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Comet assay - Epsikin :
Detection of photogenotoxic compounds

Photo-micrographies

UV-A 15 min
+ Lomefloxacin in a formulation

UV A 15 min
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UV-A 15 min
+ Lomefloxacin in the medium

Mean Tail Moment

Fig. 17. Induction of comets by lomefloxacin+ UV in Episkin. For the photosensitization experiments with lomefloxacin, the Episkin® epidermises
were treated either by adding a 50 pm lomefloxacin solution in ethanol to the Episkin® culture medium “underneath the skin” (mimicking the
systemic flow) or by topical application of 1 mg/cm? of a 4% lomefloxacin cream (kindly provided by L'Oreal Applied Research Laboratories at
Chevilly LaRue, France). In those cases the Episkin® was treated for 1 h with lomefloxacin, rinsed three times with PBS and then irradiated 15 min
with UVA light. The comet assay was performed immediately after the irradiation. All the unexposed controls (topically treated or culture-media
treated epidermises, untreated epidermis) were included in the experiment as descr bed in the figure.

e Check for degradation products in culture medium.
[nvestigate possible confounding effects of apopto-
sis (e.g. by using CTLL-2 bci2 cells or Annexin-V
analysis) and necrosis.

e Check for agonist and antagonist effects on kinases.

e Check for loss of cellularhomeostasis (e.g. high osmo-
lality, low pH).

e Check for metabolic poisoning and inhibition of DNA
synthesis.

e Check for possible exposure to UV light.

e Check for nucleotide pool imbalances.

e Check for metabolic overload (e.g. glutathione deple-
tion).

e Determine absence of DNA adducts under genotoxic
conditions, preferably using radiolabeled chemical
rather than *2P-postlabeling.

In order that practising scientists and regulatory
reviewers may become more familiar with the likely
causes of genotoxic responses that are not relevant for
humans, we encourage journals to publish data on coded
compounds (from industrial in-house databases) that will
help exemplify non-DNA or non-relevant mechanisms of
genotoxicity. However, in such cases, as much informa-
tion as possible should be provided on each test agent,

and an independent review of the classification of posi-
tive and negative calls will probably be needed.

In addition to the above suggestions, it was acknowl-
edged that 3D tissue models, such as those presented
for skin, could provide valuable information on the
relevance of in vitro positive results, and the further
development of such models is to be encouraged. How-
ever, given that relatively few human or animal skin
carcinogens (UV light, PAHs) exist, these models may
be of limited value as replacements for whole animals.

3.2. Cell culture conditions and techniques

It was agreed that “good housekeeping” of cell cul-
tures is a requirement for reliable and reproducible
results. Practitioners should avoid working with high
passage cells and should look at chromosomal content,
karyotype and other characteristics such as metabolic
capability and response to reference genotoxins for evi-
dence of genetic drift. There are some suggestions that
cell density and culture size can have an impact on the
response of the cultures to chemical insult and this needs
to be investigated. The ECVAM task force on good cell
culture practice (GCCP) has previously published rec-
ommendations on GCCP [8]. These recommendations
need to be reviewed in light of the current workshop to
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see if they need to be up-dated and/or adapted to in vitro
genotoxicity testing.

There was concern at the possibility of reactive oxy-
gen species being formed by reaction between the culture
medium and test chemical. More data are needed before
advice can be given on whether certain cell/media sys-
tems are less likely to produce artefactual results through
oxidative stress than others, and Halliwell is encour-
aged to continue his investigations in the hope that such
recommendations can be made.

3.3. Biotransformation

The xenobiotic-metabolising system comprises sev-
eral hundred enzymes, which are usually expressed with
high selectivity in varying tissues, cell types and onto-
genetic stages, and in rodents also often with high sex
specificity. Some enzymes are involved in the biotrans-
formation of many genotoxicants, others are important
only for a small number of compounds, and some
reaction types involve a higher risk of formation of reac-
tive metabolites than others. Various enzymes are only
present at significant levels after induction by specific
endogenous or xenobiotic factors. Thus, no cell type in
vivo reflects the full biotransformation capacity of the
organism. Even hepatocytes, which are heavily involved
in biotransformation, only express a limited selection
of xenobiotic-metabolising enzymes. For example, there
are now strong indications that the hepatocarcinogenic-
ity of PAHSs in rodents is due to bioactivationby CYP1B 1
in extrahepatic tissues, and that hepatic CYP1A1 - which
normally is used for “promiscuous” activation of PAHs in
vitro — acts as a major PAH-detoxifying enzyme in vivo.
Moreover, the expression of numerous enzymes ceases,
or is drastically decreased, in cells in culture. In part, this
simply reflects the propensity of the organism to avoid
expression of risk-borne enzymes in proliferating cells.
This is true even for hepatic cell lines (e.g. HepG2) that
have retained much biotransformation activity in com-
parison to fibroblastoid or lymphocytic cell lines. Classi-
cal §9is arich source of selected CY Ps, but otherwise the
spectrum of enzymes present in active form is very low.

The risks resulting from the formation of reactive
intermediates is reduced in vivo by the presence of detox-
ifying systems, which are often extremely efficient (but
overlap with toxifying systems). Two processes of detox-
ification can be distinguished:

(i) Metabolic “sequestration” of a promutagen into
pathways that avoid the formation of the ultimate
mutagen.

(ii) Inactivation of an active metabolite after its forma-
tion.

These processes differ in the enzyme systems
involved. Sequestration commonly occurs by CYPs,
reductases/dehydrogenases, UGTs and SULTSs. The indi-
vidual members of these enzyme classes are often
expressed with high selectivity in certain cell types
of physiological stages. Inactivation of active (elec-
trophilic) metabolites is normally conducted by epoxide
hydrolases or GSTs. These enzymes —although notevery
single form — are widely expressed in many tissues and
cells. Thus, microsomal epoxide hydrolase and substan-
tial levels of GST activity towards some substrates have
been detected in all mammalian cell lines studied [31].
However, high-efficiency (high Vi /Ky, ) enzymes may
be most important for sequestration and inactivation,
especially in systems with high-efficiency, rather than
promiscuous, activation. Some proximate and ultimate
genotoxicants equilibrate in vive. In this case, efficient
protection may even occur through enzymes located at
sites different from the site of activation. However, when
this equilibration is limited, the appropriate localisation
of the detoxifying system may be critical. An example
is aflatoxin By, which is a potent hepatocarcinogen in
the rat but only weakly active in the mouse. Consti-
tutive expression of Gst a5, an enzyme that efficiently
inactivates aflatoxin B, 8,9-oxide in mouse but not rat
liver, appears to be an important mechanism underlying
this difference. Although a rat Gst a5 is constitutively
expressed in various extrahepatic tissues, this localisa-
tion appears to be inefficient for toxification. However,
after hepatic induction of Gst a5 by certain chemicals, the
rat becomes resistant towards the hepatocarcinogenicity
of aflatoxin B [32]. It is not possible to mimic such com-
plex, varying pharmacokinetic processes in a simple in
vitro screening model.

Detoxification may occur to the parent compound or
downstream to its metabolites. The capacity of in vitro
systems to detoxify is usually modest, often limited to
the nanomolar to low micromolar concentration range
over the entire exposure period. Thus, no significant
competition between toxifying and detoxifying activi-
ties would occur unless the maximum concentration of
parent compound tested was rigorously restricted to a
very low range, and the relevant enzymes were present.
The situation is very different for metabolites. Their
concentrations are low, implying high-affinity (or more
precisely high-efficiency) detoxification reactions can
potentially occur.

The purported lack of enzymic detoxification in vitro
1s in contrast to observations that various chemicals,
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when tested at high concentrations, are positive in direct
genotoxicity assays, but negative in the presence of S9.
Although the underlying mechanism(s) for the lack of
genotoxicity in the presence of S9 have not been eluci-
dated in most cases, it has been demonstrated for some
cases that heat-inactivated S9 was also protective (H.R.
Glatt, unpublished results). This suggests that physical
trapping (e.g. of lipophilic compounds in microsomes)
or chemical trapping (e.g. reaction of electrophiles with
nucleophilic sites), rather than enzymatic activities, pro-
duced the effect. Therefore, it is difficult to assess the in
vivo significance of this observation.

Currently the impact of metabolic differences
between in vitro and in vivo test systems on the false
positive rate in in vitro genotoxicity tests is not known.
However, it is clear that variation of the metabolising
system can have dramatic effects on the results of in
vitro tests as well as for animal studies, where genetic
knockout or inhibition of an individual enzyme can elim-
inate the ability of a carcinogen to induce tumours. In an
ideal world the same metabolic modulation should have
parallel consequences in vivo and in vitro.

A review of the important in vivo genotoxins and
DNA -reactive mutagenic carcinogens is needed to deter-
mine whether metabolic differences between in vitro
and in vivo test systems are, in fact, contributing to the
high false positive rate, and to better define the relevant
metabolic systems to include in in vitro tests. Perhaps
we will have to include a much larger variety or differ-
ent set of enzyme systems than have been traditionally
used in in vitro tests to predict better what happens in ani-
mals. Genetic engineering may be used to help address
this goal, but this approach will be very time- and cost-
intensive. In addition, to achieve the proper balance of
all of the relevant enzymes in a given engineered cell
line to appropriately detect all in vivo genotoxins and
DNA-reactive, mutagenic carcinogens is likely to be an
insurmountable task. Moreover, such an approach would
not reflect the in vive situation, where different enzymes
are often compartmentalised in different cells. Alterna-
tively, a panel of individual cell lines, each with a small
number of expressed enzymes, could be used. Almost
infinite possibilities for permutations of various enzymes
exist with such an approach, generating ideal tools for
research on mechanisms. However, the selection of a
cell battery for broad scale genotoxicity screening would
require some arbitrary, pragmatic decisions, and this
arbitrary character, as well as large deviations from the
balance of enzymes in vivo, would remain obvious.
This is in contrast to alternative metabolising systems
(S9, conventional “metabolically competent” cell lines)
where the situation may be similar but less obvious and

less open for remedies by systematic, hypothesis-driven
research in a concrete situation.

From the point of view of genetic engineering, one
may either start with a cell line that has retained
some residual xenobiotic-metabolising activities (such
as HepG2), or from a relatively “clean” cell line (V79
or a human equivalent, if available). The former model
has the advantage that less engineering is required to
achieve broad xenobiotic-metabolising capacities. The
latter model is favoured when used as an analytical tool
to specify critical host factors, as background activities
are minimised. Further aspects that should be taken into
account in the selection of the basic system(s) are:

(a) Genetic engineering intrinsically involves numer-
ous culture passages and clonal selections; therefore,
long-term stability of critical properties (obviously
including biotransformation activities) is pivotal.

(b) The cell line selected should be suitable for efficient
analysis of important and robust endpoints, such as
gene mutations.

3.4. Top concentration for testing

Current OECD guidelines for genotoxicity testing in
mammalian cells require that the top concentration with
soluble and non-toxic substances should be 10 mM or
5000 p.g/ml, whichever is the lower. There was some
discussion about whether this may be appropriate for
complex mixtures and technical grade (impure) indus-
trial chemicals for example, where the objective is
not only to test the genotoxicity of the main ingredi-
ent. However, given that mutagenic impurities are only
detected in an Ames test carried out to 5 mg/plate (when
spiked at a level of about 5% [33]), it was questioned
whether detection of impurities is a sufficiently impor-
tant role for genotoxicity testing to justify pushing to
such high concentrations. However, the Ky, for many
biochemical reactions, whether involved in metabolic
activation/inactivation, general cellular defence/balance,
cellular transport or cellular turnover is less than 100 uM
[34,35,36]. It is probable that low Ky, reactions primar-
ily determine the bioactivation pathway in vivo. These
kinetic characteristics suggest that the high concentra-
tions currently required for in vitro testing may not be
informative for human risk assessment. The 10 mM and
5000 pg/ml requirements are seemingly based on a small
number of carcinogens that needed high concentrations
before giving positive responses in mammalian cell tests
in vitro, sometimes using inappropriate metabolic con-
ditions. It is not known whether the carcinogens that
require these high concentrations for detection in vitro
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are “important”, how robust the in vitro mammalian cell
findings are, or whether these chemicals are positive in
other test systems (e.g. the Ames test) currently used ina
standard battery. The fact that the published data on these
chemicals are probably quite old could mean that under
current chromosomal aberration and gene mutation pro-
tocols they could be detected at lower concentrations.
It also has to be considered that simple detection of a
carcinogen at high in vitro concentrations that are not
relevant in vivo does not mean there is a mechanistic
correlation between the in vitro genotoxicity and the in
vivo carcinogenicity.

Further to the above considerations on the Ky of
important biochemical processes, general considerations
on in vivo exposure to (toxic) compounds have been
put forward. In this context one can consider knowl-
edge about intentional high dose or long-term exposure
to pharmaceuticals as worst case examples. It is clear that
even high dose pharmaceuticals such as antibiotics (e.g.
penicillins, fluoroquinolones) or pain relief agents such
as acetaminophen (also known as paracetamol) seldomly
yield systemic or tissue levels >10 wM [37]. Thus, taking
chronic intake, possible accumulation and overdosing
scenarios into account, a lowering of the current maxi-
mum in vitro concentration, perhaps by 10-fold or more,
may be justified, at least for certain types of chemicals
(such as pharmaceuticals) from scientific and consumer
protection viewpoints.

The participants therefore agreed that a new review of
existing data is needed to determine whether such high
concentrations as 10 mM or 5000 pg/ml are needed to
detect in vivo genotoxins and DNA-reactive, mutagenic
carcinogens. The following actions are recommended:

e An expert panel should be assembled to determine
which in vive genotoxins and DNA-reactive, muta-
genic carcinogens need to be detected in in vitro
mammalian cell tests. This subset of chemicals should
be determined from both published and industry (con-
fidential) data. A first suggestion of an important data
set would be the IARC groups 1, 2A and 2B carcino-
gens, omitting those, such as hormones and immuno-
suppressants, which are acknowledged to be of a
non-genotoxic mode of action. In view of the on-going
initiative of the Health and Environmental Sciences
Institute of the International Life Sciences Institute
(ILSI-HESI) with regard to false positives in in vitro
mammalian cell genotoxicity tests, it was suggested
this action could be best achieved in conjunction with
ILSI-HESI, and the outcome of their workshop (held
in June 2006) will be reported elsewhere.

e The role of metabolism in the activity of the above
in vivo genotoxins and DNA-reactive, mutagenic
carcinogens needs to be reviewed in order to define
the appropriate metabolic systems to include in in
vitro genotoxicily assays.

e The published and industry data should be reviewed
to determine whether concentrations as high as
10mM or 5000 pg/ml are needed to detect this
important subset of chemicals, or whether a lower
level could be justified.

e If high concentrations are needed in the mammalian
cell tests, data from other tests such as the Ames test
should be reviewed to see if the chemical(s) would
be detected in other parts of the standard battery.

e If high concentrations are needed, and genotoxicity
was not detected in other parts of the standard battery,
an opinion should be formed as to whether a more
modemn protocol or modified metabolic conditions
would be likely to detect genotoxic effects at lower
concentrations. If necessary, new testing should be
initiated.

e If high concentrations are needed (with appropriate
metabolic conditions) a scientific effort should be
mounted to elucidate whether the mechanism(s)
of genotoxicity for these chemicals would trigger
responses in other toxic endpoints.

e A thorough evaluation of various human exposure
scenarios should be made to determine an upper
limit of in vitro testing from the viewpoint of human
consumer protection.

It is evident that the concentration of a pro-
genotoxicant required for a positive test result can vary
dramatically depending on the activating system used.
General improvements in the activation systems, or in
a chemical class-dependent manner (with correspond-
ing positive control compounds), might be an important
pre-requisite for a reduction in the top concentration.
For the time being, the participants of the workshop
concluded that it is prudent to challenge the current
recommended upper concentration of in vitro testing
(10mM or 5000 pg/ml), and that a lower level appears
to have scientific merit.

3.5. Measures and extent of cytotoxicity

Many different measures of cytotoxicity are used in
mammalian cell tests, in particular the chromosomal
aberration test. Reductions in cell count, confluency,
mitotic index and population doubling are all widely
used and equally accepted, but it is unlikely that all
these measures would select the same top concentra-
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tion for testing. Other indicators of toxicity such as ATP
levels, mitochondrial function, LDH-leakage may also
be appropriate. Greenwood et al. [11] showed that sev-
eral non-DNA-reactive chemicals and metabolic poisons
would not have given positive chromosomal aberration
results if the 50% cytotoxic concentration had been cho-
sen based on a reduction in population doubling rather
than a reduction in cell count, and that, using this mea-
sure, no important DNA-reactive genotoxins would have
been missed. These findings have not been independently
verified and there are no other publications comparing
different measures of cytotoxicity in relation to genotox-
icity.

The participants therefore agreed there is a need fora
thorough comparison of different measures of cytotoxic-
ity in case some measures may select concentrations for
testing that allow the detection of all important in vivo
genotoxins and DNA-reactive, mutagenic carcinogens
but lowers the risk of false positives. In particular:

e A collaborative trial is needed on a selected set of
chemicals. This could be the same subset of chem-
icals selected for evaluation of top concentration
(above). Additional sets of chemicals, such as the
non-DNA-reactive chemicals of the Greenwood et
al. [11] publication, and agreed non-genotoxins also
need to be included. If possible, this trial should
be co-ordinated with any initiatives coming from
the ILSI-HESI workshop (June 2006) which will be
reported elsewhere.

e Multiple endpoints of toxicity need to be compared at
the same time in each participating laboratory.

e Dose-response relationships for cytotoxicity and
genotoxicity should be determined, and include the
current required levels (i.e. at least 50% toxicity for
chromosomal aberrations, at least 60% toxicity for
the micronucleus assay and at least 80% toxicity in
the mouse lymphoma assay).

e Human cells such as lymphocytes should be included
as well as the rodent (and any other, e.g. TK6, HepG2)
cell lines, and measures of cytotoxicity for lympho-
cytes other than mitotic index need to be identified.

e Robust endpoints of genotoxicity that are not sensitive
to interference by cytotoxicity (e.g. gene mutations
and DNA adducts) should be identified and included
in the trials.

Although the only indication came from the data of
Elhajouji, there was a belief amongst many participants
that a majority of false positive results in chromosomal
aberration and mouse lymphoma tests probably occur
in the prolonged, continuous treatments in the absence

of exogenous metabolic activation. Several factors such
as extent of exposure, prolonged cytotoxicity, and lack
of detoxification by S9 may be involved, but the exact
reasons are not known. However, it was noted that the
509% and 80% toxicity requirements for the chromosomal
aberration and mouse lymphoma assays were originally
based on short (e.g. 3-6 h) treatments, and the need for
these levels of toxicity (or even the appropriateness of the
current measures) has not been independently justified.
Therefore, this collaborative trial must include chemi-
cals that are only positive after prolonged (e.g. 20-24 h)
treatments.

3.6. Criteria for and evaluation of new mammalian
cell test systems

Certain characteristics of the commonly used rodent
cell lines (CHO, CHL, V79, L5178Y, etc.) such as their
p53 status, karyotypic instability, DNA repair deficien-
cies, etc. are recognised as possibly contributing to the
high rate of false positives. The need for exogenous
metabolism with the cell systems is also expected to
contribute to the false positive rate. If these cell types
are to be replaced in the future, any new systems should
ideally:

Be early passage.

Be karyotypically stable and, if possible, normal.

Be p53 proficient.

Be DNA repair proficient.

Preferably consist of human cells.

Be metabolically competent (at least Phase 1 and

Phase 2 capacity should be defined), if necessary

through genetic engineering. Expert advice is needed

on what are the essential Phase 1 and Phase 2 enzymes

that should be functional in any new system for the

biotransformation of in vive genotoxins and DNA-

reactive, mutagenic carcinogens. Several different cell

lines with different enzyme profiles may cover a rea-

sonable fraction of the complex biotransformation

machinery present in vive. However, the selective

expression of a limited number of enzymes in a cell

line may direct the biotransformation into pathways

that are different from the major pathways occurring in

animals and humans, where many different enzymes

compete and interact with each other.

e Be able to detect the majority of genetic endpoints
relevant to human somatic and inherited disease.

e Show improved specificity without reducing the abil-

ity to detect in vivo genotoxins and DNA-reactive,

mutagenic carcinogens.
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The participants were aware that this wish list is far
tooambitious to be realised in a single test system, at least
within areasonable time. Therefore, several systems may
be required, which in combination will facilitate the dis-
tinction between correct and false positive results.

Some of the data presented at the workshop indicated
that the human lymphocyte cell system might produce a
lower level of false positives than the common rodent cell
lines. If the use of the clastogenicity endpoint in vitro is to
be continued, further work is needed to establish whether
human lymphocytes do offer a lower false positive rate,
and also to find alternative methods (other than mitotic
index) for measuring cytotoxicity.

Although many of the new systems presented at the
Workshop show promise, and fulfil some of the criteria
given above, none fulfils all of the criteria. In many cases
(e.g. MCL-5, HepG2, transgenic cell lines) it is the lack
of data on specificity that is the problem. In the case of the
GADD45a-GFP assay it is mainly the lack of data with
compounds requiring metabolic activation. The new 3D
skin models are also at an early stage of development. It
was therefore agreed that a collaborative research pro-
gram is needed to evaluate new mammalian cell-based
methods and models for genotoxicity. In addition to
the cell systems discussed at the workshop, other cells
that have retained some xeno-metabolic activities (e.g.
HepaRG [38] and AR42J-B13 rat pancreatic stem cells
[39,40]) or cell lines genetically engineered to express
appropriate Phase 1 and Phase 2 metabolism should be
considered.

This collaborative research program will be a major
exercise, but if it is not undertaken we will still be faced
with an unacceptable level of false positives and the
consequential unnecessary follow-up in vivo testing, for
decades to come. A steering committee, consisting of
genotoxicity, metabolism and chemistry experts from
academia, industry and the regulatory agencies should
be established to draft a plan for this program. The par-
ticipants did not reach any conclusion as to how this trial
should be organised, but it is hoped that ECVAM may
be able to contribute, to liase with other related activities
from organisations such as ILSI-HESI and to begin to
identify sources of funding and support.

4. Conclusions

The workshop participants agreed that some of the
commonly used cells for genotoxicity testing (in par-
ticular some of the rodent cell lines) have produced an
unacceptably high level of false positive results when
compared with known in vive genotoxins and DNA-
reactive, mutagenic carcinogens. In most of the rodent

cell lines used, deficiencies in metabolism, p53 function
and DNA repair capability almost certainly contribute
to this high false positive rate. Better guidance on the
likely mechanisms resulting in positive results that are
not relevant for humans, and on how to obtain evidence
for those mechanisms, is needed both for practitioners
and regulatory reviewers.

Testing up to high concentrations and high levels of
cytotoxicity as is currently required in mammalian cell
genotoxicity tests are also likely to contribute to the high
frequency of false positive results, and may not be justi-
fied. A thorough review of published and industry data to
determine whether such levels are required for the detec-
tion of in vivo genotoxins and DNA-reactive, mutagenic
carcinogens is urgently needed. Suggestions to lower the
current upper limit (perhaps by 10-fold or more) may be
justified in terms of metabolic and cellular processes, and
human tissue exposures. This needs urgent but careful
evaluation.

Various measures of cytotoxicity are currently
allowable under OECD guidelines, but there is little com-
parative data on whether different measures would select
different concentrations for test. A detailed compari-
son of multiple measures of cytotoxicity, in relation to
endpoints such as clastogenicity, is needed. Also, geno-
toxicity endpoints that are not intrinsically linked with
processes leading to cytotoxicity need to be developed.

There was agreement amongst the workshop partici-
pants that cell systems preferably of human origin, which
are p53 and DNA-repair proficient, and have defined
Phasel and Phase 2 metabolism, covering a broad set of
enzyme forms, and used within the context of appropri-
ately set limits of concentration and cytotoxicity, offer
the best hope for reduced false positives in the future.
Whilst there is some evidence that human lymphocytes
are less susceptible to false positives than the current
rodent cell lines, other cell systems based on HepG2,
TK6 and MCL-5 cells, and 3D skin models based on
primary human keratinocytes also show some promise.
However, much effort will be required to introduce a
broader spectrum of metabolic capabilities into these or
other target cells. Other human cell lines such as HepaRG
have not been used for genotoxicity investigations and
should be studied. A collaborative research programme
is needed to identify and evaluate new cell systems with
appropriate sensitivity but improved specificity.

Perhaps most importantly, the participants in this
workshop felt that it is time for the scientific commu-
nity to give careful consideration to the carcinogens and
in vivo genotoxins we expect any new assay, or modified
existing assay, (o detect. Rodent bioassays have flaws in
terms of detecting human carcinogens, and this is com-
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pounded by trying to use genotoxicity assays to detect as
many rodent carcinogens as possible. This has led to the
continued expansion of genotoxicity test protocols (e.g.
addition of new treatment and sampling regimens, new
strains of bacteria, etc.), and the combination of these
tests in batteries. The consensus of the group was that
there is a need to refocus on the detection on human car-
cinogens and in vivo genotoxins that are DNA reactive.
Without this change of focus, the development and vali-
dation of any new methods or assays will likely not lead
to an overall improvement.
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Abstract

Unitil recently, the in vivo erythrocyte micronucleus assay has been scored using microscopy. Because the frequency of micronu-
cleated cells is typically low, cell counts are subject to substantial binomial counting error. Counting error, along with inter-animal
variability, limit the sensitivity of this assay. Recently, flow cytometric methods have been developed for scoring micronucleated
erythrocytes and these methods enable many more cells to be evaluated than is possible with microscopic scoring. Using typical
spontaneous micronucleus frequencies reported in mice, rats, and dogs we calculate the counting error associated with the frequency
of micronucleated reticulocytes as a function of the number of reticulocytes scored. We compare this counting error with the inter-
animal variability determined by flow cytometric scoring of sufficient numbers of cells to assure that the counting error is less than
the inter-animal variability, and calculate the minimum increases in micronucleus frequency that can be detected as a function of the
number of cells scored. The data show that current regulatory guidelines allow low power of the test when spontaneous frequencies
are low (e.g., <0.1%). Tables and formulas are presented that provide the necessary numbers of cells that must be scored to meet
the recommendation of the International Working Group on Genotoxicity Testing that sufficient cells be scored to reduce counting
error to less than the inter-animal variability, thereby maintaining a more uniform power of detection of increased micronucleus
frequencies across laboratories and species.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Erythrocyte micronucleus assay; Flow cytometry; Binomial counting error; Inter-animal variability; Power calculation

1. Introduction

The ability of the in vivo erythrocyte micronucleus
assay to detect small increases in the spontaneous back-
ground frequency of micronucleated cells in a group of
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animals (or study subjects) is limited by either the bino-
mial counting error, when the number of cells scored
gives small numbers of scored events (micronucleated
cells) [1-4], or by inter-animal variation, when that vari-
ation is so large that it obscures asmall, but real, increase.
Furthermore, the sensitivity to detect small increases in
the micronucleus frequency in an individual animal is
limited at small micronucleus counts by the binomial
counting error and at higher counts by the spontaneous
variability in that individual animal over the time span in
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which measurements are made. Recognizing these facts,
the working group on the in vivo micronucleus assay
organized by the International Workshops on Genotox-
icity Testing (IWGT) has recommended that, whenever
possible, sufficient cells should be scored to reduce the
counting error to less than the variability in MN fre-
quency between individual animals (for comparison of
values in different treated groups) [5].

Prior to the development of flow cytometric scoring
methods, the number of cells scored was generally lim-
ited by the practical consideration of the number of cells
that could be scored in a reasonable period of time by
a microscopist, and therefore the minimum number of
cells recommended to be scored in current regulatory
guidelines is generally less than that required to discern
differences between individual animals. Flow cytometric
methodologies now make it practical to reduce the count-
ing error to very small values [6-8], allowing, for the first
time, reliable determination of the inter- and intra-animal
variation in the spontaneous micronucleus frequency.

We summarize below experimentally determined
mean and variability among animals in the spontaneous
frequency of micronucleated reticulocytes (MN-RETs)
in peripheral blood reticulocytes in the Sprague-Dawley
rat, CD-1 mouse, and beagle dog, and in bone marrow
reticulocytes in the Sprague-Dawley rat, and compare
this inter-animal variability with the microscopic count-
ing error associated with the current regulatory recom-
mendations for scoring bone marrow or peripheral blood
reticulocytes in these species. From these values, we
determine the minimum increase in group mean frequen-
cies of MN-RETs that can be detected in these species,
tabulate the minimum increases that can be detected as
a function of the number of RETs scored, and identify
the numbers of cells that need to be scored to meet the
IWGT recommendation that sufficient cells should be
scored such that the error in individual animal MN-RET
frequencies is less than the inter-animal variability.

2. Inter-animal variability

The inter-animal variability of the percentage
of MN-RETs among RETs (no. of MN-RET/no.
of RETs scored x 100) in the peripheral blood of
Sprague-Dawley rats, CD-1 mice, and purpose-
bred beagle dogs, and also in the bone marrow of
Sprague-Dawley rats after removal of nucleated cells
on a cellulose mini-column as described by Romagna
|9] and Weiner et al. [10], was estimated by scoring
20,000 reticulocytes using the flow cytometric method
described by Dertinger et al. [11-13]. These data
are summarized in Table 1. The data are taken from

Table 1

Mean and inter-animal variation of the micronucleated reticulocyte frequency in the peripheral blood (PB) and bone marrow (BM) of Sprague-Dawley rats, Swiss mice, and Beagle dogs

References

No. of experiments.

No. of animals

Inter-animal %CV*(%)

S.D. of %MN-RET

Mean %MN-RET

Strain/breed Tissue

Species

[14]

15

190

79
22

0.045 41

0.11

PB
BM
PB
PB

S.D./mean x 100%.

SD
SD

Rat

[21] Fiedler, personal communication

115]

38

26

0.059"
0.070

0.23°
0.20
0.31

Rat

35
30

CD-1

Mouse

Dog

Manuscript in preparation

0.092

Beagle

L HCV=

-cellulose column [9.22], with subsequent scoring of the MN-RET frequency among 20,000 RETs

b Bone marrow %MN-RET values were determined by separation of nucleated cells on a mini

by the same flow cytometric procedure used for analysis of peripheral blood.
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previously reported studies in these species [14,15].
Details of the experimental methodology are reported
in the previous publications. As is discussed below,
scoring 20,000 RETSs results in a sufficient number
of events (MN-RETSs) that the error associated with
individual animals does not exceed approximately 50%
of the inter-animal variability of spontaneous MN-RET
frequencies in the respective species. The inter-animal %
coefficients of variation (%CV =S.D./mean x 100%)
of the MN-RET frequencies were 41% for the rat, 35%
for the mouse, and 30% for the dog.

Table 2 presents the binomial error in the count of
MN cells in an individual animal obtained by scoring
2000, 4000, 8000, or 20,000 RETs as a function of the
spontaneous frequency of MN-RETs. It should be noted
that the spontaneous frequency in rodent bone marrow or
peripheral blood reported by different experienced lab-
oratories has ranged from 0.05% in rat (see individual
laboratory values in Ref. [14]) to a mean value of 0.2%
in the mouse [15,16] and 0.31% in the beagle dog. Since
the counting error depends on the background rate and
the number of cells scored, we have tabulated values
over the range of spontaneous frequencies commonly
reported in rodents and recently observed in the bea-
gle dog (manuscript in preparation). As can be seen in
Table 2, when 2000 cells are scored (the recommended
number in the current OECD, FDA, and EPA regulatory
guidelines [17-19]) the error in the counts observed in
individual animals is substantially greater than the vari-

Table 2

Counting error (standard deviation (S.D.) and coefficient of variation)
of individual animal values of MN-RET frequency as a function of true
spontaneous frequency and number of RETs scored

True %MN-RET  No. of RETSs scored S.D.of  Counting
per animal count error %CV
0.05 2,000 0.050 100
4,000 0.035 71
8,000 0.025 50
20,000 0.016 32
0.10 2,000 0.071 71
4,000 0.050 50
8,000 0.035 35
20,000 0.022 22
0.20 2,000 0.100 50
4,000 0.071 35
8,000 0.050 25
20,000 0.032 16
0.30 2,000 0.122 41
4,000 0.086 29
8,000 0.061 20
20,000 0.039 13

ation between animals (Table 1). When the spontaneous
frequency is 0.1%, approximately 6000 cells would need
to be scored to reduce the error in the individual animal
count to less than the inter-animal variability observed
in the rat.

3. Sensitivity to increases above the spontaneous
frequency

Table 3 summarizes the minimum increases above the
spontaneous frequency that can be detected in groups of
five animals (the minimum currently recommended in
OECD, FDA, and EPA guidelines [17-19]) as a function
of the number of target cells scored (in this case RETs)
and observed spontaneous frequency (in this case % MN-
RETs among RETs). Minimum detectable increases in
MN-RET frequencies at p <0.05 or <0.01, with 90%
or 95% power were determined using Monte Carlo sim-
ulations. Specifically, to reflect inter-animal variability,
five binomial probabilities were randomly selected from
a normal distribution with the following mean, pq, and
standard deviation, o, combinations: (i, o) =(0.05%,
0.02%), (0.10%, 0.045%), (0.20%, 0.070%), or (0.30%,
0.092%). For a given fold-increase, f, a second set
of five binomial probabilities were randomly selected
from a normal distribution with mean, p| = pqf, and the
same o given above. Using the five binomial probabil-
ities from the spontaneous mean group, five MN-RETs
frequencies were randomly generated from binomial dis-
tributions, with n = number of RETs scored, 2000, 4000,
or 20,000. Such selection from a binomial distribution
introduces the binomial counting error. Five MN-RET
frequencies were similarly generated using the five bino-
mial probabilities from the increased mean group. A
one-tailed Mann-Whitney test was then performed on
these 10 counts, comparing the spontaneous group to the
increased group, and the p-value was noted as to whether
it was 0.05 or less and/or 0.01 or less. This was repeated
3000 times and the percentages of the 3000 ‘samples’
for which the p-value was 0.05 or less and 0.01 or less
were calculated. The process was repeated over a series
of increases, f, at increments of 0.1, to determine the
first point at which the power exceeded 90 or 95%. We
obtained very similar results (not shown) by generating
the five binomial probabilities from beta distributions
having the above combinations of g, j£1, and o.

For the line labeled “o0” in Table 3, there is no count-
ing error; rather, the variability in frequencies is due to
inter-animal variation alone. If we assume that inter-
animal variation is normally distributed, the minimum
difference between py and g, 8=y — o, detectable
using five animals per group with significance level
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Table 3

Minimum detectable increases in MN-RET frequency in groups of five animals as a function of spontaneous frequency and number of RETs scored

Spontaneous frequency (%MN-RET) No. of RETs scored

Minimum detectable fold-increase in spontaneous frequency

With 90% probability With 95% probability
Atp<0.05 Atp <0.01 At p <0.05 Atp <001
0.05 (8.D.=0.020) 2,000 4.5 6.8 5.6 93
4,000 35 55 4.0 6.3
20,000 23 31 24 34
o0 1.8 2.1 L9 22
0.10 (S.D.=0.045) (rat PB) 2,000 33 48 4.1 6.4
4,000 29 4.2 32 4.7
20,000 22 3.0 24 32
x 1.8 20 2l 24
0.20 (S.D.=0.070) (mouse PB) 2,000 27 39 30 4.5
4,000 23 32 24 35
20,000 1.9 25 22 23
o0 2.0 1.8 2.1
0.20 (S.D. =0.059) (rat BM) 2,000 2.7 39 29 44
4,000 22 31 24 33
20,000 1.8 23 19 2.5
o 1.6 1.8 1 1.9
0.30 (5.D.=0.092) (dog PB) 2,000 24 34 2.6 3T
4,000 2.1 2.8 22 3.0
20,000 1.8 23 1.9 24
0o 1.6 1.8 L7 19

Values for the cases of infinite cell counts are calculated based on the observed inter-animal variability (standard deviation from Table 1) for the
species stated, assuming no counting error; the inter-animal variability for frequency 0.05% is assumed to be 0.02%. The detectable increase depends
on the relative magnitudes of both the counting error and the inter-animal variability. Although counting error can be reduced by scoring more RETs,
the minimum detectable increase cannot go below a bound determined by the inter-animal variability (i.e., the value given in the infinite cell count
rows). Species entries correspond to the approximate spontaneous frequency and associated inter-animal standard deviation in the species specified

in Table I.

and power 1 — fis [20]:

2
5=+ tp)O’J;.

Here, t, and g are the critical values from the
545 —2=8 degree of freedom t-distribution having
upper tail probabilities « and B, respectively. The min-
imum detectable fold-increase over the spontaneous
group is then
f — ."ﬂ = _#_0+_5 =1+ i
Ho Ho Ho

While spontaneous MN-RET frequencies determined
from counting 2000 RETs from different animals are not
often normally distributed, it has been our experience
that spontaneous frequencies determined from counting
20,000 RETs from different animals are approximately
normally distributed. Therefore, the assumptions of nor-
mality that we made above are most likely reasonable.

It should be noted that even if the counting error of the
MN-RET frequency in each individual animal could be
eliminated, the sensitivity of detection of changes in the
observed mean group frequency would still be limited
by the inter-animal variability (represented in Table 3 by
the line in which an infinite number of cells is scored). It
is clear that the regulatory assay as currently conducted
is relatively insensitive to changes in the spontaneous
frequency, especially when the spontaneous frequency
is low. For example, when the spontaneous frequency is
0.05% and only 2000 RETs are scored, even a 6.8-fold
increase would fail to be detected at a confidence level
of p<0.01 in 10% of experiments conducted. Even at
the more commonly reported spontaneous frequency of
0.1% a 4.8-fold increase would fail to be detected 10%
of the time at this same confidence level. The use of flow
cytometric scoring to achieve a sufficient cell count to
allow individual animal frequencies with adequate cer-
tainty (i.e., certainty of the individual value relative to
the inter-animal variation) would increase the sensitivity
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Table 4

239

Number of reticulocytes required to be scored to reduce counting error to less than the observed inter-animal coefficient of variation

Spontaneous frequency  Species/tissue with this approximate Inter-animal ~ No. of RETS to be scored to

(% MN-RET) spontaneous frequency %BCV? reduce counting error %CV to
Equal the 50% of the 20% of the
inter-animal %CV  inter-animal %CV inter-animal %CV

0.05 Rat BM & PB(microscopy, some reports) NAP® NA NA NA

0.10 Rat PB (data cited above) 41 5943 23,712 148,573

0.20 Mouse BM & PB 35 4074 16,294 101,837

0.30 Dog 30 3693 14,770 92,315

* Experimentally determined inter-animal %CV by flow cytometric scoring of 20,000 peripheral blood RETs, at the approximate spontaneous

frequency tabulated.

b Inter-animal %CV has not been determined at the spontaneous frequency of 0.05%; no reported experiments have scored sufficient cells to

determine the inter-animal variability.

such that a doubling of a spontaneous frequency of 0.1%
among 20,000 RETs scored would be detected nearly
90% of the time at a confidence level of p <0.05. It
should also be noted that, regardless of the spontaneous
frequency, the sensitivity achieved by scoring 20,000
RETs is close to the optimal sensitivity that could be
achieved if no counting error were present.

4. Number of reticulocytes required to be scored
to reduce counting error to less than inter-animal
variability

Table 4 summarizes the number of cells required to
be scored to reduce the counting error of individual ani-
mal values (Table 2, %CV) to the observed inter-animal
variation or less (Table 1, %CV). These numbers were
calculated by setting a multiple (m=1.0, 0.5, or 0.2) of
the inter-animal %CV equal to the binomial counting
error %CV and solving for the required sample size, n.
Mathematically, if p is the percent of MN-RETs among
all RETs within an animal, then

V(T = p)/n
P
m x 9CVinter-animal -

%vainomial error

Solving for n, we get

l=p
p(m x %CVinteranimal)®

The numbers of RETs required are prohibitively labo-
rious to obtain by conventional microscopic scoring, but
are easily achieved by automated procedures such as flow
cytometry.
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ABSTRACT — In order to know the different statistical tools used to analyze the data obtained from
twenty-eight-day repeated dose oral toxicity studies with rodents and the impact of these statistical tools
on interpretation of data obtained from the studies, study reports of 122 numbers of twenty-eight-day
repeated dose oral toxicity studies conducted in rats were examined. It was found that both complex and
easy routes of decision trees were followed for the analysis of the quantitative data. These tools include
Scheffe’s test, non-parametric type Dunnett’s and Scheffe’s tests with very low power. Few studies used
the non-parametric Dunnett type test and Mann-Whitney’s U test. Though Chi-square and Fisher’s tests
are widely used for analysis of qualitative data, their sensitivity to detect a treatment-related effect is ques-
tionable. Mann-Whitney’s U test has better sensitivity to analyze qualitative data than the chi-square and
Fisher's tests. We propose Dunnett’s test for analysis of quantitative data obtained from twenty-eight-day
repeated dose oral toxicity tests and for qualitative data, Mann-Whitney’s U test. For both tests, one-sided
test with p=0.05 may be applied.

Key words: Statistics; 28-day repeated toxicity study; Rodents; Dunnett’s test; Mann-Whitney's U test

INTRODUCTION

Short-term repeated oral toxicity study conducted for
14 or 28 days is aimed to (1) predict appropriate doses of
test substance for future subchronic or chronic toxicity
studies, (2) determine NOELs for some toxicology end-
points and (3) to allow future studies in rodents to be
designed with special emphasis on identified target organs
(USFDA, 2000). This study also provides information on
the possible health hazards likely to arise from repeated
exposure over a relatively limited period of time (USEPA,
2000; OECD, 1995). Though these guidelines provide all
the information required for the conduct of the study, no
information is provided on the appropriate statistical tools
to be used to analyze the data obtained from the study. Use
of right statistical tool to analyze the data obtained from

theses studies is very crucial as the interpretation of the
data is mostly based on the results of the statistical analy-
sis.

The statistical tools used to analyze the data obtained
from 122 numbers of twenty-eight-day repeated dose oral
toxicity tests in rats were examined in the present study.
The objective of the study was to know the different statis-
tical tools that are used in these studies and the possible
impact of these statistical tools on interpretation of the
data. A brief discussion on the use and the property of the
different statistical tools used in the studies are also given.
The purpose of this article wished for the standardization
of statistics and the analysis methods. Finally, the authors
made an attempt to suggest statistical techniques that may
best suit twenty-eight-day repeated dose oral toxicity stud-
ies in rodents,

Correspondence: Katsumi Kobayashi (E-mail: kobayashi-katsumi@nite.go.jp)

Vol. 33 No. 1



98

K. Kobayashi et al.

MATERIALS AND METHODS

Studies examined

A total number of 122 studies conducted in various test
facilities in Japan were examined (MHLW, 2006). The
chemical of these examinations was executed with existing
chemical substances by the guideline of the Chemical Sub-
stance Control Law (1986). The number of studies con-
ducted in each test facility is given in parenthesis: Food
and Drug Safety Center, Kanagawa (22), An-Pyo Center,
Shizuoka (22), Mitsubishi Chemical Safety Institute Ltd.,
Ibaraki (18), Safety Research Institute for Chemical Com-
pounds Co., LTD, Hokkaido (15), Bozo Research Center
Inc., Shizuoka (12), Research Institute for Animal Science
in Biochemistry & Toxicology, Kanagawa (11), Panap-
harm Laboratories, Kumamoto (10), Nihon Bioresearch
Inc., Gifu (9) and National Institutes of Health, Tokyo (3).

Quantitative and qualitative items

Several quantitative and qualitative items are evaluated
in twenty-eight-day repeated dose oral toxicity tests in
rats, as per the regulatory guidelines. The quantitative
items that require statistical analysis are body weight, food
consumption, water consumption, leucocytes, erythro-
cytes, hemoglobin, hematocrit, platelets, mean corpuscu-
lar volume, mean corpuscular hemoglobin, mean corpus-
cular hemoglobin concentration, differential leucocyte
counts, prothrombin time, activated partial thromboplastin
time, total protein, albumin, albumin/globulin ratio, total
bilirubin, alanine aminotransferase, aspartate aminotrans-
ferase, y-glutamic transaminase, alkaline phosphatase,
acetylcholinesterase, total cholesterol, tryglycerides, phos-
pholipids, glucose, blood urea nitrogen, creatinine, inor-
ganic phosphorous, calcium, sodium, potassium, chlo-
rides, urine volume, specific gravity of urine, absolute
organ weights and relative organ weights. Qualitative
items that require statistical analysis are mortality, func-
tional observation battery, clinical signs, urinalysis (color,
pH, protein, glucose, ketone bodies, bilirubin, occult
blood, urobilinogen, epithelial cells, erythrocytes, leuco-
cytes, casts and crystals) and pathological findings (mac-
roscopic and microscopic). But the regulatory guidelines
do not indicate the specific statistical techniques to be used
to analyze these data.

Which test to be used - One-sided or two-sided?
When the t-test and Dunnett’s multiple comparison test
(Dunnett’s test) are used, the significant difference detec-
tion rate of a two-sided test is about 85% as compared with
a one-sided test (Kobayashi, 1997a). In toxicological stud-
ies, usually a dosed group is compared with the control
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group. For this comparison, one-sided test is ideal, hence
Yoshimura and Ohashi (1992) recommend the one-sided
test for comparing a dosed group with the control group.

Is analysis of variance (ANOVA) necessary?

It is a common practice to subject the data, if they are
from more than two groups, ANOVA. If ANOVA shows a
significant difference among the groups, multiple compar-
ison tests are used to find the significant difference
between any two groups. In recent years, several authors
suggested that the error of the second kind can be pre-
vented by carrying out direct multiple comparison tests,
without subjecting the data to ANOVA (Hamada et al.,
1998; Kobayashi et al., 2000a; Sakaki ef al., 2000). It may
be worth mention in this context that Dunnett (1964) did
not recommend ANOVA prior to multiple comparison
tests.

Is Bartlett’'s homogeneity test necessary?

Generally Bartlett’s test is used to examine the homoge-
neity of variance if the number of animals in a group is 10
or more. Therefore, this test is not used in the toxicity stud-
ies with dogs, where the number of animals in the group is
less. According to Kobayashi er al. (1998), Bartlett’s test is
not required to examine the homogeneity of variance,
when the number of animals in a group is less.

Non-parametric type Dunnett’s test

The non-parametric Dunnett’s multiple comparison test
has two techniques - ‘joint type’ and ‘separate type’ or
Steel’s test. When the Steel’s test shows the highest dosage
correlation, the number of animals required in the dosage
groups to detect a significant difference in the low dosage
group is four (Inaba, 1994; Kobayashi et al., 1995). On the
contrary, ‘joint type’ needs 15 animals in each group.

Transformation of data

If the data show heterogeneity of variance as per
Bartlett’s test, sometimes the data are transformed, for
example to logarithmic values and then they are subjected
to non-parametric tests. According to Finney (1995),
“when a scientist measures a quantity such as concentra-
tion of a chemical compound in body fluid, his interest
usually lies in the scale, perhaps mg/ml, that he has used;
he is less likely to be interested in a summary of results
relating to a transformed quantity such as the logarithm of
blood concentration. If he analyzes in terms of logarithms,
encouraged perhaps by an elementary but uncritical statis-
tical textbook or by a convenient software package, he may
find significant differences but to express his conclusions
in meaningful numbers may be impossible. | do not assert
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that a scientist should never transform data before analy-
sis; I urge that data should be transformed only after care-
ful consideration of all consequence™. Therefore, transfor-
mation should be done cautiously.

Power of Scheffe’s test

Use of Scheffé’s test is discouraged in recent years
because this test may not show a significant difference in
the dosage groups even if the dosage groups show a differ-
ence of 60-53% compared to control group (Kobayashi et
al., 1997b).

Power of non-parametric tests using ranked data

In four groups setting with the highest dosage correla-
tion, the minimum numbers of animals required in the low-
dose group to detect a significant difference, compared to
control, using the statistical tools of Scheffé’s type, Dunn’s
test, Tukey type, Dunnett type, Williams-Wilcoxon test,
Steel test and Mann-Whitney’s U test are 22, 19, 18, 15, 8,
4 and 3, respectively. Therefore, in the twenty-eight-day
repeated dose oral toxicity tests in rats, where the number
of animals is 5/sex/group, except Steel and Mann-
Whitney’s U tests, other tests are not used. Inaba (1994)
made a similar observation on the power of the above tests.

Power of Chi-square and Fisher's tests

When a finding in the animals of a control group is 0, in
order to find a significant difference of the finding between
the control group (n=5) and dosage group (n=5) by chi-
square test, all the 5 animals in the dosage group (n=5)
should show the finding, whereas by Fisher’s test 4 ani-
mals should show the finding. When 1 animal in the con-
trol group shows a finding, even if the finding is seen in all
the animals in the dosage group, a significant difference is
not detected by chi-square test, but it is detected by
Fisher’s test. In the light of the above it may be stated that
power of one-sided Fisher's test is better than the Chi-
square test.

Dunnett’s test is the expanded version of t-tests

Dunnett’s test becomes t-test when two groups are ana-
lyzed (Kobayashi e al., 1997¢). Therefore, when compar-
ing the recovery groups in the twenty-eight-day repeated
dose oral toxicity tests in rats, where number of the groups
is 2, it does not make any difference, whether the analysis
is carried out by Dunnett test or /-test.

Power of Mann-Whitney's U test

This test is generally used for the analysis of pathology
data (Kobayashi et al., 1997d). A significant difference by
a one-sided test is detected if the calculated U value is four

or less. Since one-side is expected in studies like twenty-
eight-day repeated dose oral toxicity tests in rats, a one-
sided Mann-Whitney's U test is used to analyze pathology
data obtained from these studies.

RESULTS

Quantitative data

Out of 122 studies examined, 79 studies used statistical
tools that follow a complicated course (tool numbers; 2, 3,
4,5,8,9,10,12, 15, 16 and17) and 43 studies used statis-
tical tools that follow simple course (tool numbers; 1, 6, 7,
11, 13 and14) (Table I; Fig. 1). The statistical tools
describing the method of analyzes, in the case of three or
more groups and two groups were mentioned in 6 studies,
whereas this description was not found in 11 studies. Only
eight studies used trend test (Jonckheere, 1954). In the tool
number 10, the significance level of ANOVA and Kruskal-
Walis’s H test were set at p=0.10. For comparing with the
control, this tool set the significance level of p=0.05. Tool
numbers 13 and 14 did not perform Bartlett’s test for test-
ing the homogeneity of variance. Use of one-sided or two-
sided test is not indicated in 87 studies. Only one study
indicated use of non-parametric test.

Qualitative data

Since urinalysis data were classified into many grades,
chi-square test was used to analyze these data in most of
the studies. For macro- and microscopic pathological find-
ings, Mann-Whitney’s U test, Fisher’s test and Chi-square
test were used. Most of the studies did not indicate the
alpha. Only the pathological findings of 3 studies were
examined for dose-relationship (Table 2).

Use of a one-sided test was more common than a two-
sided test in the case of analysis of both quantitative and
qualitative data (Table 3).

DISCUSSION

National Toxicology Program, USA published techni-
cal reports of long-term carcinogenicity studies and short-
term toxicity tests carried out with more than 500 sub-
stances in rat and mouse (NIH, 2006). Most of these stud-
ies used the statistical tools almost similar to the ones cur-
rently used to analyze the data obtained from the toxicity
tests of agricultural chemicals and medical drugs
(Kobayashi et al., 2000b).

On examination of 122 studies, it was found that com-
plex and easy courses of analytical techniques were used
for the analysis of the quantitative data. These tools may
be classified into 4 different categories. Five tools (tool

Vol. 33 No. 1
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numbers; 4, 5, 8, 16 and17) are the advanced type of the
algorithm, similar to the one developed by Yamazakier al.
(1981). These tools include Scheffé’s test, non-parametric
type Dunnett’s and Scheffé’s tests with very low power.
Six tools (tool numbers; 3, 7, 9, 10, 12 and 15) are again
advanced type of algorithm developed by Sano and
Okayama (1990), which can be used even if the number of
animals in the groups are different. Use of the non-para-
metric Dunnett type test with low power is also seen in few
studies. Mann-Whitney’s U test was also used (tool num-
ber; 9) in 14 studies in order to retain the power. Three
tools (tool numbers; 2, 6 and 11) are an improved version
of non-parametric type Dunnett's test (‘joint type’) and
Steel’s test (‘separate type’). Dunnett’s or Scheffé’s tests is
independently used for 3 tools (tool numbers; 1, 13 and
14). Though use of Scheffé’s test has the advantage of
comparison of groups in various combinations, for exam-
ple, control+mid dose vs.high dose, low dose+mid dose vs.

high dose, etc., it has extremely low detection power.
Hence, this test is not widely used in recent years.

Yoshimura (1987) used Bartlett’s test to analyze the dif-
ference in distribution of variance among the groups,
where number of animals in the group is more than 10. The
power of Bartlett’s test decreases when the number of ani-
mals in the group is less.

Dunnett’s test is the expanded version of t-tests, hence,
it becomes r-test when two groups are analyzed by
Dunnett’s test. Therefore, for the comparison of two
groups either Dunnett test or t-test can be used.

The most important purpose of applying statistical anal-
ysis in toxicity studies is to know whether the items esti-
mated in the experimental group has increased or
decreased compared to the control. Therefore, a one-sided
test is used. Detection rate of two-sided test is half of the
one-sided test, hence it is important to mention in the study
report whether a one-sided or two-sided test is used. It may

Table 1. Classification of number of studies based on the statistical tools used for the analysis of quantitative data.
Tool. No. ~ Description of statistical tools —_—T Number of studies
1 Dunnett’s test: Three groups or more; Student or Aspin-Welch’s -test: Two g:roups P
2 Bartlett’s test, ANOVA, Dunnett’s test, Kruskal-Walis’s /1 test, Steel’s test 7
3 Bartlett’s test, ANOVA, Dunnett’s test, Kruskal-Walis’s / test, non-parametric type 9
Dunnett’s test: Three groups or more; Student or Aspin-Welch'’s r-test: Two groups
Bartlett’s test, ANOVA, Dunnett’s test, Scheffé’s test, Kruskal-Walis’s /1 test, Non-para type
4 Dunnett’s test, non-parametric type Scheffe’s test: Three groups or more; Student or Aspin- 10
Welch’s r-test: Two groups o | -
5 Bartlett’s test, NOVA, Dunnett’s test ‘Duncan’s test, Kruskal-Walis’s H test, non-parametnc 9
type Dunnett’s test B
6 Bartlett's test, Dunnett’s test, Steel’s test b 20
. Bartlett’s test, Dunnett’s test, non-parametric type Dunnett’s test | 10
8 Bartlett’s test, ANOVA, Dunnett’s test, Scheffé’s test, Kruskal-Walis’s /7 test, non-paramet- 23
ric type Dunnett’s test, non-parametric type Scheffé’s test ‘ -
9 Bartlett’s test, ANOVA, Dunnett’s test, Kruskal-Walis's / test, Mann-Whitney’s U test 14
10 Bartlett’s test, ANOVA (p=0.10). Dunnett’s test, Kruskal-Walis’s / test (p=0.10), Mann- 1
Whitney’s U test, When compared with control setting (p=0.05)
11 Bartlett’s test, Dunnett’s test, Steel’s test 3
12 Bartlett’s test, ANOVA, Dunnett’s test, Kruskal-Walis’s A test, non-parametric type |
- Dunnett’s test: Three groups or more; Student’s r-test or Mann-Whitney’s U test: Two groups |
13 Dunnett’s test: Three groups or more; f-test or Mann-Whitney’s U test: Two groups 1 . ‘
14 Dunnett’s or Scheffé’s tests: Three groups or more; -test or Mann-Whitney’s U test: Two 1 ‘
| gromps — |
Bartlett’s test, ANOVA, Dunnett’s test, Kruskal-Walis’s / test, non-parametric type
15 | Dunn 3
ett’s test
16 Bartlett’s test, ANOVA Dunnett’s test, Jaffé’s test, Kruskal Walis's H test, non-parametric i
type Dunnett’s test, non-parametric type Jaffé’s test
RN 8. il - i
Bartlett’s test, ANOVA, Dunnett’s test, Scheffé’s test, Kruskal-Walis’s s H test, non-paramet-
17 ric type Dunnett’s test, non-parametric type Scheffé’s test: Three groups or more; Student’s 1
t-test: Two groups
Jonckheere’s trend test (Not included in the number of tools) 8
P o - - Total 122
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Fig. 1. Classification of number of studies based on the statistical tools used for the analysis of quantitative data.
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