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lying any serious policy discussions serving to protect the 
public and regulate chemicals considered as EDCs.
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Background

During the past 2 years, a series of seven inter-related 
papers published in three different journals (Trasande et al. 
2015; Bellanger et al. 2015; Hauser et al. 2015; Legler 
et al. 2015; Hunt et al. 2016; Trasande et al. 2016; Attina 
et al. 2016) have provided estimates of the annual soci-
etal costs of exposures to endocrine disrupting chemicals 
(EDCs) in the hundreds of billions of Euros or US dollars. 
Although the validity of these estimates has been seriously 
questioned by others (Middelbeek and Veuger 2015; Euro-
pean Commission 2016a), they nevertheless continue to 
be widely cited in the popular press and in various policy 
forums in the US, EU and internationally. The proponents 
of the cost estimates are using them aggressively in advo-
cacy campaigns to highlight a presumably missed health 
impact in the general population that is not controlled for 
by current safety evaluations and risk assessments, increas-
ing public anxiety and fears, and thus finally attempting 
to fundamentally change how chemicals are tested, evalu-
ated and regulated. As any statements regarding the poten-
tial impaired health of the public must be considered with 
the utmost care and urgency, it is equally important to 
understand the scientific basis that has led to the original 
statement(s). For this reason, a critical evaluation of these 
estimates is urgently needed.

Abstract Recently published papers have alleged that 
exposures to endocrine disrupting chemicals (EDCs) are 
causing substantial disease burdens in the EU and US 
and are consequently costing society hundreds of billions 
of dollars annually. To date, these cost estimates have 
not undergone adequate scientific scrutiny, but neverthe-
less are being used aggressively in advocacy campaigns 
in an attempt to fundamentally change how chemicals are 
tested, evaluated and regulated. Consequently, we criti-
cally evaluated the underlying methodology and assump-
tions employed by the chief architects of the disease bur-
den cost estimates. Since the vast majority of their assigned 
disease burden costs are driven by the assumption that 
“loss of IQ” and “increased prevalence of intellectual dis-
ability” are caused by exposures to organophosphate pes-
ticides (OPPs) and brominated flame retardants (PBDEs), 
we have taken special care in describing and evaluating the 
underlying toxicology and epidemiology evidence that was 
relied upon. Unfortunately, our review uncovered substan-
tial flaws in the approach taken and the conclusions that 
were drawn. Indeed, the authors of these papers assumed 
causal relationships between putative exposures to EDCs 
and selected diseases, i.e., “loss of IQ” and “increased 
prevalence of intellectual disability”, despite not having 
established them via a thorough evaluation of the strengths 
and weaknesses of the underlying animal toxicology and 
human epidemiology evidence. Consequently, the assigned 
disease burden costs are highly speculative and should not 
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Our review below explores how the cost estimates were 
made, restates the major findings as originally reported 
and highlights the multiple shortcomings of the methodol-
ogy that was used. Since the vast majority of the estimated 
costs derive from alleged chemically mediated reductions 
in IQ and increased prevalence of intellectual disability, the 
evidence supporting these particular claims is more closely 
scrutinized.

How the cost estimates were derived

A series of four related papers estimating the societal costs 
to the EU from diseases purportedly caused by low-level 
exposures to EDCs was originally published in March 2015 
in the Journal of Clinical Endocrinology and Metabo-
lism (Trasande et al. 2015; Bellanger et al. 2015; Hauser 
et al. 2015; Legler et al. 2015). They were followed by a 
fifth paper (Hunt et al. 2016) published in the same jour-
nal a year later which addressed estimated costs of female 
reproductive disorders and diseases attributable to EDC 
exposures. A sixth paper, which presented an update to 
the original EU cost estimates was published in the jour-
nal Andrology (Trasande et al. 2016). More recently, a sev-
enth paper (Attina et al. 2016) which relies on the same 
evidence and methodology as applied in the original five 
papers has been published in the journal The Lancet Diabe-
tes and Endocrinology and focuses on estimating the cost 
of exposures to EDCs in the US. An eighth paper which 
will focus on breast cancer, has yet to be published, but is 
anticipated at some point in the near future.

The first paper (Trasande et al. 2015) in the series 
describes the overall methodology that was used, the com-
posite results and high-level conclusions. In brief, a self-
appointed Steering Committee devised the overall meth-
odology for assigning probability of causation between 
a focused list of alleged EDCs and selected disorders and 
diseases. The purported EDCs and disorders and diseases 
were chosen based on a 2012 UNEP/WHO sponsored 
review of the “state of the science” report (Bergman et al. 
2013) which itself has been heavily criticized for failing 
to use systematic review methodology (Lamb et al. 2014; 
Vandenberg et al. 2016). The Steering Committee also 
developed the methodologies for assigning the fraction of 
disease burden in the population that is potentially attribut-
able to exposure to EDCs as well as the methodology for 
assessing the potential costs to society from exposures to 
EDCs. Societal costs were ascribed using a human capi-
tal approach that measured the value of resources fore-
gone and lost output due to illness, such as lost earnings or 
household contributions as a homemaker, as well as costs 
of medical treatment.

The Steering Committee selected scientists to par-
ticipate on five panels and coached them on the meth-
ods to be used to assess the probability of causation 
between purported EDCs and disease outcomes. The 
panels, which ranged in size from four to eight scientists, 
focused on purported EDC exposures and (1) neurobe-
havioral deficits and diseases; (2) male reproductive dis-
orders and diseases; (3) obesity and diabetes; (4) breast 
cancer; or (5) female reproductive disorders and diseases. 
Probability of causation between purported EDCs and 
selected medical conditions was assessed by each of the 
respective panels which evaluated the animal toxicology 
evidence separate from the human epidemiology evi-
dence applying a modified Delphi technique in an effort 
to arrive at consensus. The fraction of disease attribut-
able to EDC exposure was estimated, as were exposure–
response relationships, often from the results of a single 
epidemiology study. Limited biomonitoring data were 
used to estimate levels of exposures to EDCs in the gen-
eral population and to apply to the exposure–response 
relationships. Societal costs were then estimated using 
the total number of disease cases attributed to EDC expo-
sure using estimated average cost per case estimates.

What were the reported results and conclusions?

Table 1 presents a summary of the findings reported to date 
from the seven studies. The expert panels reported consen-
sus for “at least probable” (arbitrarily chosen as a greater 
than 19% probability) EDC causation for: IQ loss (ranging 
from 0.52 to 0.84 IQ points and 0.38–5.32 IQ points attrib-
utable to polybrominated diphenylether and organophos-
phates exposures, respectively) and associated intellectual 
disability, autism, attention-deficit disorder, childhood 
obesity, adult obesity, adult diabetes, cryptorchidism, male 
infertility, mortality associated with reduced Testosterone 
(T), uterine fibroids and endometriosis. Among the constel-
lation of health outcomes that were studied, a “very low” 
(0–19%) probability of causation was determined only for 
PBDE exposure as a potential cause of testicular cancer.

The total annual cost of all medical conditions prob-
ably attributable to EDCs in the EU was then estimated to 
be 191B Euros, with sensitivity analyses suggesting costs 
ranging from 81.3 to 269B Euro annually (note, the female 
reproductive disorder costs, which were reported later 
(Hunt et al. 2016), raised these estimates by less than 1%).

Overwhelmingly, the total cost estimate was driven by 
the reported loss of IQ and associated intellectual disability 
purportedly attributable to prenatal organophosphate expo-
sure which accounted for 146B Euros of the 191B Euro 
total (76.4%).
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Phthalate-attributable adult obesity was the second larg-
est driver of costs in the EU at 15.6B Euro per year (8.2% 
of the total).

The authors (Trasande et al. 2015) concluded that EDC 
exposures in the EU are likely to contribute substantially 
to disease and dysfunction with costs in the hundreds of 
billions of Euros per year—more than 1% of annual GDP 
of the EU. Further, they asserted their belief that the actual 
costs are likely to be even higher, because their analysis 
was limited to what they regarded as a relatively small 
number of EDCs and disease conditions.

More recently (Attina et al. 2016), the same estimates 
of probability of EDC-health outcome links, attributable 
fractions of disease and exposure–response relationships 
that were generated for producing EU cost estimates, 
were applied to population and biomonitoring data spe-
cific to the US. From this information, the authors esti-
mated the annual costs attributable to EDC exposures in 
the US alone are $340 billion. Again, the largest driver of 
costs was the purported loss of IQ and increased preva-
lence of intellectual disability, accounting for nearly 80% 
of the total costs. In this study, the estimated cost burden 

was attributable to exposures to polybrominated diphe-
nyl ethers (PBDEs). The next highest attributable cost, an 
estimated $43 billion annually (12.6% of total costs), was 
alleged to be attributed to endometriosis from phthalate 
exposure.

A critical evaluation of the underlying 
methodology employed

Given the aggressive media campaign that accompanied 
the Trasande et al. (2015) publication that was directed 
at influencing the ongoing debate in the EU about crite-
ria for identifying EDCs, one could legitimately question 
whether it may have biased the results toward exaggerat-
ing costs (Runkle and Frankel 2012). However, our review 
will be specifically restricted to the merits of the science as 
described in the various published papers (Trasande et al. 
2015; Bellanger et al. 2015; Hauser et al. 2015; Legler 
et al. 2015; Hunt et al. 2016; Trasande et al. 2016; Attina 
et al. 2016). In this section, we undertake a critical eval-
uation of the methodology that was used to develop cost 

Table 1  Summary of findings from studies estimating societal costs attributable to EDC exposures (Trasande et al. 2015; Bellanger et al. 2015; 
Hauser et al. 2015; Legler et al. 2015; Hunt et al. 2016; Attina et al. 2016)

ADHD attention-deficit hyperactivity disorder

Exposure Outcome Strength of epide-
miology evidence

Strength of toxico-
logical evidence

Probability of 
causation, %

Base estimates of annual costs

EU (Billion Euros) US (Billion USD)

PBDEs IQ loss and intel-
lectual disability

Moderate-to-high Strong 70–100 9.6 266

Organophosphate 
pesticides

IQ loss and intel-
lectual disability

Moderate-to-high Strong 70–100 146 44.7

DDE Childhood obesity Moderate Moderate 40–69 0.02 0.03

DDE Adult diabetes Low Moderate 20–39 0.83 1.8

Di-2-ethylhexyl-
phthalate

Adult obesity Low Strong 40–69 15.6 1.7

Di-2-ethylhexyl-
phthalate

Adult diabetes Low Strong 40–69 0.61 0.09

BPA Childhood obesity Very low-to-low Strong 20–69 1.5 2.4

PBDEs Testicular cancer Very low-to-low Weak 0–19 0.85 0.08

PBDEs Cryptorchidism Low Strong 40–69 0.13 0.04

Benzyl and butyl 
phthalates

Male infertil-
ity, resulting in 
increased assisted 
reproductive 
technology

Low Strong 40–69 4.7 2.5

Phthalates Low T, resulting in 
increased early 
mortality

Low Strong 40–69 8.0 10.6

DDE Fibroids Low-moderate Moderate 20–39 0.16 0.26

Phthalates Endometriosis Low-moderate Moderate 20–39 1.3 47

Multiple exposures ADHD Low-to-moderate Strong 20–69 1.7 0.70

Multiple exposures Autism Low Moderate 20–39 0.20 2.0
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estimates of the disease burden attributable to EDC expo-
sure. This includes an examination of:

the role of the Trasande et al. (2015) Steering Commit-
tee,
the approaches that were taken to search the literature 
and select the underlying scientific studies that were 
relied on as primary data sources,
the methods used to assess the animal data and human 
epidemiology data, and the framework for assessing 
probability of causation,
how Attributable Fraction and exposure–response rela-
tionships were estimated and applied,
sources and use of biomonitoring data,
sources of and uses for the cost data, and
the cumulative effect of the numerous assumptions 
inherent in each step of the process.

The Trasande et al. (2015) Steering Committee and its 
role

The entire project was overseen by a Steering Committee 
that consisted of a self-appointed group of eight scientists 
who have published research and actively engaged in pub-
lic policy advocacy on the topic of EDCs. They designed 
the methodology that was used throughout the process. 
They chose the five health outcome groupings for evalu-
ation (i.e., neurobehavioral deficits and disorders; male 
reproductive disorders and diseases; obesity and diabetes; 
breast cancer; and female reproductive disorders and dis-
eases). They also selected the scientist members of the five 
separate associated panels, who were identified as “epi-
demiological and toxicological experts, based upon their 
scholarly contribution in the diseases under consideration 
and endocrine disruptor toxicology” (Trasande et al. 2015).

Teleconferences of indeterminate length were held 
biweekly over a three-month period with all of the partici-
pants to “encourage familiarity with the literature being 
reviewed, to describe the Delphi method (including the 
definition of terminology and interaction structure), and to 
identify expert group leaders.”

The Trasande et al. (2015) Steering Committee then con-
vened a two-day meeting where the associated panels met 
to discuss their interpretation of the literature and to assign 
probability of causation using a modified Delphi technique 
to arrive at a consensus. Although not transparently com-
municated, it is apparent that deliberations among panel 
members continued on for some indeterminate time period 
after the two-day meeting concluded, at the discretion of 
the panel leaders, to accomplish their work.

Given the complex nature of the project, the use of a 
Steering Committee was a logical path to take; however, 

there are several concerns that arise from the approach 
taken:

The Steering Committee was self-appointed. No 
description was provided for the process that was used 
to recruit members, their qualifications to serve or how 
eligibility was determined.
Similar criticisms can be leveled at the selection and 
recruitment of the associated panel members and their 
leaders.

Above criticisms take on added significance when, as the 
authors of Trasande et al. (2015) admit, the assignment of 
probability of causation is a highly subjective process. The 
casual selection approach taken to such a critical step in the 
process stands in stark contrast to the rigorous processes 
employed by regulatory agencies in the US and the EU when 
they form advisory panels and must, among other require-
ments, try to ensure a balance of perspectives on an issue (US 
EPA 2016a; European Commission 2016b). A careful exami-
nation of the curriculum vitae of the expert panelists convened 
by Trasande et al. (2015) demonstrates a clear predisposition 
toward those who have exhibited strong biases in the favor of 
ascribing causality to associations observed between exposure 
to alleged EDCs and adverse health outcomes. Indeed, none of 
the panels encompassed scientists who have expressed critical 
views about the hypotheses being evaluated.

There is evidence that the Trasande et al. (2015) Steer-
ing Committee exerted much influence over the delibera-
tions of the expert panels providing specific guidance on 
topics about which there remains significant debate among 
scientists. Here are a few selected examples:

“Because of the EU decision-making context, pan-
elists were advised to adhere to the EU definition [of 
an EDC], but to add a further requirement that the 
chemicals interfere with hormone action (as elabo-
rated in the The Endocrine Society definition).”

Note: the EU definition of an EDC is consistent with 
the WHO/IPCC definition of an EDC and requires 
that a chemical both alters function(s) of the endo-
crine system and consequently causes adverse health 
effects. The Endocrine Society definition does not 
require an adverse health effect, and thus includes a 
larger universe of chemicals defined as EDCs.

“They [associated panels] were asked to consider the 
reality of mixtures and complexity of attribution in 
that context.” Although we acknowledge that mixed 
exposures are a reality, such guidance provided in this 
particular context is tantamount to advising the panels 
to take a precautionary approach which goes beyond 
their scientific mandate.
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“Throughout the Delphi process, the panels were 
strongly encouraged to produce ranges that represent 
low and high bounds for the dose–response relation-
ship and to evaluate potential non-linearity and non-
monotonicity as well as the presence or absence of 
threshold effects when appropriate.” Regulatory agen-
cies in the US (Gray 2013; US FDA 2014) and the 
EU (Beausoleil et al. 2016) still consider the likeli-
hood of low dose effects to be unproven or even non-
existent, and again, providing such vague guidance to 
the expert panels in this context seems inappropriate.

Exactly how much and which direction these direc-
tives influenced the panels is unknown, but the cumulative 
effect may have biased the results toward exaggerating the 
strength of evidence.

Search for and selection of studies to include in the 
review

Increasingly, systematic-review methods are being applied 
to address environmental health questions and specific 
guidance has been published for how to employ them 
(Rooney et al. 2014). Such methods can provide enhanced 
objectivity and transparency to the process of collecting 
and synthesizing scientific evidence in researching conclu-
sions on specific research questions, although Ioannidis 
(2016) has identified potential abuses that are becoming 
more common. When correctly conceived and executed 
systematic reviews also allow others sufficient information 
to be able to independently replicate the work, an impor-
tant part of the scientific process. Key initial steps include 
problem formulation and protocol development and the 
search for and selection of the studies for inclusion in the 
review. Unfortunately, the authors of the Trasande et al. 
(2015) series of cost estimate papers (Bellanger et al. 2015; 
Hauser et al. 2015; Legler et al. 2015; Hunt et al. 2016) 
did not employ systematic review methods and more criti-
cally they neither provided a description of the methods 
they used to search the literature nor did they describe the 
processes they used to select studies for evaluation. Absent 
adequate descriptions the authors leave themselves open to 
concerns of bias and “cherry picking” the literature.

Weight of evidence analysis

In addition to ensuring a transparent and unbiased selec-
tion of studies for review, i.e., not choosing only stud-
ies that demonstrate a positive association between expo-
sure and disease outcome and ignoring those which fail 
to demonstrate an association, it is equally important to 
employ a system of weighing individual studies according 
to their quality, reliability and relevance (concentrations, 

formulations and exposure routes chosen) as well as the 
reproducibility of reported effects, the pattern of effects 
across and within studies, number of species showing the 
same or similar effects, likelihood that the species show-
ing the effect are physiologically similar to humans and 
not predisposed to higher susceptibility of effects due to 
species-specific physiology, time of onset of effects and 
life stage affected (European Commission 2013; US EPA 
2011). Although the Trasande et al. (2015) associated pan-
els (Bellanger et al. 2015; Hauser et al. 2015; Legler et al. 
2015; Hunt et al. 2016) claimed to have employed a weight 
of the evidence approach to examining the body of evi-
dence linking exposures to alleged EDCs and disease, criti-
cal analysis was severely lacking.

Evaluation of animal toxicological evidence

To evaluate the animal toxicological evidence, the Steer-
ing Committee “adapted” criteria recently proposed by the 
Danish Environmental Protection Agency (Danish-EPA) 
for evaluating laboratory and animal evidence of endocrine 
disruption (Danish Ministry of the Environment 2011). In 
brief, those criteria identify a substance as a Confirmed 
EDC (assigned a score of Strong Animal Evidence by the 
Steering Committee) when the substance is known to have 
caused endocrine mediated adverse effects in humans or 
animal species living in the environment or when there 
is evidence from animal studies, possibly supplemented 
with other information, to provide a strong presumption 
that the substance has the capacity to cause adverse endo-
crine-mediated effects in humans or animals living in the 
environment.

When there is mechanistic information that raises doubt 
about the relevance of the effect for humans or the environ-
ment, chemical classification of Suspected EDC (assigned 
a score of Moderate Animal Evidence) is more appropri-
ate. Chemical classification as a Suspected EDC requires 
either: (a) the presence of an endocrine mode of action 
without clear corroboration of the mode of action produc-
ing the expected adverse effects in laboratory or animal 
studies; or (b) the presence of the adverse effect in labo-
ratory or animal studies with a suspected endocrine mode 
of action. The animal evidence supported a chemical to be 
classified as Potential EDC (assigned a score of Weak Ani-
mal Evidence) when there was evidence of adverse effects 
in animal studies that could have either an endocrine mode 
of action or a non-endocrine mode of action or in vitro/in 
silico evidence indicating a potential for endocrine disrup-
tion in an intact organism.

It is notable that the Danish-EPA’s criteria specifically do 
not include a category for designating a substance as not an 
EDC, regardless of the evidence available that it does not 
interfere or interact with any component of the endocrine 
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system. Thus, technically speaking by their criteria every 
substance is, at a minimum, a Potential EDC. This is not 
particularly useful for the purposes of regulating chemicals, 
or for introducing new chemicals intended to substitute for 
more hazardous ones.

Another criticism that has been leveled at the proposed 
Danish-EPA’s criteria is that they fail to consider potency 
and therefore, do not distinguish between substances that 
cause only transitory endocrine effects from true EDCs that 
are candidates for regulatory intervention (Borgert et al. 
2013; DE-UK 2011). The authors of the Danish-EPA cri-
teria also described the type of animal evidence required to 
fulfill the criteria, which are heavily weighted toward the 
OECD conceptual framework for testing and assessment of 
endocrine disruptors (OECD 2012). The authors of the cost 
estimate papers did not explicitly state how they weighted 
evidence derived from validated OECD test guideline stud-
ies versus un-replicated non-guideline studies, or how they 
handled issues of inconsistent findings across multiple 
studies, studies with small numbers of animals, studies with 
very few dose groups, or other concerns about study design 
including the statistical approach taken and execution.

Evaluation of human epidemiology evidence

The Trasande et al. (2015) Steering Committee adapted the 
GRADE Working Group criteria as were recently applied 
in evaluating indoor air quality criteria by the World Health 
Organization (Bruce et al. 2014). This WHO revised 
approach, has been termed by its authors (Bruce et al. 
2014) as “Grading of Evidence for Public Health Interven-
tions’ (GEPHI). The use of GEPHI by the Trasande et al. 
(2015) EDC cost Steering Committee biased their assess-
ments as in contrast to the much more widely recognized 
and accepted GRADE methodology which weighs evi-
dence from randomized controlled trials (RCTs) most 
heavily and typically treats observational epidemiology 
evidence, i,e., the only type of evidence which was avail-
able to the Trasande et al. (2015) associated panels, as of 
low or very low quality and consequently would have rel-
egated their probability of causation estimates into the low-
est tiers.

There are several significant problems with the Trasande 
et al. (2015) Steering Committee’s use of the GEPHI 
methodology. First, GEPHI was developed by its original 
authors (Bruce et al. 2014) to recognize the distinction 
between traditional observational epidemiology studies 
and a “before and after, quasi-experimental design” that 
has been used in some studies evaluating different types of 
cooking stoves or fuels on indoor air quality. The GEPHI 
approach (Bruce et al. 2014) was influenced by the recog-
nition that, while not of the same quality as randomized 

controlled trials (RCTs), these “before and after” designs 
do provide evidence which is of a superior nature and 
quality than could be gleaned from simple observational 
comparisons. Even so, the group that developed GEPHI 
(Bruce et al. 2014) for the purposes of evaluating the epi-
demiology evidence on indoor air quality never rated the 
quality of their evidence above moderate. By contrast none 
of the epidemiology evidence available to the Trasande 
et al. (2015) associated endocrine panels came from a 
“before and after design”, and thus using the GEPHI meth-
odology, the associated panels were not justified in rating 
any of the epidemiology evidence they considered above 
low or very low. Counter to the latter and as shown in 
Table 1, however, the associated panels (Bellanger et al. 
2015; Hauser et al. 2015; Legler et al. 2015; Hunt et al. 
2016) did exactly this for six of the alleged EDC-health 
outcome relationships. They rated the epidemiology evi-
dence linking PBDEs and OPs to IQ loss and intellectual 
disability as moderate to high, the DDE-obesity evidence 
as moderate, and the multiple EDC exposure-ADHD evi-
dence, DDE/Fibroids and the phthalate/endometriosis evi-
dence as low to moderate.

Moreover, the GEPHI approach was developed for 
and applied to a very large, extensive and diverse body 
of scientific evidence available on indoor air pollutants, 
whereas the associated endocrine panels admittedly had 
a much smaller scientific evidence base to work with. For 
example, Bellanger et al. (2015) stated, “We endeavored 
to make our estimates as precise as possible, but were 
limited due to sizable uncertainties in the evidence”. In 
light of these uncertainties, there was insufficient scien-
tific support to either utilize the GEPHI approach or rate 
the assessments of the strength of the epidemiology evi-
dence based on consistency or analogy.

The authors of GEPHI (Bruce et al. 2014) even issued 
caution about generalizing the use of their approach, the 
serious consideration of which should have disquali-
fied its application by the Trasande et al. (2015) Steer-
ing Committee right from the start. Indeed they clearly 
state, “Even with the modifications to GRADE described 
above, not all of this evidence is amenable to this method 
of evidence review. The approaches adopted are specific 
to the topics and evidence reviewed for these guidelines, 
and a generic description is neither possible nor useful.”

Consequently, we find the Trasande et al. (2015) Steer-
ing Committee’s claim that they applied GEPHI to rate 
the strength of the epidemiology evidence to be disingen-
uous and highly misleading. Their approach was not as 
firmly grounded in work done by others as was implied in 
their respective publications, and thus severely limits, if 
not prohibits, any conclusions drawn from the approach 
chosen.
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Framework for evaluating probability of causation

Trasande et al. (2015) admitted that the approach they took 
in this series of published reports is atypical: “Although 
analyses like these are highly valuable, they have typi-
cally been limited to associations where causation is cer-
tain. Decades of epidemiological data typically are required 
before causation has been acknowledged and attributable 
disease burden calculated.” Regrettably, the atypical and 
speculative nature of the approach was not mentioned 
in the more widely read report abstracts or in the press 
releases that were issued which accompanied the publi-
cation of the articles, nor was there any evidence brought 
forth that would support the “certainty of causation”. Fur-
thermore, a logical question critical to be answered is: at 
what point should one conclude that the available data are 
so sparse, weak and conflicting that undertaking any effort 
to assign probability of causation would be an exercise in 
speculation?

The Trasande et al. (2015) Steering Committee repeat-
edly asserted that they used the Intergovernmental Panel 
on Climate Change (IPCC) guidance for authors docu-
ment (Intergovernmental Panel on Climate Change 2005) 
to justify their approach to assigning probability of causa-
tion in the face of uncertainty. However, a careful review 
of that document does not offer support for the approach 
that Trasande et al (2015) have taken. In fact, the IPCC 

document cautions authors to “communicate carefully, 
using calibrated language” in stark contrast to the often 
sweeping generalizations made by the authors of this series 
of papers (Trasande et al. 2015; Bellanger et al. 2015; 
Hauser et al. 2015; Legler et al. 2015; Hunt et al. 2016; 
Trasande et al. 2016; Attina et al. 2016).

Table 2 is reproduced from the IPCC document (2005), 
but it is not clear how it influenced the Trasande et al. 
(2015) Steering Committee and associated panels (Bel-
langer et al. 2015; Hauser et al. 2015; Legler et al. 2015; 
Hunt et al. 2016) in their approach. One could argue that 
based on this guidance, the panels should not have cal-
culated any cost estimates for disorders and diseases for 
which they judged the probability of EDC causation less 
than 66% (and greater than or equal to 33%), because the 
probability of causation is described as “about likely as 
not.” Most certainly, the should not have calculated costs 
for diseases and disorders where probability of causation 
was judged to be less than 33%.

Instead, it is apparent that the Trasande et al. (2015) 
Steering Committee developed its own unique approach 
to weighing the strength of epidemiology and toxicology 
evidence to assign probability of causation. It is, therefore, 
inaccurate for the Committee members to claim that they 
adopted the IPCC approach. Table 3 presents the actual 
framework that the Trasande et al. (2015) Steering Com-
mittee used as the basis for assigning probability of causa-
tion and also demonstrates that this basis is strikingly dis-
similar to the IPCC Guidance to Authors document.

Moreover, in practice the Trasande et al. (2015) asso-
ciated panels actually deviated from the framework pre-
sented in Table 3 when they could not achieve consensus 
in interpreting the strength of the epidemiology evidence. 
This occurred when assessing seven of the purported EDC-
health outcome links. When faced with lack of unanim-
ity, the panels were coached by the Trasande et al. (2015) 
Steering Committee to develop a hybrid probability range 
combining two categories (i.e., moderate-high, low-moder-
ate, and very low-low).

Table 2  Likelihood scale (Intergovernmental Panel on Climate 
Change 2005)

Terminology Likelihood of the occurrence/outcome

Virtually certain >99% probability of occurrence

Very likely >90% probability

Likely >66% probability

About likely as not 33–66% probability

Unlikely <33% probability

Very unlikely <10% probability

Exceptionally unlikely <1% probability

Table 3  Framework for evaluating probability of causation: comparison of the IPCC likelihood of occurrence/outcome terms (25) with those 
employed by Trasande et al. (2015) and derived publications (Bellanger et al. 2015; Hauser et al. 2015; Legler et al. 2015; Hunt et al. 2016)

IPCC terminology (Table 2) Trasande et al. (2015) terminology

Epidemiological evalu-
ation

Toxicological evaluation

Probability term used Likelihood of occur-
rence/outcome

Probability term used Strong (group 1) Moderate (group 2A) Weak (group 2B)

Very likely >90% probability High Very high (90–100%) High (70–89%) Medium (40–69%)

Likely >66% probability Moderate High (70–89%) Medium (40–69%) Low (20–39%)

About likely as not 33–66% probability Low Medium (40–69%) Low (20–39%) Very low (0–19%)

Unlikely <33% probability Very low Low (20–39%) Very low (0–19%) Very low (0–19%)
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In providing their range of cost estimates, the authors 
failed to acknowledge that the level of uncertainty in their 
methodology was so high that they cannot exclude the pos-
sibility that the costs of exposure to endocrine disrupting 
chemicals may be as low as zero. The latter is due to the 
fact that they have not convincingly made the case that any 
of the current disease burden in the population is indeed 
caused by exposure to chemicals they allege are EDCs. 
The Trasande et al. (2015) Steering Committee directed 
the associated panels to proceed to develop estimates of 
the attributable fraction and societal costs even when their 
collective opinion was that the probability of causation 
estimate was as low as 0–19%. We contend that no effort 
should have been made to calculate cost estimates for any 
exposure-outcome combination when the probability of 
causation was less than or equal to 50%, i.e., the same like-
lihood as flipping a coin.

Trasande et al. (2015) also included a calculation of the 
probability that at least one or more of the exposure-out-
come relationships they evaluated were indeed causal and 
concluded that it exceeded 99%. We have three significant 
concerns with the latter statement:

first, to make such a calculation they chose to use single 
point estimates to represent what were actually broad 
ranges of estimates of probability, and thus the final 
result implies a level of precision that simply does not 
exist;
second, they arbitrarily decided to exclude from their 
calculations several of the exposure-outcome relation-
ships which were judged to be of low probability and 
whose inclusion would have resulted in a lower overall 
estimate of probability and;
third, the entire calculation and their conclusion from it 
make no substantive contribution to enhancing under-
standing about EDC exposures and adverse health out-
comes.

Even assuming that their calculation and conclusion are 
true and at least one of the associations they evaluated is 
indeed causal, without knowing which one(s) is/are true, 
the conclusion would not be actionable from a public health 
standpoint. Moreover, the costs burden estimates vary by 
four or more orders of magnitude among the 15 exposure-
health outcome relationships studied. Our contention is that 
the calculation and the consequent speculative conclusion 
from it should have been omitted from the papers.

The modified Delphi technique

The Trasande et al. (2015) Steering Committee coached the 
associated panels to use a modified Delphi technique in an 
effort to reach consensus on the probability of causation. 

The Delphi technique is a widely used and accepted 
method for achieving convergence of opinion concerning 
real-world knowledge solicited from experts within certain 
topic areas. However, it has been noted by Hsu and Sanford 
(2007), that there are some very important considerations 
and limitations in its practical application. Subject selec-
tion, time frames for conducting and completing a study, 
the possibility of low response rates, and unintentionally 
guiding feedback from the respondent group are areas 
which should be considered when designing and imple-
menting a Delphi study Most of these considerations did 
not inform the authors of this series of cost estimates (Bel-
langer et al. 2015; Hauser et al. 2015; Legler et al. 2015; 
Hunt et al. 2016) in their application of the technique.

Indeed, the selection of panelists is the most important 
step in the entire process because it directly relates to the 
quality of the results generated. They must truly be experts 
in the field. They need to have diverse perspectives on the 
topic. And there must be a sufficient number of them (cer-
tainly >10 according to Hsu and Sanford 2007) to ensure 
a representative pooling of judgments. The Trasande et al. 
(2015) Steering Committee violated all three of those crite-
ria in their selection of the associated panels that ranged in 
size from 4 to 8 members.

Another major drawback of the Delphi method is the 
“subtle pressure to conform with group ratings.” Del-
phi investigators need to be cognizant, exercise caution, 
and implement the proper safeguards in dealing with this 
issue. The IPCC Guidance for Authors document (Intergov-
ernmental Panel on Climate Change 2005) also explicitly 
warns of the dangers of this phenomenon: “Be aware of 
a tendency for a group to converge on an expressed view 
and become overconfident in it.” It is clear that either the 
associated panel group leaders or that members of the 
Trasande et al. (2015) Steering Committee failed to exer-
cise such caution. A final practical concern with application 
of the Delphi method is an assumption that the panelists are 
equivalent in knowledge and experience. The biographies 
of the members of the “associated panels” indicates that 
they were clearly not “equivalent in knowledge and expe-
rience” regarding the topics about which they were asked 
to opine. Hsu and Sanford (2007) warned “Some panelists 
may have much more in-depth knowledge of certain topics, 
whereas other panelists are more knowledgeable about dif-
ferent topics”. Therefore, panelists who have less in-depth 
knowledge of certain topics may be less inclined to chal-
lenge the statements of more knowledgeable panelists.

Attributable fraction estimates

To calculate their estimates of the fraction of disease attrib-
utable to EDC exposures the authors of the Trasande et al. 
(2015) derived publications (Bellanger et al. 2015; Hauser 
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et al. 2015; Legler et al. 2015; Hunt et al. 2016) relied on 
point estimates of relative risk derived from a single epi-
demiology study. In several important instances (e.g., the 
link between organophosphates and IQ loss and intellectual 
disability) there were only two or three relevant epidemi-
ology studies available to choose from. In other instances 
(e.g., modeling phthalate-attributable decreases in T), they 
relied on estimates from a single cross-sectional epidemiol-
ogy study, among the weakest of designs because it can-
not establish that exposures actually preceded in time the 
initiation of disease, a requisite for establishing causation. 
Point estimates of risk from a single epidemiology study, 
or even a few taken together, are notoriously imprecise 
(Ioannidis 2005). The authors of the Trasande et al. (2015) 
derived publications (Bellanger et al. 2015; Hauser et al. 
2015; Legler et al. 2015; Hunt et al. 2016;) failed to ade-
quately acknowledge such imprecision and the impacts it 
had on their cost estimates.

Exposure response relationship estimates

In a few instances, the authors of the Trasande et al. (2015) 
derived publications (Bellanger et al. 2015; Hauser et al. 
2015; Legler et al. 2015; Hunt et al. 2016) extracted dose–
response relationships from epidemiology studies (often a 
single study) and then applied them to population biomoni-
toring data in an effort to further delineate an estimated num-
ber of cases of disease that could be attributed to exposure. 
Once again, this represents an over-reliance on sparse data 
taken from one or a few studies that is perilous and implies a 
level of precision in the data that is simply cannot be justified.

Sources and uses of biomonitoring data

Attributable fraction estimates and exposure–response 
relationships, if available, were applied to the EU or US 
population based upon biomonitoring data available from 
surveys or pooled data from multiple studies in individual 
countries. Exposure levels were then estimated for quan-
tiles (usually 0–9th, 10–24th, 25–49th, 50–74th, 75–89th, 
90–99th) of the at-risk population.

Biomonitoring data for the paper that focused on gen-
erating cost estimates for the US (Attina et al. 2016) were 
derived from the National Health and Nutrition Examina-
tion Survey (NHANES) which is designed to be nationally 
representative (Department of Health and Human Services 
Centers for Disease Control and Prevention 2009). The 
authors (Attina et al. 2016) used biomonitoring data on 
PBDEs (Total PBDE 47 in serum when there were meas-
urement data available for 11 types of BDEs), Dichlorodi-
phenyldichloroethylene (DDE) and OPPs (total urinary 
dialkylphosphate) extracted from the 2007–2008 NHANES 
and on Bisphenol A (BPA) and phthalates extracted from 

the 2009–2010 NHANES. The authors (Attina et al. 2016) 
acknowledged that their models extrapolate from a lesser-
brominated form of PBDEs, which was banned in the 
US and the EU much earlier than the more highly bromi-
nated PBDEs, and which is also reflected by a much lower 
human body burden of lesser-brominated form of PBDEs 
in Europe than in the US (WHO Regional Office for 
Europe 2015), but they rationalize this by pointing out that 
deca-PBDEs which have been banned or phased out more 
recently, are “…de-brominated by UV light and microbial 
and vertebrate organisms, and commercial mixtures that 
contain only lower-brominated congeners might represent 
relevant sources of exposure.” The authors do not, however, 
discuss how this may have affected their results.

NHANES reports biomonitoring levels by age 
(6–11 years, 12–19 years and 20 years or older), gender, 
and race (Department of Health and Human Services Cent-
ers for Disease Control and Prevention 2009). The manu-
script in question neither provides any level of detail as to 
whether the authors of this Trasande et al. (2015) derived 
publication (Attina et al. 2016) adjusted for these factors in 
applying the biomonitoring data, nor does it explain how 
biomonitoring data were used to estimate perinatal expo-
sures which is critical to the estimation of neurodevelop-
mental outcomes.

Biomonitoring data for the papers that focused on cost 
estimates for the EU (Trasande et al. 2015; Bellanger et al. 
2015; Hauser et al. 2015; Legler et al. 2015; Hunt et al. 
2016; Trasande et al. 2016) were derived from individual 
studies reported in the literature. A single study of 731 
individuals from a general adult population (18–74 years) 
collected in 2002 in Catalonia (north-eastern Spain) was 
used to estimate PBDE exposures across the EU (Mercè 
Garí and Grimalt 2013). A single study of urine specimens 
collected in 2003–2006 from 600 children and adoles-
cents aged 7–14 from Germany was used to estimate uri-
nary dialkylphosphate as a surrogate for organophosphate 
exposure across the EU (Becker et al. 2007). Estimates 
of DDE exposures were derived from maternal and cord 
blood and breast milk samples of 7990 women enrolled in 
15 study populations from 12 European birth cohorts from 
1990 through 2008 (Govarts et al. 2012). Phthalate expo-
sures were estimated from a demonstration project con-
ducted in 17 European countries that measured phthalate 
metabolites in urine of 1844 children (5–11 years of age) 
and their mothers from specimens collected over a 5-month 
period in 2011–2012 (Den Hond 2015). BPA exposures 
were estimated from analysis of urine collected from 674 
child (5–12 years of age)—mother pairs recruited through 
schools or population registers from six European member 
states (Belgium, Denmark, Luxembourg, Slovenia, Spain 
and Sweden) (Covaci et al. 2014). Notably, the authors of 
the studies measuring phthalates (Den Hond et al. 2015) 
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and BPA (Covaci et al. 2014) reported that exposure levels 
in nearly every case were found to be far below levels of 
health concern, whereas the authors of the studies measur-
ing PBDEs (Mercè Garí and Grimalt 2013), organophos-
phates (Becker et al. 2007) and DDE (Govarts et al. 2012) 
did not make any comparisons to health risk values.

None of the Trasande et al. derived publications (Bel-
langer et al. 2015; Hauser et al. 2015; Legler et al. 2015; 
Hunt et al. 2016) provided a critical analysis of the 
strengths and limitations of the biomonitoring data which 
they relied on with the exception of this terse summary 
reproduced verbatim in each of the individual papers: 
“Likewise, biomarker data were not available for all EU 
countries, and judgment was used in extrapolating to the 
EU as a whole. By this approach, the authors attempted 
to avoid underestimating the burden of disease simply 
because of insufficient or missing data. On the other hand, 
the calculations could not take into account potential differ-
ences between exposure levels in the member states.”

The onus should rightfully fall on the authors of the 
Trasande et al. (2015) derived publications (Bellanger et al. 
2015; Hauser et al. 2015; Legler et al. 2015; Hunt et al. 
2016) to investigate whether differences in exposure lev-
els might be expected across the EU and to then to discuss 
the potential impacts on their results. This was not done. 
Yet, in the demonstration biomonitoring study conducted in 
17 countries, its authors (Den Hond et al. 2015) concluded 
that levels of phthalate exposures varied markedly across 
the EU with clustering following geographical groupings. 
The Southern European countries (Spain, Portugal) clus-
tered separately from the other countries; Eastern European 
countries (Romania, Hungary, Poland, the Czech Republic, 
and the Slovak Republic) formed a further cluster; Western 
European countries (Germany, Belgium, Luxembourg, and 
Denmark) also showed fairly good resemblance. None of the 
relevant papers (Bellanger et al. 2015; Hauser et al. 2015; 
Legler et al. 2015; Hunt et al. 2016) discussed this phenom-
ena and how it might have impacted the reported results. Nor 
did the authors discuss how population exposures may have 
subsequently changed in the intervening years since the bio-
monitoring data were all collected between 2008 and 2010. 
Presumably, exposures will continue to decrease over time 
for several of these alleged EDCs as they have been banned 
or voluntarily phased out, as was repeatedly demonstrated 
for PBCs and DDE in the WHO/UNEP survey 2000–2012 
(WHO regional office for Europe 2015).

Sources and uses of cost data

For the purposes of this review we will not assess the 
validity of the sources of data or methods used to assign 

societal costs. However, we encourage others with spe-
cialized expertise and familiarity with the literature 
on cost analysis to do so. We would point out that the 
costs of alleged lost IQ points and cases of intellectual 
disability, which constitute the majority of all societal 
costs estimated to be attributable to EDCs, are largely 
due to what was considered lost productivity and owe 
their roots in methodology developed by several of the 
same authors (Attina and Trasande 2013; Trasande and 
Liu 2011) responsible for the Trasande et al derived pub-
lications (Trasande et al. 2015; Bellanger et al. 2015; 
Hauser et al. 2015; Legler et al. 2015; Hunt et al. 2016; 
Trasande et al. 2016; Attina et al. 2016) rather than from 
any independent scientists. Perhaps for this reason alone, 
they deserve further scrutiny.

Cumulative effect of numerous assumptions 
and uncertainties

As has been detailed in the preceding sections, the sheer 
number and variety of assumptions used by the authors 
of the Trasande et al derived publications (Trasande 
et al. 2015; Bellanger et al. 2015; Hauser et al. 2015; 
Legler et al. 2015; Hunt et al. 2016; Trasande et al. 
2016; Attina et al. 2016) to develop their cost estimates 
are staggering. Probability of causation is highly sub-
jective and is dependent upon a number of tenuous 
assumptions the Trasande et al. (2015) Steering Com-
mittee and the associated panels simply did not clearly 
or adequately explain. The same is true for the pro-
cesses of assigning Attributable Fraction, selection and 
application of exposure–response relationships, use of 
biomonitoring data and estimation of costs per health 
outcomes.

Recognizing that attributable cost estimates were 
accompanied by a probability, the Trasande et al. (2015) 
associated panels (Bellanger et al. 2015; Hauser et al. 
2015; Legler et al. 2015; Hunt et al. 2016) did perform 
a series of Monte Carlo simulations to produce ranges 
of probable costs across all the exposure-outcome rela-
tionships assuming independence of each probabilistic 
event. However, those simulations were confined to the 
ranges of probabilities assigned by the panels that, as has 
already been demonstrated, were based on incomplete 
and flawed assessments of the strength and weight of the 
available evidence. Such simulations also ignored sub-
stantial uncertainties that exist in the Attributable Frac-
tion estimates, dose–response relationships that were 
chosen for use, the biomonitoring data, and estimates of 
costs associated with each health outcome evaluated.
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Critical review of evidence for loss of IQ 
and intellectual disability

Because the neurobehavioral deficits and diseases cost 
estimate overwhelmingly drives the total estimated 
cost attributable to EDCs (>75% of the total in the EU 
(Trasande et al. 2015) and >79% of the total in the US 
(Attina et al. 2016), the corresponding paper by Bellanger 
et al. (2015) was examined in greater detail. Special 
attention was paid to the purported links between expo-
sure to organophosphates (OPs) and separately exposures 
to PBDEs and lowered IQ and increased prevalence of 
intellectual disability.

Organophosphate exposures and loss of IQ 
and intellectual disability

Bellanger et al. (2015) are not the first group of scientists 
to review the available evidence on this topic. Li et al. 
(2012) conducted an exhaustive critical review of the 
epidemiology and animal data available on chlorpyrifos 
(CPF), amongst the most widely used organophosphate 
pesticides (and the one Bellanger et al. (2015) cite as the 
most widely used in the EU) and made several conclu-
sions. First, there was insufficient evidence that human 
developmental exposures to CPF produced adverse neu-
robehavioral effects in infants and children across differ-
ent cohort studies that may be relevant to CPF exposure. 
In animals, neurodevelopmental behavioral, pharmaco-
logical, and morphologic effects occurred only at doses 
that produced significant brain or red blood cell acetyl-
cholinesterase inhibition in dams or offspring. Chlorpyri-
fos is regulated based on protecting against red blood cell 
cholinesterase inhibition and this occurs at a level below 
which these other effects were reported, hence protecting 
the public against all other toxicities.

Eaton et al. (2008) also undertook an exhaustive criti-
cal review of toxicological and epidemiological informa-
tion on human exposures to CPF, with an emphasis on 
the controversial potential for CPF to induce neurode-
velopmental effects at low doses. They concluded that, 
based on the weight of the scientific evidence, it is highly 
unlikely that current levels of CPF exposure in the United 
States would have any adverse neurodevelopmental 
effects in infants exposed in utero to chlorpyrifos through 
the diet.

Independent reviews by Ntzani et al. (2013), Prueitt 
et al. (2011) and Burns et al. (2013) arrived at similar 
conclusions to those cited above. Inexplicably, Bellanger 
et al. (2015) neither make reference to these other reviews 
nor do they attempt to explain why the other authors 

came to conclusions that differ from their own and more 
importantly, do not explain why these reviews were not 
included in their assessment. More recently, a US EPA 
FIFRA Science Advisory Panel (2016) examined the evi-
dence and concluded, “The assumption that the impaired 
working memory and lower IQ measures observed are 
caused primarily by a single insecticide (chlorpyrifos) 
and predicted by the blood levels at time of delivery is 
not supported by the scientific weight of evidence”.

Furthermore, the US EPA recently released the results 
of its Endocrine Disruption Screening Program (EDSP) 
Tier 1 weight-of-the-evidence evaluation of the potential 
interaction of chlorpyrifos with the estrogen, androgen or 
thyroid hormone signaling pathways (US EPA 2015a). The 
Agency concluded that further testing of chlorpyrifos under 
the EPA’s EDSP Tier 2 program was not recommended 
since they found no evidence of potential interaction with 
any of the three pathways. Thus, EPA has concluded that 
chlorpyrifos is unlikely to be an EDC in contrast to what 
Bellanger et al. (2015) have alleged. Moreover, EPA also 
released weight of the evidence conclusions under EDSP 
Tier 1 for five other organophosphate pesticides (acephate, 
dimethoate, ethopropos, phosmet, and tetrachlorvinphos) 
for which it was similarly concluded that further testing 
under Tier 2 was not warranted (US EPA 2015b).

In direct contradiction to these other assessments, Bel-
langer et al. (2015) concluded that the epidemiology evi-
dence linking OPs to lowered IQ and intellectual disability 
was moderate to high and that the toxicological evidence 
was strong, assigning the probability of causation to be 
70–100%. This is remarkable since the epidemiological 
evidence derived from three epidemiology studies has been 
heavily scrutinized by others (Li et al. 2012; Eaton et al. 
2008, Ntzani et al. 2013; Prueitt et al. 2011; Burns et al. 
2013, US EPA FIFRA Science Advisory Panel 2016) and 
criticized for problems related to their design, exposure and 
outcome measurements, and inadequate control of poten-
tial confounding variables (i.e., other risk factors). The 
paper by Bellanger et al. (2015) offers no critical analysis 
of the studies upon which it relied. Moreover, the original 
studies actually report relatively few statistically signifi-
cant findings suggestive of adverse effects, and no consist-
ent patterns can be found across them. They also reported 
small differences in test scores for the children in the three 
groups of women with relatively higher OP exposures than 
those typically measured in the general population.

Childhood IQ and neurobehavioral development are 
strongly influenced by the complex interaction of many 
other well-established risk factors (genetic conditions, 
alcohol and/or drug use in pregnancy, prematurity and low 
birth weight, childhood diseases, poverty and cultural dep-
rivation, iodine deficiency, and others), the effects of which 
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the researchers could not sufficiently control in their stud-
ies. The reported differences in test scores between chil-
dren with presumed high vs. low OP exposures were small 
enough to be explained by normal variation or by the inter-
actions of other factors.

None of the epidemiology studies Bellanger et al. (2015) 
relied upon reported links between OP exposure and intel-
lectual disability. Rather than being constrained by this lim-
itation, however, Bellanger et al. (2015) then proceeded to 
define intellectual disability as an IQ <70 and used a ques-
tionable approach of modeling the reported increases in 
intellectual disability assuming a normal distribution with a 
mean IQ of 100 and standard deviation of 15. Then, within 
each exposure grouping, they used a statistical function to 
identify increases in associated intellectual disability. Note 
that the definition of intellectual disability (IQ <70) used 
by Bellanger et al. (2015) is to some extent in conflict with 
established definitions (Schalock et al. 2010) which define 
intellectual disability as a below-average cognitive ability 
with three characteristics: (1) IQ is between 70 and 75 or 
below; (2) Significant limitations in adaptive behaviors (the 
ability to adapt and carry on everyday life activities such 
as self-care, socializing, communicating, etc.); and (3) The 
onset of the disability occurs before age 18.

PBDE exposures and loss of IQ and intellectual 
disability

Although the costs attributed to IQ loss and intellectual dis-
ability due to PBDE exposures in the EU accounted for less 
than 6% of the alleged total EDC induced cost burden there 
(Bellanger et al. 2015), it accounted for 78% of the alleged 
total costs in the US (Attina et al. 2016). For this reason, 
the purported causal link between PBDEs and neurobehav-
ioral outcomes also deserves further scrutiny. Bellanger 
et al. (2015) judged the animal toxicology evidence to be 
strong because of their stated belief that PBDEs interfere 
with thyroid action and this consequently causes IQ loss.

One of the main issues when considering the potential of 
compounds to interfere with thyroid hormones is to look at 
the differences between humans and rodents with regard to 
thyroid function (Swenberg et al. 1992; Robbins and Rall 
1979; Dohler et al. 1979; Dingemans et al. 2011; Huwe and 
Smith 2007). Indeed, rodents do not express thyroid-bind-
ing globulin (Swenberg et al 1992), i.e., the predominant 
plasma protein that binds and transports thyroid hormone 
in the blood. Thyroxine (T4) binds to three plasma pro-
teins, thyroid binding globulin, pre-albumin and albumin, 
with binding constants of 10-1, 10-7 and 10-5, respectively 
(Robbins and Rall 1979).

The lack of thyroid-binding globulin in the rodent, in 
which albumin and pre-albumin have three and five orders 
of magnitude less binding affinity for thyroxin, may be one 

of the more important factors that could render rodents more 
susceptible to compounds interfering with thyroid action. 
Indeed, the half-life of T4 is 12 h in rats and five to nine days 
in humans, and the serum TSH level is 25 times higher in 
rodents than in man (Dohler et al. 1979). The rodent thy-
roid gland thus has much higher activity than that of the pri-
mate, a conclusion that is also supported by the histological 
appearance of the thyroid gland (Swenberg et al. 1992). Both 
the physiological parameters and the histological appear-
ance indicate that the rodent thyroid gland is markedly 
more active and operates at a considerably higher level with 
respect to thyroid hormone turnover as compared to the pri-
mate. There are even greater differences in thyroid homeo-
stasis and the importance of the thyroid hormone system 
between rats and humans with regard to reproductive tract 
and neurological development, especially with regard to the 
timing during development and downstream effects resulting 
from correctly regulated interactions of thyroid hormones 
(Choksi et al. 2003). Moreover, it is important to note that 
many quantitative parameters of the rodent differ from those 
of the primate by orders of magnitude, and thus making any 
extrapolations from rat studies to humans, especially with 
regard to the development of the human nervous system, 
a highly complex if not impossible exercise (Crofton et al. 
2008). As a consequence of the latter, the ototoxicity, and 
thus hearing loss observed in early postnatal exposed rats to 
polychlorinated biphenyls (PCBs) with subsequent upregula-
tion of hepatic uridine diphosphoglucuronyltransferases and 
subsequent hypothyroxinemia during the critical period of 
rat cochlear development, is not readily extrapolated to the 
human exposure scenario. Indeed it is the interspecies dif-
ferences in toxicodynamic and kinetic factors and the order 
of magnitude lower concentrations of PCBs that humans 
are exposed to under normal ambient conditions that greatly 
increase confidence that this type of neurotoxicity would not 
occur in humans (Crofton and Zoller 2005).

Based on the latter and due to its similarity with PCBs, 
it is difficult to extrapolate the findings on PBDE in rodents 
on the thyroid i.e., its thyroidogenic activity, and the indi-
rect effects reported on behavioral effects and neurotoxicity 
(Dingemans et al. 2011), usually obtained after exposure to 
very high doses, with the very low concentrations observed 
in humans (WHO Regional Office for Europe 2015).

One of the main troubling issues when using rodent 
in vivo studies to extrapolate to the humans is the fact that 
very few if any of the studies reporting behavioral and neu-
rotoxic effects secondary to thyroidogenic activity looked 
at PBDE distribution and kinetics within the same exposure 
experiment. Indeed PBDE levels in the plasma, pituitary, 
thyroid etc., are critical for comparison with human levels 
found following long-term exposure before any adverse 
effect noted can be interpreted and hazard or risk can be 
extrapolated (WHO Regional Office for Europe 2015). 
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Moreover, PBDEs appear to undergo extensive metabolism 
and excretion in rodents (Huwe and Smith 2007; Staskal 
et al. 2006), whereby upon hydroxylation most PBDE 
metabolites are excreted via the urine as conjugates.

In humans, similar hydroxylated PBDE-metabolites are 
formed (Stapleton et al. 2009), albeit the excretion kinet-
ics of individual PBDE metabolites and their parent com-
pounds in humans are yet unknown. Thus, to compare 
rodent in vivo findings and adverse effects reported with 
the human exposure situation one would have to deter-
mine the biologically available concentrations of individ-
ual PBDE parent compounds and their active metabolites 
prior to inferring any risk or even consider a causal link to 
human developmental neurotoxicity.

Recently, efforts were made to establish better hazard 
identification using human neuronal systems for the in vitro 
study of the potential (developmental) neurotoxic effects 
of PBDEs (and resulted in the identification of PBDE-47 
and PBDE-99 as potential developmental neurotoxicants 
(DNT) with relevance for humans (Aschner et al. 2016). 
The issue with the latter assessments is, however, the fact 
that all in vitro systems employed to determine the DNT 
lacked lipids in the cell culture media used, thus not repre-
senting a plausible system where blood lipids would com-
pete with cell membranes and enterocytes for the highly 
lipophilic PBDEs and their metabolites. The latter, as well 
as due to the fact that high PBDE concentrations (10 μM) 
were used in conjunction with multiple replacement of cell 
culture media, resulted in an over-proportional distribution 
of PBDE from the cell culture media into the cells (most 
likely merely the plasma membrane) (Schreiber et al. 2010; 
Fritsche et al. 2005; Polloca et al. 2016), thus severely ques-
tioning the relevance of the in vitro findings for human haz-
ard and risk assessment. Whether the most recent report of 
PBDE-44 and -47 inhibition of axonal growth in primary rat 
hippocampal neuron-glia co-cultures via ryanodine receptor 
(RyR)-dependent mechanisms (Chen et al. 2016) has any 
bearing for human risk assessment is yet to be established 
with human equivalent in vitro systems, while bearing in 
mind the distribution kinetics of PBDEs, especially as the 
concentration-effect relationships of PBDE-47 and PBDE-
49 on axonal growth were reported to be comparable despite 
reported differences in their potency at the RyR.

Obviously the currently available evidence suggesting 
DNT due to thyroidogenic interaction of PBDE cannot be 
summarily discounted, especially as slightly higher body 
burdens were observed in infants than in older children 
(Linares et al. 2015). However, the current evidence must 
be placed in proper context with the high concentrations 
needed to achieve these adverse effects in vivo and in vitro, 
the low concentrations of PBDEs and their metabolites 
reported in humans (WHO Regional Office for Europe 
2015), the uptake and elimination kinetics prevailing in 

humans, the different physiological predisposition and thy-
roid function of rodents and humans, and thus different bio-
availabilities of the compounds and metabolites, and finally 
the fact that humans are exposed daily to potentially thy-
roidogenic compounds of natural origin, e.g., Bisphenol-F 
from sweet mustard (Dietrich and Hengstler 2016; Roches-
ter and Bolden 2015), including PBDEs from marine biota 
that are readily transferred to higher trophic levels includ-
ing fish for human consumption (Agarwal et al. 2014; Teu-
ten et al. 2005). Moreover, as already stated above, most 
body burdens determined were related to PBDE-47 and 
PBDE-99 that have been banned from markets in the US 
and Europe and would be demonstrating a decreasing body 
burden over the past and next decades.

The epidemiology evidence available to the Trasande 
et al. (2015) associated panel (Bellanger et al. 2015) 
derived from three studies (Herbstman et al. 2010; Eske-
nazi et al. 2013; Chen et al. 2014) and was judged to be 
as moderate to high strength. Once again, Bellanger et al. 
(2015) neither provided a critical review of these three 
studies, nor did they cite existing critical reviews already 
published in the literature (Kim et al. 2014; Roth and Wilks 
2014) that arrived at conclusions different than their own.

Kim et al. (2014) conducted a systematic review of the 
epidemiology literature linking exposure to brominated 
flame retardants (BFRs) to various health effects, includ-
ing alteration in thyroid function, diabetes, cancer, repro-
ductive disorders and diseases and neurobehavioral and 
developmental disorders. Evidence for a causal relation-
ship between BFRs and health outcomes was evaluated 
within the Bradford Hill’s framework. Although they found 
suggestive evidence that exposure to BFRs is harmful to 
health, they concluded that “…more well-designed research 
is needed to support these tentative but biologically plausi-
ble associations”. They noted possible publication bias in 
the literature available to them to review; small population 
sample sizes; incomplete control of confounding variables; 
weak and inconsistent findings across studies; and the like-
lihood of measurement errors in assessing both exposure 
and putative health effects as reasons for why the evidence 
could not be judged to be stronger.

Similarly, Roth and Wilks (2014) conducted a system-
atic review of the epidemiology literature on PBDEs and 
perfluorinated chemicals (PFCs). They concluded that 
“Collectively, the epidemiological evidence does currently 
not support a strong causal association between PBDEs 
and PFCs and adverse neurodevelopmental and neurobe-
havioural outcomes in infants and children.” They noted 
the following shortcomings among the studies: the lack of 
consideration of confounding factors; uncertainties regard-
ing exposure characterization; inadequate sample size; the 
lack of a clear dose–response; and the representativeness/
generalizability of the results.
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Discussion

Our critical review of a series of seven inter-related 
papers (Trasande et al. 2015; Bellanger et al. 2015; 
Hauser et al. 2015; Legler et al. 2015; Hunt et al. 2016; 
Trasande et al. 2016; Attina et al. 2016) alleging hun-
dreds of billions of euros and dollars in annual societal 
costs purportedly attributable to exposures to EDCs in 
the EU and the US, respectively, has demonstrated sub-
stantial shortcomings with the underlying methodology 
employed that render the cost estimates highly uncer-
tain. In our opinion, the cost estimates are so speculative 
and flawed that they should not be accorded any weight 
in serious policy discussions. To its credit, the European 
Commission recently concluded, “Estimates on costs of 
diseases related to exposure to EDs [EDCs] which were 
recently published should be taken with caution. There 
are concerns over the validity of these estimates and the 
methods used to calculate them, which are linked to the 
scattered evidence” (European Commission 2016a).

The fundamental problem with the cost estimates 
is that they derive from the assumptions of causal rela-
tionships between putative exposures to EDCs that have 
not been established through any serious consideration 
of the strengths and weaknesses of the underlying ani-
mal toxicology and human epidemiology evidence. The 
authors readily acknowledge that the approach they have 
taken to assigning probability of causation is atypical and 
involves a high degree of subjective judgment. Such cau-
tionary language was neither included in the abstracts of 
the individual papers nor was it mentioned in the aggres-
sive press releases that accompanied the publications 
Unfortunately, it was and continues to be largely hidden 
from the public and policymakers.

Regrettably, this lack of transparency and failure to 
clearly communicate findings is becoming all too common 
in science. For example, Sumner et al. (2014) compared 
462 biomedical/health-related science press releases issued 
by 20 leading UK-based universities to the associated peer-
reviewed research papers and subsequent news stories and 
found that 40% of the press releases contained exaggerated 
advice, 33% contained exaggerated causal claims and that 
36% contained exaggerated inference to humans from ani-
mal studies. When the press releases contained such exag-
geration, 58% of the subsequent news stories did as well.

Further aggravating the problem, in an apparent 
attempt to bolster the credibility of their chosen approach 
the authors of the Trasande et al. derived publications 
(Trasande et al. 2015; Bellanger et al. 2015; Hauser et al. 
2015; Legler et al. 2015; Hunt et al. 2016; Trasande 
et al. 2016; Attina et al. 2016) claimed they had adapted 
methods employed by the WHO and by the IPCC; how-
ever, those claims fail to pass closer scrutiny, and it is 

quite apparent that the authors instead devised their own 
unique approach without a firm grounding in science or 
precedence. The papers (Trasande et al. 2015; Bellanger 
et al. 2015; Hauser et al. 2015; Legler et al. 2015; Hunt 
et al. 2016; Trasande et al. 2016; Attina et al. 2016) are 
also fraught with numerous deficiencies including: a fail-
ure to use state of the art systematic review methodology, 
a lack of transparency in reporting how the literature was 
searched and which studies were selected for review, a 
failure to achieve a balance of perspectives in selecting 
membership for the panels, deviation from best practices 
for applying the Delphi technique in an effort to gain con-
sensus among panel members, a lack of serious critical 
discussion of the strengths and weaknesses of the indi-
vidual studies relied upon, over-reliance on sparse and 
unrepresentative data for assigning Atttributable Fraction 
and choosing dose–response relationships, and on unrep-
resentative biomonitoring data for modeling the number 
of cases of disease attributable to EDC exposures.

The largest driver of estimated costs was IQ loss and 
intellectual disability purportedly caused by exposures to 
OPP insecticides in the EU and PBDE exposures in the US 
(Bellanger et al. 2015). As we have shown this was based 
on evidence from just a few observational epidemiology 
studies of relatively small, and unrepresentative popula-
tion samples, which reported weak and inconsistent find-
ings. Other independent scientists have reviewed the same 
literature, have enumerated numerous limitations of those 
studies, and have arrived at very different conclusions than 
those of the expert panel assembled to review the neu-
robehavioral deficits and diseases evidence. In the case of 
OPPs, the independent reviews concluded that, at the expo-
sure levels seen in the general population, it is unlikely that 
they cause lost IQ and intellectual disability. For the pur-
ported PBDE link, they concluded that the evidence was 
inadequate to establish a causal relationship. Remarkably, 
none of these independent reviews was cited or discussed 
by the authors of the Trasande et al. associated panel (Bel-
langer et al. 2015) an obvious major omission. When 
communicating with the public, scientists should be clear 
about uncertainties, presenting competing views or inter-
pretations of data, and stating the limitations of the data 
presented (Runkle and Frankel 2012). The authors of the 
Trasande et al. (2015) derived publications (Bellanger et al. 
2015; Hauser et al. 2015; Legler et al. 2015; Hunt et al. 
2016; Trasande et al. 2016; Attina et al. 2016) fall well 
short of that standard.

We did not undertake a detailed review of the underlying 
toxicology and epidemiology evidence considered by the 
three other Trasande et al. associated panels that explored 
links between EDC exposures and male and female repro-
ductive diseases and disorders, and obesity and diabetes 
(Hauser et al. 2015; Legler et al. 2015; Hunt et al. 2016). 
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We cannot comment specifically upon them. However, we 
would highlight that those panels used the same flawed 
methodology highlighted herein, and a cursory review 
of the evidence suggests a similar over-reliance on a few 
human epidemiology studies that have some of the same 
limitations noted above.

A recent systematic review and meta-analysis of the link 
between EDCs and male reproductive diseases and disor-
ders (Bonde et al. 2016) concluded. “The widely stated 
view that ubiquitous endocrine disrupting chemicals in our 
environment play a substantial role in the development of 
male reproductive disorders through prenatal and perinatal 
mechanisms is to some extent challenged by this review. 
Although the current epidemiological evidence is compat-
ible with a small increased risk of male reproductive dis-
orders following prenatal and postnatal exposure to some 
persistent environmental chemicals classified as endocrine 
disruptors, the evidence is limited. In this light, estimates 
of the burden of disease and costs of exposure to endocrine 
chemicals (Trasande et al. 2016) seem highly speculative, 
at least with respect to male reproductive disorders.” (Note 
the conclusion that evidence was compatible with a small 
increased risk of make reproductive disorders (Bonde et al. 
2016) was based on a meta-analysis generated overall odds 
ratio reported to be 1.11 with 95% confidence Intervals 
ranging from 0.91 to 1.35, which most epidemiologists 
would regard as very weak.) We encourage others to scruti-
nize this review and other epidemiology evidence purport-
edly linking EDCs and adverse health effects in greater 
detail.

Pertinent to this discussion, LaKind et al. (2015) have 
reviewed some general problems with the environmental 
epidemiology literature that often precludes an ability to 
draw robust conclusions regarding the presence or absence 
of causal links between specific exposures and human 
health effects. They note that, to develop policies that are 
protective of public health and that can withstand scrutiny, 
the investigations need to be of sufficiently high quality in 
terms of exposure assessment, health outcome ascertain-
ment, data analysis and reporting of results. They propose 
a three-part approach addressing methods for improving 
the quality and accessibility of systematic reviews, access 
to information on ongoing and completed studies, and 
principles for reporting study results. This approach could 
certainly improve the impact that environmental epide-
miology research has on future chemical hazard and risk 
assessments.

The proponents of the cost estimates reviewed herein 
have also asserted that they have in all likelihood underesti-
mated the total societal costs attributed to EDC exposures, 
noting they only focused on the 15 exposure-outcome rela-
tionships that had the highest probability of causation, and 
that a broader analysis would have produced even greater 

estimates of burden of disease and of costs. As discussed, 
however, the cost estimates presented are highly uncertain 
because the authors have not even established a compelling 
case for causation for the 15 exposure-outcome relation-
ships they did include for study.

The timing of the release of the six papers (Trasande 
et al. 2015; Bellanger et al. 2015; Hauser et al. 2015; 
Legler et al. 2015; Hunt et al. 2016; Trasande et al. 2016) 
which focused on estimated disease burden and costs in 
the EU appears to coincide with other efforts being made 
to influence the EU Commission’s proposed criteria to 
identify EDCs for regulatory purposes (European Commis-
sion 2016a). By statute, the EU has committed to taking a 
hazard-only rather than a risk-based approach to regulat-
ing pesticides and biocides that are identified as EDCs. 
Broadly defined criteria could substantially increase the 
number of cost effective and efficacious chemicals that are 
misidentified as EDCs and subjected to bans and/or restric-
tions, thereby limiting consumer choice and increasing 
costs. However, such increased costs might look much less 
onerous when balanced against the massive societal costs 
attributed to EDC exposures as have been alleged by this 
series of papers. Consequently, for the purposes of policy 
decisions it is important to place the alleged cost of inac-
tion estimates into proper perspective.

The timing of the release of the seventh paper (Attina 
et al. 2016) that focused on cost estimates in the US is 
somewhat curious as it lagged by several months the 
adoption of the Frank R. Lautenberg Chemical Safety 
for the 21st Century Act (US EPA 2016b). The authors 
of that paper criticize the Act because they claim it does 
not specifically mention endocrine disruption. They 
also allege that the law does not make a provision for 
endocrine testing programs and does not address the 
urgent threat posed by EDCs. Yet, they fail to mention 
that the Act provides the U.S. EPA with new and broad 
authority to require chemical testing for new and exist-
ing chemicals and requires EPA to “prohibit or impose 
restrictions to protect against unreasonable risk”. There 
exist many opportunities for interested parties, includ-
ing the authors of the Trasande et al. (2015) derived 
publications (Bellanger et al. 2015; Hauser et al. 2015; 
Legler et al. 2015; Hunt et al. 2016; Trasande et al. 
2016; Attina et al. 2016) to comment on how EPA 
implements the Act, especially with respect to prior-
itizing specific chemicals for evaluation and action. 
So, despite their protests, the authors of the Trasande 
et al. (2015) derived publications (Bellanger et al. 2015; 
Hauser et al. 2015; Legler et al. 2015; Hunt et al. 2016; 
Trasande et al. 2016; Attina et al. 2016) and indeed all 
stakeholders have an ability to exercise their right to try 
to influence the EPA without having to exaggerate what 
they perceive to be the costs of inaction.
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US EPA also has ultimate responsibility for imple-
menting the EDSP (US EPA 2017) for screening and 
testing chemicals for endocrine disrupting properties. 
The Agency has recently announced a pivot in the pro-
gram to greatly accelerate the pace at which chemicals 
are screened and to reduce the use of laboratory ani-
mals. Once again, the program operates transparently 
and stakeholders are invited to engage constructively to 
improve upon it.

Conclusion

Some readers may still ask the questions: “What is the 
harm if the costs of EDCs are grossly exaggerated? Isn’t 
it better to be safe than sorry?” We would argue, as have 
others (Runkle and Frankel 2012; Allen et al. 2016; Ver-
gano 2015), that everyone loses when the scientific method, 
which demands a level of impartial objectivity, is not met 
as demonstrated by this series of papers. Not only can there 
be significant and lasting damage to the credibility of indi-
vidual scientists and organizations, but public acceptance 
and support for science, which is already on shaky ground 
(Vergano 2015), becomes further eroded. Public policy 
choices based on poor science or isolated findings from un-
replicated studies, even while well-intentioned, will have 
significant negative consequences for individuals and soci-
ety. As Dietrich et al. (2016) noted, “few without scientific 
training realize that science progresses by the detection of, 
and subsequent elimination of, errors. This is why acting on 
findings in isolation, all too common an occurrence today, 
is an unsound strategy. Perhaps equally important, failure 
of decision makers to recognise this, leads to unnecessarily 
restrictive and potentially damaging regulation.”

Our analysis has consistently demonstrated, that the 
cost estimates made in this series of papers (Trasande 
et al. 2015; Bellanger et al. 2015; Hauser et al. 2015; 
Legler et al. 2015; Hunt et al. 2016; Trasande et al. 2016; 
Attina et al. 2016) are based on flawed methodology, and 
a host of tenuous, unsupported assumptions and, as a con-
sequence, they lack scientific validity. The estimates are 
so highly speculative that no weight should be ascribed to 
them in any serious policy discussions of EDCs.
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