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Abstract

Over time, risk assessment has shifted from establishing relationships between exposure to a 

single chemical and a resulting adverse health outcome, to evaluation of multiple chemicals and 

disease outcomes simultaneously. As a result, there is an increasing need to better understand the 

complex mechanisms that influence risk of chemical and non-chemical stressors, beginning at 

their source and ending at a biological endpoint relevant to human or ecosystem health risk 

assessment. Just as the Adverse Outcome Pathway (AOP) framework has emerged as a means of 

providing insight into mechanism-based toxicity, the exposure science community has seen the 

recent introduction of the Aggregate Exposure Pathway (AEP) framework. AEPs aid in making 

exposure data applicable to the FAIR (i.e., findable, accessible, interoperable, and reusable) 

principle, especially by (1) organizing continuous flow of disjointed exposure information;(2) 

identifying data gaps, to focus resources on acquiring the most relevant data; (3) optimizing use 

and repurposing of existing exposure data; and (4) facilitating interoperability among predictive 

models. Herein, we discuss integration of the AOP and AEP frameworks and how such integration 

can improve confidence in both traditional and cumulative risk assessment approaches.
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A New Direction and New Challenges for Risk Assessment

Advances in analytical methods and predictive models have contributed to a rapid evolution 

in the fields of exposure science, toxicology, and epidemiology. The resulting increase in the 

rate, scope, and magnitude of data generation within these fields has shifted the focus of risk 

assessment from observing apical responses to understanding how chemical or non-chemical 

stressors interact with biological receptors that, when perturbed, lead to apical responses [1]. 

The risk assessment community is provided with the opportunity to not only investigate 

causal relationships between a single stressor and a single disease, but also to systematically 

identify multiple stressors and biological mechanisms that contribute to a common disease 

or that impact various species. This new opportunity also presents new challenges, such as 

the organization of large, disjointed streams of information from various disciplines into 

coherent knowledge able to support risk assessment. Frameworks are essential in addressing 

this particular challenge, as they provide a generic scaffold to aid in the acquisition, 

organization, integration, harmonization, and application of data.

Frameworks for Toxicological and Exposure Sciences

The field of toxicity has seen numerous benefits arising from the widespread acceptance and 

broad applicability of science-based organizing frameworks, such as the Mode of Action 

(MOA) and the Adverse Outcome Pathway (AOP). The widely accepted MOA framework 

uses chemical-specific toxicity information to describe a biologically plausible series of key 

events leading to an effect, for supporting human health risk assessment [2,3]. More 

recently, the AOP framework has emerged as a mechanism for organizing chemical-

independent knowledge and data through a series of causally connected biological key 

events, thereby allowing for a mechanism-based evaluation of human and ecological health 

risks arising from chemical exposure [4–6]. Organizing frameworks such as AOPs have led 

to advances in experimental design and identification of data gaps and research needs, in 

addition to benefiting such applications as high-throughput toxicity testing and chemical-

specific MOA analyses.

The field of exposure science has also evolved to a point at which it is poised to reap similar 

benefits from a complementary framework capable of more efficient acquisition, 

organization, and interpretation of exposure knowledge, data, and predictions. To meet these 

growing needs, the Aggregate Exposure Pathway (AEP) framework was proposed as a 

means to assemble existing knowledge of exposure, spanning from a stressor’s origin to its 

concentration at a site of action [7]. AEPs share several key features with AOPs. 

Specifically, (1) development of AOPs and AEPs proceeds in an incremental manner, thus 

allowing both frameworks to continuously evolve as new data become available or new 

information is discovered; (2) both frameworks are general constructs intended to support 

qualitative and quantitative uses of their contained information; and (3) individual AOPs and 
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AEPs are themselves modular constructs, and can be incorporated into larger networks to 

model complex systems.

The structure and terminology of AEPs were proposed to mirror those same aspects of 

AOPs, in order to provide a foundation for seamless integration and interoperability between 

the two frameworks. The two basic components in an AOP are the key event (KE), 

representing a measureable change in a biological state, and the key event relationship 

(KER), representing the causal relationship between an upstream and a downstream KE [8]. 

Both components are supported by a weight of evidence approach to increase consistency 

and confidence in potential applications of AOPs. In an AEP, these are mirrored by a key 

exposure state (KES), defined as the state of a stressor in space and time, and the key 

transitional relationship (KTR), which is either the transport of a stressor across media 

within one AEP or the transformation of one stressor to another involving two AEPs [7]. An 

AOP has two specialized KEs, a MIE and an adverse outcome (AO). Similarly, an AEP also 

has two specialized KESs; these are a source and a target site exposure (TSE), defined as the 

state of a stressor at its origin and at a site of action, respectively.

Terminating an AEP at the TSE allows for an intuitive integration of the AEP and the AOP 

frameworks. A TSE describes the state of a stressor at a target site that corresponds to a 

potential MIE, and an MIE represents the initial interaction between a stressor and a 

molecular target that can be causally linked to an AO [9]. Placing this integration in a risk 

assessment context, (1) the AOP framework organizes key biological processes underlying 

toxicity and can guide selection of experimental testing (e.g., in vitro or in vivo) and non-

testing (e.g., in silico) approaches for hazard identification; (2) the AEP framework 

organizes available exposure information to facilitate predictions of exposures at relevant 

sites of action; and (3) dose-response analysis provides the effective concentration at which 

a change in a biological response becomes significant. Thus, integrating the AEP and the 

AOP frameworks with dose-response analyses allows various pieces of information to be 

pieced together based on a more holistic understanding of the fate, transport, and 

pharmacokinetic processes that move a stressor from its source to potential TSE(s), and 

subsequently, the potential to assess health impacts of real-world exposure scenarios that 

result in specific AOs.

Integrating the AEP and the AOP Frameworks for Risk Assessment

As risk assessment moves towards an effort to better understand how multiple chemical and 

non-chemical stressors interact with multiple biological pathways that lead to or modify a 

common apical outcome [10], information organized in the AEP and the AOP frameworks 

can be integrated to address risk queries in a comprehensive, efficient, and effective manner. 

Coupling the AEP and AOP frameworks can provide a better context for interpreting dose-

response data from high-throughput toxicity testing for individual chemicals. In addition, the 

AEP framework provides a consistent mechanism for integrating exposure information to 

more accurately consider multiple chemicals in a cumulative risk assessment.

Toxicity testing is increasingly conducted via high throughput (HT) in vitro tests that 

monitor molecular or cellular perturbations that eventually lead to a designated risk-based 
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endpoint (e.g., general liver toxicity or, specifically, steatosis) [11,12]. The AOP framework 

was developed to connect the MIE(s) used for HT toxicity testing to a respective endpoint 

[13]. In an analogous manner, specific TSEs can connect the original source of a chemical or 

non-chemical stressor, or measures other than the source indicating the presence of that 

stressor in the environment, to its concentration at the site corresponding to the MIE. For 

stressors that do not, or are unable to, have their concentrations measured at the target site, 

other exposure information in their AEPs may be used to predict the TSEs using appropriate 

models. If TSEs cannot be estimated/measured or if an AEP does not exist for a stressor, 

data gaps can be identified, and exposure assessment strategies can then be developed for 

these stressors.

Recent efforts have been made to translate biologically-effective in vitro concentrations into 

in vivo exposures [14–16], and in vitro concentrations might be better represented in an 

intracellular manner [17–20]. AEPs organize exposure information within different media 

and across different testing systems, and thus they can support the development of modeling 

tools to convert these in vitro concentrations to relevant TSEs [14,21–25]. For example, in 
vitro dose-response data can be used to predict in vivo responses using physiologically based 

pharmacokinetic (PBPK) and pharmacodynamic models [26]. These predictive models, 

together with read-across approaches [27], can be used to estimate in vivo effects based on 

in vitro perturbations or in silico predictions for a large number of data-poor chemicals.

Recently, the Integrated Approaches to Testing and Assessment (IATA) was proposed to 

interpret results from novel test methods and models, to facilitate their application in public 

health decision making [13]. IATA can serve as a flexible and suitable tool for decision 

making, by integrating information needed to support the decision in a systematic manner 

[28]. IATA includes newly developed in vitro systems and measurement technologies (e.g., 

HT screening and high content imaging), as well as computational approaches, such as 

quantitative structure activity relationships and PBPK models [29]. The AOP framework has 

been adopted as the preferred mechanism for integrating toxicity data needed for hazard 

characterization as part of IATA [28], and AEPs could serve a similar role in organizing 

exposure information. IATA approaches also can provide insight into a more reliable and 

comprehensive exposure-based risk assessment.

The paradigm shift in risk assessment towards mechanism-based IATA approaches for 

observation of apical responses, and away from a full battery of animal tests, fundamentally 

compels an increased emphasis on exposure. The authors of the National Academy of 

Sciences’ report regarding toxicity testing in the 21st Century called for the consideration of 

exposure information at each step of the toxicity testing process [12]. The type and degree of 

necessary toxicological information can be resolved by beginning risk assessment with 

exposure characterization, thus preventing a waste of resources and collection of 

nonessential toxicological information that provides no improvement in the ability to 

manage risk [30,31]. Realization of such an exposure-driven approach, of course, requires 

access to the more comprehensive exposure information emerging from new tools and 

approaches in exposure science [32].
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Cumulative risk assessment (CRA) involves determination of potential additive effects 

arising from exposure to multiple stressors that have a common mechanism of action. CRA 

is often conducted in a hazard-based manner using the highest estimated exposure 

concentrations, in order to be health protective. However, the likelihood of real-world 

exposure scenarios in which all chemicals are present at such high concentrations drops 

precipitously as more chemicals are included in the risk assessment. AEPs could help in 

determining likely co-exposure scenarios, both by making existing data simple to find and 

by enabling more sophisticated modeling approaches that incorporate extra available 

exposure information.

Networks of AEPs can be formed as chemical mixtures are sampled within the same 

environmental or biological media. While compiling such co-exposure information in a wide 

variety of media is certainly a herculean task for any individual investigator, the AEP 

framework can allow for incremental development of AEPs such a network through 

crowdsourcing efforts by the exposure community. As the co-exposure network continues to 

evolve by including data obtained from more media types containing similar chemicals, the 

TSEs of these stressors are less likely to be estimated in isolation, and confidence in co-

exposure of chemical candidates can be greatly improved.

In addition to a network that connects KESs from individual AEPs via shared media (e.g., 

multiple endocrine disrupting compounds measured within the same riverine water sample), 

another type of network uses KTRs to connect the AEP of a parent chemical with AEPs of 

its degradation and biotransformation products. Such a network of AEPs can be used to 

investigate potential health risks related to the introduction of a parent chemical triggering a 

single MIE, to multiple MIEs linked to multiple AOPs with similar AOs, or to multiple 

MIEs linked to multiple AOPs with different AOs (Fig. 1). A similar type of network 

connects an AEP for a shared degradate/metabolite to several AEPs for its parent precursors 

(Fig. 2). One such an example is acetaldehyde, which exists on its own in the environment 

and as an industrial product, is produced endogenously, and is generated through 

metabolism of ethyl acetate, vinyl acetate, and ethanol [33]. In this type of AEP network, 

exposure information organized for the shared metabolite and multiple parent precursors not 

only allows for health risks to be evaluated by accounting for co-exposure scenarios for 

these parents, but also can be used to prioritize source management or mitigation efforts. For 

example, if all possible parents of the shared metabolite acetaldehyde can be measured in 

air, and it is found that vinyl acetate exists at a higher concentration than all other parents, 

then it can be assumed that reducing levels of vinyl acetate may lower acetaldehyde air 

concentrations.

The inherent nature of an AEP, in organizing exposure information for a stressor in 

environmental, biological, and manufactured media, also allows for a natural integration 

among humans and ecosystems. Such integration offers the opportunities to investigate how 

human activities (e.g., land management and development) impact the natural functioning of 

ecosystems, as well as how both humans and wildlife affect each other in a reciprocal 

manner. Combined with the AOP framework, it is possible to further explore how the effects 

caused by one stressor may exacerbate effects of other stressors or on another species. For 

example, larval settlement and growth of a benthic polychaete was shown to be significantly 
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reduced in hypoxic waters when compared to normoxic conditions with similar 

concentrations of polybrominated diphenyl ethers, despite the ability to adapt to heavily 

polluted environments [34]. Perhaps most difficult to capture in the AEP and the AOP 

frameworks are “indirect effects”, such as loss of food resources or habitat structure, since 

these effects are only implicitly embedded in stressor concentrations or related to AOs. In 

this context, integrating AEPs and AOPs to fully encompass ecological risk assessment is 

not trivial, but can have substantial influences on ecological health.

Finally, temporal variation embedded into the KESs of specific AEPs could allow the 

exposome and epidemiological analyses to meet their critical need for investigating changes 

in exposure and resulting impacts (e.g., epigenetic alterations, disease development and 

progression). The exposome was proposed as a means for identifying risk factors that could 

lead to disease in humans, by considering all possible exposures (e.g., endogenous 

hormones, gut microbiota, lifestyle, psychological stress, chemicals) for an individual from 

conception to death through exposomics applications [35]. This definition of the exposome 

reflects the concept of integrating the AEP and the AOP frameworks, which elucidates the 

linkage between exposure, affected biological processes, and resulting diseases so that 

confidence might be improved in the exposure-disease relationships informed by exposome 

research.

Conclusions

The examples presented in this work only just begin to touch upon the many applications 

potentially offered by the AEP framework. The AEP framework is not meant to act as a new 

direction for exposure science or a new modeling tool for risk assessment, but rather 

provides a standard mechanism for organizing exposure data. Such organization is critical 

for exposure science, where data is derived from separate sub-disciplines, so that 

information may be more easily incorporated into existing risk assessment methods. 

Exposure information organized within AEPs provides a wide range of exposure metrics that 

are able to link to available toxicity information or to identify data gaps, for use in various 

risk assessment applications. For example, although emphasis is often placed on TSEs at a 

molecular or cellular level, TSEs can also be defined in the context of epidemiology findings 

that consider exposure at the level of individuals. Assembly of AEPs into AEP networks 

naturally integrates information across multiple chemicals and exposure media, thereby 

promoting more realistic estimates of exposures in cumulative risk assessment. The unique 

aspects that AEPs provide in support of various resources stand to aid in advancing of 21st 

century exposure science and risk assessment strategies.
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Figure 1. 
Integration of dose-response data with multiple Adverse Outcome Pathways (AOPs) and one 

single Aggregate Exposure Pathway (AEP). The concentration of one stressor at its target 

site of action (i.e., target site exposure; TSE) can potentially link to several molecular 

initiating events (MIEs) that lead to different adverse outcomes (AOs) upon perturbation of 

the molecular targets, provided the TSE is sufficient to eliciting a specific MIE.
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Figure 2. 
Integration of dose-response data with one Adverse Outcome Pathway (AOP) and multiple 

Aggregate Exposure Pathways (AEPs). The concentrations of multiple stressors at the same 

target site (i.e., target site exposures; TSEs) can lead to the activation of the same molecular 

initiating event (MIE) and result in one specific adverse outcome (AO). This feature is 

especially of interest in cumulative risk assessment because the concentration of one stressor 

alone may be insufficient to trigger the MIE, but addition of TSEs from multiple stressors 

may be sufficient.
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