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Biological monitoring (biomonitoring)
… is the standardized and repeated systematic
collection, pretreatment, storage, and analysis of body
tissues to assess the internal dose of a xenobiotic
substance by analysis of the parent substance and/or a
product of biotransformation.

Scheepers et al. (2011) J Expo Sci Environ Epidemiol. 21(3):247-261.

Biomarkers
Biomarker of exposure
Reflects (systemic) internal dose of a parent substances or product of
metabolism
e.g. Ethanol concentration in exhaled air or in blood
Biomarker of susceptibility
Reflects a person characteristic that interacts with the toxicokinetics and/or
toxicodynamics of the substance of interest
e.g. Alcohol dehydrogenase activity
Biomarker of effect
Indicates physical change or physiological response to an exposure that is not
necessarily adverse
e.g. Heart frequency, cognitive function level, reaction time, et cetera
Zielhuis and Henderson (1986)

Biomarkers of exposure
Parent substance in a body tissue, body fluid or exhaled air reflect:
• Internal systemic dose of a xenobiotic
• Bioavailability in the circulation
If the biomarker is a metabolite it may also reflect:
• Activation or deactivation by metabolism
• How (fast) the substance is eliminated
If the biomarkers is an addition product (adduct) it also reflects
• Metabolic activation to a reactive intermediate
• Reactivity of a xenobiotic with biomolecules and adduct repair (if at all)
Questions: to what extent is the parent substance exogenous or endogenous?
To what extent is the metabolite exclusively related to the parent of interest?
Scheepers PTJ (2009) Biomarkers of Exposure to Carcinogens. In: GAT 3rd ed 1841-1855.

Styrene
biotransformation
•
•
•
•

Hippuric acid is also a metabolite of
Toluene
Benzyl alcohol
Benzoic acid

Motives for human biomonitoring
General motives:
• Prevention of health effects related to direct contact with chemicals of
toxicological concern (products and process emissions)
• Support of medical decisions concerning the treatment of a suspected or
confirmed intoxication (including the decision not to treat)
• Retrospective exposure assessment in the context of communication about
a (potential) human health risk
• [insurance, liability, compensation, et cetera]

Scheepers et al. (2014) Toxicol Lett 231:295–305

Aims of biomonitoring
Specific aims of a bimonitoring campaign related to occupational health
1.

Health surveillance of workers who handle hazardous materials

2.

Evaluation of
• effectiveness of interventions that involve personal protective
equipment
• worker’s behavior, including personal hygiene aspects
• changes in product use, process conditions and/or work practices

3.

Exposure assessment following an occupational accident/incident involving
direct and/or indirect contact with hazardous chemicals

Ethic’s considerations
Workers have the right of medical examination (European Union)
Declaration of Helsinki (version October 2013, Fortaleza, Brazil)
http://www.wma.net/en/30publications/10policies/b3/
• Integrity of the human body
• Imposed bevaviour
• Requests that could be perceived as mental or physical burden
Issues to consider:
• Involving a non-exposed ‘reference’ in a biomonitoring campaign
• Keeping samples or tissues from a victim of an accident for ‘further analysis’
• Asking questions that could be (perceived as) embarrasing
• Involving vulnerable persons (age, level of mental competence, etc.)
If you have no experience involve an expert who has …

Merits
1.
2.
3.
4.

Integrated uptake over time
Integrated uptake over different routes of uptake (inhalation, skin, oral)
Integrated uptake over different sources (aggregation of exposures)
Reflects personal factors related to toxicokinetics such as genotype and
phenotype

Integrated uptake over time
•
•
•
•

Latency to systemic availability
Continued exposure after end-of-shift
Recovery ‘overnight’ or over a work-free period (‘weekend’)
Accumulation of internal dose over subsequent shifts

Integrating over routes of uptake
• Biomonitoring acts as a safety net for complicated exposure settings:
• Evaluation of the effectiveness of personal protective equipment (PPE)
e.g. use of a respirator in stainless steel welding (opening helmets)
• Evaluation of personal work procedures
e.g. use of N-methylpyrrolidone in cleaning (skin absorption)
• Evaluation of personal hygiene aspects
e.g. smoking with contaminated fingers (thermal decomposition)
• Evaluation of a chaotic exposure setting
e.g. occupational accident including skin exposure (uptake during
incident and during decontamination)

Aggregate exposures
•
•
•
•
•
•
•

Work environment
Domestic environment (general air quality, indoor air quality)
Diet (use of home-grown vegetables and fruits <- -> fast-food)
Leisure (swimming pool, sauna,
Life style factors (alcoholic beverages, drugs, smoking)
Personal care (personal care and cosmetic products)
Healthcare (prescribed and non-prescribed medication, supplements, etc)

Case:
• A non-smoking cleaning lady is admitted to the emergency room with a
splitting headache, nausea and blurred vision. What do you do?
• The CO-Hb is 25 % (normal for non-smokers is < 1.5 %). What do you do?
• At work no source could be found. What do you do?
• No increased CO in the car interior either. What do you do?
• Check the home before her husband spends the night.

Toxicokinetic aspects
• ADME = Absorption + Distribution + Metabolism + Elimination
• Absorption reflects rate of uptake:
Reflects rate: Inhalation > oral >> skin (for most substances))
• Distribution reflects bioavailability to target tissues:
Adipose tissue attenuates peak exposures for lipophilic substances
low BMI tends to cause high/sharp plasma levels
high BMI tends to mute peaks in plasma levels

Metabolism and Elimination reflects (de)toxification and excretion:
Conversion to more water soluble metabolites tends to increase the
rate of urinary excretion

Genotype and phenotype
• Genotype: Genetic trait (polymorfism) in key biotransformation pathways
• Cytochrome P-450 (CYP) system: oxidation of hydrocarbons and amines
• N-acetyl transferase (NAT) system: acetylation of amines
• Glutathion-S-transferase (GST) system: neutralizes reactive
(electrophilic) intermediates
• Phenotype: Increasing the activity of metabolic capacity
• Induction of CYP 2E1 by alcohol (van Rooij et al. 1994)
• Inhibition of xylene metabolism by 1000 mg of paracetamol (Campbell
et al., 1990)
• Induction of CYP by PCBs and dioxins e.g. in smokers
• Intestinal microflora: bacterial enzymes (Scheepers et al., 1994)
• Nitroreductase activation of nitro-compounds
• Beta-glucuronidase/sulfatase: re-activation of neutralized reactive
intermediates

Aggregated exposures: uptake of PAH
Occupational factors
• Creosote
• Carbon electrodes
• Coke oven

Home
• Second hand tobacco smoke
• Parquet glued in bitumen
• Food preparation (BBQ)

Dietary sources
• Grilled/broiled/fried meat
• Smoked meat/fish

Environmental contribution
• Air pollutants (traffic-related)
• Wood smoke

Life style
• Active smoking
• BBQ
• Whiskey

Clinical factors
• Treatment with coal-tar
ointments
• Use of tar shampoo

Choice of a biomarker: what options do you have?
• Parent substance or a metabolite?
• What is the (most) toxic agent?
• Are there conditions that would attenuate the risk between persons
with equal exposures
• Free substance or addition product?
• What is the role of chemical reactivity for the toxicity?
• Are there targets (substrates) that may turn out to be critical?
• Which state of electron valence is relevant (metals)?
• Is speciation required and if yes, in which cases?

Parent substance or metabolite
• Default principle: metabolism is a step in detoxicification
E.g. (most) organic solvents, (most) pesticides
Exception: Metabolic activation of Polycyclic Aromatic Hydrocarbons (PAH) by
CYP 1A1:

CYP1A1

benzo(a)pyrene

benzo(a)pyrene dihydrodiol epoxide

Parent substance or metabolite
Exception: metabolic activation of n-hexane to 2,5-hexanedione:

Limitations of biomonitoring
• To what extent is a biomarker value related to recent exposure (and not the
exposure of a previous work shift, e.g. the day before)?
• To what extent is the biomarker level also influenced by life style factors and
use of prescribed or non-prescribed medication?
• To what extent do biomarker values reflect non-occupational sources of
exposure such as dietary intake of contaminants, domestic use of certain
chemicals?
• What is the major route of uptake?

For some occupational hygiene purposes you still need environmental monitoring

Free substance or addition product?
• Free substance follows the rules of 1st order kinetics

• Protein addition products follow 1st order kinetics if they are formed
outside cells

t=0

t = te

time →

Free substance or addition product?
Binding to DNA leads to ‘DNA-adducts’ for
which an enzymatic repair mechanism is
available (causing the adducts to disappear
within several days up to a week)

Free substance or addition product?
Binding to proteins leads to ‘protein-adducts’ for which no enzymatic repair
mechanism is known

First and zero-order kinetics of protein adducts
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Adduct may affect cellular lifespan
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What state of electron valence?
• Chromium III or chromium VI?
• Inorganic Arsenic, or organic Arsenic?
• Metallic Hg, HgO, Hg salt or methyl mercury?
• Nickel salt or NiO?
• General approach:
• Step-1: assess the total metal content in urine or blood (plasma)
• Step-2: go for speciation, either chemical or biological speciation

Which biological medium is (most) appropriate?
What aspects to take into account:
• Toxicity aspects
• Kinetics of elimination (interpretation ‘window’)
• Sample collection, shipment and storage
• Analytical aspects
• Burden for the study person
• […]
• […]
• […]
• […]
• […]
• […]
• Cost

Which biological medium is (most) appropriate?
Blood
a mirror of the substances that are systemically
bioavailable and circulating (equilibrating with
tissues) depending on blood:air partitioning and
blood:tissue partitioning

Salty solution of proteins and peptides with
blood platelets, red/white blood cells
Note 1: it is alive and kicking (enzymatic
activity)
Note 2: it is possible that a fraction of the
parent/metabolite is protein-bound

Which biological medium is (most) appropriate?
Urine
An aliquot of an aqueous (diluted)
excretion product collected in the
bladder between two toilet visits
Salty aqueous solution with traces of
protein, can be concentrated (first
morning void) or more diluted
Note: normally sterile, sometimes
contaminated due to bladder infection

Which biological medium is (most) appropriate?
Exhaled air
Momentarily reflecting an arterial blood concentration. Humid air with high CO2
content and low concentrations of ‘waste’ products

Vapor pressure of toxic chemicals
Carbon monoxide
Ethane
Methyl chloride
Vinyl Chloride
1,3-Butadiene
Pentane
Dichloromethane
Carbon disulfide
Halothane
Methyl Tertiary-Butyl Ether
Acetone
Sevoflurane
Chloroform
n-Hexane
Methanol
1,1,1-trichloroethane
Carbon tetrachloride
Benzene
Trichloroethene
Ethanol
2,5-Dimethylfuran
Toluene
Perchloroethylene
Bromodichloromethane
Ethylbenzene
p-Xylene
m-Xylene
o-Xylene
Styrene
Bromoform
1,3,5-Trimethylbenzene
1,4-Dichlorobenzene
Decane
Octamethylcyclotetrasiloxane
Decamethylcyclopentasiloxane
Naphthalene
Mercury
10 0

10 2

10 4

10 6

Log Vapor pressure (Pa) at 25 degrees

10 8

10 1 0

10 1 2

How to standardize sample collection?
Blood by organizing a professional sample collection
• choosing the right (standardized) tube
• the time of sample collection and relative to the last consumed meal
• the sampling method: usually by venal puncture

How to standardize sample collection?
Urine by instructing the study participant and providing the right material
• Specific moment in diurnal pattern (e.g. first morning void after awakening)
• Specific moment relative to exposure (‘pre-shift’, ‘mid-shift’, ‘post-shift’)
• Midstream sample is not necessary
• Spot sample <-> 24 h urine sample
• By using creatinine to adjust for dilution

How to standardize sample collection?
Exhaled air by instructing the study participant to exhale completely after a
normal inhalation (a one-way valve prohibits ambient air from entering)

Pitfalls
Blood
1. Use wrong tube (e.g. not containing anticoagulant)
2. Store blood samples too long at room temperature
3. Wait too long before performing fractionation
4. Freeze tubes that are not cry-tubes
5. Discard wrong fraction
6. Perform lysis of cells if you want to isolate hemoglobin
7. Use ordinary stainless needles for blood collection for analysis of Ni, Cr
8. Collection of blood after a meal (e.g. for analysis of PCBs, dioxins)

Pitfalls
Urine
1. No urine production on a warm day engaging in heavy physical workload
2. Forget to collect a sample from the first morning void (only use post-shift)
3. Collect the pre-shift sample after changing into work clothes
4. Fill urine container up to the rim and put it in the freezer
5. Use labels attached to bottles with water soluble glue
6. Forget to order an analysis for creatinine
7. Forget to ask when the study participant last visited the toilet before
8. Forget to ask for bladder infection
9. Provide female participants with a container with a small opening
10. Instructions to avoid consumption of sea food (arsenic) or BBQ (1-OH-P)
11. Collect urine in glass jar for urinary metal analysis
12. Use hippuric acid as a metabolite of toluene

Specificity of urinary metabolites
is used as a food additive (E210) as an
antibacterial and antifungal
preservative in acid mediums. It can be
found in: beer, coffee essence, dessert
sauces, soft drinks, flavouring syrups,
fruit juice, pulp and purée, jam,
margarine, marinated herring and
mackerel, pickles, salad cream and
dressings, fruit yoghurt, baked goods,
cheeses, gum, condiments, frozen dairy,
relishes, soft sweets, cordials and sugar
substitutes. It is excreted from the body
as hippuric acid between 9 and 15
hours of consumption.
Source: http://www.ukfoodguide.net

How to standardize sample collection?
• Exhaled air by providing the breathing instruction and one of the following
sampling material:
• Bag: breath out in the bag (once)
You have collected a mixed exhaled air sample
• Bag: breathe in and out during 2
minutes (20-40 breaths)
You have collected a rebreathing
sample approaching the
composition of alveolar air

•

Pipette of 100-200 ml: breath out
entirely (end-exhaled air)
You have collected end-exhaled air
which resembles alveolar air

End-exhaled air collection
• End-exhaled air collected using a Bio-VOC
container (140 mL)
• Transfer to the organic compounds to a solid
sorbent (TENAX) within 2 h
• Seal the solid sorbent tubes with Swagelok
• Ship and store in sealed plastic bag at
ambient temperature

Time pattern following peak exposure
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Pitfalls
Exhaled air
1. Forget to rinse the
container with clean air
2. Forget to ask the study
participant not to smoke
prior to sample collection
3. Give no or non-accurate
instruction prior to endexhaled air collection
4. Collect exhaled air in a
contaminated atmosphere
5. Store tubes with organic
liquids in freezer

Alternative biological media
Biological
medium

Application

Remark

Brocheal Alveolar
Lavage (BAL)

Inflammatory cells
and mediators

High burden for study person/patient

Condensed air

Metals, peroxide

Enzymes may interact with analysis

Cordal blood

Methyl mercury

At birth

Hair

Metals

Collection with ceramic scissors; clean the exterior
before analysis

Toe nails

Metals

Can be collected by the participant

Mother milk

Dioxin, PCBs

WHO monitoring porgram for dioxins and PCBs

Saliva

Corisole

Contains bacteria and enzymes

Semen

Motility and other
parameters

Should be evaluated immediately after collection

Skin biopsy

DNA-adducts

High burden/may leave scar

Sputum

Metals

Should be induced

Teeth

Radio isotopes

Post mortem

