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Abstract

Increasing interest in characterizing risk assessment uncertainty is highlighted by recent

recommendations from the National Academy of Sciences. In this paper we demonstrate

the utility of applying qualitative and quantitative methods for assessing uncertainty to

enhance risk‐based decision‐making for 2,3,7,8‐tetrachlorodibenzo‐p‐dioxin. The

approach involved deconstructing the reference dose (RfD) via evaluation of the different

assumptions, options, models andmethods associatedwith derivation of the value, culmi-

nating in the development of a plausible range of potential values based on such areas of

uncertainty. The results demonstrate that overall RfD uncertainty was high based on lim-

itations in the process for selection (e.g., compliance with inclusion criteria related to

internal validity of the co‐critical studies, consistency with other studies), external validity

(e.g., generalizing findings of acute, high‐dose exposure scenarios to the general popula-

tion), and selection and classification of the point of departure using data from the individ-

ual studies (e.g., lack of statistical and clinical significance). Building on sensitivity analyses

conducted by the US Environmental Protection Agency in 2012, the resulting estimates

of RfD values that account for the uncertainties ranged from ~1.5 to 179 pg/kg/day. It

is anticipated that the range of RfDs presented herein, along with the characterization

of uncertainties, will improve risk assessments of dioxins and provide important informa-

tion to risk managers, because reliance on a single toxicity value limits the information

needed for making decisions and gives a false sense of precision and accuracy.
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1 | INTRODUCTION

The Integrated Risk Information System (IRIS) program of the US Envi-

ronmental Protection Agency (USEPA) supports the agency mission of

protecting human health and the environment by identifying and char-

acterizing the health hazards of chemicals found in the environment.
- - - - - - - - - - - - - - - - - - - - - - - - - -
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One of the key outputs of an IRIS assessment is the development of

toxicity values, including reference doses (RfDs) or concentrations,

oral cancer slope factors and inhalation unit risk values. These toxicity

values are applied in risk assessments and directly impact risk manage-

ment decisions regarding mitigation of chemical exposures. The IRIS

toxicity values are used across agency programs, as well as by other
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federal, state and local health and environmental agencies, and a host

of international health organizations (USEPA, 2018).

In 2014, at the request of Congress, the National Academy of

Sciences (NAS) reviewed the IRIS program and offered suggestions

for improvements to the IRIS process (National Academies of Science,

Engineering, and Medicine, 2014). NAS recommended establishing

guidelines for study selection, justifying assumptions and models to

determine points of departure (PODs), describing modeling processes,

assessing sensitivities in estimates, and characterizing confidence and

uncertainty. Their recommendations emphasized the role of evidence

evaluation and integration as they relate to the development of toxic-

ity values. In doing so, National Academies of Science, Engineering,

and Medicine (2014) stated, “EPA will need to make the best use of

the totality of the evidence with increased attention to distinguishing

the quality and relevance of studies assessing human dose‐response

relationships.” NAS further discussed the potential for multiple values

used as PODs, such as a central estimate and a lower bound, because

such an approach provides important information on uncertainty.

The utility of these recommendations has been discussed and demon-

strated in recent evaluations, including Bayesian approaches for uncer-

tainty factors (UFs), as well as overall approaches for characterizing and

communicating uncertainty (Beck et al., 2016; Simon, Zhu, Dourson, &

Beck, 2016; Van Landingham, Mundt, Allen, & Gentry, 2016). Notably,

the emphasis on characterization of uncertainty in risk assessment is

increasing globally, as highlightedbyongoingefforts fromtheWorldHealth

Organization (WHO, 2017) and the European Food Safety Authority

(EFSA, 2018a). However, few applications of such uncertainty evaluations,

either in IRIS assessments or in the peer‐reviewed literature, are available.

The objective of the present work was to assesses the uncertainty in

the RfD using qualitative and quantitative approaches suggested by

National Academies of Science, Engineering, and Medicine (2014) and

Beck et al. (2016). Building on sensitivity analyses conducted by USEPA

(2012), a number of independent analyses were conducted as part of an

extended assessment of uncertainty around the RfD. These include con-

sideration of risk of bias in the two candidate datasets, statistical analysis

associatedwith POD selection, application of Bayesian techniques toUFs

and a quantitative characterization as part of developing a range of plau-

sible RfDs reflective of underlying uncertainty. It is anticipated that having

a range of values like this will provide risk managers with a better under-

standing of the level of confidence in the underlying dataset and will pro-

vide data that can be used qualitatively or quantitatively whenmaking risk

assessment and riskmanagement decisions. This evaluation demonstrates

the utility of applying qualitative and quantitative methods for assessing

uncertainty to enhance risk‐based decision‐making using an approach

that is consistent with NAS recommendations.
2 | BACKGROUND OF US ENVIRONMENTAL
PROTECTION AGENCY REFERENCE DOSE
FOR TETRACHLORODIBENZO‐P‐DIOXIN

The USEPA is commended on the substantial effort put in over

the course of decades to develop the current RfD for 2,3,7,8‐
tetrachlorodibenzo‐p‐dioxin (TCDD). Dioxin and dioxin‐like com-

pounds (DLCs) are some of the most extensively researched substances

in the field of toxicology. As a result, the evidence base is voluminous,

consisting of more than 15 000 publications in PubMed alone. The

USEPA first evaluated TCDD in 1985, and over time, has conducted

several re‐evaluations (described in USEPA, 2012). As summarized by

USEPA (2012), themost recent analysis, which began in 2003, is accom-

panied by its own complex series of undertakings when the NAS was

asked by the USEPA, as well as other federal agencies, to review the

agency's draft reassessment. In 2006, NAS issued the findings of their

review, identifying three areas that required improvement: (1) justifica-

tion for approaches to dose‐response modeling; (2) transparency and

clarity in the selection of key datasets for analysis; and (3) transparency,

thoroughness and clarity in the quantitative uncertainty analysis

(National Academies of Science, Engineering, and Medicine, 2006).

Subsequently, the USEPA published a literature database of peer‐

reviewed studies on TCDD toxicity; the agency convened a workshop

to identify and address issues related to the dose‐response assessment

of TCDD and to ensure that the agency's response to the NAS focused

on the key issues and reflected the most meaningful science (USEPA,

2009). A draft report was then issued in 2010: EPA's Reanalysis of Key

Issues Related to DioxinToxicity and Response to NAS Comments (USEPA,

2010a, 2010b). This draft, often referred to as the “Reanalysis,” was

then subjected to an external peer review by a USEPA Scientific Advi-

sory Board (SAB), which held a series of public meetings before issuing

their report in 2011. In this report, the SAB commended the USEPA for

their comprehensive and rigorous process and documented their sup-

port for many of the decisions made by the agency. One of the most

notable of the SAB comments was related to the feasibility of a com-

prehensive uncertainty analysis. More specifically, the SAB believed

that a comprehensive quantitative uncertainty analysis was feasible

and should be conducted. While the EPA's Reanalysis of Key Issues

Related to Dioxin Toxicity and Response to NAS Comments, Volume 1

(USEPA, 2012) included a quantitative uncertainty analysis associated

with the development of PODs, uncertainty associated with other

aspects of the assessment that affect the RfD were either not

addressed or addressed only qualitatively.

In developing the current RfD for TCDD, USEPA (2012) selected

two co‐critical studies—Mocarelli et al. (2008) and Baccarelli et al.

(2008)—both of which are associated with the Seveso, Italy, accident,

which involved exposures to very high concentrations of TCDD during

and shortly after an explosion at a trichlorophenol manufacturing plant

in July 1976 (Mocarelli, 2001). Mocarelli et al. (2008) reported on

altered sperm concentrations and sperm motility in men exposed to

TCDD as children during the Seveso accident. Baccarelli et al. (2008)

reported on altered thyroid‐stimulating hormone (TSH) levels in new-

borns from mothers exposed to TCDD during the Seveso accident.

From each of these studies, a serum concentration was selected as it

related to male reproductive effects or increased TSH in neonates.

From these serum concentrations, which are metrics of internal dose

(i.e., lipid‐adjusted serum concentrations of TCDD) measured at a sin-

gle point in time, estimates of daily exposure (administered dose) were

derived using a kinetic model. These daily intakes were identified as
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the PODs, each of which was characterized as the lowest‐observed‐

adverse‐effect level (LOAEL). From the POD, UFs were applied to

derive a final RfD of 0.7 pg/kg/day (Table 1).
3 | GENERAL APPROACH FOR
CHARACTERIZING UNCERTAINTY IN THE
REFERENCE DOSE

The approach for characterizing uncertainty followed recommenda-

tions by National Academies of Science, Engineering, and Medicine

(2014) for the analysis and communication of uncertainty. The objec-

tive of this approach was to provide “a demonstration of variation in

the final toxicity value estimates under different assumptions, options,

models, and methods” (National Academies of Science, Engineering,

and Medicine, 2014). This approach allows for visualization of uncer-

tainty in each stage of the process, recognizing that those in earlier

stages cascade and propagate to later stages. Further guidance on

specific approaches to characterizing uncertainty was informed by

Beck et al. (2016); these approaches suggest deconstruction of the

toxicity value to enhance transparency, presenting PODs and toxicity

values in the context of alternatives and evaluating uncertainty in indi-

vidual elements of the hazard characterization. Recommendations also

included developing visual aids and transparent narratives related to

confidence and uncertainty.

The areas of uncertainty evaluated herein paralleled the key deci-

sions made in developing the USEPA RfD for TCDD. These areas

include:

1. Candidate study selection and evaluation of Mocarelli et al. (2008)

and Baccarelli et al. (2008) as co‐critical studies from the overall

body of evidence.
TABLE 1 Co‐critical study information and USEPA's derivation of the Rf

Parameter Mocarelli et al., (2008)

Study type and population Human, cohort (Seveso, 1976)

Endpoint Serum concentrations associated

sperm concentrations in men e

aged 1‐9

Data selected to characterize

exposure‐response
Serum concentration of 68 ppt (

concentration of Q1; measure

associated with decreased spe

concentrations and decreased

(measured in 1997‐1998)

↓↓ Kinetic model used by USEPA to determine daily intake associated with se

POD = Daily intake associated with

serum concentrations

0.020 ng/kg/day (mean of peak

[0.032 ng/kg/day] and average

10‐year critical window [0.008

POD type LOAEL

UF 30 UFL = 10; UFH = 3

RfD

β‐TSH, blood thyroid‐stimulating hormone; LOAEL, lowest‐observed‐adverse‐e
factor; USEPA, US Environmental Protection Agency.
2. Selection of the serum concentrations to derive the POD, and

classification of the serum concentrations as the no‐observed‐

adverse‐effect levels (NOAELs)/LOAELs.

3. Application of a kinetic model to derive the POD from the serum

concentrations in the studies.

The uncertainty in theTCDD RfD was characterized both qualitatively

and quantitatively by deconstructing and identifying uncertainties, and

then reconstructing potential RfD values using different assumptions,

options, models and methods that captured the key areas of uncer-

tainty (Beck et al., 2016; National Academies of Science, Engineering,

and Medicine, 2014). For the qualitative assessment, uncertainties in

the selection of candidate studies, as well as the characterization

and use of the data from the co‐critical studies, are considered. To

do so, the studies are discussed relative to the inclusion criteria

implemented by USEPA (2012), which involved critical appraisal of

the study quality and the overall body of evidence for each given end-

point (e.g., consistency). Notably, uncertainty as it related to study

quality involved assessment of external validity (the degree to which

the results of a study can be generalized to groups other than those

in the given study) and internal validity (often measured by risk of bias,

an evaluation of the potential for a systematic error or deviation from

true effect). Herein, the Risk of Bias tool for the National Toxicology

Program (Office of Health Assessment and Translation, 2015a,

2015b) was used to guide the characterization of uncertainty associ-

ated with internal validity.

Continuing with the deconstruction of the toxicity values, the

uncertainty in the selection of PODs (or serum concentrations used

to develop the PODs) from the co‐critical studies was characterized

qualitatively, and the PODs were classified as LOAEL or NOAEL

values. When possible, alternative classifications or alternative values
D values for TCDD

Baccarelli et al., (2008)

Human, cohort (Seveso, 1976)

with decreased

xposed as boys

Maternal serum concentrations associated with

increased β‐TSH in neonates

median

d in 1976)

rm

sperm motility

Maternal serum concentration of 235 ppt

(estimated from regression plot based on

measurements from 1992 to 1998

extrapolated to time of birth) associated with

neonate β‐TSH >5 μU/mL (1994‐2005)

rum concentrations ↓↓

exposure

exposure over

0 ng/kg/day])

0.020 ng/kg/day

LOAEL

30 UFL = 10; UFH = 3

0.7 pg/kg/day

ffect level; POD, points of departure; RfD, reference dose; UF, uncertainty
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were considered quantitatively based on aspects such as statistical

significance, clinical significance and level of severity (e.g., determina-

tion as to whether a response is adverse). For the kinetic modeling,

assumptions and output were considered in the context of established

methods and integration of the concentration‐ and age‐dependent

kinetics for TCDD.

Potential ranges of RfD values were then determined using multi-

ple approaches. First, alternative RfD values were calculated using a

combination of deterministic calculations similar to the “sensitivity

tree” approach used by USEPA (2012), in which uncertainties in

POD or characterization of the POD as a NOAEL or LOAEL were

explored. Then, as per NAS recommendations (National Academies

of Science, Engineering, and Medicine, 2014), Bayesian approaches

were applied to characterize the distribution of RfD values, which

were subsequently compared with the current RfD. A recently pub-

lished approach for developing probabilistic dose‐response character-

izations based on animal data (Chiu et al., 2018) was considered but

not implemented as the data examined here are from human studies.

It should be noted that our assessment focused on uncertainty

characterization specific to the RfD and the two co‐critical studies

rather than providing a full weight‐of‐evidence assessment related to

hazards and risks associated withTCDD. Therefore, much of the infor-

mation conveyed in the USEPA Dioxin Reassessment is not reflected

here.
4 | UNCERTAINTIES RELATED TO SPERM
ENDPOINT (MOCARELLI ET AL. , 2008)

4.1 | Mocarelli et al. (2008) background

Mocarelli et al. (2008) investigated semen quality parameters and

reproductive hormone levels in adult males several decades after their

exposure to TCDD as children during the Seveso accident in 1976.

The authors reported that males aged 1‐9 years at the time of

exposure were reported to have reductions in sperm concentration,

percentage progressive motility and total motile sperm count as

adults. In contrast, males aged 10‐17 years at the time of exposure

were reported to have increased sperm counts and total motile sperm.

The authors concluded that the reductions in sperm count and motility

in males aged 1‐9 years at the time of exposure were permanent and

occurred at serum TCDD concentrations <68 ppt (median TCDD

concentration of the first quartile of men aged 1‐9 years during the

Seveso incident). The USEPA selected the serum concentration of

68 ppt as the concentration on which to base the POD; this value

was characterized as a LOAEL for decreased sperm concentrations

and decreased sperm motility. Using a kinetic model, a daily intake

of 0.020 ng/kg/day (mean of peak and average exposure over a

10‐year critical window) was derived. This POD was divided by a

composite UF of 30 to derive the candidate RfD of 0.7 pg/kg/day

(Table 1). Uncertainties associated with study selection and evaluation,

POD selection and classification, and kinetic modeling are summarized

in Table 2 and discussed below.
4.1.1 | Uncertainty related to selection of Mocarelli
et al. (2008) as a candidate study

The selection of the co‐critical studies is not consistent with the

systematic review process more recently proposed by National

Academies of Science, Engineering, and Medicine (2014). Since the

time of the release of the RfD in 2012, the NAS has described a

systematic review as an approach to identify, evaluate and integrate

the evidence—steps that support hazard identification and dose‐

response assessment. The earlier approach implemented by USEPA

used a systematic search (but not a systematic review). That is, the

systematic search was conducted using specific inclusion criteria

(Table 2) related to identifying studies that characterize the dose‐

response relationship for TCDD. Thus, the study was selected in the

absence of context with regard to how it related to other studies

characterizing the same endpoint. The process did not involve an

overall characterization of potential hazard, and subsequent selection

of a candidate study to represent the hazard.

Many of the inclusion criteria (Table 2) involve aspects of internal

validity of a study. Internal validity, often evaluated by risk of bias

(OHAT, 2015), is a significant component of the critical appraisal pro-

cess recommended by National Academies of Science, Engineering,

and Medicine (2014). It provides a measure of whether the design

and conduct of a study compromised the credibility of the link

between exposure and outcome. Notably, National Academies of

Science, Engineering, and Medicine (2014) is recommending that a

risk‐of‐bias assessment be conducted on studies that are used by

USEPA as primary data sources for hazard identification and dose‐

response assessment. Thus, the use of some aspects of internal

validity as means of inclusion criteria would contribute to increased

confidence and quality in an assessment. When these more recent

criteria implemented for inclusion were appraised for Mocarelli et al.

(2008), significant uncertainties were identified (Table 2).

The sperm quality data reported in Mocarelli et al. (2008) are sub-

ject to uncontrolled sources of methodological error (e.g., high risk of

bias) and, thus, were found to have substantial uncertainty related to

the inclusion criteria. Specifically, the outcome (sperm quality) was

not evaluated using a valid measure; all the sperm quality data are

based on a single sample from each subject. This is contrary to guid-

ance from the WHO (2010, p. 8), which states, “It is impossible to

characterize a man's semen quality from evaluation of a single semen

sample.” To account for intrasubject variation in sperm concentrations,

multiple sequential samples are needed over time. More specifically,

WHO (2010, p. 8) states, “It is helpful to examine two or three samples

to obtain baseline data.” Thus, a single sperm sample is not valid for

statistical comparisons between groups. The USEPA acknowledged

this limitation in the measurement of the outcome, stating that “…

the collection of a single semen sample is not suitable for accurate

evaluation of semen effects in an individual …” (USEPA, 2012, p. C‐

124) but nonetheless relied on Mocarelli et al. (2008) as a co‐critical

study. Further limiting the reliability of the sperm quality data,

Mocarelli et al. (2008) indicate that data on the length of abstinence

between ejaculations were obtained, but the authors do not fully



TABLE 2 Inclusion criteria imposed by USEPA (2012) and Mocarelli et al.'s (2008) compliance with the inclusion criteria

Inclusion criteria (USEPA, 2012) Mocarelli et al.'s (2008) compliance with the inclusion criteria

Study is published in the peer‐reviewed scientific literature and provides

an appropriate discussion of data collection and analysis methods, as

well as sufficient detail to allow consideration of its strengths and

limitations.

Significant exclusion bias limits ability to consider approach and

findings fully; 10 men with serum concentrations of >2000 ppt,

median concentration of 6350 ppt were excluded from the

analyses without explanation of potential impact (authors did not

provide any information regarding sperm concentrations; it is

anticipated that this would have altered the median serum

concentrations of the quartile data used in development of a

candidate RfD).

Exposure is primarily to TCDD, rather than DLCs, and can be quantified

so that dose‐response relationships can be assessed for non‐fatal
adverse Because all epidemiologic cohorts have background

exposures to DLCs, in which TCDD is a minor component, only those

studies for which TCDD exposure is well above background will

qualify for dose‐response modeling. To the extent to which

background DLC exposure becomes more significant with respect to

TCDD exposure, limited quantitative assessment of DLC background

exposures may be necessary endpoints.

Exposures to other DLCs were significant: USEPA estimated that

equivalent POD based on TEQ was ~140 ppt (vs. TCDD‐only POD

of 68 ppt); thus, ~52% of the total TEQs were DLCs other than

TCDD

Effective dose and oral exposure must be quantifiable. Timing of the

measurement of health endpoints (i.e., the response) also must be

consistent with current biological understanding of the endpoint and

its progression.

Exposure to TCDD based on accidental explosion, which involved a

bolus inhalation exposure in addition to oral and dermal exposure.

Exposure dose utilized by USEPA did not reflect the peak

exposure.

Results not biologically consistent; opposite responses observed in

males aged 1‐9 vs. 10‐17 years.

Methods used to ascertain health outcomes are clearly identified and

unbiased (e.g., outcome classification was made―blinded to exposure

levels of the study participants).

Well‐documented that a single sperm sample clinically insufficient to

characterize sperm quality

Unclear whether all endpoints assessed via blinded procedures

Risk estimates generated from the study are not susceptible to

important biases arising from an inability to control or account for

confounding factors or other sources of bias (e.g., selection or

information bias) arising from limitations of the study design, data

collection or statistical analysis.

Potential selection bias in control group; no information provided on

geographic origins or ethnicity (unclear whether recruited from

same eligible population)

Study demonstrated an association between TCDD and an adverse

health endpoint (assuming minimal misclassification of exposure and

absence of important biases) with some suggestion of an exposure‐
response relationship.

No statistical tests were conducted by the authors for the data used

to develop the candidate RfD (quartile analyses)

Single sample of sperm concentration not a measure of adversity; all

sperm concentrations were within clinically acceptable levels related

to fertility

Exposure assessment method is clearly described and can be expected

to provide adequate characterization of exposure, with assignment of

individual‐level exposures within a study (e.g., based on biomarker

data or based on a job‐exposure‐matrix approach). Limitations and

uncertainties in the exposure assessment are considered.

Exposure to TCDD was not measured in control group

(concentrations were assumed <15 ppt in 1976)

Size and follow‐up period of a cohort study are large enough and long

enough, respectively, to yield sufficiently precise estimates for use in

development of quantitative risk estimates and to ensure adequate

statistical power to limit the possibility of not detecting an association

that might be present. Similar considerations regarding sample size

and statistical precision and power apply to other study designs such

as case‐control studies.

Independent analysis of the sample size and sampling design

demonstrates a lack of statistical power to support conclusions.

DLC, dioxin‐like compound; POD, point of departure; RfD, reference dose; TCDD, tetrachlorodibenzo‐p‐dioxin; TEQ, toxic equivalency; USEPA, US Envi-

ronmental Protection Agency.
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report these data. Abstinence is a major determinant of the variation in

seminal parameters, and understanding the potential impact of differ-

ences in abstinence length is important to understanding the results

(Carlsen, Petersen, Andersson, & Skakkebaek, 2004; WHO, 2010).

With respect to exposure bias, serum concentrations of TCDD

were not measured for the control group (but were measured for
the exposed individuals). Mocarelli et al. (2008) assumed that the

serum TCDD concentrations for the comparison groups were

≤15 ppt in 1976‐1977. EFSA (2018b) has also recently cited the

poor exposure information for the control group as a potential

source of bias. Furthermore, with respect to the comparison (or con-

trol) group, no information was provided regarding the geographic
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origins or ethnicity, and, thus, it is unclear whether participants

were recruited from the same eligible population (i.e., bias related

to selection of control groups). These elements are known to influ-

ence the validity of the outcome measurements (sperm counts vary

by geographic region) (Fisch, Ikeguchi, & Goluboff, 1996; Safe,

2000), as do exposure measurements (dioxin concentrations vary

by ethnicity), respectively (Bichteler, Wikoff, Loko, & Harris, 2017).

EFSA (2018b) also recently cited the lack of information on the

likeness of the control group as a probable source of bias in this

study.

Furthermore, there is direct evidence of exclusion bias; the

original study authors excluded men that were characterized as “very

highly exposed” (Mocarelli et al., 2008, p. 71). Specifically, 10 men

aged 1‐9 years old in 1976 were excluded from the analysis; this

group had a median serum concentration of 6350 ppt (a concentra-

tion one to two orders of magnitude greater than the medians of

the first [68] and fourth quartiles [733], respectively). The authors

did not provide a rationale for excluding these participants; no

information was provided regarding the sperm quality or the impact

of excluding these participants on the exposure‐response relation-

ship. EFSA (2018b) has also recently cited this as a potential bias

in the study methods. In addition to attrition/exclusion bias, there

probably was a high risk of selection bias. The overall participation

rate of 33% is low and is different from the participation rate of

the control groups (49%). Neither Mocarelli et al. (2008) nor USEPA

(2012) addressed these factors as part of an uncertainty analysis.

Notably, EFSA also recently described a probably high risk of bias

related to the selection domain due to these issues with participa-

tion rate (EFSA, 2018b; Annex A.9.1).

There is also a high level of uncertainty related to the generalizabil-

ity of the exposures and effects observed in Mocarelli et al. (2008) to

represent the general population exposure‐response. Specifically,

there is uncertainty regarding reliance on a study involving high‐dose,

acute exposure from what is described as a toxic cloud following the

Seveso incident (Pesatori, 1995; Pesatori et al., 2003; Signorini et al.,

2000). The experimental animal literature demonstrates the role of

dose in the relationship between high‐dose, bolus exposure (vs.

chronic low‐dose exposures) and male reproductive effects (Foster,
Maharaj‐Briceno, & Cyr, 2010). In a comprehensive review of studies

examining the effect of in utero and developmental exposure toTCDD

on male rat reproductive system parameters (Bell et al., 2010), the

authors state that acute exposures lead to higher hepatic sequestra-

tion and less fetal distribution. This supports uncertainty in translating

exposures from Seveso (e.g., acute exposure interval before evacua-

tions), to predicting human responses where exposure occurs chroni-

cally, and to low levels, via dietary intake.

4.1.2 | Uncertainty in the point of departure from
Mocarelli et al. (2008) based on lack of statistical
significance

The sperm concentrations of exposed men evaluated by quartile

were not subjected to a statistical evaluation by the study authors

or by the USEPA. The USEPA attempted to obtain the original data

from the Mocarelli et al. (2008), noting that the first author was also

a member of the agency's SAB charged with reviewing the USEPA

assessment (USEPA, 2010c). However, the study authors did not

make these data available. As such, no tests could be conducted to

determine whether the median serum concentration of Q1—the data

point used to develop the candidate RfD—was statistically different

from the reference group. Because the data were presented only in

graphical format, the USEPA estimated the decrease in sperm con-

centrations ~25% (Q1), ~25% (Q2), ~21% (Q3) and ~33% (Q4) rela-

tive to the control group—a trend that is not indicative of a dose‐

response. Furthermore, when describing the data, the USEPA

described the sperm concentration changes in the second, third and

fourth quartiles as “minimal” relative to the first quartile (USEPA,

2012, pp. 4‐58), despite significant increases in TCDD serum concen-

trations. It is notable that in their recent review, EFSA (2018b) also

specifically indicated a lack of dose‐response relationship reported

in this study.

In our assessment, it was determined that the first quartile

group was not statistically significantly different from the control

group for either measure (Data S1; see Supporting Information).

The only quartile to achieve statistical significance was Q4; the

median serum concentration in Q4 was 733 ppt (Figure 1). Thus,
FIGURE 1 Characterization of key

uncertainties in sperm data. Adapted from
Figure 3A in Mocarelli et al. (2008); sperm
concentration (adjusted mean and 95%
confidence interval) for exposed men 1‐
9 years old in 1976 and sampled for semen
quality indices in 1998. LOAEL, lowest‐
observed‐adverse‐effect level; TCDD, 2,3,7,8‐
tetrachlorodibenzo‐p‐dioxin; USEPA, US
Environmental Protection Agency [Colour
figure can be viewed at wileyonlinelibrary.
com]

http://wileyonlinelibrary.com
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if using classical designations based on statistical significance, the

LOAEL from Mocarelli et al. (2008) would be 733 ppt (median of

Q4), and the NOAEL would be 345 ppt (median of Q3). The

impact of using a statistically significant finding would result in a

~10‐fold higher serum level based on a LOAEL (and the UF = 10

for UFL retained) or, alternatively, a fivefold higher serum level

based on a NOAEL coupled with a 10‐fold lower composite UF

(UFL would not be needed). At a minimum, the evaluation of statis-

tical significance would suggest that the serum concentration uti-

lized in the development of the RfD (68 ppt) is a NOAEL instead

of a LOAEL, as characterized by the USEPA, because it is not sta-

tistically different from the control. The classification of 68 ppt as

a NOAEL vs. LOAEL, alone, has a significant impact on the RfD—

removal of the 10× UF for UFL results in an RfD of 7 pg/kg/day

(vs. 0.7).

Statistical significance for the cohort (vs. by quartile) can also be

considered. Mocarelli et al. (2008) report an unadjusted sperm

concentration mean of 53.6 million/mL (mean ± SD, 21.8‐131.8

million/mL) across all exposed men from the cohort aged 22‐31 years

(i.e., those exposed when aged 1‐9 years; regardless of TCDD

concentration/assignment by quartile). In the control group, the

authors reported a mean concentration of 72.5 million/mL (mean ± SD,

31.7‐165.9 million/mL) in men of similar age but unknown geographic

region. The comparison of sperm concentrations for all exposed men

aged 22‐31 years (“exposed group” regardless of the exposure level)

was reported statistically significant (P = 0.025). Thus, the statistically

significant finding applies to the evaluation of the entire exposed

group (median 210 ppt); the same finding was not reported for a com-

parison limited to the first quartile (Q1) of the exposed group (median

68 ppt).

4.1.3 | Uncertainty in the points of departure
based on lack of clinical significance (i.e., lack of
adversity) of the sperm deficits in Mocarelli et al.
(2008)

All of the sperm concentrations reported by Mocarelli et al. (2008)

were within the normal range of variability and are above concentra-

tions considered clinically significant and associated with reduced

fertility. As such, the sperm concentrations reported by Mocarelli

et al. (2008) should not be considered adverse. All of the mean values

shown in Figure 1 are well above 20 million/mL, which is the level

identified by USEPA (2012) as the guideline used by WHO (1980)

for determining clinically significant deficits in sperm concentrations

(i.e., levels <20 million/mL are associated with increased male infertil-

ity). However, USEPA (2012) did not discuss more recent guidance by

WHO (2010), in which a lower limit of 15 million sperm/mL is cited as

a reference value for clinically significant deficits in sperm concentra-

tion (with a range of 12‐16 million/mL; WHO, 2010). Regardless, none

of the mean sperm concentrations reported by Mocarelli et al. (2008)

was lower than any of these reference values, not even in Q4, which

was the only quartile determined statistically different from controls

in this current assessment (Figure 1). Furthermore, all of the mean
values shown in Figure 1 are, in fact, >40 million/mL, which suggests

that the entire cohort of exposed men have sperm concentrations

above the 25th percentile of the WHO (2010) reference range for

men whose partners became pregnant within 20 months of

discontinuing contraceptive use. This uncertainty in the adversity of

the observed decreases in sperm concentration was acknowledged

by the USEPA, which stated, “A decrease in sperm concentration of

25% likely would not have clinical significance for a typical individual

…” (USEPA, 2012, pp. 4‐59).
4.1.4 | Uncertainty in the points of departure based
on shortcomings in the characterization of exposure

The measures of exposure in Mocarelli et al. (2008) were blood

samples. These samples were drawn months after the acute exposure

in July 1976; because TCDD kinetics are concentration and age

dependent, it is likely that the measured levels underpredict exposure

at the time of the acute exposure incident. The POD for the EPA

reflects an average of the estimated peak dose and the daily dose over

a time to achieve the 68‐ppt value. There is uncertainty in using this

approach to characterize the exposure metric, as any potential effect

is probably associated with peak concentrations associated with the

acute, high‐dose exposure to dioxins. Such a relationship has been

observed in experimental animal data (Foster et al., 2010). As a result,

the POD likely reflects an underestimate (i.e., the POD would be

higher if these kinetic aspects are considered).
4.1.5 | Uncertainty in the points of departure based
on lack of dose‐response

Acknowledging that the decrease in sperm concentration in the first

quartile of men aged 1‐9 years at time of exposure was not clinically

relevant, the USEPA judged the impact on sperm concentration and

quality to be biologically significant based on the potential for func-

tional impairment in a population. This is somewhat incongruent with

the agency's acknowledgment that there was no clear adverse‐effect

level indicating male fertility problems for either of the sperm effects

reported in Mocarelli et al. (2008) and that no effects on the reduction

in total sperm count or testosterone levels were observed in concert

with the altered sperm concentration and motility counts (USEPA,

2012). Nonetheless, the USEPA relied on a rationale that decreases

associated with TCDD could lead to shifts in the distributions of such

measures in the general population. The SD below the mean for sperm

concentrations across the cohort (not for Q1), 21.8 million/mL, was

described as falling near the low end of the range of reduced

fertility. Thus, the rationale for the effect was supported by data for

the entire cohort, rather than for Q1. Subsequently, a more appropri-

ate POD would be based on the serum concentration associated with

statistical significance in the cohort (i.e., 210 ppt) vs. that from

Q1. This factor alone introduces a threefold higher serum level to

calculate the POD.
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4.2 | Uncertainties related to the thyroid‐stimulating
hormone endpoint (Baccarelli et al., 2008)

4.2.1 | Baccarelli et al. (2008) background

Baccarelli et al. (2008) investigated neonatal blood thyroid‐stimulating

hormone (β‐TSH) levels in neonates born to mothers from Seveso. The

authors reported that neonatal β‐TSH levels were modified by mater-

nal dioxin exposures. Correlations were reported between neonatal

TSH values with both maternal TCDD and toxic equivalency (TEQ).

The USEPA relied on information presented in a graphic to character-

ize the regression of estimated maternal serum concentrations and

infant β‐TSH at birth, to determine the critical effect and resulting

POD. Using a threshold of 5 μU/mL β‐TSH as an indicator for adverse

effects, the USEPA selected the maternal serum concentration of

235 ppt to develop the POD. Using kinetic modeling, a serum

concentration of 235 ppt, corresponding to an average daily intake

of 0.02 ng/kg/day, was derived. This POD was then divided by a

composite UF of 30 to derive the candidate RfD of 0.7 pg/kg/day

(Figure 2). Uncertainties associated with study selection and

evaluation, POD selection and classification, and kinetic modeling

and discussed below.
4.2.2 | Uncertainty related to selection of Baccarelli
et al. (2008) as a candidate study

As discussed previously, the process implemented by the USEPA in

selecting candidate datasets was focused on studies that could be

used to characterize the dose‐response relationship for TCDD (vs.

hazard characterization). Thus, selection was biased to favor studies

with positive findings, and characterization of the body of evidence

regarding the relationship between the exposure and increased TSH

in humans was not examined, i.e., no systematic characterization of

hazard was provided for this endpoint, and no description of consis-

tency with other studies was provided. In this context, the USEPA

received a number of peer‐review comments related to the selection

of Baccarelli et al. (2008) as a co‐critical study, because it was not con-

sistent with other literature characterizing potential associations

between dioxin exposure and thyroid function in neonates, infants

and children.
A relatively recent weight‐of‐evidence analysis of human expo-

sures to DLCs and associations with thyroid hormone levels during

early development highlight the limitations of the Baccarelli et al.

(2008) study (Goodman, Kerper, Boyce, Prueitt, & Rhomberg, 2010).

From the 19 studies that specifically evaluated TSH, Goodman et al.

(2010) reported a lack of evidence for clear and consistent effects of

dioxins on TSH in infants and children, noting that the results were

inconsistent, and, in most cases, group differences in TSH were not

statistically significant. Among the studies that evaluated TSH from

birth to 3 days old, only Baccarelli et al. (2008) reported a significant

association with serum TCDD. When interpreting the inconsistencies

in findings, Goodman et al. (2010, p. 95) noted that “the range of

TSH levels in infants’ blood at 3 days observed in this study was not

elevated relative to levels in other studies with lower exposures to

dioxins and DLCs, raising questions regarding the potential impact of

TCDD on thyroid hormone levels.”

Studies in laboratory animals support the hypothesis of a threshold

effect level for TCDD exposure, i.e., TSH (as an indicator of thyroid

function) is more consistently altered at high doses, but not at lower,

environmentally relevant doses (Goodman et al., 2010; Greene, Hays,

& Paustenbach, 2003; Seo et al., 1995; Sewall et al., 1995). The poten-

tial role of high‐dose exposure is emphasized by findings from

Baccarelli et al. (2008, p. 1136), in which “all positive associations were

dependent on the presence in the analyses of participants with very

high plasma TCDD level (TCDD >50 ppt, n=5).” When the analyses

were restricted to individuals with TCDD levels <50 ppt (i.e., general

population exposures), none of the correlations (including TSH) were

significant.

Taken together, the inconsistency of the Baccarelli et al. (2008)

data relative to data obtained from cohorts other than Seveso, as well

as the clear need for high‐dose exposures to obtain a response, high-

light the uncertainty in the selection of Baccarelli et al. (2008) as a can-

didate study. Furthermore, it is plausible that the inconsistency can be

explained by the lack of external validity, i.e., the lack of generalizabil-

ity in using a study involving high‐dose, acute exposure following the

Seveso incident to represent dietary exposures in the general

population.

With respect to internal validity as it relates to inclusion criteria

applied by USEPA (2010), there is likely a high risk of bias in the

evaluation and control for confounding. As acknowledged by USEPA

(2010a, 2010b), consideration of the confounding effect of maternal
FIGURE 2 Characterization of key
uncertainties in TSH data. Adapted from
Figure 2a, Baccarelli et al. (2008); maternal
plasma dioxin levels and neonatal β‐TSH. β‐
TSH, blood thyroid‐stimulating hormone;
TCDD, 2,3,7,8‐tetrachlorodibenzo‐p‐dioxin
[Colour figure can be viewed at
wileyonlinelibrary.com]
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iodine intake was not included in the assessment (because it was not

available). Although Baccarelli et al. (2008) reported that there was

no indication that exposed and unexposed women had differences in

uptake, this does not discount the potential confounding of such dif-

ferences within each group—two different aspects of confounding

(OHAT, 2015a, 2015b). Furthermore, the Lombardy region—where

Seveso is located—is known to have a borderline‐mild iodide defi-

ciency (5.4%‐6.3%) relative to iodine‐replete populations (<3%)

(Corbetta et al., 2009). Given the evidence of regional iodine defi-

ciency (i.e., direct evidence of confounding) and the direct relationship

between iodine status and TSH (WHO, 1994) (discussed further

below), this is a critical variable in an evaluation of TSH as an outcome,

which likely contributes to uncertainty in the selection of Baccarelli

et al. (2008) as providing reliable characterizations between TCDD

and TSH.

Regarding the evaluation of exposure, the USEPA determined that

the uncertainty was too great to utilize neonatal TCDD serum concen-

trations, instead using maternal serum concentrations. However, the

maternal serum concentrations were based on measurements col-

lected between December 1992 and September 1998—several years

after the measurements of outcome (collected at birth, January

1994‐June 2005). Thus, instead of using maternal serum concentra-

tions measured at the same time as the outcome, exposure was based

on maternal serum concentrations that were extrapolated to the date

of delivery by Baccarelli et al. (2008). The combined indirect approach

that involves both (1) lack of exposure measurement in the individuals

(infants), and (2) consideration that exposure and outcome were not

measured at the same time, lend uncertainty in the assessment of

exposure.
4.2.3 | Uncertainty in the points of departure based
on shortcoming in selection and characterization of a
serum concentration
4.3 | Points of departure based solely on
extrapolated estimate of unadjusted data

As noted above, the USEPA did not use a value reported by the study

authors, but rather, conducted a series of exercises to determine a

POD by extrapolating from a figure in Baccarelli et al. (2008). Specifi-

cally, the USEPA determined the maternal serum concentration

associated with neonatal TSH levels >5 μU/mL from a regression plot

in Baccarelli et al. (2008) (reproduced in Figure 2). This plot presents

regression findings for the crude analyses; results of the multivariate

analyses in which confounding was considered result in a different

regression slope (β = 0.75) (i.e., a different POD would be derived

using the relationship that adjusted for confounding). The study

authors did not provide sufficient data to determine a POD using

the adjusted data. Because the USEPA has recognized the importance

of confounding as part of the inclusion criteria, not using adjusted data

lends uncertainty to the RfD.
4.4 | Independent analysis demonstrating broad
confidence interval around points of departure

No estimates of variability around the POD were considered by

USEPA (2012). Therefore, an independent analysis was conducted to

characterize the 95% confidence bounds around the serum concentra-

tion used for the POD. Data points were reconstructed from Figure 2

A in Baccarelli et al. (2008) using WebPlotDigitizer version 4.1 (49 of

the reported 51 data points were identified). A linear regression model

was fit to the reconstructed data (log‐transformed neonatal TSH vs.

log‐transformed maternal lipid‐adjusted serumTCDD), using R (R Core

Team, 2018). This model was then used to make an inverse prediction

of log maternal TCDD corresponding to a specified log neonatal TSH,

along with the corresponding 95% confidence interval. The inverse

prediction and confidence interval were calculated using the

“chemCal” R package (Ranke, 2015), which adapts the calculation

method of Massart et al. (1997). The prediction and 95% confidence

interval bounds were then exponentiated to back‐transform them to

the natural scale. It is recognized that this exercise was limited to

the log‐transformed data as this was the form presented by the origi-

nal authors; however, uncertainty could be even further characterized

using non‐log transformed data (recognizing that this approach would

have additional complexity associated with non‐linearity when

assessing a confidence interval on an inverse relationship).

The resulting confidence interval was very broad (~40 ppt,

>100 000 ppt) and reflects the high variability in the relationship, small

sample size (n = 51), relatively small proportion of measurements in

the higher TCDD ranges (>50 ppt) and non‐linear bivariate relation-

ship (note the log‐transformed scales in the graphic provided by the

original authors). The large confidence boundaries demonstrate a low

level of precision in the estimate (and greater uncertainty).
4.5 | Uncertainty in the points of departure based on
lack of clinical significance (i.e., lack of adversity) of
thyroid‐stimulating hormone measurements in
Baccarelli et al. (2008)

The increased TSH was identified as an indicator of reduced circulat-

ing thyroxine (T4) levels, which could eventually lead to neurological

deficiencies. More specifically, increased TSH was characterized as

adverse based on its use as a screening indicator for follow‐up exam-

ination to rule in or rule out the presence of permanent congenital

hypothyroidism (CH) (USEPA, 2012; WHO, 1994). However, the

diagnosis of CH is significantly more complex than the assessment

of a single screening level TSH sample (American Association of Pedi-

atrics, 2006). Furthermore, screening for CH is complex. In a clinical

setting, infants with TSH above a designated screening level (typically

>10 μU/mL, discussed below) undergo confirmatory testing involving

serum TSH and free T4. Those with both persistent serum TSH

>10 μU/mL and normal or low free T4 are considered hypothyroid.

Such cases are typically also accompanied by clinical evaluation, bio-

chemical determinations, thyroid scintiscan and/or neck ultrasound
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(Corbetta et al., 2009). Similarly, Baccarelli et al. (2008) described the

need for further testing in participants in the cohort; additional

laboratory and clinical investigations were conducted on participants

with β‐TSH >10 μU/mL. Two of eight (25%) individuals who were

screened received a final diagnosis of permanent CH (discussed

further below).

Thus, interpreting neonatal TSH results establishing adverse, e.g.,

the presence of CH, is complicated by the need to establish multiple

lines of evidence, including repeat TSH measurements, additional thy-

roid hormone assessments (e.g., T4 and tri‐iodothyronine) and longer‐

term medical monitoring (Saleh et al., 2016). Further, characterization

of a cutoff of 5 μU/mL TSH as a LOAEL is not supported by the clin-

ical literature. Rather, 5 μU/mL, and even concentrations up to

10 μU/mL, constitutes POD that represents a NOAEL, thus eliminat-

ing the need for the 10× UF.
4.6 | Uncertainty in the points of departure due to
lack of consideration of factors impacting variability in
thyroid‐stimulating hormone levels (bias in outcome
assessment)

One of the reasons it is difficult to rely on single measurements of

TSH alone as a marker of adversity is the natural variability of TSH

in infants. β‐TSH levels in infants have been reported to range from

1.7 to 9.1 μU/mL in children 2‐20 weeks of age (American Academy

of Pediatrics [AAP], 2006). TSH levels are both transient and depen-

dent on a number of factors (e.g., mode of birth, iodine deficiency)

(Parks et al., 2010; Chanoine et al., 1988; LaFranchi, 2011). In the

majority of cases, transient elevations of TSH can be attributed to

many contributing factors other than permanent CH (Chanoine et al.,

1988; Colon & Alonso‐Fernandez, 2011; LaFranchi, 2011). It is well

known that iodine deficiency can induce transient CH (Parks et al.,

2010), a condition that is neither related toTCDD exposure nor neces-

sarily associated with adverse health effects, because it is easily

corrected with iodine replacement therapy until normal iodine balance

is achieved.

In addition, variability in neonatal TSH levels can be related directly

to the postnatal timing of sample collection. TSH levels dramatically

increase at delivery, possibly in response to neonatal cooling. These

values typically reach 70 μU/mL within 30 minutes of birth, followed

by a decline to about 20 and 10 μU/mL, at 24 and 48 hours postpar-

tum, respectively. TSH values (both the mean and 97.5th percentile)

measured between 1 and 7 days following birth decrease by at least

threefold during this period (Lott, Sardovia‐Iyer, Speakman, & Lee,

2004). This variability related to the postnatal timing of sample collec-

tion was demonstrated in a study of 161 244 births based on the

AutoDelfia method (the same TSH method reported by Baccarelli

et al., 2008). All of the TSH samples (n = 51) from Baccarelli et al.

(2008) are within the range of values reported by Lott et al. (2004)

for the 72‐hour postpartum time interval. Thus, variability in the TSH

values reported in Baccarelli et al. (2008) may largely reflect the

expected variation due to sampling time. Importantly, Baccarelli et al.
(2008) do not report the specific time of sample collection—a factor

that precluded use of the study by EFSA (2018b) in their recent

review. Specifically, EFSA reported that missing data on the timing

of blood TSH made the quantitative association betweenTCDD levels

and TSH uncertain.

The type of delivery also impacts postnatal TSH levels. For exam-

ple, a study of 1859 neonates tested on day 3, also using the

AutoDelfia TSH method, observed that 4.3% of neonates delivered

vaginally were found to exceed the 5 μU/mL cutoff, compared with

an exceedance rate of 7.1% for neonates born via Caesarean section

(McElduff, McElduff, Wiley, & Wilcken, 2005). Although Baccarelli

et al. (2008) accounted for the type of delivery in the multivariate

analysis and tabular summaries, the POD was based on the graphical

summary using raw data for n = 51 mother‐infant pairs, not adjusted

for covariates. Thus, the POD also does not account for the potential

impact of the type of delivery.
4.7 | Uncertainty in the points of departure
associated with using a screening level of 5 μU/mL as a
threshold for adverse effects (bias in outcome
assessment)

The >5 μU TSH/mL value used by the USEPA as a threshold for

adverse effects is not a level associated with adverse effects in indi-

viduals. The USEPA acknowledged this uncertainty, stating that “the

exact relationship between TSH increases and adverse

neurodevelopmental outcomes is not well defined” (USEPA, 2012,

pp. 4‐57). The threshold of 5 μU/mL is a screening value proposed

by WHO (1994), but only as an indicator of iodine deficiency. Because

iodine is essential for the synthesis of thyroid hormones, TSH levels

can directly reflect the availability and adequacy of thyroid hormone.

In 1994, WHO described TSH levels as the best diagnostic test for

determining hypothyroidism, although also clarifying that TSH levels

are a screening measure. A screening level serves as a recall threshold

for the initial neonatal β‐TSH measurement that triggers further diag-

nostic measures. When describing how to interpret levels, WHO iden-

tifies a recall threshold of 10‐15 μU/mL to screen for CH, whereas

5 μU/mL is described as a screening level that may be appropriate

for identifying iodine‐replete populations in epidemiologic studies.

In the Lombardy region (where Seveso is located), 10 μU/mL

served as the recall threshold at the time of the Baccarelli et al.

(2008) study (Corbetta et al., 2009). In addition, in Baccarelli et al.

(2008), the study authors themselves used 10 μU/mL as their measure

of adversity. Other entities have also established similar comparison

values. For example, the diagnostic guidance from the AAP provides

a helpful perspective, noting that “most physicians would consider a

persistent basal TSH concentration higher than 10 μU/mL (after the

first 2 weeks of age) to be abnormal. … A TSH range of 1.7 to 9.1

μU/mL has been reported for children 2 to 20 weeks of age” (AAP,

2006, p. 2295). The Laboratory Support for the Diagnosis of Monitor-

ing of Thyroid Disease of the National Academy of Clinical Biochemis-

try considers <10 μU/mL a no‐further‐action level.
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The majority of the 1014 neonates evaluated by Baccarelli et al.

(2008) had β‐TSH levels <10 μU/mL. Only eight of the study partici-

pants (across the entire study, including comparisons) had β‐TSH

>10 μU/mL (the recall threshold in Lombardy), and following assess-

ment in recall tests, five were found to have β‐TSH <5 μU/mL (did

not undergo further testing), and only two were eventually confirmed

to have CH (status of eighth participant following recall tests

unknown). None of the other neonates were followed further, which

is the usual practice; therefore, the CH rate for children in both the

exposed and comparison populations is unknown. This includes uncer-

tainty regarding children who did not screen in (i.e., false negatives).

Additionally, the authors reported that the proportion of newborns

with β‐TSH >5 μU/mL was 2.8% in the reference area, a finding similar

to that of WHO, which anticipated ~3% of infants in iodine‐replete

populations to exceed this level, based simply on natural variability

(Baccarelli et al., 2008, p. 1135).

If the serum concentration had been based on the TCDD level at

which the dose‐response function in the regression analysis presented

by Baccarelli et al. (2008) reaches 10 μU/mL, the resulting serum con-

centration would be 1513.56 ppt, with a lower 95% confidence

boundary of 151.36 ppt and an upper 95% confidence boundary

>10 000 000 ppt, i.e., use of 10 μU/mL—the standard “threshold”

implemented clinically—results in serum concentrations that are orders

of magnitude higher than that estimated using the 5 μU/mL threshold.
5 | UNCERTAINTY IN THE
PHARMACOKINETIC MODELING USED TO
DEVELOP THE POINTS OF DEPARTURE

In selecting a model, the USEPA considered several published models

for TCDD (Aylward, Brunet, Carrier, et al., 2005; Emond, Birnbaum, &

DeVito, 2004; Emond, Birnbaum, & DeVito, 2006; Emond, Michalek,

Birnbaum, & DeVito, 2005), although, ultimately, the agency used

the model developed by Emond et al. (2006), with modifications. It

should be noted that the USEPA rigorously evaluated potential models

and, in doing so, reported that the simulation results of serum lipid or

liver concentrations varied up to a factor of 7 (USEPA, 2012), thus

recognizing the potential uncertainties inherent to the use of such

models. The uncertainty in the model has been demonstrated in com-

ments provided to the USEPA (Science Advisory Council [SAC], 2010),

as well as more broadly in the literature (e.g., Aylward, Collins, Bodner,

Wilken, & Bodnar, 2013).

The consequence of the half‐life overprediction (i.e., too long) by

physiologically based pharmacokinetic models, relative to empirically

measured elimination behavior in humans, is that chronic daily

doses associated with serum concentrations <100 ppt will be

underestimated by the models; hence, the dose predicted to produce

a 100‐ppt serum concentration will be too low, i.e., the intake dose

to achieve the lipid‐adjusted serum concentration (LASC) would be

higher. This issue would also result in an underestimate of intakes

required to achieve somewhat higher body burdens due to the
underestimation of elimination rates in the lower concentration range

of the accumulation process.

Additionally, children, the sensitive population represented by the

Seveso data from both Mocarelli et al. (2008) and Baccarelli et al.

(2008), eliminate TCDD faster than adults do (Milbrath et al., 2009).

The intestinal lipid clearance and concomitant elimination of TCDD

is much faster in infants and children than in adults, but the Emond

model does not accurately reflect this accelerated clearance.

Therefore, the model underpredicts the intake rate associated with

the target serum lipid concentrations by a factor of ≥2 (SAC, 2010).

Taken together, the physiologically based pharmacokinetic model

employed to develop estimates of intake dose is associated with

uncertainty; uncertainty suggesting that the intake doses estimated

by the model are low.
6 | UNCERTAINTIES RELATED TO LACK OF
CONSIDERATION OF TOXIC EQUIVALENCY
AND IMPACTS ON DOSE ESTIMATES

Another major source of uncertainty associated with the USEPA RfD

is lack of consideration of the total TEQ serum concentration. In iden-

tifying the serum concentration to be used in the development of the

POD, the USEPA focused solely on TCDD. This is problematic, given

the practical application of the RfD in assessing health risks, i.e., when

evaluating risk from DLCs, it is commonly accepted, as well as recom-

mended by the USEPA, that the WHO TEQ method be used (USEPA,

2010a, 2010b). The TEQ method accounts for additive effects of all

DLCs by assigning toxic equivalency factors to each of the DLCs and

then summing them to obtain a total TEQ concentration (Van den

Berg et al., 2006). This method is intended to address the fact that

the DLCs act through a common mechanism of action that involves

binding the aryl hydrocarbon receptor to induce a similar spectrum

of adverse effects. Thus, any potential adversities observed would

be a result of collective DLC activity. When considering such effects,

a serum concentration based on TEQ would form the basis of the

POD (rather than a serum concentration based on TCDD alone).

Failure to account for the total TEQ concentration results in an over-

estimation of the potency of TCDD.

The USEPA cited a lack of relevant background TEQs in the Seveso

populations as part of the rationale for not incorporating background

exposures to dioxins into the POD. However, the contribution of

other DLCs was significant to the overall TEQs in both of the co‐

critical studies (Baccarelli et al., 2008; Mocarelli et al., 2008)

(Figure 3). Baccarelli et al. (2008) report that the mean maternal TCDD

level was 18.9 ppt, whereas the mean concentration based on TEQ

(including polychlorinated dibenzodioxins and furans [PCDD/Fs] and

dioxin‐like polychlorinated biphenyls) was 41.8 ppt, i.e., TCDD

accounted for less than half of the total TEQ (Figure 3). Mocarelli et al.

(2008, p. 73) did not report serum TEQ, although they stated, “If

TCDD acts in concert with other dioxin‐like chemicals in affecting

sperm quality, the total dioxin toxic equivalency (TEQ) should be con-

sidered.” This text is followed by the citation of a publication reporting



FIGURE 3 Contribution of TCDD to overall TEQ, as determined by
USEPA (2012); demonstrates that TCDD potency is overestimated
by not considering TEQ. TCDD, 2,3,7,8‐tetrachlorodibenzo‐p‐dioxin;
TEQ, toxic equivalency [Colour figure can be viewed at
wileyonlinelibrary.com]
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on serum concentrations in women from Seveso, which reported

serum concentrations of ~100 ppt, of which ~20 ppt is from TCDD

(Eskenazi et al., 2004). These data discussed by Mocarelli et al.

(2008) would suggest that TCDD potentially accounts for only 20%

of the TEQ. Thus, there is direct evidence that, for both co‐critical

studies, TCDD represents only a portion of the overall TEQ. The

impact is that using TCDD concentrations alone ignores the contribu-

tion of other DLCs and results in a significant overestimation of TCDD

potency in eliciting any purported adverse effects.

The TEQ concept was acknowledged by the USEPA as part of the

agency's sensitivity analysis of the RfD (discussed below): “Because

DLCs are presumed to act in the same manner as TCDD (for AhR

induction and subsequent effects), the magnitude of the background

DLC exposure is an important concern in establishing the POD”

(USEPA, 2012, pp. 4‐77). For this reason, the USEPA considered the

contribution of other PCDD/Fs or their potential contribution to the

overall dioxin TEQ, but the other PCDD/Fs were not included in the

final derivation of the RfD. A series of calculations and modeling exer-

cises were used to evaluate the influence of TEQ (as well as selected
FIGURE 4 Horizontal and vertical integration of uncertainty per N
recommendations. LOAEL, lowest‐observed‐adverse‐effect level; NOAEL,
reference dose
other parameters). For this evaluation, it was assumed that TCDD

was 10% of the TEQ. For Mocarelli et al. (2008), the total TEQ associ-

ated with the median TCDD of 68 ppt was estimated to be 140.1 ppt

TEQ (72.5 non‐TCDD TEQ); for Baccarelli et al. (2008), the total TEQ

associated with the maternal serum concentration related to infant

TSH >5 μU/mL was 485 ppt. The USEPA concluded that the consider-

ation of background exposure (i.e., TEQ vs. TCDD alone) was the most

influential variable included in the sensitivity analysis, thus demon-

strating the importance of considering total TEQ vs. TCDD only.
7 | QUALITATIVE CHARACTERIZATION OF
OVERALL UNCERTAINTY

As shown in Figure 4, when the co‐critical studies were deconstructed

as described above, the integration of each stage resulted in a “high to

very high” level of uncertainty in candidate study selection based on

internal validity as it relates to inclusion based on study quality and

reliability (e.g., lack of control for confounding, uncertainties in

measures of the outcome, etc.). Both studies had a high level of uncer-

tainty related to generalizability of exposure‐response relationships

observed from the Seveso incident to general‐population exposure‐

response relationships (noting that studies in experimental animals

support the observation of differential kinetics and outcomes follow-

ing high‐dose exposures). There was a “medium to very high” level

of uncertainty in selection, derivation and classification of PODs; this

categorization was driven by lack of statistical or clinical significance,

subsequent classification of the PODs as LOAELs (vs. NOAELs) and

a lack of consideration of TEQ.

When integrated vertically (i.e., when considering all the elements

evaluated collectively for each study), the resulting overall level of

uncertainty was “high.” This designation was determined simply

because of the high level of uncertainty in each of the parameters con-

sidered resulting in a collective designation of high uncertainty. When

the co‐critical studies were compared, the uncertainty associated with

Mocarelli et al. (2008) was determined substantially higher than that

of Baccarelli et al. (2008), owing primarily to limitations in the validity

of the evaluation of single, altered sperm concentrations in men from

the Seveso cohort, combined with the lack of statistical and clinical
ational Academies of Science, Engineering, and Medicine (2014)
no‐observed‐adverse‐effect level; POD, points of departure; RfD,

http://wileyonlinelibrary.com


WIKOFF ET AL. 1305
significance of the data selected to develop the POD. When uncer-

tainty in candidate values from both studies was combined, the overall

uncertainty was considered “high.”
8 | QUANTITATIVE CHARACTERIZATION
OF OVERALL UNCERTAINTY

The use of alternative assumptions identified during the deconstruc-

tion of the co‐critical studies allows for the determination of alterna-

tive RfD values that could reasonably be considered. Quantitative

characterization of alternatives focused on aspects such as statistical

significance, clinical significance, TEQ (vs. TCDD only) and uncer-

tainties in the kinetic modeling. However, owing to the very high level

of uncertainty (and thus lack of reliability for the purposes of risk

assessment) in the Mocarelli et al. (2008) study, quantitative uncer-

tainty analyses were conducted only for Baccarelli et al. (2008).

The quantitative uncertainty analysis conducted for Baccarelli et al.

(2008) involved combining parameters used by USEPA in their sensi-

tivity analysis of key interpretive decisions associated with exposure

and kinetic modeling (USEPA, 2012), along with alternative POD

values and LOAEL/NOAEL characterizations. With respect to uncer-

tainty parameters from USEPA (2012), selected scenarios from the

sensitivity trees were used for demonstrative purposes. Because the

USEPA sensitivity analysis involved only derivation of alternative

PODs (Figure 5; light blue shading), we applied the UFs to derive the

alternative RfD values (Figure 5; dark blue shading). The USEPA

characterizations integrated TEQ for some scenarios. For example,

TCDD‐only estimates ranged from 0.00161 to 0.0303 ng/kg/day for

Baccarelli et al. (2008), whereas PODs based on TEQ were 0.0180

and 0.0593 ng/kg/day. Other scenarios represent variations in the

maternal serum (and the POD) using alternative kinetic modeling

assumptions.

Additional scenarios presented in Figure 5 involve alternative com-

binations that incorporated: (1) characterization of the POD as a
FIGURE 5 Sensitivity tree demonstrating the range of plausible RfD valu
evaluated by USEPA, dark blue indicates parameters identified via decons
evaluation integrating Bayesian assessment of UFs. Symbol outline indicat
NOAEL, no‐observed‐adverse‐effect level; POD, points of departure; RfD,
Texas Commission on Environmental Quality; TEQ, toxic equivalency; TSH
Environmental Protection Agency
NOAEL vs. LOAEL (results in composite UF of 3 instead of 30); (2)

addition of TEQ; and (3) maternal serum concentrations using a TSH

cutoff of 10 μU/mL (vs. 5 μU/mL). Thus, when viewed from left to

right, the sensitivity tree (Figure 5) displays alternative candidate RfDs

using the Baccarelli et al. (2008) dataset by increasing confidence.

As per the recommendations from National Academies of Science,

Engineering, and Medicine (2014), uncertainty was also evaluated

using a Bayesian approach that combined distribution of POD values,

as well as UFs (Figure 5; green shaded symbols). POD values were

based on the regression from Baccarelli et al. (2008) for neonatal

TSH vs. maternal TCDD and maternal TEQ (Data S2; see Supporting

Information); LASC values corresponding to two threshold values of

neonatal TSH (5 and 10 μU/mL) were determined for TCDD and

TEQ. The POD values (serum concentrations) were converted into

equivalent intake dose PODs and then to RfDs using a Bayesian

approach to applying UFs. This approach, endorsed by National Acad-

emies of Science, Engineering, and Medicine (2014) and discussed by

Simon et al. (2016), involves treating the UF as a random variable

(vs. a fixed variable) obeying a log‐normal distribution, thus resulting

in a distribution of relative potency values. The assumption of a log‐

normal distribution for the UF is generic, taken in the absence of

detailed data that could define an empirical distribution for the UF

(Simon et al., 2016). In the language of Bayesian statistics, the log‐

normal distribution for the UF is a previous distribution, as is any dis-

tribution for the POD: the resulting RfD distribution thus represents

an “induced prior.”

In this evaluation, each POD could be treated either as an NOAEL

(combined with an UF of 3) or as an LOAEL (combined first with an UF

of 10, then with an UF of 3). As a result, eight different distributions

for RfD were derived, for the different combinations of POD exposure

metric (TCDD or TEQ), POD neonatal TSH threshold (5 or 10), and

POD type (NOAEL or LOAEL). These eight distributions are shown in

Figure 6 (colored curves). For each distribution, the 2.5th percentile

was taken as a conservative, lower‐bound estimate for an RfD

(marked with vertical colored dashed lines in Figure 6). The 2.5th
es from Baccarelli et al. (2008). Light blue shade indicates parameters
truction of the RfD, and green symbols indicate combined uncertainty
es level of confidence. LASC, lipid‐adjusted serum concentration;
reference dose; TCDD, 2,3,7,8‐tetrachlorodibenzo‐p‐dioxin; TCEQ,
, thyroid‐stimulating hormone; UFs, uncertainty factors; USEPA, US



FIGURE 6 RfDs derived using Bayesian approach to incorporating uncertainty factors. Right column: RfD derived treating POD as LOAEL; left
column: RfD derived treating POD as NOAEL. Top row: RfD derived for a neonatal TSH threshold of 5 μU/mL; bottom row: RfD derived for a
neonatal TSH threshold of 10 μU/mL. Blue solid lines: probability distributions for RfD derived using POD expressed as maternal LASC TCDD.
Red solid lines: probability distributions for RfD derived using POD expressed as maternal LASC TEQ. Blue dashed vertical lines: 2.5th percentile
of RfD derived from POD as maternal LASC TCDD (lower bound of two‐tailed 95% confidence interval on RfD). Red dashed vertical lines: 2.5th
percentile of RfD derived from POD as maternal LASC TEQ (lower bound of two‐tailed 95% confidence interval on RfD). Black solid vertical lines:
Current RfD (0.7 pg/kg/day). LOAEL, lowest‐observed‐adverse‐effect level; LASC, lipid‐adjusted serum concentration; NOAEL, no‐observed‐
adverse‐effect level; POD, points of departure; RfD, reference dose; TCDD, 2,3,7,8‐tetrachlorodibenzo‐p‐dioxin; TEQ, toxic equivalency; TSH,
thyroid‐stimulating hormone
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percentile RfD estimates from the eight distributions range from ~1.5

to 179 pg/kg/day (Figures 5 and 6).

The position of the current RfD on each of the eight distributions

was computed (marked with vertical black solid lines in Figure 6).

The current RfD is at the extreme lower tail of all eight distributions,

occurring at percentiles ranging from 0.5 (i.e., 99.5% of values are

higher than the current RfD) down to 1e‐30 (i.e., 99.999 … % of values

are higher than the current RfD). This demonstrates the highly conser-

vative nature of the current RfD.
9 | DISCUSSION AND CONCLUSIONS

Using approaches for characterizing uncertainty, as recommended by

National Academies of Science, Engineering, and Medicine (2014),

Beck et al. (2016) and WHO (2017), and building on the initial efforts

of USEPA (2012), we have assessed uncertainties in the development
of the RfD for the TCDD. We have demonstrated that of the two co‐

critical studies, Baccarelli et al. (2008) is more reliable. Key elements

forming the basis of this conclusion included limitations in the process

for selection, external and internal validity of the individual studies,

and selection and derivation of the POD using data from the individual

studies. Quantitative integration of the uncertainties resulted in plau-

sible RfDs ranging from ~1.5 to 179 pg/kg/day. Furthermore, applica-

tion of Bayesian techniques for the assessment of UFs demonstrated

that the current RfD is at the lower end of all possible distributions

described herein.

Several qualitative observations were noted regarding elements of

the Seveso studies that contribute significantly to the overall uncer-

tainty. This included a high level of uncertainty related to external

validity (i.e., lack of generalizability of acute, high‐dose exposures to

typical population exposures), and a high level of uncertainty related

to the selection of and confidence in the POD, given that high‐dose

mechanisms have been documented for both outcomes (increased
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TSH and decreased sperm) (Bell et al., 2007; Black et al., 2012;

Budinsky, LeCluyse, Ferguson, Rowlands, & Simon, 2010; Connor &

Aylward, 2006; Foster et al., 2010; Goodman et al., 2010). Extrapola-

tion of daily intakes associated with serum concentrations resulting

from an acute, high‐dose exposure were also associated with uncer-

tainty due to the concentration‐ and age‐dependent kinetics of TCDD

(Aylward, Brunet, Starr, et al., 2005). Further complicating this extrap-

olation is the role of other DLCs (i.e., TEQ). Notably, even when using

experimental studies of animals exposed to TCDD as the basis of the

benchmark, JECFA (2002) (joint FAO/WHO expert committee on

food additives) accounted for the differences in daily exposure associ-

ated with long‐term vs. acute exposure, as well as for background TEQ

body burdens.

Another common theme was related to the selection of each study

as being representative of the respective outcome, i.e., Was each

study reasonably representative of the body of evidence? To address

this issue, a systematic review of each outcome would need to be con-

ducted, and the consistency in the direction of the findings, dose‐

response relationships, magnitude, etc., of the body of evidence would

be determined. Such an approach would include evaluating and rank-

ing individual studies according to methodological rigor—an aspect

that is well recognized, e.g., in assessing the potential for an agent to

affect male fertility based on semen parameters, or the potential for

a single measurement of increased TSH linked to adverse outcomes.

It is thus notable that between submission of this current manuscript

and final acceptance, EFSA released a risk assessment that incorpo-

rated a systematic review in developing toxicity values for TCDD

(EFSA, 2018b). Many of the methodological validity questions relating

to Mocarelli et al. (2008) and Baccarelli et al. (2008) discussed herein

were also noted by EFSA. Also notable, these studies were not

selected by EFSA as candidate studies to derive a toxicity value.

Further supporting the importance of characterizing uncertainty, EFSA

(2018b) also included a formal uncertainty assessment that included

consideration of uncertainty in hazard identification and characteriza-

tion (including both human and animal studies), dose‐response

assessment, benchmark dose modeling, toxicokinetic modeling and

risk characterization. Based on such, and the for the larger body of

evidenced considered by EFSA (2018b), they also concluded that the

impact of the uncertainties on the risk assessment of the dioxins

was “high.”

On a broader scale, it is apparent that the increased use of epide-

miological data in chemical risk assessment—while preferred over

animal data—requires additional guidance and potential refinements

to methods traditionally used for animal data. This scenario can be

equated to evaluation of an animal study based on Good Laboratory

Practice or guideline methods, or other measures of study quality

(i.e., use of established standards to determine the confidence and

sensitivity of an epidemiological study in characterizing the

exposure‐response). Such efforts range from how data are selected

and evaluated for quality (e.g., risk of bias) to how data from studies

are extracted and used in quantitative assessments (National Acade-

mies of Science, Engineering, and Medicine, 2006; Van Landingham

et al., 2016). The NAS specifically noted that, in cases where the
critical studies used for the development of reference values were

the only human studies with sufficient exposure and dose‐response

data to support risk estimation, study weaknesses still must be consid-

ered, and that such studies undergo a risk of bias assessment (National

Academies of Science, Engineering, and Medicine, 2011). Both

Mocarelli et al. (2008) and Baccarelli et al. (2008) had methodological

limitations that were objectively characterized using an informal

assessment of internal and external validity. This, again, reinforces

the positive direction of integrating a systematic review (Bahadori &

Thayer, 2018), including evaluation of the study validity (and risk of

bias), into the IRIS process, although it also highlights the need for

continued refinement of existing tools (e.g., “APROBA,” a tool being

considered by IRIS to aid in characterization of uncertainty does not

accommodate human data) (Blessinger & Bussard, 2018). Also of note,

a systematic review of sperm endpoints is currently under way (Urban

et al., 2018).

The range of plausible RfDs derived in this assessment highlights

the importance of characterizing the uncertainties more fully, both in

the underlying database and in the approaches used to establish the

RfD; toxicity values cannot be viewed as “bright lines.” As described

by the WHO, uncertainty analyses provide an opportunity to inform

more transparently the confidence we can place in toxicological risk

projections and estimates of the relationship between dose and health

effect, thereby facilitating choices of preventative measures taken by

risk managers (WHO, 2017), i.e., characterizing and communicating

uncertainty allows risk assessors to communicate better the confi-

dence and degree of health protection inherent in assessments that

include specific toxicity values. It is anticipated that the range of RfDs

(~1.5 to 179 pg/kg/day), along with characterization of confidence in

those values, will improve risk assessments of DLCs and provide

important information to risk managers.
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