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Disclosure 1 I am a consulting toxicologist, and I evaluate exposures to chemical 
agents and whether there is sufficient dose and exposure to cause 
an adverse effect. 

In my practice, I evaluate the toxicity of metals to people, including 
the metals we discuss today. 

I have been retained as an expert witness in cases involving 
chemical agents, including the metals we are discussing today. 

My expert opinions are based on the foundational tenants of 
toxicology, including but not limited to exposure, dose, and 
threshold effect. I conduct my toxicological assessment following 
globally recognized guidelines. 

I receive an honorarium for my presentations in this course. 
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Disclosure 2 We cover a lot of material in this one hour course. This 
course gives you an introduction to metal toxicology. 

As a way to help you think about this, these are the items I 
consider for suspected toxicological issues. No singular 
piece is sufficient for determining causation. 

1) Symptomatology
2) Occupational setting
3) Hobbies
4) Medications review
5) Objective testing (air, blood, urine, etc.)
6) Medical Hx
7) Review toxicological information

When in doubt, call a toxicologist. 



What do we mean by conservative?

Toxicologist want to err on the side of protecting the public health:

Review the literature

Use higher air concentrations

Use higher doses

Use longer periods of exposure

Use acceptable exposure levels that are based on the most sensitive 
endpoint, then apply “safety factors” (uncertainty factors).



Learning Objectives

Reflect on exposures for carcinogens in the occupational setting

Learn how a toxicological risk assessment for carcinogens is conducted

Highlight applicable occupational standards

Discuss surveillance procedures for various metals
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Agenda

1. Introduction

2. General concepts of toxicology

3. Studies used in cancer toxicology

4. Cancer and occupational medicine
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Introduction

Cancer is a disease characterized by mutation, modified gene 
expression, cell proliferation, and aberrant cell growth. 

Multiple causes of cancer have been established including infectious 
agents, radiation, and chemicals.
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Casarett & Doull, 2013
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Large Doses of Natural Chemicals Can Cause Cancer in Animals

Hydrazines
Naturally 
found in: 

Mushrooms

Caffeic acid
Naturally found in: 

Coffee, Lettuce, 
Tomato, Apples, 

Potatoes

Estragole
Naturally found in: 

Basil

Indole 
carbinol

Naturally found 
in: 

Broccoli, 
cabbage

Allyl isothiocyanate
Naturally found in: 

Mustard

Psoralens
Naturally 
found in: 

Celery, parsley

d-Limonene
Naturally found in: 

Oranges, black 
pepper, nutmeg, 

mangos

Aflatoxin
Naturally 
found in: 

Peanut Butter
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Casarett & Doull, 2013



11

Casarett & Doull, 2013
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Casarett & Doull, 2013



Sources of tox information

• ACGIH Documentation of the TLVs and BEIs

• Hazardous Substances Databank (National Library of Medicine)

• Integrated Risk Information System (EPA)

• NIOSH Pocket Guide to Chemical Hazards

• Occupational Health Guidelines for Chemical Hazards (NIOSH/OSHA)

• Registry of Toxic Effects of Chemical Substances (MDL Information 
Systems)

• Toxicological Profiles (ATSDR)

• Disposition of Toxic Drugs and Chemicals in Man (12th Edition)

• Casarett & Doull Toxicology (9th Edition)
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Health risk = Exposure x Hazard



-Young, S. S. & Karr, A. Deming, data and observational studies. Significance 8, 116–120 (2011). 



Publication bias

“There is general recognition that a paper has a much better chance of acceptance if 

something new is found. This means that, for publication, the claim in the paper has to be 

based on a p-value less than 0.05. From Deming’s point of view, this is quality by inspection. 

The journals are placing heavy reliance on a statistical test rather than examination of the 

methods and steps that lead to a conclusion. As to having a p-value less than 0.05, some 

might be tempted to game the system through multiple testing, multiple modelling or unfair 

treatment of bias, or some combination of the three that leads to a small p-value. Researchers 

can be quite creative in devising a plausible story to fit the statistical finding.”

-Young, S. S. & Karr, A. Deming, data and observational studies. Significance 8, 116–120 (2011). 
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How Small is Small?

1 teaspoon of 
sugar…

One grain of sugar in an Olympic-size swimming pool is about 200 parts per quadrillion (ppq)

…in an Olympic-size 
swimming pool is about 
2 parts per billion (ppb) 
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General concepts of toxicology



Primary Routes of Exposure

There are differences in the absorption of compounds depending on the route of 
exposure due to physiological differences between these organs.

There are accepted methodologies to extrapolate from one exposure route to 
another.

However, depending on the quality of the data, this leads to uncertainty.

Gastrointestinal (oral)

Pulmonary (inhalation)

Dermal (skin application)



The air concentration is just a distant step to arrive 
at the dose at the organ. 



What is there that is not poison? 

All things are poison and nothing (is) 
without poison. 

Solely the dose determines that a thing 
is not a poison.

-Paracelsus (1493-1541)

Presence ≠ Toxicity
Dose-response relationship
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Balance of Activation to Detoxification is Dose-Dependent

• cytochrome 450s

• lipoxygenases 

• flavin-containing

• monooxygenases 

Phase I Enzymes
Activation or 
Protection

Phase II Enzymes
Protection Elimination

Toxicity Depends on Balance Of Activation to Detoxification

Chemical/Drug

“Reactive Intermediate”

Detoxified Chemical

At low doses, protective pathways dominate 

At high doses, protective pathways overwhelmed At high doses, protective pathways overwhelmed 

• Glutathione S-
transferases

• Glucuronyltransferases

• Sulfotransferases

• N-Acetyltransferases

• Epoxide hydrolase

• Peroxidases

• Oxido-reductases 



Threshold Response

Response

0

100

50

Dose or Concentration

Approximate 
Threshold



Threshold Response

Response

0

100

50

Dose or Concentration

Approximate 
Threshold
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Seahawks Stadium

68,740 cheering fans in the seats 
activates the “12th man”

One person in the stadium does 
not make enough sound to 

impact the players on the field

Toxicity occurs when a dose is high enough to occupy most available receptors



Non-threshold Response

Response

0

100

50

Dose or Concentration

No threshold
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Cancer Slope Factor

Erroneously assumes an increased cancer risk at any dose.
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Studies used in cancer toxicology



Acute vs. Chronic Exposures

Acute Single dose with effects occurring for a short period of 
time (usually up to 96 hrs)

Subacute Multiple doses administered for up to 14 days

Subchronic Continuous dosing for up to 90 days

Chronic Continuous dosing for up to 6 months to 2 years

Acute Toxicity Tests LD50, Concentration of a chemical that causes 50% 
mortality of the test organism after a specified period of 
time (e.g. 96 hrs)



Animal Studies

Test animal populationTest animal population

Controlled dose of specific 
chemical 
Controlled dose of specific 
chemical 

Observed health effect

Severity of effectdose

multiple 
doses



Pre-adaptive ? Adaptive ? Adverse

NEL
Safety factor
< 1 can be
argued

NOAEL
Safety
factors apply

LOAEL
Large safety
factors apply

NOEL
No safety 
factor necessary

Possible safety factors (uncertainty factors) are values of 1, 3, or 10
•Extrapolation from animals to humans

•Extrapolation from LOAEL to NOAEL

•Database

•Extrapolation from healthy adults to sensitive populations

Endpoints of Toxicology Studies and How Safety Factors Apply
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Comparison of Animal Cancer Testing: 
Before and After 1970

Post-1970 PracticesPre-1970 PracticesStudy Design Parameters

Minimum of three 
or more groups

Typically a single dose group Number of Dose Groups 

Dietary or gavage 
to ensure dose

Dermal or inhalation exposure 
(assess occupational exposure)

Method of Administration (e.g., 
Dermal, Inhalation, Gavage, Dietary)

Established period of time:
mouse 18 mos, rat 2 yrs

Variable
Length of Administration 
(How Long) 

Rigidly controlled, standardized 
animal medicine practices

Not standardizedAnimal Care

Established classifications
No uniform classification 

system 
Tissue analysis 

Multiple pathologistsSingle pathologist Pathology review 

Highly standardizedNone or non-standardized Statistical practices 

Larger numbers of animalsVariable Group Size 
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Comparison of Animal Cancer Testing: 
Before and After 1970

Post-1970 PracticesPre-1970 PracticesStudy Design Parameters

Animals individually 
tracked and assessed

Not typically reportedIndividual animal data 

Rats or miceMultiple species Species 

Consistent strain 
or sensitive strain

No consistent strain Strain 

Both genders or 
most sensitive gender

Random gender selection Gender 

Studies begin at 
specific, young ages

Varied Age 

An integral part of study 
design

Generally not available 
Historical Controls 
(Summary of Control Animals)

Use of a subchronic study to 
set chronic dose levels 
(doses aren't typically 

adjusted)

May have relied on a 
minimum range finding 

study (dose could be 
adjusted during study)

Doses Administered (Total Dose 
and Variability Within Study 
Period)
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Comparison of Animal Cancer Testing: 
Before and After 1970

Post-1970 PracticesPre-1970 PracticesStudy Design Parameters

ComprehensiveLimited Observations 

ContinuousVariable intervals 
Intervals of Administration
(On/Off)

Purity confirmed, 
contaminants identified

Purity impossible to 
determine

Test Substance 

Well documentedNot specified Source of Test Compound 

Good Laboratory Practice 
(GLP) regulations

No requirements Record Keeping 

Comprehensive analysesLimited
Additional Analysis
(e.g., Hematology, Urinalysis)

Clean/dirty corridor systems 
and Standard Operating 

Procedures
Not standardizedLaboratory Design

One study per roomNot standardized Study Segregation 



Human Studies

Test human populationTest human population

Mild, reversible effects only!

Severity of effect

Observed health effect

Controlled dose of 
specific chemical 
Controlled dose of 
specific chemical 



Epidemiology Study

Exposure to chemical(s)Exposure to chemical(s)

IS THERE AN ASSOCIATION 
BETWEEN HEALTH EFFECT 

AND EXPOSURE?

Severity of effect

Observed health effect
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Epidemiological Measures

Measures of Comparison

Absolute Measures

Risk Difference

Population Attributable Risk

Relative Measures

Relative Risk

Estimates of Comparison

Odds Ratio
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Hierarchy of Epidemiological Evidence

Clinical trial

Cohort: Nested case-control, case-cohort

Population-based case-control

Cross-sectional/incomplete designs

Anecdotal reports, opinions

R
E
L
IA

B
IL

IT
Y

HIGHEST

LOWEST
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Example of Epidemiological Study: Clinical Trial

Target Population

Cases of 
Influenza

Immunized with 
new vaccine

Cases of 
Influenza

Received 
placebo
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Hierarchy of Epidemiological Evidence

Clinical trial

Cohort: Nested case-control, case-cohort

Population-based case-control

Cross-sectional/incomplete designs

Anecdotal reports, opinions

R
E
L
IA

B
IL

IT
Y

HIGHEST

LOWEST
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Cohort Study

Target Population

Disease

Unexposed

Exposed

Disease
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Hierarchy of Epidemiological Evidence

Clinical trial

Cohort: Nested case-control, case-cohort

Population-based case-control

Cross-sectional/incomplete designs

Anecdotal reports, opinions

R
E
L
IA

B
IL

IT
Y

HIGHEST

LOWEST
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Case-Control Study

Disease No Disease

No Disease

Disease

Exposed

Exposed
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Hierarchy of Epidemiological Evidence

Clinical trial

Cohort: Nested case-control, case-cohort

Population-based case-control

Cross-sectional/incomplete designs

Anecdotal reports, opinions

R
E
L
IA

B
IL

IT
Y

HIGHEST

LOWEST
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Cross-Sectional Study

Target 
Population

No Disease

Disease

Exposed

Unexposed
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Hierarchy of Epidemiological Evidence

Clinical trial

Cohort: Nested case-control, case-cohort

Population-based case-control

Cross-sectional/incomplete designs

Anecdotal reports, opinions

R
E
L
IA

B
IL

IT
Y

HIGHEST

LOWEST
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Human health risk assessment



Globally Accepted Toxicological Risk Assessment



Examples of guidelines to conduct toxicology risk 
assessments (there are more)

Cancer – 1986, 1996, 1999, 2003 (draft)

Chemical Mixtures – 1986, 2000 (sup)

Developmental Toxicity – 1991

Ecological Risk Assessment – 1998

Exposure Assessment – 1992

Mutagenicity – 1998

Neurotoxicity – 1998

Reproductive Toxicity - 1996
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Risk Assessment: Exposure Parameters

WATER

AIR

DIET

DERMAL

FISH 
CONSUMPTION



LOAEL = 0.0085 
mg/kg-day

=

Dose from a critical study used a Lowest Observed 
Adverse Effect Level (LOAEL) from the animal 
studies.

X =

0.00003 
mg/kg
-day

Body 
Weight = 
70 kg

Drinking 
Water 
Consumed 
= 2 L/Day

DWEL 
= 1 ppb

Uncertainty Factor 
= 300

Derivation of Reference Dose (RfD)
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EPA Uncertainty Factors: Example

LOAEL: 5000 ng/kg-day

1700 ng/kg-day

60 ng/kg-day

170 ng/kg-day

20 ng/kg-day

Potential interspecies sensitivity differences 

between humans and monkeys
÷3

Potential difference between the LOAEL and the 

corresponding No Observed Adverse Effect Level (NOAEL)

Extrapolation from sub-chronic (55 months) exposure to 

a chronic reference dose (RfD) were utilized

Potential intraspecies sensitivity 

differences among humans÷1
0

÷3

÷3
EPA health protective level
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Cancer risk equation

Basic Risk Equation - Cancer

Risk = (I) * (CSF)

I = Intake (mg/kg/day)

CSF = Cancer Slope Factor (g/kg/day)-1 )
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What are acceptable levels of exposure?

US EPA Guidelines

1 x 10-4

1x 10-6 Deminimis

Example

Chemical X risk = 2 x 10-6

Average risk to develop cancer in the US is 1/3 or 0.33

Incremental risk due to exposure to Chemical X

.000002 + 0.333333 = 0.333335
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How to develop an acceptable risk guideline

Health Criterion

Rearrange to “solve for” 
Intake

Intake = Risk * CSF
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How to develop an acceptable exposure?

Chemical X Criteria for Acceptable Exposures

Criterion = Risk Level * BW

CSF * ECR

Risk Level = 1 X 10-6 (One in a million) 

BW = Body Weight = 70 kg

CSF = Cancer Slope Factor = 2.0 (mg/kg-day)-1

ECR = Exposure Rate = 6.5 g/day
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Uncertainty, what does that mean?
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Cancer and occupational medicine
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Lists of cancers and associations with agents

https://www.ccohs.ca/oshanswers/diseases/carcinogen_site.htmlhttps://www.cancer.gov/types

Table 4 (who.int)
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OSHA: 29 CFR 1990
DefinitionCategory

substance meets the definition of a potential occupational carcinogen in 
(1) humans, or (2) in a single mammalian species in a long-term bioassay 
where the results are in concordance with some other scientifically 
evaluated evidence of a potential carcinogenic hazard, or (3) in a single 
mammalian species in an adequately conducted long-term bioassay, in 
appropriate circumstances where the Secretary determines the 
requirement for concordance is not necessary.

I

The substance meets the criteria set forth in 1990.112(a), but the 
evidence is found by the Secretary to be only "suggestive"; or the 
substance meets the criteria set forth in 1990.112(a) in a single 
mammalian species without evidence of concordance.

II



Number of 
agents 

Definition Description Group 

121 • Sufficient evidence of carcinogenicity OR 

• Evidence of carcinogenicity in humans is less than sufficient but there is sufficient evidence of carcinogenicity in 

experimental animals and strong evidence in exposed humans that the agent acts through a relevant mechanism of 

carcinogenicity 

Carcinogenic to humans Group 1 

89•Limited evidence of carcinogenicity in humans and sufficient evidence of carcinogenicity in experimental animals OR 

•Inadequate evidence of carcinogenicity in humans and sufficient evidence of carcinogenicity in experimental animals and 

strong evidence that the carcinogenesis is mediated by a mechanism that also operates in humans OR 

•Limited evidence of carcinogenicity in humans, but belongs, based on mechanistic considerations, to a class of agents for 

which one or more members have been classified in Group 1 or Group 2A

Probably carcinogenic to 
humans* 

Group 2A 

318 • Limited evidence of carcinogenicity in humans and less than sufficient evidence of carcinogenicity in experimental 

animals OR 

• Inadequate evidence of carcinogenicity in humans but sufficient evidence of carcinogenicity in experimental animals OR 

• Inadequate evidence of carcinogenicity in humans and less than sufficient evidence of carcinogenicity in experimental 

animals, but with supporting evidence from mechanistic and other relevant data

Possibly carcinogenic to 
humans* 

Group 2B 

499• Evidence of carcinogenicity is inadequate in humans and inadequate or limited in experimental animals OR

• Evidence of carcinogenicity is inadequate in humans but sufficient in experimental animals, but strong evidence that 

the mechanism of carcinogenicity in experimental animals does not operate in humans OR

• Agents that do not fall into any other group

• Agents in Group 3 are not determined to be non-carcinogenic or safe overall, but often means that further research is 

needed. 

Not classifiable as to its 
carcinogenicity to 

humans 

Group 3 

1 • Evidence suggesting lack of carcinogenicity in humans and in experimental animals OR

• Inadequate evidence of carcinogenicity in humans but evidence suggesting lack of carcinogenicity in experimental 

animals, consistently and strongly supported by a broad range of mechanistic and other relevant data

Probably not 
carcinogenic to humans 

Group 4 

Update: 
3/26/2021
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Environmental Protection Agency

The US Environmental Protection Agency (EPA) maintains the Integrated Risk 
Information System (IRIS), an electronic database that contains information on human 
health effects from exposure to certain substances in the environment. 

The EPA uses a rating system similar to that of IARC when describing the cancer-causing 
potential of a substance:

Group A: Carcinogenic to humans

Group B: Likely to be carcinogenic to humans

Group C: Suggestive evidence of carcinogenic potential

Group D: Inadequate information to assess carcinogenic potential

Group E: Not likely to be carcinogenic to humans
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OSHA Regulated Carcinogens

• asbestos 

• 4-Nitrobiphenyl 

• alpha-Naphthylamine 

• Methyl chloromethyl ether 

• 3,3'-Dichlorobenzidine (and its salts) 

• bis-Chloromethyl ether 

• beta-Naphthylamine 

• Benzidine 

• 4-Aminodiphenyl 

• Ethyleneimine 

• beta-Propiolactone 

• 2-Acetylaminofluorene 

• 4-Dimethylaminoazobenzene 

• N-Nitrosodimethylamine 

• Vinyl chloride 

• Inorganic arsenic 

• Cadmium 

• Benzene 

• Coke oven emissions 

• 1,2-dibromo-3-chloropropane 

• Acrylonitrile 

• Ethylene oxide 

• Formaldehyde 

• Methylenedianiline 

• 1,3-Butadiene 

• Methylene Chloride
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Preventing Exposure

Levels of prevention in the workplace

Engineering controls

Work Practice controls

Administrative controls

Personal Protective Equipment (PPE)
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Principles for the introduction of population screening (WHO)

The condition should be an important health problem

There should be a recognizable latent or early symptomatic stage

The natural history of the condition, including development from latent to declared disease, should be adequately understood

There should be an accepted treatment for patients with recognized disease

There should be a suitable test or examination that has a high level of accuracy

There should be an agreed policy on whom to treat as patients

Facilities for diagnosis and treatment should be available

Sensitivity

Specificity

Cancer Council of Australia  National Cancer Control Policy https://wiki.cancer.org.au/policy/Principles_of_screening
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Assessing Risk of Exposure

Patient history

Occupations

Onset, Length

Chemicals / Processes

Carcinogenic?

Intensity of exposure

Other Explanations? Causes?
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Assessment of the Exposed

Observation

Palpation

Lab work

Imaging

Histology



77

Causality
Sir Bradford Hill’s criteria Guidelines

Strength of association

Consistency

Specificity

Temporality

Biological gradient

Plausibility

Coherence

Experiment

Analogy

Hill, 1965



Questions?
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