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Abstract 
Adverse Outcome Pathways (AOPs) offer a pathway-based toxicological framework to support hazard assessment and reduce uncertainty in regulatory decision-making. Here we present four case studies 
demonstrating different levels of knowledge and confidence to examine how the AOP concept can be used as a qualitative and quantitative tool in hazard and risk assessment for either human health or ecological 
concerns. We also present a conceptual model that enables quantitative integration of data into a pathway context, based on the biological relevance of an event to the outcome, the strength of evidence for a causal 
relationship between key events, and the ability of a key event to infer that a chemical will cause the adverse outcome. The model involves weighting values assigned to each event and subsequent analysis of the 
relative contribution of each event to the overall weight-of-evidence assessment. The utility of the model is demonstrated by examining the pathway for mitochondrial fatty acid beta-oxidation inhibition leading to 
steatosis. For AOPs to be useful they should result in a risk assessment with higher confidence compared to current approaches.  This necessitates the development of quantitative solutions to AOP assessment and this 
study offers one such approach. 

Elements that determine confidence in an AOP  
1. Confidence in the underlying data 
2. Confidence that an event is essential to the 

adverse outcome 
3. Confidence in the order and causal relationship of 

events 
4. Biological plausibility 
5. Concordance of events with dose-response 

The evaluation pathway elements by application of 
modified Bradford-Hill criteria for causation has been 
described by Boobis et al (2008) and recently updated 
by Meek et al 2014.  
• helps identify gaps and uncertainties in the AOPs 

(Villeneuve et al 2013)  
• defines the confidence with which the AOPs can be 

used  
• gives much more confidence than a simple Weight 

of Evidence (WoE) approach   
• both a qualitative and a quantitative assessment of 

uncertainties are necessary 
 

How can an AOP framework increase 
certainty in an assessment? 
1. By providing biological plausibility for a 

decision 
a. Qualitative assessment 
b. Hypothesis testing, e.g. a chemical causes 

many or all of Key Events 
c. Transparent communication 

2. By providing a pathway-based framework to 
quantify/value data 
a. strengths of relationships within an AOP 

can be used to weigh data 
b. Improved WoE assessment vs. a “naïve” 

approach where all evidence is considered 
with equal weight 

3. Allows computational modeling of pathway 
elements with probabilistic outcomes 
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Examples of acceptable levels of confidence in AOPs for 
use in different regulatory applications 
AOPs with wide range of completeness can be applied to 
decrease the uncertainty of decisions; however, the 
confidence in the AOP will determine its applicability to 
specific regulatory applications (Figures 1 and 2): 
Prioritization  requires a relatively low level of confidence  
• e.g. pathway for narcosis leading to respiratory failure 

(Figure 3A)  
• uncertainty about the exact key events leading to the AO 
• strong correlation between the log Kow (MIE) and narcotic 

effects  
•  useful for predicting acute effects in e.g. fish based 

chemical structure (Verhaar et. Al., 1992).  
Informing an integrated testing and assessment 
strategy, hazard characterization, or chemical read 
across applications require moderate confidence  
• more thorough mechanistic and causal understanding  
• Some knowledge of the relationships between KEs (KERs) 
• e.g. cancer caused by exposure to 1,4-dioxane (3b) 
• MIE is unknown  
• Strong mechanistic and statistical linkage of KEs to AO 
• useful in quantitative risk assessment (US EPA 2013)   
Hazard characterization and risk assessment requires 
more detailed information linking activation of an MIE is to 
the adverse effect 
• e.g. pathway for skin sensitization initiated by covalent 

binding to proteins (3c), used in 
• categorization of chemicals 
• in supporting integrated testing (Maxwell et al 2014) 
For quantitative risk assessment, quantitative 
description of the relationships between Kes and AO is 
necessary 
• e.g. Aromatase inhibition leading to reproductive 

dysfunction in fish (Figure 3D)  
• high degree of certainty 
• predictive causally linked quantitative models are available 

(Ankley et al 2010) 
• AOPs with a high degree of confidence can be used in most 

regulatory application areas 
• consideration of a broader Source to Outcome (exposure to 

population) will further decrease the uncertainty 
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Figure 4. Application of an objective 
decision function (ODF) to identify 
the most informative key events in a 
hypothetical AOP 
A. Qualitative Adverse Outcome 

Pathway.  
B. Quantitative Adverse outcome 

pathway.  Relationships can be Weak 
= 1, Adequate = 2, and Strong = 3. 
Key events are numbered from the 
Molecular Initiating Event or earliest 
Key Event to the Adverse Outcome.  

C. Objective Decision Formula for 
quantifying the value or weight of an 
event using a pathway-based 
framework.  

D. Events/data weighted relative to the 
Adverse Outcome pathway in which 
they reside. 

Weighting AOPs and Identifying the Most Informative Key Events: an 
objective decision function (ODF)  
• designed for weighting events in an AOP  
• to identify the most informative key events that infer the AO  
• useful in making the best decision given the trade-offs between two or more 

possible choices subjective determinations and bias is minimized 
• requires inputs that are based on clearly defined weight of evidence criteria 
• to apply an ODF, an AOP have at least a qualitative assessment of the relative 

strength of each element (e.g. location of the KE within the AOP, linkage 
strength, and inference strength) 

linkage strength between key events was varied (based on OECD 2013) from ‘Very Weak’ = 1, ‘Weak’ = 2, 
‘Moderate’ = 3, ‘Strong’ = 4 and ‘Very Strong’ = 5 
• inference strength [probability of an event (MIE or KE) correctly inferring the AO] ranged from 0%, 0.1%, 

0.4%, 0.7%, 0.85%, 0.95% 
• (AO cannot be altered so it was disregarded in the simulation) 
30 possible combinations for each event 
Using the ODF described in Figure 4C to assess every single possible combination of linkage and inference 
strength for each event we show that KE 3 is most often the most informative (5B). An analysis of the 
distribution of scores shows: 
early KEs can reach high scores in situations of low accuracy and linkage weights of downstream events 
key events closer to the AO have a much higher chance of high scores but they are much more closely related to 

each other suggesting that there may be a set of choices for any given AOP providing the user with a choice of 
multiple key events for further consideration.   

Other considerations when choosing which KEs to query: whether the KE information is sufficient in the 
specific decision context, as well as the cost, time and animal use associated with assaying a particular KE.  
More advanced techniques are available, such as Bayesian approaches that may provide a more accurate 
and better incorporation of the data; however, the simplicity of our ODF means that it can be easily 
calculated for any given AOP that is currently available. Future research should aim to utilize improved 
approaches. 
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The Issue 
How compete and detailed  does a pathway or AOP 
needs to be to facilitate the regulatory decision 
process? Risk assessors: 
• need to understand the problem formulation 

and context of the decision 
• use many different kinds of data to make 

decisions 
• weigh data in terms of relevance and reliability 
• assess and document the confidence in the data 

and assumptions made 
• clearly document how the data were used in the 

assessment  
• acknowledge uncertainties surrounding the 

assessment 
The most problematic element in regulatory 
toxicology and risk assessment is understanding 
the amount of uncertainty associated with a 
decision or a process  
 To be useful in regulatory decision-making, 
an AOP should demonstrably increase 
confidence in a decision. 

Linkage Strength (consider the hypothetical AOP in Figure 4):  
• composed of a MIE, KEA, KEB, and an AO  
• assign a semi-quantitative value of weak, adequate or strong evidence  to KERs 
e.g. KEA activation leads to KEB in a dose-, threshold-dependent, or other manner (4A)  
• weak, adequate or strong  = values of one, two, or three 
•  Linkage Strength measure between events (4B) 
Location Value:  KEs closer to the AO are likely to provide more predictive information with respect to 
the AO: 
• at any given KE, another biological pathway (e.g., a compensatory mechanism) could interfere or compete, and 

reduce the likelihood of that particular AO occurring 
• this likelihood decreases as one moves closer to the AO 
• therefore KEs that are farther from the AO have less value 
•  Location Value is equal to the position in the pathway (MIE =1)(4B) 
Inference Strength: quantitative or statistical linkages can also be found to predict the likelihood that 
an AO will happen if the KE occurs. The ability of an event to infer the likelihood of an AO is the 
Inference Strength, which can also be given a value (4B)    

Weighting KEs: a score for each KE can be calculated based on these relationships (4C), and a “KE 
weight” derived (4D) and used to: 
• identify what data is the most valuable to make a decision thereby allowing: 

o reduced uncertainty in a decision by weighting input in a weight-of-evidence assessment 
o choice the most appropriate tests to use for assessment 
o accommodation of  branching pathways or networks of interacting pathways 
o focus attention of research and development on the most valuable assays 
o increase efficiency of chemical assessment and reduce animals use  

Other approaches exist for valuing events and the underlying data; however, this simple example 
illustrates the important point that AOPs can be used in a quantitative context to reduce uncertainty.  

Theoretical Example: Objective Decision Function 
Analysis of the AOP Mitochondrial Fatty Acid Beta-
Oxidation Inhibition Leading to Steatosis (Figure 5A) 
• Consider all possible circumstances [e.g., varying event 

relationship evidence weights (linkage strength) and 
varying the probabilities/strength for events to infer an 
adverse outcome (Inference strength)] 

over 24 million possible scenarios based on the structure 
of the AOP  

http://www.epa.gov/iris/toxreviews/0326tr.pdf



