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Risk Assessment
(organizing & analyzing to set 

priorities & guide management)

 hazard 
identification/characterization 

 dose-response analysis

 exposure estimation

 risk characterization

 political 

 social 

 economic 

 engineering

Risk Management
(decision & action)

Qualitative and 

quantitative assessment of 

harm

So what will be done?



Risk Assessment – Qualitative/Quantitative 

Hazard Identification

Effects seen in animals and/or humans

Hazard Characterization (qualitative – carcinogenic?)

Qualitative Relevance to Humans

Dose Response Analyses (quantitatively – how 
carcinogenic?)

Shape of the dose response curve

Quantitative relevance to humans and in various subgroups

Differences between experimental species & humans

Differences within humans

Exposure Estimation

Risk Characterization
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Risk Characterization: the Bridge between Risk 

Assessment and Risk Management

 The description of the nature and often the magnitude 
of human risk, including attendant uncertainty

 Integrates exposure data and dose-response (informed 
by hazard characterization) to obtain risk estimates as 
input to decision making

 Provides risk managers with information regarding the 
probable nature and distribution  of health risks

Has both qualitative and quantitative components

Risk

Uncertainty

Clearly delineates data gaps
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Problem

formulation

Analysis

Risk 

characterization

Risk assessmentPlanning 

& 

scoping

Economic, political-science, 

social, & other analyses

Updated management needs

Decision

(Technical, 
stakeholder, 
& manager
dialogue)

Includes the four analytic 
elements of the classic Risk 

Assessment Paradigm

Adapted from U.S. EPA, 

2002

Risk Assessment. The Importance 

of Problem Formulation/Planning 

for Risk Characterization

Risk Analysis

hazard 

dose-response

exposure



Problem Formulation/Issue Identification 

Considering objective of risk assessment up front to ensure 

that the risk characterization is transparent and addresses 

needs of risk managers:

What?

Why?

When? (urgency)

Resources?

 Develop a strategy for sharing with others (stakeholders and 

peers) for feedback

7



Process

No Role
Risk Assessment

to be considered

in decision making

Proceed with

Risk Assessment

1. What is the problem?

2. What  factors need to be 

considered?

3. What is the role of risk 

assessment in decision 

making?

Establish the Focus and 

Scope of the

Risk Assessment

Is the preliminary focus 

acceptable?

YesNo

Develop Risk 

Assessment 

Procedures

Perform 

Risk Assessment

Develop Risk Characterization 

Approach and Tools

Risk Management

Has the problem 

been addressed?

No Yes
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Implement Risk Management DecisionsIterate

Make decision another way

Seek stakeholder and peer input

Problem Formulation

Peer 

Review

8



9

Exposure

Dose

Internal

Dose

Target organ/tissue dose

Cancer Risk

Dose

R
e
s

p
o

n
s
e

Bioavailable

% of Bioavailable

Risk Assessment for 

Cancer; the 

Importance of 

Exposure

Exposure

Estimation

Dose 

Response 

Analysis

Risk 

Estimation
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Data Sources for Cancer Hazard Assessment
• Human

– Epidemiological studies (often of occupationally exposed 
populations) 

• Animal
– Cancer bioassays (statistically significant increases in tumor 

incidence)

– Generally, rats and mice proposed for a significant portion of 
their lifespan (~2 yrs.)

o 50 rodents per sex per group

o Controls and three dose levels

– Studies normally conducted according to EPA/OECD testing 
guidelines 

• Mechanistic Data
• Data that informs us about how a chemical induces adverse 

effects 

Molecular Cellular Tissue Organ
Organ 

System Individual Population
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Hazard Characterization for Cancer

Data Quality and Weight of Evidence

oSystematic identification of available data

oCritical evaluation of relevant studies 

ojudged for quality

oBiological gradient, effect magnitude, coherence and 

consistency across the database (weight of evidence)

Transparent protocol

High N

Observations discussed 

rather than just reported

Alternative interpretations and 

limitations included

››
Poorly defined protocol

Low N

Incomplete or insufficient reporting
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U.S. EPA Weight of Evidence Narrative

Weight of Evidence “descriptor”

• Carcinogenic to humans

• Likely to be carcinogenic to humans 

• Suggestive evidence of carcinogenic potential

• Inadequate information to assess carcinogenic potential

• Not likely to be carcinogenic to humans

Conditions of carcinogenicity:

• Route, magnitude, and duration of exposure

Susceptible Populations/lifestages

Potential Modes of Action
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The Dilemma: Epidemiological and Toxicological Studies

Epidemiological Studies: Ask the right question

Examine the right species at the right doses

Answer it badly

Many factors which complicate interpretation 

(confounders)

not very sensitive

Toxicological Studies: Ask the wrong question

Examine the wrong species at high doses, 

Answer it well

Control of Variables
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Mechanistic Data

Mechanistic data assist in interpretation of relevance 
and risk – to better integrate human & animal data

Data that informs us about how a chemical induces 
adverse effects

Kinetics

Dynamics

To address:

 Are the effects in animals relevant to humans 

 Are there groups at special risk (e.g., elderly)?

What is the risk at the much lower doses to which 
humans are exposed? 
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Protein binding
DNA binding

Receptor/ligand 
binding

Gene activation
Protein 

production
Altered signaling

Altered physiology
Altered tissue 

development or 
function

Impaired 
development

Impaired 
reproduction

lethality

Impaired 
reproduction/

survival,
Population crash

Chemical 
properties

MoA
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Mode of Action  

Toxicodynamics (td)Toxicokinetics (tk)



Mode vs. Mechanism

Plausible Hypothesis 

Key Events   

Key event:  

 Critical  

 Can measure

 Repeatable

Detailed Molecular 

Description 
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Hazard Characterization (To Which Humans is 

this Carcinogenic, under What Conditions?)

Based on weight of evidence (WOE) of systematically 

assembled toxicological and epidemiological studies 
and mechanistic data (mode of action)

Comprehensive, integrated judgment of all relevant 

information supporting conclusions regarding potential 

to cause cancer, including human relevance

Bradford Hill Criteria for Causality 

What approach to dose-response analysis?
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 For most types of effects, generally assumed that there is a dose level 
below which a response is unlikely (identify a “threshold”)

 all effects excluding cancer/genotoxicity

 For cancer/genotoxicity, commonly assumed that there is a probability 
of harm at all levels of exposure

Estimate a measure of excess risk in the general population

E.g., 1 in 100,000

 These are simplifying default assumptions, which are not always true

 “genotoxicity” ≠ mutagenicity

 Mutagenic mode of action - whether mutation is likely to be an early 
influential event in inducing cancer 
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Case Example  - Genetic Activity Profile

DNA Damage Gene Mutation Chrom Abs ANEU

10
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Positive Results

LED

Negative Results

HID

LED – lowest effective dose; HID = highest ineffective dose 
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Dose Response Analysis – Non Cancer and Non-

Mutagenic Modes of Action for Cancer

PoD = Point of Departure

RfD = Reference Dose

MoE = Margin of Exposure

NOAEL/BMD

Dose

MoE

R
e

sp
o

n
se

x

x

x

Human Exposure

x

Point of Departure

◼Method of Extrapolation

RfD = PoD/UFs
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Effects Threshold (Reference or Tolerable Doses)

Reference/Acceptable/Tolerable Intakes

= N/LO(A)EL or BMC/D

UF

N/LOAEL – no evidence of adverse effect

BMC/D - Benchmark dose – modelled estimate of specified 
increase in effect

Uncertainty Factor

 Interspecies Differences (x10)

Human Variability (x10)

interindividual or intraspecies variation

Other

Adequacy of database (x1-100)
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Mutagenic Modes of Action for Cancer: Linear Extrapolation

(U.S. EPA)
 Risk estimated by multiplying the estimated daily dose of the chemical by 

its potency   

 cancer potency = slope of low dose extrapolation

 e.g., per ug/L in drinking water
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Slope Factor (SF) & Age-

dependent 

adjustment 

factor



Margin of Exposure for Cancer

 MOE = effect level of concern (NOAEL, BMDL, tumorigenic dose) 
÷ exposure  

 A large MOE means lower potential risk, usually… 

 For the scenario of interest an acceptable margin between the 
point of departure and the exposure is determined

 Adopted by Health Canada (Existing Substances) and European 
Food Safety Agency  (EFSA) for mutagenic modes of action and 
genotoxic carcinogens, respectively
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Point of Departure 

estimated intake
MOE =



World Health Organization (WHO) MOA/Human Relevance or 

Species Concordance Framework

 Developed in the late 1990’s, early 2000’s; 100s of experts engaged; 

evolved and updated with additional experience (2014 update)

 Research/regulatory communities

 Widely incorporated in program guidance 

 training

Objectives

 Drawing maximally and early on mechanistic information

 Transparency 

 Doing the right research/testing
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MOA/Human Relevance Framework
25

Meek et al. (2014a) J. App. Toxicol. 34, 1-18, 2014 

1.Weight of 

evidence for 

hypothesized 

mode of action

(key events)

based on 

modified 

Bradford Hill 

considerations

2.Qualitative and 

quantitative human

concordance

3.Implications for 

dose-response 

Assessment-

specific data 

generation
Level of confidence

Level of confidence
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Key events
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effect

Mode of action

Series of supporting 

templates

Problem 

Formulation
Chemical 

specific key 

events 

incl. 

metabolism 
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specific 
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 Based on modified Bradford Hill (B/H)considerations

 Initially introduced to assess causality of associations observed in 
epidemiological studies in humans

 longstanding

 utility broadly recognized

 E.g., human health/eco

Considerable regulatory experience in their application

 Lend themselves very well to MOA/AOP analysis (selected 
subset)

1. Considering Weight of Evidence (WOE) for the 

Hypothesized Mode of Action27



2014 Update of the MOA/HR Framework

To clarify terminology (MOA/AOP)

To reflect evolving experience in application, e.g., 

additional articulation of the weight of evidence 

considerations

“codified”, comparative across modes

 implications for dose-response

To add problem formulation

To extend utility to emerging areas in toxicity and non-

animal testing

27

Meek et al. (2014a) J. App. Toxicol. 34, 1-18, 2014 



28

• Additionally evolved (simplified, defined & 

rank ordered) B/H considerations

•Provided examples of datasets for low or high 

confidence
•Illustrated through application to existing 

regulatory risk assessments in comparative 
WOE analysisB/H Support Conflict Gaps

1. Biological 

Concordance

2. Essentiality of 

Key events

3. Concordance 

of Empirical 

Observations

4. Consistency

5. Analogy

Hypothesized MOA 1

B/H Support Conflict Gaps

1.

2.

3.

4.

5.

Hypothesized MOA 2

Meek et al., 2014b

Applied Toxicol. 34:595(2014b)
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 Are the same key events operative in humans?

 Are there similarities or differences [qualitative/quantitative] 
in the occurrence of key events between test animals and 
humans? 

 Toxicokinetics

 Biochemical, physiological, pathological processes (toxicodynamics)

Often consideration of biology/physiology

 e.g.,lack of relevant proteins for binding, anatomical/physiological 
variations, human disease states

 Involves concordance (comparison) analysis of key events 
between animals and humans; concordance table key

E.g., Life stage a critical consideration in human 
relevance

2. Evaluation of  Human Relevance/Species Concordance 
31



Key Event

Qualitative Concordance

Animals       Humans     Strength

Quantitative 

Concordance

Humans

Dose Response

Reductive 

Metabolism / 

Active  

metabolite (D*) in 

urine 

Yes D* present 

in urine 

following 

exposure 

to 

analogue

Considerable

In animals; 

limited but 

relevant to 

humans

PBPK model incorporating 

metabolic rates, enzyme 

affinities and distribution based 

on in vitro human data 

supported by in vivo data

Sustained cell 

damage and 

repair 

(cytotoxicity; 

proliferation)

In all cases 

at doses 

that 

induce 

tumours

Unknown

Potential if 

sufficient 

D*

Considerable 

in animals, 

possible in  

humans but 

limited data

Similarity of response in human 

and rat bladder epithelium -

cytotoxicity and genomic 

analysis

Bladder tumours
F 344 rats

Possible Considerable 

in animals, 

highly 

plausible in 

humans

No data
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3. Concordance Table with Dose-Response
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Protein binding
DNA binding

Receptor/ligand 
binding

Gene activation
Protein 

production
Altered signaling

Altered physiology
Altered tissue 

development or 
function

Impaired 
development

Impaired 
reproduction

lethality

Impaired 
reproduction/

survival,
Population crash

Chemical 
properties

MoA

Chemical specific Chemical agnostic biological pathway
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Adverse Outcome Pathways/Mode of Action

Conceptually – the Same 

Toxicodynamics (td)Toxicokinetics (tk)

AOP



Why AOPs?

 AOPs are chemical agnostic pragmatic simplifications of complex biology 
which can be used for different purposes

 Building blocks 

 One application is their integration as the toxicodynamic key events in an 
hypothesized chemical specific MOA 

 e.g., components of chemical specific priority setting, screening and full 
hazard/risk assessment

Considering biological plausibility of observed associations in epidemiological studies 

 But also:

 Environmental monitoring

 Network building 

 Developing testing strategies (integrated approaches to testing and 
assessment)

32
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AOPs/MOA provide a framework for organizing, 

relating and evaluating biological data

Mechanistic Toxicology Data

(‘omics, biomarkers)

Clinical, Epidemiology

Eco Field Studies

Molecular data Regulatory Endpoints

High Throughput Guideline Studies

Protein binding
DNA binding

Receptor/ligand 
binding

Gene activation
Protein 

production
Altered signaling

Altered physiology
Altered tissue 

development or 
function

Impaired 
development

Impaired 
reproduction

lethality

Impaired 
reproduction/

survival,
Population crash

Chemical 
properties

SAR, QSAR
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OECD AOP Program: Assimilating Biological Data to be 

More Predictive34

Ambient 
water 

sample

extract

Predicted chemical-
gene/chemical-

pathway interaction 
network

Analytes
detected

Toxcast/Tox21

Predicted hazards

extract

https://aopkb.oecd.org



Section 1 AOP Description

Section 2 KE Descriptions

Section 3 – KER Descriptions

MIE

KEs

AO

Key Event 
Relationships/Associations

KE Pages

KER Pages

MIE Page

AO Page

• Description
• Measurement/ 

detection
• Taxonomic 

applicability

• Description
• Measurement/ 

detection
• Taxonomic 

applicability
• Evidence for 

chemical initiation

Chemical initiator(s)

• Description
• Measurement/ 

detection
• Taxonomic 

applicability
• Regulatory relevance

Section 5b – MIE, KE, and AO descriptions

• Title
• Biological plausibility
• Empirical support
• Quantitative 

understanding
• Uncertainties and 

inconsistencies

Section 4 – Overall Assessment of the AOP

AOP Wiki & 

Handbook Consideration Defining

Questions

High Moderate Low

Biological 

Plausibility of 

KERs (S. 6)

Support for 

Essentiality of 

KEs (S.7)

Empirical 

Support for 

KERs

(S.6.)

Annex 1



Protein binding
DNA binding

Receptor/ligand 
binding

Gene activation
Protein 

production
Altered signaling

Altered physiology
Altered tissue 

development or 
function

Impaired 
development

Impaired 
reproduction

lethality

Impaired 
reproduction/

survival,
Population crash

Chemical 
properties

MoA

AOPs, MOA and PBPK Modelling

Toxicokinetics (tk) Toxicodynamics (td)
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Physiologically Based

Pharmacokinetic Models

Adverse  Outcome Pathway (AOP)
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Key Characteristics of Carcinogens (KCCs)

 Properties believed to contribute to carcinogenic effects

 System for “identifying and organizing” (categorizing)scientific findings 

relevant to cancer mechanisms (n=10)

 Developed based on expert consultation/biological knowledge

 E.g., workshops, and

 Supported to some degree by empirical analyses of epidemiological data

 E.g., # of International Agency for Research on Cancer (IARC) Group 1 

carcinogens with various of the KCCs

 Introduced relatively recently to address the increasing availability of 

mechanistic data

 Adopted by IARC to contribute to hazard identification for carcinogens 
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http://dx.doi.org/10.1289/ehp.1509912.



Considering Extent (Weight) of the Evidence

 Defining the Question

 Identifying and Organizing Data 

(“Categorizing”)

 Selecting Data

Relevance and Reliability

 Reviewing Pertinent Studies

 Based on Pre-defined (Contextually 

relevant) Considerations

 Data Synthesis/Integration 

Within/Across Lines of Evidence

 Application to Decision Making

38

KCCs

AOP/MOA



Take Away – Cancer Risk Assessment

 The importance of mechanistic data in assessing human 
relevance & risk

how chemicals induce cancer

 The importance of integrating constructs in considering data 
from different sources and at different levels of biological 
organization

MOA, AOPs 

 The importance of consistent consideration of “weight of 
evidence” based on predefined considerations:

E.g., biological plausibility, essentiality & empirical support

 The importance of non chemical-specific biological 
information  in assessment (e.g. AOPs, human disease states)
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Unanswered questions: bmeek@uottawa.ca


