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a b s t r a c t

In recent years several OECD test guidelines have been updated and some will be updated shortly with
the requirement to measure thyroid hormone levels in the blood of mammalian laboratory species. There
is, however, an imperative need for clarification and guidance regarding the collection, assessment, and
interpretation of thyroid hormone data for regulatory toxicology and risk assessment. Clarification and
guidance is needed for 1) timing and methods of blood collection, 2) standardization and validation of
the analytical methods, 3) triggers for additional measurements, 4) the need for T4 measurements in
postnatal day (PND) 4 pups, and 5) the interpretation of changes in thyroid hormone levels regarding
adversity. Discussions on these topics have already been initiated, and involve expert scientists from a
number of international multisector organizations. This paper provides an overview of existing issues,
current activities and recommendations for moving forward.

© 2018 Elsevier Inc. All rights reserved.

Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
2. Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

2.1. Timing and methods of blood collection need consideration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
2.2. Standardization and validation of analyses is crucial . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
2.3. Findings that trigger additional measurements need to be clarified . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

Abbreviations: ANSES, Agence nationale de sécurité sanitaire de l’alimentation, de l’environnement et du travail (French Agency for Food, Environmental and Occupational
Health & Safety); CRO, contract research organization; CV, coefficient of variation; DART, developmental and reproductive toxicology; EATS, estrogen, androgen, thyroid,
and steroidogenesis; EC, European Commission; ECHA, European Chemicals Agency; EFSA, European Food Safety Authority; ED, endocrine disruption; EDSP, Endocrine
Disruptor Screening Program; ELISA, enzyme linked immunosorbent assay; EOGRTS, Extended One-Generation Reproductive Toxicity Study; EPA, Environmental Protection
Agency; ETS, European Teratology Society; GD, gestation day; HPLC–MS, high performance liquid chromatography–mass spectrometry; JRC, Joint Research Centre (European
Commission); NGO, non-governmental organization; OECD, Organisation for Economic Co-operation and Development; OPPTS, Office of Prevention, Pesticides and Toxic
Substances; PND, postnatal day; RIA, radioimmune assay; T3, triiodothyronine; T4, thyroxine; TG, test guideline; TSH, thyroid stimulation hormone, thyrotropin.

∗ Corresponding author.
E-mail address: manon.beekhuijzen@crl.com (M. Beekhuijzen).

https://doi.org/10.1016/j.reprotox.2018.04.017
0890-6238/© 2018 Elsevier Inc. All rights reserved.

https://doi.org/10.1016/j.reprotox.2018.04.017
http://www.sciencedirect.com/science/journal/08906238
http://www.elsevier.com/locate/reprotox
http://crossmark.crossref.org/dialog/?doi=10.1016/j.reprotox.2018.04.017&domain=pdf
mailto:manon.beekhuijzen@crl.com
https://doi.org/10.1016/j.reprotox.2018.04.017


M. Beekhuijzen et al. / Reproductive Toxicology 80 (2018) 126–130 127

2.4. The need for T4 measurements in PND 4 pups needs clarification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
2.5. Expert guidance should be provided on the relevance and adversity of findings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

3. Current activities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
4. Recommendations for moving forward . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

Note . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
Disclaimer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

1. Introduction

Almost 20 years ago, an important endeavor was started by the
OECD to update existing test guidelines and to create new test
guidelines (TG) for the screening and testing of potential endocrine
disruptors. In this context, parameters relevant to the detection of
endocrine disrupting activity of test chemicals were added to the
OECD TG 416 (Two-Generation Reproduction Toxicity Study) in 2001
[1] and the OECD TG 407 (Repeated Dose 28-Day Oral Toxicity Study
in Rodents) in 2008 [2]. More recently (2011), the OECD TG 443
(Extended One-Generation Reproductive Toxicity Study [EOGRTS]) [3]
was implemented as a new test guideline to replace OECD TG 416
for industrial chemicals or as an alternative approach for repro-
ductive toxicity testing for agrochemicals. In 2015 and 2016, the
OECD 421 (Reproduction/Developmental Toxicity Screening Test) and
OECD 422 (Combined Repeated Dose Toxicity Study with the Repro-
duction/Developmental Toxicity Screening Test) test guidelines were
revised to include estrogen, androgen, thyroid, and steroidogene-
sis (EATS) relevant endpoints [4,5]. In April 2015, OECD launched
a feasibility study for the enhancement of OECD TG 414 (Prenatal
Developmental Toxicity Study) with selected parameters intended
to increase the detection of EATS disrupting potential, and is now
in progress [6]. Likewise, a similar endeavor is ongoing for OECD TG
408 (Repeated Dose 90-day Oral Toxicity Study in Rodents) [7]. Thy-
roid hormone analyses are among the parameters added to OECD
TG 421, 422 and 443. These test guidelines specify that blood sam-
ples be collected from parental animals and pups (generally rats)
at various ages, some of which need to be analyzed for thyroid
hormone levels (Table 1).

In the US, under the Endocrine Disruptor Screening Program
(EDSP), thyroid hormone analyses are included in two test guide-
lines: OPPTS TG 890.1450 (Pubertal Developmental and Thyroid
Function in Intact Juvenile/Peripubertal Female Rats) and OPPTS TG
890.1500 (Pubertal Developmental and Thyroid Function in Intact
Juvenile/Peripubertal Male Rats) [8,9]. In these studies, serum T4 and
TSH are assessed at study termination in peripubertal aged study
animals that had been administered test substance since weaning
(Table 1).

2. Issues

Since many OECD TG 421 and 422 studies are currently ongo-
ing, and in the near future the number of OECD TG 443 studies is
expected to increase, there is a clear urgency to address and resolve
several issues that have been raised in discussions initiated by OECD
and other scientific organizations regarding these thyroid hormone
assessments, as noted below.

2.1. Timing and methods of blood collection need consideration

Blood sampling practices should control for experimental, tem-
poral and environmental factors that might influence the absolute
concentration measured and the variability of the hormone deter-
mination [10]. When best practices are established, consideration
should be given to e.g., balancing the time/age of collection of blood

and euthanasia across dose groups, collecting samples in as narrow
a time period as possible for any given age (because of diurnal vari-
ability), minimizing stress during blood collection, pooling of blood
from the litter by sex, and the potential impact of anesthesia.

2.2. Standardization and validation of analyses is crucial

Different analytical methodologies are currently being used
across labs in the US and Europe. They include ELISA, RIA, Immuno-
luminescence or HPLC–MS, using different types of human or rat
antibody kits, run on various equipment. The different analytical
methods vary in the reference calibrator used in quantifying the rel-
ative hormone levels and may also have different sensitivities and
variabilities. Additionally, transparent reporting of methodologi-
cal details can sometimes be lacking in the published literature.
For these reasons, there is a need for historical controls and com-
parison of data across studies may be complicated when different
analytical testing methods are employed. Further, several labs are
experiencing problems with obtaining sufficient sample volume
from PND 4 pups. As the reliability of the hormone data is the
basis for any subsequent conclusion, standardization of method
validation, building up historical control and data interpretation is
crucial. While various methodologies may be acceptable, the cho-
sen method should be able to measure normal physiological ranges
and detect a defined change of hormone concentrations. Moreover,
as the statistical power is relatively low in OECD TG 421 and 422
studies due to the relatively small group sizes (N = 10 per group),
it is very important to use an analytical method that is sufficiently
sensitive. During the feasibility study for the update of OECD TG
421 and 422, a power analysis was performed (OECD report no. 217;
[11]). The statistical analysis showed that detection of a 20% change
in T4 levels in a dosed group, compared to control is not likely with
10 litters per group, as this required at least 17 litters per group.
The same analysis indicated a high likelihood for detection of a 30%
change in T4 with 10 litters per group, assuming average data vari-
ability. Unfortunately, the report does not mention which analytical
methodologies and equipment for thyroid hormone measurements
were used.

2.3. Findings that trigger additional measurements need to be
clarified

It is unclear what nature and magnitude of findings should trig-
ger additional measurements. In the OECD TG 421 and 422, it is
stated “Blood samples from the day 13 pups and the adult males are
assessed for serum levels for thyroid hormones (T4). Further assess-
ment of T4 in blood samples from the dams and day 4 pups is done if
relevant. As an option, other hormones may be measured if relevant”.

However, relevance is not defined. In addition, criteria that
prompt the analysis of additional hormones are absent. The OECD
TG 443 mentions “The surplus pups at PND 4 are subject to gross
necropsy and consideration given to measuring serum thyroid hor-
mone (T4) concentrations.” It is evident that more guidance is
warranted on when to trigger further assessments and what end-
points should be assessed.
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Table 1
Thyroid hormone parameters indicated in OECDa and EPA test guidelines.

OECD TG 421 and 422b OECD TG 443 OPPTS TG 890.1450 and 890.1500

Parental animals F0-males: F0-males and females: T4, TSH n.a.
F0-females: T4, if relevant F1-males and females: T4, TSH

PND 4 F1-pups T4, if relevant T4, optional n.a.
PND 13 F1-pups T4 n.a. n.a.
PND 22 F1-pups n.a. T4, TSH n.a.
Peripubertal animalsc n.a. n.a. T4, TSH

n.a. = not applicable.
a Update of OECD TG 408 and 414 with thyroid hormone parameters is ongoing.
b As an option, other hormones may be measured if relevant.
c PND 42 females, PND 53 males.

2.4. The need for T4 measurements in PND 4 pups needs
clarification

The OECD TG 421, 422 and 443 include blood sampling from PND
4 pups for possible T4 measurements, but T4 is already determined
by default from PND 13 pups in OECD TG 421 and 422 studies (and
TSH when triggered), and T4 and TSH levels are measured for PND
22 pups in OECD TG 443 studies. As larger blood samples can be
obtained from the older pups, TSH levels can also be determined
at this age, which collectively provides more useful study data. It
is therefore questioned what the added value is for interpretation
of PND 4 data when results from the older pups are more robust
than the results from the younger pups. Moreover, it might also
be considered inconsistent with principles of refinement in animal
research [12] to perform a regulated procedure on an animal with-
out analysis of the blood sample as from a regulatory perspective
it would not be of added value using the current approach (i.e. to
measure it in case an effect is seen for PND 13 pups). The reason for
this approach is explained in the OECD TG 421 and 422 feasibility
report [11]. A large variation in T4 concentrations for the younger
versus older pups is reported. For PND 3–4 pups, the CVs (coeffi-
cient of variation) were in the range of 8–77% with median CVs of
8–31% in the data sets. At PND 14–16, the CVs were generally lower,
i.e. they ranged from 4 to 33% with median CVs of 6–13%. From this,
it was decided that T4 measurements should be included for PND
13 pups by default and for PND 4 pups only if required.

It has been postulated that thyroid hormone data from GD 20/21
fetuses and PND 4 pups are relevant because these fall in a partic-
ularly sensitive window and later measurements may not show
effects at this developmental stage [13], one might wonder why
measurement of T4 levels in PND 4 pups is not added by default.
On the other hand, data from neonates appear to be less robust
than from older animals, raising more questions about the rele-
vance of thyroid hormone changes than providing answers. The
lack of ‘robustness’ to date, however, may simply reflect data gen-
erated from the implementation of methods without the sensitivity
to accurately assess low levels of thyroid hormone characteristic of
younger animals. It is known that serum T4 values are very low
for PND 4 pups (based on the authors own experience). Therefore,
if the concern is decreased serum T4, the assay may not have the
sensitivity and reproducibility to accurately detect these changes.
This is method dependent, and remains a concern until method
performance criteria are defined and adopted. This is an ongoing
discussion, which has produced different requirements in different
test guidelines (OECD) or guidance (EPA) [13], and harmonization
of testing and method validation approaches would be needed.

2.5. Expert guidance should be provided on the relevance and
adversity of findings

More guidance is needed for evaluation of the obtained thy-
roid hormone data. At the time, that OECD TG 407 (Repeated Dose

28-Day Oral Toxicity Study in Rodents; [2]) was updated in 2008,
the OECD TG 407 validation data were judged insufficient to sup-
port inclusion of the thyroid hormone analyses as mandatory due
to uncertainty about their sensitivity. The OECD TG 407 valida-
tion report [14] states that in the adult rats following 28 days of
exposure “thyroid histopathology was consistently the most reliable
and most sensitive endpoint for the detection of thyroid modulation.
Thyroid weight was reliable, but was somewhat less sensitive when
compared to thyroid histopathology. Circulating thyroid hormone lev-
els (T3, T4, and TSH) were not always reliable and sensitive, but the
standard operating procedures for blood sampling and for thyroid
hormone analyses were not standardized to reduce stress induced vari-
ability and to reduce analytical variability, respectively. Circulating T4
levels were the most promising of the three thyroid hormonal values”.
Based on this information, one might conclude that the outcome of
histopathological evaluation of the thyroid should always be inter-
preted as more rigorous and relevant than the interpretation of
any findings in thyroid hormone levels, and that in the presence of
thyroid histopathology the measurement of these hormone lev-
els might be considered redundant. However, the situation was
considered different when the new guideline for the extended one-
generation study was developed in 2010–2011 and assessment
of thyroid hormones was included as mandatory and later also
included in OECD TG 421 and 422 studies. The change in view over
the years is not clearly described, as the methods are still not stan-
dardized. On the other hand, there are examples where changes
in circulating levels of T4 are observed to be more sensitive out-
comes than histopathological findings in the thyroid gland, likely
related to the specific mode of action of thyroid toxicity [15,16].
Moreover, changes in thyroid histopathology are typically driven
by increases in TSH (although direct acting toxicants may affect
thyroid histopathology), not T4, and many examples exist where
chemicals induce a T4 drop in the absence of a change in TSH and
therefore no histopathological changes would be expected [17–19].
Additionally, T4, not TSH is the hormone of importance for devel-
opment. Moreover, thyroid histopathology might not be assessed
in the OECD 421study as the guideline mentions “may be examined
when necessary”. This issue should be clarified.

Another important point to mention is that thyroid disruption
occurs when tissue levels of T3, the active form of thyroid hor-
mone, are decreased sufficiently (magnitude, duration and timing
of thyroid hormone are all relevant factors) [20,21]. Serum T4 levels
may not reflect tissue levels of T3 due to differences in transport
proteins, membrane transporters, deiodinase levels in tissues, etc.
Therefore, serum T4 levels are a surrogate measure that may not
adequately capture the relevant biology [20,21]. A better biomarker
of thyroid hormone status might be needed.

An additional issue for interpretation is the measurement of thy-
roid hormone on PND 13 in the OECD TG 421 and 422 studies versus
PND 22 in the OECD TG 443 study. If a change in T4 is seen during
the OECD TG 421/422 study, but a change is not seen on PND 22
in the follow-up OECD 443 study, will this negative result cancel
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the earlier positive result seen on PND 13? This is a crucial point
as often times and exposure methods may vary (e.g., gavage for
421/422 vs. diet for 443). Furthermore, there are marked changes
in T4 during the postnatal period with a T4 peak around PND 15
and levels that look more similar to adults on PND 21.

3. Current activities

Currently, an OECD expert group on reproductive and devel-
opmental toxicity is looking into the possibility of providing some
guidance on best practices for thyroid hormone sampling, measure-
ment, and analysis within the context of OECD TG 421, 422, and
443, including an emphasis on the importance of demonstrating
laboratory proficiency through method validation using positive
control substances. In addition, the OECD expert group suggested
that recommendations could be added to OECD guidance document
No. 150 on Standardised Test Guidelines for Evaluating Chemicals for
Endocrine Disruption [22] that is at the time of publication under
revision. To support this recommendation, it was suggested that
empirical data be collected and a historical control database be
developed in order to help the laboratories demonstrate their pro-
ficiency. This needs to be further discussed and the feasibility of
the project assessed. The database would consist of positive con-
trol data from various laboratories, including reports on variability
and details on the technology used for the measurements, as well
as other study characteristics. Based on these discussions, both
industry and US EPA will be preparing manuscripts for publica-
tion that summarize assay methods for T4 and historical control
values of different ages (including PND 13 pups). These papers will
be referred to on the OECD webpage in relation to OECD TG 421
and 422.

In 2017, meetings that focused on thyroid hormone assessments
included a roundtable session (“Implementing developmental thy-
roid toxicity guidance into practice: what’s working, what’s not,
and how can we do better?”) at the Society of Toxicology annual
meeting in the US, the EC/ANSES workshop (“European workshop
on thyroid disruption”) in Paris [23], the EC workshop (“Setting
priorities for further development and validation of test methods
and testing approaches for evaluating EDs”) in Brussels (report-
ing ongoing), and initiation of an EFSA/ECHA/JRC effort to gather
and compile information on hormone assessment of chemical
substances. For all of these, follow-up activities are planned. In
addition, on behalf of the EFSA/ECHA/JRC drafting team, the German
Federal Institute for Risk Assessment (BfR) performed an anony-
mous survey (not published) followed by an expert hearing in 2017
with a follow-up plan to prepare a guidance document on best prac-
tices for hormone measurements. Moreover, together with the ETS
task force on thyroid hormones, HESI-DART started to collate an
industry wide historical database on thyroid hormones in order to
establish ‘biologically relevant ranges’ for each assessment.

4. Recommendations for moving forward

There is an imperative need for clarification and guidance
regarding the collection, assessment, and interpretation of thy-
roid hormone data for regulatory toxicology and risk assessment,
particularly in regard to study designs that include perinatal or
pre-weaning thyroid hormone evaluation. There are currently
cross-laboratory differences in the methods being used to mea-
sure thyroid hormones in young rodents, as well as in the success
of obtaining reliable data. Even though publicly available regu-
latory test guidelines and guidance address study design, they
present varied approaches to thyroid hormone measurement in
young rodents, and an optimal study design or logical approach to
thyroid hormone testing in young rodents has not yet been estab-

lished. Validity, consistency, and sensitivity of the assays are issues
of concern. It is not clear to what extent variability in the data can be
attributed to methodological issues or to innate biological variabil-
ity. The intra- and inter-laboratory historical control data that are
needed to address this question are not generally available as these
data have only been recently added as requirement to the guide-
lines. When apparent treatment-related effects in thyroid hormone
levels are observed, questions often arise regarding how much of
a change, in what endpoints, should be interpreted as an adverse
outcome with potential developmental consequences.

In summary, there are a number of important topics that need
to be discussed and addressed, including but not limited to:

• Study design, including determining the need for the conduct
of specific assays, minimizing animal use, and optimizing the
impact of data collected from each animal

• Sampling techniques, including consideration of issues specific to
the test subject age, scheduling (dose group and age distribution,
timing), minimization of stress, pooling samples, sample storage
and processing

• Assay selection and appropriate validation criteria.
• Historical control data collection and its use in the characteriza-

tion of innate biological variability for thyroid hormone measures
at various ages and under various study conditions

• Evaluation and interpretation of the data for consideration and
use in risk assessment, including considerations of adversity

This conversation has already been initiated, and involves expert
scientists from a number of international multisector organiza-
tions (e.g., government agencies, industry, academia, CROs, NGOs),
participating in projects with diverse objectives. These current
individual efforts, projects, and workgroups are important, even
critical, to the resolution of the issues identified in this paper. There
needs to be a concerted continuation of these individual efforts,
and cross-sector and/or cross-project collaboration to maximize
intellectual expertise and contributions. Communication of infor-
mation to the larger scientific and regulatory communities is of
prime importance.

The European Teratology Society (ETS) has initiated a Thyroid
Hormone Task Force in 2016 to facilitate communication on this
issue among society members and collaboration with other orga-
nizations. Plans have been developed to incorporate this topic into
the programs of upcoming ETS annual meetings. The ETS Thyroid
Hormone Task Force encourages sister scientific organizations and
interested parties to raise awareness of issues and ongoing activ-
ities in this area of reproductive and endocrine toxicology, and to
consider development of action plans and activities commensurate
with their programmatic missions.

Note

The authors are members of the European Teratology Society
(ETS) Task Force on thyroid hormone analyses in developmental
and reproductive toxicology studies.

Disclaimer

The views expressed in this article are those of the authors and
do not necessarily represent the views or policies of the US Envi-
ronmental Protection Agency.
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