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Highlights
e Genotoxicity study results have usually been evaluated on a binary (positive or
negative) basis
e Statistical/biological evaluation cannot classify all results in binary terms
e Because many evaluations leave room for ambiguity/uncertainty, we believe that it is
time to retire the binary paradigm

e Ambiguity/ uncertainty of test results must be communicated clearly



Abstract
Potential genotoxicity is one of the essential considerations in the safety assessment of
chemicals to which humans may be exposed. Several endpoints are used to evaluate
genotoxicity, but, in each case, a binary assessment (negative/positive) is demanded by
regulators. The use of binary assessment has rarely been questioned, although we have
pointed out some questions and difficulties with regard to the statistical methods used
and the evaluation of biological significance, both of which inform the calls of negative/
positive. Here, we discuss these issues further, focusing on ambiguity and uncertainty in
the binary paradigm, and we seek a new direction for genotoxicity assessment. To this
end, we need to understand, acknowledge, and accept these ambiguities and study-
related uncertainties and then to consider new strategies for safety assessment. We also

discuss the communication of ambiguity and uncertainty in risk communication.
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Introduction

To ensure validity, safety assessment tests must be designed and conducted by
personnel with appropriate technical and scientific skills. Even when the highest
standards are met (e.g., following Test Guideline protocols such as OECD TG-471, 473,
and 474 [1-3] and maintaining Good Laboratory Practice (GLP) [4]), the general public
may be skeptical about reported risk assessment results. The evaluation and
interpretation of test results obtained according to such guidance documents have been
the subject of scientific debate [5-7]. Currently, the most common evaluation method is
to choose a group as the evaluation unit, to evaluate study results using a statistical
approach, and to consider biological validity, before making a final determination.
Nonetheless, we must never stop questioning and, where appropriate, revising our
testing and evaluation framework. Otherwise, we risk loss of confidence in safety
evaluation as a robust science.

Currently, those who design and conduct the tests and produce the measurements
are responsible for evaluating and interpreting the results. The test must be
understandable and acceptable to all parties involved, including the test operators,
regulators, and consumers. The data must be evaluated comprehensively so that sound
judgement calls can be made. Knowing clearly the objectives that are to be derived from
the data is essential, to ensure that the quality of the target measurements is not an issue.
Although data quality will not be discussed in this paper, there are many situations in
which it becomes an issue. As mentioned above, TG and GLP play important roles in
maintaining data quality. Adherence to them is not, in itself, sufficient, but we should

always pay attention to data quality and be open to its improvement [7].



In many cases, uncertainties arise with regard to test results, and those who
conduct safety assessments should — and do — strive to communicate them. In contrast,
regulatory officials and members of the general public often look for binary outcomes —
safe or unsafe. Undoubtedly, in the evaluation of genotoxicity tests, there is a third
category: “equivocal” or inconclusive outcomes. However, even in such cases, experts
may be pressured to make binary judgements.

In the present paper, we assume that the quality of the measurements is sufficient,
and we consider how their evaluation and interpretation can be made more appropriate
and more reliable for safety assessment. In our previous papers, we discussed the
problems associated with statistical evaluation [6] and the use of biological relevance
[7] in the evaluation process. Here, we emphasize ambiguity/uncertainty of genotoxicity
test measurements, discuss binary judgments from a critical standpoint, and argue for

the need for revised evaluation strategies.

2. General considerations for safety testing: the planning stage

When designing a study, one must consider the purpose of the safety tests. For
example, the study design may vary, depending on whether the aim is to identify
chemical hazards or to assess human safety risk. Will individual endpoints be
considered separately, or will they be placed in the context of other endpoints, such as
mutation or chromosomal aberrations? Will individual studies be evaluated or will
independent repeat studies (if available) be considered? Certainly, the degree of
confidence in a test result will differ, depending on whether it is based on a single study
versus two or more consistent studies. The reproducibility of a test is a prerequisite for

informed decision-making [8, 9]: those who interpret the results expect them to be



reproducible. Occasionally, a subsequent study is performed, specifically to test the
reproducibility of a previous finding. Even if the results are the same, the degree of
confidence will vary between the results obtained from a single test and reproducible
results from multiple tests.

The selection of a method of evaluation influences interpretation of test results. As
long as humans interpret test results, biases associated with personal cognition cannot
be avoided; even artificial intelligence systems may replicate human biases. Many
reports show that scientific results can be influenced by analysts’ opinions or beliefs
[10]. To avoid such biases, researchers should declare, in advance, the purpose of the

study is, the procedures that will be used to conduct it, and the evaluation methods.

3. Data visualization and summarization

Graphics (histograms, dot charts, etc.) and summary tables are often used to aid
understanding of results or to highlight outliers. While useful, aggregation of results
should not be allowed to obscure detailed scrutiny of individual tests/ measurements;
such scrutiny is important, to ensure accurate assessments.

Data visualization is an important technique and a first step in data analysis [11,
12]. The same data can be graphed to give quite different visual impressions, depending
on the choices of axis scales and origins, linear vs logarithmic scales, etc. Computer
technology makes it easy to play with these choices. The purpose of visualizing data is

not to make it look beautiful, but to express its meaning.

4. Assumptions for statistical data analysis



Statistical methods of data analysis are used routinely to evaluate test results.
When applying statistical models, we must decide, in advance, the unit of evaluation
[13-15]. For example, in the Ames test, the assessment unit could be either a single agar
plate (of the three used per dose), or the group of three plates. In the in vivo
micronucleus test, using five animals per group, the statistical model depends on
whether the assessment unit is the individual animal or the group. Statistical models that
analyze variation at the individual unit level (among plates, individual animals, etc.) are
preferred and recommended. Simplifications always involve assumptions. The results of
statistical analysis depend on the methods and models used. These choices should
always be justified; choices should not be subjective or arbitrary.

It can be difficult to judge whether an outlier value obtained in a single test should
be attributed to chance or to a technical error. Analysts who use statistical models
should understand the models used and the assumptions made. Insight, based on
observation and experience, is fundamental to scientific interpretation of results.
Reports rely on insights and judgments, which should be described correctly, clearly,

and concisely.

S. Dose-response relationship

Establishing a dose-response relationship (a change in response with dose) is an
essential component of any safety evaluation. Rigorous approaches are required [7].
Response shapes can differ for each chemical substance tested and the strategy for
setting the spacing of the doses should be explained.

Does a statistical model, which merely expresses the mathematical relationship

between dose and response, contribute to the evaluation of safety? There have been



many discussions concerning the determination of point-of-departure (POD) or
virtually-safe doses (VSD), based on model fitting and extrapolation [17-19]. However,
no method has been established for assessing the uncertainties associated with
extrapolating dose-response relationships beyond the ranges that were tested. There is
no guarantee that such extrapolations accurately evaluate the safety of a chemical

substance at human-exposure levels.

6. Historical control data

The variability of measurements obtained from previous tests needs to be
considered: do the values (and the variability) of measurements on a concurrent control
group differ from those of historical controls [13,14]? Knowledge of previous data is
helpful for evaluating test quality. Accumulating and maintaining a data set of (mainly
negative) control group results, obtained under standard conditions, can provide the
study sponsor with objective information about response fluctuations.

Although guidelines advise the accumulation and analysis of historical control
data [15], the methods for interpretation of such data are still debated. To evaluate the
test data, we must understand the study: kind of data has been obtained and what values
and variations do they show? The accumulation and management of high-quality

historical data are essential for reliable safety evaluations [20].

7. The ambiguity of binary decisions about genotoxicity
A binary decision — is a chemical safe in the dose range used — yes or no? — is
usually required. However, there are difficulties in making such binary decisions, as has

been discussed previously [6,21]. For the genotoxicity test, the regulatory requirement is



a binary negative-or-positive result, with little room for ambiguity or uncertainty. Those
who conduct safety assessments need to be forthright concerning uncertainties that may
affect the evaluation of the test results. Even in cases where the results are considered to
be clear, statistical procedures may have been followed without adequate justification.
In clear-cut cases, independent evaluators may quickly draw comparable conclusions.
Problems arise when results are ambiguous and it is difficult to make a binary call. In
some cases, a statistically significant positive result is obtained, yet the person who
conducted the test is uncomfortable and remains unconvinced of an unequivocal
positive call. In such cases, additional factors should be considered: the quantity and
quality of data; whether the response itself is borderline; whether there is too much
variability in the data; whether additional tests were conducted, to confirm
reproducibility; whether peripheral information was sought; and so on.

There is a difference between qualitative judgements (positive or negative) and
quantitative evaluations (e.g., setting POD). A binary evaluation is required for
regulatory applications in genotoxicity and carcinogenicity tests: it is efficient for
regulatory purposes. Nevertheless, test guidelines developed (and widely accepted) with
the goal of making binary decisions may prove to be obstacles to the reliable evaluation
of safety-test outcomes. Judgment is biased toward qualitative evaluation because
conservative thinking is preferred, but such decisions can be flawed, with wide-ranging
implications for the use of specific chemicals that have potential benefits for humans.
The ‘precautionary principle’ is often invoked by decision-makers confronted with
ambiguous data: such data is regarded as positive, in an attempt to minimize risk (22).
However, experimenters, evaluators, regulators, and consumers should recognize the

existence of ambiguity in borderline results and it is the responsibility of scientists to



communicate ambiguity/uncertainties adequately.



8. Acceptance of ambiguity and uncertainties affecting binary decisions

When a test result is clear - positive for anyone to evaluate, or negative without
doubt - there is no need to ponder evaluation methods; interpretation is easy. What is
difficult is the “in-between part”, where evaluation/interpretation are difficult because of
ambiguity, doubt, inability to conclude, etc., and fluctuations due to bias may become
large. Regulatory judgments must be made from an overall and broad perspective. Is it
possible, necessary, or worthwhile to binarize this gray zone? Factors that may lead to
ambiguous results include the quality of the test itself, significant variability in each
evaluation unit, considerable variability in lower-level units (e.g., individual units rather
than group units), bias already introduced at the time of observation, etc.

In some cases, repeating the test may lead to concurrence and a binary decision
can be made with confidence. The problem arises when, despite all efforts, we still find
ourselves in a “gray zone”. The late John Ashby once said that "grey is always grey"
[personal communication]. Ambiguous results are not compatible with binary decisions.
Indeed, it can be difficult to draw a line between the “gray zone” and the clear-cut
positive and negative zones. Interpretation of results becomes more complicated and

complex because of the gray zone.

9. Safety and security

It 1s crucial to consider safety and security in the relationship between chemicals
and people's daily lives. Here, we define security (“anshin”, in Japanese) as a situation
in which one feels less anxious - separated from danger. Safety is an issue in the natural
sciences, while security is a matter for the humanities, including psychology and

sociology. Can we draw a line between safety and non-safety based on knowledge of



natural science, or is safety simply a binary value: safe or unsafe? Perceptions of safety
depend on individual attitudes and are not always fixed or definitive. Individual
sensitivity to the chemicals in question needs to be considered. With our growing
understanding of the immense individual genetic variations in the population, it
becomes clear that individual responses to chemicals, including potential genetic toxins,
are also extremely variable, especially in relation to ADME factors. Some argue that
tailor-made “personalized” toxicology should be developed, and the safety of each
individual should be evaluated. If this were to happen, chemical substance regulation
targeting a population would not be possible, with current technology and human
resources. How representative for each individual is the evaluation of the safety of the
population ? While security is a more complicated issue and is not the target of this
article, the topic of “safety and security” needs to be addressed for human safety risk

assessment.

10. Beyond the ambiguity issue

The safety evaluation, interpretation, and judgment regarding a chemical
substance is not based on the results of a single test. Several tests with different
endpoints are conducted, to provide a comprehensive view of safety, considering also
the utility, benefits, and daily exposures to chemicals. Even if the result of one safety
test is in the “gray zone”, results of other tests may lead to a correct decision. However,
if the majority of the results of various tests are in the gray zone, we should express
conclusions based on the factors considered and how the final judgment is drawn, with
full transparency. As mentioned above, the utility/benefits and amount of daily exposure

are important factors. In addition, the marketing authorization of a product using a



particular chemical substance requires consideration from many perspectives, such as
the availability of alternatives and their safety (risk trade-off) [23]; usage; range of uses;
past experience of use; and any track record of use overseas. The same judgment can be
made if the safety evaluation is based on conventional binary judgment. However, by
thoroughly examining the situation from various perspectives and clarifying ambiguous
facts in the gray zone, we can increase the potential for using beneficial products more
wisely, thereby enriching our lives while, at the same time, reducing potential harm

caused by chemical substances.

11. Risk communication

“Risk communication” is a relatively new term, defined as “the mutual exchange
of information and opinions among risk assessors, risk managers, consumers,
businesses, researchers, and other interested parties during the entire risk analysis
process.” Are communications from experts (here, risk assessors and researchers),
which establish the “mutual exchange” noted in this definition, successful in
communicating uncertainty? Even if uncertainty is expressed, this should not be a
statement regarding the avoidance of responsibility. Risk assessment must be accurate
for proper risk management. Experts should not simply give a binary judgment but
should explain their viewpoints and how their conclusions were reached. If ambiguity
exists, the expert is responsible for informing about that ambiguity. The recipient of the
risk analysis should be sufficiently sophisticated to accept ambiguity. The development
and dissemination of risk communication is essential. However, it must be avoided that
the discussion disregards science, as indicated in “Thinking on the Safe Side,” to avoid

ambiguity [7]. We should know that there are ambiguities, uncertainties, and



fluctuations in science, especially in biology, and we should consider
evaluating/interpreting safety test results based on such ambiguities, accurately

communicating these facts to third parties.

12.  Proposal and further consideration

Accurate, fair, and transparent human safety assessment is critical for risk
assessment, management, and communication. Currently, emphasis is placed on safety
testing using animals; however, other evaluation methods should be considered. From
the viewpoint of animal welfare, it is necessary to respect the “3R's” philosophy and to
reconsider whether animal testing is essential.

One strategy is to separate the group in charge of the test that produces the data
from the department in charge of objectively evaluating the results, a “third-party”
standpoint. Each person in charge should be a professional in his/her field and each
department should make its best efforts. At the time of reporting, it would be
appropriate to interpret the evaluation results based on the overall conclusions of both
parties, and all other parties capable of making appropriate evaluations obtained up to
that point in time.

Science must always be open to new knowledge. The humble acceptance of
uncertainties in the data quality at the time of the evaluation and the assumptions made
for the statistical methodology, etc., should be respected. We are awaiting the
construction of a system that builds expertise in each area, discloses information

accurately, fairly, and transparently, and uses it wisely.
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