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ABSTRACT

ARTICLE HISTORY

Background: Exposure to different forms of ionizing radiation occurs in diverse occupational,
medical, and environmental settings. Improving the accuracy of the estimated health risks associ-
ated with exposure is therefore, essential for protecting the public, particularly as it relates to
chronic low dose exposures. A key aspect to understanding health risks is precise and accurate
modeling of the dose-response relationship. Toward this vision, benchmark dose (BMD) modeling
may be a suitable approach for consideration in the radiation field. BMD modeling is already
extensively used for chemical hazard assessments and is considered statistically preferable to iden-
tifying low and no observed adverse effects levels. BMD modeling involves fitting mathematical
models to dose-response data for a relevant biological endpoint and identifying a point of depart-
ure (the BMD, or its lower bound). Recent examples in chemical toxicology show that when
applied to molecular endpoints (e.g. genotoxic and transcriptional endpoints), BMDs correlate to
points of departure for more apical endpoints such as phenotypic changes (e.g. adverse effects) of
interest to regulatory decisions. This use of BMD modeling may be valuable to explore in the radi-
ation field, specifically in combination with adverse outcome pathways, and may facilitate better
interpretation of relevant in vivo and in vitro dose-response data. To advance this application, a
workshop was organized on June 3rd, 2022, in Ottawa, Ontario that brought together BMD
experts in chemical toxicology and the radiation scientific community of researchers, regulators,
and policy-makers. The workshop’s objective was to introduce radiation scientists to BMD model-
ing and its practical application using case examples from the chemical toxicity field and demon-
strate the BMDExpress software using a radiation dataset. Discussions focused on the BMD
approach, the importance of experimental design, regulatory applications, its use in supporting
the development of adverse outcome pathways, and specific radiation-relevant examples.
Conclusions: Although further deliberations are needed to advance the use of BMD modeling in
the radiation field, these initial discussions and partnerships highlight some key steps to guide
future undertakings related to new experimental work.
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Context

Integration of scientific knowledge into human health risk
management requires the meaningful translation of wide-
ranging research outputs, derived from a plethora of diverse
data, to hazard and risk assessment strategies. Amongst the
various data types generated in the radiation field, epidemio-

logical studies have been important in informing risk models
for hazard assessment. Specifically, the ongoing epidemio-
logical studies of aging exposure cohorts (ICRP 2012) has
helped to improve the understanding of health risks from
particularly high acute dose exposure. However, the effects
of low-dose exposures are still subject to some uncertainty.
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This has led to new research on the practicality of using the
linear-no threshold (LNT) model as the basis of radiation
protection (NCRP 2020).

The LNT model is largely derived from specific life span
study data of exposure of the Japanese atomic bomb survi-
vors, and medical therapy patients, and continues to be sup-
ported by nuclear plant worker studies (NCRP 2020). Over
the years, it has been recognized that alongside human epi-
demiological studies, mechanistic data from in vitro and
in vivo studies are also valuable in reducing controversies
and uncertainties on the health impacts of low-dose and
low-dose rate exposures. Heightened global interest on the
LNT model has directed efforts toward exploring new
technological developments and approaches that have
emerged during the past decade.

Two analytical methods that consider causal reasoning to
justify exposure and response relationships as used in the
regulation of chemical toxicants have been suggested to help
refine risk estimations for exposures in the radiation field.
These approaches include Benchmark Dose (BMD) model-
ing (reviewed in Filipsson et al. 2003; Sand et al. 2008;
Davis et al. 2011; EFSA 2017; Haber et al. 2018) and the
Adverse Outcome Pathway (AOP) framework as launched
by the Organisation for Economic and Co-operation and
Development (OECD) (Gibb 2008; Krewski et al. 2010;
OECD 2017, 2018; Wang et al. 2020). Both are applicable to
biological changes observable soon after exposure, which
may be correlated to the dynamics of latent disease progres-
sion (Boobis et al. 2006; Boobis et al. 2008).

Efforts are underway to raise awareness of the AOP
approach among radiation researchers, regulators, and pol-
icy-makers (Preston 2015; Chauhan et al. 2016; Chauhan
et al. 2021b; Chauhan et al. 2022a). As of June 2021 inte-
grating AOPs into radiation research and regulation is an
area being explored through the OECD Nuclear Energy
Agency (NEA) High-Level Group on Low-Dose Research
(HLG-LDR) Radiation/Chemical AOP joint topical group
(Chauhan et al. 2021¢; Chauhan et al. 2022b). A goal of the
topical group is to demonstrate the use of new approach
methods (e.g. transcriptional data and other OMICS tech-
nologies), review available data and analysis methods and
advance the applicability of AOPs for ionizing radiation.
Despite the adoption of BMD modeling for robust effect
threshold characterization of chemicals, limited understand-
ing and implementation of the BMD approach is currently
hindering the applicability for AOP development for ioniz-
ing radiation.

Workshop goals

To bring awareness of BMD modeling as a robust effective
modeling approach to the radiation community, a workshop
was organized and held on June 3rd, 2022. The workshop
brought together Canadian and American radiation scien-
tists, regulators, and policy-makers to discuss the BMD
approach with renowned international experts in the area of
BMD modeling it as relates to the chemical field. The objec-
tives of the BMD workshop were to:
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e Introduce the concept (what it is and how it is being
used through shared experiences from experts in chem-
ical toxicology, as well as key metrics for consideration
in the design of experiments) to attendees involved in
radiation research, regulation, and policy-making;

e Demonstrate the BMDExpress software that is routinely
used in BMD analysis of genomics data (Phillips et al.
2019);

e Provide case examples demonstrating its comparability to
existing applications in chemical regulation;

e Discuss the relevance of BMD modeling in low-dose
radiation health and ecological impacts.

The workshop (Supplementary Figure 1, agenda) started
with opening remarks highlighting the context and key
goals. Experts from Health Canada, the University of Ottawa
(Canada), the University of Cincinnati (USA), and the
National Institute of Environmental Health Sciences
(NIEHS) (USA) provided an overview of phenotypical
(apical) and transcriptional BMD effect modeling and how
to effectively design experiments to support their use. The
workshop speakers also presented a comprehensive overview
of the BMD approach to new users and the types of studies
that can be evaluated. In addition, a vision for use was pre-
sented on how the radiation field can harness BMD model-
ing to address regulatory questions and potential challenges
that require focused discussions. The goals, content, and
outcomes of the workshop are described here.

BMD modeling: considerations and advantages for
use on apical endpoints

For the radiation field to begin the application of the BMD
modeling approach, there is a need to understand the con-
siderations for proper implementation. Lynne Haber,
Associate Professor at the University of Cincinnati,
explained that the BMD approach has been proposed as a
substitute to the use of a No Observed Adverse Effect Level
(NOAEL) or a Lowest Observed Adverse Effect Level
(LOAEL) approach (Crump 1984). Normally, chemical risk
is evaluated based on the adverse effects of a toxicant and
understanding the dose-response relationship using animal
models. In this hazard assessment, what is relevant to con-
sider is the dependency on the dose or concentration
(equivalency to dose rate) in the context of response using
an endpoint of human or environmental health relevance
(e.g. an observable effect such as the increase in genotoxicity
or reduction in reproduction). BMD modeling fits a group
of flexible mathematical models to dose-response data to
identify a dose (the benchmark dose, or BMD) that corre-
sponds to a specified change in response compared to the
background (USEPA 2012; reviewed in Haber et al. 2018).
The specified change in response is called the benchmark
response (BMR), or critical effect size (CES). In parallel with
the BMD, the lower bound (BMDL) and upper bound
(BMDU), representing the 95% confidence limits on the
BMD, are also calculated (Figure 1). In chemical hazard
assessment, the BMDL often is used to set safe dose limits.
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Figure 1. Representative example of a dose-response curve and associated benchmark dose outputs.

There are several advantages that BMD modeling has
over the traditional derivation of the No Observed Adverse
Effect Level (NOAEL) and the Lowest Observed Adverse
Effect Level (LOAEL). The NOAEL is limited to the specific
doses tested, while the BMD, which is interpolated from the
dose-response curve and therefore, can provide a more
accurate point of departure for hazard characterization.
Furthermore, a BMD can be calculated for studies that do
not identify a NOAEL. The BMD is based on a defined
response level, and thus is consistent across experimental
studies, whereas the experimental response at a NOAEL can
vary substantially depending on the study sensitivity (e.g.
statistical power) and the number of doses used (e.g. spacing
of treatment groups). Finally, the NOAEL is highly depend-
ent on the sample size and variability within the control and
treatment groups, while the BMD approach appropriately
reflects the uncertainty in the data (when the BMDL is
used). For example, a response that may be statistically dif-
ferent from controls (and thus a LOAEL) with 50 animals
per dose, may not be statistically significant in a study with
10 animals per dose. However, the BMDL will be lower in
the study with fewer animals, due to the resulting wider
confidence limits, and thus more appropriately reflect the
greater uncertainty in the smaller study.

Lynne Haber also described the importance of the choice
in the mathematical model used to fit the data. Early BMD
modeling work often resulted in the modeler choosing a sin-
gle best-fit model. This sometimes meant that groups that
modeled the same data could obtain different final BMDLs

because they chose different models. More modern methods
(e.g. Wheeler and Bailer 2009) use model averaging, where
models are weighted by the Akaike information criterion
(AIC), a measure of the model fit that also rewards parsi-
mony in the number of model parameters (Wheeler and
Bailer 2007, 2009). The use of model averaging improves the
consistency of the final result and better reflects the uncer-
tainty in the models.

A final discussion point was determining the appropriate
BMR. Slob and colleagues developed an approach for identifying
the BMR for genotoxicity data, based on the endpoint-specific
maximum or its surrogate, the within-group standard deviation,
(SD) (Slob 2017). Using this approach, the BMR for in vivo
chromosome damage is 71-79%, but additional research is
needed to identify other BMR for other genotoxicity endpoints.
The EPA has recommended that the BMD corresponding to
one standard deviation from the control mean response be
reported for modeling of continuous (generally apical) end-
points, regardless of the method used for defining the BMR
(USEPA 2012).

These considerations should, in general, be applicable to
radiation datasets, however further evaluation on the technical
aspects of optimal or minimum requirements of test designs
and the use of data from different levels of biological organ-
ization for defining the PODs will be important. Specifically,
on the appropriate degree of change and BMR for radiation
cytotoxicity and the best use of appropriate dosimetry metrics
(e.g. dose or dose rate), could be evaluated. An assessment of
these will then ensure meaningful BMD values are derived as



the basis for translation into protective radiation dose limits
for human and environmental health risks.

Transcriptional BMDs: proof of concept and
advances in use for chemical hazard and risk
assessment

The workshop also discussed how BMD could be applied to
transcriptomic datasets. This is relevant to the radiation field
which has generated a considerable depth of transcriptional
outputs. In the chemical field, mechanistic information is
increasingly being used to improve the prediction of chem-
ically-induced human health effects, specifically, with the use
of toxicogenomics and other sources of high-content
response data. Toxicogenomics is viewed as particularly
valuable because it provides broad (genome-wide) coverage
of the biological effects that are altered following exposure.
However, one key challenge has been determining the best
way to efficiently analyze and interpret these complex data
sets to inform regulatory decision-making. This has hin-
dered regulatory uptake for chemical hazard assessment.
One solution works toward a long-term vision that applies
transcriptomic biomarkers (e.g. single gene responses or
combination of these in relevant gene sets, pathways, etc.)
that can be used to predict hazards, complemented by dose-
response modeling to identify a concerted molecular
response and alignment with the AOP framework for pre-
dicting toxicity outcomes at different levels of biological
organization. A key tool for advancing this area is the devel-
opment and release of the BMDExpress software and similar
tools (e.g. R-package, DRomics), which enable parallel BMD
modeling of a high number of transcripts.

Overview of BMDExpress software

Scott Auerbach from the US National Toxicology Program
at the NIEHS provided a demonstration of the BMDExpress

Study Design
I
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Download annotations

Data upload
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Review of intensity distribution plot

oBiological Interpretation h Functional Classiﬁcalione_
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descriptions for "active" GO biological
process terms.

« Application of general signature
genotoxicity (GSG) to characterize dose-
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category analyses.

5% populated).

quxpression Data ﬁe
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and (4) ORIOGEN (non-parametric trend
test for non-monotonic trends). |
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Software (Yang et al. 2007; Zheng et al. 2014; Phillips et al.
2019; Ewald et al. 2021). An overview of the current guid-
ance and best practice of performing genomic dose-response
analysis using the BMDExpress software was initially
reviewed. Subsequently, presented were recent updates to
the software including their impact on the analysis of
results, and the functionality the software demonstrated with
a proposed workflow using a radiation dataset (Figure 2).
Scott Auerbach explained that following data normalization,
quality control filtering is performed to identify dose-
responsive features using a Williams trend test in combin-
ation with an effect size filter (e.g. fold change>|1.5|).
Features passing the prefilter are then subjected to dose-
response model fitting using 8 parametric models. A single
best model is then selected based on the lowest AIC score.
The best-fit models for each feature are then further filtered,
removing those with a BMD/BMDL >20 and global good-
ness of fit p-value <0.1. The surviving features are collapsed
into genes and then passed into a functional classification
analysis where they are sorted into predefined gene sets (e.g.
gene ontology biological processes). Finally, genes passing all
the above criteria are identified to be ‘active’, i.e. responsive
to radiation treatment. The gene set demonstrating the low-
est BMD or BMDL is reported as the molecular POD for
the test article. In addition, toxicokinetic modeling function-
ality has been integrated into recent versions of the software.
This additional feature allows the user to estimate dose lev-
els that correspond to internal and external doses.

Apical and transcriptional BMD validation studies
and technical challenges

Andrew Williams from Health Canada presented how the
BMD is defined generally using the BMDExpress software.
This included the various dose-response models and model
assumptions as well as how BMD modeling was adapted for
transcriptomics. He also discussed traditional PODs and

Pre-filter
1

BMD Analysis

o Options: (1) EPA BMDS (MLE model),
(2) ToxicR Bayesian model averaging,
and (3) gCurveP (non-parametric
approach).

« Category analysis, including individual gene analysis, gene
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« |dentification of "active" gene sets and potency (= 3 genes, 2

Figure 2. A general work flow demonstrating the use of BMDExpress for genomic dose response analysis. The steps include study design, expression data (data
quality control), pre-filtering for dose-response behavior, BMD analysis (selection, parameterization, and characterization of BMD), functional classification (pathway
analysis), and biological interpretation (tPOO determination). QC: quality control; ANOVA: analysis of variance; FOR: false discovery rate; ORIOGEN: Order-restricted
inference for ordered gene expression; BMD: benchmark dose; EPA: environmental protection agency; BMDS: benchmark dose software; MLE: maximum likelihood
estimation; BEPOO: biological effect point of departure (lowest BMD and BMDL of the ‘active’ gene sets); tPOO: transcriptomic point of departure; GO: gene ontol-

ogy; GSG: general signature genotoxicity.
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reviewed different types of proposed summary statistics for
defining transcriptomic POD (tPODs) (Webster et al. 2015;
Farmahin et al. 2017). He highlighted that many validation
studies have shown that tPODs tend to be within ten-fold
lower of the apical PODs (Thomas et al. 2013b; Farmahin
et al. 2017; Pagé-Lariviere et al. 2019; Ramaiahgari et al.
2019; Gwinn et al. 2020; Johnson et al. 2020; Alcaraz et al.
2021; Crizer et al. 2021; Alcaraz et al. 2022; Mittal et al.
2022). This quantitative concordance supports the potential
utility of short-term transcriptomic studies in chemical haz-
ard assessment, and it has generally been argued that the
use of tPODs would be protective for human health risk
assessment purposes. For example, using rat transcriptome
and apical data for 79 chemicals obtained from the Open
Toxicogenomics  Project-Genomics  Assisted  Toxicity
Evaluation System (TG-GATES), Johnson et al. demon-
strated that short-term exposure, transcriptome-based liver
tPODs were predictive of longer-term (chronic) phenotypic
PODs (Johnson et al. 2020). Apical endpoints considered in
this study were body weight, clinical observation, kidney
weight and histopathology and liver weight and histopath-
ology. A strong positive correlation (Pearson R=0.86) and
predictive accuracy (root mean square difference = 0.41)
were observed between the 29-d liver tPODs and the apical
PODs. Johnson et al. concluded that apical PODs from liver
and non-liver compartments derived from longer-term stud-
ies could be estimated using a liver tPOD estimated from an
acute or a sub-acute exposures. Numerous other studies
have been conducted to similarly support the utility of
tPODs in predicting the dose at which adverse apical effects
occur (Thomas et al. 2013a; Pagé-Lariviere et al. 2019;
Gwinn et al. 2020).

Andrew Williams explained some additional technical
challenges concerning tPODs due to the high dimensionality
of these genome-wide experiments. He presented results
from a study using solely solvent controls that evaluated
TempO-Seq (https://www.biospyder.com/) gene expression
data to examine the empirical false discovery rate (FDR)
(Ramaiahgari et al. 2019). This analysis randomly assigned
solvent control samples to ‘dose groups’ and applied various
BMD modeling pipelines. He showed that increasing the
sample size and/or using a more conservative p-value cutoff
for the Williams™ Trend Test, or increasing the fold change
cutoff prior to BMD modeling, improved the control of the
empirical false discovery rates, FDRs (i.e. FDRs < 0.05).

Andrew Williams also discussed the technical challenges
of estimating confidence intervals for tPODs. With the com-
plexity of many of the tPOD definitions, the bootstrap
method is one technique that could be used to appropriately
estimate tPOD confidence intervals. Confidence intervals for
the 25th gene of the total distribution and the lowest path-
way were examined. These analyses indicate that the confi-
dence intervals for the 25th gene are not as wide as those
for the lowest pathway.

Carole Yauk (University of Ottawa) discussed that despite
the significant advances made in developing transcriptomic
technologies and pipelines for these applications, there
remain numerous challenges that must be addressed to

facilitate its regulatory adoption in chemical toxicology.
Some key questions include:

Will certain toxicological effects be missed?

Since gene expression changes are transient and not
necessarily adverse, will decisions be based on adaptive
versus adverse effects?

e Since gene expression changes are among the first and
most sensitive responses to a stressor, and how predictive
and protective are such low doses for phenotypic events?

e What is the uncertainty associated with these new
approaches?

e What is the optimal quantization method for transcrip-
tomic POD (tPOD)?

e Are different modeling approaches and methods (soft-
ware) providing comparable results?

To address these questions, case studies that bring
together the regulatory and research community are being
used to facilitate knowledge exchange, obtain feedback on
feasibility and potential barriers. These case studies provide
opportunities for training, harmonization, and early integra-
tion that can build confidence for regulatory adoption.

Case studies

Carole Yauk described a few case studies exploring the use
of tPODs in different decision-making contexts. She first
described collaborative efforts on the chemical hexabromo-
cyclododecane (HBCD) to demonstrate how transcriptomic
BMD modeling of liver samples from short-term studies
could be used within a tiered testing paradigm. This work
showed high concordance in the PODs derived from con-
ventional test methods relative to tPODs produced from rat
livers (Farmahin et al. 2019). In a case study on a chemical
grouping of 23 per- and poly-fluoroalkylated substances
(PFAS), she discussed how tPODs produced from exposed
human liver hepatocyte spheroids could be used to rank
order the potency of chemicals within this group (Reardon
et al. 2021; Rowan-Carroll et al. 2021). The data were con-
sistent with the expected potency of these compounds based
on the carbon chain length of each of the chemicals. In a
case study on substitutes for the endocrine-disrupting chem-
ical bisphenol A in MCEF7 cells, she summarized how tran-
scriptomic BMD modeling supports not only potency
comparison but identification of inactive compounds in this
model system (Matteo et al. 2022). Finally, the work also
showed how transcriptomic BMD modeling can be used to
examine mechanistic similarities by pathway and upstream
regulator enrichment analysis of dose-responsive pathways
(Matteo et al. 2022).

Overall, these case studies exploring the use of transcrip-
tomics in decision-making for chemical hazard assessment
have demonstrated that the dose at which transcriptional
perturbations arise in short-term studies is consistent with
the dose at which adverse phenotypic effects like cancer
occur following longer-term exposures (Thomas et al. 2013b;
Pagé-Lariviere et al. 2019; Gwinn et al. 2020; Johnson et al.
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2020). These studies also suggest that tPODs are not overly
conservative and will not produce unachievable risk manage-
ment levels for chemical exposures. One important challenge
that remains is identifying the optimal approach to derive a
tPOD (i.e. best practices and guidelines). However, the work
suggests that the dose at which the transcriptome is robustly
perturbed would also induce adverse health consequences
following prolonged exposure. It also suggests that a variety
of approaches can be used to identify tPODs and they lead
to similar outcomes.

Carole Yauk concluded that these case studies have been
very useful to inform regulatory applications and to build
confidence in applications for chemical hazard assessment.
She recommended that research experts in transcriptomics
should continue to promote and support collaborations with
the regulatory community to advance these applications.
The establishment of best practices for deriving tPODs is
necessary and should consider both the technical aspects
(e.g. impacts of filtering, normalization, platform, study
design, etc.) alongside the different contexts of use for the
tPODs in decision-making. She noted that the OECD has
developed a framework for reporting data and methods used
for regulatory submissions of transcriptomic (and other
OMICS) data that will ensure transparency and may facili-
tate the developing acceptable practices (Harrill et al
2021b). She emphasized that it will be critical to demon-
strate applicability across a broad chemical and biological
space to support mainstream integration for decision-
making.

Radiation BMD modeling and tPODs: current status
and future perspective

Vinita Chauhan (Health Canada) described recent work
using the BMD approach for radiation datasets. She pro-
vided a vision for how the BMD approach may be used in
the field of radiation research and regulation. Ngoc Vuong
(Health Canada) followed and discussed the importance of
study design to achieve optimal BMD outputs.

Vinita Chauhan highlighted that transcriptional events
may indeed provide a predicative understanding of the
exposure-response to outcome relationship, especially if
organized across levels of biological organization using the
AOQOP framework (Figure 3). However, currently in the radi-
ation field, this type of data is minimally explored and
efforts need to be directed to help advance this area. This is
particularly timely as more efforts globally are being directed
to understand the health effects from low dose and low
dose-rate radiation exposures.

Radiation case studies

Vinita Chauhan’s group has published several case studies
on the BMD approach using ‘in-house’ generated datasets
(Chauhan et al. 2016; Qutob et al. 2018; Chauhan et al.
2019) to explore the relationship between transcriptomic
BMDs and identifying dose limits. The undertakings focused
on assessing BMD outputs related exposure of the lens of
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Figure 3. Dose-response evidence used to support key event relationships in
adverse outcome pathways may be used to derive benchmark dose values
across key events in a pathway to identify correlative BMDs (i.e. early vs late
events). KE: key events; BMD: benchmark dose.

the eye to ionizing radiation, and UV exposure of skin lead-
ing to erythema. Human lens epithelial cells were exposed
across a broad dose-range (0-5Gy) to X-rays administered
at a low dose-rate (LDR: 1.62cGy/min) or high dose-rate
(HDR: 38.2cGy/min). BMD analysis of the transcriptional
responses showed initiation of different pathways for the
HDR exposure relative to the LDR exposure. The analysis
highlighted that the lowest pathway BMDs (0.6 Gy) for the
HDR exposure aligned well with the threshold of effect
identified by the International Commission on Radiological
Protection (ICRP) for the lens of the eye (0.5Gy) (Ainsbury
et al. 2009). The ICRP limits were derived from a review of
epidemiological studies using lens opacities as the measure-
ment endpoint (ICRP 2012). Furthermore, for the LDR
exposures, transcriptional BMD analysis showed the lowest
pathway BMD value to be 2.5Gy, indicating a dose-rate
effect that may or may not have repercussions for late effects
such as cataracts. Similarly, a study assessing UV exposure
and skin erythema using human epidermal keratinocytes
demonstrated that a subset of transcriptional BMD values
aligned with current dose estimates for skin reddening.
Together, these case studies show observations of concord-
ance between tPODs and apical PODs, similar to chemical
studies.

Additionally, Vinita Chauhan discussed the need to validate
the consistency and reproducibility of BMDs in the context of
radiation datasets. For this, she presented a meta-analysis of
33 relevant transcriptomic studies deposited in the Gene
Expression Omnibus (GEO: https://www.ncbi.nlm.nih.gov/geo/)
(Chauhan et al. 2021a). The work highlighted how BMD val-
ues are reproducible across similarly designed studies and how
radiation parameters (dose-rate and radiation type) can impact
BMD outputs. This latter observation underscored the potential
of using BMD values to compare exposure scenarios. For
example, using results from a study conducted ‘in-house’, she
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showed that an alpha particle exposure to blood cells generally
derived much lower gene and pathway BMD values compared
to an X-ray or y-ray exposure, implying the latter two are less
effective in activating transcriptional responses (Chauhan et al.
2021a). Additionally, the meta-analysis also showed that lym-
phocytes generally have lower transcriptional BMD values rela-
tive to fibroblasts for the same pathways, indicating that the
latter cell type may be more radioresistant.

An interesting finding that arose from this work was the
bimodal distribution of BMD values, an observation not
prevalent in the chemical toxicology field. Vinita Chauhan
explained how these modes may translate to early transcrip-
tional responses that may underlie key events in AOPs.
Pathways with low BMDs values (DNA repair, cell signal-
ing), representing mode 1, could be associated with early
key events in an AOP and higher pathway BMD values
could be associated with later key events (immune response,
pathology). Further exploration of BMDs is required toward
defining tissue weighting factors and relative biological
effectiveness (Figure 4). Together, these initial studies have
provided some key findings that underscore areas where
BMD modeling could be applicable in the radiation field.

Importance of experimental design

Vinita Chauhan also highlighted the importance of identify-
ing technical parameters (i.e. exposure doses and biological
replicates) to develop guidance on how the BMD approach
may effectively be applied in terms of optimal study design
for radiation datasets. In this context, Ngoc Vuong discussed
in depth the impact of the number of exposure doses and
biological replicates required to produce meaningful BMD
results (Stainforth et al. 2022). To illustrate these points, a

microarray dataset (GSE52403) from mice irradiated with
%7Cs 7 rays was used (Lucas et al. 2014). In the study, ani-
mals were subjected to whole-body irradiation at 8 different
absorbed doses (0, 1, 2, 3, 4.5, 6, 8, and 10.5 Gy), where 15
mice were used for the control and 5 mice were used for
the non-zero doses. For the meta-analysis, systematic
removal of dose(s) or biological replicates was undertaken
and observed changes to the trend of their respective BMD
outputs were assessed. Overall, the accuracy of BMD model-
ing was low when 1 Gy dose was removed or the number of
doses was <4. The study also showed that BMD modeling
accuracy and precision were reduced with decreasing num-
ber of replicates, particularly for the non-zero dose groups.
Reducing biological replicates led to fewer genes identified,
higher false discoveries, and/or lower accuracy in BMD
value.

Ngoc Vuong also explained the potential application of
BMD modeling to discern susceptibilities relating to bio-
logical variables such as sex and smoking status. To this
end, he used a publicly available microarray dataset (GEO
#GSE23515) that examined human peripheral blood exposed
to 0, 0.1, 0.5 and 2 Gy of y rays ex-vivo at 0.82 Gy/min, and
assessed 6h post-exposure (Adam et al. 2022). In this study,
blood was donated by six female nonsmokers (F-NS), six
male nonsmokers (M-NS), six female smokers (F-S), and six
male smokers (M-S). The results showed BMD distribution
was bimodal across the four groups. Unique genes were
identified for each of the confounding groups F-NS (74), M-
NS (41), F-S (62), and M-S (62). Pathway analysis identified
common pathways in all 4 study groups. The majority of
the common pathways centered on TP53-regulated pathways
of cell death and cell cycle. There was no notable differential
sensitivity of responses in these robust common genes and
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Figure 4. Schematic showing how key events in an adverse outcome pathway can be the basis of experimental design and data interpretation using the BMD
approach and provide information on relative biological effectiveness, tissue weighting factors and the protective dose. AOP: adverse outcome pathway; KE: key
events; BMD: benchmark dose. Additional details on derived outputs can be found in Chauhan et al. (2016).



pathways for any specific group. However, unique pathways
with associated BMDs could be identified for each group: F-
NS (1), M-NS (7), F-S (1), and M-S (2). Clearly, to enhance
confidence in the unique responses, future studies should
use a larger cohort of individuals and a broader dose range
to confirm the BMD modeling outputs. This initial work
highlights promising aspects of the BMD approach, which
warrant further exploration through well-designed experi-
mental work and data assessment.

Discussions and key messages

There was a general consensus supporting the use of BMD
modeling in AOP-informed radiation hazard and risk assess-
ment applications. Participants agreed that the approaches
and tools presented have matured to a stage where broader
adoption is possible based on the extensive work done in
chemical toxicology. Participants commented that the data
integration in BMDExpress is impressive and the examples
of data analyses, biomarker discovery, and their use for set-
ting guidelines were informative. The comparison between
the BMDs derived using transcript data and BMD using
conventional toxicity tests provides support for focused
efforts in the translation of this approach to human radio-
logical risk assessment. The comparability of BMDs derived
using transcriptomics data and BMDs from conventional
toxicity testing is an important validation exercise that is
needed for confident use in assessments of the health risks
of exposure to ionizing radiation. Participants also indicated
that the model averaging approach is intriguing, possibly
requiring standardization/harmonization and assessment
across different radiation parameters.

It was noted that in addition to transcriptomic data, the
BMD approach has also been tested using other kinds of
high-dimensional data, including proteomics, epigenomics,
and metabolomics (which reflects a later endpoint more
closely tied to health outcomes) in chemical toxicology stud-
ies (Miousse et al. 2017; Rager et al. 2017; Olesti et al.
2021). In fact, TOXcms, a recently published freely available
software  (http://pattilab.wustl.edu/software/toxcms),  was
developed to understand biochemical mechanisms and off-
target drug effects for dose-response metabolomics (Yao
et al. 2020).

Additionally, the multi-modal distribution of gene BMDs
was of interest, as this had been observed when examining
radiation datasets. It is evident that some genes respond in
the low dose range, and there may be a 2nd (or a 3rd) surge
in responses at a higher dose. With the BMD approach, it
could be possible to distinguish between lower dose vs
higher dose mechanisms when evaluating health impacts
and identify the most relevant toxicity mechanism and path-
ways for a given adverse outcome. This can be pragmatically
used to identify the most relevant AOPs in more complex
AOP network using either BMD modeling or Bayesian
approaches (Moe et al. 2021).

In the future, it will be worth exploring how phenomena
such as hormesis and chronic low dose exposures translate
to transcriptional BMD values. It may be that the peaks
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observed in a hormetic response as assessed by an exposure-
response curve represent tipping points for different types of
toxicity that lead to bursts in transcriptomic activity in spe-
cific pathways (Vaiserman et al. 2021). In the case of
chronic low dose exposures, reported signature genes may
show shifted BMD values as the duration of the exposure
decreases. These types of questions and others may be the
focus of future work.

Conclusion

The outcomes of the workshop have highlighted that the
BMD approach has been well developed and validated over
the past decades, the analytical pipelines are fully transpar-
ent and readily transferrable between labs (user-friendly),
and the case examples with different radiation sources dem-
onstrate proof of concept in their application for radiation
risk assessment. Transcriptional BMDs can provide predict-
ive mechanistic information for human health effects that
can support hazard and risk assessment strategies (Harrill
et al. 2021a; Krewski et al. 2020; Ramaiahgari et al. 2019;
Thomas et al. 2007; Thomas et al. 2013a). Adoption of the
approach for radiation protection could be a consideration,
particularly with the many exposure scenarios defined by
various radiation types, doses, and dose rates of delivery and
associated health outcomes.

It is envisioned that continued partnerships with the
chemical field will position the radiation field to produce
similar correlative studies that promise to show how early
relevant molecular events (transcriptional changes) could
align with adverse effects observed in an animal or human
studies (Figure 4). Efforts in this direction have already been
undertaken but more case studies are needed, particularly
informed by AOPs. To progress efforts toward consideration
in regulatory guidelines the following steps are needed:

e Knowledge transfer to the international radiation com-
munity of work underway in the chemical field in the
context of new approach methods and use in human
health protection

e International survey to gauge the perception of experts
within the radiation field to use transcriptional data to
inform hazard and risk assessment strategies

e Development of case studies that identify PODs informed
by AOPs that can be used as dose concordance data

As work in these area progresses, it is envisioned that
BMD modeling and quantitative AOP development will
identify more refined dose estimates for the risk of health
effects from low-dose and low dose-rate ionizing radiation
exposures when physical radiation dosimetry is unavailable.
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