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Abstract: The amphibian metamorphosis assay (AMA; US Environmental Protection Agency [USEPA] test guideline 890.1100
and Organisation for Economic Co-Operation and Development test guideline 231) has been used for more than a decade
to assess the potential thyroid-mediated endocrine activity of chemicals. In 2013, in the context of the Endocrine Disruptor
Screening Program of the USEPA, a Scientific Advisory Panel reviewed the results from 18 studies and recommended
changes to the AMA test guideline, including a modification to a fixed-stage design rather than a fixed-time (i.e., 21-d)
design. We describe an extended test design for the AMA (or EAMA) that includes thyroid histopathology and time to
metamorphosis (Nieuwkoop—Faber [NF] stage 62), to address both the issues with the fixed-time design and the specific
question of thyroid-mediated adversity in a shorter assay than the larval amphibian growth and development assay (LAGDA,;
Organisation for Economic Co-Operation and Development test guideline 241), using fewer animals and resources. A
demonstration study was conducted with the EAMA (up to NF stage 58) using sodium perchlorate. Data analyses and
interpretation of the fixed-stage design of the EAMA are more straightforward than the fixed-time design because the fixed-
stage design avoids confounded morphometric measurements and thyroid histopathology caused by varying developmental
stages at test termination. It also results in greater statistical power to detect metamorphic delays than the fixed-time design.
By preferentially extending the AMA to NF stage 62, suitable data can be produced to evaluate thyroid-mediated adversity
and preclude the need to perform a LAGDA for thyroid mode of action analysis. The LAGDA remains of further interest
should investigations of longer term effects related to sexual development modulated though the hypothalamus—pituitar-
y-gonadal axis be necessary. However, reproduction assessment or life cycle testing is currently not addressed in the LAGDA
study design. This is better addressed by higher tier studies in fish, which should then include specific thyroid-related
endpoints. Environ Toxicol Chem 2021;40:2135-2144. © 2021 The Authors. Environmental Toxicology and Chemistry
published by Wiley Periodicals LLC on behalf of SETAC.
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resulted in the final test guideline referenced as both USEPA
Office of Prevention, Pesticides, and Toxic Substances guide-
line 890.1100 (US Environmental Protection Agency 2015) and
Organization for Economic Co-operation and Development
(OECD; 2015) test guideline 231. In 2009, the AMA was re-
quired and performed for substances on list 1 of the USEPA's
Endocrine Disruptor Screening Program (EDSP), most of which
are pesticide active substances (US Environmental Protection
Agency 2009). This was the first broad application of the AMA
test guideline.

In 2013, a Scientific Advisory Panel (SAP) convened by the
USEPA was tasked with evaluating the performance of the EDSP
tier 1 (screening) assays, including the AMA. The SAP reviewed
the available test results from 18 studies (a subset of list 1
studies) and recommended changes to the AMA test guideline
that would improve the conduct and interpretation of the assay
(US Environmental Protection Agency 2013a). Although the
USEPA raised no specific concems about the SAP acceptance of
the fixed-stage design, the SAP recommendations have not yet
been implemented in the test guideline because the USEPA has
not undertaken revision of the EDSP tier 1 guidelines since their
finalization. Therefore, the 2009 version of the AMA test
guideline remains the current one.

The standard AMA s initiated by exposing tadpoles at
Nieuwkoop and Faber (NF; 1994) stage 51 to 3 concentrations
of the test substance, and then data for a number of endpoints
are collected at days 7 and 21. At termination, animals will be in
various stages of metamorphosis. The test guideline has a
performance criterion intended to minimize the stage dis-
tribution range: in the control and the10th and 90th percentiles
of the developmental stage distribution should not span more
than 4 stages. However, historical control evaluations have
shown that this criterion can be challenging to meet (Coady
et al. 2014). The endpoints measured in the AMA, including
snout-vent length (SVL), hindlimb length (HLL), and thyroid
histology, are influenced by the stage of development, and
issues arise when attempting to compare these endpoints
among tadpoles of differing developmental stages (Pawlowski
et al. 2019). Because thyroid histology will also reflect devel-
opmental stage (Grim et al. 2009), comparisons across devel-
opmental stages are problematic and can result in
misinterpretation (US Environmental Protection Agency 2013b)
and in difficulties identifying matching individuals across
treatments. In addition, morphometric measurements between
pre- and post-NF stage 60 tadpoles should not be compared
due to the morphological remodeling that takes place during
the metamorphic climax. Sixteen of the 18 AMA reports ana-
lyzed by the USEPA for the SAP meeting had tadpoles at more
than NF stage 60, with 4 of the 18 studies having a high degree
(>20%) of tadpoles exceeding NF stage 60 (US Environmental
Protection Agency 2013b). Due to these considerations, the
SAP recommended that the USEPA considers a modification to
a fixed-stage design rather than a fixed-time (i.e., 21-d) design
(US Environmental Protection Agency 2013a). This recom-
mendation was the starting point of various attempts to
improve the AMA by using a time-to-stage design (Ortego
et al. 2014; Haselman et al. 2016).

More recently, European regulations have set out scientific
criteria for determination of the endocrine-disrupting properties
of Plant Protection Product and Biocidal Product active sub-
stances (European Commission 2017, 2018). The European
evaluation of endocrine disruptors is in line with the definition of
the World Health Organization, International Programme on
Chemical Safety (2002) and therefore requires sufficient data on
both mechanistic endocrine activity and adverse effects (e.g., an
impact on reproduction), and a plausible biological link between
the 2. For the thyroid modality, the suggested study for evalu-
ating endocrine activity in nonmammalian vertebrates is the
AMA, whereas for adversity, the larval amphibian growth and
development assay (LAGDA; US Environmental Protection
Agency 2015; Organisation for Economic Co-operation and
Development test guideline 241; 2015) is recommended
(European Chemicals Agency and European Food Safety
Authority  2018). The LAGDA was designed to
evaluate adverse apical effects that are under the control of
multiple endocrine pathways and characterize potential
concentration-response relationships. Thyroid histopathology
and time to metamorphosis (NF stage 62) may respond to
interference with the hypothalamic—pituitary-thyroid (HPT) axis in
the LAGDA (Organisation for Economic Co-operation and De-
velopment 2018a) and are therefore considered “T-mediated”
endpoints in European Chemicals Agency and European Food
Safety Authority (2018). We propose an extended test design for
the AMA (or EAMA) that includes thyroid histopathology and
time to metamorphosis (NF stage 62), to address both the known
issues with the fixed-time design (US Environmental Protection
Agency 2013a, 2013b) and the specific question of T-mediated
adversity in a shorter, better targeted assay, using fewer animals
and resources compared with the LAGDA.

Purpose and validation of the LAGDA protocol

The LAGDA was initially designed as one of the proposed tier
2 assays of the USEPA EDSP (US Environmental Protection
Agency 2013c). The protocol describes a long-term chronic
toxicity test with the African clawed frog Xenopus laevis that
considers growth and development from the embryo through
the early juvenile period over 130 d or more. The test focuses on
early development, growth, and partial sexual development that
is assessed via gonad histology (Table 1). With respect to the
USEPA approach, the LAGDA was not necessarily designed
to elucidate mechanisms. However, according to the OECD
(Organisation for Economic Co-operation and Development
2018a), it offers endpoints that provide specific information
about endocrine disruption or impaired reproduction (Table 1).
Most of these specific endocrine endpoints are likely to respond
to interference with the hypothalamic—pituitary-gonadal axis,
whereas thyroid histopathology and time-to-metamorphosis
may respond to interference with the HPT axis, as may the
growth endpoint, although growth responses are not necessarily
thyroid specific (Organisation for Economic Co-operation and
Development 2018a). The LAGDA is on level 4 of the OECD
conceptual framework in that it provides information about
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TABLE 1: Primary (@) and optional (O) endpoints and timing of measurements in the amphibian metamorphosis assay (AMA) and the larval
amphibian growth and development assay (LAGDA) according to Organisation for Economic Co-operation and Development (OECD) test

guidelines 231 (2009) and 241 (2015), respectively

AMA (OECD test guideline 231)

LAGDA (OECD test guideline 241)

Biological endpoint Daily Day 7 Day 21

Daily

Termination,
juvenile

Interim sampling,
larval NF stage 62

Interim sampling, culled
juvenile NF stage 66

Mortality®

Clinical signs of toxicity and
abnormal behavior®

Wet body weight®

Total body length?

Snout-vent length®

Hindlimb length®

Developmental stage®

Time to NF stage 62
(metamorphosis)b

Liver somatic index®

Phenotypic/genetic sex ratio®

Plasma vitellogenin®

Thyroid histopathology

Gonad, reproductive duct,
liver and kidney
histopathology

00000
00000

.**

.*

e Oeeo

“Nonspecific for thyroid.

PNonspecific for thyroid unless accompanied by significant thyroid histopathology (Organisation for Economic Co-operation and Development 2009, 2015, 2018;

Dang 2019).
*Phenotypic sex only (based on gonad morphology).

**Qvert and significant changes in apical endpoints indicating developmental acceleration or asynchrony may preclude the necessity to perform histopathological
analysis of the thyroid glands. However, thyroid histology may be required by some regulatory authorities regardless of the apical responses.

adverse effects on endocrine-relevant endpoints but is not
comprehensive, nor does it cover a life cycle (Organisation for
Economic Co-operation and Development 2018a). However, it is
intended to serve as a higher tier test with an amphibian model
for collecting definitive concentration-response information on
adverse effects, suitable for use in ecological risk assessment (US
Environmental Protection Agency 2013c; Organisation for Eco-
nomic Co-operation and Development 2015).

The general experimental design of the LAGDA entails ex-
posing NF-stage 8 to 10 X. laevis embryos to a minimum of
4 increasing concentrations of a test chemical and a control
until 10 wk after the median time to NF stage 62 is reached in
the control, with an interim subsample at NF stage 62 (Table 1).
The endpoints evaluated during the course of the present
study (Table 1) include those indicative of general toxicity
(i.e., mortality, abnormal behavior, and growth [SVL and
weight]), as well as endpoints designed to characterize specific
endocrine modes of action targeting estrogen-, androgen-,
steroidogenesis-, or thyroid-mediated physiological processes
(i.e., thyroid histopathology, gonad and gonad duct histo-
pathology, abnormal development, plasma vitellogenin
[optional], and genotypic/phenotypic sex ratios; Organisation
for Economic Co-operation and Development 2015). The
thyroid-specific endpoints obtained from NF stage 62 tadpoles
are time-to-stage 62, histopathology of the thyroid gland, and
morphometric analysis. There are 4 replicates in each test
concentration and 8 replicates in the control. Initial density is
20 embryos/replicate, resulting in a minimum number of 480
animals in a 4-concentration test design with a negative

control, or 640 animals if a solvent control were to be included.
After NF stage 66 or after 70d (whichever occurs first), the
density is adjusted by randomly selecting 10 juveniles, which
are euthanized, and then growth and gross necropsy with
identification of phenotypic sex are recorded (US Environ-
mental Protection Agency 2013c; Organisation for Economic
Co-operation and Development 2015).

The validation of the LAGDA was conducted in 5 different
laboratories using reference chemicals that are not specific for
the thyroid modality (Table 2). Only benzophenone-2, tested
in one laboratory, is known to act as an inhibitor of thyro-
peroxidase (see Schmutzler et al. 2007) but is also an agonist
of the estrogen receptor (see Schlecht et al. 2004; Seidlova-
Wouttke et al. 2004). Due to the limited number of chemicals
and laboratories involved in the validation of the LAGDA, in-
terlaboratory reproducibility is not well documented (Organ-
isation for Economic Co-operation and Development 2015). In
addition, a number of inconsistencies were reported during
the validation exercise (US Environmental Protection Agency
2013c). These mainly concern 1) organism growth, indicating
feeding and husbandry issues; 2) pathology findings that were
not consistent across laboratories; 3) unsuccessful thyroxine
measurements in all laboratories but one for 2 reference
chemicals only (Haselman et al. 2016); and 4) highly variable
vitellogenin measurements, making it difficult to interpret the
induction levels (US Environmental Protection Agency 2013c).
To a certain extent the issues are acknowledged in the OECD
version of the LAGDA test guideline (Organisation for Eco-

nomic Co-operation and Development 2015): “it is
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TABLE 2: Reference substances tested in the interlaboratory validation exercise of the larval amphibian growth and development assay®

Prochloraz

4-tert-octylphenol

17B-trenbolone Benzophenone-2

Known mode of action

Lab A
Lab B
Lab C
Lab D
Lab E

Aromatase inhibitor, AR antagonist

ER agonist AR agonist ER agonist, TPO inhibitor
[ ] [ ]
[ ]
[ ]

2US Environmental Protection Agency (2013).
AR = androgen receptor; ER = estrogen receptor; TPO = thyroperoxidase.

anticipated that when a sufficient number of studies is avail-
able, the TG [test guideline] will be reviewed and if necessary
revised in light of experience gained.”

To date, the LAGDA has been implemented only occa-
sionally in a very limited number of contract research organ-
izations (CROs). In the open literature, beyond publications on
the validation studies, only one study (Fort et al. 2017) has
been reported. In fact, most CROs have no experience with the
LAGDA, so the issues highlighted during the validation ex-
ercise remain unresolved.

The AMA and its extended version (EAMA)

The AMA went through an extensive validation process
(Organisation for Economic Co-operation and Development
2007a, 2007b, 2007c, 2008a) supported by an OECD detailed
review paper (Organisation for Economic Co-operation and
Development 2004a) and further scientific reviews in peer-
reviewed journals (see Pickford 2010; Miyata and Ose 2012;
Dang 2019; Glaberman et al. 2019). The test has been widely
used since the first protocol validation effort (Opitz et al. 2005,
2006) and the publication of the USEPA and OECD test
guidelines in 2009, so CROs and industry and university labo-
ratories (see Grim et al. 2009; Coady et al. 2010) have acquired
significant experience with the test protocol.

The AMA is a screening assay intended to empirically
identify substances that may interfere with the normal function
of the HPT axis (Organisation for Economic Co-operation and
Development 2009). The general experimental design entails
exposing NF stage 51 X. laevis tadpoles to a minimum of
3 increasing concentrations of a test chemical and a dilution
water control for 21d. There are 4 replicates for each test
concentration and the control. The number of tadpoles at test
initiation is 20/replicate for all groups including the dilution
water control, resulting in 320 animals, or 400 when a solvent
control is included.

The biological endpoints include daily observations of sur-
vival, and measurements of HLL, SVL, wet body weight, and
developmental stage at days 7 and 21, whereas thyroid his-
tology, if conducted, is done at test termination (day 21;
Table 1). Although developmental acceleration, asynchronous
development, and delayed development in the absence of
systematic toxicity may be interpreted as sufficient evidence of
potential thyroid activity, it is commonly acknowledged that the

response of these apical endpoints can be considered thyroid
relevant when accompanied by significant thyroid histopatho-
logical findings such as moderate or severe follicular hyper-
trophy and/or hyperplasia (Organisation for Economic
Co-operation and Development 2009, 2018a; Pickford 2010;
Dang 2019).

The apical endpoints measured in the AMA may be relevant
when one is considering individual responses that could po-
tentially be population relevant. Therefore, the European
Chemicals Agency and European Food Safety Authority (2018)
considers that both the AMA and the LAGDA can be used to
investigate potential endocrine-related adverse effects in am-
phibians. In principle, to have the T-mediated adversity suffi-
ciently investigated, the results from all the LAGDA T-mediated
parameters would be needed (European Chemicals Agency
and European Food Safety Authority 2018). However, if
the T-mediated parameters recommended in the AMA are
negative, this suggests that the chemical is not thyroid active
and would negate the need for a LAGDA to further study
thyroid-related adverse effects (European Chemicals Agency
and European Food Safety Authority 2018).

The relevance of the AMA as an indicator of adversity can be
enhanced by extending the test duration and adding endpoint
measurements at NF stage 62 as in the LAGDA (Figure 1;
Table 3). The NF stage 62 encompasses metamorphic climax,
and the time to reach NF stage 62 is, therefore, sensitive to
modes of action that limit peak thyroid hormone levels in
the developing tadpole, especially at later stages of
metamorphosis (see Denver 2009; Vitt and Caldwell 2013;
Olker et al. 2018; Haselman et al. 2020). Increasing the number
of test concentrations to 4 or 5 (from 3) would improve the
resolution of effects, allowing no-observed-effect concen-
tration or effect concentration, percentage determinations—
not foreseen when the AMA is run as a screening test (Wheeler
et al. 2014; Organisation for Economic Co-operation and
Development 2018a). This might be particularly important if
the endpoints are used in population modeling, risk assess-
ment, or similar exercises.

An alternative fixed-stage test design (EAMA) has been
developed to account for some of the above limitations of
the fixed-time design of the AMA (US Environmental Pro-
tection Agency 2013a; Ortego et al. 2014; Haselman et al.
2016; Olker et al. 2018; Haselman et al. 2020). In this alter-
native design, the experimental set-up, acclimation, ini-
tiation, and daily observations are similar to the current AMA

© 2021 The Authors
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Postembryonic Hormone content NFstage Developmental AMA EAMA
development (arbitrary unit) characteristics
phase 66
64
Test

Metamorphic climax 62 — tcreinahon

60 Dorsal view Ventral view

Test
Prometamorphosis te(';j":;gt,:()m
[ — Day-7 interim sampling

Premetamorphosis

= Triiodothyronin (T3)
==== Thyroxin (T4)

e o 0 e e

r T T T T T T 1

100 75 50 25 0

Test initiation

FIGURE 1: Xenopus laevis postembryonic development phases covered by the amphibian metamorphosis assay (AMA) and the extended assay
design (EAMA). Up to the metamorphic climax, the increase in thyroid hormone levels results in morphological changes (e.g., hindlimb develop-
ment) and histological changes in the thyroid gland (see Grimm et al. 2009). In X. laevis, thyroid hormone levels are highest between NF stages
58 and 62. Following the metamorphic climax (NF stage 62-66), decreasing levels of thyroid hormone are accompanied by the regression of thyroid
follicles (not shown). Images from X. laevis developmental stage according to Nieuwkoop and Faber (1994) were taken from Xenbase (1994). The
gray area shows that, in contrast to the AMA, the EAMA encompasses most of the postembryonic development up to the metamorphic climax.
*, Minimum median developmental stage of controls at test termination according to OECD test guideline 231 (Organisation for Economic

Co-operation and Development 2009).

guidelines. Day 7 endpoints (HLL, SVL, wet body weight, and
developmental stage) are the same (Table 3). However, after
day 7, tadpoles are observed daily and when the desired
stage (i.e., NF stage 62) is reached, those animals are re-
moved from the test tanks, the endpoints are measured (as
noted on day 7), and tadpoles are processed for histological
analysis (Table 3). This change in study design also reflects
the design in the LAGDA (Table 1), in which time to NF stage
62 is used to monitor potential changes in devel-
opmental rate.

A demonstration study was conducted to explore the fixed-
stage design using sodium perchlorate as a model thyroid-
active substance. Sodium perchlorate was chosen to enable
comparison of the results obtained in the EAMA with those
generated in the AMA during the validation effort (Organ-
isation for Economic Co-operation and Development 2008b).
Although NF stage 58 was chosen as the terminal stage in this
demonstration study based on the easily identifiable morpho-
logical marker of forelimb emergence (as in Saka and Tada
2021, using Silurana tropicalis, formerly Xenopus tropicalis),
extending the assay to NF stage 62 would more inclusively
cover metamorphic climax and sensitively assess modes of
action responsible for limiting peak thyroid hormone levels
(Olker et al. 2018; Haselman et al. 2020). Assessing stage

62 also aligns the EAMA with the assessment of T-mediated
endpoints in the LAGDA. In addition, the new extended test

TABLE 3: Primary (@) and optional (O) endpoints and timing of
measurements in the fixed-stage test design of the extended
amphibian metamorphosis assay

Termination

Biological endpoint Daily Day 7 (NF stage 62)

Mortality® [

Clinical signs of toxicity and ®
abnormal behavior®

Wet body weight®

Total body length®

Snout-vent length (SVL)®

Hindlimb length (HLL)®*

Developmental stage®

Thyroid histology

0000
000000

“Nonspecific for thyroid.

PNonspecific for thyroid, unless accompanied by significant thyroid histo-
pathology (Organisation for Economic Co-operation and Development 2009,
2015, 2018; Dang 2019).

“HLL can be normalized for analysis by dividing it by the SVL as required by the
AMA test guideline (see also discussion in Pawlowski et al. 2019).

9Overt and significant changes in apical endpoints indicating developmental
acceleration or asynchrony may preclude the necessity to perform histopatho-
logical analysis of the thyroid glands. However, thyroid histology may be required
by some regulatory authorities regardless of the apical responses.
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design allows for appropriate comparisons of endpoints across
the same developmental stage, and hence for a more robust
analysis and interpretation of the study results.

EAMA demonstration study

A demonstration study was conducted to evaluate the fixed-
stage test design, or EAMA. The test substance chosen was
sodium perchlorate (NaClO,4), a known thyroid inhibitor
(blocking iodine uptake; Pickford 2010; Pleus and Corey 2018)
that was used in the OECD interlaboratory validation of the
AMA test guideline (Organisation for Economic Co-operation
and Development 2007a). Nominal test concentrations were
31.25, 62.5, 125, and 250 ug/L (ppb). Test concentrations were
successfully confirmed analytically for the high- and low-test
levels. The test protocol is provided in the Supplemental Data
(S1). In short, the USEPA guideline for the AMA (guideline
890.1100; US Environmental Protection Agency 2009) was
generally followed. There were 4 replicates with 20 NF stage
51 tadpoles/replicate. The temperature was 21.8 to 22.9 °C.
The tadpoles were fed Liquid Frog Brittle Slurry (60 mg/mL)
twice daily according to guideline recommendations. Food
ration increased throughout the study to account for tadpole
growth but was not altered when tadpoles were removed from
the tank as they reached NF stage 58. The tadpoles were ex-
posed under flow-through conditions until 95% of all surviving
tadpoles across all treatments reached NF stage 58 or day 30,
whichever occurred first. We chose NF stage 58 because it was
the closest to NF stage 60 with a conspicuous morphological
trait that would be easy to recognize (i.e., forelimb emergence).

The observational endpoints were SVL, hindlimb length
(further normalized to SVL, i.e., nHLL), developmental stage,
wet weight, and daily observations of mortality. Thyroid his-
tology was not included in the demonstration study. Available
literature data were used to confirm that thyroid histological
changes induced by sodium perchlorate do not depend on the
age of the tadpoles. There are consistent reported thyroid
histopathological findings in tadpoles following exposure to
sodium perchlorate for 8 to 70d (Tietge et al. 2005, 2010;
Goleman and Carr 2006; Opitz et al. 2009). It appears that
thyroid histopathology at later stages are not less relevant
(sensitive or mechanistically informative) than earlier assess-
ments. Because the perchlorate data are comparable across
studies, it was not deemed relevant to include thyroid histology
in the demonstration study, which focused on quantifying time-
related development.

All AMA test guideline validity criteria were met for ana-
lytical variability, mortality, overt toxicity, dissolved oxygen, pH,
and temperature. Mean-measured concentrations were 105%
of nominal at the high- and low-treatment levels. Because a
proportional diluter was employed, it can be reliably assumed
that the intermediate exposure levels were also close to nom-
inal. Survival in the control and all treatment groups was >98%.
There were no mortalities or toxic signs related to exposure to
the test substance, supporting the idea that the sodium per-
chlorate exposures did not exceed the maximum tolerated

concentration. A few animals in the control and treatment
groups exhibited bent tails; the maximum number of bent tail
observations/replicate were 2, 1, 1, 1, and 3 for the control and
31.25, 62.5, 125, and 250 ug/L treatment groups, respectively.
Bent tail observations in the present study were lower (gen-
erally <5%) than frequently observed in the AMA (Coady et al.
2014). For instance, the bent tail percentage often exceeded
20% in the AMA validation (US Environmental Protection
Agency 2013b). No significant differences were detected in day
7 endpoints (mortality, developmental stage, normalized HLL,
SVL, wet body weight). Sampling of individuals that reached NF
stage 58 started on study day 17. Study termination occurred
on day 27, when 95% of the tadpoles in the test reached NF
stage 58. These observations corroborate the results of a
comparable study implemented as an informal ring testing
exercise of a Xenopus metamorphosis assay, in which tadpoles
reached NF stage 58 within 28 d in the controls of 6 of 10 tests
(Opitz et al. 2005).

Data analysis of the time to reach NF stage 58 was per-
formed using the Cox mixed-effects model with a significant
treatment difference determined from a 2-sided Dunnett's test
(a=0.05; Green et al. 2018) using R statistical software (R Core
Team 2020). This approach was also used to analyze time to NF
stage 62 data in a LAGDA (Haselman et al. 2016). Body mor-
phometric analysis was analyzed with the Jonckheere-Terpstra
step-down test (x=0.05) using CETIS statistical software
(Tidepool Scientific Software 2000-2012).

The results are provided in Table 4. There were significant
effects on the following parameters: time to NF stage 58
(delayed at 250 pg/L), SVL (increased at 125 and 250 pg/L), and
wet body weight (increased at 62.5, 125, and 250 pg/L). In
comparison with the AMA interlaboratory validation, the results
from the EAMA were similar at test termination (Table 4). Ob-
served results were consistent with perchlorate's known thyroid
antagonism. Specifically, exposure increased the time to a
specific developmental stage (NF stage 58), suggesting
delayed development analogous to the reduction in median
stage achieved by day 21 in the AMA. Effects on body mor-
phometrics were also observed that are consistent, although
not necessarily diagnostic of T-mediated delayed development
without corroborating histopathology. For detecting delayed
development, the fixed-stage design revealed significant dif-
ferences from the control at an exposure level (250 pg/L) that
only 2 of the 5 validation laboratory studies detected. This
finding suggests that the EAMA would be at least as sensitive
in detecting antithyroid activity as the AMA.

Further experimental and statistical
considerations

Some EAMAs have been recently implemented to address
European Union regulatory requirements for the thyroid mo-
dality. These studies use NF stage 62 as the termination stage to
align with the LAGDA test guideline, which includes a time to NF
stage 62 endpoint in its design. This also addresses potential
concerns that terminating at NF stage 58 may not be as sensitive

© 2021 The Authors
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TABLE 4: Summary table comparing the extended amphibian metamorphosis assay (EAMA) results (present study) with the amphibian
metamorphosis assay (AMA) interlaboratory validation results for sodium perchlorate®

AMA inter-laboratory validation

Assessment time Biological endpoint Lab 1 Lab 2 Lab 3 Lab 4 Lab 5 Extended AMA
Daily Mortality - - - - - -
Day 7 Developmental - - - - - -
stage
Wet body weight T - - 1 - -
SvL® 1 - - 1 - -
nHLL® - - - - - -
Day 21 (AMA) or Developmental delay - - Yes Yes Yes
Day 27 (EAMA) Wet body weight 1 - 1 - 1
SVL® i - 1 - 1 i
nHLL® - - 1 1 -

?Data from Organisation of Economic Co-operation and Development (2007a).
bSnout-vent length.

“Normalized hinlimb length.

- no effect; 1 increase; | decrease; as statistically compared with the control.
SVL = snout-vent length; nHLL = normalized hindlimb length.

for detecting all thyroid modes of action (Olker et al., 2018).
Running the EAMA up to NF stage 62 would incorporate the
metamorphic climax, an important developmental milestone.
Whereas using NF stage 58 resulted in a test that is approx-
imately 6 d longer than the 21-d AMA (6 d in the demonstration
study; 5-7d in Saka and Tada 2021 with Silurana, formerly
Xenopus, tropicalis), using NF stage 62 would result in a test that
is approximately 10 to 20 days longer (time appears to vary
based on laboratory animal husbandry).

Fixed-stage determination has been commonly used in
amphibian development tests (Ankley et al. 1998; Allran and
Karasov 2000; Opitz et al. 2006; Olker et al. 2018; Haselman
et al. 2020). Using ethylenethiourea as the test substance,
Opitz et al. (2006) demonstrated that both the determination of
X. laevis developmental stage after a defined exposure period
(exposure day 20 in their study) and the monitoring of tadpoles
for the time required until forelimb emergence, which charac-
terizes the transition of tadpoles from NF stage 57 to 58,
consistently detected developmental delay and even complete
inhibition of metamorphosis for concentrations >25mgl/L.
These developmental effects were associated with a range of
severe histological alterations in the thyroid gland, including a
high prevalence of follicular cell hypertrophy and hyperplasia
(Opitz et al. 2006). Olker et al. (2018) exposed tadpoles to a
known iodotyrosine deiodinase inhibitor (3-nitro-L-tyrosine)
from NF stage 50 until NF stage 62 or 1wk after all the con-
trol tadpoles reached NF stage 62, whichever came first. In that
study, whereas the time to NF stage 58 was not affected by the
3-nitro-L-tyrosine treatment, time to NF stage 62 was sig-
nificantly greater at the top 2 treatment levels, with 20 and 60%
of the tadpoles in these treatment levels, respectively, not able
to reach NF stage 62. Signs of asynchronous development
were also noted among 3-nitro-L-tyrosine—exposed tadpoles,
with the observation of some tissues progressing as expected
(e.g., adult-like skin pigmentation), whereas other tissues did
not develop along expected timelines (e.g., retention of gills),
indicating that that EAMA study design was able to detect
asynchronous development.

Delay in metamorphosis is one of the primary apical
outcomes of thyroid toxicity in amphibians. It is sensitive
both to effects on the thyroid and to a higher level endpoint,
which is potentially relevant for ecological risk assessments.
In the standard, fixed-time design AMA, this is evaluated at
the NF stage after 21 d of exposure, whereas in the EAMA,
the fixed-stage design results in an endpoint expressed as
the time to reach a particular stage (e.g., NF stage 62).
These are 2 different data types, categorical and continuous,
respectively, with different statistical methods required for
analysis. Given the importance of this endpoint, the sensi-
tivity of the fixed-stage design should be considered. Monte
Carlo simulations were run using R statistical software
(R Core Team 2020) comparing delay of development end-
points in both study designs. Simulated fixed-stage AMA
studies were randomly generated using parameters derived
from previous control studies (see details in the Supple-
mental Data, S2). Delays in time to NF stage 62 were im-
posed on the 2 highest treatment levels, and stage at day 21
was estimated by assuming proportional stage durations.
The results indicate that the fixed-stage design resulted in
greater statistical power to detect metamorphic delays than
the fixed-time design. For example, with a 1-d delay in time
to NF stage 62, a significant difference was detected in the
fixed-stage analysis in 41.5% of the simulations, but only in
13.5% using the fixed-time data. It should also be noted that
interpreting an increase in time to a specific stage is easier
than a shift in stage at a specific day, and may be more
meaningful from an ecological perspective.

There are some important advantages to the EAMA design,
as previously discussed. There is no confounding effect of stage
on morphometric measurements at test termination. The need
to censor data based on exceeding NF stage 60 is eliminated,
and thus statistical power increases (more animals can be in-
cluded in the calculations). In the case of histopathological
analysis, this design ensures that the required stage-matched
samples are available at test termination. Some additional con-
siderations resulting from the differences in experimental
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methodology between the AMA and EAMA designs are as fol-
lows. 1) Tadpoles are assessed for developmental stage daily
after day 21 (up to 10-20 additional d compared with the
standard AMA, in which NF stage 62 is used as the terminal
stage. 2) Consequently, study duration can be 10 to 20 d longer;
such flexible study durations, as opposed to a fixed test dura-
tion, also exists, for example, in OECD test guideline 210
(Organisation for Economic Co-operation and Development
2013), in which the test duration differs depending on the test
species (e.g., trout vs fathead minow), or in OECD test guide-
lines 218 and 219 (Organisation for Economic Co-operation and
Development 2004b, 2004c), in which the test duration is in the
range of 20 to 28 d for Chironomus riparius and C. yoshimatsui,
and 28 to 65d for C. tentans, to accommodate for variation in
the developmental time of the different species. 3) Study ter-
minates over several days rather than on a single day. 4) All
surviving individuals are exposed throughout metamorphosis,
although the exposure duration may be longer or shorter for
some individuals. 5) There is the potential for growth differences
mediated by density-dependent processes among treatments.
6) Food adjustment is recommended after termination sampling
begins. 7) Some tadpoles may not reach NF stage 62 if there are
treatments that impede the completion of metamorphosis. In
this case, termination of the EAMA can be planned for a specific
time based on, for example, 1 wk after all the control tadpoles
have reached NF stage 62.

Two of the performance criteria evaluated at day 21 (test
termination) in the AMA understandably lack applicability to
the fixed-stage design. These are: 1) NF stage 57 is the min-
imum median developmental stage in the control at day 21;
and 2) the 10th and 90th percentiles of the developmental
stage distribution should not differ by >4 stages at day 21.

These criteria would need to be revisited. For instance,
because NF stage 58 tadpoles are easily identificable due to
forelimb emergence, a noninvasive determination of the
number of tadpoles at NF stage 58 or higher on day 21 in the
EAMA would provide a reasonably reliable evaluation to satisfy
the standard AMA criteria of the minimum median NF stage of
the control tadpoles being >57 at day 21. All other perform-
ance criteria and all test acceptability/validity criteria used in
the AMA are equally applicable to the EAMA.

CONCLUSIONS

Flexible study durations are commonly implemented in
OECD test guidelines (e.g., 218, 219, and 443; Organisation
for Economic Co-operation and Development 2004b,
2004c, 2018b) because they allow a more comprehensive as-
sessment of potential effects of chemicals on the development
of organisms. Use of the EAMA to evaluate thyroid activity
addresses some important disadvantages of the original AMA
test guideline (US Environmental Protection Agency
2013a, 2013b). Specifically, data analysis and interpretation of
the fixed-NF stage 62 design of the EAMA become more
straightforward by avoiding the confounding morphometric
measurements and thyroid histopathology caused by varying
developmental stages at termination. This also negates the

need to censor data based on exceeding NF stage 60, thus
preserving more animals to be used in the statistical analysis.
The fixed-stage design resulted in greater statistical power to
detect metamorphic delays than the fixed-time design. A
demonstration study terminating at NF stage 58 and published
data from studies terminating at NF stage 62 (see Olker et al.
2018; Haselman et al. 2020) suggest that the extended test
design has similar or even higher sensitivity to that demon-
strated in the AMA validation effort. The NF stage 62 EAMA is
longer in duration and more complex to implement, but pro-
vides a more scientifically robust design.

The current LAGDA design, validation, and implementation
have not demonstrated appropriate strength of this assay for
use in determing T-mediated adversity. In addition, the LAGDA
is an animal-intensive assay, using at least 480 animals (ex-
cluding a range-finder and potential repeats; Lagadic et al.
2019). We have shown that modification of the AMA to a fixed-
stage design improves the performance and interpretation of
the assay for assessing thyroid-related activity. From an animal
welfare perspective, the EAMA with a negative control and
3 treatment levels would use 30% fewer animals than the
LAGDA (320 vs 480 in the EAMA vs the LAGDA, respectively).
With 4 treatment levels, as recommended in the LAGDA, the
use of animals in the EAMA is reduced by 17% (400 vs 480 in
the EAMA vs the LAGDA, respectively). Another important
consideration is that the EAMA is 3 to 4 times shorter than the
LAGDA, thus reducing animal suffering. Also, due to the
thorough validation of the AMA, the failure rate of the EAMA is
lower than that of the LAGDA (Lagadic et al. 2019), neces-
sitating fewer repeats.

By extending the AMA to NF stage 62, thereby increasing
the exposure duration, the data generated on apical end-
points are sufficient to evaluate T-mediated adverse effects
that are potentially relevant at the population level. A positive
EAMA would therefore be sufficient to draw conclusions on
T-mediated endocrine disruption when accompanied by ad-
ditional mechanistic evidence of T-mediated endocrine ac-
tivity from in vitro or in vivo amphibian embryo assays, and in
this case, a LAGDA would not be needed. The LAGDA re-
mains of further interest should longer term investigations of
possible adversity with regard to sexual development (medi-
ated by endocrine-active substances modalities) be neces-
sary. However, reproduction assessment or life-cycle testing is
currently not included in the LAGDA study design. This is
better addressed by higher tier testing in fish, which should
then include specific thyroid-related endpoints. Currently,
there is a major effort funded through the European Union
Horizon 2020 program, the EURION cluster of 8 research
projects (European Cluster to Improve Identification of
Endocrine Disruptors 2020) focusing on different aspects of
screening and testing methodologies. Within this cluster, the
Endocrine Guideline Optimisation (ERGO) project is inves-
tigating additional thyroid-specific endpoints that could po-
tentially be included in existing fish test guidelines (Holbech
et al. 2020). This would offer the possibility to address T-
mediated effects in studies in which growth, sexual develop-
ment, and reproduction can be simultaneously evaluated,
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compared with amphibian test guidelines that only address
growth, metamorphosis, and sexual development.

The data we present illustrate the added scientific value of
the EAMA. Consequently, regulators and validating bodies such
as the OECD should consider revising the existing amphibian
test guidelines and endocrine disrupter assessment strategies to
integrate the advantages of fixed-stage designs for the identi-
fication of T-mediated endocrine activity and adversity.
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