




Disclaimer: The findings and conclusions in this report are those of the author and do 
not necessarily represent the official position of the National Institute for Occupational 

Safety and Health, Centers for Disease Control and Prevention. 



• Critical in occupational safety and health is making 
decisions about “safe” levels of exposures to 
hazards for workers 

• This process is based on risk assessment



Risk is a construct 

Before risk there was fate

(Bernstein 1996)



What is risk?

Risk assessment sets out to answer 
three questions:

1. What can happen?

2. What are the consequences if it 
does happen? 

3. How likely is it that it will 
happen?

Risk = f (Hazard, Consequence, Opportunity)



Risk example: What is the lifetime risk of dying at work?

• 5,190 U.S. workers were killed on the job in 2016
– 142,000,000 full-time equivalent workers in 2016

– 3.7 per 100,000 full-time equivalent workers per year

• For an individual working 45 years, lifetime risk of on-the-job 
fatality is:
– Cumulative incidence (risk) = 1 - exp(-R*t) 

= 1 - exp(-3.7 x 10-5 x 45 years)

= 1.6 x 10-3

– Lifetime risk =1.6 fatalities per 1000 workers

Source, BLS: www.bls.gov

http://www.bls.gov/


Lifetime Fatality Risks by Occupation

Occupation Fatalities Rate
(per 100,000 FTE)

Lifetime Risk
(per 1,000 workers)*

Management 672 1.2 0.54

Protective services 281 8.4 3.8

Installation, maintenance 470 9.4 4.2

Construction and extraction 970 12.4 5.6

Transportation 1,388 15.4 6.9

Farming, fishing, forestry 290 24.9 11.1

Logging workers 91 135.9 59.3

Source, BLS: www.bls.gov

* 45 Year Working Life Exposure

http://www.bls.gov/


❑ Tool for society and decision-makers
▪ Utilizes the available evidence to estimate risk and 

characterize uncertainty

❑ Focus of risk assessment
▪ When social policy decisions are in dispute 
▪ When consequences of options are not subject to direct 

measurement

❑ Challenges in risk assessment application 
▪ Incomplete data to characterize dose-response relationship

(Hattis and Silver 1993)

Risk assessment



Risk assessment – selected history

❑ 3200 BC – The Asipu in Tigris-Euphrates Valley: first recorded instance of a 
simplified form of risk assessment

❑ ~400 BC – Athenians developed capacity to assess risks before making decisions

❑ Mid-1600’s– development of classical probability theory 

❑ 1883 – Gruber concluded after exposing 2 hens and 12 rabbits and himself that 
“the boundary of injurious actions of carbon monoxide lies at a concentration 
probability of 500 ppm but certainly no less than 200 ppm.”

❑ 1930s – protection of human health from chemicals 

▪ Identification of some form of dosage versus response relationship

❑ 1970s – major health, safety, and environmental legislation





Risk assessment – selected history

❑ 1983 – NRC “Red Book”

❑ 1989 – Framework Directive 89/391

❑ 1996 E Guidance – the process of evaluating the risk to health and 
safety of workers while at work arising from the circumstance of the 
occurrence of a hazard at the workplace

❑ 2002 – ECETOC – tiered and targeted risk assessment of chemicals

❑ 2006 – REACH (EC No 1907/2006) and ECHA Risk Assessment 
Committee

❑ 2009– NRC– science & decisions: advancing risk assessment
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Quantitative Risk Assessment

Occupational Exposure Limits (OELs)
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Selected History of NIOSH Quantitative Risk Assessment
Agent Adverse Effect1 Dose-response assessment2 Risk Characterization Reference

1,3-butadiene leukemia toxicologic, Weibull time-to-
tumor regression model, 
animal to human extrapolation

epidemiologic and toxicologic, 
literature review

extrapolation, excess lifetime 
risk, target risk unspecified

[Dankovic et al. 1993]

asbestos lung cancer, asbestosis epidemiologic, Poisson 
regression, additive relative 
rate function (cancer), power 
function (asbestosis)

extrapolation, excess lifetime 
risk, target risk unspecified

[Stayner et al. 1997]

cadmium lung cancer epidemiologic, Poisson and 
Cox PH regression, additive 
relative rate function

extrapolation, excess lifetime 
risk, target risk unspecified

[Stayner et al. 1992a; Stayner
et al. 1992b]

carbon nanotubes and 
nanofibers

non-malignant adverse lung 
effects

toxicologic, NOAEL and BMD 
assessments

PoD/UF [NIOSH 2013b]

coal mine dust coal workers’ pneumoconiosis, 
progressive massive fibrosis, 
pulmonary dysfunction

epidemiologic, logistic and 
multiple linear regression 

extrapolation, excess lifetime 
risk, target risk unspecified

[Kuempel et al. 1997]

diacetyl and 2,3-pentanedione pulmonary dysfunction epidemiologic, linear 
extrapolation, multiple 
regression

extrapolation, excess lifetime 

risk, 10-3 target risk

[NIOSH 2016a]

diesel exhaust lung cancer toxicologic and epidemiologic 
(review)

extrapolation, excess lifetime 
risk, target risk unspecified

[Stayner et al. 1998]
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History of NIOSH Quantitative Risk Assessment 
Continued

Agent Adverse Effect1 Dose-response assessment2 Risk Characterization Reference

EGME, EGEE, EGMEA, EGEEA reproduction developmental, 
hematotoxic effects

toxicologic, NOAEL and LOAEL 
assessments

PoD/UF [NIOSH 1991]

hexavalent chromium lung cancer epidemiologic, Poisson 
regression linear ERR model

extrapolation, excess lifetime 

risk, 10-3 target risk

[NIOSH 2013a; Park et al. 
2004]

noise material hearing impairment epidemiologic, logistic 
regression

extrapolation, excess lifetime 
risk with no target risk level 
specified

[NIOSH 1998; Prince et al. 
2003]

radon lung cancer epidemiologic, Cox 
proportional hazards 
regression

extrapolation, excess lifetime 
risk, target risk unspecified

[Hornung and Meinhardt
1987; NIOSH 1987]

silica lung cancer epidemiologic, Poisson 
regression, additive relative 
rate function

extrapolation, excess lifetime 
risk, target risk unspecified

[Rice et al. 2001]

silica non-malignant lung disease epidemiologic, Poisson 
regression, additive relative 
rate function

extrapolation, excess lifetime 
risk, target risk unspecified

[Park et al. 2002]

titanium dioxide lung cancer toxicologic, nonlinear 
extrapolation, BMD model 
averaging quantal endpoint

extrapolation, excess lifetime 

risk, 10-3 target risk

[NIOSH, 2011]

1. Analysis may have considered multiple adverse effects.  The adverse effect shown in the table was selected as the primary effect in the risk assessment.
2. The dose-response assessment refers to the primary source supporting final models and/or recommendations on risk-based exposure limits.

Abbreviations: BMD, benchmark dose; EGEE, ethylene glycol monoethyl ether; EGEEA, ethylene glycol monoethyl ether aceate; EGME, ethylene glycol monomethyl ether; EGME, ethylene glycol monomethyl 
ether acetate; ERR, excess relative rate; LOAEL, lowest observable adverse effect level; NOAEL, no observable adverse effect level; PH, proportional hazards; PoD, point of departure, UF, uncertainty factor.
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Problem Formulation

Risk Managers and Risk Assessors
Risk Managers and 

Stakeholders

Planning and Scoping

Integrate available data

Concept 
model

Analysis
Plan

Risk Assessment
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Dose-Response

Risk Characterization

What are the 
occupational risks?

Are current safeguards 
(e.g., REL) adequate?

What technical 
assessments 
are needed?

What conditions affect 
safeguards and the 
level of analysis 
required? 

What resources are 
available to conduct 
the assessment?



Planning and Scoping 

• Who is affected?

• Where does the problem exist?

• What are the potential adverse effects and how measured?

• How are adverse effects defined and measured?

• What are the causal agents and how measured?  

• What are risk management needs?

• What are stakeholder needs?
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Hazard Identification

The identification of the type and nature of adverse 
effects that an agent has an inherent capacity to 
cause in an organism, system, or population. 



Hazard Identification Approach

1. Define questions of interest and 
develop criteria for study (data) 
selection

2. Review, identify, and select relevant 
information

3. Evaluate and integrate evidence 
across studies

4. Synthesize and interpret findings 

https://ntp.niehs.nih.gov/pubhealth/hat/review/index-2.html



Hazard Identification: Gather Data

• Human data (always preferred)
– Controlled human exposure studies (experimental)

– Analytic observational studies

– Descriptive studies (e.g., case reports)

• Animal data
– Systemic toxicity studies (e.g., pathology, dose-response)

• Mechanistic data

– Structure-activity relationships

– Metabolic data

– Genomics, epigenomics

• In vitro data
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Hazard Identification: Identify Toxicity

• Effects: What effects are observed from the data?
– Toxicokinetics: What does the body do to the agent (ADME)?  

– Toxicodynamics: What does the agent do to the body?  

• Mode of Action: How does the agent act to produce an effect?

• Causality Framework: A way to organize and evaluate causality given toxicity data 
(e.g., Hill guidelines) 

• Weight of Evidence: How likely is this agent to cause adverse effects and under 
what conditions?
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Hazard Identification: Identify Effects

Adverse effect: A specified change in the morphology, physiology, growth, 
development, reproduction, or life span of an organism, system, or population that 
results in an impairment of functional capacity, an impairment of the capacity to 
compensate for additional stress, or an increase in susceptibility to other influences.

• What are the affected organs or tissue systems?

• What is the severity of effects?

• Who is more sensitive or susceptible?

• What factors affect susceptibility?
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Hazard Identification: Identify Uncertainties

• Animal to human extrapolation

• Variability within the human population (susceptibility)

• Extrapolation below observed data

• Size and quality of the database
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Exposure Assessment

Not explicitly performed in NIOSH risk assessment.

The process of estimating or measuring the magnitude, 
frequency, and duration of exposure to an agent, along 
with the number and characteristics of the population 
exposed.
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Exposure Assessment

Who is exposed?

• Characteristics of the 
population?

• Size of the population?

How are they exposed?

• Route?

• Magnitude?

• Frequency?

• Duration?

Quantify Exposure

Descriptive:

• Point of contact 
measurement

Predictive:

• Dose reconstruction

• Scenario evaluation



Dose-Response Assessment

The relationship between the amount of an agent administered 
to, taken up by, or absorbed by an organism, system, or 
population and the change developed in that organism, system, 
or population in reaction to the agent.

Paracelsus (1493-1541): “All things are poison and nothing without poison; only 

the dose makes that a thing is not a poison.”



Dose-Response Terminology
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LOAEL
Lowest-Observed-Adverse-Effect Level. 

Lowest dose at which significant 

adverse effects are observed.

NOAEL
No-Observed-Adverse-Effect Level. 

Highest dose at which no significant 

adverse effects are observed.

BMD
Benchmark Dose. An exposure to a low 

dose of a substance that is linked with a 

low (1-10%) risk of adverse health 

effects, or the dose associated with a 

specific biological effect.

BMDL
A lower, one-sided confidence limit on 

the BMD. 

Point of Departure
The dose-response point that marks the beginning of a low dose 

extrapolation.
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BMDL/BMCL:  Statistical lower 
confidence limit on the BMD/BMC 
(Used as the POD in this case)

BMD/BMC:  Dose or concentration that 
produces a predetermined change in response 
rate of an adverse effect

NOAEL:  Highest exposure level at which there 
are no biologically significant increases in the 
frequency or severity of adverse effects
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Risk Characterization

The qualitative and, wherever possible, quantitative determination, 
including attendant uncertainties, of the probability of occurrence 
of known and potential adverse effects of an agent in persons 
under defined exposure conditions. 

For NIOSH risk assessments, risk characterization is the integration of 

the hazard identification and dose-response assessment with other 

information necessary to complete the basis for the REL. 





Illustration of Quantitative Risk Assessment for Engineered 
Nanomaterials





How little is “nano?”

If the diameter of the Earth represented 

1 meter…

…1 nanometer

would be the size of a dime.



What could a “nanoparticle” be?

Source: Dr. A . Maynard: Woodrow Wilson International Center for Scholars



Parameters That Could Affect Nanoparticle 
Toxicity

◼ Size

◼ Shape

◼ Composition

◼ Solubility

◼ Crystalline structure

◼ Charge

◼ Surface characteristic

◼ Agglomeration

◼ Impurities

◼ Attached functional groups



Basis for Concern about Health and 
Safety Effects of Nanoparticles

◼ Findings from air pollution epidemiology

◼ Particles < 2.5 µm associated with respiratory and 

cardiovascular effects

◼ Studies of industrial fumes (e.g., welding fumes) 

and combustion (e.g., diesel) products

◼ Wide range of effects: pulmonary and eye irritation, 

fever, lung cancer



Basis for Concern about Health and Safety Effects of 
Nanoparticles (cont’d)

◼ Initial animal inhalation studies of engineered 

nanomaterials

◼ Pulmonary fibrosis, granulomas, and 

inflammation

◼ Lung cancer, mesothelioma-like effects

◼ Cardiovascular effects: oxidative stress, plaque



History or Risk Assessment for EMNs

[Schulte et al. 2018, Reg Tox Pharm 95:207]



Trajectory of risk assessments and OEL development for 
nanomaterials

IFA

BSI

TiO2

CNT

Silver
Cellulose

Categorical

2004 2006 2016 2022





Public draft – 2004
Published 2011

Two size ranges: <100nm ultrafine
> 100nm fine



Hazard Classification for Ultrafine (Nanoscale) TiO2 <100nm

❑ Weight of evidence suggests rat tumor response to ultrafine TiO2

▪ Results from secondary genotoxic mechanism

▪ Related to physical form of inhaled particle (i.e., particle surface) rather than the 
chemical compound itself

▪ Rat tumorigenic data are sufficient and appropriate for making preventive 
recommendations

❑ Classification

▪ Potential Occupational Carcinogen



Ultrafine (Nanoscale, <100nm) TiO2

❑ Recommended Exposure Limit (respirable fraction)

▪ Estimated to reduce risk of lung cancer below 1 in 1,000 over a 45-year working 
life time

▪ OEL: 0.3 mg/m3 (TWA for up to 10 hrs/day during a 40 hour week for a working 
lifetime)





Fine TiO2

❑ Recommended Exposure Limit (respirable fraction)

▪ NIOSH used all tumor data when conducting dose-response modeling

• *Excluding squamous cell keratinizing cystic tumors

▪ OEL: 2.4 mg/m3 (TWA for up to 10 hrs/day over a working below 1 in 1,000)

▪ QRA indicates lifetime risk of lung cancer of 1 in 1,000 at 2.4 mg/m3 (95% Lower 
Confidence Limit)



Critical Issues

❑ Generalizability to all types of TiO2

▪ Crystal structure (anatase, rutile) appears not to modify significantly TiO2

inflammation or tumor response; depends on particle surface area

▪ TiO2 toxicity does not appear attenuated by coatings

❑ Risk assessment should be used as a baseline

▪ Toxicity may be increased by particle treatment or process modification



Public draft – 2010
Published 2013



Rationale for Development of OEL

❑ Several animal studies showed pulmonary fibrosis (early onset, 
persistent) and granulomatous inflammation from carbon nanotube 
(CNT) exposure

❑ Associated with both unpurified and purified CNT (raw metal 
contaminated)

❑ Effects occurring at relatively low dose

❑ Ability of CNT to persist and migrate to pleura

❑ Other adverse effects (e.g. aneuploidy)



Carbon Nanotube Risk Assessment

❑ Focus: Preventing chronic occupational lung disease over a working 
lifetime

❑ No epidemiology studies yet in CNT workers



Carbon Nanotube Risk Assessment

❑ Animal dose-response data available

▪ Several single- or short-term exposure studies in rats and mice

▪ Two subchronic (13 wk) inhalation studies in rats

▪ Responses: Early-stage inflammation, granuloma, and fibrosis; persistent or 
progressive after the end of exposure



Issues in the Quantitative Risk 
Assessment (QRA) for CNT

❑ Interpretation of fibrosis data

▪ Endpoint: Alveolar connective tissue (septal) thickening of minimal or higher 
grade

• Observed in short-term and subchronic studies

• Persisted for six months post exposure

▪ Do not consider this response—if it happened in worker—to be acceptable



Issues in the Quantitative Risk 
Assessment (QRA) for CNT (cont’d)

❑ Use of benchmark dose methodology versus NOAEL/LOAEL

▪ Statistical advantage of BMD

▪ BMD(L) estimates similar to NOAEL or LOAEL values

❑ Mass-based versus CNT count-based OEL



NanocylNIOSH Japan
(Nakanishi et al 2015)
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Nano Silver (Ag) Risk Assessment and OEL (Weldon et al. 2016)

❑ Identified most relevant studies and toxicity end points

❑ Modeled dose-response for each end point

▪ Calculated benchmark dose (BMD)

❑ Used tissue and aerosol exposure concentration to determine aerosol 
concentration at each BMD

❑ Extrapolation to human utilizes modified human equivalent 
concentration equation



(Weldon et al 2016)



Figure 2. Benchmark dose (BMD) analysis of significant histopathology endpoints of toxicity in male and female rats after subchronic inhalation of

AgNPs (Sung et al., 2009). Dose–response curves are modeled as multistage polynomial degree 2 model for dichotomous data. BMDs (upper dashed

lines) and BMDLs (lower dashed lines) are calculated as a 10% change in response relative to control and are indicated as tissue burden (mg silver/

organ). BMDs and BMDLs are summarized in Table 2. (Weldon et al 2016)



Current OEL for Silver 10 μ/m3

Weldon analysis: 

❑Used inhalation exposure of rats
❑OEL derived from benchmark concentrations and human 

equivalent concentration 
❑Proposed OEL: 0.19 μ /m3

(Weldon 2016)



Frontier of Risk Assessment For ENM OEL Development
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• High throughput
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Figure 1. An Adverse Outcome Pathway is a biological map from the molecular initiating event
through the resulting adverse outcome that describes both mechanism and mode of action. From:
Ankley et al. (2010).



FIG. 1. Graphical representation of a generalized adverse outcome pathway (AOP; A). Each AOP is composed of two key components (B), key events (KEs) and key event relationships (KERs). 
Additionally, there are two specialized KEs, molecular initiating events (MIEs) and adverse outcomes (AOs) that anchor an AOP description. Individual AOPs sharing KEs or KERs can be 
represented as an AOP network (C). The AOP network depicted is composed of four individual AOPs, each representing a unique sequence of KEs linking an MIE to AO: AOP 1 [MIE1, KE1, KE2, 
KE3, AO1, AO2]; AOP 2 [MIE2, KE4, KE1, KE2, KE3, AO1, AO2]; AOP 3 [MIE1, KE1, KE2, KE5, KE6, AO3]; AOP 4 [MIE2, KE4, KE1, KE2, KE5, KE6, AO3]. Color image is available in the online 
version of the article.



AOP Cautionary Note

❑ Premature to use for Risk Management purposes

❑ May restrict needed toxicological investigation

❑ Difficult to validate 

❑ May falsely present illusion of safety 

❑ Need to be based on robust data when used as a predictor tool

Pesticide Action Network Europe (2016)







What is Occupational Exposure Banding?

A mechanism to quickly and accurately assign chemicals into 
“categories” or “bands” based on their health outcomes and 
potency considerations

A B C D E

Higher Concentrations Lower Concentrations

77







Many 
Risks













(IPIECA, 2014)





Survey of 13 OSH Experts and 41 companies 

Most significant skills 
• Employees: Identify hazards and minimize risk in one’s work
• Supervisors: influence others with a good example 
• OSH Experts: Understand and manage the wholeness of safety 

practices and the meaning, concepts and criteria of risk assessment

Occupational Safety & Health (OSH) Risk Assessment Skills

(Rantala et al., 2022)
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