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ABSTRACT ARTICLE HISTORY
The ability of epidemiologic evidence to inform regulatory decisions is largely dependent on the coher- Received 29 March 2017
ence and quality of the published literature. This systematic review examines the quality and consist- Revised 25 June 2017
ency of studies assessing health outcomes associated with exposure to triclosan (TCS), an antimicrobial Accepted 29 June 2017

chemical with a short physiologic half-life. We used elements of the Biomonitoring, Environmental
Epidemiology, and Short-Lived Chemicals instrument to evaluate aspects of study quality. Each meth- Tri . .

. " . » . riclosan; epidemiology;
odological domain - overall design, exposure assessment, and data analysis — was categorized accord- systematic review; ICC;
ing to three tiers where Tier 1 indicated the highest quality. We also examined consistency of methods, short-lived chemical; anti-
results and reporting as considerations for weight of evidence (WOE) assessment. Studies were consid- androgen; BEES-C; PI(E)CO
ered sufficiently comparable if they addressed the same or similar research questions. Forty-two studies
met the criteria for inclusion. Only one randomized cross-over clinical trial of TCS was assigned to Tier
1 for all three domains. Most other studies were assigned to Tier 3 for at least one domain. Although
the available literature examined more than 100 different health endpoints and reported hundreds of
different measures of association, few studies were considered comparable. For reported measures of
association, most were not significantly different from the null; the few statistically significant results
represented isolated findings without a discernable across- or within-study pattern. We conclude that
the current body of epidemiologic literature does not allow a meaningful WOE assessment due to
methodological limitations of individual studies and lack of inter-study consistency. On the other hand,
methodologically stronger studies may be used to inform future research.

KEYWORDS

Table of contents Exposure assessment 7
Introduction . 2 Data analysis ... ... . c. v vee e vee e ver voeven ne e v e v v T
Qua||ty assessment Cons|derat|ons L2 Assessment of CONSISTENCY v vev e et e e et e st e et cae e 7
Study design .3 Allergies and asthma . 8
Exposure assessment e e e .3 Measures of overweight and obe51ty 8
Data analysis and reporting of resu/ts 3 Female reproductive endpoints ... ... ... ... 8
Methods .. 4 Male reproductive endpoints ... ... ... . e cee ee vev ee e e 41
Overall approach 4 Birth OUECOMES ... .. cev ee cee et e vee e eee et ee e ave eee e e &1
Identification and selectlon of stud/es 4 Puberty endpoints in glr/s TP ¥ |
Data extraction . 4 Sex hormone concentrations ... ... .. .. .. v v cee vee e oo 41
Assessment of strength of ewdence (data qua//ty) from Thyroid FUNCHION o e v et et et e et et e e e et e e o 42
individual SEUGIES ... e e e e e e e e e oS MiSCEIIANEOUS ... .. vov v e e e e et e e e e e e vee e e D2
Study design 5 Discussion ........ . 43
Exposure assessment e .5 Quality of the avallable ewdence e e ve oo 43
Data analysis and reporting of f€5ults .5 Study design and temporal relat/onshlp e 43
Assessment of consistency across studies .5 Exposure assessment ... ... ... ... ... we erevee e e 43
Results .. e .5 Consistency of methods results and reportmg across
Overv:ew of Studles e, .5 L (0 e =
Assessment of strength of ev:dence quallty of studles .6 Conclusions R
Study design 6 Acknowledgements... ... ... e it e it it

Declaration of interest

CONTACT Judy S. LaKind @ lakindassoc@gmail.com LaKind Associates, @ LLC, 106 Oakdale Avenue, Catonsville, MD 21228, USA

© 2017 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/Licenses/by-nc-nd/
4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in
any way.


http://crossmark.crossref.org/dialog/?doi=10.1080/10408444.2017.1350138&domain=pdf
http://creativecommons.org/Licenses/by-nc-nd/4.0/
http://creativecommons.org/Licenses/by-nc-nd/4.0/
http://www.tandfonline.com

2 M. GOODMAN ET AL.

Supplemental material ... ... .. e e et s e e e e 48
REfEreNCES ... oo vt ceecen s et et et e e et et e e e et e e e e e 48

Introduction

Systematic assessment of evidence from epidemiologic stud-
ies investigating potential health effects of environmental
chemicals is playing an increasing role in regulatory decision-
making (USEPA 2010; NAS 2014; OHAT 2015). However, the
utility of epidemiologic data as the basis for regulation is
largely dependent on the strength, coherence, and quality of
the published studies (OHAT 2015; USEPA 2016). While the
epidemiologic studies exploring health outcomes and associa-
tions with environmental chemical exposures are numerous,
recent publications, and governmental reports indicate that
informed decision-making may be difficult due to the variable
quality of the available evidence and the lack of consistency
in terms of specific hypotheses tested, study methods, and
reporting of results (Goodman et al. 2010, 2014a, 2014b;
Youngstrom et al. 2011; LaKind et al. 2014a, 2014b, 2015a,
2015b; Rooney et al. 2014; USEPA 2016). In this communica-
tion, we offer a systematic examination of the epidemiologic
literature on one specific chemical of interest - triclosan
(TCS).

TCS (2,4,4'-trichloro-2’-hydroxydiphenyl ether) is a broad-
spectrum antimicrobial agent that has been in use for over
40 years (Calafat et al. 2008; Yueh and Tukey 2016). TCS is
used as an antiseptic, disinfectant, or preservative in medical
and personal care products such as hand soaps and sham-
poos, mouthwash, toothpaste, and cosmetics, and in house-
hold items such as cutting boards (Witorsch and Thomas
2010; Yueh and Tukey 2016). TCS was found in the majority
of urine samples obtained via population-based surveys both
in the US and in Canada (Calafat et al. 2008; Health Canada
2015) and, as shown in Figure 1, a number of international
regulatory activities in recent years have focused on this
chemical.

Toxicological studies suggest that TCS can impact endo-
crine function, thyroid hormone homeostasis, and antibiotic
resistance (Yueh and Tukey 2016). As reviewed in detail else-
where (Witorsch and Thomas 2010), mechanism of action of
TCS may involve interactions with aryl hydrocarbon and sex
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hormone receptors, and effects on the hypothalamo-pituitary-
thyroid axis. However, in vitro and in vivo findings have not
been consistently coherent leaving room for uncertainty in
predicting health outcomes.

Widespread human exposure and concerns about health
effects make TCS an emerging chemical of interest and
an increasing focus of research. At the same time, several
important aspects of TCS biomonitoring present a challenge
for observational epidemiologic studies. For example, a factor
that may introduce error in TCS exposure assessment is the
likelihood of sample contamination because the chemical is
widespread in the environment and can be commonly found
in laboratory and clinical settings (Barr et al. 1999; Needham
et al. 2007; Calafat and Needham 2008, 2009). In addition,
stability of urinary TCS metabolites, which are typically meas-
ured in biomonitoring studies, may depend on the proper
handling, freezing and storage of samples (Ye et al. 2007;
Provencher et al. 2014).

Perhaps the most distinguishing feature of TCS is its short
physiological half-life, which means that it is rapidly
absorbed, metabolized, and eliminated (primarily via urine)
with a median excretion half-life of 11h after oral intake
(Yueh and Tukey 2016). In addition, TCS exposures vary over
time following changes in health status, product use, activity
or location (Pleil and Sobus 2013). For these reasons, full
characterization of exposure to TCS may require continuous
biomonitoring, which involves taking multiple samples from
the same individual at different times (NRC 2006).

This review examines the quality, quantity, and consistency
of studies assessing the associations between TCS exposure
and various health outcomes in humans. In assessing study
quality, we focus on the critical issues of study design, expos-
ure assessment (with specific emphasis on exposure misclassi-
fication due to insufficient number of measures) and data
analysis. We then examine consistency of the TCS literature in
terms of specific hypotheses tested, methods, results and
reporting, and assess its utility for weight of evidence (WOE)
assessment. In reviewing the literature on TCS, we also aim
to share observations pertaining to methodological issues
that are applicable to other ubiquitous chemicals with short
physiological half-lives.

Quality assessment considerations

In conducting this review, we relied on elements of the
Biomonitoring, Environmental Epidemiology, and Short-Lived
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Figure 1. Regulatory actions related to TCS (EU: European Commission; FDA: Food and Drug Administration; MN: Minnesota; OTC: over-the-counter) (Beyond

Pesticides 2016; EU 2016; USEPA 2010; USFDA 2016).



Chemicals (BEES-C) instrument, which was developed specific-
ally to guide the transparent assessment of the quality of epi-
demiologic studies focused on exposure to short-lived
environmental chemicals such as TCS (LaKind et al. 2014a).
The BEES-C instrument provides a framework for evaluating
three main domains of study quality: (i) study design, (ii)
exposure assessment (including biomarker selection and
measurement), and (iii) data analysis. Each of the above
domains is categorized according to three tiers where Tier 1
indicates the highest quality and Tier 3 is reserved for study
aspects that are considered suboptimal.

Study design

In assessing design quality, we focused on two distinct, but
related issues: threats to validity and ability to establish the
temporal relation between exposure of interest (in this case
TCS) and the outcome of concern. There is general consensus
that experimental studies (particularly randomized clinical tri-
als) have fewer threats to validity and provide more definitive
evidence compared to observational studies addressing the
same research question (Guyatt et al. 2000a, 2000b; Petticrew
and Roberts 2003). The main purpose of randomization is to
avoid confounding by ensuring that participant characteristics
are evenly distributed across treatment groups (Roberts and
Torgerson 1998). In addition, a well-designed and properly
implemented experimental study guarantees that the prob-
ability of being enrolled does not depend on the probability
of being assigned to a particular treatment group, thereby
minimizing another threat to validity — selection bias (Kahan
et al. 2015).

An additional important attribute of experimental studies
is that they leave no room for ambiguity with respect to tem-
poral relation between exposure and outcome. By contrast, in
observational research, establishing temporality is only pos-
sible in “incidence” studies, which identify health-related
events such as new cases of disease at the time of onset or
at least at the time of detection (Pearce 2012). Observational
incidence studies may use a cohort and various versions of a
case-control  (particularly nested case-control) design.
Regardless of design, however, the main feature of incidence
studies is the ability to establish the proper sequence of
exposure and outcome. If exposures are likely to vary over
time (as in many biomonitoring studies of short-lived chemi-
cals), a useful approach in some circumstances may be a lon-
gitudinal study that assesses the relation between repeated
measures of exposure (e.g. TCS) and repeated measures of
health biomarkers (e.g. levels of thyroid hormones).

Unlike incidence studies, a “prevalence” study cannot
establish temporality. A typical prevalence study relies on
cross-sectional design, which ascertains the exposure and
health outcome information simultaneously (Rothman and
Greenland 1998). Case-control studies also fall into this cat-
egory if they use prevalent rather than incident cases (LaKind
et al. 2014a).

Another consideration when assessing strength and weak-
ness of study design is the need to capture critical windows
of exposure relevant to the outcome of interest. For TCS, this
critical window is usually not known; however, when a health
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outcome is expected to occur within a relatively short time
after exposure (e.g. a change in health biomarker levels
following intentional TCS administration in a clinical trial),
conclusions about a presence or absence of a causal link may
be justified.

Exposure assessment

In biomonitoring studies of ubiquitous, short-lived chemicals
such as TCS, perhaps the most important source of exposure
misclassification is an insufficient number of samples (LaKind
et al. 2014a). It has been shown that reliance on a single ran-
dom sample to characterize exposure to a short-lived chem-
ical may result in substantial misclassification (i.e. over- or
under-estimation of the true exposure level) and may not
provide sufficient information to state with confidence that
the measured exposure preceded the outcome (Preau et al.
2010; LaKind et al. 2012, 2014a; Wielgomas 2013; Goodman
et al. 2014a).

The BEES-C instrument (LaKind et al. 2014a, 2015b) offers
specific guidance for assessing this and other issues (e.g. ana-
lyte stability and sample contamination) as possible sources
of exposure misclassification and for assigning studies to
quality tiers. In this review, we focus on the number of sam-
ples measured for TCS in each study, as this is likely to have
the greatest impact on exposure misclassification. (In assess-
ing the utility of one measurement for understanding longer-
term exposures, researchers often rely on intra-class correl-
ation coefficients, or ICCs — either previously reported values
or ones developed from their own study data. This is
explored further in the Discussion section. In addition, it is
often the case that publications do not include sufficient
information to assess whether avoidance of sample contamin-
ation and analyte stability were properly considered; this
issue is also revisited in the Discussion section of this paper.

Data analysis and reporting of results

While essential aspects of data analysis are not specific to
TCS or other short-lived chemicals, an assessment of study
quality would be incomplete without an evaluation of the
data analysis methods. The BEES-C instrument emphasizes
the importance of distinguishing between predictive and
explanatory analyses (LaKind et al. 2014a). The goal of pre-
dictive analysis is to maximize model fit and a decision on
whether to retain a particular covariate is based on statistical
considerations (Bellazzi and Zupan 2008). By contrast, in an
explanatory (hypothesis testing) analysis, inclusion and exclu-
sion of control variables (confounders, mediators or effect
modifiers) are driven, at least in part, by a priori reasoning
(Concato et al. 1993; Hernan et al. 2002; Beran and Violato
2010).

Considerations of analytic strategy and proper handling of
confounding factors depend on the hypothesis under study.
For example, confounding variables that are commonly con-
sidered in studies of neurodevelopmental effects in children
include participant age, race, gender, socioeconomic status
(SES), and maternal variables such as age, education, and IQ
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(Amler et al. 2006). Similarly, factors that need to be consid-
ered in studies of respiratory effects may include, in addition
to demographic and SES variables, personal and family his-
tory of allergies or asthma, occupation, and exposure to
tobacco smoke (Beasley et al. 2015).

It is important to keep in mind that the results of observa-
tional studies are inevitably subject to uncertainty due to
unaccounted threats to validity and various data handling
decisions and assumptions. The magnitude of uncertainty can
be formally assessed through quantitative sensitivity analyses,
which are considered an important part of an analysis plan
(Greenland 1996).

Methods
Overall approach

For this review, we followed the Assessment Tool of Multiple
Systematic Reviews (AMSTAR) (Shea et al. 2007). AMSTAR is
similar to the often-cited Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) instrument
(Liberati et al. 2009); however, unlike PRISMA, AMSTAR is not
focused on health care interventions and is dedicated primar-
ily to quality of review methods rather than completeness of
reporting.

Eight of the 11 AMSTAR items are relevant to this review:
(1) a priori statement of research questions and inclusion/
exclusion criteria; (2) duplicate literature searches by two or
more coauthors; (3) the use of at least two electronic search
engines followed by a supplemental search of reviews, text-
books, and secondary references with keywords and MeSH
(Medical Subject Headings) statements reported in the meth-
ods section; (4) a list of studies excluded from the review; (5)
a summary of study characteristics that met the inclusion cri-
teria; (6) a formal assessment of individual study quality; (7)
consideration of study quality in drawing conclusions; and (8)
a statement of sources of support (Shea et al. 2007).

Two AMSTAR items omitted from this list relate specifically
to meta-analyses which are not part of this review. The third
omitted item calls for consideration of reports and other non-
peer reviewed papers. As the goal of this review was to the
assess TCS literature in terms of its utility for WOE assess-
ment, it is important to keep in mind that many organiza-
tions charged with this task (e.g. the National Toxicology
Program [NTP]) use only “publicly accessible, peer-reviewed
information in its evaluations” (OHAT 2015). For this reason,
we relied only on the published literature that would be con-
sidered by such organizations.

Identification and selection of studies

Electronic data sources PubMed and Web of Science Core
Collection™ were used to conduct the initial literature search.
For the PubMed search, the following keywords and Medical
Subjects Heading (MeSH) terms were used: (“triclosan” [MeSH
Terms] OR “triclosan” [All Fields]) AND (“epidemiology”
[Subheading] OR  “epidemiology” [All  Fields] OR
“epidemiology” [MeSH Terms]). The results of this search
were limited to human studies. A separate search utilized the

following terms: (“triclosan” [MeSH Terms] OR “triclosan” [All
Fields]) AND (“toxicity” [Subheading] OR “toxicity” [All Fields])
AND (“humans” [MeSH Terms] OR “humans” [All Fields] OR
“human” [All Fields]). For the Web of Science search, we used
broad search criteria with only two keywords: “triclosan” and
“epidemiology.”

References of retrieved articles were reviewed to identify
publications not captured by the electronic search. The
search and selection of relevant studies was conducted inde-
pendently by two study authors (JSL, MG) with all disagree-
ments resolved by consensus. The criteria for inclusion into
the review were as follows:

1. research of human populations,

2. a comparison of one or more levels of exposure to TCS
in relation to a specified reference category (independent
variable),

3. data included health-related outcomes
variables),

4. the association between TCS exposure and outcome was
either reported or could be assessed based on the infor-
mation provided in the publication, and

5.  publication appeared in English prior to 15 August 2016
(end of literature search).

(dependent

Publications on antimicrobial efficacy of TCS in different
products (e.g. toothpaste and sutures), descriptive studies
that did not assess the associations between TCS and health
outcomes and papers that did not include data on humans
were excluded. A list of studies retrieved and evaluated, but
excluded from the review, and the reasons for exclusions are
provided in Supplement 1.

Data extraction

We followed the literature review protocol described in previ-
ous publications (Goodman et al. 2014a; LaKind et al. 2014b).
Each study that met the inclusion criteria was examined inde-
pendently by two coauthors (MG and JSL). Information
extracted from each study for the purposes of this review
included the following:

1. Description of the study population: size, composition,
source, and location

2. Study design: e.g. clinical trial, cohort, cross-sectional,
case-control, or other

3. Type of TCS exposure: e.g. intervention- or biomonitor-
ing-based, and for the latter, source of specimen and
number and timing of samples

4. The type of exposure variable (e.g. ordinal, binary, or
continuous) used in the analysis

5. Health outcomes of interest

6. Statistical methods for assessing the association of inter-
est and the list of covariates

7. Results: the reported measure of association (e.g. an
odds ratio [OR] for binary endpoints, or a linear regres-
sion coefficient [f] for continuous endpoints), and a
measure used for statistical inference (e.g. a 95% confi-
dence interval [CI] or a p value).
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If the result of interest was not reported in the paper,
whenever possible, the measures of association and 95% Cls
were calculated by one of the authors (MG). When the result
was reported in a qualitative fashion, the corresponding text
was reproduced verbatim. The data from each study were
tabulated, and the resulting summary tables were again
cross-checked with disagreements resolved by consensus.

Assessment of strength of evidence (data quality) from
individual studies

We used components of the BEES-C instrument (LaKind et al.
2014a) for evaluating three main domains of study quality: (i)
study design, (ii) exposure assessment (with specific emphasis
on the number of samples and/or quantitative assessment of
measurement error), and (iii) data analysis. Each of these
domains is categorized according to three tiers where Tier 1
indicates the highest quality and Tier 3 is reserved for study
aspects that are considered suboptimal.

Study design

When evaluating quality of the overall study design, clinical tri-
als of TCS were included in Tier 1 because they present the low-
est threat to validity and clearly establish the temporal relation
between intervention and outcome. Cohort studies and case-
control studies that used incident cases were placed in Tier 2;
these studies are generally able to establish the correct
sequence of exposure and outcome, but are more vulnerable to
bias than clinical trials. Case-control studies with prevalent
cases and cross-sectional studies were assigned to Tier 3
because in these studies both exposure and outcome are ascer-
tained at the same time, and in some instances exposure
assessment follows rather than precedes the outcome of inter-
est. Publications that included both a cohort and cross-sectional
design (depending on the analysis) were assigned to Tier 2.

Exposure assessment

In Tier 1 studies, the exposure assessment was based on a suffi-
cient number of samples per individual to estimate exposure
over the appropriate duration, or used adequate long-term
sampling (e.g. multiple 24-h urine collections). If only one sam-
ple was used to characterize TCS exposure, the study was
assigned to Tier 1 if it provided quantitative evidence that
probability of misclassification was small. A Tier 2 study
included more than one sample but without explicit evaluation
of error or had more than one TCS measure, but used each
measure as a separate observation. The randomized experi-
mental studies were assigned to Tier 1 if they provided evi-
dence of increased TCS levels following intervention (relative to
the reference group) thereby leaving little room for exposure
misclassification. Otherwise, experimental studies were
assigned to Tier 2. In a Tier 3 study, exposure was based on a
single sample without considering error or there were no bio-
monitoring data.

Data analysis and reporting of results
We reviewed the data analysis sections of each paper and
made decisions regarding assignment to one of the three
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tiers for the data analysis domain based on the general con-
siderations outlined in the BEES-C guidelines (LaKind et al.
2014a). Tier 1 was reserved for studies that used randomiza-
tion or demonstrated comprehensive evaluation of control
variables and included sensitivity analyses. Tier 2 ratings
described studies that applied appropriate statistical methods
but did not include sensitivity analyses. Studies that did not
control for extraneous factors or considered only a few
potential confounders (e.g. age and BMI) without justification
for covariate selection were assigned to Tier 3. If a publica-
tion included several analyses, the tier assignment was based
on the analysis of the highest quality.

Assessment of consistency across studies

All studies were organized according to nine broad categories
of outcomes of interest: (1) allergies and asthma, (2) measures
of overweight and obesity, (3) female reproductive endpoints,
(4) male reproductive endpoints, (5) birth outcomes, (6)
puberty endpoints in girls, (7) thyroid function, (8) sex hor-
mone levels, and (9) miscellaneous. The last category
included a variety of outcomes for which only one or two
studies were conducted and assessment of consistency across
studies was not possible. In instances when the methods sec-
tion of a publication indicated evaluation of multiple out-
comes but the results section reported only selected findings,
the non-reported results were also documented. This
approach allowed us to search for reasonably homogeneous
groups of comparable articles and evaluate consistency of
methods, results and reporting within each group. Studies
were considered sufficiently comparable if they addressed the
same or similar research questions. The comparability was
assessed using the PI(E)CO format, where P specifies the tar-
get population, I(E) determines the intervention (or exposure),
C denotes the comparison group, and O identifies the out-
come of interest (Centre for Reviews and Dissemination
2016). The within-study consistency was assessed by compar-
ing results of different analyses testing the same hypothesis,
but using different exposure metrics or analytic approaches.

Results
Overview of studies

We identified 89 studies from our literature search; of those,
43 studies met the criteria for inclusion in the current review
(Supplement 1). Of the 43 studies, 24 were conducted in
North America (Wolff et al. 2008, 2010, 2015; Clayton et al.
2011; You et al. 2011; Buttke et al. 2012; Savage et al. 2012,
2014; Koeppe et al. 2013; Lankester et al. 2013; Buser et al.
2014; Spanier et al. 2014; Adgent and Rogan 2015; Li et al.
2015; lhde et al. 2015; Shiue 2015a, 2015b; Velez et al. 2015;
Ashley-Martin et al. 2016; Buckley et al. 2016; Poole et al.
2016; Scinicariello and Buser 2016; Smarr et al. 2017; Geer
et al. 2017), two studies in the Caribbean (Watkins et al. 2015;
Aker et al. 2016), 10 studies in Europe (Allmyr et al. 2009;
Chevrier et al. 2012; Philippat et al. 2012, 2014; Bertelsen
et al. 2013; Buhl et al. 2014; Den Hond et al. 2013, 2015;
Geens et al. 2015; Lassen et al. 2016), four in Asia (Chen et al.
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2013; Wang et al. 2015; Xue et al. 2015; Zhu et al. 2016), and
three in Australia (Cullinan et al. 2012, 2015a, 2015b).

The literature on TCS exposures and health outcomes is
quite recent and rapidly expanding. Most studies included in
the review were published within the last three years, and
none prior to 2008.

Not all studies represented independent data sources. For
example, 14US studies used data from the National Health
and Nutrition Examination Survey (NHANES) (Clayton et al.
2011; You et al. 2011; Buttke et al. 2012; Savage et al. 2012,
2014; Koeppe et al. 2013; Lankester et al. 2013; Buser et al.
2014; Spanier et al. 2014; Adgent and Rogan 2015; Li et al.

[ Tier 1: Design: clinical trials/ Exposure: assessment based on a sufficient number of samples per individual to
estimate exposure over the appropriate duration, or through the use of adequate long-term sampling; for chemicals
for which one sample may be sufficient to fully characterize exposure, inclusion of evidence that errors can be
considered sufficiently small; randomized experimental studies with inclusion of increased TCS levels following
intervention/ Data analysis: randomization or demonstrated comprehensive evaluation of control variables and
included sensitivity analyses.

[[] Tier 2: Design: cohort studies and case-control studies with incident cases; studies with both cohort and cross-
sectional designs/ Exposure: > one sample but without explicit evaluation of error or had > one TCS measure but
used each measure as a separate observation; other experimental studies/ Data analysis: applied appropriate
statistical methods but did not include sensitivity analyses.

[T Tier 3: Design: case-control studies with prevalent cases and cross-sectional studies/ Exposure: based on a single
sample without considering error or there were no biomonitoring data/ Data analysis: no control for extraneous
factors or considered only a few potential confounders without justification for covariate selection.

Publication Design Exposure assessment Data analysis

Adgent and Rogan 2015

Aker et al. 2016
Allmyr et al. 2009

Ashley-Martin et al. 2016

Bertelsen et al. 2013

Buckley et al. 2016

Buhl et al. 2014

Buser et al. 2014

Buttke et al. 2012

Chen et al. 2013

Chevrier et al. 2012

Clayton et al. 2011

Cullinan et al. 2012

Cullinan et al. 2015a

Cullinan et al. 2015b

Den Hond et al. 2013

Den Hond et al. 2015

Geens et al. 2015

Geer et al. 2017

Thde et al. 2015

Koeppe et al. 2013

Lankester et al. 2013

Lassen et al. 2016

Lietal. 2015

Philippat et al. 2012

Tier 2
Tier 2

Tier 2
Tier 2

Tier 2
Tier 2

Tier 2
Tier 2

Tier 2
Tier 2

Tier 2

Philippat et al. 2014

Poole et al. 2016

Savage et al. 2012

Savage et al. 2014

Scinicariello and Buser 2016

Shiue 2015a

Shiue 2015b

Smarr et al. 2017

Spanier et al. 2014

Velez et al. 2015

Wang et al. 2015

Watkins et al. 2015

Tier 2

Wolff et al. 2008

Wolff et al. 2010

Wolff et al. 2015

Xue et al. 2015

You etal. 2011

Zhu et al. 2016

Figure 2. Results of evaluation of quality of individual TCS epidemiology studies using elements of the BEES-C instrument.



2015; Shiue 2015a, 2015b; Scinicariello and Buser 2016), and
most used at least partially overlapping survey years.
Similarly, three Australian papers (Cullinan et al. 2012, 2015a,
2015b) were based on the same study, as were two publica-
tions from Puerto Rico (Watkins et al. 2015; Aker et al. 2016),
and three papers by Wolff et al. (2008, 2010, 2015).

Assessment of strength of evidence: quality of studies

Study design

As shown in Figure 2, more than half of studies (n=25) were
assigned to Tier 3 based on their overall design. Twenty two
studies were cross-sectional and the remaining three (Chen
et al. 2013; Den Hond et al. 2015; Wang et al. 2015) used
case-control design, but included prevalent rather than inci-
dent cases.

Tier 2 included 13 publications. Twelve of those publica-
tions (Wolff et al. 2008, 2010, 2015; Philippat et al. 2012,
2014; Watkins et al. 2015; Aker et al. 2016; Ashley-Martin
et al. 2016; Buckley et al. 2016; Lassen et al. 2016; Smarr et al.
2017; Geer et al. 2017) were based on seven different cohorts
assembled in France, Puerto Rico, Denmark, Canada, and vari-
ous parts of the US. One paper (Chevrier et al. 2012) pre-
sented a case-control study that used incident cases
identified among members of a French cohort.

Five experimental studies were included in Tier 1. One of
the methodologically strongest studies in this category was
the double-blind, randomized, crossover trial assessing the
effect of TCS on human microbiome (Poole et al. 2016). In
that study, participants were randomly assigned to receive
TCS-containing or TCS non-containing household and per-
sonal care products for 4 months and then switched expos-
ure arms for an additional 4 months.

Three publications were based on the double-blind,
randomized, placebo-controlled, prospective clinical trial
Cardiovascular and Periodontal Study (CAPS) conducted in
Australia among patients who had history of cardiovascular
disease (Cullinan et al. 2012, 2015a, 2015b). CAPS participants
were randomly assigned into one of two groups: one group
received placebo toothpaste, and the other received tooth-
paste containing 0.3% TCS. All subjects were followed for five
years.

The fifth publication in this group was the single arm
Swedish study (Allmyr et al. 2009) that examined changes in
cytochrome P450 3A4 (CYP3A4) activity and thyroid hormone
concentrations before and after a two-week intervention that
involved use of TCS-containing toothpaste.

Exposure assessment
Almost all of the studies (N=37) reviewed here based their
exposure assessment on one urine sample or included no
measures of TCS (Figure 2). Only one of the studies with a
single measurement (Smarr et al. 2017) provided an explor-
ation of error associated with the use of one sample instead
of generically describing error (e.g. with a discussion of ICCs;
this is further described in the Discussion section). Thus, 36 of
the 43 papers were assigned to Tier 3.

Geens et al. (2015) obtained multiple urine samples at dif-
ferent times in the study but each was used as a separate
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observation; thus, this publication was assigned to Tier 2.
Similarly, Geer et al. (2017) analyzed third trimester urine
samples and cord blood samples separately and was assigned
to Tier 2. The remaining five publications were assigned to
Tier 1. Two of those (Watkins et al. 2015; Aker et al. 2016)
were longitudinal cohort studies that included three samples
obtained at different times and examined associations with
health outcomes, taking all three TCS measures into consider-
ation. Allmyr et al. (2009) conducted an experimental study
comparing health biomarker levels before and after inten-
tional TCS administration and observed significantly higher
plasma TCS levels following the 14-day study intervention
(0.009-0.81ng/g and 26-296 ng/g: ranges before and after
exposure, respectively). Poole et al. (2016) used a cross-over
experimental study design and included measurements of
TCS in five urine samples for each study period with clear evi-
dence of increased exposure during the intervention phase.
Smarr et al. (2017) used one sample in a study of reduced
fecundity but explored the extent of error by conducting a
separate analysis restricted to couples with a shorter time to
pregnancy.

While we did not formally assign quality tiers for steps
taken to avoid sample contamination and to ensure analyte
stability, we note that only two studies specifically reported
the incorporation of field and lab blanks in their methods
(Velez et al. 2015; Ashley-Martin et al. 2016). None of the
studies offered documentation of analyte stability. Fourteen
studies used NHANES data, and did not provide documenta-
tion for either of these issues. Documentation for prevention
of contamination of samples during laboratory operations is
available (Calafat et al. 2008; CDC 2013), but no similar docu-
mentation describing these precautions during sample collec-
tion was available nor was information given on sample
handling and storage conditions.

Data analysis

When assessing the quality of data analysis, Tiers 1 and 2
included 12 and 23 publications, respectively (Figure 2). The
remaining eight publications failed to control for extraneous
factors or considered only a few selected basic covariates
such as age and BMI; these were assigned to Tier 3
(Figure 2).

Among papers included in Tier 1, particularly notable were
studies that performed longitudinal analyses with repeated
measures of TCS exposure, outcomes of interest, or both. For
example, Aker et al. (2016) used data from a cohort study of
pregnant women in Puerto Rico to examine associations
between urinary TCS concentrations measured during three
visits at 16-20, 20-24, and 24-28 weeks gestation and serum
levels of thyroid and sex hormones at visits 1 and 3.

Although all cross sectional studies included in the present
review were assigned to Tier 3 in the overall design and the
exposure assessment domains, one cross-sectional study was
placed in Tier 1 with regards to its data analysis methods.
Adgent and Rogan (2015) analyzed the data from the
2005-2008 NHANES to examine the association between urin-
ary TCS and enterolactone (an indirect marker of gut micro-
flora and antibiotic use). The linear regression analyses in that
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study controlled for a number of potential confounders
including patient demographic characteristics, SES, dietary
habits, and frequency of bowel movement. The authors also
conducted several sensitivity analyses, which treated TCS as
continuous, binary, and ordinal variables.

Assessment of consistency

The 43 studies included in the present review examined
more than 100 different health endpoints and reported hun-
dreds of different measures of association across nine broad
categories: (1) allergies and asthma, (2) measures of over-
weight and obesity, (3) female reproductive endpoints, (4)
male reproductive endpoints, (5) birth outcomes, (6) puberty
endpoints in girls, (7) thyroid function, (8) sex hormone levels,
and (9) miscellaneous. In the following sections of the review,
we examine each of these categories and assess inter- and
intra-study consistency of methods and reported results.
Tables 1-9 summarize the studies in each of the nine groups
using the PI(E)CO format.

Allergies and asthma

Table 1 summarizes six studies that evaluated the association
between TCS and various indicators of allergy and asthma
(Clayton et al. 2011; Savage et al. 2012, 2014; Bertelsen et al.
2013; Buhl et al. 2014; Spanier et al. 2014). All six studies
were cross sectional. In five studies, TCS exposure was based
on measured urinary levels from a single sample. The sixth
study (Buhl et al. 2014) defined TCS exposure as a positive
response to a skin patch test. All six studies were included in
Tier 3 with regards to their exposure assessment methods.
The studies examined 24 different endpoints such as various
categories of wheeze and asthma, evidence of sensitization
to numerous allergens, rhinitis, dermatitis and eczema. Most
of the analyses did not show significant associations and the
results demonstrated no consistent patterns across studies.
Three studies reported that persons with higher TCS levels
may have higher prevalence of inhalation allergies; however,
two of those studies (Savage et al. 2012; Spanier et al. 2014)
used the same 2005-2006 NHANES data. These same studies
did not find consistent evidence of an association with
asthma prevalence.

Measures of overweight and obesity

Nine studies assessed the association between TCS exposure
and measures of overweight or obesity (e.g. body mass index
[BMI], waist circumference [WC]) (Table 2). All but three stud-
ies in this group were cross-sectional, and all except one
were assigned to Tier 3 with respect to the quality of expos-
ure assessment.

In the previously cited double-blind, randomized, crossover
trial assessing the effect of TCS on human microbiome
(Poole et al. 2016), the authors also examined whether the
participants demonstrated any weight gain during the TCS vs.
non-TCS intervals (each interval was 4 months duration). Six
subjects gained weight (defined as increase of at least 0.6%)
in the TCS phase but lost weight or stayed at the same

weight in the non-TCS phase; however this result was not
statistically significant (p =0.22).

A study of 173 mother-child pairs (Buckley et al. 2016)
included measurements of TCS in a single spot urine sample
collected from prospective mothers at 25-40 weeks gestation
and followed their children postnatally to calculate percent
body fat at three visits between 4 and 9 years of age. Mixed
effects linear models with repeated measures were used to
examine the association between prenatal TCS and percent
body fat across the follow up period. Additional models
examined the same endpoint at each visit and extensive sen-
sitivity analyses were used to examine the effects of different
strategies of controlling for urine dilution. None of the results
demonstrated a significant departure from the null value;
however these findings are difficult to examine for inter-study
consistency because no other studies used percent body fat
as the endpoint of interest.

Another cohort study (Wolff et al. 2015) followed 1170
girls (ages 6-8 years) with annual examinations over a period
of up to seven years. TCS was measured at baseline in a sin-
gle urine sample collected at enrollment. Body mass index
percentile was examined at the last pre-pubertal visit. None
of the results demonstrated a statistically significant
association.

The results of the cross-sectional studies did not reveal
any discernable pattern. Most analyses yielded findings con-
sistent with the null hypothesis. In two NHANES studies that
observed significant associations (Lankester et al. 2013; Li
et al. 2015), the results were in opposite directions.

Female reproductive endpoints

Two cross-sectional studies and one cohort study examined
the association between TCS exposure and female reproduct-
ive health (Table 3). The cohort study by Smarr et al. (2017)
was assigned to Tier 1 for exposure characterization as
described previously. The cross-sectional studies by Wang
et al. (2015) and Velez et al. (2015) were assigned to Tier 3
with respect to exposure assessment methods, as they both
relied on one TCS measurement with no assessment of error
in exposure characterization.

Wang et al. (2015) examined urine TCS concentrations in
women who had medically unexplained spontaneous abor-
tion in mid-gestation (cases) and in women who had no his-
tory of spontaneous abortion and had at least one living
child (controls). Using subjects whose urinary TCS was < LOD
as the reference category, the authors reported significantly
elevated ORs for “medium” and “high” TCS exposure. While
these findings led the authors to conclude that “TCS-expos-
ure might cause spontaneous abortion,” this causal conclu-
sion based on the human data from Wang et al. is not
warranted because exposure in this study was measured after
the event of interest and because methods of study design,
exposure assessment and data analysis were consistent with
Tier 3.

A cohort of women enrolled in the Longitudinal
Investigation of Fertility and the Environment (LIFE) study
provided a single spot urine sample within 2 months of stop-
ping contraception and the participants were followed to
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pregnancy (Smarr et al. 2017). The outcome of interest was
time to pregnancy. The study included a variety of analyses
that treated TCS as a binary, continuous or ordinal (quartiles)
variable after controlling for multiple potential confounders
including male partner’s TCS. None of the analyses demon-
strated a significant association between baseline TCS and
time to pregnancy and there was no evidence of a dose-
response. As noted earlier, a methodological strength of the
Smarr et al. (2017) study is the ability to examine the extent
of exposure assessment error by comparing the overall result
to the result of a separate analysis restricted to couples with
a shorter time to pregnancy.

Velez et al. (2015) conducted a cross-sectional analysis that
examined the association between urinary TCS measured dur-
ing first trimester of pregnancy and time to pregnancy (ascer-
tained by recall). The results were mixed; only one analysis,
which used urinary TCS levels as a binary variable (using 75th
percentile as the cutoff), demonstrated a statistically signifi-
cant association with longer time to pregnancy; however, this
result was not confirmed when TCS was treated as a continu-
ous or ordinal variable.

Male reproductive endpoints

Endpoints examined in this group of studies included male
infertility or subfertility (two studies), time to pregnancy (one
study), and a variety of measures of semen quality such as
volume, concentration, total sperm count, and sperm motility
and morphology (three studies). All but one study in this
group were cross-sectional (Table 4). Only one cohort study
(Smarr et al. 2017) evaluated the association between TCS
levels at baseline and time to partner’'s pregnancy; the results
showed no evidence of association in any of the analyses.

The two cross-sectional studies assessing the association
between male subfertility or infertility and TCS did not dem-
onstrate consistent results. One study conducted in China
(Chen et al. 2013) observed a significant positive association
in one of the two analyses (creatinine-adjusted only), whereas
the second study conducted in Belgium (Den Hond et al.
2015) reported a null result.

Studies that examined the various measures of semen
quality were also inconsistent. The studies by Chen et al.
(2013) and Den Hond et al. reported null results. Another
cross-sectional study from China (Zhu et al. 2016) reported
some statistically significant results among 24 TCS tertile-spe-
cific regression coefficients, but all of these results were
observed in the lowest rather the highest tertiles of TCS
exposure and the significant associations varied in terms of
magnitude and direction.

Birth outcomes
Five cohort studies and one case-control study examined the
association between prenatal exposure to TCS and birth out-
comes (Table 5). All of these studies were assigned to Tier 3
with respect to their exposure assessment methods.

Only one of six studies, a case-control study from France,
focused on birth defects - hypospadias and undescended tes-
tes. The five cohort studies reported data for 11 different
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endpoints: gestational age, preterm birth, low birth weight
for gestational age, weight, body length, head circumference,
abdominal circumference, two alternative measures of ano-
genital distance, penile width, and femoral length. These end-
points were assessed at different ages pre- and postnatally,
among different population subgroups, and for different
exposure metrics, which resulted in over 130 individual meas-
ures of association.

Despite the large number of reported results, consistency
across studies is difficult to assess because very few of these
results are directly comparable. For example, Wolff et al.
(2008) and Geer et al. (2017) reported the associations
between prenatal TCS and birth weight in boys and girls
adjusted for sex, Philippat et al. (2012) and Philippat et al.
(2014) excluded girls from their analyses, and Lassen et al.
(2016) reported findings separately for boys and girls.

Very few of the results were statistically significantly differ-
ent from the null value and the statistically significant results
lacked inter- or intra-study consistency. For example, the sig-
nificant association between prenatal TCS and head circum-
ference in the Lassen et al. (2016) study was observed in
boys, but not girls; the two other studies limited to boys
(Philippat et al. 2012, 2014) reported null results, as did the
two studies that examined boys and girls together (Wolff
et al. 2008; Geer et al. 2017).

Puberty endpoints in girls

Three studies evaluated the hypothesis that TCS exposure
may influence onset of puberty in girls (Table 6). Two of
those studies were based on the same Breast Cancer and
Environment Research Program (BCERP) cohort (Wolff et al.
2010, 2015) and the third study (Buttke et al. 2012) used data
from the 2003-2008 NHANES.

The participants in the BCERP cohort study were enrolled
at the age of 6-8 years and were followed for up to seven
years. TCS was measured at baseline in a single urine sample
collected at enrollment. The main endpoints of interest were
the presence and timing of breast and pubic hair develop-
ment (Tanner stages B2 and PH2, respectively). The first ana-
lysis of this cohort (Wolff et al. 2010) evaluated the
association between urinary TCS at baseline and evidence of
B2 or PH2 at one year of follow up. TCS was expressed as an
ordinal (quintiles) or a continuous variable, although the
results for continuous TCS were not reported. In the analyses
by quintile, no association was observed for B2, but there
was evidence of an inverse relation between TCS and PH2. In
the second publication (Wolff et al. 2015), which described
the same cohort but used time-to-event analysis, the results
for B2 demonstrated a positive association with TCS (this was
not present in the Wolff et al. 2010 study). By contrast, the
previously observed inverse association for PH2 was no lon-
ger present in Wolff et al. (2015).

The NHANES-based study (Buttke et al. 2012) ascertained
age at menarche among 12- to 16-year-old girls based on
information provided by a parent or guardian. TCS was meas-
ured in a single urine sample obtained at the time of the
interview. No association between TCS and age at menarche
was observed; this study was assigned to Tier 3 for all three



42 @ M. GOODMAN ET AL.

methodological domains (design, exposure assessment and
data analysis).

Sex hormone concentrations

Table 7 summarizes the five studies that investigated the asso-
ciation between TCS and sex hormone levels. The cohort study
by Aker et al. (2016) conducted longitudinal analyses using
serum levels of estrogen, progesterone, sex-hormone-binding
globulin (SHBG), and estrogen/progesterone ratio as the end-
points of interest. There was no evidence of an association in
any of the analyses. Similarly, the cross-over trial by Poole et al.
(2016) found no evidence that TCS exposure affects serum lev-
els of free or total testosterone.

The remaining three studies in this group used cross-sec-
tional design. Den Hond et al. (2015) reported a positive sig-
nificant association of TCS with luteinizing hormone and an
inverse significant association with inhibin B in men, but no
association with any other measures (SHBG, FSH, free and
total estrogen and free and total testosterone). An NHANES-
based study (Scinicariello and Buser 2016) reported an inverse
significant trend for association of TCS with total serum tes-
tosterone, but only among male children and not among
male adolescents or female participants of any age group.
Ihde et al. (2015) observed no statistically significant associa-
tions between TCS and urine estrogen metabolite levels in
pre-pubertal children.

Thyroid function

Six studies examined the association between TCS and thy-
roid hormone levels (Table 8). Three of these studies were
experimental and three were observational. One observa-
tional study was based on a cohort of pregnant women in
Puerto Rico and the remaining two observational studies
were cross sectional.

A single arm Swedish trial (Allmyr et al. 2009) examined
changes in thyroid hormone concentrations before and after
a two-week use of a TCS-containing toothpaste. Plasma TCS
levels increased from 0.009-0.81 ng/g before the intervention
to 26-296ng/g at the completion of the trial. Despite this
increase in TCS exposure, the levels of thyroid stimulating
hormone (TSH), free thyroxine (FT4), and free triiodothyronine
(FT3) remained largely unchanged.

Another experimental study was based on the double-
blind, randomized, placebo-controlled, CAPS trial (Cullinan
et al. 2012). Subjects assigned to receive either TCS or pla-
cebo toothpaste were compared with respect to changes in
TSH, FT3, FT4, and thyroid antibodies at year 1 and year 5 of
the trial. Additional analyses also compared the two groups
with respect to the percentages of participants whose thyroid
hormone values moved outside the reference range. There
was no evidence that TCS toothpaste had a deleterious effect
on thyroid function. Only one of 31 different analyses demon-
strated statistically significant difference between two groups
(FT4 at 5 years); however, the difference was opposite of the
hypothesized direction with TCS group showing higher levels
relative to the placebo group.

The third experimental study in this group was a double-
blind, randomized, crossover trial of TCS incorporated in

household and personal care products (Poole et al. 2016).
One of the analyses in that study compared serum TSH and
FT4 levels at baseline and at the end of each (TCS and pla-
cebo) 4-month interval. No significant effect on either of
these markers was found, despite an almost 100-fold differ-
ence in TCS exposure between the two study intervals.

Aker et al. (2016) used data from a cohort study of preg-
nant women in Puerto Rico to examine associations between
urinary TCS concentrations measured during three visits at
16-20, 20-24, and 24-28 weeks gestation and serum levels of
thyroid hormones at visits 1 and 3. A distinguishing feature
of this study is the availability of three TCS measures and
two estimates of thyroid hormones. This allowed the authors
to conduct longitudinal analyses assessing the association
between TCS and each of the thyroid function markers (TSH,
FT3, and FT4) across the follow up. Neither the longitudinal
analyses nor the cross sectional analyses carried out separ-
ately for each visit showed a significant association between
TCS and thyroid hormone levels.

The results of the two cross-sectional studies demon-
strated greater variability. Geens et al. (2015) measured TCS
in urine samples collected at baseline and at 3, 6, and
12 months of follow-up from obese adult patients under-
going weight loss treatment. Serum TSH and FT4 were also
measured at each visit. In addition, one-time TCS and thyroid
hormone measures were obtained from non-obese volun-
teers. No associations were observed for TSH. The results for
FT4 were inconsistent. There was a significant inverse associ-
ation with TCS, but this association was only found among all
participants or obese women, and not among obese men or
non-obese subjects of either sex. For obese women, the asso-
ciation was only present at baseline and at 3 months, but not
at the 6 month follow up.

In another cross-sectional study based on the 2007-2008
NHANES data (Koeppe et al. 2013), the authors conducted
multiple analyses evaluating associations between urinary
TCS levels and serum FT3, FT4, TSH, thyroglobulin, and total
T3 and T4. Analyses were conducted separately by age and
by sex. Only one of 24 reported results (the association
between TCS and total T3 among all adolescents) showed a
statistically significant departure from the null and the direc-
tion of that association was positive, opposite of the
hypothesized direction.

Miscellaneous

The studies of miscellaneous health endpoints are presented
in Table 9. This group included 11 different publications
(many already discussed in the previous sections). Four of
these publications were clinical trials (Allmyr et al. 2009;
Cullinan et al. 2015a, 2015b, Poole et al. 2016), two were
cohort studies (Watkins et al. 2015; Ashley-Martin et al. 2016)
and the remaining five studies were cross sectional (all
NHANES-based). Only two of the studies examined a similar
endpoint. A cross-sectional analysis of the 2003-2006
NHANES data (You et al. 2011) observed that persons with
lower estimated glomerular filtration rate (a measure of kid-
ney function) tended to have lower levels of urinary TCS (a
measure of excretion). By contrast, the placebo-controlled



trial of TCS toothpaste (Cullinan et al. 2015a, 2015b) found
no evidence that eGFR differed across the two study groups
(p=0.77).

All other endpoints examined in this group of studies var-
ied widely, and for this reason this group cannot be eval-
uated with respect to consistency or patterns of results.
These studies are included in the current review for
completeness.

Discussion

In the past two decades, the focus in environmental epidemi-
ology has shifted from chemicals with long physiologic half-
lives (e.g. dioxins and polychlorinated biphenyls) to those
that are metabolized and/or eliminated within hours or days.
Short-lived chemicals present unique challenges for exposure
assessment and for study design and interpretation
(Goodman et al. 2014a; LaKind et al. 2014b). TCS is an import-
ant short-lived chemical because of widespread human
exposure and public concern surrounding its use (http://
www.nytimes.com/2013/12/17/health/fda-to-require-proof-
that-antibacterial-soaps-are-safe.html). In this review, we sys-
tematically examined the body of published epidemiologic
literature on TCS and a range of health endpoints. We
focused on two aspects of this literature: the quality of the
publications as defined by elements in the BEES-C instrument
(LaKind et al. 20144, 2015b) and - for a given health outcome
- the extent to which we observed inter-study and intra-
study consistency in terms of specific research questions,
methods, results, and reporting.

Quality of the available evidence

One lesson of the current review is the relative paucity of
high quality studies capable of providing convincing evidence
for or against a causal link between TCS and any of the out-
comes studied. Only one study, a randomized cross-over clin-
ical trial (Poole et al. 2016) was assigned to Tier 1 for all
three domains. Most studies (38 of 43) were assigned to Tier
3 for at least one of the domains.

In conducting a quality assessment of individual studies,
we found that problems with the extant literature fall into
two main categories: limited ability to establish the relevant
temporal relationship between exposure to TCS and out-
comes of interest and inadequate exposure assessment
increasing the likelihood of misclassification.

Study design and temporal relationship
As the main and perhaps the only inarguable property of a
causal link is the temporal relationship between exposure
and outcome (Potischman and Weed 1999; Rothman and
Greenland 2005), cross-sectional and other prevalence-based
studies are usually inadequate for confirming or refuting
causal associations (Adami et al. 2011). Most of the studies in
this review fall into this category.

Clinical trials may offer unequivocal evidence that the
exposure (e.g. via intentional administration of TCS products)
truly preceded the outcome (e.g. as measured by a change in
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hormone levels). On the other hand, clinical trials have a lim-
ited ability to address relevant research questions related to
long-term  outcomes. Moreover, testing hypothesized
detrimental effects of TCS in a clinical trial may be
unethical, unless there is a demonstrable equipoise between
hypothesized harm and potential benefit (Nycum and Reid
2007).

When a clinical trial is unethical or not feasible, cohort
studies may present the best design option. As TCS expo-
sures vary over time, even cohort studies in which exposure
assessment preceded outcome ascertainment may not be
able to adequately establish the temporal relationship,
thereby limiting causal inferences. Consider, for example,
cohort studies that examined the association between pre-
natal TCS levels and neonatal endpoints (e.g. birth weight,
head circumference, or anogenital distance) assessed either
at birth or postnatally. Fetal head circumference increases
from about 10 to 22cm between gestational weeks 14 and
24, at a rate of 2.2cm per week. In the next 10 weeks of ges-
tation, the average head circumference growth rate is around
0.7 cm/week; and for the remainder of a full-term pregnancy
(34-40 weeks), the growth slows down further to about
0.5 cm/week (Papageorghiou et al. 2014). If a maternal urine
sample is obtained in late, rather than early, pregnancy, the
resulting measure may miss the most relevant exposure win-
dow, and the study may be unable to establish the true tem-
poral relation between the exposure and the outcome.

Exposure assessment

The quality of exposure assessment is a major determinant of
the overall quality of any environmental epidemiology study
(LaKind et al. 2014a). Areas of uncertainty in biomonitoring
studies of TCS, or similar short-lived and ubiquitous chemi-
cals, include the integrity of the sample itself as well as the
optimal sample number and appropriate timing of sample
collection required to adequately assign longer-term expos-
ure status.

As TCS is widespread in the environment, in laboratory
settings and even in sample collection equipment (Barr et al.
1999; Needham et al. 2007; Calafat and Needham 2008,
2009), studies must include approaches that ensure that sam-
ples are not affected by contamination during collection,
shipping, storage, and analysis (USEPA 2008, 2009; Ye et al.
2013). This is particularly important for environmental phe-
nols such as bisphenol A, TCS, and some parabens, which
may be present in numerous consumer and household
products.

Some short-lived chemicals can be broken down by blood
enzymes, absorbed by storage containers or degrade when
freezing of samples is delayed or if the samples are thawed
and re-frozen (Ye et al. 2007; Provencher et al. 2014). TCS in
samples stored at 4°C and -70°C has been reported to be
stable for up to 7 and 180 days, respectively (Ye et al. 2007);
to our knowledge, TCS stability outside of these storage
parameters has not been explored.

Once converted to the parent compound, it is not possible
to distinguish TCS derived from the biological sample and
that from environmental contamination (Ye et al. 2007).
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These observations indicate that documentation of analyte
stability constitutes an important element of exposure assess-
ment in studies of TCS.

Given the importance of sample integrity to the reliability
and quality of the exposure assessment, it is surprising that
few of the publications reviewed here documented steps
taken to avoid sample contamination or demonstrate analyte
stability. For example, Wang et al. (2015) included partici-
pants who likely provided urine samples in a health care set-
ting where TCS might have been widely used (Maclsaac et al.
2014), yet gave no documentation on efforts taken to prevent
sample contamination during collection, shipping, storage, or
analysis.

Information showing that TCS levels remained stable from
the time of the biological sample collection until the time of
laboratory analysis was also not provided in this literature.
For example, Lassen et al. (2016) recruited women into their
study starting in January 2010 and some samples were not
analyzed until December 2012. No information was given on
the length of time the samples were maintained at room
temperature or whether any assessment of analyte stability
was conducted in order to ascertain that two years is an
acceptable storage time.

We recognize that certain aspects of study design may not
have been included in a publication but were still docu-
mented elsewhere (e.g. in laboratory reports). In general, we
did not attempt to seek these out but rather relied on what

Table 10. TCS ICCs in the published literature.

was provided in each publication or associated publication
supplement.

Perhaps the most important methodological problem in
studies of short-lived chemicals is the use of a single measure
as a surrogate for longer-term exposure. Error and the result-
ing misclassification associated with this approach is well-
documented for bisphenol A and several short-lived pesti-
cides (Teeguarden et al. 2011; Attfield et al. 2014; Morgan
et al. 2016).

One approach used by the scientific community to assess
temporal stability in exposure is to consider the intraclass
correlation coefficient, or ICC, for the chemical of interest.
The ICC is defined as the proportion of the overall variation
in measurements that is explained by differences between
the subject distributions (in other words, how much variation
is related to within person variability and how much is
related to variability between people). ICC values range from
zero to one, with a value for the ICC of zero meaning that all
variation is due to variability within the subject, and a value
of one indicating that all variation is due to variability
between subjects. The ICC values are typically divided into
three categories, with an ICC <0.40 indicating poor reprodu-
cibility, an ICC of 0.40 to <0.75 indicating fair to good repro-
ducibility, and an ICC of 0.75 or greater indicating excellent
reproducibility (Fleiss 1981; Rosner 2000). Researchers will
generally assume that an ICC value closer to 1 supports the
use of one measurement of a short-lived chemical based on

ICC, creatinine-

N/urine samples/type

ICC, unadjusted

ICC, SG-adjusted

Reference N/participants Cohort and time (95% Cls) (95% Cls) adjusted
Meeker et al. (2013) 105 Pregnant women, 3 spot during 0.42 (0.30, 0.55) 0.47 (0.35, 0.59) NA
Puerto Rico pregnancy
Teitelbaum et al. 35 6-10 year old children ~ Up to 7 spot over 6 0.35 NA 0.39
(2008) in NYC months
Weiss et al. (2015) 80 Pregnant women in Five during pregnancy.  Similar to adjusted within a week-day NA
Ottawa One 2-3 months post- =0.77
partum. within a week-end
First sample: pooled day =0.79
24-hour sample across the study
from serial spot period = 0.50
urine voids.
Remainder: spot
Geens et al. (2015) 151 case/ Overweight/obese and  Prior to a diet program  NA NA 0.476°
43 control 43 lean adult men or bariatric surgery,
and women, and then 3, 6, and
Belgium 12 months later.
either 24-h or single
void samples
Philippat et al. (2013) 71 Pregnant women, NYC  Three serial spot sam-  0.56 0.58 0.61
ples; 1st sample col-
lected following
amniocentesis;
second two taken
two or more weeks
apart
Bertelsen et al. (2014) 45 Pregnant women, Spot samples at gesta-  0.45 NA 0.49
Norway tional weeks 17, 23,
and 29
Koch et al. (2014) 8 Husband-wife pairs, All urine voids over a Spot =0.934 NA Spot = 0.957
Belgium six day period 24-h =0.982 24-h =0.987
Lassen et al. (2013) 33 Men, Denmark Two spot, three first 24-h samples: 0.55 NA NA
morning and three (0.35, 0.73)

24-hour samples
over a 3-month
period

(collected~40 days
apart)

NA: not available.

°It is unclear whether this value is based on adjusted or unadjusted levels; further a value of 0.495 is reported in the Supplement to Geens et al.



the assumption that the variability within a subject is small
(i.e. one measurement represents long-term exposure). As
published ICCs for TCS range from approximately 0.3 to 0.9
(Table 10), these TCS ICC values suggest reproducibility could
be described as either poor, fair or excellent, depending on
which published value is used.

This wide range of ICCs reflects the complications associ-
ated with relying on ICC values when exploring intra-individ-
ual variability for urinary TCS. For example, as noted by Koch
et al. (2014), “In many cases the relatively high ICC values in
the current study derived from large between-individual dif-
ferences in exposure levels rather than from low within-indi-
vidual variation...” Koch et al. further observe that a single
spot sample may “substantially over- or under-represent aver-
age exposure to that individual.” Similarly, referring to ICCs of
around 0.5-0.6, Philippat et al. (2013) stated: “Although a cor-
relation of this magnitude is greater than reported for many
other rapidly metabolized compounds, it may still result in
bias due to exposure misclassification if the putative window
of susceptibility is distant from the sample collection peri-
od... To limit the effects of exposure misclassification, stud-
ies of the effects of phenol prenatal exposure on health
should try to collect multiple urine samples during
pregnancy.”

We further explore issues surrounding the use of the ICC
as the foundation for using one measurement to approximate
longer term exposures here, and in detail in Supplement 2 of

CRITICAL REVIEWS IN TOXICOLOGY 45

this paper. We ask two questions: How should a particular
ICC value be interpreted in terms of misclassification proba-
bilities? What issues ought to be considered when interpret-
ing the ICC that is reported in a given study?

Misclassification probabilities. The following is an illustration
from the TCS literature. Lassen et al. (2013) obtained serial
measurements of urinary TCS levels in 33 individuals (while
raw individual data for the 33 men are not given, data are
shown in Figure 1 in the publication). Serial measurements
for some of the men showed urinary TCS levels ranging over
approximately three orders of magnitude during the 3-month
period. Regarding one’s ability to use one urinary measure to
assign a study participant to a correct exposure tertile, Lassen
et al. found that for men with three serial morning urine
measurements, 13 (42%) of the 31 men had all three meas-
urements in the same tertile within three months, while 6%
had no measurements in the same tertile. For 24-h urine sam-
ples collected over a three month period, only 25% of the
men had all three measurements in the same tertile.

To quantify reproducibility, consider a study in which we
obtain urinary chemical measurements for 15 subjects. We
can then determine the probability that the subjects are clas-
sified in their correct tertiles based on their measurements,
depending on the true ICC and the number of measurements
per subject. For example, if the true ICC is 0.50, and there are
two measurements per subject, the chance that a subject is
correctly classified is 64.9% (Figure 3). When the number of

Probability of correct classification based on 15 subjects

1.0

09

07

Probability of correct tertile classification

05

04

5 reps/subject

2 reps/subject

0.0 02 04

06 08 1.0
ICC

Figure 3. Probability that the sample mean for a subject falls in same tertile as that subject’s true tertile, based on a study of 15 subjects. The probability is depend-
ent on the number of measurements per subject. Each probability is based on a Monte Carlo simulation of the one-way ANOVA model with 100 000 trials.
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measurements per subject is 25, this proportion becomes
86.6%. In addition, as the true ICC increases, the chance of
correctly classifying the tertile of a subject increases. As the
ICC approaches one, we should attain correct prediction
100% of the time. At the other extreme, when the ICC is
zero, predicting the correct tertile should be equivalent to
random guessing, hence a 3315% prediction rate. In sum-
mary, the lower the value of the true ICC and the fewer the
number of urine samples measured, the greater the likelihood
that study will incorrectly characterize participants’ exposures.
Even for an ICC value that is considered to indicate “good”
reproducibility, a large portion of the study population may
been misclassified regarding their exposures.

Issues to be considered when interpreting reported ICCs. It is
important to recognize that the ICC itself is based on model-
ing assumptions. Most researchers estimate ICCs under the
one-way ANOVA random effects assumptions, but in fact
these assumptions can be violated in a variety of ways.
Specifically, measurement distributions can have different var-
iances, they may not have the same shape after accounting
for differences in spread, and they may vary over time. It is
also important to recall that the ICC is an estimated quantity,
and consequently it has a sampling distribution that depends
on the numbers of subjects and number of replicate meas-
urements per subject. An additional violation of ANOVA
assumptions is that there is reason to expect that concentra-
tions for a subject measured over time will exhibit serial cor-
relation, with pairs of measurements collected at closer times
tending to be more similar than pairs measured over longer
time gaps. When the ICC estimation is based on measure-
ments that are tightly clustered in time, this can lead to
under-estimation of within subject variance, and hence an
over-estimate of the ICC. Finally, ignoring covariates that
account for between-subject variation is another potential
source of over-estimation of the ICC (see Supplement 2).

In summary, the reliance on literature-based ICCs can give
false confidence in our ability to properly characterize expo-
sures to short-lived chemicals such as TCS using one meas-
urement. Ultimately, research on temporal variability for an
array of population types will need to be conducted. In add-
ition, a discussion on “acceptable” levels of misclassification is
needed.

Consistency of methods results and reporting across
studies

Replication of findings is crucial for drawing inferences, mak-
ing regulatory decisions, and developing policy. In the field
of clinical medicine, there is consensus that replication of
studies, and specifically clinical trials, is required for approval
of drugs and medical devices (Berlin and Colditz 1999). By
contrast, in environmental research most data on humans are
observational and thus the conditions within a study are far
less controlled.

Compared to their colleagues who perform clinical trials,
researchers conducting observational studies have far more
leeway in terms of selecting measures of exposure and out-
come, choosing statistical methods, and deciding which of
the analyses should be reported (Goodman et al. 2010). In

those circumstances, a systematic weight-of-the-evidence
assessment of observational research is only possible if the
literature is sufficiently coherent to allow a PI(E)CO review
(Centre for Reviews and Dissemination 2016).

One of the problems with reviewing the literature on TCS
is a lack of clear a priori understanding of its expected effects
on human health. Consider the general concern that TCS may
act as an endocrine disruptor capable of altering sex hor-
mone function (Dann and Hontela 2011). As the concept of
“endocrine disruption” may have multiple possible manifesta-
tions, an important next step in the assessment of evidence
from human studies is to formulate one or more specific
hypotheses.

An a priori hypothesis stemming from clinical or basic sci-
ence evidence may be described as “the cornerstone of any
epidemiological inquiry” (LaKind et al. 2014a). Studies that
rely on data with multiple variables offer an opportunity for
multiple simultaneous hypothesis testing, which may increase
efficiency, but presents a challenge with respect to proper
interpretation of results. For example, data from in vitro
assays and results of in vivo animal studies appear to be in
disagreement on whether or not TCS is expected to exert
androgenic or anti-androgenic activity (Foran et al. 2000;
Chen et al. 2007; Kumar et al. 2009; Witorsch 2014). Without
strong a priori evidence, it may be reasonable to examine
two competing hypotheses: (1) higher levels of TCS exposure
are associated with higher levels of testosterone in humans
and (2) TCS exposure is inversely related to testosterone con-
centrations. If TCS indeed affects testosterone levels in either
direction, a coherent body of human literature, assessed
within a PI(E)CO framework, should support one of the two
competing hypotheses.

A closer examination of the literature on TCS and testos-
terone levels shows that a PI(E)CO review is not possible.
Three studies measured testosterone levels in relation to TCS
exposure, but their methods of data collection, analysis, and
reporting were too discordant to allow a side-by-side com-
parison of results. With respect to the population of interest
(P), one study included healthy adult volunteers of both sexes
(Poole et al. 2016), the other included men with low sperm
motility counts and controls whose counts were normal (Den
Hond et al. 2015), and the third was limited to children and
adolescents (Scinicariello and Buser 2016). The intervention (I)
or exposure (E) categories and the comparison groups (C)
also differed across studies. The first study was a cross-over
clinical trial that compared intervals of intentional TCS admin-
istration to the corresponding no-exposure interval for the
same subjects (Poole et al. 2016). The second was a cross-sec-
tional study that expressed urine TCS as a natural logarithm-
transformed continuous variable (Den Hond et al. 2015). The
third study also used cross-sectional design, but divided urin-
ary TCS levels into quartiles (Scinicariello and Buser 2016). In
terms of outcome definitions, the article by Poole et al.
(2016) focused on free testosterone (although total testoster-
one results are available in the Supplementary materials),
Scinicariello and Buser (2016) measured total testosterone
only, and Den Hond et al. (2015) reported data for both. The
analyses also differed across studies. Poole et al. (2016) per-
formed a Wilcoxon test and reported the results as p values
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only, Den Hond et al. (2015) used linear models and reported
regression coefficients and Scinicariello and Buser (2016)
expressed their results as ORs for each quartile using the first
quartile as the reference category. Moreover, Scinicariello and
Buser (2016) reported the association between TCS and total
testosterone separately for male children, male adolescents,
female children and female adolescents further complicating
the inter-study comparisons.

As another example, a recent review of animal studies con-
cluded that TCS administration results in decreased concentra-
tions of T4 in rats (Johnson et al. 2016). This observation
presents a rare opportunity to examine the human literature
with a clear a priori formulated hypothesis that higher levels of
TCS exposure should produce lower T4. Three clinical trials
addressed this hypothesis. Of those, two studies (Allmyr et al.
2009; Poole et al. 2016) found no discernable effect of TCS,
and one study (Cullinan et al. 2012) reported that the T4
changes after 5 years of TCS intervention, although clinically
not relevant, were in the opposite of the hypothesized direc-
tion when compared to the placebo group. Cullinan et al.
(2012) reported that the difference between TCS and placebo
arms reflected “reduced levels in the placebo group but no
change in the triclosan group.” Based on their results, the
authors concluded that “triclosan toothpaste had no detect-
able effect on thyroid function.” Of the three observational
studies addressing the same hypothesis, two (Koeppe et al.
2013; Aker et al. 2016) reported null results, and one (Geens
et al. 2015) observed a significant inverse association that was
limited to all obese participants and obese women at 0 months
and obese women at 3 months.

Similar problems with attempting a PI(E)CO review can be
observed with the two available studies on exposure to TCS
and time to pregnancy (Velez et al. 2015; Smarr et al. 2017).
The results from these studies were inconsistent, as were the
study design and exposure assessment approaches.
Regarding exposure, Smarr et al. (2017) measured TCS in a
single spot urine sample collected within 2 months of stop-
ping contraception while Velez et al. (2015) used a spot sam-
ple collected during the first trimester. Whether these
differences impacted the reported measures of association is
unknown, but other research has suggested that many fac-
tors affect TCS levels in pregnant women (e.g. time of day of
urine sample collection, time since previous void, day of the
week and season of sample collection, number of previous
pregnancies) (Arbuckle et al. 2015; Weiss et al. 2015) and it is
possible that not accounting for these could impact study
findings.

When assessing consistency of reported results, it is also
important to consider publication bias, defined as the
“tendency on the parts of investigators or editors to fail to
publish study results on the basis of the direction or strength
of the study findings” (Dickersin and Min 1993). It has been
demonstrated that studies with positive significant results are
more likely to be published, and the tendency towards publi-
cation bias is more pronounced in observational studies than
in clinical trials (Easterbrook et al. 1991). It is therefore plaus-
ible that the literature on TCS is also affected by publication
bias. For example, in performing this review we identified
three very similar studies that evaluated the 2011-2012
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NHANES data to assess three separate outcomes (oral health,
memory problems, and self-reported health status) in relation
to urinary levels of heavy metals, phthalates, phenols, thio-
cyanate, parabens, pesticides, polyaromatic hydrocarbons,
and polyfluorinated compounds (Shiue 2015a, 2015b, 2015c).
Although all three analyses were based on the same NHANES
data and evaluated the same chemicals, only two papers
(Shiue 2015a, 2015b) included results for TCS, although there
were over 500 NHANES participants with both TCS exposure
and memory problem data.

Another closely related concept is selective within-study
reporting defined as “selection on the basis of the results of
a subset of the original variables recorded for inclusion in a
publication” (Dwan et al. 2008). Consider, for example, a
study from the French EDEN mother-child cohort (Philippat
et al. 2014). The study included children of both sexes, but
the results were presented for boys only. The number of girls
available for analysis was about the same as that for boys
and there is little evidence that the proposed mechanisms of
effect on fetal growth (e.g. via glucocorticoid or thyroid
action) are only relevant to boys. The authors justify exclusion
of girls by citing two papers (Wolff et al. 2008; Harley et al.
2013) as supporting sex-specific effects. However, a closer
look at these two papers fails to identify a discernable pat-
tern. In the analyses of birth weight, Wolff et al. (2008) report
a significant inverse association for 2,5-dichlorophenol in
boys but not in girls, and a positive association for benzophe-
none-3 among boys, but an inverse association among girls.
Harley et al. (2013) report inverse association between
bisphenol A and body size at 9 years of age among girls, and
no evidence of associations in boys. Taken together, these
data do not appear to provide a good reason for limiting
analysis or reporting to any particular sex.

As reviewed elsewhere (Kyzas et al. 2007), it is a common
practice to highlight positive and statistically significant
results in the abstract or conclusion sections of articles. Most
studies included in the present review reported some positive
findings. For example, Lassen et al. (2016) presented 39 differ-
ent quartile-specific measures of association and 13 measures
of associations that treated TCS as a continuous variable.
Most results were consistent with the null hypothesis; some
were inverse and some were positive. Among four statistically
significant ORs, three were inverse, and one was positive. The
tests for interaction were not statistically significant, justifying
an overall sex-adjusted analysis. The authors concluded that
their findings were “compatible with an anti-androgenic
effect of prenatal TCS exposure on fetal growth in boys,” but
another likely explanation of the observed results is random
variation stemming from multiple comparisons.

The above examples illustrate that a narrative review of
stated conclusions may leave a false impression that the stud-
ies are in agreement. The inconsistencies only become evi-
dent when results from different analyses are organized and
presented systematically.

Conclusions

Although the available epidemiological literature on TCS
included examinations of more than 100 different health
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endpoints and reported on hundreds of different measures of
association, very few studies addressed similar specific
research questions and used sufficiently consistent methods
to allow a meaningful comparison of results. Of the reported
measures of association, most were not significantly different
from the null, and the few statistically significant results rep-
resented isolated findings without a discernable across- or
within-study pattern.

This review indicates that the existing body of epidemio-
logical literature on TCS does not allow a meaningful weight
of the evidence assessment due to methodological limitations
of individual studies and a lack of inter-study consistency. For
this reason, our proposals for future research are focused on
ways of improving the primary studies since the quality of
the review is inevitably tied to the quality and coherence of
the underlying literature.

In designing future research, it is important to take into
consideration methodologically stronger studies. For example,
studies assessing relatively short-term changes in health bio-
markers in response to TCS exposure would benefit from fol-
lowing the example of the existing experimental trials
described in this review. If experimental trials are not feasible,
future observational studies may consider emulating some of
the aspects of existing prospective cohorts, particularly those
with the highest quality exposure assessment methods. It is
important to point out, however, that the methods of assess-
ing exposure to TCS are a matter of considerable uncertainty
due to the overall lack of knowledge on how to properly
characterize exposure to short-lived chemicals. While there
appears to be a consensus that a one-time spot sample
leaves too much room for misclassification, the optimal num-
ber and the correct timing of samples required for the state-
of-the-art exposure assessment are not known. Further
research on best approaches for characterizing exposures to
short-lived chemicals with exposures impacted by the time-
dependent and product-use variations by humans is needed
to address this issue and to allow interpretation of these data
to match our analytical capabilities.

One approach would be to conduct studies of the associa-
tions between TCS and health outcomes that are preceded
by a series of methodological exposure characterization stud-
ies that could then inform well-designed epidemiological
research. These methodological studies could employ timed
sample collection protocols, describe various exposure pro-
files by measuring peak and background concentrations, and
take into consideration variable product use in humans.

In the meantime, the present systematic review demon-
strates that the body of published epidemiological literature
on TCS is not sufficiently concordant in terms of method-
ology or results nor is it of sufficient quality to inform WOE
assessments. The issues identified here are in no way unique
to TCS and are applicable to other chemicals with similar
properties. With the growing reliance on human data for
public health decision-making, we are at an important junc-
ture in terms of developing guidance for future epidemio-
logical studies capable of producing more conclusive
evidence for or against the hypothesis that TCS - or chemi-
cals with similar physico-chemical properties — adversely
affect human health.
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