Aberrations"[Mesh] OR "Birth Weight/drug effects"[Mesh] OR "Cardiovascular Diseases/chemically 
induced"[Mesh] OR "Digestive System Diseases/chemically induced"[Mesh] OR "Endocrine System 

Case 7:23-cv-00897-RJ     Document 463-14     Filed 08/24/25     Page 140 of 371



 
  

   A-8 
 

Diseases/chemically induced"[Mesh] OR "Pregnancy Complications/chemically induced"[Mesh] OR "Eye 
Diseases/chemically induced"[Mesh] OR "Hemic and Lymphatic Diseases/chemically induced"[Mesh] OR 
"Immune System Diseases/chemically induced"[Mesh] OR "LC50"[Title/Abstract] OR 
"Neoplasms/chemically induced"[Mesh] OR "Nervous System Diseases/chemically induced"[Mesh] OR 
"Nervous System Diseases/chemically induced"[Mesh] OR "Skin and Connective Tissue 
Diseases/chemically induced"[Mesh] OR terata* OR Teratogenesis OR "Regul Toxicol 
Pharmacol"[Journal] OR "Toxicol Appl Pharmacol"[Journal] OR "Toxicol*"[Journal] OR "Reproductive 
and Urinary Physiological Phenomena/drug effects"[Mesh])) OR ((mechanistic* OR mechanism* OR 
"mode of action")))))  
 
A.3.3 Scopus Search Terms  

A.3.3.1  Epidemiology 

( TITLE-ABS-KEY ( "Bladder Neoplasms" OR "bladder cancer*" OR "bladder tumor*" OR {bladder 
cancer} ) ) AND ( KEY ( benzene ) OR TITLE ( benzene ) OR CASREGNUMBER ( 71-43-2 ) ) AND ( 
TITLE-ABS ( child* OR infant* OR boy OR girl OR adolescent* OR teenager* OR men OR women OR 
female OR male OR adult* OR elderly OR epidemiolog* OR occupation* OR worker* OR cohort OR 
{cohort study} OR {case-control} OR {case control} OR {case report} OR {retrospective study} OR 
{longitudinal study} OR {observational study} OR {cross-sectional study} OR resident* ) OR TITLE ( 
human ) OR KEY ( epidemiology ) )  
 

A.3.3.2  Animal Carcinogenicity and Mode of Action 

( TITLE-ABS-KEY ( "Bladder Neoplasms" OR "bladder cancer*" OR "bladder tumor*" OR {bladder 
cancer} ) ) AND ( KEY ( benzene ) OR TITLE ( benzene ) OR CASREGNUMBER ( 71-43-2 ) ) AND ( 
TITLE-ABS-KEY ( toxicity OR toxicolog* OR toxic OR toxicant OR carcinogen* OR carcinogenesis OR 
cardiotox* OR toxicokinetics OR carcinogenicity OR embryolethality OR embryotox* OR teratogenicity 
OR terato* OR mutagenesis OR "Gene mutation" OR "Chromosome aberration" OR aneuploidy OR 
polyploidy OR neurotox* OR nephrotox* OR immunotox* OR hepatotox* OR epigenetic* OR genotox* 
OR cytotox* OR "Lethal dose" OR pbpk OR pharmacokinetics OR "dose response " OR "reference dose" 
OR poison* OR poisoning OR mutagen* OR "LD50" OR pharmacokinetics OR "Threshold of 
Toxicological Concern" OR "Toxicological Concern" OR "No Observed Adverse Effect Level" OR noael 
OR "Tolerable Daily Intake" OR "Maximum Tolerated Dose" OR teratogens OR mutagenesis OR 
"Chromosome Aberrations" OR terata* OR teratogenesis OR mechanistic* OR mechanism* OR "mode of 
action" ) OR SRCTITLE ( toxciol* ) )  
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A.4 Vinyl Chloride and Bladder Cancer 

A.4.1 Publication Date Range 

I first identified scientific studies from government and other agency reports that evaluated vinyl chloride 
and bladder cancer for various purposes (US EPA, 2000a,c; ATSDR, 2006, 2016, 2017a; IARC, 2012).  I 
then conducted literature searches using PubMed and Scopus.  For vinyl chloride and bladder cancer, the 
searches identified epidemiology, animal carcinogenicity, and mode-of-action studies published through 
November 16, 2023. 
 
I conducted weekly searches of PubMed and Scopus using the search terms "vinyl chloride" to identify any 
relevant papers published after the last date of my search through the end of 2023.  
 
A.4.2 PubMed Search Terms  

A.4.2.1  Epidemiology 

(("Urinary Bladder Neoplasms"[Mesh] OR "bladder cancer*" OR "bladder tumor*" OR "bladder 
cancer"[Title/Abstract:~2]) AND (((("Vinyl Chloride"[Mesh] OR "Vinyl chloride" OR Chloroethene OR 
chloroethylene OR "1-chloroethylene"[Title/Abstract:~0] OR "ethylene monochloride" OR "monovinyl 
chloride" OR monochloroethene OR monochloroethylene OR Trovidur OR 75-01-4[EC/RN Number]))) 
AND (("Humans"[MeSH] OR human OR humans OR men OR women OR female OR male OR adult* OR 
elderly OR population OR epidemiolog* OR occupation* OR worker* OR cohort OR "Cohort 
Studies"[Mesh] OR"Cohort Studies"[Mesh] OR "Case-Control Studies"[Mesh] OR "Case Reports" 
[Publication Type] OR "Retrospective Studies"[Mesh] OR "Longitudinal Studies"[Mesh] OR 
"Observational Study" [Publication Type] OR "Cross-Sectional Studies"[Mesh] OR "Epidemiologic 
Studies"[Mesh] OR "epidemiology" [Subheading]) NOT (mice OR mouse OR rat OR rats OR rodent)))  
 

A.4.2.2  Animal Carcinogenicity and Mode of Action 

("Urinary Bladder Neoplasms"[MeSH Terms] OR "bladder cancer*" OR "bladder tumor*" OR "bladder 
cancer"[Title/Abstract:~2]) AND (("vinyl chloride"[MeSH Terms] OR "vinyl chloride" OR 
("chloroethenes" OR "vinyl chloride"[MeSH Terms] OR ("vinyl" AND "chloride") OR "vinyl chloride" 
OR "chloroethene") OR ("chloroethylenes" OR "vinyl chloride"[MeSH Terms] OR ("vinyl" AND 
"chloride") OR "vinyl chloride" OR "chloroethylene") OR "1-chloroethylene"[Title/Abstract:~0] OR 
(("ethylen" OR "ethylene"[Supplementary Concept] OR "ethylene" OR "ethylenes"[MeSH Terms] OR 
"ethylenes" OR "ethylene s" OR "ethylenic") AND ("monochloride" OR "monochlorides")) OR 
("monovinyl" AND ("chlorid" OR "chlorides"[MeSH Terms] OR "chlorides" OR "chloride")) OR 
"monochloroethene" OR "monochloroethylene" OR "Trovidur" OR "75-01-4"[EC/RN Number]) AND 
("toxic" OR "toxical" OR "toxically" OR "toxicant" OR "toxicant s" OR "toxicants" OR "toxicated" OR 
"toxication" OR "toxicities" OR "toxicity"[MeSH Subheading] OR "toxicity" OR "toxicity s" OR "toxics" 
OR "toxicolog*" OR ("toxic" OR "toxical" OR "toxically" OR "toxicant" OR "toxicant s" OR "toxicants" 
OR "toxicated" OR "toxication" OR "toxicities" OR "toxicity"[MeSH Subheading] OR "toxicity" OR 
"toxicity s" OR "toxics") OR ("toxic" OR "toxical" OR "toxically" OR "toxicant" OR "toxicant s" OR 
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"toxicants" OR "toxicated" OR "toxication" OR "toxicities" OR "toxicity"[MeSH Subheading] OR 
"toxicity" OR "toxicity s" OR "toxics") OR "carcinogen*" OR ("carcinogenesis"[MeSH Terms] OR 
"carcinogenesis" OR "carcinogeneses") OR "cardiotox*" OR ("Pharmacokinetics"[MeSH Terms] OR 
"Pharmacokinetics" OR "toxicokinetic" OR "Pharmacokinetics"[MeSH Subheading] OR "Toxicokinetics" 
OR "Toxicokinetics"[MeSH Terms]) OR ("carcinogen s" OR "carcinogenes" OR "carcinogenic" OR 
"carcinogenically" OR "carcinogenicities" OR "carcinogenicity" OR "carcinogenity" OR "carcinogenous" 
OR "carcinogens"[Pharmacological Action] OR "carcinogens"[MeSH Terms] OR "carcinogens" OR 
"carcinogen") OR ("embryolethal" OR "embryolethality") OR "embryotox*" OR ("teratogenesis"[MeSH 
Terms] OR "teratogenesis" OR "teratogenicity" OR "teratogenic" OR "teratogenically" OR "teratogenity" 
OR "teratogenous" OR "Teratogens"[Pharmacological Action] OR "Teratogens"[MeSH Terms] OR 
"Teratogens" OR "teratogen") OR "terato*" OR ("Mutagenesis"[MeSH Terms] OR "Mutagenesis" OR 
"mutageneses") OR "Gene mutation" OR "Chromosome aberration" OR ("aneuploidy"[MeSH Terms] OR 
"aneuploidy" OR "aneuploidies") OR ("polyploidy"[MeSH Terms] OR "polyploidy" OR "polyploidies") 
OR "neurotox*" OR "nephrotox*" OR "immunotox*" OR "hepatotox*" OR "epigenetic*" OR "genotox*" 
OR "cytotox*" OR "Lethal dose" OR "PBPK" OR ("pharmacokinetic" OR "pharmacokinetical" OR 
"pharmacokinetically" OR "Pharmacokinetics"[MeSH Subheading] OR "Pharmacokinetics" OR 
"Pharmacokinetics"[MeSH Terms]) OR "dose response" OR "reference dose" OR "poison*" OR 
("poisoned" OR "poisoning"[MeSH Terms] OR "poisoning" OR "poisonings" OR "poisoning"[MeSH 
Subheading] OR "poisonous" OR "Poisons"[Pharmacological Action] OR "Poisons"[MeSH Terms] OR 
"Poisons" OR "poison") OR "mutagen*" OR "Lethal Dose 50"[MeSH Terms] OR "Poisons"[MeSH Terms] 
OR "Pharmacokinetics"[MeSH Terms] OR "Threshold Toxicological Concern"[Title/Abstract:~3] OR 
"Toxicological Concern"[Title/Abstract:~2] OR "toxicity"[MeSH Subheading] OR "No-Observed-
Adverse-Effect Level"[MeSH Terms] OR ("No-Observed-Adverse-Effect Level"[MeSH Terms] OR ("no 
observed adverse effect" AND "level") OR "No-Observed-Adverse-Effect Level" OR "noael" OR "noaels") 
OR "Tolerable Daily Intake"[Title/Abstract] OR "Toxicological Phenomena"[MeSH Terms] OR 
"Maximum Tolerated Dose"[MeSH Terms] OR "Cardiotoxicity"[MeSH Terms] OR 
"Pharmacokinetics"[MeSH Subheading] OR "Toxicokinetics"[MeSH Terms] OR "Teratogens"[MeSH 
Terms] OR "Mutagenesis"[MeSH Terms] OR "genes, suppressor"[MeSH Terms] OR "Chromosome 
Aberrations"[MeSH Terms] OR "birth weight/drug effects"[MeSH Terms] OR "cardiovascular 
diseases/chemically induced"[MeSH Terms] OR "digestive system diseases/chemically induced"[MeSH 
Terms] OR "endocrine system diseases/chemically induced"[MeSH Terms] OR "pregnancy 
complications/chemically induced"[MeSH Terms] OR "eye diseases/chemically induced"[MeSH Terms] 
OR "hemic and lymphatic diseases/chemically induced"[MeSH Terms] OR "immune system 
diseases/chemically induced"[MeSH Terms] OR "LC50"[Title/Abstract] OR "neoplasms/chemically 
induced"[MeSH Terms] OR "nervous system diseases/chemically induced"[MeSH Terms] OR "nervous 
system diseases/chemically induced"[MeSH Terms] OR "skin and connective tissue diseases/chemically 
induced"[MeSH Terms] OR "terata*" OR ("teratogenesis"[MeSH Terms] OR "teratogenesis") OR "Regul 
Toxicol Pharmacol"[Journal] OR "Toxicol Appl Pharmacol"[Journal] OR "toxicol*"[Journal] OR 
"reproductive and urinary physiological phenomena/drug effects"[MeSH Terms] OR ("mechanistic*" OR 
"mechanism*" OR "mode of action"))) AND 2016/01/01:3000/12/31[Date - Publication] 
 
A.4.3 Scopus Search Terms  

A.4.3.1  Epidemiology 

( TITLE-ABS-KEY ( "Bladder Neoplasms"  OR  "bladder cancer*"  OR  "bladder tumor*"  OR  {bladder 
cancer} ) )  AND  ( ( TITLE-ABS-KEY ( "Vinyl chloride"  OR  {Vinyl chloride}  OR  chloroethene  OR  
chloroethylene  OR  {1-chloroethylene}  OR  {ethylene monochloride}  OR  {monovinyl chloride}  OR  
monochloroethene  OR  monochloroethylene  OR  trovidur )  OR  CASREGNUMBER ( 75-01-4 ) ) )  AND  
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( TITLE-ABS ( child*  OR  infant*  OR  boy  OR  girl  OR  adolescent*  OR  teenager*  OR  men  OR  
women  OR  female  OR  male  OR  adult*  OR  elderly  OR  epidemiolog*  OR  occupation*  OR  worker*  
OR  cohort  OR  {cohort study}  OR  {case-control}  OR  {case control}  OR  {case report}  OR  
{retrospective study}  OR  {longitudinal study}  OR  {observational study}  OR  {cross-sectional study}  
OR  resident* )  OR  TITLE ( human )  OR  KEY ( epidemiology ) )   
 

A.4.3.2  Animal Carcinogenicity and Mode of Action 

( TITLE-ABS-KEY ( "Bladder Neoplasms"  OR  "bladder cancer*"  OR  "bladder tumor*"  OR  {bladder 
cancer} ) )  AND  ( ( TITLE-ABS-KEY ( "Vinyl chloride"  OR  {Vinyl chloride}  OR  chloroethene  OR  
chloroethylene  OR  {1-chloroethylene}  OR  {ethylene monochloride}  OR  {monovinyl chloride}  OR  
monochloroethene  OR  monochloroethylene  OR  trovidur )  OR  CASREGNUMBER ( 75-01-4 ) ) )  AND  
( TITLE-ABS-KEY ( toxicity  OR  toxicolog*  OR  toxic  OR  toxicant  OR  carcinogen*  OR  
carcinogenesis  OR  cardiotox*  OR  toxicokinetics  OR  carcinogenicity  OR  embryolethality  OR  
embryotox*  OR  teratogenicity  OR  terato*  OR  mutagenesis  OR  "Gene mutation"  OR  "Chromosome 
aberration"  OR  aneuploidy  OR  polyploidy  OR  neurotox*  OR  nephrotox*  OR  immunotox*  OR  
hepatotox*  OR  epigenetic*  OR  genotox*  OR  cytotox*  OR  "Lethal dose"  OR  pbpk  OR  
pharmacokinetics  OR  "dose response "  OR  "reference dose"  OR  poison*  OR  poisoning  OR  mutagen*  
OR  "LD50"  OR  pharmacokinetics  OR  "Threshold of Toxicological Concern"  OR  "Toxicological 
Concern"  OR  "No Observed Adverse Effect Level"  OR  noael  OR  "Tolerable Daily Intake"  OR  
"Maximum Tolerated Dose"  OR  teratogens  OR  mutagenesis  OR  "Chromosome Aberrations"  OR  
terata*  OR  teratogenesis  OR  mechanistic*  OR  mechanism*  OR  "mode of action" )  OR  SRCTITLE 
( toxciol* ) )   
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A.5 Trans-1,2-Dichloroethylene and Bladder Cancer 

A.5.1 Publication Date Range 

I conducted literature searches using PubMed and Scopus for epidemiology, animal carcinogenicity, and 
mode-of-action studies published through May 06, 2024.   
 
A.5.2 PubMed Search Terms 

A.5.2.1  Epidemiology 

("trans-1,2-Dichloroethene"[tiab:~0] OR "(E)-1,2-Dichloroethene"[tiab:~0] OR "(E)-1,2-
Dichloroethylene"[tiab:~0] OR "trans-Acetylene dichloride"[tiab:~0] OR "trans-1,2-
Dichloroethylene"[tiab:~0] OR "trans-Dichloroethylene"[tiab:~0] OR 156-60-5[EC/RN Number]) 
 
("Humans"[Mesh] OR human[Title/Abstract] OR child* OR infant* OR boy OR girl OR adolescent* OR 
teenager* OR men OR women OR female OR male OR adult* OR elderly OR population OR epidemiolog* 
OR occupation* OR worker* OR cohort OR "Cohort Studies"[Mesh] OR "Case-Control Studies"[Mesh] 
OR "Case Reports" [Publication Type] OR "Retrospective Studies"[Mesh] OR "Longitudinal 
Studies"[Mesh] OR "Observational Study" [Publication Type] OR "Cross-Sectional Studies"[Mesh] OR 
"Epidemiologic Studies"[Mesh] OR "Case-Control Study"[tiab:~2] OR "Case Control Studies"[tiab:~2] 
OR "Retrospective Study"[tiab:~2] OR "Retrospective Studies"[tiab:~2] OR "Longitudinal Study"[tiab:~2] 
OR "Longitudinal Studies"[tiab:~2] OR "Cross-Sectional Study"[tiab:~3] OR "Cross-Sectional 
Studies"[tiab:~3] OR "observational study"[tiab:~2] OR "observational studies"[tiab:~2] OR 
"observational study"[tiab:~2] OR "observational studies"[tiab:~2] OR "epidemiology" [Subheading] OR 
"Child"[Mesh] OR "Adult Children"[Mesh] OR "Infant"[Mesh] OR "Men"[Mesh] OR "Women"[Mesh] 
OR "Female"[Mesh] OR "Adult"[Mesh] OR "Young Adult"[Mesh] OR "Aged"[Mesh] OR "Middle 
Aged"[Mesh] OR "Population Groups"[Mesh] OR "Occupational Groups"[Mesh] OR "Prospective 
Studies"[Mesh]) 
 
"Kidney Neoplasms"[Mesh] OR "kidney cancer" OR "renal cancer" OR "kidney neoplasm" OR "renal 
neoplasms" OR "kidney tumor" OR "renal tumor" OR "Carcinoma, Renal Cell"[Mesh] OR "Renal Cell 
Carcinoma"[tiab:~3] OR "Nephroma, Mesoblastic"[Mesh] OR "Wilms Tumor"[Mesh] 
 
"Urinary Bladder Neoplasms"[Mesh] OR "bladder cancer*" OR "bladder tumor*" OR "bladder 
cancer"[Title/Abstract:~2] 
 
("Leukemia"[Mesh] OR leukemia[Title/Abstract]) 
 
"Lymphoma, Non-Hodgkin"[Mesh] OR "Non-Hodgkin's Lymphoma"[tiab:~0] OR "Non-Hodgkin 
Lymphoma"[tiab:~0] 
 

A.1.2.2  Animal Carcinogenicity and Mode of Action  
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("trans-1,2-Dichloroethene"[tiab:~0] OR "(E)-1,2-Dichloroethene"[tiab:~0] OR "(E)-1,2-
Dichloroethylene"[tiab:~0] OR "trans-Acetylene dichloride"[tiab:~0] OR "trans-1,2-
Dichloroethylene"[tiab:~0] OR "trans-Dichloroethylene"[tiab:~0] OR 156-60-5[EC/RN Number]) 
 
(toxicity OR toxicolog* OR toxicology OR toxic* OR "Toxicology"[Mesh] OR carcinogen* OR 
Carcinogenesis OR "Carcinogenesis"[Mesh] OR cancer*[Title/Abstract] OR "Neoplasms"[Mesh] OR 
neoplasm* OR tumor* OR cardiotox* OR "Cardiotoxins"[Mesh] OR Cardiotoxicity OR 
"Cardiotoxicity"[Mesh] OR Toxicokinetics OR "Pharmacokinetics"[Mesh] OR carcinogenicity OR 
embryolethality OR embryotoxicity OR Teratogenicity OR "Teratogenesis"[Mesh] OR Terato* OR 
mutagenesis OR "Mutagenesis"[Mesh] OR "Gene mutation" OR "Chromosome aberration" OR 
"Chromosome Aberrations"[Mesh] OR Aneuploidy OR polyploidy OR neurotox* OR nephrotox* OR 
immunotox* OR hepatotox* OR Epigenetic* OR genotox* OR Cytotox* OR "Reproductive Health"[Mesh] 
OR DNA OR mutagen* OR mechanistic* OR mechanism* OR "mode of action" OR "oxidative stress" OR 
inflammat*  ) 
 
"Kidney Neoplasms"[Mesh] OR "kidney cancer" OR "renal cancer" OR "kidney neoplasm" OR "renal 
neoplasms" OR "kidney tumor" OR "renal tumor" OR "Carcinoma, Renal Cell"[Mesh] OR "Renal Cell 
Carcinoma"[tiab:~3] OR "Nephroma, Mesoblastic"[Mesh] OR "Wilms Tumor"[Mesh] 
 
"Urinary Bladder Neoplasms"[Mesh] OR "bladder cancer*" OR "bladder tumor*" OR "bladder 
cancer"[Title/Abstract:~2] 
 
("Leukemia"[Mesh] OR leukemia[Title/Abstract]) 
 
"Lymphoma, Non-Hodgkin"[Mesh] OR "Non-Hodgkin's Lymphoma"[tiab:~0] OR "Non-Hodgkin 
Lymphoma"[tiab:~0] 
 
A.1.3 Scopus Search Terms 

A.1.3.1  Epidemiology 

TITLE-ABS-KEY ({trans-1,2-Dichloroethene} OR {(E)-1,2-Dichloroethene} OR {(E)-1,2-
Dichloroethylene} OR {trans-Acetylene dichloride} OR {trans-1,2-Dichloroethylene} OR {trans-
Dichloroethylene}) OR CASREGNUMBER (156-60-5) 
 
TITLE-ABS-KEY ( human OR child* OR infant* OR boy OR girl OR adolescent* OR teenager* OR men 
OR women OR female OR male OR adult* OR elderly OR population OR epidemiolog* OR occupation* 
OR worker* OR cohort OR "cohort stud*" OR "case-control stud*" OR "retrospective stud*" OR 
"longitudinal stud*" OR "observational stud*" OR "cross-sectional stud*" OR resident* ) 
 
TITLE-ABS-KEY ( "Kidney Neoplasms"  OR  "kidney cancer"  OR  "renal cancer"  OR  "kidney 
neoplasm"  OR  "renal neoplasms"  OR  "kidney tumor"  OR  "renal tumor"  OR  "Renal Cell Carcinoma"  
OR  "Nephroma, Mesoblastic"  OR  "Wilms Tumor" ) 
 
TITLE-ABS-KEY ( "Bladder Neoplasms"  OR  "bladder cancer*"  OR  "bladder tumor*"  OR  {bladder 
cancer} ) 
 
TITLE-ABS-KEY (Leukemia) 
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TITLE-ABS-KEY ( "Non-Hodgkin's Lymphoma*" OR "Non-Hodgkin Lymphoma*" OR "Lymphoma, 
Non-Hodgkin" OR "Lymphoma, Non-Hodgkin's" OR {Non-Hodgkin's} OR {Non Hodgkin's} OR {Non-
Hodgkin} OR {Non Hodgkin} ) 
 

A.1.3.2  Animal Carcinogenicity and Mode of Action Search Terms 

TITLE-ABS-KEY ({trans-1,2-Dichloroethene} OR {(E)-1,2-Dichloroethene} OR {(E)-1,2-
Dichloroethylene} OR {trans-Acetylene dichloride} OR {trans-1,2-Dichloroethylene} OR {trans-
Dichloroethylene}) OR CASREGNUMBER (156-60-5) 
 
( TITLE-ABS-KEY ( toxicity OR toxicolog* OR toxic OR toxicant OR carcinogen* OR carcinogenesis 
OR cardiotox* OR toxicokinetics OR carcinogenicity OR embryolethality OR embryotox* OR 
teratogenicity OR terato* OR mutagenesis OR "Gene mutation" OR "Chromosome aberration" OR 
aneuploidy OR polyploidy OR neurotox* OR nephrotox* OR immunotox* OR hepatotox* OR epigenetic* 
OR genotox* OR cytotox* OR "Lethal dose" OR pbpk OR pharmacokinetics OR "dose response " OR 
"reference dose" OR poison* OR poisoning OR mutagen* OR "LD50" OR pharmacokinetics OR 
"Threshold of Toxicological Concern" OR "Toxicological Concern" OR "No Observed Adverse Effect 
Level" OR noael OR "Tolerable Daily Intake" OR "Maximum Tolerated Dose" OR teratogens OR 
mutagenesis OR "Chromosome Aberrations" OR terata* OR teratogenesis OR mechanistic* OR 
mechanism* OR "mode of action" OR "oxidative stress" OR inflammat* ) OR SRCTITLE ( toxciol* ) 
 
TITLE-ABS-KEY ( "Kidney Neoplasms"  OR  "kidney cancer"  OR  "renal cancer"  OR  "kidney 
neoplasm"  OR  "renal neoplasms"  OR  "kidney tumor"  OR  "renal tumor"  OR  "Renal Cell Carcinoma"  
OR  "Nephroma, Mesoblastic"  OR  "Wilms Tumor" ) 
 
TITLE-ABS-KEY ( "Bladder Neoplasms"  OR  "bladder cancer*"  OR  "bladder tumor*"  OR  {bladder 
cancer} ) 
 
TITLE-ABS-KEY (Leukemia) 
 
TITLE-ABS-KEY ( "Non-Hodgkin's Lymphoma*" OR "Non-Hodgkin Lymphoma*" OR "Lymphoma, 
Non-Hodgkin" OR "Lymphoma, Non-Hodgkin's" OR {Non-Hodgkin's} OR {Non Hodgkin's} OR {Non-
Hodgkin} OR {Non Hodgkin} ) 
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(e)  Median age from start to end of follow-up (Bove et al., 2014b). 
(f)  Median age at hire Linet et al. (2015). 
(g)  Ages and population sizes are reflective of Marines, Navy, and civilian respondents to the 2011-2012 morbidity survey and do not include the 5,263 Marines, Navy, and civilian respondents to the 1999-2002 ATSDR Survey, some of 
whom were included in this analysis (ATSDR, 2018a). 
(h)  Median age at survey or death (ATSDR, 2018a).  
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