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ABSTRACT: The mode of action human relevance (MOA/HR) framework increases transparency in systematically considering
data on MOA for end (adverse) effects and their relevance to humans. This framework continues to evolve as experience
increases in its application. Though the MOA/HR framework is not designed to address the question of “how much
information is enough” to support a hypothesized MOA in animals or its relevance to humans, its organizing construct
has potential value in considering relative weight of evidence (WOE) among different cases and hypothesized MOA(s). This
context is explored based on MOA analyses in published assessments to illustrate the relative extent of supporting data
and their implications for dose–response analysis and involved comparisons for chemical assessments on trichloropropane,
and carbon tetrachloride with several hypothesized MOA(s) for cancer. The WOE for each hypothesized MOA was summarized
in narrative tables based on comparison and contrast of the extent and nature of the supporting database versus potentially
inconsistent or missing information. The comparison was based on evolved Bradford Hill considerations rank ordered to
reflect their relative contribution to WOE determinations of MOA taking into account increasing experience in their
application internationally. This clarification of considerations for WOE determinations as a basis for comparative analysis
is anticipated to contribute to increasing consistency in the application of MOA/HR analysis and potentially, transparency
in separating science judgment from public policy considerations in regulatory risk assessment. Copyright © 2014. The
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Introduction
The mode of action/human relevance (MOA/HR) framework is an
analytical framework designed to increase transparency in the
systematic consideration of the weight of evidence (WOE) of
hypothesized MOA(s) for critical effects and their relevance to
humans. It was developed in initiatives of the International Life
Sciences Institute Risk Sciences Institute (ILSI RSI) and the
International Programme on Chemical Safety (IPCS) and derives
from earlier work on MOA by the US Environmental Protection
Agency (USEPA) and IPCS (Sonich-Mullin et al., 2001).

The development and evolution of the IPCS ILSI RSI MOA/HR
framework, which has involved large numbers of scientists inter-
nationally, is described in several publications (Boobis et al.,
2006, 2008; Meek, 2008; Meek et al., 2003; Seed et al., 2005).
Potential application in a broader range of relevant contexts
has been considered more recently (Carmichael et al., 2011;
Meek and Klaunig, 2010). The framework has been illustrated
by an increasing number of case studies (n= 30, currently), and
is widely adopted in international and national guidance and
assessments (Meek et al., 2008), including those of the USEPA
(Dellarco and Baetcke, 2005; Manibusan et al., 2007; SAB, 1999,
2007; SAP, 2000; USEPA, 2005a). Building on this collective expe-
rience, the framework has been updated recently, to address
uncertainty additionally and to extend its utility to emerging
J. Appl. Toxicol. 2014; 34: 595–606 Copyright © 2014. The Authors. Journa
areas in toxicity testing and non-testing methods. The update in-
cludes incorporation within a roadmap, encouraging continuous
refinement of fit-for-purpose testing strategies and risk assessment
(Meek et al., 2014).
In addition to increasing transparency through structured

articulation of the evidence and uncertainties upon which
conclusions are based, MOA/HR analysis also contributes to the
transparent assimilation of all available data in both a risk assess-
ment and research context. This is important because it facilitates
identification of critical data needs and contributes to transpar-
ency in the separation of science judgment (i.e., weighting of
options based on systematic consideration of available scientific
support) from public health protection policy, the latter
l of Applied Toxicology Published by John Wiley & Sons Ltd.
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sometimes involving embedded conservatism to increase public
health protection.

Though the MOA/HR framework is not designed to address
the question of “how much information is enough” to support
a hypothesized MOA in animals or its relevance to humans, its
organizing construct has value in considering relative WOE
among different cases and hypothesized MOAs. Comparative
WOE evaluation for MOA/HR analysis is illustrated as a basis to
increase common understanding of the nature of transparency
required to document the relative degree of confidence in
supporting data for hypothesized MOAs. To demonstrate
this approach, WOE for MOA/HR analysis in two published
assessments (i.e., carbon tetrachloride and 1,2,3-trichloropropane
[TCP]) (USEPA, 2009, 2010) is comparatively considered in the
context of evolved Bradford Hill (B/H) considerations intro-
duced here to promote better common understanding and
consistency in use. The focus here is not on the conclusions
of the assessments but rather, the utility of comparative analysis
for WOE evaluation in MOA/HR analysis. These cases were
specifically selected to exemplify varying degrees of WOE for
several hypothesized MOA.

Methods And Results
Details of the updated MOA/HR framework are available else-
where (Meek et al., 2014). Briefly, the WOE for a hypothesized
MOA in animals is assessed based on considerations modified
from those proposed by Bradford Hill (Hill, 1965) for assessment
of causality in epidemiological studies. HR or species concor-
dance is then systematically considered, taking into account
more generic information such as anatomical, physiological
and biochemical variations. If the WOE for the hypothesized
MOA is sufficient and relevant to humans, implications for
dose–response in humans are then considered in the context of
kinetic and dynamic data. Delineation of the degree of confidence
in the WOE for hypothesized MOAs is critical, as is the delination
of critical research needs.

Establishing support for or rejection of a hypothesized MOA
provides the foundation for subsequent considerations of dose–
response, HR and estimates of risk. It involves (1) delineation of
key events leading to the end (adverse) effect in a hypothesized
MOA and (2) evaluation of all of the data to consider the extent
of the supporting WOE for the hypothesized MOA. Importantly,
Table 1. Template for weight of evidence based on evolved Brad

Evolved Bradford Hill Considerations

For a postulated mode of action, supporting data, inconsistent dat
Bradford Hill considerations. Input in the supporting and inconsiste
missing column includes only that which is technically feasible and
blank in instances where data do not exist or are inadequate for
describe the overall determination as to whether the data suppor

wileyonlinelibrary.com/journal/jat Copyright © 2014. The Authors.
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if alternative MOA(s) are supported, these are evaluated with
equal rigor in separate MOA/HR framework analyses. Ultimately,
depending upon the application, there may be a need to draw a
conclusion on the sufficiency of data supporting a MOA, to assess
different risk management options. The comparative analysis of
WOE was developed as a basis for increasing common under-
standing of the nature of transparency required to document the
degree of confidence in the sufficiency of supporting data for
hypothesized (potentially competing) MOAs.

A template for WOE analysis of MOA based on the evolved
B/H considerations is presented in Table 1. In this approach,
supporting data, inconsistent data and missing information are
evaluated and tabulated in the context of the evolved B/H
considerations presented here. The data in this table are considered
in totality to assess the WOE for a MOA. In addition, the evidence
can be used in a comparative manner to gain perspective on
the relative degree of confidence that a hypothesized MOA is
operative, based on the extent of supporting WOE compared
to that for another postulated MOA for the same chemical or
for the same MOA for other chemicals.

As illustrated in Table 1, WOE analysis is heavily dependent on
the B/H considerations. Previous iterations ofmodified B/H consid-
erations have been applied inconsistently in MOA/HR analyses,
which may be attributable in large measure to the availability
of only relatively general, early guidance in this area (USEPA,
2005b; Sonich-Mullin et al., 2001). Some of the considerations
have been misinterpreted due to a lack of common understand-
ing of their appropriate level of application to MOA data in aWOE
context; i.e., in overall data synthesis and evaluation of sufficiency
of evidence to support a MOA decision versus the initial phase of
systematic review (i.e., data selection and individual study
review). Table 2 summarizes the variation in definitions of the
B/H considerations in MOA analysis, which may also have
contributed to inconsistency in application.

Evolved B/H considerations have been proposed and clarified
here through delineation of the specific aspects addressed by
each, as framed by a series of questions (captured below and
summarized in Table 3). These questions build on those
presented in Meek et al. (2014), based on additional experience
in considering transparency in existing assessments as a basis to
document comparative WOE. These evolved B/H considerations
are proposed, then, not only as a basis to increase consistency in
making WOE determinations for hypothesized MOA(s), but also to
ford Hill considerations

Supporting Data Inconsistent Data Missing Data

a and missing data are tabulated in the context of the evolved
nt columns captures only what has been observed. Input in the
that is important for informing the mode of action. Cells are left
evaluation. A brief narrative should accompany this table to

t or refute the hypothesis.

J. Appl. Toxicol. 2014; 34: 595–606Journal of Applied Toxicology
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promote consistency in their application based on accumulating
experience internationally.

The evolved B/H considerations are described in more detail
below. These considerations appear in rank order based on
their appropriate weighting of relative contribution to WOE
determinations for hypothesized MOA(s), with those listed
first contributing most significantly. Examples for evaluating
weak to strong evidence for each evolved B/H consideration
are also discussed.
Biological Concordance

• Does the hypothesized MOA conflict with broader biological
knowledge?

• How well established is the MOA?

Evidence for a hypothesized MOA must satisfy the consider-
ation of biological concordance. If available data on the hypoth-
esized MOA are at odds with biological understanding, the
hypothesis does not constitute a reasonable option for consider-
ation. For instance, if a hypothesized early key event cannot con-
ceivably lead to a subsequent hypothesized key or end event, it
need not be considered.

The extent of evidence for biological concordance would be
considered stronger, for example, if the hypothesized MOA has
beenwell documented for a broad range of chemicals, andweaker
if the hypothesized MOA is conceivable based on limited data or it
has been hypothesized based simply on the possibility that none
of the key events are at odds with biological understanding.
Essentiality of Key Events

• Is the sequence of events reversible if dosing is stopped or a
key event prevented (i.e., counterfactual evidence)?

The extent of counterfactual evidence (i.e., experimental sup-
port for the necessity of a key event) is one of the principal de-
terminants of WOE for a hypothesized MOA (Borgert et al., 2011).
For example, experimental evidence in animal models that lack a
key metabolic pathway (e.g., knock out animal models) and fail
to develop the end (adverse) effect would support essentiality of
a key event. Similarly, if following cessation of repeated exposure
for various periods, effects are reversible (i.e., late key events
and/or the end (adverse) effect is prevented), this constitutes
relatively strong evidence that key events are causal.

It is important to note that by its nature, counterfactual evi-
dence typically addresses the necessity of an individual key
event in a hypothesized MOA. Therefore, it may not always be
helpful for discerning between two possible MOAs that share a
key event. For example, if a chemical requires metabolic activa-
tion to be carcinogenic, a negative result in a 2-year cancer
bioassay in an animal model null for the necessary activating en-
zyme supports that metabolism is necessary for carcinogenesis
but is not helpful for differentiating between a MOA involving
metabolic activation followed by direct DNA damage versus a
MOA involving metabolic activation followed by cytotoxicity
and regenerative proliferation.

Support for the essentiality of key events is considered stronger
when there is direct counterfactual evidence supporting multiple
key events in the hypothesized MOA. Evidence is considered
weaker when evidence involves indirect measures for key events
(i.e., the key event is inferred from the actual measured endpoint)
J. Appl. Toxicol. 2014; 34: 595–606Journal of Applied Toxicology
iley & Sons Ltd.
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600
or non-specific inhibition of key events. For example, for a MOA
hypothesized to involve binding to a receptor, demonstrating
an end (adverse) effect is prevented by knocking-out or
downregulating expression of the receptor is stronger than
counterfactual evidence using a non-specific inhibitor.
Concordance of Empirical Observation Among Key Events

Concordance of empirical observations contributes considerably to
the WOE for hypothesized MOA(s). Specifically, concordance of
dose–response, temporality and incidence are key considerations.
Each of these is addressed separately below. While not weighted
as heavily as biological concordance and essentiality of key
events, concordance of empirical observation across dose–
response, temporality and incidence contributes significantly to
WOE. Relationships and outliers should be carefully evaluated
to understand whether the WOE strongly supports or is discor-
dant with the hypothesized MOA, including consideration of
cohesiveness across all three aspects of empirical observation.
Concordance of Dose–response Relationships Among Key
Events

• Are the key events observed at doses below or similar to
those associated with the end (adverse) effect?

In past MOA analyses, assessment of dose–response has
sometimes been misinterpreted as simply addressing the ques-
tion: “Is there evidence of a dose–response relationship for key
events and/or the end (adverse) effect?” While this question is
relevant to hazard characterization, it does not address dose–
response concordance in relation to the WOE for a hypothesized
MOA. Rather, the latter addresses the consistency of observed
dose–response relationships among key and end (adverse)
effects, as framed explicitly in the question above.

The hypothesized MOA is not supported in scenarios for
which there is evidence that early key events occur only at
higher doses than the end (adverse) effect. For example, a hy-
pothesized receptor-based MOA is not supported by evidence
indicating that receptor binding occurs only at doses well above
those that cause frank liver injury, though it is important to con-
sider if this might be a function of dose spacing in the relevant
studies. Benchmark dose analyses for the dose–response
Table 4. Dose–response and temporal co

Source: Meek and Klaunig (2010).

wileyonlinelibrary.com/journal/jat Copyright © 2014. The Authors.
Published by John W
relationships in key and end events are the most appropriate
measure for consideration of their concordance, as they provide
for direct comparison of comparable doses associated with a
specified increase in each of the key events and/or end (adverse)
effects and normalize for variations in dose spacing and group
sizes in different studies.

Examination of the pattern of dose–response relationships is
particularly important in considering the degree of support for
hypothesized mutagenic MOAs (i.e., where mutation is an early
and influential key event). For example, observation of a muta-
genic response at high (cytotoxic) doses in genotoxicity assays
is supportive of hypothesized MOAs where mutation is a
secondary consequence of increased proliferative response
resulting from tissue damage.
Concordance of Temporality (Time) Among Key Events

• Are the key events observed in hypothesized order?

Temporal concordance refers to the observation of key events
in sequential order as described in the hypothesized MOA. In
other words, earlier key events should be observed to precede
later key events and the late (adverse) effect. Stronger evidence
for temporal concordance is obtained when key events at in-
terim time points demonstrate the hypothesized order (either
in a single robust study or across multiple studies). Such evi-
dence can often be acquired in studies examining the reversibil-
ity of key events and end (adverse) effects following various
periods of exposure. Weaker evidence occurs when temporal
data on key events are missing.

The template presented in Table 4 is often helpful in deter-
mining the extent to which evidence fulfills consideration of
dose–response and temporal concordance in WOE analysis for
MOA. If the hypothesized MOA is supported, the table should fill
diagonally from the top left-hand corner to the bottom right-
hand corner. This “pattern” supports a continuum of the relation-
ship between early key events occurring at lower doses than late
key events and outcome. Evidence of dose–response and tem-
poral concordance is, for example, weaker if all key events occur
at all dose levels and time points. Evidence is stronger, for exam-
ple, if there is a reasonable range of studies of different dura-
tions with a minimum of three dose levels each and the
“pattern” of results in this table (Table 4) is as described above.
ncordance analysis template

J. Appl. Toxicol. 2014; 34: 595–606Journal of Applied Toxicology
iley & Sons Ltd.



Comparative weight of evidence in mode of action analysis
Concordance of Incidence Between Key Events and End
(Adverse) Effects

• Is the occurrence of the end (adverse) effect less than that for
the preceding key events?

Clear evidence of the concordance of the incidence of the end
(adverse) effect with that for early hypothesized key events is in-
fluential in contributing to WOE for hypothesized MOA(s). The
incidence of hypothesized early key events should be greater
than that for later key events and the (adverse) outcome, consis-
tent with the important biological underpinning that key events
are essential but not necessarily sufficient, to induce the relevant
end (adverse) effect. For example, the hypothesis that cytotoxic-
ity followed by regenerative proliferation are key events in the
induction of specific tumors would be supported by the observa-
tion that the incidence of the former (cytotoxicity/regenerative
proliferation) is greater than that for the latter (tumors) at a sim-
ilar dose. “Incidence” here refers to the occurrence of a lesion of
defined severity for each of the key and end events. It should be
noted that a 1: 1 correlation of the incidence of early and late
key events is not anticipated; lack of evidence for a 1: 1 correlation
does not detract from contribution to the overall WOE. Consistent
with the essentiality (but not necessarily sufficiency) of key events,
lack of 1: 1 concordance is not unexpected, being a function of
biological variability; i.e., lesions will not have progressed to the
end (adverse) effect in all animals at the termination of exposure.
Consistency

• Is the pattern of observations across species/strains/organs/
test systems what would be expected based on the hypoth-
esized MOA?

Evidence of internal consistency within the collective data set
for a chemical contributes to increased confidence in the WOE
supporting a MOA. For example, if the initial hypothesized key
event is oxidative metabolism to a reactive intermediate, are
the target tissues and organs those which would be expected
based on knowledge of distribution of the relevant metabolic
enzyme? Evidence of consistency is stronger if the pattern of
species-, strain- and sex-related variations in response is what
would be expected based on known differences in metabolic
profiles (e.g., extent and rate ofmetabolism to the putatively toxic
entity). Evidence is weaker if there is either significant inconsis-
tency in the expected pattern of the collective data based on the
hypothesized MOA (e.g.,. the effect or result is only demonstrated
in a single rat strain when data are available for multiple strains, for
all of whom metabolizing capacity for the relevant pathway is
anticipated to be similar) or when there are limited data available
to assess this aspect.
60
Analogy

• Would the MOA be anticipated based on broader chemical
specific knowledge?

Convincing evidence that the hypothesized MOA is operative
for a broad range of chemically similar substances also contrib-
utes significantly to WOE. For example, consider the case where
reductive metabolism for chemically similar substances is associ-
ated with a particular pattern of observations leading to the
end (adverse) effect. If the pattern of observations for a related
J. Appl. Toxicol. 2014; 34: 595–606 Copyright © 2014. The Authors. Jour
Published by John Wiley
chemical is distinctly different, the evidence is weaker that these
effects are produced by a similar MOA. On the other hand, if there
is an extensive database illustrating that the MOA of interest is oper-
ative and leads to similar end (adverse) effects for several closely
structurally related chemicals as identified, for example, by
(quantitative) structure–activity modeling, evidence is stronger.
The rank order of the B/H considerations suggested above

reflects their relative contribution to WOE determinations of
MOA and is based on evolving experience internationally. In es-
sence, data that conflicts with a broader biological understand-
ing ranked highly here may be grounds for considering the
available supporting data as inconsistent with the hypothesized
MOA, whereas lack of concordance of some empirical data is of-
ten due to variations in, for example, dose spacing or adminis-
tered doses in various studies and based on careful evaluation,
would not detract meaningfully from the supporting database.
In assessing the totality of the WOE, it is helpful to systematically
take into account all of the considerations presented here as a
basis to contribute to transparency in decision making. Such
assessment benefits most from multidisciplinary input from both
the relevant research and risk assessment communities. How-
ever, there is no minimum number of these evolved B/H consid-
erations that must be met to determine sufficiency and/or
associated confidence but rather, in their careful, systematic,
more transparent and consistent consideration, cohesiveness
(or not) of the supporting data becomes evident. It is also impor-
tant to recognize that while some of the evolved B/H consider-
ations may address the association of just one key event to the
end event (e.g., essentiality of key events) the WOE determina-
tion is based on consideration of the interdependence of the
key and end events in the hypothesized MOA.

Comparative Weight of Evidence Case Studies
To illustrate the utility of the comparative WOE approach, assess-
ments for two chemicals (USEPA, 2009, 2010) were selected as
case studies (i.e., carbon tetrachloride and TCP). The assessment
of carbon tetrachloride drew on a previous evaluation of the US
EPA (Manibusan et al., 2007), though the conclusions varied.
These assessments were chosen based on the condition that
B/H considerations for WOE had been explicitly addressed, con-
sistent with the analysis in the MOA/HR framework for several
potential MOA(s) for carcinogenicity. The focus here was not
on the conclusions of the assessments; rather, the extensive
review and synthesis of data therein provided the opportunity
to address the potential utility of comparative analysis based
on the evolved B/H considerations for WOE in MOA/HR analysis.
As such, the evidence and conclusions were not re-evaluated but
were simply extracted from the referenced assessments and
summarized in the narrative tables presented (Tables 5a,b and
6) for the purpose of illustrating the methodology. Similarly,
assessment of the underlying investigations was not consid-
ered, though based on the approach presented here, this might
constitute an important next step. The literature reviews were
also not updated, as the current analysis does not focus on
particular chemicals but rather the potential value of the
proposed methodology.

Carbon Tetrachloride
This analysis is based on a published hazard and dose–response
assessment for carbon tetrachloride (USEPA, 2010). Carbon
nal of Applied Toxicology
& Sons Ltd.

wileyonlinelibrary.com/journal/jat
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tetrachloride caused hepatocellular adenomas and carcinomas
in rats, mice and hamsters in oral studies and in rats and mice
following inhalation exposure. In addition to liver tumors, adre-
nal pheochromocytomas were observed in male and female
mice following oral and inhalation exposure, for which it was
concluded that data were inadequate to evaluate MOA. There
was no increase in pheochromoctyomas in rats.
Based on the analysis of available data, including that on MOA,

it was concluded in the assessment (USEPA, 2010) that the agent
is likely a human carcinogen. Further, a potential MOA for carbon
tetrachloride-induced liver tumors was hypothesized, with the
following key events that included: (1) metabolism to the
trichloromethyl radical by CYP2E1 and subsequent formation of
the trichloromethylperoxy radical; (2) radical-induced damage
leading to hepatocellular toxicity; and (3) sustained regenerative
and proliferative changes in the liver in response to hepatotoxicity.
The possibility that carbon tetrachloride may act via a mutagenic
MOA (i.e., where mutation is an influential early key event in the
induction of tumous versus, for example, being secondary to tissue
damage) was also considered but not evaluated in a manner
based onWOE considerations consistent with the MOA/HR frame-
work. Based on the inconsistencies in the database supporting a
potential role for the cytotoxicity, regenerative, proliferation-based
MOA at the low end of the experimental exposure range and
the complexity of the genotoxicity database, it was concluded
that, “… the carcinogenic MOA for carbon tetrachloride is not
known. Therefore, consistent with the Guidelines for Carcinogen
Risk Assessment (USEPA, 2005b), linear low-dose extrapolation as
a default approach was applied to data for liver tumors and pheo-
chromocytomas” (USEPA, 2010).

1,2,3-Trichloropropane
This analysis is based on a hazard and dose–response assessment
of TCP released in 2009 (USEPA, 2009). Based on the observed
statistically significant dose-related increases in multiple tumor
types in both sexes of rats and mice in a 2-year carcinogenicity
assessment (NTP, 1993) and related mechanistic data (including
that on genotoxicity), it was concluded that TCP is “likely to be
carcinogenic to humans” via a mutagenic MOA. Relevant data
for alternative MOA(s) such as cytotoxicity with tissue repair
and disruption of cell signaling were considered insufficient to
evaluate. It was further concluded that the available data support
a hypothesized mutagenic MOA with two key events: (1) metab-
olism to a DNA-reactive compound, and (2) (early) induction of
mutations. A low-dose linear extrapolation approach to dose–
response analysis was applied, consistent with the Guidelines for
Carcinogen Risk Assessment (USEPA, 2005b)

Comparative Weight of Evidence Analysis
Narrative comparative WOE summary tables were constructed
for the hypothesized and alternative MOA(s) for carbon tetra-
chloride (Table 5a,b) and for a mutagenic MOA for TCP (Table 6)
based on the consideration and evaluation of the data in the
existing assessments (USEPA, 2009, 2010). For each postulated
MOA, supporting data, inconsistent data and missing informa-
tion were tabulated in the context of the evolved B/H consider-
ations. As per MOA/HR framework recommendations, the
information in the supporting and inconsistent data columns
capture what has been observed, not what might be possible
if more experiments had been performed. In addition, the
nal of Applied Toxicology
& Sons Ltd.
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Comparative weight of evidence in mode of action analysis
information noted in the missing column only includes that
which is testable and important for informing the MOA (i.e., crit-
ical data needs). Ideally, a discussion on whether the missing in-
formation is critical and would detract from or impact conclusions
regarding the proposed MOA should accompany this comparative
WOE table. Blank cells would typically represent instances where
data either do not exist or are inadequate for evaluation. However,
in this case, as the analysis draws upon an existing assessment,
blank cells may also represent where text was either absent or
inadequate to address the evolved B/H considerations.
Qualitative Assessment of Overall Evidence
For both case studies, the focus is not to conclude on the
sufficiency of underlying data to support a particular MOA conclu-
sion, but rather to illustrate the utility of the comparative WOE
approach for increasing transparency in the assimilation of data.

Visually, Tables 5(a,b) and 6 highlight the availability of
supporting and discrepant data on the MOA(s) evaluated for car-
bon tetrachloride and TCP. Comparative WOE analysis, for the
two hypothesized MOA(s) for carbon tetrachloride based on the
published assessment (USEPA, 2010), indicates that the supporting
data for the hypothesized MOA involving cytotoxicity (necessarily
within the range of experimental observation) fulfill a number of
the evolved B/H considerations. This contrasts with the compara-
tively more limited support for the hypothesized mutagenic
MOA. This difference highlights:

(1) the potential utility of comparative analysis for assessing the
WOE of alternative MOA(s) for individual chemicals, based
on the evolved B/H considerations to more explicitly indi-
cate the degree of confidence in a particular MOA, and

(2) the desirability, in the interest of transparency and consis-
tency, of separating conclusions reflecting assessment of the
relative WOE for MOA in the observable experimental range
based on articulated and explicit considerations from those
based on inference or extrapolation to the low-dose range. It
is anticipated that such an approach has the potential to in-
crease transparency in delineating science judgment determi-
nations from those related to public policy.

The comparative WOE analysis for TCP also provides a basis
for comparison across chemicals of a relatively strong database
for a mutagenic MOA, which can be contrasted with one that
is relatively weak, potentially as a basis to increase consistency
in determinations. In this case, perspective on the degree of con-
fidence in the supporting WOE for the hypothesized mutagenic
MOA for carbon tetrachloride (Table 5b) can be gained through
comparison with the nature and extent of data available for the
stronger database for TCP (Table 6).
60
Discussion
Comparative aspects of WOE analyses are illustrated here as a
basis to contribute to transparency and consistency in delineat-
ing confidence/uncertainty in MOA/HR analysis based on the BH
considerations. As noted by Guyton et al. (2008), Hill’s (1965)
considerations were not developed originally for evaluation of
experimental/mechanistic data, though their utility for applica-
tion in modified form to assess WOE in MOA analysis has been
repeatedly though inconsistently tested. Based on increasing
experience internationally in MOA/HR analysis (see, for example,
J. Appl. Toxicol. 2014; 34: 595–606 Copyright © 2014. The Authors. Jour
Published by John Wiley
Boobis et al., 2006, 2008, Meek et al., 2014), evolved B/H consid-
erations are proposed here and clarified through delineation of
the specific aspects addressed by each as framed by a series of
questions. Definitions for these considerations have been addi-
tionally simplified and tailored to application in MOA analysis.
The evolved B/H considerations were also rank ordered to reflect
their relative contribution to WOE determinations and their util-
ity exemplified in a comparative WOE approach.
The evolved B/H considerations build on previously published

iterations and reflect experience in the application of MOA
analysis. Several terms were clarified to facilitate assimilation of
relevant chemical specific and biological data (i.e., “specificity”
is now termed “essentiality of key events,” “biological plausibility
and coherence” is now termed “biological concordance" and
concordance of empirical observations among key events delin-
eated). In addition, considerations with limited relevance for
evaluatingMOAdata (i.e., “strength,” “coherence” and “experiment”)
were eliminated while other considerations (i.e., “analogy” and “inci-
dence concordance”) were added based on evolving experience
with larger numbers of chemicals. It is hoped this evolved terminol-
ogy, which reflects more common understanding within the
broader risk assessment (versus epidemiological) community, will
additionally contribute to consistency of use inMOAanalysis. Finally,
considerations were redefined as a basis to promote consistency
and utility. For example, in publications of the IPCS MOA/HR frame-
work (Boobis et al., 2006, 2008; Sonich-Mullin et al., 2001), consis-
tency is defined as repeatability of key events in different studies;
while in the USEPA cancer guidelines, consistency refers to the pat-
tern of elevated risk observed across several independent studies
(USEPA, 2005b). Neither definition accurately reflects the use of
consistency in evaluating the WOE for hypothesized MOA(s). The
former simply assesses reproducibility of results and, as such, may
only contribute to the level of confidence in the occurrence of
one key event. The latter definition is more appropriate to the
assessment of the reproducibility of results in epidemiological and
not mechanistic data sets. Consistency in the context of the MOA/
HR framework more appropriately relates to evaluation of the
WOE supporting interdependence of the key and end (adverse)
events. Therefore, consistency was redefined here to reflect support
of the pattern of effects across species/strains/organs and test sys-
tems for the hypothesized MOA. For example, if metabolism is a
hypothesized key event in a carcinogenic MOA, the pattern of
species-, strain- and sex-related variations in tumor response is com-
pared to that expected based on known differences in metabolic
profiles in the test systems. As such, it is not as important to assess
if the occurrence of tumors is reproducible across studies, but rather,
if the presence or absence of tumors in various species and strains is
consistent with the hypothesized MOA.
ComparativeWOE analysis is illustrated as ameans of increasing

understanding of the nature of transparency that is essential
when evaluating confidence in the supporting WOE for hypothe-
sized (potentially competing) MOAs. In doing so, it also provides
a basis for increasing consistency in evaluation. Presentation
of an overview of the data in a comparative manner (i.e., as
supporting, inconsistent and missing) based on templates that
cue evaluators concerning critical aspects provides concise
insight into the extent of available data and relevant patterns in
the existing database, which support various levels of confidence
in considered options. In addition, this presentation concisely
communicates areas of uncertainty (inconsistent data column
and blank cells) and highlights areas of greatest impact for future
research (missing data column). Ideally, further transparency on
nal of Applied Toxicology
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the impact of this information (i.e. supporting, inconsistent and
missing data) on the MOA conclusions would be provided in a
detailed, supplemental discussion.

Synthesis of a collective data set to evaluate WOE for a
hypothesized MOA is complex and challenging, requiring
multidisciplinary input from both the research and risk assess-
ment communities. This analysis is dependent upon transparent
and consistent evaluation of the extent and nature of both
chemical-specific and biological data versus supposition about
possibilities for which there is essentially no experimental
support. Characterization of the evolved B/H considerations is
anticipated to contribute to more robust and transparent analy-
ses, as a basis also to discourage, without clear rationale, the
discounting of well-supported options based on the emphasis
of outlying data of lesser quality.

This manuscript extends MOA/HR assessment through evolu-
tion of the B/H considerations and illustration of a comparative
WOE analysis. Ultimately, it is anticipated that the additionally ar-
ticulated and comparative aspects, which build on considerable
recent experience in MOA analysis, will contribute to increasing
transparency, consistency and methodological rigor in separat-
ing aspects of science judgment (i.e., weighting of options based
on transparent consideration of available scientific support) from
those of public policy in regulatory risk assessment (the latter of
which sometimes involves embedded conservatism, to increase
public health protection).
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