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classified as positve in an assay (JCCVAM
1997). Therefore, the teyrm tesponsiveness is
used herein, The swiking observation was that
these differences in responsiveness were test
substance specific, For BPA, sc injection
achieved statistical significance at lower doses
than oral gavage, and the maximum induction
was consistently higher by sc injection.
Likewise for GN, most sc studies achieved sta-
tistical significance ac a somewhat lower dose,
15 mg GN/kg/day, and with greater consis-
tency than oral gavage, For NP, the majority
of oral gavage and sc studies achieved searisti-
cal significance at similar doses, 75 mg

NP/kglday and 80 mglkg/day, respectively. .

For MX, the majority of oral gavage studies
achjeved statistical significance at che lowest
doses tested and were near their maximum
induction at 20 mg MX/kglday, whereas sc
injection doses were higher and the maximum
uterine weight incicase was lower. For o,p’-
DD, oral gavage produced statistical signifi-
cance at lower doses and higher maximum
responses. In the sc administration studies, an
overall difference was not discernable between
the intact, immature version (protocol B)
ar the adult QVX version (protocol C),
Additionally, the satcllite oral gavage studies
using OVX animals produced results similar
to the intact, immarure animals in protocol A
in borh the maximum fold induction of the
uteri and the first dosc reaching searistical dif-
forence. Collecrively, these results suggest that
no route of administration with various ago-
nists will be consistently the most sensitive,
The substantial equivalence of the resules indi-
cates that the choice of routc of administracion
will then depend on the purpose for which the
assay is used, such as derecting rhe activity of 2
substance at the lowest minimal eflective dose
or providing a route of administration relevant
for human and wildlife exposure,

Five dose-response studies of 84 (not
including the two studies in the laboratory
that did not record terminal body weights) did
not ohserve statistically significant increases
with three substances: NP (three studies), BPA
{one study), and a,p-DDT (one study). These
threc substances are the lowest estrogen recep-
tor-binding affinities, once MX metabolism
in the liver to dihydroxymechoxychlor
{HPTE) is considered (see Table 1 for bind-
ing affinitics of each substance, including

HMPTE). A closer examination of the circum-
stances and data has been made to see if these
cases were approaching statistical significance
or what other circumsences may have inrer
vened to prevent detection of statistical signif-
jcance (Table 28). In these studics, scadistical
sighificance is achieved when the lower
95% confidence interval for the mean of the
test substance is > 1.0-fold induction of the
utetine weight,

Given that lirerature data and expert judg-
ment were used to select the doscs; that no
range-finding studics were performed; thar the
range of the doses used was sometimes only a
licde more chan an order of magnitude; and
that these laboratories did not include the
highest doses in their studics, these few studies
facking statistical significance may have been
anticipated because of program design and not
the performance shorccomings of the bioassay.
In four of five cases, the studies did not test
the highest dose of the five prescribed doses,

4

teducing the opporrunity fore detecting a statis-
tically significant response. These four cases
are examined in detail,

In the first case involving NI in protocol
B, the mean control blatted uterine weight in
laboratory 6 was 58.0 my, where the vehicle
control means in most other immature con-
trol groups were < 40 mg. This would, in the-
ary, be expected to diminish the study’s
responsiveness, Despite this possible impedi-
ment, the lower 95% confidence interval for
the relative ratio Jor uterine weight increase
was 0.91, indicaring thar the study was
approaching statistical significance. In com-
parison with ather protocol B NP studics, six
of nine studlies achieved staristical significance
with wterine weight increascs at 35 or 80 mg
NP/kg/day, and 2 seventh achicved staristical
significance at the highest dase of 100 mg
NP/kg/day.

In the second case involving NP in
protocol C, laboratory 6 was again approaching
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Figure 5. Ratio of the mean absolute blotted uterine weight in response to doses of o,p/-DOT {DOT) relative
to the vehicle contro! group. {A) Participating lahoratory results for protacal A using immature female rats,
dosing by oral gavage for 3 consecutive days. (B} Participating laboratory results for protoco! B using
immature female rats, dosing by sc injection for 3 consecutive days. (£} Participating laboratory results for
protocol C using adult OVX rats, dosing by sc injection for 3 consecutive days. | D) Participating laboratory
results for protocol C using adult DVX rats and extending st injaction dosing to 7 days, In all cases, ani-

mals were humanely sacrificed 24 hr after the last
trimmed, and wet and blotted weights were recorded.

dose administration, the uteri wers removed and

Table 26. Uteriue weights, bady weights, and ratio of the relative increase in uterine weights for o,-DDT in satellite OVX protocol by oral gavage.

Dose 1 Dose 2 Dose 3 Dose 4 Dose §

Labnatory Measure Vehicle {10 mg/kg/dayl {650 mg/ko/day) {125 mg/kg/day) (300 mg/kg/day) 1800 mg/kg/day)
12 Wet weight (mg. mean £ SD} 101.1116.93 Not done 228.1 £ 64.85 472.4 1 242.66 683.7 + 143.62 ot done

Biotted weight {mg, mean +:SD)  95.0£1643 19121 23.03 2536+ 70.91 275.6=31.42

b Ig, mean £ SD} . 2955 11.00 286.1 + 16.83 278.1 £ 10.52 269.4 1392

Absolute ratio’ . 201 287 290

hw adjusted ratio 2.08* 264 294*

{Lower CL, upper CLY {153, 271) {1.92, 3.61) {2.05,4.23)

% pwer and upper Y5% confidence limits for ratio of hlattad uterine weighta based on hody welghts as a covariuble, *Lovel of significance, p< 0.05.
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Tahie 27, Laboratory dotails for animals, diel, vehiclas, and bedding.

... Sirginof rat® o Animaldiet _ _ Fororalgavage  __ Forscinjection
laboratory  Immature rats OVXtats hnature OVX Vohicla I Vehicle2  Vehicle!  Vehicla 2 * Bedding”
i Crj.CD(SD)IGS CriCDSDIGS  CRF-1, Oriental Yeast  CAF-1, Orlental Yeast  Corn ol NA Corn oil NA ALPHA-dri {Pulp) for
. immature
SPFVAF - SPRVAF - ) None for OVX
7 Crj:CO{SDIGS Cr:COISDUGS  CAF-1, Origntal Yeast  CRF-1, Oriental Yeast  Corn ail Fthanol  Corn oil Ethanal  Arufa-dry for immaturs
' None for OVX
3 Gy COSDIGS CriCDISDNGS  MF pelleted diel, MF pefleted diet, Sosama oil  Elhanol  Sesameoil  Ethanal  Auluclaved
hardwood chips, Beta
Oriental Yeast Oriantal Yeasl {99.5%) 199.5%)  Chips, for immalure and
OVX
9 CPL: WHGLK/BRL/ NA - Kiiha rat/mouse/ NA Olive qil Olive il  NA NA SSIFF (type 3/4)
HAN)IGS BR hamstar, Provimi - EP/DAB EP/DAB
5 CRL: CD{SD) NA PMI certified rodent  NA Ethanol Comoil  NA NA ALPHA BRI for inunatura
168BR dict 5002 {95%) DACB PAPER for QVX
6 Crl CO® (Sp) CriCD®{S01  AD4C pellet AQ4 C pellet NA NA Corn oil NA Autoclaved sawdust for
1GS BR IRS BR maintenance diet, maintenance diet, . immature and VX
. ~ UAR UAR
7 Crj:COISDYNGS Crj:CDISDIIGS  CE-2, CLEA CE-2, CLEA Com il NA Corn ol NA No bedding used for
immature or OVX
8 Alpk:APISD? Alpk:APISD R&M3 to weaning R&M1, Peanutoil ~ NA Peanutoil  NA Shredded paper for
R&M1 postweaning,  Special Diet Services  {arachis oil) {arachis oil) immature and QVX
Special Diet Sarvices
3 Crj: CO{SD}IGS  Crj:CD(SD}IGS MF pellated diet, MF pelleted diet, Olive ail Ethanol  Olive oil Ethanol  Sunflake for immature
Oriental yeast Oriental yeast {99.5%) {985%)  and OVX
1 Wistar Wistar CE-2, CLEA CE-2, CLEA Corn oil NA Corn oil NA Sunflake for immature
: {Brltlan: {BrlHan: . None for QVX
WISTRJcl) WisST@Jch)
12 Cil:COMSD) Crl:CDRSH PM certified rodant  PMI cortifiad rodent ~ Com oil NA Com oil NA Ground comecobs “Bed-
: 1GS BR IGS BA diet 5002 diet 5002 . 0'Cobs”
. far immature and OVX
13 SPF-bred Wistar, NA . Altromin 1324, MNA Cornvil plus NA Com ail plus  NA Low-dust waod granules
HSD/Coh: WU Altromin min. ethanol min. ethanol Type BK 8/15
14 SDICO:OFASD  NA Pellat AOAC 10, - NA Coin oil NA Corn ail NA UAR
{I0PS Caw) UAR
15 Wistar Hsd NA R&M3, NA NA NA Comoil plus NA No bedding used
Cph:WU Special Diet Services min. gthanal
18 Sprague-Dawley  NA PMI centified radent  NA NA NA Gomoil plus NA Eim tree {auloclaved)
diet 5014 min. ethanal
20 Had: Sprague NA Altromin MT, NA NA NA Corn oll 10% Nesting material
Dawley Altromin athanol
21 Cri:CDISD)BR MA GLPARF25 top NA NA NA Corn ail NA Dust-free poplar/fir wood
rertificate, Mucedola : chips, heat processed
Abbreviations: min., minimal; NA, not upplicable.
aDgtailed information is avsilable from the correspnndmg authar of this urticle, ®Wistar-derived strain thatis Sprague~DawIsy (S0} fostered.
Table 28. Data for laboratorias that did not ohserve a statistically significant increase in uterine weights with treatment.
e Dosas Lo
Laboratory Substence Protocut  Dose Dose 2 Dose 3 Dose 4 Dose 5 Comments
G NP B 5 my/kg/day? 15 mg/kg/day 35 mg/kg/day  80mg/kg/day 100 mg/kg/day  Five labs performing the NP dose response
Not done 0.84 1.03 1.24 Not done reached statistical significance only at dose
: {0.62,1.13} {0.76, 1.40) {0.91, 1.69) 4 and a sixth anly al dose 5 {100 mg/kg/day).
6 NP C 5mgskg/day 15 ma/kg/day 35my/kgiday  B0mg/kg/day 100 mg/ka/day  One of five labs performing the NP dose
Not dung 1.02 114 1.16 Not done response reached statistical significance
{0.79, 1.30 {0.89, 1.46) (0.0, 1.48) only at dose 4 and two others only at dose 5
1100 ma/kg/day).
12 potT € 5maskgiday 25 mg/kg/day 50 mg/kg/day 100 mgfkg/day  200-mg/kg/day  One of the other two labs performing the
Not dane 1.07 1.10 1.31 Not done DDT dose response did not reach statistical
{0.79, 1.45) (O 81, 1.49) {0.96, 1.78) significance until dose 5 {200 mg/kg/day).
12 BPA Satellite 60 mg/kg/day  200mg/kofday  375mgskg/doy  BOOmg/kg/day 1000 mgfkg/day  With immature animals, one of four labs
Chypo  Notdone 1.16 127 1.29 Not done performing the BPA dose respanse reachied
: (0.86, 1.561 {0.97, 1.68) (0.94, 1.751 statistical significance-only at duse 4 and a
second only at dose 5 {1,000 mg/kg/day).
20 NP B 5 mo/kg/dsy 15 mg/kg/day I myko/day  B0mgikg/dey 100 mgskg/day  Five laboratories performing NP dose response
.68 0.62 0.68 0.75 ] reached statistical significance only at duse 4
{0.45, 1.00} {0.42,091) {046, 1.01) {0.51, 1.11) {0.48, 1.05) (80 mg/kg/day} and a sixth only at dose 5 {100

mg/kg/dayl. In this case, the mean vehicle
hiotted uterine weights were greater than the
means af all treated groups, as van be seen in
the columns.

Wirst row: treatment dose of the given chemical. Second raw: mean relative Increase in blotted wterine weight of treatment versus vahicle cantrals. Third row: {(lower, upper 85% confi-
{enct intervsls). .
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statistical significance, with a lower 95%
confidence interval of 0.90. Two other provo-
col € NP studics our of five had not achicved
statistical significance ar 80 mg NP/kg/day,
but both of these Jaboracories then did so uc
the highest dosc in the series of 100-NP
mg/lg/day. The maximum inductions at the
80-mg NP/kg/day dose in other pratocol C
NP studics had relatively low racio values of
1.2 to 1.65. Again, the control utetine weights
in laboratory 6 were higher than average,
potentially reducing responsiveness.

In the third case involving DD'T in
protocol C, laboratory 12 was close to achiev-
ing statistical significance ac 100 mg
DDTikg/day, with a lower 95% confidence
interval of 0.96 (Table 24). The maximum
induction in uterine size at this dose in other
DDT studies using sc administration was low:
1.3-1.5 (Tables 23, 24, and 25). One other
study using OVX animals had not achicved
statistical significance at this dose, but did so ac
the highest dose in the serics of 200 mg
DT kgl day.

In the fourth case involving BPA, the
satellite oral gavage study with OVX animals
approached statistical significance at the dose
of 600 mg BPA/kglday, with the lower 95%
confidence interval value of 0,94 (Table 6).
For comparison, onc of four protacol A BPA
laboratories required the highest dosc of
1,000 mg BPA/kg/day 10 achicve statistical
significance (Table 2).

In retrospect, the several cases lacking or
having borderline significance appear to be
one of the doscs sclected and not one of the
performance capabilities of the utcrotrophic
bioassay. For example, the doses selected
apparently were too low and were too nar-
rowly spaced for both the immature and the
OVX versions in the case of the sc doses of
NP and DDT (see Figures 4 and 5, respec-
tively), Important conclusions from these
ohservations are that range-finding studics
should be considered when working with
unknown rest substances, and char a more
widely interspersed set of doses could be used,
for example, spacing at 0.5-log intervals, as
was donc with FE in phase 1, so that five
doses would cover two orders of magnitude,
In addition, the range-finding studies may be
useful in avoiding conditions rhat exceed the
maximum tolerated dose.

One final case deserves examination.
Therc was a second instance in protocol B
where NP failed to achieve statistical signifi-
cance. Firsr, in this casc, the control blotted
uterine weight mean in laboratory 20 was
54.3 mg, which again would be expected to
diminish respansiveness. Analysis of this labo-
ratory’s diet showed thar the phywestrogen
conrent measured by combined GN,

daidzein, and coumestrol was greater than

500 pelg diet (Owens et al. 2003). Sccond,
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the blotred uterine weight means of all NP
rest-subseance dose groups were less than the
controls, ranging from 37.7 mg to 41.3 mp,
even up ta the highest NP doses. ‘Third, this
was the laborarory with the mirror opposite
BPA dose response showing statistical signifi-
cance at the two lowest BPA doses and even
statistically significant decreases at the two
highest doses, i.c., the upper 95% conlidence
levels were < 1. Fourth, this laboratory had
not participated in phasc | or previously
demonstrated its proficiency to conduct the
protocol with a set of reference EE doses. It
must, therefore, be concluded thar the results
in this laboratory for BPA and NP are an
anomaly and cannot be attributed to the
inherent performance capabilities of the spe-
cific pratocal or the uterotrophic bioassay
in general.

1n thesc scudies, the uterotrophic results
from protocol A using oral gavage appear to
relevant and conservatively predictive when
compared with available chronic dara
from dietary studies. NP was negative at

15 mg/kg/day in all laboratories and positive’

at 75 mglkg/day (Table 17). This compares

favarably with LOEL abservations of abour,

35 mglkg/day in two multigeneration studies
(Chapin et al. 1999; Nagao et al. 2001). BPA
was negative ar 200 mg/kg/day in all laborato-
ries and was positive over a range of
375-1000 mg/kg/day. This compares Favor-
ably with cthe absence of estrogen-mediated
effects at doses up to 500 mglkg/day, as well
in the controversial low—dose range in two
multigeneracion studics (Ema cr al. 2001; Tyl
et al. 2002). The GN and MX uterorrophic
results in protacol A are also consistent when
compared with available developmental and
other scudies {Casanova et al. 1999; Chapin
ct al. 1997; Newbold ec al. 2001).

Tn conclusion, both the intact immature
and the OVX uterotrophic versions of the
uterorrophic bioassay and all protocols appear
robust, reproducible, and transferable across
laboratories. They are able to detect weak
estrogen agonists where sufficient doses are
administered and control uterine weights are
sufficiently low ro provide responsivencss.
‘T'hese results will be submiteed along with
other daca for independent peer review to pro-
vide support for the validation of the
uterowrophic bioassay. These results will also be
used to develop a draft OECD rest guideline
for the uterotraphic bivassay. Subscquently,
the guideline will be available {or acceprance
and implementation by reguldrory authorites.
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The Organisation for Economic Co-operation
and Development (OECD) has undertaken
the validation of the uterotrophic bioassay.
The management of the validation program
and the results of other portions of the valida-
tion program have been described in other
reports (Kanno et al. 2001, 2003). A central
objective of the OECD validation program is
to establish the reliability of standardized pro-
tocols for the uterotrophic bioassay. A demon-
stration of reliability is based on the
transferability of a protocol among laborato-
ries, where the protocol results are repro-
ducible among laboratories (ICCVAM 1997;
OECD 1998). Two aspects of reliabilicy
require demonstration in a validation pro-
gram: 4) the assay’s sensitivity, or ability to
respond to and detect positive substances, and
by the assay’s specificity, or absence of
response to negative substances ICCVAM
1997; OECD 1998). Additionally, sensitivity
and specificity should be assessed over time
and should include data gathered using coded
or blinded test substances (ICCVAM 1997;
OECD 1998).

The studies in this paper are intended to
demonstrate the reliability of the uterowrophic
bioassay, including its sensitivity and speci-
ficity with coded samples. The test substances

1550

were a potent reference agonist, five weak
estrogen agonists, and a negative test sub-
stance. Four protocols ate included in the val-
idation studies to address the two primary
versions of the uterotrophic assay, the intact,
immature, and the adult ovariectomized
(OVX) female rat as well as the primary
routes of administration, oral gavage and sc
injection. A previous article demonstrated the
reproducibility of the dose response of the
reference agonist, 17[]-ethinyl estradiol (EE),
with both vessions and all protocols (Kanno
et al. 2001). An accompanying article
demonstrates the reproducibility of both ver-
sions and all protocols using dose responses of
the five weak agonist test substances (Kanno
et al. 2003). Because all laboratories per-
formed the EE dose response separate from
these data, and almost all laboratories per-
formed the weak agonist dose~response and
coded single-dose studies at separate times, a
comparison of the data provides for an assess-
ment of bioassay reproducibility over time.

Materials and Methods

Test substances. Test substances were
obtained and distributed through a central-
ized chemical repository at TNO, Zeist, the
Netherlands. This repository is described in

the accompanying paper, including a full
description of the chemical identities, puri-
ties, and sources (Kanno et al. 2001), with
the exception of the negative test substance,
n-diburylphthalate (DBP) (CAS no. 84-74-2,
purity 99.9%) which was obtained from
Sigma Aldrich (St. Louis, MO, USA).
Because of the coded nature of this study, the
amounts of test substance needed by each lab-
oratory were calculated for each protocol.
These amounts were preweighed into individ-
ually coded, opaque vials at the central
repository ptior to their shipment.

Animal supply, busbandry, and prepara-
tion. The dewils of how participating labora-
tories obtained animals, the housing and
husbandry conditions, the age of the animals,
compliance with the OECD guidelines on
animal care (OECD 2000) and appropriate
national regulations, and the animal prepara-
tion and observation prior to test substance
administration have been described previously
(Kanno et al. 2001, 2003).

Protocols. The details of the individual
protocols have also been described previously
(Kanno et al. 2001, 2003). Briefly, protocol
A uses intact, immature female rats with dos-
ing by oral gavage for 3 consecutive days.
Protocol B uses intact, immature female rats
with dosing by sc injection for 3 consecutive
days. Protocol C uses young adule OVX rats
as described above with dosing by sc injection
for 3 consecutive days. Protocol D [previ-
ously called protocol C’ (Kanno et al. 2001)]
also uses young adult OVX rats and extends
the sc injection dosing to a total of 7 days.

This article is part of the mini-monograph “The
OECD Validation of the Uterotrophic Bioassay.”
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Coded samples, vehicle, test substance
preparation, and dosing. For each test-sub-
stance, individualized instructions, depending
on the amount to be shipped, were given to
each laboratory. The instructions specifically
stated the volume of test vehicle to be added
to the coded vials to provide a reference dose
solution for each test substance. Further
instructions were provided to adjust the
administered test volume based on the
recorded body weight (bw) of the animals w0
provide the prescribed experimental doses.

Participating laboratories were asked to
have one set of personnel prepare the test sub-
stance dose solutions and administer the
preparations and a second set perform the
necropsy and record the uterine weights. This
was intended to minimize the chances of
working out the code for each test substance.
Material safety data sheets were provided in a
sealed envelope to a nominated person at each
laboratory, who agreed to keep this envelope
sealed except in cases of emergency. A generic
material safety data sheet was prepared and
supplied to cover all test substances so that
the health and safety of personnel at the
laboratory would not be compromised. The
other details of the vehicle, test substance
preparation, and animal-dosing procedures
have been previously described (Kanno et al.
2001, 2003).

Necropsy, dissection, and uterine weight.
As described previously, the animals were
killed humanely 24 hr after the last test sub-
stance administration in the same sequence as
the test substance was administered. The dis-
section of the uterus and the measurement of
wet and blotted uterine weights to the nearest
0.1 mg were performed as described previ-
ously (Kanno et al. 2001, 2003).

Study management and quality control.
The study management and quality control
have been previously decribed. The VMG
requested that the studies be performed under
OECD Good Laboratory Practice (GLP)
guidelines (OECD 2002). However, full GLP
compliance was not a requirement for a labo-
ratory’s participation in the validation pro-
gram, and several of the laboratories did not
perform their studies under GLP. Dara were
received, and after an initial statistical analysis
was performed, all laboratories were requested
to audit these raw data and respond to specific
queries on outliers and questionable data. A
small number of data corrections were made,
and reporting errors on dilutions, samples,
and identity of control groups were either
corrected or clarified.

Statistics. The recording and statistical
procedures, data evaluation by an analysis of
covariance, logarithmic transformation of
uterine data, use of the Dunnett and Hsu
pairwise comparison test, studentized residual
plots, and use of the ratio of the geometric

means of the uterine weights (relative to the
vehicle control) after adjusting for the body
weight of the animal at necropsy with upper
and lower 95% confidence levels have all been
previously described (Kanno et al. 2003).

To dtaw inferences across laboratories
abour the reproducibility of results at a given
dose for each protocol, mixed-effects linear
models were used, where the laboratories were
weated as the random effects. Such an analysis
takes into consideration both between-lab vari-
ability and within-lab variability, and provides
an overall summary of the results. Thus, the
analysis enables the computation of 2 mean
response to a chemical across labs, and the
lower and the upper 95% confidence limits
under each protocol. This use of mixed-effects
linear models is termed the “global analysis.”

Design of Phase 2 Coded
Single-Dose Studies

The objective of the coded single-dose studies
was to produce the data to assess the repro-
ducibility of the uterotrophic bioassay both
within the same laboratory and across the
multiple, participating laboratories. Further,
the reproducibility was to be assessed over
time and using blinded or coded samples.

Overall design rationale. Three types of
test substances were included: a potent refer-
ence test substance, EE; five weak estrogen
receptor agonists: genistein (GN), methoxy-
chlor (MX), nonylphenol (NP), bisphenol A
(BPA), and 1,1,1-trichloro-2,2-bis(o,p *-
chlorophenyl)ethane or 0,p -DDT (DDT);
and a negative test substance, DBP. A robust
statistical comparison required that identical
doses be selected so that the same prescribed
doses for each test substance were used in
every laboratory.

Two EE doses were selected from phase 1
(Kanno et al. 2001) to generate two additional
sets of data to assess the reproducibility of the
bioassay. The first EE dose for a given route of
administration was the first minimally effec-
tive dose in the lower portion of the
dose~response curve that was a statistically sig-
nificant response in all laboratories in phase 1.
The second EE dose was then 0.5-log higher
than the first dose, and this second dose had
given responses near or at the maximum uter-
ine response in phase 1. These selected doses
were used as control reference doses as part of
the accompanying dose-response studies
(Kanno et al. 2003) and in these studies as
coded samples. This design produces three
data sets of replicate doses to assess the repro-
ducibility of the uterine response over time.

The selection of the positive weak ago-
nists and a series of five prescribed doses for
each are described in the accompanying paper
(Kanno et al. 2003). The participating labora-
tories were required in the dose~response
studies to use the three intermediate doses,
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whereas the lowest and highest of the five
doses were optional. Therefore, the third or
fourth dose in the series was selected for this
coded single-dose study. As a result, two sets
of replicate doses would be available, one
from the dose~response studies and one from
the coded single-dose studies, and would
include all five weak agonists in all four
standardized protocols.

The negative test substance, DBP, was
chosen based on two lines of evidence. First,
DBP does not display binding affinity for the
fat uterine estrogen receptor, i.e., there is no
displacement of bound [*H] 17} estradiol at
concentrations up to 1 mM concentrations ##
vitro (Blair et al. 2000). Second, in vive roxi-
cological studies, with some including gene
activation profiles, indicate that DBP does not
elicit responses indicative of an eswogen mode
of action (Ema et al. 2000; Ema and
Miyawaki 2001; Mylchreest et al. 1998, 1999;
Schulz et al. 2001; Zacharewski et al 1998). A
single data set that included data for all four
standardized protocols was judged adequate
for the negative chemical to conserve resources
and animals.

Selected doses. Two reference EE doses
selected were 1 and 3 pg/kg bw/day for oral
gavage and 0.3 and 1 pg/kg bw/day for sc
injection. For the weak estrogen receptor ago-
nists, the selected doses for the oral gavage
studies were 600 mg BPA/kg bw/day, 300 mg
GN/kg bw/day; 300 mg MX/kg bw/day; 250
mg NP/kg bw/day; and 300 mg DDT/kg
bw/day. Doses for the sc injection studies were
300 mg BPA/kg bw/day; 35 mg GN/kg
bw/day; 500 mg MX/kg bw/day; 80 mg
NP/kg bw/day; and 100 mg DDT/kg bw/day.
For the negative test substance, DBP, a limit
dose was selected for each route of administra-
ton: 1,000 mg/kg bw/day for oral gavage and
500 mg/kg bw/day for sc injection.

Results

. The coded single-dose studies were performed

by 16 laboratories. Laboratories 6, 7, 9, 10,
and 15, which either participated in phase 1
(Kanno et al. 2001) or the dose~response
studies in phase 2 (Kanno et al. 2003), did not
participate in the coded single-dose studies.
However, their EE results from these studies
were included in the comparison of the EE
results generated in the coded single-dose
studies. Despite the size of this international
study, the actual difficulties encountered were
few. For example, laboratories 17 and 19 may
lack results for MX, BPA, GN, or DDT,
because some of these substances were not
administered after these two laboratories expe-
rienced difficulty in solubilization during
dosage preparation. A few laboratories misin-
terpreted the EE dilution instructions, so that
a few dose concentrations were either reversed
or were incorrect (e.g., the high EE dose in
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laboratory 12). Except for laboratory 1, audits
of the records were able to correct the data for
the reversals. Finally, uterine wall punctures
were reported in three animals in separate lab-
oratories and groups during dissection. The
possible losses of imbibed fluid did not affect
any results,

Mortalities, decreases in body weight or
body weight gain, and clinical signs. Of
1,842 animals administered test substances
in the coded single-dose studies, 42 mortali-
ties were observed in eight laboratories. All
mortalities in the coded single-dose studies
were in protocol A (2 in GN studies, 3 in
MC studies, 3 in DBP studies, 6 in BPA
studies, 8 in DDT studies, and 19 in NP
studies). As with the dose—response experi-
ments, a dose-related pattern of modest
reductions in body weights and diminished
body weight gains was often observed in the
immature animal studies and in the OVX
studjes where the dosing was extended to 7
days. Decreases in body weights at terminal
sacrifice approaching or greater than 10%
were observed with NP in most protocol A
studies, DDT in protocol A, BPA in proto-
col D, MX in protocol D, and the high EE
dose in some protocol D studies (data not
shown), indicating that a2 maximum toler-
ated dose had been exceeded. Clinical signs
were reported in conjunction with the mor-
talities and body weight losses, including
piloerection, crouched positions, and
labored breathing,

Ethinyl estradiol studies. Within each pro-
tocol, the mean increases in the body
weight-adjusted blotted uterine weights of
both the low and high EE doses were repro-
ducible. The low and high EE dose results for
the dose—response and coded single-dose pro-
tocols are shown in Table 1 and Table 2,
respectively, and the phase 1 results have been
previously reported (Kanno et al. 2001). In
protocol A, the results of the three sets of EE
data were reproducible. The blotted uterine
weight increases were statistically significant at
both EE doses, and the weights increased in a
dose-related manner. There were two excep-
tions. Laboratory 1 did not achieve statistical
significance at the lower 1 pg EE/kg/day dose
in the dose—response studies, but had achieved
statistical significance at this dose in phase 1. In
laboratory 13, the ratio of mean uterine weight
of the test substance group relative to the vehi-
cle control group was nearly five at the lower
EE dose in the coded single-dose studies. The
ratio was a more modest value of 1.5 to 2 in
phase 1 and the dose~tesponse studies. In pro-
tocol B, the results of the three sets of EE data
were reproducible with two exceptions. First,
the ratio of the uterine weight increases in lab-
oratories 9, 15, 18 at the lower EE dose was
3.5 to 5 in phase 2, compared with approxi-
mately 2 in phase 1. Second, laboratory 19
failed to achieve statistical significance at either
EE dose. In protocol C, the results of the three
sets of EE data were reproducible with one
exception. Laboratory 19 achieved statistical

Table 1. Relative increasa in uterine weights versus vehicle controls with replicate low EE doses.

significance with the low EE dose, but not the
high EE dose, in the coded single-dose studies.
This same laboratory had shown a low respon-
siveness to EE in protoco} C in phase 1 (Table
5 and Figure 1C in Kanno et al. 2001). In pro-
tocol D, the results of the three sets of EE dara
were reproducible. As noted in phase 1 (Kanno
et al. 2001), the extended dosing in protocol D
again typically led to a further increase in the
blotted urerine weights over protocol C at both
the low and high EE doses, but the increased
number of EE doses also led to decreases in
body weight gains.

Weak agonist studies. The results for the
same BPA dose in the dose—response and
coded single-dose studies are shown in
Table 3. In protocol A, even at a dose of
600 mg BPA/kg/day, the relative uterine
response was very weak and did not exceed a
value of 2 in any laboratory. In the response
distribution from this modest response, five
laboratories failed to achieve statistical signifi-
cance. Although all five had increased absolute
uterine weights, the 95% lower confidence
level did not exceed 1 as necessary for statisti-
cal significance. In three of these laboratories,
animal mortalities occurred, decreasing the
power. In protocol B, at a dose of 300 mg
BPA/kg/day, the mean ratio values of the rela-
tive increase in uterine weight were between
1.5 and 2.8. In this response distribution, 3 of
23 experiments did not achieve statistical sig-
nificance. In laboratory 12, the mean uterine
weight was increased over 30%, but did not

Protocol

A
1 pg/kg/day

B C
0.3 pg/kg/day

0.3 pg/kg/day

D
0.3 pg/kg/day

Lab  Coded studies?®

Dose response?

Coded studies

Dose response Coded studies

Dose response

Coded studies Dose response

1
(129,

—, laboratory did not parform this particular study. *Results from studies with coded or blinded doses for each subst Results from the dos p studies reported in the
accompanying paper {Kanno et al. 2003). “Ratio of geometric means of treated blotted uterine weights to the vehicle control blotted uterine weights after adjusting for the body weights
atnecropsy as a covariable {lower 8% confidence limit, upper 95% confidence limit). This study did not achieve statistical significance. *This laboratory used po dilution instructions to
use doses of 1 and 3 pg/kg/day. Therefore, no 0.3-yg/kg/day dose was available. This laboratory used sc dilution instructions to use doses of 0.3 and 1 ug/kg/day. The 1-pg/kg/day dose
was the actual low EE dose and is reported here. *Level of significance, p < 0.05.
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achieve significance. In laboratory 20, little or
no evidence of a response was seen in either
the dose—response or the coded single-dose
studies. In protocol C, the ratio of the mean
treated uterine weight relative to the vehicle
controls was 2.3 to 3.4, and all laboratories in
this response distribution were able to achieve
statistical significance. This ratio value for the

adult OVX animals was consistently greater
than for the immature animals in protocol B.
In protocol D, the mean blotted uterine
weights appeared to be increased by the
extended dosing petiod, and all six laboratories
achieved statistical significance.

The results for the same GN dose in the
dose—response and coded single-dose studies

Table 2, Relative increase in uterine weights versus vehicle controls with replicate high EE doses.

are shown in Table 4. The mean uterine
responses at the selected GN doses relative to
controls were 2 or greater for most laboratories.
All Iaboratories in their respective response
distributions achieved statistical significance in
each protocol. In the case of GN, the imma-
ture animals in protocol B appeared to have a
somewhat higher mean response than the

Protocol

A
3 pg/kg/day

B ¢
1 po/kg/day

1 pg/kg/day

b
1 pg/kg/day

Lab  Coded studies

Coded studies

Dose response Coded studies

7,5.22)
5 (2,00, 3.25)

" 341(2:55, 4.56)

Dose response

Coded studies Dose response

4471352, 55

5

415337, 511). 3

13 466(363, 560"
45 830 (273 /647

y

—-, laboratory did not perform this particular study.
body weights at p i

“Ratio of g

means of

bie {lower 95% confid

d blotted uterine weights to the vehicle control blotted uterine weights after adjusting for the
limit, upper 95% confidence limit). *This laboratory used po dilution instructions to use doses of 1 and 3 pg/kg/day. The

yasa
1 pg/kg/day dose was the actual high EE dose and is reported here, “This laboratory used sc dilution instructions for doses of 0.3 and 1 pg/kg/day. Therefore, no 3 pg/kg/day high EE dose
was performed. #This laboratory incorrectly difuted the high EE dose in all studies. *This study did net achieve statistical significance. *Level of significance, p < 0.05.

Table 3. Relative increase in uterine weights versus vehicle controls with replicate BPA doses.

Protocol
A B ¢ D
600 mg/kg/day 300 mg/kg/day 300 mg/kg/day 300 mg/kg/day
Dose responss Coded studies Dosa response Coded studies Dose response Coded studies Dose response

Lab  Coded studies

12 1080043,271P4  163(1.29,208)"

CEAR0I9 TR

3/4

55 4/4 2/2

— laberatory did not perform this particular study. *Ratio of geometric means of treated blotted uterine weights to ths vehicle control blotted uterine weights after adjusting for the

body weights at psy as 8 iable (lower 95% confid

limit; upper 85% confidence limit). #This study did not achieve statistical significance. ©In the dose—response studies at

this dose, one animal died in laboratory 2, one in laboratory 7, one in laboratory 12, and one in laboratory 13, “In the coded single-dose studies at this dose, three animals diedinlabora-
tory 12, one inlaboratory 13, and two in laboratory 14. *Level of significance, p < 0.05,
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OVX animals in protocol C and even in proto-
col D with the extended dosing period.

The results for the same MX dose in the
dose—response and coded single-dose studies
are shown in Table 5. The mean uterine
responses at the selected MX doses relative
to controls were 2 or greater for most labora-
tories, and often exceed 3 in protocols A and
B. All laboratories in their respective
response distributions achieved statistical sig-
nificance in each protocol. In the case of
MX, the immature animals in protocol B
appeated to have a somewhat higher mean
response than the OVX animals in protocol
C and even protocol D with the extended
dosing period.

The results for the same NP dose in the
dose-response and coded single-dose studies
are shown in Table 6. In protocol A, 13 of 14
studies achieved statistical significance at a

dose of 250 mg NP/kg/day. This is at first sur-
prising, given that 11 of these laboratories
expetienced animal mortalities that reduced
their power of the already small group size of
six. However, the mean relative increase in
uterine weights was no lower than 1.71 in any
study, and the only laboratory that did not
reach statistical significance had only two sur-
viving animals and a mean relative increase of
1.97. In the sc protocols, the mean relative
increases in uterine weight at the selected dose
of 80 mg NP/kg/day were more modest, and
greater than 2 in only 6 of 42 studies. In pro-
tocol B, 17 of 24 studies combined from the
coded single-dose and the dose~response sets
achieved statistical significance. In protocol C,
8 of 12 studies achieved statistical significance.
In protocol D, all NP coded samples achieved
statistical significance with the extended
dosing period.

Table 4. Relative increase in uterine weights versus vehicle controls with replicate GN doses.

The results for the same DDT dose in the
dose—response and coded single-dose studies
are shown in Table 7. In protocol A, all 13
studies achieved statistical significance at a
dose of 300 mg DDT/kg/day, as the mini-
mum mean relative increase in uterine weight
was 2.67. In the sc protocols at a dose of
100 mg DDT/kg/day, the relative increase in
uterine weights was considerably lower, with
only 4 of 36 studies greater than 1.5. As a
result, only 6 of 19 studies achieved statistical
significance in protocol B, 5 of 11 in protocol
C, and 4 of 6 studies in protocol D with the
extended dosing period.

Dibutylphthalate studies. The results for
the DBP studies are shown in Table 8. In pro-
tocols A and D, none of the 15 DBP-treated
groups were statistically significant versus the
vehicle controls. However, in protocol B, the
results of 4 of 14 studies, and in protocol C,

Protocol

A
300 mg/kg/day

B C
35 mg/kg/day

35 mg/kg/day

. D
35 mg/kg/day

Dose response

) 24701933
32730221

10710 4/4

Coded studies

Doss response Coded studies

13/13 4/4

0,3.30F
g2) -

17314

157 (112, 2201 45

g1l

Dose response

Coded studies
1.68, 2

33 4/4 2/2

—-, laboratory did not perf

this particular study. “Ratio of geometric means of treated blotted uterine weights to the vehicle control blotted uterine weights after adjusting for the

body weights at necropsy as a covariable (lower %% confidence limit, upper 95% confidence fimit). 80 the coded single-dose studies at this dose, one animal died in laboratory 2 and

one in laboratory 14. *Level of significance, p <0.05.

Table 5. Relative increase in uterine weights versus vehicle controls with replicate MX doses.

Protocol

A
300 mg/kg/day

B
500 mg/kg/day

%
500 mg/kg/day

b
500 mg/kg/day

Lab  Coded studies Dose response

51,4771

20 —
10/10 4/4

Coded studies

4.07{2.97, 5.56)*

— 1.76({1.37,2.28)
14/14 4/4 6/6

Dose response Coded studies

3.76(2.78,5.09)*

Dose response

Coded studies Dose response

3/3 4/4 2/2

—, laboratory did not perform this particular study. *Ratio of geometric means of treated blotted uterine weights to the vehicle control blotted uterine weights after adjusting for the

body weights at psy as a

iable (lower %% confidence fimit, upper 95% confidence limit).

coded single-dose studies at this dose, three animals died in laboratory 14. *Level of significance, p < 0.05.
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the results of 1 of 7 studies, achieved statistical
significance. Of these five studies, three had
significantly increased blotted urerinie weights
when treated with DBP, whereas the other
two had significantly decreased blotted uterine
weights when treated with DBP,

Discussion and Conclusions

The OECD is composed of over 20 nations,
and OECD protocols such as the uterotrophic
bioassay are intended for use in all of the
member nations. As such, this validation
study was carried out in 21 laboratories in

nine nations. Funding for the study came
primarily from national regulatory agencies
and industry associations, but several labora-
tories freely contributed their time and effort
to the study. This large, international nature
of the program, however, increased the orga-
nizational and logistical workload. For exam-
ple, the protocol had to be clearly understood
by speakers of a variety of languages for the
procedures to be performed in a similar
manner in all laboratories. Data had to be
recorded in the different laboratories and
provided to an independent statistician in a

Table 6. Relative increase in uterine weights versus vehicle controls with replicate NP doses.

accurate, timely, and efficient manner. The
animal husbandry supplies, vehicles, and
reagents, as well as the laboratory animal
themselves, also had to be widely and readily
available. Finally, the central repository had
to deal with international shipments with dif-
ferent customs regulations and laboratory
safety regulations,

The Validation Management Group
addressed these challenges with several efforts.
Both the ovariectomy and uterine dissection
procedures were videotaped, and the video-
tape was distribured to the technical staff of

Protocol
A B c D
250 ma/ka/day 80 mg/kg/day 80 ma/kg/day 80 mg/kg/day
Lab dies Dose response Caded studies Dose response Coded studies Dose response Dose response

237172, 2
L 217 (1622900

—_ labogatory did not perform this particular study. *Ratio of g

ic means of treated blotted uterine weights to

body weights at psy as a

iable (lower 95% confid
in laboratory 4, two animals died in laboratory 5, one animal di

ied in laboratory 8, two animals died in laboratt
and four animals died in laboratory 14, “This study did not achieve statistical significance. % the dose-respons

4

the vehicle control blotted uterine weights after adjusting for the
limit, upper 95% confidence Jimit). 4In the coded single-dose studies, one animal died in laboratory 2, four animals died

Is died in lab

y 1, four

laboratory 7, and three animals died in laboratory 12. *Level of significance p < 0.05,

Table 7. Relative increase in uterine weights versus vehicle controls with replicate DDT doses.

¥ 12, one animal died in laboratory 13,

e studies at this dose, two animals died in laboratory 4, one animal died in

Pratocol

A
300 mg/kg/day

B
100 mg/kg/day

c
100 mg/kg/day

D
100 mg/kg/day

Dose response

Lab  Coded studies

body weigh

psy as a

Coded studies

—, laboratory did not perform this particular study. *Ratio of g

Dose response Coded studies

Dose response

tric means of tr

iable {lower 95% confidence limit, upper 95% confide
ies, all six animals died in laboratory 12, and two animals died in laboratory 14, dWi

dose-response studies at this dose, one animal died in laboratory 12. *Level of significance, p <0.05,
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Coded studi Dose response

ted blotted uterine weights to the vehicle controf blotted uterine weights after adjusting for the
nce limit). This study did not achieve statistical significance. *in the coded single-dose stud-
th the lower confidence level number > 1.00, the result is statistically significant *In the
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all the participating laboratories. The draft
protocols were distributed to all national

authorities and participating laboratories for

comments and inquiries for any ambiguities.
A common electronic spreadsheet was con-
structed and distributed for comment so the
data could be recorded and electronically
transmitted to the independent statistician.

Despite these efforts and preparations,
some laboratories encountered difficulty with
certain dose-preparation instructions, two
errors in the spreadsheet itself were larter dis-
covered, and the breakage of some vials dur-
ing shipment required their rapid replacement
because of the imminent delivery of immature
animals whose births were timed for protocols
A and B. Given the number of laboratories
and individual studies, these were minor
problems that did not affect the quality or the
success of the results.

It should also be recognized that the
protocols allowed variations in a number of
experimental conditions. These variables
include the choice of rat strain, the laboratory
diet, housing and husbandry practices such as
the use of cage bedding, the administration
vehicle, and to a modest degree, the age of
both immature and OVX animals. The judg-
ment was that rigorous and detailed standard-
ization of all of these variables would constrain

the ability to widely and easily practice the
uterotrophic bioassay in many of the OECD
member nations, where the intended purpose
is as a rapid screening bioassay for a large
number of chemiaals. The laboratory specifics
for most laboratories have been described pre-
viously (Table 1 in Kanno et al. 2001; Table 7
in Kanno et al. 2003) or can be found for the
remaining laboratories in Table 9.

The coded nature of the study also
introduced some difficulties. To avoid giving
very specific information that could be used
to identify the coded test substances, broad
general advice was given about dose prepara-
tion. Unfortunately, estrogen receptor ago-
nists and antagonists tend to be hydrophobic
and to have limited solubility. As noted, some
faboratories encountered difficulty in solubi-
lizing the test substances, and two laboratories
decided to halt administration of particular
preparations rather than administer apparent
suspensions. This experience also suggests
another source of variation in administered
doses among the participating laboratories.

As with the dose-response studies, there
was a consistent association in the coded sin-
gle-dose studies berween the occurrence of
mortalities, reduced body weight gain, and
clinical signs with the weak agonists DDT and
NP in protoco! A, and for reduced body

Table 8. Relative increase in uterine weights versus vehicle controls with replicate DBP doses,

Protocol

A
Lab 1000 mg/kg/day

B
500 mg/kg/day

c

D
500 mg/kg/day 500 mg/kg/day

-, laboratory did not perform this particular study. *Ratio of geometnc means of treated blotted uterine welghts to the

vehlcle control blotted uterine welights after adjusting for the body weights at

yasa iable {lower %% confi-

dence limit, upper %% confidence limit), ¥This study did not achleve statistical sxgmf cance *Level of significance p < 0.05.

weight gain with the EE high dose, BPA, and
MX in protocol D. The 10% and greater dif-
ferences in body weights berween vehicle and
treated animals occurred within just 4 days
(protocols A, B, and C) or 8 days (protocol D)
of treatment initiation, indicating a rapid
onset of systemic toxicity at those doses.
Despite the apparent magnitude of these
insults, the uterine response appeared to
remain undiminished, confirming the under-
lying robusmess of this biological response for
estrogen-screening programs.

Overall, for each protocol, the mean
relative increase in uterine weight was repro-
ducible within and among laboratories for
both the dose~response and coded single-dose
studies with each test substance. The
dose—response results for each protocol and
test substance are in the accompanying paper
(Kanno et al. 2003). It is important to distin-
guish between when the results for a given test
substance have been consistently reproduced
within and actoss laboratories over time from
whether statistical significance was consistently
achieved in all or none of the laboratories. The
objective here is the former, the reproducibil-
ity of the bioassay. The results here should be
interpreted by taking into account the follow-
ing considerations. First, several of selected
doses were in the lower regions of 2 sub-
stance’s dose—response curve (Kanno et al.
2001, 2003). Second, the lower region of the
dose—response curve implies a distribution of
statistically positive and negative responses,
with the ratio between positive and negative
results depending upon the precise dose
employed in the dose response of that particu-
lar substance. That is, the rate of studies lack-
ing statistical significance should rise as the
doses move further down the dose~response
curve for a substance, particularly in the case
of weak agonists when the slope of the dose
response is shallow. Several doses herein were
at or near maximum utetine responses, for
example, the high EE po and sc doses, the GN
and MX po and sc doses, and the DDT po
dose, and these doses consistently achieved sta-
tistical significance. Whete the selected doses
were increasingly in the lower portion of the
dose~response curve, although the numerical
results were reproducible within and across
laboratories, an increasing number of studies

Table 9. Details for animals, diet, vehicles, and bedding in laboratories participating only in coded single-dose studies.?

Strain of rat? Animal dietb For oral gavage® For sc injection®
Lab Immature rats OVX rats Immature ovX Vehicle1 Vehicle2  Vehicle 1 Vehicle 2 Bedding
16 Wistar NA Altromin 1324 NA NA NA Peanutoil NA Wood chip - low dust

FORTHI

expanded pellet

expanded pellet

woodflakes (immature)/
none for OVX

“The details for laboratories participating in the dose~tesponse studies and that may have participated in the coded single-dose studies herein can be found in Table 7in Kanno et al,
(2003), *Detailed information is available from the corresponding author of this article.
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failed to achieve a statistically significant dif-
ference, for example, the BPA po dose, the NP
sc dose for adult OVX animals, and certainly
the DDT sc dose.

To assess reproducibility, the mean relative
uterine weight increases were calculated in an
overall global analysis (Table 10). The
uterotrophic responses were consistent and
reproducible between the'dose~response and
the coded single-dose studies without excep-
tion for every test substance and every proto-
col. The global analysis in Table 10 also shows
subtle test substance~specific differences in the
protocols that were consistent in both the
dose—response and coded single-dose studies.
Comparing the intact, immature, and adult
OVX versions as protocols B and C, respec-
tively, the adult OVX version appeats to be
more responsive with BPA, whereas the intact,
immature version appears to be more respon-
sive with GN and MX. More than doubling
the time of treatment with extended dosing
(protocol D), did increase the response with
BPA, and marginally with GN, MX, and NP,
The global analysis includes the results of all
laboratories, regardless of mortalities in proto-
col A or the possible issues with laboratories 19
and 20 that are discussed below. Except for the
lower means in the coded single-dose, high-
dose EE studies for protocols B and C, no
overall impacr of their inclusion was observed.

The data were analyzed for an association
between uterine weights and body weights
and for the variability and power of the wet
and the blotted weights. Although there was
no consistent correlation between uterine
weight and body weight, the data suggest that

Table 10. Giobal analysis of results,

body weight is more strongly correlated with
uterine weight in the immature animals than
in the adult OVX animals. As with phase 1
and the dose—response studies, wet uterine
weights were more variable than blotted
weights (Kanno et al. 2001, 2003). The blot-
ted uterine weights in phase 2, again, showed
slightly less interlaboratory and intragroup
variability than wet weights with imbibed
fluid, suggesting that blotted uterine weight
will provide slightly better power for detect-
ing uterotrophic effects than the wet weight.
In 5 of 36 studies, the uterine weights after
DBP treatment were statistically different from
controls, indicating a certain rae of false posi-
tives and negatives will occur. Three sets of
results were statistically higher than the vehicle
groups, a false positive rate of about 8%, and
two were statistically lower. This nearly even
division into higher and lower differences sup-
ports random chance due to variability about
the baseline. In further support, the margins by
which the respective upper and lower 95% con-
fidence intervals achieved statistical significance
were minimal (Table 8). In absolute terms, the
mean relative increase in uterine weight in these
three incidents was just under 409 and sug-
gests a source of variability in the uterine weight
from one group to another. When the raw
body weight and uterine weight data were in
these laboratories were examined, there were no
obvious anomalies or inconsistencies such as
outliers or high standard deviatons when com-
pared with other laboratories, When the overall
patterns of these laboratories were assessed, one
(laboratory 20) had the minimum response
with five of six test chemicals and was below

Protocol

Substance/dose A

" 300
313(2.38, 4.12)
360(2.94, 4.41)

300

1,000

DBP mg/kg/day R
0.85{0.77,1.18)

CSD

3.13(1.70, 5.75)

2.42{1.86,3.13}
2.18(1.64, 2.90

0.97{0.80,1.17)

100 00 100
1.16{0.94, 1.44} 1.33(1.04,1.69) 1.31{1.08,1.59)
1.23{0.97, 1.58) 1.24(1.00,1.5 1.17{1.06, 1.30}

500 500
2.25(1.79,2.83)
207(1.72,248)

gkt
2.43{1.55,3.83)

2.33(1.97,2.76)
2.30{2.02, 2.62)

3.34(2.79,4.01)

) 3.50(2.80,4.37)

500 500 500
1.02(0.84,1.24) 0.99(0.91,1.07)

Abbraviations: CSD, coded single-dose studies; DR, dose—response studies.
#Ratio of geometric means of treated blotted uterine weights to the vehicle control blotted uterine weights after adjusting
for the body weights at necropsy as a covariable {lower 95% confidence limit, upper 85% confidence limit).
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average for the two EE doses, consistent with its
statistically decreased result. A second (labora-
tory 14) had responses that were the maximum
with two test substances and above average for
the remainder and the EE doses, consistent
with its statistically increased result. The pat-
terns of the other laboratories were unremark-
able. Four of the five incidents occurred with
immature animals. Although body weights
were randomized, there is the possibility of
group-to-group variations based on a litter-
related effect. The animals used would have
been born on the same day, meaning that the
animals were likely from a limited number of
liteers. In fact, some investigators have taken the
precaution to also randomize their groups by
litter (Christian et al. 1998). As the litter of ori-
gin for each individual was not recorded, this
possibility cannot be assessed here. It is clear,
however, that borderline false positives can
occur with the present protocols, and that a
weight-of-the-evidence integration of the
uterotrophic results with other structural, in
vitro, and in vivo data may be necessary for
interpretation. Similarly, false negatives may
also occur, and dam to qualify the performing
laboratory and criteria to accept the results may
be necessary (Owens et al. 2003).

The results in three laboratories deserve
comment. These laboratories displayed a
trend toward lower responsiveness to both the
EE and to several weak agonists when com-
pared with other laboratories. The perfor-
mance of laboratory 6 with its high vehicle
control weights and limited responsiveness in
some cases has been previously noted (Kanno
et al. 2003). Here, we also note the lower
general response in this laboratory to the
EE doses in protocol B (Tables 1 and 2).
Laboratory 19 observed no statistically signifi-
cant uterotrophic responses for the test sub-
stances it could formulate o either of the two
EE doses in protocol B (Tables 1, 2, 6, and 7).
The pattern of responses in this laboratory in
protocol C, however, was unremarkable when
compared with other laboratories. A close
examination of the data, including dietary
analyses, has not tevealed any apparent reasons
for this lack of responsiveness. Laboratory 20
observed statistical significance with both EE
doses, but the relative increases in weight were
somewhat lower than other labs at the low EE
dose and among the lowest at the high EE
dose (Tables 1 and 2). Although statistical sig-
nificance was observed with GN and MX, the
increases in the uterine weights were the low-
est observed in any laboratory (Tables 4 and
5). Statistical significance was not observed in
either of the dose~-response or the coded sin-
gle-dose studies with either BPA or NP, and
again, the increase in the uterine weights were
the lowest observed in any laboratory (Tables
3 and 6). A review of the data and laboratory
variables first indicated that the vehicle control

1557



Mini-Monograph | Kanno et al.

uterine weights were > 50 mg, which was well
above the 20- to 40-mg range in most other
laboratories. Then, an analysis of laboratory
diets for phytoestrogens found that laboratory
20’s diet had the highest combined total GN
and daidzein levels of > 500 pg/g diet. This
leads to the suspicion that the dynamic range
of the bioassay in this particular case may have
been impaired by the high phytoestrogen con-
tent of the diet (Owens et al. 2003).

Collectively with other observations in the
dose—response studies, these data suggest the
need to monitor the uterine weights of vehicle
control animals, to specify that laboratory
diets have low to modest phytoestrogen levels
(< 350 pg/g diet) (Owens et al. 2003), and o
qualify laboratories with both reference and
weak agonists before performing tests of
unknown substances. In addition, care should
be taken not to exceed the maximum toler-
ated dose, to reduce animal pain, suffering,
and mortalities. The reslts in the current
coded dose study provide additional evidence
that a strong uterine response occurs even in
the presence of severe systemic toxicity. The
robustness of the uterine response in turn
supports its use in a screening assay.

In conclusion, the uterotrophic bioassay
yields reproducible results within the same lab-
oratory and across the participating laborato-
ries over time with a range of test substances
including the EE positive reference substance,
the five weak agonist substances (BPA, GN,
MX, NP, and DDT), and the negative sub-
stance (DBP). The results of the dose—response
and coded single-dose studies are in agreement.
No substantive performance differences were
found between the different versions or their
protocols that would support one version being
consistently superior to another. Therefore,
both the intact immature and OVX versions of
the uterotrophic bioassay and the protocols
herein are judged to be qualitatively equivalent
to one another. Low rates of false negatives and
false positives were observed. The false nega-
tives occurred with very weak agonists (BPA,

DDT, and NP) in the lowest portions of the
their dose—response curves. The false-positive
rate with DBP was just over 8%, with mean
relative weight increases of 30—40%, suggesting
the importance of controlling group-to-group
variations in the baseline and using a weight-
of-the-evidence approach in interpreting very
modest responses. These and other results from
the dose~response studies and the dietary
analyses will be used to develop the draft
OECD test guideline for the uterotrophic
bioassay. These results will be submitted along
with other dat for independent peer review to
provide support for the validation of the
uterotrophic bioassay.
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SUMMARY

This article proposes a statistical method for judging whether or not the combined action of chemicals is
" synergistic, being focused on the case in which two or more endocrine disruptors are made to act simultaneously.
After defining synergism, the synergistic relation of two chemicals is formulated for a higher response than that
expected under an exchangeable relation between them. Using this formulation as a basis, we then rationalize the
triangular design for an animal experiment in which all dose settings are controlled within a triangle domain
that prescribes the sum of doses of simultaneously applied chemicals less than a certain level. In addition, a
statistical test is proposed for judging the synergism among chemicals used in animal experiments, i.e. the test
evaluates the discrepancy between the observed mean response from simultaneous administration groups of
chemicals and an estimated response under the null hypothesis of zero interaction based on data from
single administration groups. Finally, test performance is examined using a simulation study and a case
study—the rodent uterotrophic assay. The simulation study revealed that the test is not superior in power to
the standard analysis of variance test based on a linear model with interaction term, yet robust in the sense that
type I errors under variance heterogeneity were better controlled using Welch correction than the analysis of
variance test. The application of the proposed statistical test to an animal experiment is considered acceptable
based on results. Copyright © 2003 John Wiley & Sons, Ltd. '

KEY WORDS: animal experiment; endocrine disruptor; design of experiment; statistical test; synergism

1. INTRODUCTION

To protect people from the harmful effects of chemicals, society has begun fegulating environmental
pollutants and toxicants at levels having negligible impact. In the past these regulation levels were
determined based on the knowledge or toxicity data of a single administration of an individual
chemical. Recently, however, synergic effects due to combining chemicals have become apparent and.
regulations are now considered to be based on the knowledge or data on their combined action.
Accordingly, many studies have been carried out to clarify synergism of harmful effects by

*Correspondence to: Isao Yoshimura, Faculty of Engineering, Tokyo University of Science, 1-3 Kagurazaka, Shinjuku-ku,
Tokyo 162-8601, Japan.
tE-mail: isao@ms.kagu.tus.ac.jp

Contract/grant sponsor: Japan Society for the Promotion of Science; Contract/grant number: (c)11680328.

Received 23 December 2001
Copyright © 2003 John Wiley & Sons, Ltd. Accepted 22 March 2002

-785-



214 N. MATSUNAGA ETAL.

simultaneous administration of chemicals (see, for example, Reif, 1984; Hasegawa et al., 1996). One
particular application is that for the synergism of endocrine disruptors.

As one of the authors has been engaged in endocrine disruptor studies underway in Japan (Kanno
et al., 2001), it was necessary to determine how to obtain and analyze data from animal experiments
concerned with synergism. Under this requirement, here we investigate data collection/analysis
allowing evaluation of synergism, applying the devised method to an animal experimental study
conducted in Japan.

Section 2 explains the issues elicited in the above-mentioned study, while Section 3 discusses the
concept of synergism adopted in the analysis. Sections 4 and 5 subsequently describe the experiment
design and statistical test used for analysis of the endocrine disruptor study, after which Sections 6 and
7 respectively present the results of the simulation study, which examines the performance of the
proposed test, and a case study. Section 8 provides a conclusion and discussions.

2. ENDOCRINE DISRUPTOR ISSUE

Chemicals that induce a hormonal effect are referred to as hormonally active agents (HAAs)—see, for
example, Committee report (1999), EDSTAC (2001) and Solicitation (2001). Endocrine disrupting
chemicals (EDCs) are defined as HA As that induce adverse effects. As most hormonal effects are well
known to be mediated by hormone receptors, endocrine disruption can therefore be defined as a
‘receptor-mediated adverse effect or toxicity’.

A question arises concerning what are the major differences between traditional toxicity and
receptor-mediated toxicity, especially that occurring through nuclear receptors such as estrogen and
androgen receptors, or through ligand-inducible transcription factors such as dioxin receptors. It must
be realized that the effects are mediated by the ‘signal’, and that the ‘toxicants’ do not need to be at the
site of the adverse effect. In addition, with regard to the ‘redundancy’ of the receptor system, such
receptors bind a variety of chemicals having various structures. Naturally, then, the affinity is different
among chemicals and usually much lower than that of intrinsic natural hormones such as estradiol
(see, for example, Yamasaki ef al., 2002). However, binding does occur, and if the concentration of the
ligand goes above a certain level, then it usually has the capability to transduce the signal just as
natural hormones do.

Since the signal transduction system basically amplifies the signal, it is believed that this occurs at a
lower dose range than that exhibited in traditional toxicity studies. Expansion of this aspect may
indicate that a system exists in which there is no threshold in response. Another aspect of redundancy
is that each particular chemical can change the conformation of the ligand-bound receptor molecule
according to the shape of each ligand molecule. If true, this may lead to different signaling properties
especially when considering interactions with DNA and/or co-factor molecules.

Ligand-bound receptor molecules need to bind to a specific DNA sequence and recruit co-factors
and other transcription machinery molecules in order to induce actual biological effects. In this
context, the combined effect of multiple chemicals can be slightly different from what we expect from
the monitored effect due to a single chemical.

Moreover, because more than one signaling system is present in humans, and because many other
nuclear receptors/transcription factors are redundant in such ways, there may be an interaction
between different signal pathways which leads to possible synergism for certain biological endpoints.
Therefore, the definition currently needed for the expected combined effect is that if two treatments
produce the same endpoint, they can be exchanged by any ratio to produce the same magnitude of the

Copyright © 2003 John Wiley & Sons, Ltd. Environmetrics 2003; 14: 213-222
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effect. The definition of an unexpected combined effect is that the effect due to such a combination is
much larger than the particular effect induced by each treatment alone.

3. DEFINITION OF SYNERGISM

There are numerous discussions on the definition of additivity, synergism, and antagonism (see,
for example, Rothman, 1980; Saracct, 1980; Reif, 1984; Berenbaum, 1989; Kodell and Pounds, 1990;
Machado and Robinson, 1994; Laska et al., 1997; Gennings et al., 1997; Roy and Estieve, 1998).

From the 1920s to the 1960s, pharmacologists attempted to classify mechanisms representing the
mode of combined action of two chemicals, which is the case considered here. Such trials
subsequently generated numerous technical terms such as ‘independent joint action,’ ‘similar joint
action,’ ‘synergistic action,” ‘dissimilar joint action,” ‘potentiation,’ ‘depotentiation’, and ‘augmenter.’
Due to the complexity of the concepts and difficulties in actual verification, such mechanistic analyses
had virtually ended until a simple definition was introduced (Sakuma, 1996).

It is illustrated in a pharmacology textbook (see, for example, Laurence and Bennett, 1980) as a
chart representing a ‘Mountain of Happiness’, which is an isobolic expression of happiness given after
~ drinking a certain amount of wine followed by coffee. On this chart, a combination of a certain amount
of wine and coffee realizes the apex of the response, which cannot be expected by the single
administration of wine or coffee, while an excessive administration ends to dullness or sleep. It implies
that the pharmacologically useful endpoint is to determine the best combination of two treatments
(wine and coffee) regardless of mechanistic considerations. Synergism can be used to express such a
peak in an isobologram, which also indicates that too much wine and/or coffee reduces happiness.

In general, toxicologic events are also complex, multi-step phenomena that are not fully under-
stood; hence, it is reasonable to. surmise that mechanistic considerations are not established for
predicting the combined adverse effect of two chemicals. The definition of synergism regarding hazard
identification must therefore be based on a non-mechanistic approach analogous to the Mountain of
Happiness, although we are obviously not interested in the best combination of two chemicals that
produce the strongest adverse effect. Our interest under the above-mentioned situation concerns the
low dosage range in which two chemicals show combined adverse effects at a higher magnitude than
that expected when two chemicals are equal in a particular response, i.e. they are exchangeable by any
ratio. This viewpoint leads the following formulation adopted here.

Let f(da, dp) be the response at the combined dosage (da,ds) of two chemicals A and B, and Da’
and Dg be such that f(Da,0) = £(0, Dp) under the assumption that f is a continuously monotone
increasing function of either coordinate. If chemicals A and B are exchangeable, then
f(da,dg) = f(Da,0) = £(0,Dg) is expected for (da,ds) on the line connecting (Da,0) and
(0,Dg). Accordingly, we define the response of the two chemicals to be ‘synergistic’ if
f(dA,dB) > f(DA,O) = f(O,DB) for (dA,dB), (DA,DB) such that

dy | dp |
a5 _ 1

The case where the equality f(da,ds) = f(Da,0) = £(0, Dg) holds, implies ‘zero interaction’.

The combined action of two chemicals considered here is, within a certain dose range, the same as
the simple similar action for quantal response discussed by Hewlett and Plackett (1959) (see also
Piegorsch and Bailer (1997) for summarized explanation), but is slightly different in the sense that it is
formulated through an isobolic relation. This formulation is meaningful for proposing a triangular -

Copyright © 2003 John Wiley & Sons, Ltd. Environmetrics 2003; 14: 213-222

=187



216 N. MATSUNAGA ET AL.

design, for we need not worry about the combined action of simultaneous administration of chemicals
in the dose which is the maximum in the groups with individual chemical administration, while the
formulation by Hewlett and Placket was too strict to apply to toxicity evaluation.

4. DESIGN OF EXPERIMENT

From a statistical viewpoint, synergism is examined experimentally using one-sided hypothesis testing
for the null hypothesis of zero interaction. Note that a linear model can, without loss of generality, be
assumed to express the dose-response relationship under the above-mentioned situation, i.e. in the
exchangeable case.

This is true because the dose dependency of the response to both chemicals can be linearized by a
suitable scale adjustment and a certain transformation of response, i.e. by the use of a function such as
a link function in a generalized linear model that makes the dose~response relationship linear so that
the relation f(dA, dB) = o + Bada + Pgds holds.

While the factorial design shown in Table 1 is most often used for statistically evaluating
interaction, it is not appropriate in our case, for the linearization should be confined within a certain
dose range. In a two dimensional (2D) plane having coordinates that respectively indicate the dose of
each chemical, responses outside the line connecting the maximum dose of the two chemicals do not
provide any information on the synergism, so that the dose settings outside this triangle domain are
useless for evaluating synergism. _

In fact, even when the response for Groups (10), (12), (13), (14), (15), and (16) in Table 1 is quite
high, it cannot be used to evaluate synergism because corresponding zero interaction response to be
compared with them cannot be estimated. Consequently, we propose to use the triangular design,
which eliminates the above-mentioned groups as shown in Table 2, for an animal experiment under the
condition that the number of doses given by the administration of individual chemical is the same
between the two chemicals. The number of simultaneous administration groups, which is 3 in Table 2,
may well be dependent on the purpose of the experiment, but this is not our principal concern here.

5. STATISTICAL METHOD

The one-sided statistical test for evaluating the discrepancy between the observed response and the
response estimated under the null hypothesis of zero interaction is considered reasonable as the
statistical method for data analysis.

Table 1. An example of factorial design with 4 dose levels of each chemical. Animals are randomly allocated to
each of 16 groups. Groups (1) through (7) correspond to single administration groups, whereas Groups (8)
through (16) represent simultaneous administration groups

Dose of chemical A

day daz das dag

dpi M (2 (3) “

Dose of dp (5) (8) 9 (10
chemical B dp ~(6) 8} (12) 13)
dps . D (14) (15) (16)
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Table 2. An example of triangular design with 4 dose levels of each chemical. Animals are randomly allocated
to each of 10 groups. Groups (1) through (7) correspond to single administration groups, whereas Groups (8)
through (10) represent simultaneous administration groups

Dose of chemical A

dat dpz das day
dpy (D (2) 3 4)
Dose of dp %)) 8) D
chemical B dp; (6) 10)
dps4 @)

With the endocrine disruptor issue in mind, we assume that the observed variable y; of jth
individual of ith group is distributed as normal with mean y; and variance o7 and that the ys are
independent. Let y be the observed mean response for simultaneous administration groups (Groups
(8), (9), and (10) in the case of Table 2) of two chemicals and y be the estimated response
corresponding to y using data for groups (Groups (1) through (7) in the case of Table 2) with the
administration of individual chemicals under the assumption of zero interaction. Naturally, § and § are
statistically independent. '

We propose using the following test statistic:

_ y—jy
= Na0) + Va0) @

where Var(y) and Var(9) are the estimated variances of ¥ and ¥, respectively.

If we assume that all os are equal, the denominator of the statistic T should be pooled within
variance, with the degrees of freedom v being equal to ‘the total number of observations — the number
of groups’ and the critical value with significance level « is the upper 100c; percentage point, t(v, a),
of a z-distribution with degrees of freedom v. Else if we assume that os are homogeneous within
simultaneous administration groups or groups with individual chemical administration, but hetero-
geneous between two classes, the two terms in the denominator of T should be separately estimated as
the within-class sum of squares divided by ‘the total number of observations of the class—the number
of the groups in the class’. In the latter case, the critical value is set at #(v, ) with the degrees of
freedom v adjusted by Welch correction (see Welch, 1938, or Satterthwaite, 1946).

In the real situation of toxicity experiments, the variances are likely to be heterogeneous and even
the latter assumption may be violated. However, since the heterogeneity of variances cannot be exactly
estimated, we propose to use the latter test (Proposed-W) as the statistical method for judging
synergism, or the former test (Proposed-T) when the homogeneity of variance is confirmed, the
performance of these tests being compared with a regression test in the next section.

Thus, the flow of the proposed method is as follows:

Step 0. Check the linearity of the dose-response relationship for the groups with individual chemical
administration. If a non-linear dose-response relationship is observed, transformations that linearize
the relation are applied.

Step 1. Fit a linear response plane, i.e.

= Po + Bada + Osdn (3)
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to the groups with single chemical administration using a least squares method (assuming zero

interaction).
Step 2. Calculate the mean response j for simultaneous administration groups and the estimate yof

expected response corresponding to y under zero interaction.

Step 3. Calculate the test statistic T and the critical value #(v, ) with the adjusted degrees of freedom
v using the Welch correction, where « is the significance level.

Step 4. If T > t(v, @), then the relationship is judged as synergistic with significance level .

6. SIMULATION STUDY

A simulation study was performed to evaluate the pefformance of the proposed tests.

6.1. Common setup

Let y; be the response variable obtained from the jth animal of the ith group, where the number of
groups with individual chemical administration is seven, being the same as the triangular design
shown in Table 2, whereas that of the simultaneous administration ‘groups is one, two, and three for
Cases 1, 2, and 3, respectively. The total number k of groups is therefore eight, nine, or ten, depending
on the case. The number of animals was fixed at six to coincide with the number used in the endocrine
disruptor experiment for the case study in the next section. :

Itis assumed thaty;, i = 1,2,...,k,j=1,2,...,6, were distributed independently as normal with
mean y; and variance o7 and that the dose~response relationship was linear when each chemical was
singly administered. As an alternative to the proposed test, we considered an analysis of variance test
for interaction in a regression model with interaction, i.e. the null hypothesis was Hy : Bag = O for the
following model:

E{yy} = Bo + Bada + Brds + Bapdads (4)

where dj,dp are the doses of chemicals A and B, respectively, administered to the ith group.
- Robustness was examined by comparing the proposed ¢-tests with Welch correction (Proposed-W test)
and without Welch correction (Proposed-T test) with the analysis of variance test (Regression test).
Other common simulation conditions were as follows:

e repetition of simulation, 10000 times
e dose setting for singly administered groups,

(dA’dB) = (0,0) (0,1) (0, 2) (0, 3) (1,0) (2,0) or (3,0).

e parameter values: Gy = O = g = 1
e nominal significance level: 5 per cent.

6.2. Alternative hypothesis
Three cases of simultaneous administration groups were considered, i.e.:

Case I: One group with (da,dp) = (1.0, 1.0).
Case 2: Two groups with (da,dg) = (1.0, 1.0), (1.5, 1.5).
Case 3: Three groups with (da,dg) = (1.0, 1.0), (1.0, 2.0), (2.0, 1.0).
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Table 3. Setup of the strength of synergy in alternative hypothesis. 4\; represents the strength of synergy on the
ith group with simultaneous administration of two chemicals. Model (1) corresponds to the null hypothesis,
: whereas models (2) through (9) represent alternative hypothesis

Model

¢Y) 2 3 4 &) (6 (7 ® 9

Case 1 A 0.0 0.3 0.5 1.0 1.5 2.0
Case 2 Ay 0.0 0.3 0.5 1.0 0.3 0.5 1.0 0.3 0.5
AV 0.0 0.45 0.75 1.5 0.675 1.125 2.25 0.9 1.5
Case 3 Ay 0.0 0.3 0.5 1.0 0.3 0.5 1.0 0.3 0.5
AV 0.0 0.45 0.75 1.5 0.6 1.0 2.0 0.9 1.5
AN 0.0 045 0.75 1.5 0.6 1.0 2.0 0.9 1.5

The number of simultaneous administration groups is therefore different, depending on the case, and y
is the mean of the observed responses of 1, 2, or 3 groups, depending on Cases 1, 2, or 3, respectively.
The strength of the synergism is represented by the parameters A, A, and A3, which are defined as
the difference between the expected value of y; of the simultaneous administration groups and the one
under the null hypothesis, i.e. Equation (3). If we adopt Equation (4) as an alternative model such as
models (5), (6) and (7) in Table 3, then A; = Bapdads, where da, dp are the doses of A and B of the ith
group, respectively.

As in Table 3 were selected as the simulation setting. As all As are obviously zero for model (1),
this implies the mill hypothesis. For models (2)-(4) the As are proportional to da + dg, while for
models (5)—(7) the As are proportional to dadg, being advantageous for the analysis of variance test.
Models (8) and (9) use steeper As.

6.3. Power under variance homogeneity

Table 4 summarizes the results of the simulation, where all the o7s are the same. It is theoretically
natural that powers in Case 1 are the same between the two tests. In other settings, it is noted that the
proposed tests are slightly inferior to the analysis of variance test in power under variance
homogeneity.

Table 4. Probability (%) to realize significance. Type I error in model (1) and powers in other models.
‘Proposed-W’ and ‘Proposed-T’ are proposed tests with or without Welch correction, respectively

Model

Case Test ey @ ©) C) &) ©® Q) ® )]

Case 1 Proposed-W 54 9.7 173 49.9 82.5 96.7
Proposed-T 4.9 10.6 20.2 61.0 91.7 99.5
Regression 4.9 10.6 20.2 61.0 91.7 99.5

Case2  Proposed-W 5.2 18.0 41.6 922 26.3 60.6 99.3 379 77.4
Proposed-T 4.9 18.8 44.0 93.7 272 ,634 99.4 39.6 80.3
Regression 5.0 17.9 42.5 93.4 30.1 68.8 99.8 46.9 88.2

Case 3  Proposed-W 4.9 24.1 541 = 985 335 73.0 1000 573 94.9
Proposed-T 5.1 242 544 98.6 344 73.8  100.0 58.1 95.2
Regression 4.8 24.0 54.5 98.5 36.1 758  100.0 62.8 97.0
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