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Synopsis

An overview of the available data on the mutagenicity and
carcinogenicity of toluene

Toluene is a substance widely used as a solvent, for example in the
production of paint, resins and rubber.

The question is whether toluene can cause cancer (carcinogenic) and
damage DNA (mutagenic). The Dutch Health Council has asked the
RIVM to summarise scientific literature on these two properties. A total
of 52 studies in laboratory animals or humans on possible carcinogenic
and mutagenic properties of the substance have been summarised.

The Dutch Health Council uses the overview to assess whether toluene
has the two properties. The Minister of Social Affairs and Employment
(SZW) has asked the Dutch Health Council for this advice.

Keywords: toluene, mutagenicity, carcinogenicity, hazardous properties,
hazard classification
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Publiekssamenvatting

Overzicht van de beschikbare informatie over mutageniteit en
carcinogeniteit van de stof tolueen

De stof tolueen wordt veel gebruikt als oplosmiddel, bijvoorbeeld bij de
productie van verf, harsen en rubber.

De vraag is of tolueen kankerverwekkend is (carcinogeen) en schade
aan het DNA kan veroorzaken (mutageen). De Gezondheidsraad heeft
het RIVM gevraagd om wetenschappelijke literatuur over deze twee
eigenschappen samen te vatten. In totaal zijn 52 studies in proefdieren
of mensen samengevat over mogelijke carcinogene en mutagene
eigenschappen van de stof.

De Gezondheidsraad gebruikt het overzicht om te beoordelen of tolueen
de twee eigenschappen heeft. De minister van Sociale Zaken en
Werkgelegenheid (SZW) heeft de Gezondheidsraad om dit advies
gevraagd.

Kernwoorden: tolueen, mutageniteit, carcinogeniteit, gevaarlijke
eigenschappen, gevarenclassificatie
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Summary

RIVM has summarised the available literature on the potential
carcinogenicity and mutagenicity of toluene. Toluene is primarily used in
industrial settings as a solvent. Occupational exposure to toluene occurs
in the manufacture of coating products, adhesives and sealants,
polymers, fuels, non-metal-surface treatment products, inks and toners
and lubricants and greases.

In the current report, a total of 52 studies were summarised. Of these,
20 biomonitoring studies focused on mutagenicity in humans and 11
epidemiology studies focused on carcinogenicity in humans. There were
10 animal studies and 12 in vitro studies. The studies that are
summarised here can be used to assess the potential carcinogenicity
and mutagenicity of toluene. Such an assessment was beyond the scope
of the current report.
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Introduction

The aim of current research is to summarise the available data from
studies with laboratory models, test animals and humans on the
substance toluene. The focus of the current literature overview will be
on the mutagenic and carcinogenic properties of this substance.

At the request of the Dutch Minister of Social Affairs and Employment,
the Health Council of the Netherlands will use the summaries to assess
the mutagenic and carcinogenic properties and to provide a
recommendation for its classification.

The current RIVM report does not include an assessment of the reported
mutagenic and carcinogenic effects of toluene, nor does it provide a
recommendation for classification of the substance based on the CLP-
criteria (Regulation EC No 1272/20081).

The literature search strategy as applied by the Health Council of the
Netherlands which forms the basis of current literature overview is
presented in chapter 2. In chapter 3 the substance identity of toluene is
provided. Chapter 4 presents information on international classifications
of toluene. Available information on monitoring (i.e. environmental and
biological exposure monitoring) and manufacture and use is presented
in chapters 5 and 6, respectively. Chapter 7 gives an overview of the
available information on human exposure to toluene. A summary of the
(toxico)kinetics of toluene is described in chapter 8. Chapter 9 describes
an overview of the data on mutagenicity and genotoxicity. Finally, the
data on carcinogenicity are presented in chapter 10.

! https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=celex%3A32008R1272
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Literature search strategy

The Health Council of the Netherlands has performed a literature search
using PubMed and Scopus. Relevant in vitro, in vivo and epidemiology
studies were selected for an extensive summary by the Health Council.
This resulted in 52 studies. For the current report, RIVM summarized the
data of the selected studies. RIVM also consulted the REACH registration
dossier of toluene (publicly available on ECHA website?) and secondary
sources, which included the ATSDR Toxicological profile for toluene
(2017). These were used to retrieve information on substance
identification, classification, manufacture, monitoring and toxicokinetics.

2 https://echa.europa.eu/nl/substance-information/-/substanceinfo/100.003.297
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Substance identification

Name and other identifiers of the substance

The identity of toluene is presented in Table 1 below.

Table 1 Substance identity and information related to the molecular and structural

formula of toluene

Name(s) in the IUPAC
nomenclature or other
international chemical
name(s)

Toluene

Other names (usual name,
trade name, abbreviation)

Methylbenzene;
Phenylmethane

ISO common name (if N/A
available and appropriate)

EC/EINECS number (if 203-625-9
available and appropriate)

EC name (if available and Toluene
appropriate)

CAS number 108-88-3
Other identity code (if N/A
available)

Molecular formula CsHs

Structural formula

CH;

SMILES notation (if available)

CC1=CC=CC=C1

Molecular weight or molecular
weight range

92.14 g/mol

Information on optical activity
and typical ratio of (stereo)
isomers (if applicable and
appropriate)

N/A

Description of the
manufacturing process and
identity of the source (for
UVBC substances only)

N/A

Degree of purity (%) (if
relevant for the entry in
Annex VI)

N/A

N/A: Not applicable
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Physico-chemical properties of toluene

The physico-chemical properties of toluene were obtained from the

REACH registration dossier of toluene3 and are presented in Table 2.

Table 2 Summary of physico-chemical properties of toluene

Properties

Value

State of the substance at
normal temperature and
pressure

Liquid

Melting/freezing point

-95°C at 101,325 Pa

Boiling point

110.6°C at 101,325 Pa

Relative density

0.87 g/cm3 at 20°C

Vapour pressure

3,088.9 Pa at 21.1°C
4,130.0 Pa at 26.6°C

Surface tension

27.73 mN/m at 25°C.

Water solubility

573-587 mg/L at 25°C

Partition coefficient n-
octanol/water

2.73 at 20°C

Flash point

4.4°C at 101,325 Pa

Flammability

Highly flammable

Explosive properties

Non-explosive

Self-ignition temperature

480°C at 101,325 Pa

Oxidising properties N/A
Granulometry N/A
Stability in organic solvents N/A
and identity of relevant

degradation products

Dissociation constant (pKa) N/A

Viscosity

0.56 mPa : s (dynamic) at 20°C

3 https://echa.europa.eu/nl/registration-dossier/-/registered-dossier/15538/4/1 - Accessed January 2024
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International classifications

European Commission

Toluene has a harmonized classification in Annex VI of the CLP-
Regulation (EC) 1272/2008 (entry nr: 601-021-00-3) as:

e Flam. Lig. 2 (H225: Highly flammable liquid and vapour)
Skin Irrit. 2 (H315: Causes skin irritation)
Asp. Tox. 1 (H304: May be fatal if swallowed and enters airways)
STOT SE 3 (H336: May cause drowsiness or dizziness)
STOT RE 2 (H373: May cause damage to organs through
prolonged or repeated exposure)
e Repr. 2 (H361d: Suspected of damaging the unborn child)

The Health Council

Toluene has not previously been evaluated by the Health Council of the
Netherlands for its mutagenic and carcinogenic properties. Toluene has
been evaluated by the Health Council of the Netherlands in 2001 for
effects on reproduction®. Classification as Category 3 (R63) was
recommended for developmental toxicity of toluene. No classification
was recommended for fertility or lactation due to a lack of appropriate
data.

IARC

IARC has re-evaluated toluene in 1989 and 1999. IARC considered there is
inadequate evidence in humans for the carcinogenicity of toluene [1].
Furthermore, IARC considered there is evidence suggesting lack of
carcinogenicity of toluene in experimental animals. Overall, IARC concluded
that toluene is not classifiable as to its carcinogenicity to humans (Group 3).

Other countries

e In the state of California, toluene is not considered a substance
causing cancer>.

e Toluene is also not included in the NTP Report on Carcinogens
(15% edition) as reasonably anticipated to be a human
carcinogen®,

¢ In Germany, toluene is not included as a carcinogenic substance
in the national list of CMR substances in the context of worker
protection”.

Toluene has the following classification in Australia®
e Flam. Lig. 2 - H225 (Highly flammable liquid and vapour)
e Skin irrit. 2 - H315 (Causes skin irritation)
e STOT RE 2 - H373 (May cause damage to organs through
prolonged or repeated exposure)

4 https://www.gezondheidsraad.nl/documenten/adviezen/2001/12/20/tolueen-evaluation-of-the-effects-on-
reproduction-recommendation-for-classification

5 https://oehha.ca.gov/media/downloads/proposition-65//p65list091319.pdf

6 https://ntp.niehs.nih.gov/whatwestudy/assessments/cancer/roc/index.html#toc

7 https://www.baua.de/DE/Angebote/Rechtstexte-und-Technische-Regeln/Regelwerk/TRGS/pdf/TRGS-
905.pdf? _blob=publicationFile

8 Details (safeworkaustralia.gov.au)
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Repr. 1A - H360 (May damage fertility or the unborn child)
STOT SE 3 - H336 (May cause drowsiness or dizziness)
Asp. Tox. 1 - (May be fatal if swallowed and enters airways)

Toluene has the following classification in Japan, revised in 2012°.

Flam. Lig. 2 - H225 (Highly flammable liquid and vapour)

Acute tox. 4 (H332: Harmful if inhaled)

Skin Irrit. 2 (H315: Causes skin irritation)

Eye Irrit. 2B (H320: Causes eye irritation)

Repr. 1A (H360: May damage fertility or the unborn child)

Repr. 1A (H362: May cause harm to breast-fed children)

STOT SE 1 (H370: Causes damage to central nervous system)
STOT SE 3 (H335: May cause respiratory irritation)

STOT SE 3 (H336: May cause drowsiness or dizziness)

STOR RE 1 (H372: Causes damage to the central nervous system
and kidney through prolonged or repeated exposure)

Asp. Tox. 1 (H304: May be fatal if swallowed and enters airways)

¢ NITE - Chemical Management Field - GHS Information
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Manufacture and uses

Manufacture

Toluene is registered under the REACH Regulation and is manufactured
in and / or imported to the European Economic Area, at a total tonnage
of = 1,000,000 tonnes.1?

Toluene is produced through the catalytic reforming of refinery streams,
and a portion of this reformate is converted into a mixture known as
BTEX (benzene, toluene, ethylbenzene, and xylene). About 15% of the
toluene is obtained when pyrolysis gasoline is separated during the
production of ethylene and propylene. Approximately 4% is acquired
through the separation of coal tar, and an additional 1% is recovered as
a by-product of styrene manufacturing. However, while the primary
sources of toluene are catalytic reformate and pyrolysis gasoline, most
of the toluene produced goes unrecovered. Toluene is widely utilized and
is manufactured by numerous chemical and petroleum companies [2, 3].

Uses

Toluene is used by consumers, in articles, by professional workers
(widespread uses), in formulation or re-packing, and at industrial sites
and in manufacturing.!!

Toluene that is not isolated from the BTEX mixture is typically blended
into gasoline to enhance its octane rating. The largest single use (~
50%) of isolated toluene is in the production of benzene via the hydro-
demethylation process, in which toluene and hydrogen (a reformate by-
product) are reacted under high temperature and pressure to yield
benzene and methane. The second largest use of toluene is in solvent
applications, especially in the paint and coating industry. It is also used
for manufacture of gums, resins, rubber, and vinyl organosol. Significant
amounts are used in inks, adhesives, the leather industry,
pharmaceuticals and other formulated products. Approximately 20% of
toluene is employed in the production of xylene and about 10% is used
for diverse purposes, including the synthesis of organic chemicals, acting
as a denaturant, and in the production of potentially abused drugs [2,
3].

Isolated toluene is used directly in several consumer products, such as
sanitizing agents, household aerosols, paints and varnishes, paint
thinners and antirust preservatives [4]. About 8% is utilized in the
production of toluene diisocyanate (TDI) [2, 3].

10 https://chem.echa.europa.eu/100.003.297/dossier-list/reach/dossiers/active
11 https://echa.europa.eu/nl/substance-information/-/substanceinfo/100.003.297
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Monitoring

Measurement of toluene in air can be done by passive or active
sampling. Passive personal air sampling is particularly suitable for
personal exposure assessment for longer durations such as for
determination of full-shift occupational exposure, because it is less
stressful for the employee as no pump is needed to draw air over the
absorptive material. Assessment of personal exposure can also be done
by biological monitoring through measurement of toluene or its
metabolites, hippuric acid (HA), benzylmercapturic acid (BMA) or orthro-
Cresol (o-cresol) in urine or by measuring toluene in blood. When an
exposure scenario is such that other exposure routes besides the
inhalation route are expected to contribute significantly to overall
exposure, a biological monitoring approach would give the most
accurate assessment of exposure. Outside this consideration, air
sampling would be sufficient.

The choice of the right biological monitoring parameter is important. HA
is not specific to toluene and is therefore not the most suitable exposure
indicator [5] and while o-cresol is specific to toluene, it represents only
a minor fraction of toluene metabolites. Accurate assessment of actual
toluene exposure would therefore need to consider the different
metabolites that reflect the various routes of absorption.

There is a strong correlation between air and biological measurements
of toluene. Balkhyour et al. (2023) reported correlations of air
measurements and the urinary metabolites hippuric acid and o-Cresol of
r=0.902 (p < 0.01) and r = 0.607 (p < 0.01), respectively, while the
correlation between air measurements and blood toluene was 0.820 (p
< 0.01) [6]. In a group of 37 rotogravure printers a close correlation
(0.78) was also found between the time weighted toluene exposure in
air and toluene concentrations in adipose tissue [7].

Analysis methods for toluene in different environmental and biological
matrices were collated by the Agency for Toxic Substances and Disease
Registry US (ASTDR) in 2017 as part of their toxicological profile for
Toluene. These are listed below (Tables 3 to 5) along with methods that
were developed subsequent to their review or had not been listed under
their review. This includes additional methods from NIOSH’s Manual of
Analytical Methods and from US Environmental Protection Agency’s SW-
846 Compendium on hazardous waste test methods.
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6.1 Environmental exposure monitoring
Table 3 Overview of methods for the analysis of toluene in the environment. All
references were quoted in ASTDR (2017) [3] unless otherwise indicated (*)
Sample Preparation method Analytica | Sample Percent Reference
matrix | method | detection recovery
limit
Workplace air | Sorption on activated GC/FID 0.01 mg +11.4° NIOSH 1994
carbon; extraction with Method 1501
carbon disulfide
Workplace air | Sorption on activated HPLC 0.5 mg/L or | Unknown | Campos-
charcoal or Radiello 5ug/sample Candel et al.
diffusive samplers 2009
Workplace air | Sorption on activated GC/MS 0.6 pg/s or | Unknown | Campos-
charcoal or Radiello 0.08 Candel et al.
diffusive samplers Hg/sample 2009
Workplace air | Collection in fused-silica | GC/MS 0.3 ppm 90-110 NIOSH 2018*
lined canisters. Method 3900
Indoor air Solid phase GC/MS 0.004 Unknown | Gorlo et al.
microextraction (SPME) mg/m?3 1999
Air Sorption onto Tenax®; GC/MS <0.88 ppbv | 111-163 Crist and
solvent extraction; Mitchell 1986
thermal desorption
Air Sorption onto Tenax®; GC/MS Unknown 93-94 EPA 1988a
thermal desorption Method TO-1
Krost et al.
1982
Air Collection in passivated | GC/MS low ppb Unknown | EPA 1988b
canisters Method TO-14
Air Collection on GC/MS Unknown Unknown EPA 1997a
multisorbent tubes; Method TO-17
thermal desorption
Air Collection in sorbent GC/FID 0.01 94 USEPA, EMMI
sampler tubes mg/sample 1997
NIOSH 1500

Page 22 of 143




RIVM letter report 2024- 0164

Sample Preparation method Analytica | Sample Percent Reference
matrix | method | detection recovery
limit
Air Sorption on activated GC/FID 0.01 Unknown | USEPA,
charcoal; extraction mg/sample EMMI 1997
with carbon disulfide NIOSH 4000
Air Solid phase membrane GC/MS 0.0001 Unknown Esteve-
samplers (SPMS) Hg/sampler Turrillas et al.
2009
Air Preconcentration in SKS | GC/MS 1 pg/m?3 Unknown Nicoara et al.
glass tube with 2009
charcoal, desorption
Stack gas Sorption onto Tenax®; GC/MS Unknown 50-150 USEPA,
effluents thermal desorption EMMI 1997
OSW 5041A
Vehicle Direct GC/FID 0.5 ppb Unknown Dearth et al.
exhaust 1992
Drinking Purge and trap capillary 0.01-0.02 98-99 DeMarini et
water GC/PID ppb al. 1991
EPA 1991a
Method 502.2
Drinking Purge and trap GC/PID 0.02 ppb 94 EPA 1991b
water Method 503.1
Drinking Purge and trap capillary 0.08- 0.11 | 100-126 EPA 1992a
water GC/MS ppb Method 524.2
Water/waste Purge and trap GC/PID 0.2 ppb 77 EPA 1982a
water Method 602
Water/waste Purge and trap GC/MS 6.0 ppb 98-101 EPA 1982b
water Method 624
Water/waste Addition of isotopically GC/MS 10 ppb Unknown | EPA 1984
water labeled analog; purge Method 1624
and trap
Industrial Purged with inert gas GC/IDMS 20 ppb Unknown | Colby et al.
effluents onto Tenax®; thermally 1980
desorbed
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Sample Preparation method Analytica | Sample Percent Reference
matrix | method | detection recovery
limit
Drinking Purged with inert gas GC/MS 1 ppb 74-107 Michael et al.
water, waste onto Tenax®; thermally 1988
water desorbed, cryofocused
Groundwater Solid-phase GC/FID 2 ppb Unknown | Arthur et al.
microextraction 1992
Water Purge and trap GC/MS 0.047 ppb 106 USEPA,
EMMI 1997
APHA 6210-B
Water Direct aqueous injection | GC 1.0 ppm Unknown USEPA,
EMMI 1997
ASTM D3695
Water Purge and trap GC 0.5 ppb 80-120 USEPA,
EMMI 1997
APHA 6220-B
Water Dilution in appropriate FS 2.1 ppm Unknown | USEPA,
solvent EMMI 1997
ASTM D4763
Water Static mode sampling IMS Unknown Unknown | Wan et al.
1998
Groundwater, | Purge and trap GC/MS 5 ppb 47-150 USEPA,
agueous EMMI 1997
sludges, OSwW8240B-W
waste
solvents, acid
and caustic
liquors, soils,
sediments
Groundwater, | Purge and trap or direct | GC/EC or 0.01 ppb 99 USEPA,
aqueous injection GC/PID EMMI 1997
sludges, OSW 8021B-
waste PID
solvents, acid
and caustic
liquors, soils,
sediments
Solid waste Purge-and-trap capillary 0.01 ppb 99 EPA 1996a
GC/PID Method
8021B
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Sample Preparation method Analytica | Sample Percent Reference
matrix | method | detection recovery
limit
Solid waste Purge-and-trap GC/PID 0.08-0.11 100-102 EPA 1996b
ppb Method
8260B
Solid waste Static Headspace GC/MS 0.72 ng/L 101 Bernado et al.
sampling (HS) 2009
Soil Methanol extraction; capillary sub-ppm >90 Meney et al.
SPE GC 1998
Soil Filter immunoas | 7 ppm Unknown | EPA 1996¢
(screening) say Method 4030
Soils and Headspace extraction GC/PID 0.2 ppb 46-148 USEPA,
sediments EMMI 1997
OSW 8020A
Soils and Headspace extraction GC/FID Unknown Unknown | USEPA,
other solid GC/PID/EL EMMI 1997
matrices CD OSw 5021
Solid waste Purge and trap or direct | GC/MS 0.11 ppb 102 USEPA,
matrices aqueous injection or EMMI 1997
concentration by OSW 8260B
azeotropic distillation or
automated static
headspace
Plant cuticle Headspace extraction GC/FID Unknown Unknown | Keymeulen et
al. 1997
Food Headspace extraction, 1 | GC Unknown Unknown | Walters 1986
hour at 90°C
Foods Purge and trap capillary 8 ppb 54-76° Heikes et al.
GC/MS 1995
Bottled water | Headspace extraction GC/MS 0.5-1 ppb Unknown | Page et al.
1993
Olive oil Homogenization; capillary Unknown Unknown | Biedermann
headspace GC/MS et al. 1995

@ Reported accuracy.
b Intra laboratory accuracy. Single lab accuracy is reported as 100-106% recovery.
ELCD = electrolytic conductivity detector; FID = flame ionization detector; FS =
fluorescence spectroscopy; GC = gas chromatography; IDMS = isotope dilution mass

spectrometry; MS = mass spectrometry; PID = photoionization detector; SPE = solid-

phase extraction; *References not quoted in ASTDR 2017.
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Biological exposure monitoring

Toluene concentrations can be determined in biological fluids and tissues
and exhaled breath using a variety of analytical methods.
Representative methods are summarized in Table 4 [3].

Toluene, due to its volatility, is prone to loss from biological samples like
tissues and body fluids. Careful collection and storage, often at low
temperatures in sealed containers, are crucial to prevent analyte loss.
Blood samples, though more invasive, offer easier maintenance of
sample integrity, attributed to blood's relatively nonpolar nature,
resulting in less diffusion loss. Headspace techniques, particularly static
and dynamic (purge and trap), are commonly used for toluene
separation from biological fluids. The static method, simpler but
potentially less sensitive, relies on equilibrium, while dynamic methods
offer increased sensitivity but may lead to artifact formation.
Chromatographic separation uses packed or capillary columns, with
detection through flame ionization, photoionization, or mass
spectrometry. Although other methods like solvent extraction or direct
aqueous injection have been used, they present challenges like matrix
effects and low sensitivity [3].

Table 4 Overview of methods for the analysis of toluene in biological materials All
references were quoted in ASTDR 2017 unless otherwise indicated (*)

Sample | Preparation Analytical | Detection Percent Reference
matrix method method Limit recovery
Blood Lyse; extraction GC/FID Unknown Unknown | Benignus et
with carbon al. 1981
disulfide
Blood Purge and trap Unknown 7.5 pg/L Unknown | Cocheo et
al. 1982
Whole Purge and trap GC/MS 0.088 ug/L 91-147 Ashley et
blood al. 1992
Blood Purge and trap capillary 50 ng/L 50 Fustinoni
GC/FID 1996
Blood Headspace capillary 0.04 ymol/L | Unknown | Schuberth
extraction GC/ITD 1994
Blood Headspace SPME | GC/MS 24 pg/mL Unknown | Chambers
et al. 2006
Blood Headspace GC/FID 0.006 pg/mL | 97-106 NIOSH
2013*
Method
8007
Mother’s | Purge and trap capillary Unknown 63 Michael et
milk GC/FID (chloro- al. 1991;
benzene) | Pellizzari et
al. 1982
Urine Purge and trap capillary 50 ng/L 59 Fustinoni
GC/FID 1996
Urine Heated capillary 1 ng/mL 42.3 Lee et al.
headspace GC/FID 1998b
extraction
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Sample | Preparation Analytical | Detection Percent Reference
matrix method method Limit recovery
Urine Headspace GC/PID 15 ng/L Unknown | Skender et
(Purge and Trap) al. 2004
Urine Headspace GC/FID 2 ug/L Unknown | Kawai et al.
1996
Biofluids | Headspace GC/FID Unknown Unknown Suitheimer
extraction et al. 1982
Adipose | Evaporation at GC/FID Unknown 88-112 Carlsson
tissue 150°C into and
nitrogen, direct Ljungquist
gas injection 1982
Brain Extraction with GC/FID Unknown Unknown Benignus et
tissue carbon disulfide; al. 1981
homogenization;
centrifugation
Breath Collection in capillary 1 nmole Unknown | Dyne et al.
modified GC/MS 1997
Haldane-Priestly
tube; transfer to
adsorption tube;
thermal
desorption
Breath Collection via capillary low pg/m?3 80-136 Thomas et
spirometer into GC/MS al. 1991
passivated
canisters
Breath Collection via capillary ~2 ug/m?3 91-104 Thomas et
spirometer into GC/MS al. 1992
1.8°L passivated
canisters
Breath Collection via capillary 3 pug/m?3 Unknown | Riedel et al.
spirometer onto GC/MS- 1996
charcoal traps; SIM
microwave
desorption
Breath Collection in GC/FID Unknown Unknown Lapare et
Tedlar bags al. 1993

FID = flame ionization detector; GC = gas chromatography; ITD = ion trap detection; MS

= mass spectrometry; SIM = selected ion monitoring

The American Conference of Governmental Industrial Hygienists
(ACGIH) recommends measuring orthocresol levels in urine at the end
of the work shift as a method to assess toluene exposure in workers.
This is part of a comprehensive approach that also includes measuring
toluene levels in urine at the end of a work shift and toluene levels in
blood immediately before the last shift of a workweek. The previous
recommendation of assessing hippuric acid levels in urine was
withdrawn due to the potential masking effect of background urinary

hippuric acid from the consumption of benzoate in foods and beverages,

especially at toluene concentrations below 50 ppm. Alternative
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metabolites like benzylmercapturic acid (BMA) or S-p-toluylmercapturic
acid may also be measured, but their utility may be limited by individual

variability [3].

Table 5 Analytical methods for determining biomarkers of toluene in biological

samples. All references were quoted in ASTDR 2017 [3] unless otherwise indicated

(*).
Sample | Preparation Analytical | Detection Percent Reference
matrix method method Limit recovery
(Biomar-
ker)
Urine Extraction with HPLC/UV 30 mg/L Unknown | NIOSH
(HA) ethyl HPLC/UV 1984b
acetate;
evaporation;
redissolve in
water
Urine Extraction with HPLC 0.1 mmol 101 Tardif et al.
(HA) MTBE elution 1989
with phosphate
buffer/methanol/
formaldehyde
Urine Hydrolysis; HPLC/UV 0.5 mg/L 952 Kawai et al.
(o-cresol)| solvent 1996
extraction
Urine Addition of 'H NMR Unknown Unknown Kwon et al.
(HA) deuterium oxide 2011
and TSP to
samples
Urine Adsorbent HPLC/FI 0.5 pg/L Unknown Maestri et
(BMA) column cleanup; al. 1997
derivatization
Urine Solid phase HPLC/ 0.2 ng/mL 95-109 NIOSH
(BMA) extraction MS/MS 2014%*
Method
8326
Breath Collection in GC/FID Unknown Unknown Lapare et
(Toluene) | Tedlar bags al. 1993

@Extraction efficiency.
BMA = benzylmercapturic acid; FID = flame ionization detector; Fl = fluorescence

detector; GC = gas chromatography; HA = hippuric acid; HPLC = high performance liquid

chromatography; MTBE = methyl tertiary butyl ether; UV = ultraviolet detection
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Exposure

General population exposure

Environmental sources of toluene are primarily from production;
transport and use of gasoline; and to a lesser extent, from industrial
waste where it is a common contaminant of water and soil. Due to its
high volatility toluene released to soil or water rapidly partitions to air
[3]. Consequently, one of the most common ways for the general
population to be exposed is through the inhalation of polluted air in peri-
urban and urban areas where automobile emissions and industrial
emissions are the principal sources of exposure. However exposure by
the dermal route is also possible.

Household products are also a significant source of exposure due to its
use as a solvent for many everyday products including paint thinners,
adhesives, and nail polish [3]. Mean indoor air levels were found to
increase from under the detection limit of 200 pg/m?3 to 3,200 to 9,200
Mg/m3 during application of nail lacquer products in residences in the US
[3, 8]. Other everyday products where it has been detected include
leather cleaning products (22,879 ug/m?3), glue (19,137 ug/m3),
whiteout (4,258 pg/m3), self-adhesive wallpaper (1012- 3814 ug/m?3),
shoe polish (3037 pg/m?3), permanent pen (2295 pug/m3), wig adhesive
(1402 pg/m?3), tapes (360-1357 pg/m?3), oil-based ballpoint pen (757
nug/m3), duplex wallpaper (52-196 pg/m3), shoes (102 ug/m3), and air
freshener (49 pg/m?3) [9]. Estimates of inhalation exposure levels due to
these and other indoor sources range from 1.2 x 10 to 0.0055
mg/kg/day while estimates of dermal exposure range from 1.6 x 1071° to
0.00023 mg/kg/day [9]. In addition to products, factors that contribute
to toluene concentrations in indoor air include heating mode, insulation,
type of flooring, ventilation (air exchange per hour), mode of cooking,
time of year/season, proximity to a busy road and, as previously
mentioned, location (urban/rural) [9, 10].

Due to the many potential sources of exposure, indoor levels can exceed
outdoor exposure levels even in urban areas [3]. Given that most
individuals spend a significant portion of their day indoors, indoor air is
likely to be their primary source of exposure. For individuals living near
hazardous waste sites or industrial facilities emitting toluene, there is a
potential for higher exposure levels, but these can only be accurately
estimated for specific locations [3]. Concentrations in urban areas of
European cities are around 7.33 pg/m?3 but levels of 80.5-369 pg/m?3
have been reported for areas with heavy traffic congestion [3].

An overview of the studies conducted in Europe with details of the levels
of indoor toluene exposure associated with specific sources and
exposure factors is given in Table 6. Hosseini et al. (2023) conducted a
systematic review to assess urinary concentrations of biomarkers of
BTEX in the general population and workers. Exposure levels measured
in the general population in Europe is given in Table 7.
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Table 6 Indoor toluene exposure levels and determinants of exposure (abstracted and adapted from Vardoulakis et al. (2020) [10])

g £ 5 2 2 > e £
* O = ° c U w 0 c - =)} c c = @
) 53 o o5 550 65°2 | 553 £33 S0 =6, e85
8 3o o€ o¥ P cwLoe | @0y e = “cwr =T @
s s3% = 5 S35 sOoOwvs3| 0.2 =30 3 S o0 Eco
o 352 ~3 c= 3 cas=| ok o0y £ o o n > L= Q
e = > O = 0 9 - X090 | X% o ®-= @ O bl 0w X
[0) 0T = O Qv ) 2 - w v [T = w - )] = 00
.- ac = £ —_ ]
()] © () — E (7]
(-4 < (a]
Alexopoulos | 50 Athens; Smoking 49.2 Mean / toluene, not reported Sept 1997- Location (centre or
et al. 2006 | households | Greece nNg/m3 xylene September suburb), proximity to
1998 gasoline station,
heating mode, recent
painting,
type/floor of house,
use of oil
and natural gas
ovens, wind speed,
ventilation
Delgado- 100 Midlands, Tobacco 17.53 GM / ug/m3 | 15 VOCs | Generally in the Smoking, ventilation,
Saborit et households | rural South | smoke, living room use of cleaning
al. 2011 Wales; UK candle/incense, products, building
fireplace, home materials,
activities
Harrison et | 100 London, Solvents, 10.88 GM / ug/m3 | VOCs, Living room All Outdoor air, heating,
al.2009 households | Birmingham, | heating, PAHs seasons,May | cooking,
(houses, West cooking, 2005-May redecorating,using air
flats) midlands, redecorating, 2007 fresheners, smoking,
South air fresheners, time spent in garage
Wales; UK glue
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Hulinetal. | 114 Clermont- Not applicable 20.2 Median / NO2, Living room Summer Season, urban versus
2010 households | Ferrand; to this paper nNg/m3 PM2.5, and winter rural location,
France Co VOCs (urban), ventilation, way of
summer living, outdoor
(rural) pollution
Kliucininkas | Location 1: | Kaunas; Not reported 3.0 Mean / PM2.5, Location 1: Winter and Season, traffic
et al. 2011 | 3rd Lithania pNg/m?3 PM10, indoor site spring, intensity, heating
floor, 5 PM4, inside a room, January- system
storey PAHSs, 3rd floor February Gas cooking,
university VOCs Location 2: 2009;
dormitory storage March-April
Location 2: facility, 1st 2009
1st floor of floor of a
a university university
building building
Raw et al. 876 England; UK | Gas cooking, 15.1 GM / pg/m3 | CO, NO2, | Kitchen, October Gas cooking, tobacco
2004 households heating, VOCs bedroom 1997- smoking, use of
(flats/bedsi building February combustion
ts, materials, 1999 appliances for
terraced, paintings, heating, season,
semidetach smoking cooking fuel, heating
ed, fuel,presence/location
detached of garage, dwelling
and type, building age,
bungalows) flooring
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Saraga et 2 Athens; Smoking 23.3 vs Mean / PM1, Living room May 2005 Outdoor air, smoking,
al. 2010 households | Greece 18.6 nNg/m3 PM2.5, ventilation, air
(apartment (smokers benzene, exchange rate,
s) VS non- toluene, temperature, wind
smokers) m- p- speed, relative
xylene, humidity of outdoor
o-xylene air
Schneider 405 Ertfurt, Oil stoves, 20.46 vs Median / VOCs Living room, June 1995- Seasons, insulation,
et al. 2010 | households | Hamburg, paint, solvents, | 37.29 hg/m3 bedroom November proximity to busy
Germany cooking, (Hamburg 1996 road, ventilation,
cleaning, vs Erfurt) location (urban/rural)
heating
Topp etal. | 631 Ertfurt, Not reported 35.7, Median / BTEX, Living room, June 1995- Smoking, gas cooking
2004 households | Hamburg, 32.3 hg/m3 NO2 bedroom/nursery | May 1997;
Zerbst, (1t vs 2d April 1996-
Bitterfeld, visit, September
Hettstedt; Living 1998
Germany room)
Villanueva 22 Puertollano; | Smoking, 12.0 Mean / VOCs Living room May-June Ventilation, smoking,
et al. 2015 | households | Spain furniture, nNg/m3 Carbonyls 2011 furniture age, use of
furnishing, heating, air
heating, conditioning, indoor
cooling carpet

*Full reference information can be found in the original review by Varkoulakis et al. (2020)[6]
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Table 7 General population toluene exposure concentrations in European countries

Reference Settings Country | Population Exposure Assessment
Bergamaschi | Area 1: Urban Italy Cyclists Method
et al. (1999) | inner-city Male/Female: 12/12 Quasi-experimental
routes with Age: 25-27 years Passive-diffusive air sampler (Radiello)
jammed traffic All non-smokers Sampling duration: 2 hours
GC/MC analysis
Area 2: Quiet
open rural Personal air exposure:
routes with low 2-hour Time-weighted-average (rural):
car traffic 13.5 (6.7-64.2) yg/m?3
2-hour Time-weighted-average (urban):
113 (45-1230) pg/m3
Barros et al. | Living near gas | Portugal | Adults living in Method
(2019) stations ground floor level Observational

accommodation in an
urban environment.
Male/Female: 53/66
Exposed/controls:
60/59

All nhon-smokers

Ambient air: Passive diffusive air
sampler (open-ended glass tube
containing granular coconut shell
charcoal and plugged with cellulose
acetate).

Indoor and outdoor ambient air sampling

Biomonitoring: Urinary BTEX head-space
solid-phase micro-extraction

GC/MS analysis

Exposed areas: urban area with a gas
station (GS) and residences within 80 m
of the GS.

EA1 - residences <40 m from gas station
EA2 - residences 40m up to 80 m from
gas station.

Control areas: urban area; no gas
station.

Ambient air concentrations (median;
range):

Outdoor exposed: 6.9 (3.9-13.4) pg/m?3
Outdoor control: 6.1 (3.2-11) yg/m?3
EA1: 7.2 (3.9-13.4) pg/m?3

EA2: 6.7 (3.9-13.4) pug/m?3

Indoor exposed: 8.1 (1.3-438.8) ug/m?3
Indoor control: 6.4 (3.2-66.7) ug/m?3
EA1: 8.0 (1.3-13.4) pg/m3

EA2: 8.1 (3.9-438.8) ug/m?3

Urinary toluene (median; range):
Exposed: 0.154 (0.025-0.304) pg/L
Controls: 0.142 (0.019-0.300) pg/L
EA1: 0.149 (0.025-0.291) pg/L
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Reference Settings Country | Population Exposure Assessment
EA2: 0.157 (0.097-0.304) ug/L
Fustinoni et Urban Milan General population Method
al. (2010) and Male/Female: 101/7 Personal air monitoring: 5-hour period of
environs, | Mean age: a working day.
Italy 45 years (19-75) Passive air sampler (Radiello).
Exposed/controls: Biomonitoring: 3 urine spot samples
43/65 over a week.
Smokers/non- Analysis: Urinary BTEX head-space solid-
smokers: 43/65 phase micro-extraction.
GC/MS analysis.
Personal air exposure (Median;
interquartile range):
All participants: 25.5 (32.8) ug/m?3
Urinary toluene:
All participants: 0.397 (88) ug/L
Non-smokers 0.375 (55) pg/L
Smokers 0.437 (96) pg/L
Minoia et al. | Urban areas: Italy 432 children aged 6- | Method
(1996) towns with 8 years Personal air monitoring; 24-hour period;
< 50,000 Towns: indoor and outdoor exposure
inhabitants Treviglio (n=148) Passive air samplers (Radiello)

Poggibonsi (n=107)
Valenza (n=139)

Biomonitoring: urine collected at mid-
morning.

GC-FID analysis

Personal air exposure (Median; 5%, 95
Indoor

Treviglio: 22.5 (5.4, 75.2) yg/m?3
Poggibonsi: 29.0 (9.0, 135.3) pg/m3
Valenza: 16.1 (7.1, 71.4) yg/m?3

Indoor + outdoor

Treviglio: 25.3 (7.3, 17.5) yg/m?3
Poggibonsi: 25.2 (11.7, 94.2) ug/m3
Valenza: 18.6 (9.3, 70.8) ug/m3

Urinary toluene (Median; 5%, 95th
percentile):

Treviglio - 0.435 (66, 347) ug/L
Poggibonsi - 0.207 (80 233) ug/L
Valenza - 0.204 (38 296) ug/L
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Reference Settings Country | Population Exposure Assessment
Tsangari et Urban areas. Cyprus General population Method
al. (2017) Area 1: major Male/Female: 17/31 Biomonitoring: urine, first morning void
industrial zone Mean age: 49 years Analysis: Headspace solid-phase micro-
and intercity- Exposed/controls: extraction (HS-SPME)
highway within 43/65
20 km Smokers/non- Urinary toluene (Median;
smokers: 7/41 Interquartile range):
Area 2: major Areal/Area2: 29/19 All: 0.124 (0.081, 0.171) ug/L
industrial zone Area 1: 0.086 (0.066, 0.124) pg/L
and intercity- Area 2: 0.175 (0.163, 0.284) pg/L
highway within
1 km
Skender et Croatia General population Method
al. (2004) Male/Female: 21/51 Biomonitoring: urine, first morning void
Mean age: 37.6 (19- | Analysis: GC/FID
69) years
Smokers/non- Urinary toluene (Median; range):
smokers: 36/36 Smokers: 0.357 (0.102-0.112) pg/L
Non-smokers: 67 ug/L (0.021-0.202)
pg/L
7.2 Occupational exposure

Occupational exposure to toluene may occur in workplaces where
toluene is used as a solvent or as a starting product for chemical
synthesis. Industrial sectors and occupational settings where exposure is
likely to occur include the petroleum industry, printing industry, paint
and coatings industry, construction industry, painting sector, coke
plants, gas service stations, hairdressing and nail salons and in the auto
repair industry. Those employed in these industries could face higher
toluene exposure compared to the general population [3]. Data on
occupational exposure to toluene is limited and often reported as a
component of a mixture of volatile organic compounds (VOCs) or as
Benzene, Toluene, Xylene (BTX).

An overview of occupational toluene exposure assessments conducted
within Europe is reported in Table 8. This is based on a recently
published systematic review to assess urinary concentration of
biomarkers of BTEX among workers [11]. For comparison the SCOEL
considers 192 mg/m?3 as an appropriate 8-hour TWA based on no reliable
evidence of effects at or below this concentration [12].
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Table 8 Occupational toluene exposure concentrations in European countries. All
references were quoted in Hosseini et al. (2023)[11] unless otherwise indicated

(*)
Reference Occupational | Country Population Exposure Assessment
setting
Campo et al. | Petrol station Italy Exposed/controls: Personal air exposure to BTEX was
(2015) workers 89/90 monitored for 5 hours during working day.
Males/females: Passive sampling in PBZ using Radiello
179/0 passive sampler.
Mean age: 44 years
Smokers/non- Urine spot samples were collected at
smokers: 61/118 begin work week, begin shift in parallel to
air sampling and at end of shift.
Personal air toluene (Median; 5t -
95th percentile):
Petrol station workers: 236 ug/m3; 24-
1763 pg/m3
Controls: 26 pg/m3; 8 - 249 ug/m?3
Urinary toluene (Median; 5t — 95th
percentile)
Petrol station workers:
Baseline: 0.480; 0.181-0.743 pg/L
Before shift: 439; 229-650 pg/L
End shift: 597; 486-807 ug/L
Controls:
Baseline: 251; 172-738 pg/L
Before shift: 461; 323-581 pg/L
End shift: 618; 500-890 ug/L
De Palma et | Petrol station Italy Exposed/controls: Urinary toluene:
al (2012) attendants 102/0 Begin shift: 0.333 pg/L
Males/females: End shift: 0.362 ug/L
69/33
Mean age: 41.1 +
13.4 years
Smokers/non-
smokers: 61/118
Janasik et al | Paint workers | Poland Exposed/controls: Blood toluene:
(2010) 28/0 5.36 pg/L
Males/females:
20/8
Mean age: Adults
Smokers/non-
smokers: NA/NA
Janasik et al | Footwear Poland Exposed/controls: Personal air exposure:
(2010) factory 35 Mean - 105.4 mg/m3
workers Males/females:

9/26

Age: Adults
Smokers/non-
smokers: NA/NA

Urinary toluene:
228.1 ug/L

Blood toluene:
363.1 ug/L
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Reference Occupational | Country Population Exposure Assessment
setting
Nise et al. Rotogravure Sweden Group 1: Ambient air levels (Median; range):
(1989) [71* printers 37 male printers 75 (8 - 416) mg/m3
exposed for 2-43
years (median 23). | Personal air exposure:
Groups 2 and 3
Groups 2 and 3: Time weighted exposure for the week:
11 male printers 115 (35 - 246) mg/m?3
exposed for 13-36
years (median 24) Blood toluene:
Group 2
21 unexposed 23.3 (1.4 - 4.4) umol/L
workers
Group 3
1.0 (0.22 - 1.9) ymol/L
Unexposed group
0.01 pmol/L (< LOD)
Vitali et al. Handicraft car | Italy Exposed: 8 Urinary toluene:
(2006) painter Sex: Males 8.81 pg/L
Age: Adults
All non-smokers
Fustinoni et Policemen Italy Exposed: 30 Blood toluene:
al. 1995 (Traffic and Sex: Males Traffic - 0.949 pg/L

clerk)

Age: 40 £ 7 years
All non-smokers

Clerk - 1.112 pg/L
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(Toxico)kinetics

This summary of the toxicokinetics of toluene is based on chapter 3.4 of
the Agency for Toxic Substances and Disease Registry (ATSDR) report
published in 2017 [3].

Briefly:

- Absorption: Both human volunteer and animal studies indicate
that toluene is rapidly absorbed through inhalation. Toluene is
absorbed slower when administered orally or through the skin.

- Distribution: Human and animal studies show that toluene
absorbed via the respiratory tract is rapidly distributed
throughout the body, preferentially to adipose tissue, brain, bone
marrow, and kidney. There are some studies that indicate that
toluene can cross the placental barrier.

- Metabolism: In both humans and laboratory animals, toluene is
predominantly metabolised by side-chain hydroxylation catalysed
by CYP2E1 to form benzyl alcohol, followed by oxidation to
benzoic acid and conjugation with glycine to form hippuric acid.

- Excretion: In both humans and rats, 75-80% of absorbed toluene
is excreted as hippuric acid in the urine. The remaining amount
of toluene is excreted unchanged in exhaled air or as conjugates
of minor metabolites in urine. The majority of toluene is rapidly
excreted whereas a small portion is slowly eliminated.

Human data

The information in this paragraph is summarized from chapter 3.4 of the
ATSDR report published in 2017 [3]. The references shown can be found
in the original ATSDR report.

Absorption

Inhalation: Rapid toluene absorption was shown in humans exposed to
80 ppm toluene, as toluene appeared in the blood within 10-15 minutes
of exposure (Hjelm et al. 1988) and as a high correlation between
alveolar and arterial concentrations of toluene was seen both during and
after exposure (Carlsson 1982). About 50-83% of the inspired toluene
concentration is absorbed from the lungs of volunteers (Lof et al. 1993,
Benoit et al. 1985). A higher rate of toluene uptake and excretion (120-
200%) was observed in volunteers exposed to 50 ppm toluene for 7
hours during exercise (Nadeau et al. 2006).

Oral: In humans, complete absorption of toluene through the
gastrointestinal tract was confirmed by monitoring exhaled air for
toluene and urine for toluene metabolites following 3-hour oral
administration of toluene through a feeding tube (Baelum et al. 1993).

Dermal: Early studies showed that toluene is slowly absorbed through
human skin, with a rate ranging from 14 to 23 mg/cm?/hour (Dutkiewicz
and Tyras 1968). The EPA estimated a dermal permeability coefficient
(Kp) of 1 cm/hour based on this data. Transdermal uptake of toluene
directly from the air was expected to be low, accounting for 1-2% of
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total body burden from toluene vapours (Brooke et al. 1998; Weschler
and Nazaroff, 2014). In experiments where the skin was washed with
toluene for 5 minutes, a maximum blood concentration of 5.4 umol /L
was observed (Aitio et al. 1984). Dermal permeability coefficients were
estimated for subjects submerged in 500 pg/L toluene-containing water.
The average Kp was 0.012 cm/hour, with some variation.

Distribution

Exposure to 80 ppm toluene for 4 hours in humans resulted in blood
toluene levels plateauing at around 6-7 pmol/L after approximately 2
hours (Hjelm et al. 1988; Lof et al. 1990). In humans, toluene
distributes between plasma and red blood cells in a 1:1 ratio based on in
vitro data (Lam et al. 1990). In the red blood cells, toluene appears to
be associated with hemoglobin rather than the cell membrane. The
interaction of the toluene with the red blood cell increases the amount of
toluene that can be accommodated by the aqueous blood medium and
facilitates transport of toluene to all areas of the body (including the
brain) at a rate that is greater than if toluene was transported only in
the plasma.

Autopsies of toluene-exposed humans revealed its distribution to lipid-
rich and highly vascular tissues, such as the brain. Toluene levels in the
brain and liver of a 16-year-old male who died after glue sniffing were
297 and 89 ug/mg, respectively, compared to 20.6 ug/mg in the blood
(Paterson and Sarvesvaran 1983). In another case of toluene exposure
during painting, tissue levels in the blood, lung, liver, and brain were 48,
35, 65, and 80 ug/g, respectively (Takeichi et al. 1986). Within the
human brain, toluene displayed a preference for areas rich in lipid
content, like the brain stem, over areas with more gray matter (Ameno
et al. 1992).

One study determined concentrations of toluene in subcutaneous
adipose tissue of male subjects exposed to 300 mg/m? of toluene during
rest or physical exercise (Carlsson and Ljungquist 1982). After 2 hours
of rest exposure, the mean concentration of toluene in adipose tissue
was 0.7 mg/kg, while after 2 hours of exercise, it increased to 9.9
mg/kg. Toluene concentrations in adipose tissue were also lower in
subjects with more body fat.

In a case where a human died 30 minutes after ingesting 625 mg/kg of
toluene, the highest concentrations of toluene were found in the liver
(433.5 pg/g), followed by the pancreas (88.2 pg/g), brain (85.3 ug/g),
heart (62.6 ug/g), blood (27.6 ug/g), body fat (12.2 pg/g), and
cerebrospinal fluid (11.1 ug/g) (Ameno et al. 1989). The short time
between toluene exposure and death limited its distribution to peripheral
body tissues in this case.

Metabolism

Studies on toluene-exposed humans have identified hippuric acid (the
glycine conjugate of benzoic acid) as the major urinary metabolite of
toluene. Minor urinary metabolites, in approximate order of decreasing
abundance, include the glucuronyl conjugate of benzoic acid, sulfate and
glucuronide conjugates of ortho- and para-cresol, S-benzylmercapturic
acid, and S-p-toluylmercapturic acid. This information, along with in
vitro studies and recent research with human liver microsomes,
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contributes to a comprehensive scheme for toluene metabolism in
humans and animals (Figure 1) [3].
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Figure 1 Metabolism of toluene [3].

In both humans and rats, the initial metabolic transformations of toluene
involve two key processes: methyl and ring hydroxylations, which are
facilitated by cytochrome P450 (CYP) isozymes. The predominant first
metabolic step in liver microsomes is methyl hydroxylation, resulting in
the formation of benzyl alcohol (Nakajima et al. 1997; Tassaneeyakul et
al. 1996). In these investigations, ring hydroxylation leading to the
production of ortho- or para-cresols was observed to account for a minor
fraction, usually less than 5%, of the overall metabolite formation.

In vitro studies have revealed that different cytochrome P450 (CYP)
isozymes play distinct roles in the metabolism of toluene. Specifically,
CYP2EL1 is identified as the most active CYP isozyme responsible for
forming benzyl alcohol, while CYP1A2 is the primary contributor to the
formation of ortho- and para-cresols (Nakajima et al. 1991;
Tassaneeyakul et al. 1996). Using microsomes from cells expressing
different human CYP isozymes, it was demonstrated that CYP2E1
exhibited the highest activity in forming benzyl alcohol, followed by
CYP2B6, CYP2C8, CYP1A2, and CYP1A1l. CYP1A2, CYP2E1, and CYP2B6
were involved in the formation of ortho- and para-cresols (Nakajima et
al. 1997). The comparison of in vitro catalytic activities among human
recombinant CYP2E1, CYP2A6, and CYP2A13 revealed that CYP2A13 was
the most active, followed by CYP2A6 and CYP2E1, in converting toluene
to benzyl alcohol. This suggests potential tissue-specific variations in the
principal CYP isozymes involved in the initial stages of toluene
metabolism (Fukami et al. 2008). Benzyl alcohol is believed to undergo
a two-step conversion process to become benzoic acid, primarily
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through the actions of alcohol dehydrogenase and aldehyde
dehydrogenase.

S-benzyl mercapturic acid, a minor urinary metabolite observed in
humans, is believed to be produced through the conjugation of benzyl
alcohol with glutathione, facilitated by enzymes known as glutathione-S-
transferases. Subsequently, a series of enzymatic reactions, involving y-
glutamyltranspeptidase, amino peptidase M, and N-acetyltransferase,
work in concert to release glutamic acid and glycine while adding an
acetyl group to the molecule (Angerer et al. 1998a). The formation of
another minor urinary metabolite in humans, S-p-toluylmercapturic acid,
follows a similar pathway of reactions, starting from the proposed
intermediate compound, 3,4-toluene epoxide (Angerer et al. 1998a).

Considering the abundance of CYP isozymes, the liver is anticipated to
be the main location for toluene metabolism. To illustrate, when
examining human lung microsomes, the activity levels of CYP2E1 were
found to be 10.5% of what was observed in the liver (Wheeler et al.
1992). Considering the minimal levels of various CYP isozymes in the
developing human foetus, as reported in previous studies (Leeder and
Kearns 1997), it can be inferred that the ability for metabolically
detoxifying toluene is likely to be limited in the developing foetus.
CYP2E1, a key player in the primary toluene metabolic pathway, starts
being expressed a few hours after birth in humans and steadily
increases during the first year of life (Vieira et al. 1996).

Excretion

Upon acute inhalation exposure to toluene, absorbed toluene is rapidly
excreted predominantly in the urine as the metabolites such as hippuric
acid and benzoyl glucuronide and to a lesser extend as non-metabolized
toluene in exhaled air or urine (Ducos et al. 2008; Janasik et al. 2008,
2010; Lof et al. 1993; Ogata 1984; Tardif et al. 1998). In a study
involving nine volunteers exposed to deuterium-labeled toluene at a
concentration of 200 mg/m?3 (53 ppm) for 2 hours with light physical
exercise, approximately 78% of the retained label was excreted as
urinary hippuric acid within 20 hours (Lof et al. 1993). Another
significant portion of absorbed toluene is exhaled as nhonmetabolized
toluene, ranging from 7% to 20% of absorbed toluene in various studies
(Carlsson 1982; Leung and Paustenbach 1988; Lof et al. 1993).
Furthermore, there is a strong correlation between toluene air
concentrations and urinary toluene concentrations in the last 2 hours of
exposure (Janisik et al. 2008).

A smaller portion of toluene, primarily those entering adipose tissues, is
eliminated more slowly (Leung and Paustenbach 1988; Lof et al. 1993;
Nise et al. 1989; Pellizzari et al. 1992; Pierce et al. 1996, 1999, 2002).
The elimination half-lives of toluene in subcutaneous adipose tissue
samples ranged from about 12 to 65 hours in individuals exposed to
around 80 ppm toluene for four consecutive 30-minute periods, with
longer half-lives associated with increasing amounts of body fat
(Carlsson and Ljungquist 1982). In a study involving rotogravure
printers exposed to toluene concentrations ranging from 35 to 246
mg/m?3 (9 to 65 ppm) during and after a 5-day workweek, the time
courses of toluene concentrations in blood and subcutaneous fat were
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described by a three-phase elimination model. This model indicated half-
times of 9 minutes, 2 hours, and 90 hours for toluene in blood and a
single median elimination half-time of 79 hours for toluene in fat (Nise
et al. 1989).

Following oral administration of toluene through a feeding tube (2
mg/minute) into the stomach of human volunteers, non-metabolized
toluene was detected in alveolar air samples for up to 4 hours after
exposure cessation. Rates of urinary excretion of hippuric acid and
ortho-cresol were elevated compared to non-exposed conditions
(Baelum et al. 1993). A higher infusion rate of 6 mg/minute for 30
minutes did not significantly affect the urinary excretion rates but
notably increased the area-under-the-curve (AUC) for alveolar toluene
concentration compared to the lower infusion rate of 2 mg/minute.
When ethanol was administered alongside the 2 mg/minute exposure
protocol (equivalent to two alcoholic drinks), it reduced hippuric acid
urinary excretion and significantly increased the AUC for alveolar toluene
concentration, indicating a pronounced impact on toluene metabolism
and elimination. This finding is consistent with other studies showing
that ethanol inhibits the major toluene metabolic pathway, side-chain
oxidation (Dossing et al. 1984; Wallen et al. 1984). The results suggest
that orally administered toluene is eliminated in a manner similar to
inhaled toluene, involving urinary excretion of metabolites and
exhalation of nonmetabolized toluene.

After a 5-minute hand-washing exposure to toluene while wearing an
airstream helmet to limit inhalation, toluene levels in exhaled air from
human subjects peaked at approximately 1 ppm after 22 minutes, and
then decreased to about 0.03 ppm within 24 hours (Monster et al.
1993). This study shows that toluene absorbed through the skin can be
eliminated as the parent compound in exhaled breath. However, it does
not provide information about potential urinary excretion of toluene
metabolites.

Animal data

The information in this paragraph is based on chapter 3.4 of the ATSDR
report published in 2017 [3]. The references shown can be found in the
original ATSDR report.

Absorption

Inhalation: Toluene was quickly absorbed through the lungs of rats,
with the concentration in the blood and brain being directly proportional
to the concentration of toluene in the air (Benignus et al. 1984). In
dogs, toluene appeared in arterial and venous blood just 2 minutes after
the start of exposure (Hobara et al. 1984b). During a 60-minute
inhalation of 2,000 ppm toluene, both physically active and sedentary
rats experienced a rapid increase in toluene concentrations in their blood
and brain (Bushnell et al. 2007). Physical activity during inhalation
enhanced toluene uptake, resulting in concentrations approximately
26% higher in the blood and approximately 40% higher in the brain
compared to sedentary rats after 60 minutes of exposure (Bushnell et
al. 2007).
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Oral: While oral absorption of toluene has been observed in rats, it
appears to be slower than pulmonary absorption. In rat studies, the
highest blood concentrations were reached 1.5-3 hours after gavage
administration, whereas inhalation led to peak blood levels within 15-30
minutes (Pyykko et al. 1977; Sullivan and Conolly 1988). When rats
were given single gavage doses of approximately 800 mg/kg of toluene,
there were no statistically significant differences in the time course of
toluene concentration increase in the blood and brain between physically
active and sedentary rats (Bushnell et al. 2007). This suggests that
physical activity may not have the same impact on the uptake of orally
administered toluene as it does on inhaled toluene.

Dermal: Rats exposed to toluene in aqueous solution through their skin
exhibited significant absorption of the chemical (Morgan et al. 1991).
The study included different solution strengths, with blood toluene levels
near the analytical detection limits. However, it was concluded that
toluene absorption was significant, as only 1% of the body surface was
exposed. A dermal permeability coefficient (Kp) of 0.74 cm/hour
(SD=0.005) was measured in male F344 rats exposed to aqueous
toluene solutions (0.2 or 0.5 mg/L) under occluded conditions (Thrall
and Woodstock 2002). An average absorption of 45 and 42% was
calculated based on the amount of toluene remaining on the skin after
exposure to 1.75 and 4.14 mg/L toluene exposure respectively. Dermal
absorption also occurred in mice exposed to toluene vapours, with a
dose-related and duration-related increase in whole-body toluene levels
(Tsuruta 1989). The calculated skin absorption coefficient was found to
be 1.24 cm/hour.

Distribution

Autoradiography in mice exposed to toluene via inhalation revealed high
radioactivity in body fat, bone marrow, spinal nerves, spinal cord, and
white matter of the brain (Bergman 1983). Non-volatile radiation found
in the liver and kidney in this study suggests rapid formation and
excretion of toluene metabolites. Toluene distribution in rats showed
rapid tissue distribution, with homeostasis reached in one day for the
kidney, brain, and liver, whereas concentrations continued to increase in
perirenal fat deposits (Zahlsen et al. 1992). Once exposures stopped,
toluene concentrations declined within 12 hours to near baseline levels
for all tissues apart from fat. Toluene was detected in blood, brain,
auditory nerves, and the organ of Corti in rats after inhalation exposure
to 1750 ppm toluene for 10 hours (Campo et al. 1999).

In mice, toluene concentrations in the hippocampus increased with
nose-only exposure concentration but returned to normal levels after
exposure ceased (Nakajima et al. 2006). Toluene distribution in dogs
exposed to high concentrations showed roughly equivalent levels in the
liver and brain, with lower levels observed in the kidneys (Ikeda et al.
1990). In rats orally exposed to 400 mg/kg toluene, the highest brain-
to-blood toluene ratios were found in the pons and caudate-putamen, as
opposed to the hippocampus (Ameno et al. 1992). Toluene distribution
in the brain was also similar with inhalation and oral exposure (Ameno
et al. 1992). Toluene in rat brains was observed to be distributed within
the brain stem and midbrain, consistent with findings in humans and
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mice (Ameno et al. 1992; Bergman 1983). These areas are
characterized by a high concentration of white matter.

Pregnant doe exhibited preferential toluene accumulation in maternal
lipid-rich tissues, such as brain and fat, with limited transfer to the
developing foetus upon short-term exposure to a relatively high
concentration of 2,000 ppm (Ghantous and Danielsson 1986). In
another study, pregnant dams exposed to toluene had measurable
concentrations in the placenta, amniotic fluid, and foetal brain, with
foetal brain concentrations similar to maternal blood levels but lower
than maternal brain levels (Bowen et al. 2007).

Metabolism

In rats, most of the toluene metabolites are excreted in urine, with
approximately 83-94% in the form of hippuric acid. This compound is
produced by combining benzoic acid, with the help of enzymes like acyl-
CoA synthetase and acyl-CoA: amino acid N-acyltransferase. Another
smaller portion, roughly 3-9%, is converted into benzoyl glucuronide
through the action of UDP-glucuronyl transferase. In a study with
baboons, an examination of plasma samples obtained 30 minutes after
injecting 'C-toluene intravenously revealed the presence of several
metabolites. These included 34% toluene that remained unchanged,
40% benzoyl glucuronide, 18% hippuric acid, 1% benzyl alcohol and
benzaldehyde, and 3% benzoic acid (Gerasimov et al. 2002a).

Studies conducted with rats have demonstrated that toluene exposure
can lead to changes in liver CYP-associated enzyme activities and CYP
isozymes. For instance, single 6-hour toluene exposures induced hepatic
CYP2E1 levels and associated nitrosodimethylamine demethylase
activities at concentrations 21,000 ppm, while CYP2B1/2 and CYP3A1/2
levels were induced at concentrations >2,000 ppm. Conversely,
CYP2C11/6 levels decreased at 4,000 ppm, but CYP1A1/2 levels
remained unaffected (Wang et al. 1993). Longer-duration rat
experiments consistently observed the induction of CYP1A1/2-associated
aryl hydrocarbon hydroxylase (AHH) and ethoxyresorufin O-deethylase
(EROD) activities (Nakajima and Wang 1994). Intraperitoneal injections
of 5 mmol toluene/kg in rats resulted in the induction of ECOD and
EROD activities in the liver but not in lung or kidney tissues (Pyykko et
al. 1987).

These studies suggest that exposure to toluene concentrations of 1,000
ppm or higher can induce hepatic CYP enzymes involved in its
metabolism and the metabolism of other xenobiotics. In contrast,
exposure to lower concentrations, such as 125 or 375 ppm, may reduce
pulmonary activities of specific CYP mixed-function oxidases.
Importantly, workers exposed to 100 ppm toluene did not exhibit an
increased ability to clear antipyrine, indicating no CYP induction with
low-level exposure (Dossing et al. 1983c).

In rats, the levels of CYP isozymes in foetal livers are initially very low
but increase quickly after birth (Nakajima and Wang 1994). By the time
rats reach 10 days of age, they can respond to toluene exposure by
inducing hepatic CYP-associated enzyme activities (Pyykko 1983).
Studies comparing rates of toluene metabolism in liver microsomes from
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male and female rats at 3 weeks (immature) and 18 weeks (mature), as
well as in pregnant dams on gestational days 10 and 21, have shown
that age, gender, and pregnancy can influence the rates of hepatic
toluene metabolism and the induction of CYP isozymes (Nakajima et al.
1992b). These rat studies suggest that the levels of CYP isozymes
involved in toluene metabolism increase rapidly after birth. Furthermore,
they indicate that the capacity to carry out Phase I toluene metabolism
at low exposure levels during the neonatal period may exceed that at
maturity and pregnancy (Nakajima et al. 1992b).

Excretion

As in humans, animal studies also show that during acute inhalation
exposure to toluene, absorbed toluene is rapidly excreted predominantly
in the urine as the metabolites such as hippuric acid and benzoyl
glucuronide and to a lesser extend as non-metabolized toluene in
exhaled air or urine (Ducos et al. 2008; Janasik et al. 2008, 2010; Lof et
al. 1993; Ogata 1984; Tardif et al. 1998).

In experiments involving rats exposed to toluene at different
concentrations for 2 hours, researchers used two-phase exponential
models to estimate elimination half-lives, which were roughly 6 minutes
for the first phase and 90 minutes for the second phase. However, blood
toluene concentrations were only measured for up to 2 hours after
exposure (Rees et al. 1985).

No further studies were located regarding elimination of toluene
following oral or dermal exposure.
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Mutagenicity

Summary of in vitro mutagenicity tests

Data on in vitro mutagenicity testing of toluene are summarised in Table
9, followed by a summary in text. In general, only statistically significant
results are reported.
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Table 9 Summary table of in vitro mutagenicity tests with toluene

Reference

Test system

Compounds and concentration
range

Results

Remarks

Micro-organisms

Bos et al. Reverse mutation assay Toluene: 0, 100, 200, 500, 1,000, | No effects on reverse mutation No cytotoxicity observed.
(1981) (Ames test), non- and 2,000 ug/plate frequency observed in TA1535,
[13] guideline: TA1337, TA1538, TA98, and DMSO concentration not stated.
Salmonella typhimurium Positive controls: TA100 (-/+ S9)
(TA1535, TA1337, - Sodiumazide (5 pg/plate) No statistical analysis
TA1538, TA98, and - 4-Nitroquinoline-1-oxide (2 performed.
TA100) Hg/plate)
- 4-Nitro-ophenylenediamine (10
48h exposure Hg/plate)
- 9-Aminoacridine (200 ug/plate)
N=3
Vehicle control: DMSO
Buchholz et | Reverse mutation assay Toluene (as solvent): 4%, 200 No effects on reverse mutation Model for benzo[a]pyrene.
al. (1992) (Point and frame shift HMg/mL frequency observed in H69 and Several solvents used, including
[14] mutations), non- FS2 toluene (4%).

guideline:
Streptomyces griseus
(H69 and FS2)

24h exposure

N=3

Positive control: benzo[a]pyrene

Statistical analysis: ANOVA and
Dunnet'’s t statistic.
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Reference | Test system Compounds and concentration | Results Remarks

range
Chen et al. | Reverse mutation test Toluene (gas, N2): 3, 5, 10, and Colony forming units (CFU) per Toxicity observed after 16 hours
(2021) (Ames test), non- 50 ppm, equivalent to 11, 19, 38 plate (mean+SD), TA100 (+S9) | for all concentrations including
[15] guideline: and 188 mg/m32 50 ppm toluene: controls in TA100 (-/+ S9).

Salmonella typhimurium;

(TA98, TA100, TA1535,
TA102, and TA1537)

0-36 h exposure

N=2 (in duplicate)

Positive controls without S9:
-TA98: 4-nitroquinoline N--oxide
(2.5 pg/plate)

-TA102: mitomycin C (0.5

Hg/plate)
-TA1537: 9-aminoacridine (50

ug/plate)
-TA100 and TA1535: sodium azide

(5 ug/plate)

Positive control with S9:
- All: 2-aminoanthracene (5

Hg/plate)

Vehicle control:
-Nitrogen gas

- Oh: 262(£23)

- 1.5h: 319(£20) *

- 3h: 324(£17) **

- 5h: 356(£32) **

* p<0.05; ** p< 0.01

Colony forming units (CFU) per
plate (meanxSD), TA100 (-S9)
50 ppm toluene:

-0h: 292(£19)

-1.5h: 348(£21)*

-3h: 426(£43)*

-5h: 480(£48)**

-8h: 530(£23)**

* p<0.01; ** p< 0.001

CFU per plate (mean+SD),
TA100 (+S9) 10 ppm toluene:
- 0h: 217(%26)

- 0.5h: 303(£23)*

- 1h: 276 (£18)*

- 4h: 295 (£22)*

* p<0.01

Toxicity observed after 0.5
hours for 3 ppm toluene
exposure in TA100 (-S9).

P-trends not determined.

Statistical analysis: Student’s t
test.

Two-fold criteria selected in
methods, none of the results for
toluene meet this criteria.

Toluene levels measured verified
with gas chromatography, but
not reported.
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Reference

Test system

Compounds and concentration
range

Results

Remarks

CFU per plate (mean+SD),
TA100 (-S9)

0.5h:-

0 ppm: 277(£18)

- 10 ppm: 367(£35)*

4h : - 0 ppm 276(£22)
-5 ppm 269(x11)*

* p<0.05

(t) toxicity observed

No effects on reverse mutation
frequency observed in TA9S,
TA1535, TA102, and TA1537 (-
/+5S9).
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Reference | Test system Compounds and concentration | Results Remarks
range
DeMarini et | Microscreen prophage- Toluene: No effects on colony forming Unclear if toluene was examined
al. (1991) induction assay (prophage | 0%, 0.31%, 0.62%, 1.25%, 2.5%, | units observed. in 2,3 or 4 experiments.
[16] Lamba induction), Non- 5%, and 10%
guideline: Cytotoxicity observed upon 10% | Exposure time not specified.
E. coli (WP2s(X)) Positive controls: (- S9) or 5% (+ S9) toluene
-2-AA (+59) exposure.
Overnight exposure -2-NF (-S9)
Dumdel et Reverse mutation test Toluene (gas, NOx + reaction Data not reported, estimate Toxicity observed after 20h, not
al. (1988) (Ames test), non- products): from graph: quantified.
[17] guideline: Toluene: 4,403(+144) ppb,
Salmonella typhimurium equivalent 16.7 mg/m?32 Revertant/plate: Number of replicates unknown.
(TA100) Oh: ~200
No positive or vehicle control 3h: ~300 Includes reaction products of
4h: ~400 toluene, suggested that 27% of
48h exposure Negative control: Clean air 6h: ~500 effect may be caused by PAN.
8h: ~600
10h: ~700 Statistics not reported.
Cytotoxicity not reported.
Zhang et Reverse mutation test Toluene: Reverse mutation colonies/plate | Study performed in accordance
al. (2021) (Ames test): 0.5, 2.5, 5, 25, 50 pL/plate meeting 2-fold criteria with OECD guideline: Bacterial
[18] Salmonella typhimurium (mean£SD): Reverse Mutation Test 471.
(TA97, TA98, TA100, and | No positive control
TA102) TA97 (- S9): Statistics (performed using
Vehicle control: DMSO (100 -0: 107(£7) Origin software, but not

Performed according to
OECD test guidelines:

pl/plate)

- 2.5: 1400(£50) *

specified) or trends not
reported.
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Reference | Test system Compounds and concentration | Results Remarks
range

Bacterial Reverse TA97 (+ S9):

Mutation Test 471 - 0: 93(£3) For controls, the average
-2.5:1112(£43) * number in the DMSO and blank

N=3 -5: 609 (£14) * control group was taken.
TA98 (- S9): The DMSO dose used in this
-0: 33 (£1) study did not cause
-2.5: 981 (+84) * mutagenicity.

- 5: 738 (£39) *

TA98 (+ S9):
- 0: 36(+£2)
- 5: 700(£18) *

TA100 (+S9):
-0: 165 (£10)
-5: 708 (£33) *
-10: 987 (£27) *

TA102 (-S9):
-0: 221 (£11)
-10: 834 (£56) *

TA102 (+S9):
-0: 254(£5)
-50: 732(%11) *
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Reference

Test system

Compounds and concentration
range

Results

Remarks

* Mutagenicity ratio = 2
compared to control

No effects on reverse mutation
frequency observed in TA100 (-
S9)

Toxicity observed:

-TA97 and TA98 (-/+ S9), and
TA100 (-S9): 10 uL/plate
-TA100 (+S9) and TA102 (-S9):
50 plL/plate

Mammalian cells

Chen et al.
(2008)
[19]

Comet assay (neutral and
alkaline), non-guideline:
Human blood lymphocytes
(female, healthy, non-
smoker)

1h exposure

N=3

Toluene:
0, 50, 100, and 200 uM

Vehicle control: 0.5% DMSO
Positive control: 50 uM H20:2

Spin traps:
-5,5-dimethyl-pyrroline-N-oxide
(DMPO)
-N-tert-butyl-1-phenylnitrone
(PBN)

DNA damage (alkaline)
(mean = SD):

0: 91(£7)

50: 151(£25) *
100:196(£14) **
200:276(£11) **

* p<0.05, ** p<0.01

No effects on DNA damage
observed in neutral comet
assay.

No effects on DNA strand breaks
observed with post-treatment

No cytotoxicity observed at
tested concentrations.

Significant increased DNA
damage score after pre-
treatment with two scavengers
of free radicals (5,5’-dimethyl-
pyrroline-N-oxide or N-tert-
butyl-a-phenylnitrone), as
compared with response without
pre-treatment.

Statistical analysis: ANOVA and
Dunnett’s multiple comparison
test.
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Reference | Test system Compounds and concentration | Results Remarks
range
with formamidopyrimidine-DNA
glycosylase (Fpg)
Gerner- Sister chromatid Toluene: No effects on structural Limited reporting on methods.
Smidt et al. | exchanges, non-guideline: | 0, 15.2, 152, 1520 pug/mL chromosomal aberrations or
(1978) Human whole blood sister chromatid exchanges Statistical analysis not
[20] samples Positive control not included. observed. performed.
3 days exposure Cytotoxicity observed from 152
HMg/mL toluene exposures.
N=1
McGregor Mouse lymphoma cell Toluene: Significant increase in mutant Concentrations of Toluene used
et al. forward mutation assay, 0-500 pg/mL fraction observed in 3 differed between three

(1988) [21]

non-guideline:
L5178Y tk*/tk- Mouse
lymphoma cells

48h exposure

3 experiments without S9;

1 experiment with S9

Vehicle control: DMSO
Positive control: methyl
methanesulphonate (MMS) 15
Mg/mL

experiments -S9 and 1
experiment +S9 (Lowest
observed effective dose =200

ug/mL).

Cytotoxicity (100%) observed
upon 275 ug/mL toluene
exposure.

experiments.

It is noted that all positive
effects may be observed with an
emulsion due to low solubility of
toluene.

The assay was judged as
questionable by the authors for
toluene exposure.

Statistical analysis: dose-trend
test and variance analysis of
pair-wise comparisons.
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Reference | Test system Compounds and concentration | Results Remarks

range
Richer et al | BrdU cell proliferation Toluene: No effects on cell progression or | Cytogenic test data of toluene
(1993) assay, non-guideline: 0, 50, 250, 500, 1000, 2000, and sister chromatid exchanges not shown, but it is stated that
[22] Human blood lymphocytes | 2500 uM observed. no significant effects on

(healthy, non-smoking)

72h exposure

Vehicle control: DMSO
Positive control not included

Cytotoxicity (100%) observed
upon 2500 uM toluene exposure.

cytogenetic parameters were
observed.

Number of replicates not stated.
DMSO concentration not stated.

Statistics: Student’s paired t-
test.

This study also included a
biomonitoring cohort
summarized in Table 12.

@ Converted conform the CLP-Guidance (https://echa.europa.eu/documents/10162/2324906/clp part3 en.pdf/42e0397a-73f2-0583-958f-

3830928e1604?t=1730718832043)
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Micro-organisms

Bos et al. (1981)

In a non-guideline study conducted by Bos et al. [13], the reverse
mutation test (Ames test) was employed with a 48-hour exposure
duration. The experiment involved five Salmonella typhimurium strains
(TA1535, TA1337, TA1538, TA98, and TA100) exposed to varying
concentrations of toluene (dissolved in DMSO): 0, 100, 200, 500, 1000,
and 2000 ug per plate. Positive controls, including sodium azide, 4-
nitroquinoline-1-oxide, 4-nitro-ophenylenediamine, and 9-
aminoacridine, were used at specified concentrations. No effects were
observed on reverse mutation frequency in the tested strains both with
and without S9. Furthermore, no cytotoxicity was observed under the
conditions of the study.

Buchholz et al. (1992)

In a non-guideline study conducted by Buchholz et al. [14], reverse
mutation tests focusing on point and frame shift mutations in
Streptomyces griseus were performed over a 24-hour exposure period.
The experiment involved the strains H69 and FS2 exposed to toluene (as
a solvent) at concentrations of 4%. This study included another
compound which could be seen as a positive control; benzo[a]pyrene.
No effects were observed on reverse mutation frequency in either strain.
Of note, the study focused on benzo[a]pyrene, involving the use of
various solvents, including toluene at 4%.

Chen et al. (2021)

In a non-guideline study conducted by Chen et al. [15], the reverse
mutation test (Ames test) was employed with a 0-36-hour exposure
duration. The experiment utilized five Salmonella typhimurium strains
(TA98, TA100, TA1535, TA102, and TA1537) exposed to toluene gas
(dissolved in N2) at concentrations of 3, 5, 10, and 50 ppm. Positive
controls were included for mutagenicity with and without S9 activation,
and a vehicle control involved N2 gas. Colony-forming units (CFU) per
plate were measured at various time points for different toluene
concentrations, revealing statistically significant changes at specific
intervals in TA100 (p<0.05), although no conditions met the two-fold
criteria for toluene set in the methods. No effects on reverse mutation
frequency were observed in TA98, TA1535, TA102, and TA1537 both
with and without S9. Notably, cytotoxicity was observed after 16 hours
for all concentrations, including controls.

DeMarini et al. (1991)

In a non-guideline study conducted by DeMarini et al. [16], the
Microscreen prophage-induction assay was employed to assess
prophage Lambda induction in E. coli strain WP2s(A). Toluene exposure
ranged from 0% to 10%. The positive controls, 2-AA with S9 activation
and 2-NF without S9 activation, were included. The results indicated no
effects on colony-forming units and thus mutagenicity. However,
cytotoxicity was observed at 10% without S9 or 5% with S9.

Dumdel et al. (1988)

In a non-guideline study by Dumdel et al. [17], a reverse mutation test
(Ames test) was conducted with a 48-hour exposure period using the
Salmonella typhimurium strain TA100. Toluene gas (dissolved in NOx,
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including reaction products) was administered at a concentration of
4403 (£144) ppb, with no positive or vehicle controls. The negative
control consisted of clean air. Data, though not explicitly reported, were
estimated from a graph, indicating a dose-related increase in revertant
per plate. The study did not provide statistical information. Cytotoxicity
was observed after 20 hours. Notably, the toluene used included
reaction products, and it was suggested that 27% of the observed
effects may be attributed to peroxyacetyl nitrate (PAN).

Zhang et al. (2021)

In a study by Zhang et al. [18], a reverse mutation test (Ames test) was
conducted in adherence to OECD test guidelines (Bacterial Reverse
Mutation Test 471), involving four Salmonella typhimurium strains
(TA97, TA98, TA100, and TA102) exposed to toluene (dissolved in
DMSO) at concentrations of 0.5, 2.5, 5, 25, and 50 uL/plate. The study
included no positive control, and DMSO served as the vehicle control.
Reverse mutation colonies per plate meeting two-fold criteria were
reported for various strains and conditions. For instance, an increase in
reverse mutation colonies was observed in TA97 exposed to 2.5 pL/plate
without S9 (1400£50 compared to 1077 in control) and with S9
(1112+43 compared to 93%3 in control). Notably, no effects on reverse
mutation frequency were noted in TA100 without S9. The study did not
provide statistical analysis or trends. Cytotoxicity was observed at 10
pL/plate in some strains.

Mammalian cells

Chen et al. (2008)

In a non-guideline study conducted by Chen et al. [19], the Comet
assay, in both neutral and alkaline conditions, was employed with a 1-
hour exposure period. The experiment involved human blood
lymphocytes from healthy, non-smoking females, exposed to toluene
(dissolved in DMSO) at concentrations of 0, 50, 100, and 200 pM, with
0.5% DMSO serving as the vehicle control. A positive control of 50 uM
H202 was included. Additionally, spin traps, 5,5-dimethyl-pyrroline-N-
oxide (DMPO), and N-tert-butyl-1-phenylnitrone (PBN) were used. The
results indicated a dose-dependent increase in DNA damage under
alkaline conditions, with significant effects observed at 50 uM (p<0.05),
100 uM (p<0.01), and 200 uM (p<0.01). No effects on DNA damage
were observed in the neutral comet assay, and there were no observed
DNA strand breaks with post-treatment using formamidopyrimidine-DNA
glycosylase (Fpg). Cytotoxicity was not observed at the tested
concentrations.

Gerner-Smidt et al. (1978)

In a non-guideline study conducted by Gerner-Smidt et al. [20], sister
chromatid exchanges were examined in whole blood samples after 3
days solvent exposures. Toluene was tested at 0, 15.2, 152, 1520
HMg/mL. No effects on structural chromosomal aberrations or sister
chromatid exchanges observed in this study. However, no positive
control was included. Cytotoxicity was observed in the two highest doses
for toluene exposure (not quantified).
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McGregor et al. (1988)

In a non-guideline study performed by McGregor et al. (1988) [21], a
forward mutation assay was conducted using L5178Y tk+/tk- mouse
lymphoma cells to assess the mutagenic potential of toluene. The cells
were exposed to different toluene concentrations ranging from 0 to 500
ug/mL for 48 hours. The vehicle control used was DMSO, and the
positive control was methyl methanesulphonate (MMS) at 15 ug/mL.
Results showed a significant increase in mutant fraction in three
experiments without S9 and in one experiment with S9, with a lowest
observed effect dose (LOED) of 200 pg/mL. Additionally, cytotoxicity
was observed at 275 pg/mL of toluene. Notably, the concentrations of
toluene used varied between the experiments. The authors pointed out
that the observed effects might be affected by an emulsion formed by
the low solubility of toluene.

Richer et al. (1993)

In a non-guideline study conducted by Richer et al. [22], the BrdU cell
proliferation assay was employed with a 72-hour exposure period using
human blood lymphocytes from healthy, non-smoking individuals.
Toluene (dissolved in DMSO) was administered at concentrations of 0,
50, 250, 500, 1000, 2000, and 2500 uM, and no positive control was
included in the experimental design. The study reported no effects on
cell progression or sister chromatid exchanges. However, cytotoxicity
(100%) was noted at the highest concentration of 2500 uM. While the
cytogenic test data for toluene were not provided, the study mentioned
that no significant effects on cytogenetic parameters were observed. The
number of replicates used in the study was not stated.

Summary of in vitro cytogenetic tests

Data on in vitro cytogenetic testing of toluene are presented in Table 10,
followed by a summary in text. In general, only statistically significant
results are reported.
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Table 10 Summary table of in vitro cytogenetic tests with toluene

Reference

Test system

Compounds and
concentration range

Results

Remarks

Mammalian cells

Von der Hude et al.

Micronucleus test, non-

Toluene:

No effects on

Mitotic index and micronucleus tests

(2000) guideline: 0,1,5, 10, 50, 100, 500, | micronucleus frequency | performed in three labs.
[23] Chinese Hamster V7 and 5000 pg/mL or proliferation index
cells observed (-/+ S9). Proliferation index tests performed in
Vehicle control: DMSO two labs.
-S9: 24h exposure (1% v/v) and medium Mitotic index results are
+S9: 3h exposure inconsistent between Number of replicates unknown.
Positive control: Colcemid | laboratories (-/+S9).
Statistical analysis not reported.
Zarani et al. Micronucleus test, non- Toluene: No significant effects on | Exposure duration -S9: toluene was
(1999) guideline: -S9: 0, 0.1, 0.5, 1.0, 2.0 | micronucleus frequency | added to the culture 24h after
[24] Human whole blood 5.0 mM observed (-/+ S9). phytohemagglutinin and left until
lymphocytes +59: 0, 5.0 mM use.

-S9: not specified
+S9: 2h exposure

Vehicle control: DMSO
(1% v/v)

No positive control
included.

Mixture exposure of toluene with
benzene or acetone did not result in
significant effects on micronucleus
frequency.

Statistical analysis: ANOVA
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Von der Hude et al. (2000)

In a non-guideline study by Von der Hude et al. [23], the micronucleus
test was conducted with a 23-hour (-S9) or a 3-hour (+S9) exposure
period using Chinese Hamster V7 cells in multiple laboratories (at least 3
per test). Toluene was administered at concentrations 0, 1, 5, 10, 50,
100, 500, and 5000 pg/mL, with DMSO (1% v/v) and medium serving
as the vehicle control and colcemid as the positive control. No effects
were observed of toluene exposure on micronucleus frequency or
proliferation index, both with and without S9. However, the study
reported inconsistent results for the mitotic index between laboratories,
both with and without S9.

Zarani et al. (1999)

In a non-guideline study by Zarani et al. [24], the micronucleus test was
conducted using human whole blood lymphocytes. The cells were
exposed to toluene dissolved in DMSO at concentrations ranging from
0.1 mM to 5.0 mM for an unspecified time (-S9) or 5.0 mM for 2 hours
(+S9). DMSO (1% v/v) served as the vehicle control and a positive
control was not included. The study found no significant effects on
micronucleus frequency with toluene exposure, both with and without
S9 metabolic activation. Additionally, combining toluene with benzene or
acetone did not lead to significant changes in micronucleus frequency.

Summary of in vivo animal mutagenicity tests

Data on in vivo animal mutagenicity testing of toluene are presented in
Table 11, followed by a summary in text. In general, only statistically
significant results are reported.
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Table 11 Summary table of in vivo animal mutagenicity studies with toluene

Reference

Test system

Dose and route

Observations and
results

Remark

Inhalation

Laio et al. (2019)
[25]

Comet assay, non-
guideline (chronic
exposure)

Mice, BALB/C
7 weeks old

Males: 6 animals/group

Target tissues: different
regions of the brain
(hippocampus,
cerebellum, cortex),
liver and blood

Body weight and brain
and blood samples.

Statistical analysis:
Student’s t test

Toluene (vapour):
29.8 mg/m?3 (25 ppm)?

Nose only inhalation

exposure 6 hours per day,

5 days per week for 4
weeks.

Control: filtered air

No significant change in
body weight between
exposures.

Effects on DNA damage
(comet assay):
Increase (p<0.05) in
DNA damage in
hippocampus,
cerebellum, and cortex

Average toluene level:
25.1 £ 0.1 ppm

Purity not mentioned.

Acute Intraperitoneal exposure was
also analysed in this study.

No quantitative data reported.

Martinez-Alfaro et
al. (2010) [26]

Comet assay, non-
guideline

Rats, Sprague-Dawley
6 weeks old

Toluene (in thinner)
Toluene concentration:
3,576 mg/m 3 (3,000
ppm)?

Significant reduction in
body weight after 6
weeks:

-Control: 367+19 g
-Thinner: 306+£5.6 g

Thinner also contained acetone,
ethanol, isobutyl acetate,

isobuthanol, butyl glycol, ethyl-
benzene and tri-methylbenzene.
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Reference

Test system

Dose and route

Observations and
results

Remark

Male: 5 animals/group
Body weight, histology

Statistical analysis: two-
way ANOVA and
Bonferroni post-hoc
tests.

Whole body inhalation
exposure for 15 minutes,
two times per day for 6
weeks.

Negative control: air
without solvents

Positive control: oral lead
acetate exposure (100
mg/kg per day for 6
weeks).

Lung inflammation and
fibrosis observed using
histology in thinner
group.

Effects on DNA damage
(comet assay), non-
significant:

-Control: 1.8+0.4
-Thinner: 2.4+0.4

No significant effects on
DNA damage (comet
assay with
formamidopyrimidine
glycosylase).

Animal model of drug abuse (high
concentrations for short periods of
time), authors indicate that 50% of
animals are in a reversible narcosis
state after exposure.

Wetmore et al.
(2008)
[27]

Micronucleus test, non-
guideline

Mice, CD-1
7 weeks old

Males: 10
animals/group

Toluene:
119.2 mg/m3 (100 ppm)?
(£4%)

Purity: >99%

Whole body inhalation
exposure 6 hours per day,
8 exposures over 15 days
(exposures occurred on

No effects on body
weight, clinical signs,
clinical chemistry
parameters, or
histopathology.

Non-significant decrease
in GSH levels.

Aim of this study was to investigate
genotoxicity of benzene and toluene
co-exposure.

Not demonstrated or reported that
toluene has reached the target
tissue (= bone marrow).
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Reference Test system Dose and route Observations and Remark
results
Target tissue: bone study days 1, 2, 5, 7, 9, No effects on humber of
marrow 12, 13, and 15) polychromatic
erythrocytes.
Body weight, urine Negative control: filtered
analysis, necropsy air No effects on number of
erythrocyte micronuclei.
Statistical analysis:
Levene's test followed
by ANOVA and Tukey-
Kramer comparison or
nonparametric tests.
Oral
Gad-El-Karim et Micronucleus test, non- | Toluene: No effects observed on Goal of this study was to examine
al. (1984) guideline 860 (in combination with the number of micro- the effect of modified benzene
[28] Chromosome aberration | benzene) and 1,720 mg/kg | nucleated polychromatic | metabolism (by amongst others

test (bone marrow
metaphasis analysis)

Mice, CD-1
7-10 weeks old

Males and females:
5/sex/treatment group

Target tissue: bone
marrow

bw/day for 30 hours

Two doses, administered
24h apart at 8am by oral
gavage. Sacrifice at 30h
after the first dose.

Purity: 99%
Oral via gavage

Vehicle control: olive oil

erythrocytes, damaged
cells or aberrations per
metaphase.

toluene) on the clastogenic effect of
benzene.

Not demonstrated or reported that
toluene has reached the target
tissue (= bone marrow).
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Reference Test system Dose and route Observations and Remark
results
Statistical analysis: Positive control:
Mann-Whitney U test. 50 mg/kg bw/day cytoxan
Miscellaneous

Laio et al. (2019)
[25]

Comet assay, non-
guideline (acute
exposure)

Mice, BALB/C
7 weeks old

Males: 9 animals/group

Target tissues: different
regions of the brain
(hippocampus,
cerebellum, cortex) and
blood

Statistical analysis:
Student’s t test

Toluene:
5,000 and 15,000 mg/kg
bw

Intraperitoneally via
injection

2 hours exposure
Control: corn oil

No positive control

Effects on DNA damage
(comet assay):

-5,000: increased
(p<0.05) in
hippocampus and
cerebellum

-15,000: increased
(p<0.05) in
hippocampus,
cerebellum and cortex
- No effects on levels of
DNA damage observed
in hepatocytes or
leukocytes

Effects on DNA damage
(comet assay with
formamidopyrimidine
glycosylase):

-5: increased (p<0.05)
in cerebellum, cortex
-15: increased (p<0.05)
in hippocampus,

Purity not mentioned.

Chronic inhalation exposure was also
analysed in this study.
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Reference

Test system

Dose and route

Observations and
results

Remark

cerebellum, liver, and
blood

Mohtashamipur et
al. (1985)
[29]

Micronucleus test, non-
guideline

Mice, NMRI
Mice, B6C3F1

Males: 5 animals/group

Target tissue: bone
marrow

Statistical analysis:
Student’s t test

LD50 was determined in
NMRI mice (N=6)

Toluene (99% purity):
0, 104.4, 217.5, 330.6,
and 435.0 mg/kg bw/day®

Administration: half of
each dose given 24h
before the other half was
administered. Sacrifice 6h
after second dose.

Purity: 99%
Intraperitoneally via
injection

30 hours

Vehicle control: corn oil

Positive control:
-Benzene
-Cyclophosphamide
-4-nitroquinoline-1-oxide

LD50: 1.64(+0.09) ml/
kg bw (converted to
1,426.0 mg/kg bw)

Micronuclei per 1,000
polychromatic
erythrocytes

(NMRI mice):

0: 1.9(%1.0)

0.12: 2.4(+0.8)
0.25: 3.3(%1.0) *
0.38: 5.0(%1.4) *
0.50: 3.4(%1.9) *

* p<0.01

Micronuclei per 1,000
polychromatic
erythrocytes
(B6C3F1 mice):

0: 1.1(+0.5)

0.12: 2.0(£0.8) *
0.25: 2.2(£1.0) *
0.38: 3.6(%1.2) *
0.50: 2.2(%1.1) *

* p<0.01

This study was repeated including
inducers and inhibitors as described
in Mohtashamipur et al. (1987).

Not reported which doses were given
as pure toluene, and which were
given with corn oil.
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Reference Test system Dose and route Observations and Remark
results
Mohtashamipur et | Micronucleus test, non- | Toluene: Micronuclei per 1,000 Age of the mice not reported.
al. (1987) guideline 0, 217.5, 321.9, and 435.0 | polychromatic
[30] mg/kg bw/day® erythrocytes: Not reported which doses were given
Mice, NMRI 0: 1.8(£0.8) as pure toluene, and which were
Administration: half of 0.25: 3.5(£0.8) * given with corn oil.
Males: 3 animals/group | each dose given 24h 0.37: 5.0(£0.8) *
before the other half was 0.50: 5.7(£1.1) *
Target tissue: bone administered. Sacrifice 6h * significant, p-value
marrow after second dose. not reported
Statistical analysis: Purity: 99%
Student’s t test Intraperitoneally via
injection
30 hours
Vehicle control: corn oil
Positive control:
-benzene

@ Converted conform the CLP-Guidance (https://echa.europa.eu/documents/10162/2324906/cl art3 en.pdf/42e0397a-73f2-0583-958f-
3830928e1604?t=1730718832043)
b Converted assuming a density of 0.87 g/mL (room temperature and air pressure)
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Inhalation

Laio et al. (2019)

In a non-guideline study conducted by Laio et al. [25], a chronic toluene
inhalation exposure scenario was assessed using male BALB/C mice
(N=6 per treatment group). This study utilized the comet assay to
evaluate the effects of toluene vapour at a concentration of 25 ppm.
Mice were exposed via nose-only inhalation for 6 hours per day, 5 days
per week, over a 4-week period. The exposure conditions included
toluene alone and toluene co-exposure with ovalbumin (100 pg)
immunization. A control group was exposed to filtered air. There was no
significant change in body weight observed between the different
exposures. However, the comet assay results showed a significant
increase (p<0.05) in DNA damage in the hippocampus, cerebellum, and
cortex for mice exposed to toluene alone. For mice co-exposed to
toluene and ovalbumin, a significant increase (p<0.05) in DNA damage
was observed in the hippocampus and blood.

Martinez et al. (2010)

In a non-guideline study conducted by Martinez et al. [26], a thinner
inhalation exposure as observed in cases of abuse was assessed using
Sprague-Dawley rats (N=5 per treatment group). Rats were exposed to
a thinner mixture containing 3,000 ppm toluene through whole-body
inhalation for 15 minutes, twice a day for 6 weeks, with air without
solvents serving as a negative control. Significant effects on body weight
and lung histology were observed after 6 weeks exposure. No significant
effects on the levels of DNA damage were observed in the thinner
inhalation treatment group compared to the negative controls. Notably,
high concentrations of toluene were used in this study to mimic
substance abuse.

Wetmore et al. (2008)

In a non-guideline study conducted by Wetmore et al. [27] using male
CD-1 male mice (N=10 per treatment group), a micronucleus test was
employed to evaluate the potential genotoxic effects of toluene (>99%
purity). The mice were exposed to 100 ppm (£4%) toluene through
whole-body inhalation for 6 hours per day for 8 days over a 15-day
period, with filtered air serving as the negative control. No effects were
observed on body weight, clinical signs, clinical chemistry parameters,
or histopathology. A non-significant decrease in glutathione (GSH) levels
was noted. Furthermore, no effects were observed on the number of
polychromatic erythrocytes or erythrocyte micronuclei. However, it was
not demonstrated or reported that toluene reached the bone marrow
(target tissue) within this study.

Oral

Gad-El-Karim et al. (1984)

In a non-guideline study conducted by Gad-El-Karim et al. [28] using
male and female CD-1 mice (N=5 per treatment group), a micronucleus
test and chromosome aberration test was performed. The mice were
treated with toluene (99% purity) in olive oil via oral gavage twice at
doses of 860 and 1,720 mg/kg body weight for a total of 30 hours. The
study included a vehicle control group treated with olive oil and a
positive control group treated with cytoxan. This study showed no
observed effects on the number of micro-nucleated polychromatic
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erythrocytes, damaged cells, or aberrations per metaphase. However, it
was not demonstrated or reported that toluene has reached the target
tissue in this study.

Miscellaneous

Laio et al. (2019)

In a non-guideline study conducted by Laio et al. [25] using male
BALB/C mice (N=9 per treatment group), the acute effects of toluene
exposure were assessed using the comet assay. The mice were treated
with toluene at doses of 5,000 and 15,000 mg/kg body weight via
intraperitoneal injection, with a 2-hour exposure duration. The study
included a control group treated with corn oil, and no positive control
was used. The comet assay results showed increased DNA damage in
the hippocampus and cerebellum at the 5 g/kg dose (p<0.05) and in the
hippocampus, cerebellum, and cortex at the 15 g/kg dose (p<0.05). No
effects on the levels of DNA damage were observed in hepatocytes or
leukocytes. An additional comet assay with formamidopyrimidine
glycosylase indicated increased DNA damage in the cerebellum and
cortex at the 5 g/kg dose (p<0.05) and in the hippocampus, cerebellum,
liver, and blood at the 15 g/kg dose (p<0.05).

Mohtashamipur et al. (1985)

In a non-guideline study conducted by Mohtashamipur et al. [29], male
NMRI and B6C3F1 mice (N=5 per treatment group) were used for a
micronucleus test. Toluene (99% purity) was administered
intraperitoneally via injection twice at doses of 0, 0.12, 0.25, 0.38, and
0.50 ml/kg bw (converted to 0, 104.4, 217.5, 330.6, and 435.0 mg/kg
bw) for a duration of 30 hours, with corn oil serving as the vehicle
control and solvent only when the dose of toluene was too small to be
injected alone. Positive controls included benzene, cyclophosphamide,
and 4-nitroquinoline-1-oxide. The LD50 for toluene in NMRI mice was
determined to be 1.64 (£0.09) ml/kg body weight. The micronucleus
test results showed an increase in micronuclei per 1,000 polychromatic
erythrocytes in both NMRI and B6C3F1 mice. The increases were
statistically significant (p<0.01) at higher toluene doses (0.25, 0.38,
and 0.50 ml/kg) in both strains of mice.

Mohtashamipur et al. (1987)

In a follow-up study by Mohtashamipur et al. [30], NMRI male mice
(N=3 per treatment group) were used for a micronucleus test to further
investigate the clastogenic effects of toluene. Mice were treated
intraperitoneally via injection with toluene (99% purity) twice at doses
of 0, 0.25, 0.37, and 0.50 ml/kg bw (converted to 0, 217.5, 321.9, and
435.0 mg/kg bw) for a duration of 30 hours. The results showed an
increase in micronuclei per 1,000 polychromatic erythrocytes in
response to toluene exposure, reaching statistical significance at the
higher doses (0.37 and 0.50 ml/kg).

Summary of human data on mutagenicity

Data on human mutagenicity studies of toluene are presented in Table
12, followed by a summary in text. In general, only statistically
significant results are reported
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Table 12 Summary table of biomonitoring studies with toluene

Study design and | Exposure Health Data analysis Results Bias/confounding | Remarks
population assessment assessment factors

Cross-sectional biomonitoring studies measuring blood toluene levels

- Reference: Moro - Specificity of - Studied - Statistical - DNA damage - Bias: Mixture

et al. (2012) agent: endpoints: analysis: index through Job history data exposure likely.
[31] Paint with toluene Comet assay in Mann-Witney U-test | comet assay was self reported.

- Study design: as main component | whole blood for comparison (significant): Occupational Authors mention
Cross-sectional Micronucleus between groups, Painters: painters may have limitations of

- Location: - Method: assay in buccal Spearman's rank for | 60.4£3.6 higher exposure to hippuric acid as
Brazil Biomonitoring of cells correlations and (P<0.001 other compounds a biomarker for
- Time period: toluene in blood multiple linear compared to compared to toluene

Not specified and ortho-cresol in regression analyses | control) controls. exposure.

- Study population: | urine using GC-MS for genetic damage, | Control: 39.4£2.5

Industrial painters and hippuric acid in adjusted for age, - Effect Authors do not
(average of urine using HPLC- smoking and alcohol | No significant modification: elaborate on

46.15+9.94
months toluene
exposure) and
controls with no
history of
occupational
exposure

- Inclusion and
exclusion criteria:
Inclusion:
occupational
exposure to toluene
Exclusion: none

uv

- Type of job
history data:
Self reported

- Exposure
measurement data:
Blood toluene:
-Painters 0.07£0.01
mg/L

-Controls: not found
Hippuric acid:

consumption, and
exposure time. Data
shown as
mean=+SEM.

effect observed in
the micronucleus
assay.

Months of exposure.
Most exposure
times are relatively
low with a few
outliers with >100
month exposure.

potential biases

Lipid and protein
damage
biomarkers were
significantly
increased in the
group painters,
as compared
with controls.
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- Study size: -Painters:
Exposed: 34 males | 0.56+0.01 g/g
Controls: 27 males | creatinine

-Controls:

0.41+0.05 g/g

creatinine

Ortho-cresol:

-Painters:

0.04£0.01 mg/L

-Controls: not found
- Reference = Specificity of the - Studied - Statistical - Frequency of - Confounding: Three former
Pelclova, D., et al. agent endpoints: analysis: chromosome Co-exposure to studies have
(2000) [32] Printing inks with Chromosome Two-sample t-test abnormalities other mutagens in been performed
- Study design: highly purified abnormalities in (thus, unadjusted (%): printing inks: by this group on
Cross-sectional toluene as a solvent | peripheral for smoking and Workers: fluorene and printing inks and
study and nitration-grade | lymphocytes. other potential 2.30+1.52 phenanthrene were | mutagenicity of
- Location: toluene. confounders) (P<0.05 detected in the which one
Czech republic - Method Urine compared to printing dyes. (Pelclova 1990)
- Time period: Biomonitoring of mutagenicity control) Both workers and is in English.
Unclear, it is blood toluene assay. Controls: controls worked in
mentioned that (syringe- 1.46+£1.26 an area with high

analyses were done
yearly. But the
study seems to be
done at a one single
point in time.

- Study population:

equilibration
method) and
hippuric acid
(spectrophotometry

).

The number of
chromatid breaks
among the
abnormalities was
higher in exposed

pollution.
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23 rotogravure Exposure of toluene (P<0.01

printers (sex not in rotogravure compared to

specified) workshop (gas control).

22 controls working | chromoatography).

at a nearby office - Exposure No effects

(sex not specified) measurement data: observed in the

- Inclusion and Background urine

exclusion criteria:
Inclusion: exposure
for on average 5
years

exposure: below
200 mg toluene/m3
over the past 2
years. Hippuric acid
ranged from 1220-
1300 g/L over the
past 2 years.
Toluene
concentrations in
air: 590 mg/m?3
during shift.
Hippuric acid
geometric mean
(mol/mmol*I):

- Controls: 0.168
(95%CI: 0.128 -
0.222)

- Workers: 0.546
(95%CI: 0.396-
0.753) (P<0.01;

mutagenicity
assay.

Smoking, alcohol
consumption and
meat
consumption in
past 12h did not
affect the
percentage of
chromosomal
aberrations or the
urine
mutagenicity

Printers
complained of
headaches,
fatigue,
drowsiness,
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compared to inebriation, and

control) sleeplessness.

Toluene in blood

geometric mean

(mg/L):

- Controls: not

measured

- Workers: 0.500

(95%CI: 0.347-

0.653)
- Reference = Specificity of the - Studied - Statistical - Frequency of - Confounding: t-test is not the
Pelclova, D., et al. agent endpoints: analysis: chromosome Smoking: correct test for
(1990), possibly the | Printing inks with Chromosome Two-sample t-test abnormalities Increase in comparing >2
same factory as highly purified abnormalities in (thus, unadjusted (%): chromosome groups
Pelclova, D. et al toluene as a solvent | peripheral for smoking and Controls: 2.09 £ abnormalities in all
(2000) [32, 33] and nitration-grade | lymphocytes. other potential 1.53 smokers versus Unclear whether

- Study design:
Cross-sectional
study

- Location:

Czech republic

- Time period:
1985-1987

- Study population:
42 rotogravure
printers (sex not

specified)

toluene. Toluene
purity: 98.40%

- Method
Biomonitoring of
blood toluene
(syringe-
equilibration
method) and
hippuric acid
(method unknown).

confounders)

Office workers:
3.32 £ 1.63
(P<0.01
compared to
control)
Printers: 3.64 +
2.05 (P<0.01
compared to
control)

non-smokers
(P<0.05).
Increase in
chromosome
abnormalities in
smoking printers
versus smoking
controls (P<0.05)
may be influenced
by residual
confounding.

all workers and
controls were
men
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28 office and Levels of toluene Chromosome

technical employees | (gas damage

of the printing plant | chromatography) predominantly

(sex not specified), | and formaldehyde consisted of

half of this group (spectrophotometry chromatid breaks.

spend 2h per day in | ) in rotogravure

the workshop workshop.

32 controls working

at a nearby brewery | - Exposure

or dairy (sex not measurement data:

specified) Background

- Inclusion and exposure: 390-

exclusion criteria: 4380 mg

Exclusion: a viral
infection within 4
weeks before blood
sampling

toluene/m3in the
workshop since
1977. 2400 L of
toluene is used
each day. 8-16
mg/m?3 toluene in
the office. Levels of
formaldehyde in the
workshop were
0.009 mg/m?3 in the
office 0.027 mg/m?3,

Mean hippuric acid
level (mmol/L):
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Exposure
assessment

Health
assessment

Data analysis

Results

Bias/confounding
factors

Remarks

- Controls (N=32):
6.31 £ 3.41

- Office workers
(N=16): 12.89 =
4.64 (P<0.01
compared to
control)

- Printers (N=42):
38.28 £ 17.53
(P<0.01) compared
to control

Mean toluene levels
in blood (pumol/L):

- Controls: not
measured

- Office workers:
10.3 £ 3.1

- Printers: 124.0 +
63 (P<0.01
compared to office
workers).

- Reference: Nise et
al. (1991) [34]
- Study design:
cross-sectional

study

- Specificity of
agent:
Toluene with
impurities of
benzene <0.01%

- Studied
endpoints:
Micronucleus
assay in
lymphocytes

- Statistical
analyses
Intra-individual
comparison
(between PHA and

- Type of health
effect(s)
observed:

Authors do not
elaborate on
potential biases
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- Location: Sweden cultured from PWN): Wilcoxon and | MN frequency Low number of
- Time period: 1987 | - Method: the blood of test | Spearman’s tests. (printers vs participants

- Inclusion and
exclusion criteria:
No specific criteria

- Study size:

21 male
rotogravure printers
Control: 21 workers
in @ margarine
factory (unexposed
to solvents)

Biomonitoring by
blood sampling
between 11 am and
2 pm in the middle
of the work week
for 3 consecutive
weeks.
Retrospective study
to estimate the
exposure levels in
the air until back
1948.

- Type of job
history data:
company records

- Exposure
measurement data:
Stationary sampling
of exposure levels
for an entire shift
during a week: 150
mg/m?3 (range 30-
420).

subjects.

Two types of
mitogens were
used and
compared:
phytohemaggluti
nin (PHA) and
pokeweed (PWM)

Chromosomal
aberration assay

Cytogenic
parameters:
multiple regression
analysis with
covariates age and
smoking

MN and
chromosomal
aberration: average
square root
transformation

Associations
between exposure
and genotoxic
endpoints: multiple
linear regression
analyses, adjusted
for age and smoking
(two-sided p-values
with 2 tails)

controls):
PWN-stimulated:
2.8%o0 vs 1.5%o0
(p=0.03)

No effect in the
PHA-stimulated
cells.

Chromosome
aberrations: 0 %o
vs 0 %o for gaps
(range 0-1 vs O-
6, p=0.008) and
breaks gaps
(range 0-2 vs O-
3, p=0.13)

Wide range of
years of
exposure
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Toluene in blood:

1.0 to 6.6 umol/L

(median 1.6

pmol/L) for printers

and <0.01 umol/L

for controls
- Reference: - Specificity of - Studied - Statistical - SCE frequency - Confounders: Group with >2
Schmid et al. agent: Toluene endpoints: analysis: (mean=+SE): Smoking, alcohol, year cessation
(1985) (follow up used has <0.3% Sister chromatic | Mann-Whitney rank | No significant age. had longer
on Bauchinger, M. benzene impurities, | exchange (SCE) | U test for differences Smoking had a toluene

et al. 1982) [35]

- Study design:
Follow-up of cross-
sectional study
after intervention

- Location:
Germany

- Time period:

Not stated

- Study population:
Rotogravure
printers, and
unexposed controls

as described before.

Extra groups of
workers with
cessation of toluene

concentration
between 200 and
300 ppm

- Exposure
measurement data:
Blood toluene
concentration
between 0.001 and
0.01% in current
Toluene exposed
group. Control or
cessation group
concentrations
unknown.

in peripheral
blood
lymphocytes

comparisons
between groups.

compared to
control group in
<2 or >2 year

cessation groups.

Current toluene
exposure group
described in
Schmid, E. et al.
(1985).

- Structural
chromosome
aberrations
(%=*SE):

Controls:0.49+0.

06

significant effect
(P<0.05) in all
groups.

exposure time
compared to
group <2 years
of cessation.

Control group
toluene blood
levels unknown.

Limited
information on
methods (e.g.
measurement of
blood toluene
concentration
unknown)
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exposure <2 and Average of -Exposed and <2 Analyses not
>2 years (= 4 46.15+9.94 months year cessation: adjusted for age
groups in total). toluene exposure 0.69+0.10 and smoking (in
- Inclusion and (P<0.05 the first paper
exclusion criteria: compared to analyses were
Inclusion: control) stratified by
occupational -Exposed but >2 smoking)
exposure to year
toluene, >4 months cessation:0.57+0
of cessation .10
Exclusion: none - Exposed:
- Study size: 0.90+£0.13
Cohort exposed: 20 (P<0.01
Cessation <2 years: compared to
13 control)
Cessation >2 years:
14 Gaps per 100
Controls: 26 cells

-Controls:2.0£0.3

- Exposed:

2.5+0.2 (P<0.05

compared to

control)
- Reference: - Specificity of - Studied - Statistical - SCE frequency Authors state
Bauchinger et al. agent: endpoints: analysis: (mean+SE): that there is no
(1982) [36] Smokers: exposure to
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- Study design: Toluene used has Sister chromatic | Mann-Whitney rank | -Controls: other industrial
Cross-sectional <0.3% benzene exchange (SCE) U test for 8.89+0.41 chemicals.
study impurities, in peripheral comparisons -Toluene:

- Location: workplace air blood between groups. 10.33+£0.49 Control group
Germany concentration lymphocytes: (P<0.05 toluene blood

- Time period: between 200 and 300 cells per compared to levels unknown.
Not stated 300 ppm rotogravure controls)

- Study population: printer and 500 Authors note
Rotogravure - Method: cells per control. Non-smokers that a

machine workers Unknown -Controls: synergistic

and controls - Type of job 7.75£0.25 effect of toluene
without toluene history data: - and BrdU cannot
exposure from Unknown Toluene:8.55+0.2 be fully

same plant. 7 (P<0.05 excluded.

- Inclusion and - Exposure compared to

exclusion criteria: measurement data: controls) Limited
Inclusion: Blood toluene information on
occupational concentration - Chromosome methods (e.g.
exposure to toluene | between 0.001 and analyses: measurement of

for >16 years
Exclusion: previous
radiation or
cytostatic therapy.
- Study size:
Exposed workers:
20 Unexposed

0.01%. Control
group
concentrations
unknown.

Increased number
of cells with
structural
changes
(p=0.006),
chromatid breaks
(p=0.014),
chromatic

blood toluene
concentration
unknown)
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controls: 24 changes

(p=0.049) and

gaps (p=0.048).

- Structural

chromosome

changes (%+£SE):

Controls:0.51+0.

06

-Toluene:

0.9+0.13

(P<0.01

compared to

control)
Cross sectional biomonitoring studies measuring non-specific biomarkers
- Reference: - Specificity of - Studied - Statistical analysis | - Micronucleus - Confounders: Mixture
Cavallo et al. agent endpoints Depending on data percentage Residual exposure to:
(2021) [37] Paints (containing Micronucleus distribution, ANOVA, | (buccal cells): confounding toluene, xylene,
- Study design: toluene). assay in buccal t-test, Kruskal- All painters: possible through ethylbenzene,
Cross-sectional cells. Wallis, or Mann- 0.89+0.90%* non-significant ethyl acetate, n-
(painters) - Method Whitney tests, with | Roller painters: differences in age butyl acetate,
- Location Biomonitoring of S- | Comet assay in Pearson’s 1.24+£0.92** and smoking habit and other
Italy benzyl mercapturic | lymphocytes. correlation and Spray painters: between groups. substances.
- Time period acid (SBMA, Bonferroni 0.23+0.25
Not reported metabolite of corrections applied Controls: Toluene levels
- Study population toluene) in urine 0.05+£0.15 not measured.
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Cohorts: 11 male -Type of job history for multiple *P <0.05

roller paint workers
and 6 spray paint
workers

Controls: 18
healthy men
occupationally
unexposed to
toluene (with
comparable mean
age and smoking
habit)

- Study population
Cohort exposed: 17
Controls: 18

data
Self-reported

- Exposure
measurement data:
SBMA concentration
data per exposure
group not shown.

comparisons

compared to
control

** p <0.01
compared to
control

-Tail DNA %
(Comet assay):
All painters:
17.68+4.35**
Roller painters:
17.42+4.74%
Spray painters:
18.17+3.88*
Controls:
11.56+2.62

*P <0.05
compared to
control

**p <0.001
compared to
control

-SBMA
concentration in

Page 80 of 143




RIVM letter report 2024- 0164

Study design and | Exposure Health Data analysis Results Bias/confounding | Remarks
population assessment assessment factors

urine was

significantly

(P<0.05)

correlated with

tail movement

and tail DNA

percentage in the

comet assay. No

parameters

significantly

correlated to

toluene

concentration in

air.
- Reference: - Specificity of - Studied - Statistical analysis | - SCE frequency - Bias: Toluene
Priya et al. (2015) agent endpoints Type of statistical Exposed: Potential recall bias | exposure
[38] Paints/paint thinner | Sister chromatic | analysis on 4.81+0.92 regarding exposure | uncertain,
- Study design: (possibly containing | exchange (SCE) | comparison of (P<0.05 history exposure to
Cross-sectional toluene). in blood hippuric acid compared to mixture is likely.
(painters) lymphocytes concentrations is unexposed)
- Location - Method not reported. Unexposed: Toluene levels
India Biomonitoring of Multivariate ANOVA | 1.73+0.54 not measured.
- Time period hippuric acid (main with post hoc Hippuric acid
Unknown metabolite) in urine analysis was used >6 years levels are
- Study population via direct to compare SCE exposure: influenced by
Exposed: Paint colorimetric frequency in 5.46+0.72 e.g., diet,
workers, minimum method. subgroups. medical
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2 year exposure to -Type of job history <6 years treatment and
toluene, not further | data exposure: alcohol
specified. Self reported 4.32+0.73 consumption
Controls: Healthy occupational history

individuals of exposure to paint Authors do not
unexposed to thinners elaborate on
toluene (matched to potential biases.
age and other - Exposure

confounders, measurement data Limited
probably smoking, Mean hippuric acid reporting on
alcohol intake and concentrations: methods.
tobacco use), not - Exposed: 0.43 +

further specified. 0.017 mg/mL

- Inclusion and (P<0.05 compared

exclusion criteria to unexposed)

Exclusion: no - Unexposed: 0.17

criteria + 0.014 mg/mL

- Study size Amount and timing

Cohort exposed: 30 | of samples not

Controls: 30 reported.

- Reference: - Specificity of - Studied - Statistical - Correlation - Bias: Table 1 is
Wiwanitkit et al. agent: Traffic fumes | endpoints analysis: between hippuric | Police officers that incorrect:
(2006) [39] (possibly containing | Sister chromatic | Regression analysis | acid levels and regularly work in “With high

- Study design: toluene). exchange (SCE) | for correlation SCE: Not traffic may have hippuric acid
Cross-sectional in white blood between significant higher exposure to | (average=0.5
study - Method cells (P=0.41) other compounds
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- Location: Biomonitoring of parameters. Not (e.g., in exhaust mg/g creatine)”

Thailand hippuric acid (main further specified. fumes) and

- Time period: metabolite) in urine “Without high

2002 via Ohmorin No controls included | hippuric acid

- Study population: | method. (average=1.8

Traffic male police -Type of job history - Confounders: mg/g creatine)”

officers (urban data Age (not significant) | so no

area) Employed as police conclusions can

- Inclusion and officer 5 d/wk from be made.

exclusion criteria: 8-17 h. However, no

Inclusion: Minimum significant

of 2 years of work - Exposure effects were

Exclusion: measurement data found

Diseases, Mean hippuric acid regardless.

medication, concentrations:

smoking and 0.8+0.4 mg/g Hippuric acid as

alcohol intake creatinine. biomarker for

- Study size: toluene

26 male police exposure

officers without specific
indication of
exposure.

- Reference: - Specificity of - Studied - Statistical analysis | - Total comet Toluene levels

Cok et al. (2004) agent endpoints Mann-Whitney U- score (TCS): not measured.

[40]
- Study design:
Cross-sectional

Glue (cheap, with
high toluene

Comet assay in
blood
lymphocytes.

test

Exposed:
142.45+9.61
(P<0.0001

Hippuric acid
levels are
influenced by
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- Location concentration, not compared to e.g., diet,
Turkey further specified) unexposed) medical

- Time period Unexposed: treatment and
Not reported - Method 103.30+2.81 alcohol

- Study population
Cohort: male
adolescent glue
sniffers (sniffing for
1-5 years)
Controls: Healthy
adolescents
(matched to age
and smoking)

- Inclusion and
exclusion criteria
Inclusion: Sniffing
glue

Exclusion: not
reported

- Study size

Glue sniffers: 20
Controls: 20

Biomonitoring of
hippuric acid (main
metabolite) and o-
cresol in urine.

- Exposure
measurement data
Mean hippuric acid
concentrations
(9/9):

- Exposed:
11.66+9.5

- Unexposed:
0.16+0.15 (historic
data)

Mean o-cresol
concentrations
(9/9):

- Exposed:
18.99+20.77

- Unexposed:
0.012+0.01
(historic data)

consumption

Authors do not
elaborate on
potential biases.
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- Reference: Burgaz | - Specificity of - Studied - Statistical - Micronucleus - Bias: No correlation
et al. (2002) [41] agent: endpoints analysis: frequency: Exposure to n- found between
- Study design: Shoe factory Micronucleus Student’s t-test and | - Controls: hexane, toluene, hippuric acid
Cross-sectional workers, workshop assay in buccal Mann-Whitney test 0.33£0.30% and, at lower levels and
study air exposure cells for comparisons - Shoe factory concentrations, toluene

- Location: average over 8 with controls. workers (toluene | heptane, acetone concentration in
Turkey hours: Multifactorial and n-hexane and benzene. air.

- Time period: -Toluene ANOVA with exposure):

Not reported (26.62£10.27 ppm) adjustment for age, | 0.62+0.45% Highest level of
- Study population: | -n-hexane gender and exposure was
Shoe factory (58.07£28.09 ppm) smoking. - Multifactorial not to toluene.
workers mean -Methyl ethyl Spearman’s and analysis of

7.68+8.71 years ketone (11.39+4.36 simple regression variance, Hippuric acid
exposure and ppm) tests for exposure levels are
pathologists correlations. significantly influenced by

- Inclusion and associated with e.g., diet,
exclusion criteria: - Method micronucleus medical
Inclusion criteria: Biomonitoring of frequency: treatment and

controls without
exposure to
genotoxic chemicals
Exclusion criteria:
None

- Study size:

Shoe factory
workers (exposed

2,5-hexadione (for
n-hexane exposure)
and hippuric acid
(for toluene
exposure) in urine
- Type of job
history data
Unknown

- Shoe factory
workers: P=0.013

alcohol
consumption
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to toluene): 20 - Exposure
males measurement data
Controls (not 2,5-hexadione (for
exposed to toluene | n-hexane exposure,
or formaldehyde): mg/g creatine):
18 males -Shoe factory

workers: 4.18+3.70

(P<0.001 compared

to control)

-Controls:

1.50+1.76

Hippuric acid (for

toluene exposure,

g/g creatine):

-Shoe factory

workers: 2.23+2.04

(P<0.01 compared

to control)

-Controls:

0.90+0.80
- Reference: - Specificity of - Studied - Statistical - SCE frequency - Bias: Limited
Hammer (2002) agent: endpoints analysis: Exposed: Other compounds reporting on
[42] Purity of used Sister chromatic | Mann-Witney test 10.1+1.7 that printing plant methods (e.g.
- Study design: toluene: 99.8% exchange (SCE) | for significance (P<0.05 workers are toluene purity
Cross-sectional with <0.01% in blood between groups and | compared to exposed to measurements)
study benzene lymphocytes linear correlation unexposed)
- Location: without adjustment | Controls: 6.8+1.3 | - Confounders:
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Germany Mean concentration for potential Smoking (in whole Mixture

- Time period: in air at work place confounders. - Correlation study population), exposure likely

Not reported

- Study population:

Male printing plant
workers, , average
18.9 years
employment

- Inclusion and
exclusion criteria:
Inclusion criteria:
Male printing plant
workers

Exclusion criteria:
none

- Study size:
Printing plant
workers: 42 males
Controls: 45 male
blood donors

(mg/m3): 252 £+ 53
Mean concentration
by personal
monitoring tubes,
n=22 (mg/m?3): 229
+ 98

- Method
Biomonitoring o-
cresol, p-cresol and
hippuric acid in
urine using HPLC
and blood toluene
levels (unknown
method)

-Type of job history
data

Unknown

- Exposure
measurement data
Blood toluene
(mg/L):

-Exposed:
1.47+1.66

Stratified analyses
in subgroups of
smoking status.

between SCE
frequency and:
-p-cresol:
significant
(P=0.015,
r=0.3772)

- Cresol/hippuric
acid ratio:
significant
(P=0.036,
r=0.3268)
-Hippuric acid:
not significant
-o-cresol: not
significant

Subpopulation
non-smokers with
significant
exposure:
-0-Cresol:
significant
(P=0.048,
r=0.5549)

age

No information
on occupational
exposure control

group
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O-cresol (mg/g -Cresol/hippuric

creatine): acid ratio:

-Exposed: significant

1.22+1.63 (P=0.005,

-Controls: not r=0.7641)

detected

P-cresol (mg/g Subpopulation

creatine)l: nonsmokers:

-Exposed: -Cresol/hippuric

161+£99.2 acid ratio:

-Controls: significant

93.2+56.0 (P=0.038,

Hippuric acid (g/g r=0.4403)

creatine):

-Exposed:

2.11+1.12

-Controls:

0.57+0.58
- Reference - Specificity of - Studied - Statistical - Comet assay: - Potential biases No correlation
publication: agent: Toluene endpoints: analyses: No significant Smoking found between
Pitarque et al. Mean Hb The distributions of | differences found. | (significantly more hippuric acid
(1999) [43] - Method: Comet assay HA, hemoglobin, smokers among levels and
- Study design: Biomonitoring with blood TM, and %TDNA : workers than toluene
cross-sectional lymphocytes Kolmogorov- among controls) but | concentration in
study - Type of job Smirnov no association air.

history data: self- Hippuric acid goodness of fit test. between smoking

(HA) in urine to
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- Location: Bulgaria | reported / company | detect toluene Effects of exposure, status and Hippuric acid
(Gabrovo (B) and records / registry concentrations. tobacco smoking, endpoints levels are
Sofia (A)) and GSTM1 influenced by
- Study size: - Exposure genotype on HA, e.g., diet,
Exposed workers: measurement data hemoglobin, and medical
16 female workers (if applicable): DNA damage were treatment and
of plant A and 18 personal / simultaneously alcohol
women in plant B stationary sampling assessed by consumption
Unexposed of exposure levels ANOVA.
controls:19 women | of toluene (8h;
of administrative plant A= 96.0£7.5 - Type of statistical
staff of the same mg/m?3, plant analyses
plants B=from 136.7+57.5 performed: ANOVA
to 412.3+£27.1 and multiple
mg/m?3) regression analysis

- Covariates

included in the

analysis: Age in the

ANOVA test
- Reference: - Specificity of -Studied - Statistical - SCE frequency Other compounds Limited
Hammer (1998) agent: endpoints analysis: Exposed: 9.98 that printing plant reporting on
[44] Purity of used Sister chromatic | Mann-Witney (P<0.05 workers are methods (e.g.
- Study design: toluene: 99.8% exchange (SCE) | Wilcoxon U-test for | compared to exposed to toluene purity
Cross-sectional with <0.01% in peripheral significance unexposed) (benzene, xylene) measurements)
study Controls: 6.65
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Study design and | Exposure Health Data analysis Results Bias/confounding | Remarks
population assessment assessment factors

- Location: benzene in a blood between groups and - Confounders: Mixture
Germany concentration of lymphocytes. linear correlation. - Correlation with | Smoking (P<0.05), | exposure likely

- Time period:

Not reported
(<1997)

- Study population:
Rotogravure
printing plant
workers

Controls: male
blood donors

- Inclusion and
exclusion criteria:
Inclusion criteria:
male printing plant
workers

Exclusion criteria:
none

- Study size:
Printing plant
workers: 42 males
Controls: 45 male
blood donors

141 to 328 mg/m?3
in air.
Concentration
measured with
personal monitoring
tubes: 56-451
mg/m?3

- Method

Toluene air
concentration
Personal monitoring
Biomonitoring
hippuric acid in
urine using HPLC
and blood toluene
levels (unknown
method)

- Type of job
history data
Unknown

- Exposure
measurement data

hippuric acid: not
significant

alcohol, age (small
difference).

% smokers:
Workers 55%
Controls 38%

Mean age:
Workers 43.8y
Controls 39.6y

Hippuric acid
levels are
influenced by
e.g., diet,
medical
treatment and
alcohol
consumption
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Study design and | Exposure Health Data analysis Results Bias/confounding | Remarks
population assessment assessment factors

Hippuric acid (g/g

creatine):

-Exposed: 1.94

-Controls: 0.41
- Reference: Holz et | - Specificity of - Studied - Statistical analysis | - Results Mixture
al. (1995) [45] agent endpoints Mann-Whitney rank | No significant exposure to:
- Study design: Air in styrene Nuclease p1- sum test to changes in DNA Styrene,
Cross-sectional production plant enhanced 3%p- compare adducts in ethylbenzene,
(Styrene plant (containing toluene) | postlabelling of concentrations monocytes, benzene,
workers) DNA adducts in between exposed micronucleus, toluene, and
- Location - Method monocytes. and control groups. | SCE or single xylene.
Germany Air samples in Micronucleus t-test to compare strand breaks in
- Time period workplace, using assay with whole | genotoxic data. lymphocyte Toluene
1991 personal samples blood Analyses stratified observed. exposure
- Study population and in exhaled air lymphocytes. for smoking status. measured
Exposed after the shift, were | SCE in whole through
population: Styrene | measured analyzed | blood personal
production plant GC-MS using lymphocytes. monitoring was
workers standard NIOSH DNA single higher (not

Controls: Healthy
individuals
unexposed to
solvents (matched
to age and sex)

- Study size
Exposed: 25
Controls: 25

method.
Biomonitoring of
hippuric acid in
urine

-Type of job history
data

Company records

strand breaks in
lymphocytes, via
Nick translation

assay.

significant) in
controls than in
exposed
workers.
Controls:
1.31+£2.68 ppm

Page 91 of 143




RIVM letter report 2024- 0164

Study design and
population

Exposure
assessment

Health
assessment

Data analysis

Results

Bias/confounding
factors

Remarks

- Exposure
measurement data:
Personal samples
air monitoring:
-Cohort: 0.79+1.97
ppm

-Controls:
1.31+£2.68 ppm
Exhaled air after
shift:

-Cohort: 25.5+9.8
Hg/m3

-Controls:
14.3+£11.2 yg/m3
Hippuric acid in
urine

-Cohort: 1269+958
mg/g creatinine
-Controls:
1314+1213 mg/g
creatinine

Exposed
workers:
0.79+1.97 ppm

Cross sectional biomonitoring studies without measuring bioma

rkers

- Reference:
KanuPriya et al.
(2023) [46]

- Specificity of
agent:
Not reported

- Studied
endpoints:
Cytokinesis-
block
micronucleus

- Statistical
analysis:

Student t-test and
chi-square test were
applied for

Significantly
higher frequency
of cytokinesis-
block
micronucleus

- Confounders: Age

Toluene
exposure not
confirmed.
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Study design and | Exposure Health Data analysis Results Bias/confounding | Remarks
population assessment assessment factors

- Study design: - Method: Blood or | assay and multivariate (4.43£1.50 vs Painters may be
Cross-sectional urine concentration | single-cell gel comparison. A One- | 1.50+0.86 exposed to
study not measured electrophoresis way ANOVA test MN/1000 in other chemicals.
- Location: India - Type of job (SCGE)/Comet with post hoc controls, p<0.05)

- Time period: history data: Self- assay analysis (Tukey'’s and tail moment

Not stated reported test) was used to (11.23£1.0 vs

- Study population: assess for 0.54+£0.37 pM in

Painters confounding factors. | controls, p<0.05)

- Inclusion and
exclusion criteria:
Inclusion: at least 2
years of exposure
Controls: no
occupational
exposure
Exclusion:
occupational
exposure to other
genotoxic
chemicals, medical
symptoms

- Study size:
Exposed workers:
30

Unexposed
controls: 30

in paint workers.
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Study design and | Exposure Health Data analysis Results Bias/confounding | Remarks
population assessment assessment factors

- Reference: Maki- - Specificity of - Studied - Statistical No significant Limited
Paakkanen et al. agent: endpoints: analysis: changes in information
(1980) [47] Toluene with Chromosome One-tailed Student’s | chromosome available

- Study design: impurities of abnormalities in | t-test. Not further aberrations or

Cross-sectional benzene <0.05% peripheral specified. sister chromatid Potential biases
study -Personal exposure | lymphocytes. exchanges found. not reported

- Location: Finland measurements: 7-

- Time period: 112 ppm SCE analysis in Analyses not
Not stated - Type of job peripheral adjusted for

- Study population: | history data: Self- lymphocytes. smoking
rotogravure printers | reported

- Inclusion and

exclusion criteria:

Not specified (all

participants

reported to be

healthy)

- Study size:

23 male

rotogravure printers

15 unexposed male

controls from a

research institute

- Reference: - Specificity of - Studied - Statistical analysis | No significant - Bias: Authors do not
Forni et al. (1971) agent endpoints Chi-square test or changes in Potential recall bias | elaborate on
[48] Ink solvents Chromosome Wilcoxon matched- | chromosome regarding exposure | potential biases.

- Study design:

(containing toluene)

aberrations test

pairs test.
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Study design and | Exposure Health Data analysis Results Bias/confounding | Remarks
population assessment assessment factors

Cross-sectional in peripheral aberrations - Confounders: Benzene and
(rotogravure - Method blood observed. Matched for age, toluene co-
workers) Measuring toluene lymphocytes but analyses were exposure was

- Location concentration in air not adjusted for shown to result
Italy periodically other potential in a significant
- Time period (method not confounders increase in
1953-1968 stated). including smoking unstable and

- Study population habits. stable

Cohorts: - Exposure chromosome
rotogravure printing | measurement data: changes.
workers exposed to | Toluene Workers
benzene before concentration exposed before
1953 and toluene ranges between 0- 1953 were
after 1953 (n=10) 824 ppm depending exposed to

or toluene only
(n=24, after 1953).
Controls: Healthy
individuals
unexposed to
toluene (matched to
age and sex)

- Inclusion and
exclusion criteria
Exclusion:
occupational
exposure to other
chemicals (e.g.,

on the part of the
working
department.

benzene levels
causing benzene
intoxication.

Methods for
measuring
toluene
concentration in
air not stated.
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Study design and | Exposure Health Data analysis Results Bias/confounding | Remarks
population assessment assessment factors

lead) or exposure to

X-rays.

- Study size

Cohort exposed: 34

Controls: 34

Experimental studies using exposure chambers

- Reference: - Specificity of - Studied - Statistical No significant - Bias: Short term
Finkenwirth et al. agent: endpoints: analysis: effect observed in | The study was not exposure only,
(2009) [49] 50 ppm toluene -Human 8- Intra-individual hOGG1 activity. blind as participant | no indication for

- Study design:
Experimental study:
Human inhalation
exposure

- Location:
Germany

- Time period:

Not specified

- Study population:
Paid participants,
healthy non-
smoking men

- Inclusion and
exclusion criteria:
Exclusion: smoking,
medication, acute

or chronic illness

exposure for 4.5
hours in 18m?3
chamber
(checked with
infrared-
spectroscopy)

- Method:
Biomonitoring of
toluene in blood
using GC-MS

- Exposure
measurement data

(Toluene in blood):

-Before exposure:
0.02+0.01 mg/L

oxoguanine DNA
glycosylase 1
(hOGG1) activity
through DNA
repair assay in
peripheral
mononuclear
blood cells.
-Clinical
symptoms
through Swedish
Performance
Evaluation
System

change in Human 8-
oxoguanine DNA
glycosylase 1
activity using
nonparametric
cross-over analysis.
Spearman’s test for
correlation between
blood toluene levels
and hOGG1 activity.

could perceive
toluene odour

chronic
exposure to
toluene

Other sources of
hOOG1 activity
inhibition may
be present,
although the
influence is
likely small due
to the cross-
over design.
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Study design and | Exposure Health Data analysis Results Bias/confounding | Remarks
population assessment assessment factors

Inclusion: no -Direct after

coffee, tea and exposure:

alcohol 12h before 0.54+0.11 mg/L

exposure -30 minutes after

- Study size: exposure:

20 males exposed 0.25+0.07 mg/L

to filtered air and

toluene (cross-over

design)

- Reference: Richer | - Specificity of - Studied - Statistical - Cell death: Limited
et al. (1993) [22] agent: endpoints: analysis: Significant information on
- Study design: 50 ppm toluene, 7h | Sister chromatic | Student's paired t- increase in cell methods

Inhalation exposure
(experimental
study)

- Location:

Canada

- Time period:
7h/day for 3
consecutive days

- Study population:
Volunteers

- Inclusion and
exclusion criteria:
Exclusion: smoking,
history of
occupational

per day for 3
consecutive days

exchange (SCE)
in peripheral
blood
lymphocytes

test for comparisons
between groups.

mortality in all
exposure groups
(effect
disappeared 15h
after exposure)

- SCE frequency:
No significant
effects (data not
shown)

- Cell cycle: No
significant effects
(data not shown)

Small study size

No quantitative
data reported on
cell mortality
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Study design and
population

Exposure
assessment

Health
assessment

Data analysis

Results

Bias/confounding
factors

Remarks

exposure to organic
solvents; not
previously been
exposed to any
radiation or drug
therapy and who
did not take any
alcohol

- Study size:

5 volunteers
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Biomonitoring studies measuring blood toluene levels

Several studies measured the toluene concentration in blood to verify
toluene exposure [31-36]. The majority of these studies found a
significant difference in mutagenicity between occupationally exposed
individuals, such as rotogravure printing workers and painters, and
control groups. These results indicate toluene may have a mutagenic
mechanism of action. However, other exposure sources and confounding
factors cannot be excluded and mixture exposure is likely in the
occupationally exposed groups.

Biomonitoring studies using non-specific biomarkers for toluene
exposure

Several studies used non-specific biomarkers for toluene in urine, such
as hippuric acid, o-cresol, SBMA, and p-cresol to verify toluene exposure
in occupationally exposed individuals [37-39, 41-45] or substance abuse
[40]. However, many other exposures, including dietary components
can result in increased levels of these metabolites in urine. For instance,
two studies found no correlation between hippuric acid levels in urine
and toluene concentration in air [41, 43]. Although some of these
studies showed an effect on mutagenicity, for instance using the comet
assay or SCE, these markers are not sufficiently specific to conclude
toluene exposure was the major contributor to the mutagenicity
observed in these studies.

Biomonitoring studies not verifying toluene exposure

Three studies did not verify toluene exposure in workers [46-48].
Although one of these studies showed a significant effect on
mutagenicity, toluene exposure cannot be confirmed and other exposure
sourced cannot be excluded.

Exposure-chambers

Two studies investigated the effect of toluene exposure on volunteers
[22, 49]. Neither study showed a significant effect on mutagenicity.
However, short-term exposure to toluene may not be sufficient to
identify long-term effects on mutagenicity.
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Carcinogenicity

Summary of animal experiments on toluene

The carcinogenicity studies of toluene in experimental animal studies are
summarized in Table 13 followed by a summary in text. In general, only
statistically significant results are presented in the table below. In
studies where statistical significance of the results was not reported, the
listed tumour incidences in the table were limited to the control group
and groups where actual lesions occurred.
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Table 13 Summary table of in vivo animal experiments with toluene

Reference | Study design and Data on exposure and Observations and results Remarks
animal species effect endpoints
Inhalation
Gibson et Non-guideline Toluene vapour: 0, 30, 100 General toxicity: Non-GLP.
al. (1983) carcinogenicity study or 300 ppm (equivalent to 0, | Mean body weight was increased in all
[50] 110, 380 and 1,100 mg/m3)2 | exposed males up to 24 months and in all Time-weighted
Fischer-344 Rats, 5 weeks | for 6h/day, 5 days weekly exposed females up to 18 months average
old for 24 months. (P<0.05), but without clear dose-response | concentrations: 0O,
Males and females: relationship. 30.1, 99.7 and 299.0
120 animals/sex/ group Purity: >99.9% ppm.
Inhalation, whole body Non-neoplastic lesions:
Interim sacrifices at 6 No lesions related to toluene exposure. No No (quantitative) data
(n=5), 12 (n=5) and 18 Endpoints: data reported. were reported.
months (n=20) Ophthalmology,
haematology, urinalysis, Neoplastic lesions:
gross necropsy and No lesions related to toluene exposure.
histopathology
Statistical analysis:
Kruskal-Wallis test (analysis
of variance) for ratios
Multiple comparisons:
Tukey’s or Scheffe’'s test
Huff et al. Non-guideline Toluene vapour: 0, 600 or General toxicity: Study performed by
(2003) and | carcinogenicity study 1,200 ppm (equivalent to 0, | No effects on survival or body weights. NTP, full report
Huff et al. 675 and 1350 mg/kg available.
(1990) Fischer-344 Rats bw/day)® for 6.5h/day, 5
[51] days weekly for 2 years. Non-GLP.
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Reference | Study design and Data on exposure and Observations and results Remarks
animal species effect endpoints
Males and females: 60 Non-neoplastic lesions:
animals/sex/ group Purity: >99% At interim sacrifice and end of study: Benzene impurity:
Inhalation, whole-body Slightly increased severity of nephropathy <0.1%
Interim sacrifice at 15 in high dose females (interim) and all
months (n=10/group) Endpoints: exposed rats (end of study)
Gross necropsies,
histopathology Increased lesions in nasal cavity of exposed
animals.
Statistical analysis: Males:
Tumour incidence: logistic -Control: 5/10
regression and other tests -600 ppm: 10/10
for pairwise comparison and |-1,200 ppm: 10/10
trend. Females:
-Control: 2/10
-600 ppm: 10/10
-1,200 ppm: 9/10
Neoplastic lesions:
No lesions related to toluene exposure.
Huff et al. Non-guideline Toluene: 0, 120, 600 or General toxicity: Study performed by
(2003) and | carcinogenicity study 1200 ppm (equivalent to Survival in all unexposed and exposed male | NTP, full report
Huff et al. 525, 1050, and 2100 mg/kg | mice was low (maximal 20/60). No effects available.
(1990) B6C3F1 Mice bw/day)P for 6.5h/day, 5 on body weights.
[51] Males and females: 60 days weekly for 2 years. Non-GLP.

animals/sex/ group

Purity: >99%
Inhalation, whole-body

Non-neoplastic lesions:
Females (1200 ppm): minimal hyperplasia
of bronchial epithelium.

Benzene impurity:
<0.1%
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Reference | Study design and Data on exposure and Observations and results Remarks
animal species effect endpoints
Interim sacrifice at 15
months (n=10 Statistical analysis: Neoplastic lesions:
females/group) Tumour incidence: logistic No lesions related to toluene exposure.
regression and other tests
for pairwise comparison and
trend.
Oral
Soffritti et | Non-guideline Toluene: General toxicity: Performed according
al. (2004) carcinogenicity study -0 and 500 mg/kg bw/day, 4 | -Slight, non-significant, increase in body to GLP.
[52] days weekly for 104 weeks weight observed in 500 mg/kg bw/day

Sprague-Dawley rats,
7 weeks old

Males and females:
40-50/sex/treatment
group

and kept under control until
spontaneous death

-0 and 800 mg/kg bw/day, 4
days weekly for 104 weeks
and kept alive until 130
weeks

Purity: 98.34%
Oral via stomach tube

Vehicle control: olive oil
Animals included until

spontaneous death or
sacrificed at 130 weeks.

exposure group
-Increased survival observed in 500 mg/kg
bw/day exposure group (from 88 weeks)
and decreased survival in 800 mg/kg
bw/day exposure group (from 24 weeks),
as compared with the corresponding control
groups.

500 mg/kg bw/day experiment:
-Increase in number of animals with
tumours and total amount of tumours in
males (P<0.05) and females (P<0.01)
compared to control

Tumour bearing animals (%):

Control: 20.0

500 mg/kg bw/ day: 47.5

Malignant tumours (per 100 animals)

500 and 800 mg/kg
bw dose groups were
performed in separate
experiments with
separate control
groups.

Experiment with 800
mg/kg bw dose group
was terminated at
130 weeks due to
observed mortality.

No statistics shown
for mortality.
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Reference | Study design and
animal species

Data on exposure and
effect endpoints

Observations and results

Remarks

Endpoints: necropsies,
histopathology

Statistical analysis: Chi
square, Fisher-Snedecor and
Log-rank tests

Control: 22.0

500 mg/kg bw/day: 70.0

-Non-significant increase in total amount of
malignant tumours of subcutaneous tissue
in males

-Increase (P<0.05) in females with
haemolymphoreticular neoplasia (%)
Control: 2.0

500 mg/kg bw/day: 17.9

-Non-significant increase in malignant
mammary tumours in females (25%
compared to 14% in controls)

800 mg/kg bw/day experiment:
-Increase (P<0.05) in carcinomas of oral
cavity, lips and tongue in males (%)
Control: 0

800 mg/kg bw/day: 21.9
-Non-significant increase in number of
animals with tumours (35% compared to
23% in controls) and total amount of
tumours (45/100 animals compared to
24/100 animals in controls) in males and
females.

@ Converted conform the CLP-Guidance (https://echa.europa.eu/documents/10162/2324906/clp part3 en.pdf/42e0397a-73f2-0583-958f-

3830928e1604?t=1730718832043)

b Converted by the authors using an estimated rat weight of 325 grams or an estimated mouse weight of 35 grams.
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Inhalation

Gibson et al. (1983)

A non-guideline carcinogenicity study was performed in Fischer-344 rats
[50]. Males and females (120 animals/sex/group) were exposed to
toluene vapour at concentrations of 0, 30, 100 or 300 ppm (equivalent
to 0, 36, 119 and 357 mg/m?) for 6h/day, 5 days per week for in total
24 months. Mean body weight was statistically significantly increased in
all exposed males up to 24 months and in all exposed females up to 18
months. There were no neoplastic response related to toluene exposure.

Huff et al. (2003) and Huff et al. (1990)

Study in rats

A non-guideline carcinogenicity study was performed by the NTP in
Fischer-344 rats [51]. Males and females (60/sex/group) were exposed
to toluene vapour at concentrations of 0, 600 or 1,200 ppm (equivalent
to 0, 675 and 1,350 mg/kg bw/day) for 6.5h per day, 5 days per week
for in total 2 years. There were no effects on survival or body weights.
There were no neoplastic lesions related to toluene exposure.

Study in mice

A non-guideline carcinogenicity study was performed by the NTP in
B6CF31 mice [51]. Males and females (60/sex/group) were exposed to
toluene vapour at concentrations of 0, 120, 600 or 1,200 ppm
(equivalent to 525, 1,050, and 2,100 mg/kg bw/day) for 6.5h/day, 5
days weekly for 2 years 5 days per week for in total 2 years. Survival in
both unexposed and exposed males was low. There were no neoplastic
lesions related to toluene exposure.

Oral

Soffritti et al. (2004)

A non-guideline carcinogenicity study was performed in Sprague-Dawley
rats [52]. Males and females (40-50 animals/sex/group) were exposed
to toluene in olive oil orally via stomach tube at concentrations of 500
and 800 mg/kg bw/day in two separate experiments, 4 days a week for
a total of 104 weeks. Rats were kept alive until spontaneous death.
Increased survival was noted in the 500 mg/kg bw/day group (from 88
weeks) and decreased survival in the 800 mg/kg bw/day group (from 24
weeks). In the 500 mg/kg bw/day experiment, there was a significant
increase in the number of animals with tumours and the total amount of
tumours in both males and females compared to the control group.
Additionally, there was a non-significant increase in malignant tumours
of subcutaneous tissue in males and females, as well as an increase in
females with haemolymph reticular neoplasia. The 800 mg/kg bw/day
experiment showed a significant increase in carcinomas of the oral
cavity, lips, and tongue in males. The experiment with the 800 mg/kg
bw/day dose group was terminated at 130 weeks due to observed
mortality.

Summary of observations in humans

The carcinogenic effects of styrene as observed in cohort studies are
summarized in Table 14. The case control studies are summarized in
Table 15. All tables are followed by a summary in text.
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Table 14 Cohort studies

Study design Exposure Health Data analysis Results Bias/confounding| Remarks
and assessment assessment
e Reference o Specificity of agent |e Studied endpoints ¢ Epidemiological o Type of health effect(s) |o Potential biases e Many
publication In entire study Cause-specific measure observed Healthy worker death
Wiebelt et al. period, in all mortality, Standardised Death: n=466 (6.8%) effect apparent in | certificat
(2007) [53] rotogravure printing | including Mortality Ratio Cancer mortality: overall decreased es were
e Study design facilities toluene was| malignant e Type of statistical n=100, after imputation | SMR for all causes,| missing.
Retrospective used in a high neoplasms to the analyses performed | 122.7 (1.8%) but predominated | The
industrial cohort degree of purity 3-digit ICD-9 level| SMR calculations forle Data on risk estimates by the lower appropri
study (<0.3% benzene) o Health data observed deaths SMR (95% CI) exposed area 1 ateness
e Location e Type of job history collection with cause of death | Mortality, all causes: (printing cylinder and
Germany data Vital status of from certificate plus| SMR=91 (83-100) preparation) validity
e Study population Company records cohort members all other deaths with| All cancer mortality of the
Dynamic cohort of ¢ Exposure determined by a) imputed cause (malignant neoplasms): | Lost to Follow-Up applied
6830 male measurement data being active e Analyses for all SMR=96 (73-134) 225 (3.3%) imputati
German blue- (if applicable) employee at end off workers and Area 1: 50 (23-121) on
collar rotogravure | - No personal follow-up separately for the 3 | Area 2: 109 (76-175) | Confounding techniqu
printing plant exposure according to defined areas Area 3: 122 (69-250) No data on eto
workers from 11 measurements done | company records; |¢ Covariates included | - No significantly smoking habits or | estimate
facilities with a - Results of work b) population in the analysis increased or decreased other lifestyle cause-
minimal area levels are registries using Adjustment for SMR's for lung or other | factors available specific
employment of 1 provided, but last address of smoking or other specific cancers in entire| (inherent to SMR mortality
year methods of static residence covariates not group or in each of the 3| approach) at the
Non-exposed exposure e Diagnoses and/or | possible areas, except in area 2 group
reference measurements are classification of (printing/proof printing): level are
population: not given health effects - cancer of bone, unclear.
General - Workers were - Death certificates articular cartilage (ICD

population West
Germany, 1960-
1992 (presumably
men only, but not
specified)

grouped according
to 3 main work
areas with different
toluene exposure
levels:

obtained from local
health offices

- Cause of death
coded using ICD-9

170):

SMR=814 (139-3244)
- cancer of connective
tissue (ICD 171):
SMR=631 (123-2595)
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Study design
and

Exposure
assessment

Health
assessment

Data analysis

Results

Bias/confounding

Remarks

e Time period
Baseline: 1960
End of follow-up:
1992

e Censoring
Death, emigration,
unavailability of
data

e Inclusion criteria
- Men only
- German
nationality
- (Former)
employees who
started work
between 1-1-1960
and 31-12-1992
- Minimal
employment of 1
year

e Exclusion criteria
- White-collar staff
and management

e Person-years at
risk
Data not provided

Area 1, printing

cylinder preparation:

concentrations of
toluene generally
<30 ppm

Area 2,
printing/proof
printing:
concentrations of
toluene generally
<100 ppm

Area 3, finishing:
concentrations of
toluene generally
<30 ppm

- Many certificates
had been removed
5 years after death
(that is, before
1987), accounting
for 23% of all
deaths 1960-1992
- Cause of death
was imputed for all
missing death
certificates using
the proportion of
causes from the
available
certificates,
weighed using 7
time intervals.
This statistical
approach is
described in detail
in (a later)
separate
publication:
Rittgen W, Becker
N. SMR analysis of
historical follow-up
studies with
missing death
certificates.
Biometrics 2000
Dec;56(4):1164-9.

Page 108 of 143



https://pubmed.ncbi.nlm.nih.gov/11129474/
https://pubmed.ncbi.nlm.nih.gov/11129474/

RIVM letter report 2024- 0164

Study design
and

Exposure
assessment

Health
assessment

Data analysis

Results

Bias/confounding

Remarks

e Reference

publication

Anttila et al.

(1998) [54]

Study design

Occupational

cohort study

Location

Finland

e Study population
1856 workers
(men and women)
biologically
monitored for
occupational
exposure to
toluene in blood

e Time period
Baseline: 1978-
1983
End of follow-up:
1992

e Person-years at
risk
22,169 (1978-
1992)

e Specificity of agent
Toluene and xylene
were typically used
in
mixtures (e.g., in
paints, lacquers,
thinners, and glues)

e Method
Workers monitored
for toluene were
considered exposed

e Job history data
Not reported

o Exposure
measurement data
Biomonitoring:
Toluene level in post
shift blood samples

e Studied endpoints
New cancer cases
(all sites)

e Type of health
data
Finnish Cancer
Registry, 1978-
1992

e Diagnoses and/or
classification of
health effects
ICD-7

e Reference
population
Finnish general
population

e Epidemiological
measure
Standardized
Incidence Ratios
(SIR)

o Type of statistical
analyses performed
SIR with regard to
rates in the Finnish
general population,
assuming Poisson
distribution
Indirect
standardisation for
sex, 5-year age
group and calendar-
period

e Cancer site specific
(if numbers
allowed)

e Separately for 0-9 /

>10 years of follow-
up (i.e., since first
measurement)

e Descriptives
Blood toluene
concentration:
median 0.2 pmol/L
range 0-18.4 pmol/L

e Data on risk estimates
Observed: 45 incident
cancer cases (all sites)
Expected: 50.1
SIR=0.90 (CI 0.66-
1.20)
Gastrointestinal sites:
SIR=0.95 (CI 0.38-
1.96)
Lung, bronchus:
SIR=1.01 (CI 0.41-
2.08)
Nervous system:
SIR=1.09 (CI 0.22-
3.18)
Lymphohematopoietic
tissue:
SIR=0.78 (CI 0.16-
2.28)

All cancer sites :

0-9 years of follow-up:
SIR=0.86 (CI 0.59-
1.22)

>10 years of follow-up:

SIR=1.00 (CI 0.53-1.70)

e Quantification
of levels of
toluene
exposure not
used in
analyses
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Study design Exposure Health Data analysis Results Bias/confounding| Remarks
and assessment assessment
e Reference o Method e Studied endpoints ¢ Epidemiological e Descriptives e Stratified
publication Biomonitoring Incidence of measure 33 cases of thyroid analyses by
Kim et al. (2021) e Exposure primary thyroid Hazard Ratio cancer during follow-up distance from
[55] measurement data cancer Type of statistical nearest road
e Study design Toluene level in blood o Type of health analyses performed |o Data on risk estimates based on small
Prospective samples data Multivariable Cox’s | T1 (<0.20 pg/L): 5 numbers of
(environmental) Korea Central proportional hazards| cases cases in
cohort study Cancer Registry model HR=1.00 (Reference) tertiles. Effect
e Location and death Follow-up between T2 (0.20-0.63 pg/L): 13 modification
South Korea, 12 certificate date of blood cases not apparent
regions information from sampling and first HR=2.33 (CI 0.83-6.56) when analysing
o Study population Statistics Korea date of any cancer T3 (=20.63 pg/L): 15 In blood

N=2,596 men and
women aged =19
years

e Time period
Baseline 2003-
2011
Follow-up until
2016

e Inclusion and
exclusion criteria
Measurement data
of blood toluene
No history of
cancer at baseline
No incidence of
thyroid cancer in
the first year of
follow-up

e Diagnoses and/or
classification of
health effects
ICD-10: C73

diagnosis, death or
31 December 2016
(whatever came
first)

Blood toluene level
divided into tertiles
and also log-
transformed for
continuous analyses

Covariates included
in the analysis
Selected among
potential
confounders using a
DAG

- age at baseline

- sex

- education level

cases
HR=2.77 (CI 1.00-7.65)
p for trend 0.044

Continuous (per In blood
toluene concentration in
Hg/L):

HR=1.22 (CI 1.00-1.49)

e Subanalyses

Effect modification by
distance from nearest
road:

- Nearest road £50m:
T2: HR=1.37 (0.33-
5.77)

T3: HR=3.73 (1.02-
13.6)

p for trend 0.036

toluene
concentration
continuously

e Authors’

conclusion that
positive
association
with thyroid
cancer tended
to be stronger
in

residents living

near a road may

be too strong
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Study design
and

Exposure
assessment

Health
assessment

Data analysis

Results

Bias/confounding

Remarks

(£9 or >9 years)
- employment

status

(yes or no)
- BMI (<23 or 223)

Additional
adjustment for
survey regions by
random effect to
account for potential
heterogeneity from
the six national
industrial complexes

Effect modification
of thyroid cancer by
living near a road

Continuous (In conc):
HR=1.26 (0.96-1.66)

- Nearest road>50m:
T2: HR=3.96 (0.84-
18.8)

T3: HR=2.23 (0.43-
11.7) p for trend 0.37
Continuous (In conc):

HR= 1.23 (0.91-1.67)

e Reference
publication
Svensson et al.
(1990) [56]

o Study design
retrospective
industrial cohort
study

o Location
Sweden, different
areas

e Study population

e Specificity of agent
In earlier years also
other (aromatic)
solvents were used,
including benzene
but since 1970
mostly toluene

e Type of job history
data
Company records

o Exposure
measurement

e Studied endpoints
- Cause-specific
mortality,
including
malignant
neoplasms based
on 3-digit ICD-8
level from death
certificates
- Newly diagnosed
tumours from
cancer registry

Epidemiological
measure
Standardized
Mortality Ratios
(SMR) and
Standardized
Incidence Ratios
(SIR) with regard to
rates in the Swedish
general population
for the period 1952-
1986

- standardisation for

o Descriptives
- 68 new cases of cancer

- 41 died from cancer

e Data on risk estimates

- All cancer sites
SMR=1.36 (95% CI
0.99-1.86)
SIR=1.26 (95% CI
0.98-1.60)

- SMR cancer specific
sites

e Confounding
- Different lifestyle
(a.o., diet)
between workers
and reference
group may be
related to
gastrointestinal
cancers
- Co-exposure to
benzene and other
solvents

particularly in

e Concentrations
of toluene and
other solvents
changed
importantly
over time. Air
measurements
in most plants
were only
available from
1969
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Study design Exposure Health Data analysis Results Bias/confounding| Remarks
and assessment assessment
1013 rotogravure | - Airborne 1958-1985, coded | geographical area of| Stomach: 2.72 (1.09- early years of
printing workers measurements ICD-7 (incidence) | the factory, sex, 5.61) exposure (until
from 8 plants (apparently - Until the age of calendar-year, Colon/rectum: 2.18 1960s)
Non-exposed stationary sampling) | 80 years (both cause of death, and | (0.88-4.49)
reference - Cumulative mortality and 5-year age group Respiratory: 1.40 (0.70-
population: exposure (ppm incidence) 2.50)
general population| years) based on o Type of statistical Urinary: 0.45 (0.01-

e Time period airborne Reference analyses performed | 2.53)
Baseline: 1925 concentrations and population - Specific cancer Leukaemia, lymphoma:
(dependent on job history Swedish general sites (ICD codes) 0.97 (0.20-2.84)

plant)

Follow-up: 1952-

1986
e Inclusion and
exclusion criteria
- Inclusion:
Employed for
three months or
more from the
time of the start
of rotogravure
printing in each
company to 1985
- Exclusion:
Lost to follow-up
(vital status
unknown)
Person-years at
risk
21,373 for
mortality

population, period
1952-1986
standardisation for
geographical area
(both mortality
and incidence)

were grouped

- Subsample defined

by exposure period of
at least five years and
a latency period of at

least 10 years
(N=506; 8,615
person-years)

- SIR cancer specific
sites
Stomach: 2.34 (0.94-

4.82)

Colon/rectum: 1.49
(0.68-2.84)
Respiratory tract: 1.76
(1.03-2.91)

Urinary: 0.64 (0.18-
1.65)
Lymphomas/myelomas:
0.33 (0.01-1.86)
Leukaemias: 1.67 (0.34-
4.88)

Subanalyses

- Subpopulation of =5
exposed years and >10
years latency:

Mortality all cancer sites
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and

Exposure
assessment

Health
assessment

Data analysis

Results

Bias/confounding

Remarks

19,297 for
incidence

SMR=1.35 (CI 0.93-
1.96)

Incidence all cancer
sites

SIR=1.27 (0.95-1.69)

For specific sites, also
no major differences
with total population for
both mortality and
incidence

- No associations
between cumulated dose
of toluene and SMRs for
all tumour sites or
gastrointestinal or
respiratory tumours,
respectively

(3 categories; 0-999 /
1000-9999 / =10,000
ppm years)
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Cohort studies: overview

Wiebelt et al. (1998)

Wiebelt et al. [53] performed a retrospective cohort study among 6,830
male German blue-collar rotogravure printing plant workers between
1960 and 1992. In this industry, toluene was used in a high degree of
purity (<0.3% benzene). Workers were grouped according to three main
work areas with different toluene exposure levels. Cause of death was
coded from information from death certificates and imputed for missing
certificates using the proportion of causes from the available certificates,
weighed using 7 time intervals. Observed cause-specific mortality was
compared with expected mortality from a non-exposed German
reference population in the same time period.

In total 466 deaths were observed, resulting in a standardized mortality
ratio (SMR) of 91 (95% CI 83-100) for overall mortality. The SMR for
cancer-specific mortality overall was 96 (CI 73-134) and cancer site
specific SMR’s were not significantly increased or decreased. Workers
from the highest toluene exposed printing area showed an increased
specific mortality for two cancer sites: SMR for cancer of bone, articular
cartilage (ICD 170) was 814 (CI 139-3244) and SMR for cancer of
connective tissue (ICD 171) was 631 (CI 123-2595).

Anttila et al. (1998)

Anttila et al. [54] performed a cohort study among 1,856 workers who
were monitored for exposure to toluene in post shift blood samples over
the period 1978-1983. The follow-up after the first personal
measurement comprised 22,169 person-years at risk until 1992.
Incident cancer cases were detected from the Finnish Cancer Registry.
The association between toluene exposure and total and site-specific
cancer incidence was evaluated using indirectly standardized incidence
ratios (SIR) with regard to age-, sex-, and period-specific incidence
rates of cancer in the Finnish general population.

During follow-up, 45 incident cancer cases (all sites) were observed
among the exposed; SIR 0.90 (95% CI 0.66-1.20). SIR for specific
cancer sites ranged from 0.8 to 1.1 and were also not statistically
significant. There was also no difference in SIR’s for shorter (0-9 years)
or longer (=210 years) of follow-up. Thus, no clear increase in cancer risk
was found in occupationally exposed to toluene.

Kim et al. (2021)

Kim et al. [55] studied associations between blood toluene
concentrations and risk of incident thyroid cancer in a prospective cohort
study in South Korea during 2003-2016. Study participants (N=2,596
aged =19 years) were residents living near national industrial
complexes. Incident cases of thyroid cancer were identified using the
National Cancer Registry. Cox’ proportional hazards regression models
were used to estimate the hazard ratios (HR) and the 95% confidence
interval (CI) between blood toluene concentrations and thyroid cancer
risk. Potential effect modification of living near a road was investigated.
During the follow-up (median 8.6 years), 33 cases of thyroid cancer
were diagnosed. The geometric mean of the toluene concentration in the
blood was 0.56 ug/L for cases and 0.29 ug/L for non-cases; HR 1.22
(95% CI 1.00-1.49) after adjusting for potential confounders. For
tertiles of blood toluene concentration, HR was 2.33 (0.83-6.56) and
2.77 (1.00-7.65) for the second and third tertile, respectively (p for
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trend 0.044). No clear differences in association were seen between
people living <50 m or >50 m near a road.

Svensson et al. (1990)

Svensson et al. [56] studied incidence and mortality of cancer in a
retrospective cohort study among 1013 rotogravure printers exposed to
toluene in Sweden during 1925-1985. Historical results of toluene
measurements in indoor air from eight plants were available.
Standardised incidence and mortality ratios (SIR and SMR) were
calculated using the general population as reference. During follow-up
from 1952 to 1985, 68 new cases of cancer were identified; SIR=1.26
(95% CI 0.98-1.60). In this period 41 died from cancer; SMR=1.36
(95% CI 0.99-1.86). These figures were fairly similar among the
subpopulation of workers =5 years exposed and >10 years latency.
Incidence of respiratory tract cancer sites was significantly increased;
SIR=1.76 (1.03-2.91), and mortality of gastrointestinal cancers was
significantly increased; SMR=2.06 (1.13-3.45). There were no dose
response relations with cumulated toluene dose (ppm years).

Case control studies: overview
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Table 15 Case-control studies

Study design
and

Exposure
assessment

Health
assessment

Data analysis

Results

Bias/confounding

Remarks

e Reference
publication
De Roos et al.
(2018) [57]

e Study design

Pooled and meta-

analysis of 9
population and
hospital-based
studies
participating in
InterLymph
consortium

e Location

North America and

Europe
e Time period

Combined studies

covering the

period 1977-2004
e Study population

Description

- 2854 multiple
myeloma (MM)
cases

- 10743 controls,

o Specificity of agent |
Toluene, benzene
and xylene exposure
assessed and
investigated
separately and as
BTX

e Method
Job exposure matrix
(JEM)-assigned
exposure intensity

and probability o
combined
(‘corrected’) with
additional

information from
individual studies on
self-reported or
expert-assessed
exposure
- Industry-specific,
semi-quantitative
JEM with 3
probability and 3
intensity levels

o Ascertainment of

Case definition

- Histologically
confirmed
incident primary
diagnoses of MM
(ICD-0-3 973,
ICD-9 203) that
occurred during
the respective
enrolment periods

Definition of
controls: 7 studies
population-based,
1 study hospital-
based, 1 study
population- and
hospital-based. No
further
specifications
reported

e Epidemiological

measure
Odds Ratio

Type of statistical
analyses performed
Unconditional
logistic regression
analysis using
pooled data;
random-effects
meta-analysis
Covariates included
in the analysis

age, sex, education,
race, study and
study centre (for
multi-centre
studies). In
separate analyses
additional
adjustment for
farming occupation

o Type of health effect(s)
observed

e Based on case definition,
subgroups

e Adjusted ORs (95% CI)
for exposure categories
toluene:

Exposure groups based on
cumulative intensity of
toluene exposure (n
cases/n pooled controls):
Unexposed:

2063 / 7969

Exposed, quartile 1:

164 / 704

Exposed, quartile 2: 189 /
669

Exposed, quartile 3: 193/
671

Exposed, quartile 4: 224 /
628

Adjusted ORs (95% CI)
for exposure groups:

mostly population-| exposure Unexposed: 1 (reference)
based, pair- Blinded to Exposed, quartile 1:
matched or case/control status OR=0.91 (0.75 - 1.09)
frequency-

e Potential biases
Potential bias in
single included
studies are not
reported.

e Confounding
Potential residual
confounding due to
lack of adjustment
for smoking and
other (work-
related)
exposures.

e High correlations of

toluene exposure
with xylene
(r=0.99) and
benzene (r=0.81)
exposure hampers
disentangling
toluene specific
risks.
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Study design Exposure
and assessment

Health
assessment

Data analysis

Results

Bias/confounding

Remarks

matched to cases o Type of job history
by age, sex, and data

(if applicable) race| self-reported

and study centre | Exposure

- participation measurement data
rates not reported | (if applicable)
e Inclusion and Not applicable

exclusion criteria
- Study included
in pooled analysis
if information
available on
lifetime
occupational
history

- Exclusion: not
reported

Exposed, quartile 2:
OR=0.90 (0.75 - 1.07)
Exposed, quartile 3:
OR=0.94 (0.79 - 1.12)
Exposed, quartile 4:
OR=1.12 (0.94 - 1.34)
P trend=0.22

High probability
exposure groups based
on cumulative intensity
of toluene exposure (n
cases /n pooled
controls):

Unexposed:

2063 / 7969
Exposed, quartile 1:
58 / 259

Exposed, quartile 2:
59/ 224

Exposed, quartile 3:
66 /228

Exposed, quartile 4:
92 / 204

Adjusted ORs (95% CI)
for high probability
exposure groups:
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Study design
and

Exposure
assessment

Health
assessment

Data analysis

Results

Bias/confounding

Remarks

Unexposed: 1
(reference)

Exposed, quartile 1:
OR=0.86 (0.63 - 1.16)
Exposed, quartile 2:
OR=0.96 (0.71 - 1.30)
Exposed, quartile 3:
OR=1.09 (0.81 - 1.46)
Exposed, quartile 4:
OR=1.63 (1.25-2.12)
P trend=0.0007

Subanalyses:

Similar (statistically
non-significant) ORs in
first three quartiles (n
cases/ n controls).

In 4% quartile >20 years
lag (74/169): 1.46 (1.09
- 1.96);

In 4t quartile <20 years
lag (53/92): 2.31 (1.61
- 3.31).

Additional adjustment
for benzene exposure:
OR for high-probability
exposure in 4% quartile
1.59 (1.18 - 2.15).

No confounding

by farming occupation.
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Study design
and

Exposure
assessment

Health
assessment

Data analysis

Results

Bias/confounding

Remarks

Random-effects meta-
analysis OR 4% quartile:
1.79 (1.35 - 2.37), no
indication for
heterogeneity.

Exclusion of two studies
lacking information for
‘correction’ of JEM-
assigned exposure, OR
4th quartile: OR 2.27
(1.50 - 3.45) and OR
3.24 (1.93 - 5.45) for
exposure <20 years of
diagnosis.

Highest-intensity
exposure and duration
of exposure also
associated with
increased risk of MM for
the highest categories of
high-probability
exposure.

Subanalyses
Associations stronger in
men than women (based
on smaller study
population). Risk
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Study design
and

Exposure
assessment

Health
assessment

Data analysis

Results

Bias/confounding

Remarks

increases in both
younger (<50 years)
and older age groups,
and in both the six
North American and
three European studies.

Results not highly
sensitive to exclusion of
single studies.

o Reference
publication

Gérin et al. (1998)

[58]
o Study design
population-base
Location
Canada,
metropolitan
region Montreal
Time period

1979 - 1986 with
some interruptions

in case
ascertainment

- 3730 men age
35-70 years, 19

cancer sites from

all large hospita
in the area

Study population

o Specificity of agent
Toluene, benzene,
xylene, and styrene
examined separately
Method
Lifetime job histories
assessed by
questionnaire.
Individual jobs
translated into
occupational
exposures by expert
team and
transformed into
cumulative exposure
index based on
duration, frequency,
and concentration.
o Ascertainment of
exposure

d

d

Is

o Case definition

- Histologically
confirmed incident
diagnoses
abstracted from
medical records.

- Grouped (with
some exceptions)
into three-digit
levels of ICD-9.
Population
controls:
from
electoral lists of
the Montreal area,
age-stratified to
the age
distribution of
cancer patients.
Cancer controls:
cases with cancers

selected

o Epidemiological
measure

Odds Ratio

Type of statistical
analyses performed
Unconditional
logistic regression
analysis

Covariates included
in the analysis

Age, family income,
cumulative smoking
index, ethnicity,
smoking status,
respondent status
(self or proxy). For
lung cancer also
arsenic, asbestos,
chromium VI,
nickel, crystalline
silica, beryllium,

Type of health effect(s)
observed

15 cancer sites analysed
with at least 50 cases:
Hodgkin’s lymphoma,
Non-Hodgkin’s
lymphoma, Melanoma of
the skin, Kidney,
Bladder, Prostate, Lung
(oat cell, squamous cell,
adenocarcinoma),
Pancreas, Rectum,
Colon, Stomach,
Esophagus

Adjusted ORs (95% CI)
for exposure categories
(n cases/n pooled
controls), for sites

with most suggestive
associations for toluene:

o Potential biases
ORs may be
attenuated if
toluene also
causes other
cancers that
served as controls.

¢ High correlations
between exposure
to benzene, toluene,
and xylene, which
originated mainly
from common
mixtures.

Relatively low
number of highly
exposed individuals

e Additional

information about
methodology
obtained from
Siematycki et al.
(1987):
https://doi.org/10.5
271/sjweh.2009
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Study design Exposure Health Data analysis Results Bias/confounding| Remarks
and assessment assessment
(covering 97% of | Blinded to of sites other than | cadmium, polycyclic| Esophagus:

tumor diagnoses)
- Three control
groups (all men):
cancer controls
with cancer of all
other sites; 533
population

controls; subset of

the pool of cancer

(excl. lung cancer)

and

population
controls

- Participation
rates 82% (cases)
and 71%
(controls)

e Inclusion and
exclusion criteria
No further criteria
mentioned.

case/control status

o Type of job history

data
self-reported

e Exposure

measurement data
(if applicable)
Not applicable.

those under study
(confirmed
diagnoses
abstracted from
medical records).
Lung cancer cases
excluded as
controls and some
other exceptions
depending on
cancer site.

aromatic
hydrocarbons. For
bladder cancer,
aromatic amines.

Unexposed (83/919):
ref

Low (7/95): 0.8 (0.4-
1.8)

Medium/high (9/52):
1.9 (0.9-4.2)

Stomach:

Unexposed (208/916):
ref

Low (31/105): 1.3 (0.8-
1.9)

Medium (7/31): 1.0
(0.4-2.2)

High (5/14): 1.7 (0.6-
4.8)

Colon:

Unexposed (420/926):
ref

Low (50/93): 1.2 (0.8-
1.7)

Medium (18/36): 1.1
(0.6-2.0)

High (9/11): 1.8 (0.7-
4.4)

Rectum:
Unexposed (206/913):
ref
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Study design
and

Exposure
assessment

Health
assessment

Data analysis

Results

Bias/confounding

Remarks

Low (43/142): 1.4 (0.9-
2.1)

Medium (9/35): 1.1
(0.5-2.4)

High (8/11): 3.2 (1.3-
8.0)

Results for the other two
control groups were
similar for most
associations.

e Subanalyses
Association with colon
cancer also analysed in
multiple exposure model
including benzene, xylene
and styrene exposure. OR
low exposure 1.0 (0.5-
108), medium/high 0.9
(0.4-1.8).

The esophagus-toluene
association was
concentrated among
occupation groups of
carpenters and mechanics
(OR of 4.8 for both)

e Reference
publication
Warden et al.
(2018) [59]

e Specificity of agent
Toluene, taking into
account concurrent

e Case definition
Incident lung
cancer cases were

histologically

e Epidemiological
measure
Odds Ratio

e Prevalence of exposure
Ever exposure to toluene:
414 (25%)

e Potential biases
Non-differential
misclassification of

exposure may

e Toluene analyses
with mutual
adjustment for

benzene and/or
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Study design Exposure Health Data analysis Results Bias/confounding| Remarks
and assessment assessment

o Study design exposure to benzene| confirmed and o Type of statistical |Ever exposure to toluene, | have led to bias xylene were
Hospital-based and xylene ascertained analyses performed benzene and/or xylene: towards the null considered not

case-control study

e Location
Canada, greater
Montréal area

e Time period
1996-2001

e Study population
Description
- 733 cases:
histologically
confirmed lung
cancer from the
18 largest
hospitals in the
area
- 894 controls:
community-based,
selected from
electoral lists and
frequency-
matched to
cases on age (and
sex)
- Participation
rates: 86% in
cases and
70% in controls

e Inclusion criteria
Men

Type of job history
data

Self-reported
Method

A. Personal
interviews, collecting
information on
nature of company/
industry, job
responsibilities and
tasks, equipment or
chemicals used,
safety measures
associated with each
job.

B. Expert
assessment case-by-
case: On the basis of|
interview data, a
team of chemists
and industrial
hygienists assessed
(blinded to
case/control status)
potential exposure
to 294 occupational
agents in each job
held, including

toluene, benzene

through hospital
tumour registries
or

through active
monitoring of
pathology
department
records

Definition of
controls

Not clearly
described,
presumably no
history of cancer

Unconditional
logistic regression
analysis

e Covariates included
in the analysis
Age, cumulative
smoking index*,
respondent status,
ethnolinguistic
group, years of
education, median
household income;
Groups 1 and 2A
occupational
carcinogens: diesel
engine emissions,
crystalline silica,
coke dust, coal dust
and welding fumes
[* aggregate
measure comprising
smoking status
(yes/no),
cumulative amount
smoked (log-
transformed
pack-years) and a
categorical

508 (31%)
Considerable overlap
between T, B and X

e Associations between
toluene exposure and
lung cancer

Overall OR (95% CI) for

any BTX: 1.29 (0.99-

1.68)

Toluene (irrespective of
benzene and xylene):
OR= 1.31 (0.99-1.74)

Exposed >10 years to
toluene: 1.12 (0.78-1.60)

Substantially exposed to
toluene: 1.11 (0.63-1.97)

Ever exposed to toluene
only (no benzene, no
xylene; 70 cases and 72
controls)

1.14 (0.75-1.74)

Adenocarcinoma: 1.56
(1.09-2.24)

e Confounding

Due to mutual
correlations among
BTX, the overall
findings for toluene
(OR=1.31) may be
confounded by
exposure to benzene
and/or xylene

feasible due to
collinearity

Page 123 of 143




RIVM letter report 2024- 0164

Study design Exposure Health Data analysis Results Bias/confounding| Remarks
and assessment assessment
Canadian citizens | and xylene. representation of  [Squamous carcinoma:

Complete smoking
information

Consensus was
reached among
experts.

Dimensions of

exposure:

(1) Confidence:
possible,
probable or
definite

(2) Intensity: low,
medium or high

(3) Frequency: hours
per week

(4) Duration:
number of years
(from job
histories)

time

since cessation (0-
2, 3-5,6-10, 11-
15, 16+ years)]

o Exposure variables
BTX exposure (any of
benzene, toluene,
xylene)

Toluene: exposed for
=1 year at a
confidence score of
probable or definite
and any category of
intensity and
frequency over the
course of their

work history

In all models: Non-
exposed reference
group those without
any exposure to
toluene, benzene and
xylene

Polytomous logistic
regression was used

to estimate ORs for

1.32 (0.92-1.90)

Small cell carcinoma: 1.32

(0.80-2.16)

No indications of
interactions between
smoking and toluene
exposure on the risk of
lung cancer
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the associations
between toluene
exposure and the
histological types
adenocarcinoma,
squamous

cell carcinoma and
small cell carcinoma

Sensitivity analyses:
main analyses
repeated in self-
responding
participants to the
personal interview

o Reference
publication

Blanc-Lapierre et

al. (2018) [60]
o Study design

Population-based
case-control study

e [ocation

Montreal, Canada

o Time period
2005-2009

e Study population

PROtEuUS study
Description
- 1907 cases:

e Specificity of agent
Toluene, taking into
account concurrent
exposure to other
monocyclic aromatic
hydrocarbons
(benzene, xylene,
and styrene)

e Type of job history
data
Self-reported (all
jobs held =1 year
during lifetime)

e Method

Case definition
Primary
histologically
confirmed prostate
cancer. Degree of
aggressiveness
(Gleason’s grade)
was extracted
from pathology
reports.

Definition of
controls

Not clearly
described,

e Epidemiological
measure
Odds Ratio

e Type of statistical
analyses performed
- Unconditional
logistic regression
analysis
- ORs for low-grade
(Gleason scores <7
or [3+4]) and high-
grade (Gleason
scores >7 or

e Prevalence of exposure
- Ever exposure to
toluene: 13% of cases
and 11% of controls

- Ever exposure to
toluene, benzene and/or
xylene: 16% of cases and
13% of controls

- Considerable overlap
between toluene, benzene
and xylene; Pearson’s
correlation coefficients for
exposure durations and
cumulative exposures
between pairs 0.76-0.88

e Potential biases
Imprecise
exposure
assessment due to
interviews with
proxy respondents
(although only 3%
of cases and 4% of
controls)

e Findings provide

evidence for an
association between
occupation exposure
to toluene and the
risk of low-grade
prostate cancer
This was also true
for benzene, xylene
and styrene

Exposures to
toluene, benzene,
xylene and styrene
were highly
correlated,
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patients newly
diagnosed with
primary
histologically
confirmed
prostate cancer
from
French-language
Montreal hospitals
- 1969 controls:
randomly selected
from the electoral
list

of French-
speaking men and
frequency-
matched to cases
(£5

years)

- Participation
rates: 86% in
cases and

70% in controls

e Inclusion criteria
- men
- aged <75 years
at diagnosis or
selection

A. Face-to-face
interviews (proxy
respondents for 3%
of cases and 4% of
controls)

For jobs lasting =2
years,

subjects provided a
detailed description
covering workplace
characteristics,
tasks, products and
equipment used and
protective
measures.

B. Expert
assessment case-by-
case: On the basis of|
interview data, a
team of chemists
and industrial
hygienists assessed
(blinded to
case/control status)
potential exposure
to various chemical
agents in each job
held, including
toluene. Consensus
was reached among

presumably no
history of cancer

[4+3]) were
estimated in
polytomous models

Exposures included
- Probable or
definite exposure to
toluene occurring
>5 years before the
index date
(diagnosis or
interview)

- Unexposed
reference: never
exposed, or only
exposed within the
5 years preceding
the index date

Models considered
- Ever exposure

- Duration of
exposure (<10; 10-
25; 225 years)

- Duration of
exposure at
substantial level

- Cumulative
exposure

e Associations between
toluene exposure and
prostate cancer

- Ever exposure:

OR= 1.24 (CI 1.01-1.52)

- By exposure duration:

<10y: OR 1.18 (0.84-

1.65)

10-25y: OR 1.34 (0.95-
1.89)

>25y: OR 1.20 (0.86-
1.68)

P for trend 0.06

- By duration of exposure

at substantial level:
<10y: OR 1.52 (0.94-

2.44)
10-25y: OR 1.11 (0.63-

1.98)
>25y: OR 1.01 (0.54-

1.87)

P for trend 0.45

- By tertiles of cumulative

exposure:

Lowest: OR 1.40 (1.00-

1.97)

Middle: OR 1.51 (1.08-
2.13)

Highest: OR 0.88 (0.62-
1.24)

P for trend 0.29

hampering the
evaluation of
separate
associations

e Benzene showed
more consistent
results than toluene
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the two experts who

rated the same jobs.

Dimensions of

exposure:

(1) Confidence:
possible,
probable or
certain

(2) Relative
concentration
level: low,
medium or high

(3) Frequency in a
usual workweek:
<5%, 5%-30%,
30%-90% and
90%-100%

- Substantial level:
exposure at medium
or high
concentration for
more than 5% of
work week

- Cumulative
exposure: sum of
the products of
the concentration,
frequency and

e Covariates included
in the analysis
Age, ancestry, first-
degree family
history of prostate
cancer, household
income, education,
body mass index,
type 2 diabetes,
alcohol intake,
smoking (pack-
years) and
occupational
physical activity

- According to degree of
aggressiveness

Ever exposure to toluene
Low-grade 1.34 (1.07-
1.67)

High-grade 1.01 (0.74-
1.38)

By exposure duration
Low grade

<10y: OR 1.21 (0.83-
1.75)

10-25y: OR 1.37 (0.94-
2.00)

=25y: OR 1.45 (1.02-
2.06)

P for trend 0.01

High grade

<10y: OR 1.11 (0.67-
1.83)

10-25y: OR 1.27 (0.78-
2.07)

>25y: OR 0.71 (0.41-
1.25)

P for trend 0.70
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duration across all
jobs

e Reference
publication
Hadkhale et al.
(2017) [61]

e Study design

Census-based

case-control study

Location

Finland, Iceland,

Norway and

Sweden

Time period

1960-2005

Study population

Nordic

Occupational

Cancer (NOCCA)

project

Description

- All 113,343

incident bladder

cancer cases from
the NOCCA cohort

- 566,715

controls: For each

case, five controls
were selected,
matched by
country, birth year

Specificity of agent
Toluene, taking into
account benzene
and other organic
solvents

Type of job history
data

- Computerized
census records from
one or more
censuses from the
period 1960-1990

- All jobs were coded

Method

- Occupational codes
were linked to the
quantitative general
population NOCCA-
JEM (developed from
the FINJEM)

- For each
occupational code
and year: exposure
estimate was
calculated as
proportion x level of
exposure. These

o Case definition
Incident bladder
cancer cases from
cancer registries

Definition of
controls

Free from bladder
cancer at the date
of diagnosis of the
case (index date)
(Potential history
of cancer at other
sites)

e Epidemiological
measure

Hazard ratios (HRs)
and 95%CI

Type of statistical
analyses performed
Conditional logistic
regression analysis
All models with a
10-year lag (thus,
not counting the
exposures during
the last 10 years
before the

index date)
Covariates included
in the analysis
Adjusted for co-
exposures to
benzene,
trichloroethylene,
perchloroethylene,
aromatic
hydrocarbon
solvents, 1,1,1-
trichloroethane,
chlorinated
hydrocarbon
solvents, other

e Prevalence of toluene
exposure
- unexposed: 105,139
cases and 529,444
controls
- low exposure: 4,140
cases and 18,607
controls
- moderate exposure:
3,230 cases and 14,952
controls
- high exposure: 834
cases and 3,712 controls

- Toluene exposure was
highly correlated with
benzene exposures (and
aliphatic and alicyclic
hydrocarbon solvents)

e Associations between
toluene exposure and
bladder cancer
HR (95%CI) vs.
unexposed:

- low 1.00 (0.92-1.08)
- moderate 1.00 (0.91-
1.07)

- high 1.20 (1.00-1.38)

e Confounding
Adjustment for
potential
confounders not
possible (census-
based study:
information on
smoking,
socioeconomic
status and other
non-occupational
risk factors was
not available)

e Exposures before
1945 could not be
taken into account
(no estimates in the
JEM); potentially
relevant for half of
the cases and
controls

e It is unclear how a
(conditional) logistic
regression can
result in a Hazard
Ratio?
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and sex, and were
randomly selected
from individuals
who were alive
and free of
bladder cancer at
the date of
diagnosis of the
case (index date)

- Census records
were linked with
data from cancer
registries and
national population
registries for
information on
cancer, death and
emigration

e Inclusion criteria
- Men and women
with a

minimum age of 20
years at index date
- Having
occupational
information from at
least one census
record before the
index date

year-specific values
were then added up
for the

entire employment
period between 20
and 65 years of age
(=cumulative
exposure)

- Grouping:
Exposure estimate
was categorised as
follows:

0) unexposed
(reference)

1) low exposure:
<50t percentile
among the exposed
cases and controls
2) moderate
exposure:

50t"-90t percentile
3) high exposure:
>90™ percentile

organic solvents,
asbestos,
benzo[a]pyrene,
diesel engine
exhaust, sulfur
dioxide and ionizing
radiation

e Subanalyses
- Stratify by age at
diagnosis (<50y and
=50y)
- Stratify by sex

p for trend 0.68

e Subanalyses
Age at diagnosis <50y
- low 1.00 (0.90-1.15)
- moderate 1.00 (0.90-
1.11)
- high 1.23 (1.00-1.55)
p for trend 0.84

Age at diagnosis 250y
- low 1.00 (0.90-1.09)
- moderate 1.00 (0.90-
1.10)

- high 1.11 (0.90-1.41)
p for trend 0.26

Men

- low 1.02 (0.94-1.11)

- moderate 1.03 (0.95-
1.12)

- high 1.23 (1.04-1.46)
p for trend 0.71

Women

- low 0.91 (0.70-1.20)

- moderate 0.80 (0.53-
1.15)

- high 0.83 (0.34-2.00)
p for trend 0.96
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e Reference o Specificity of agent e Case definition e Epidemiological e Exposure reference e Confounding
publication Toluene, co- - Non-Hodgkin measure category Concurrent
Miligi L. et al. exposures were also| lymphoma (NHL) Odds Ratio Unexposed to any exposure to
(2006) [62] assessed and chronic o Type of statistical |solvent: 820 cases and benzene and other
e Study design e Method lymphocytic analyses performed (925 controls (aromatic)
Population-based Expert assessment leukaemia (CLL) Multivariable logistic solvents may
multicentre case- | case-by-case - Via periodic regression analysis | Main findings (partly) explain
control study (blinded to surveys of the e Covariates included \Very low/low intensity the increased risks
o Location case/control status) | hospital and in the analysis exposure to toluene: for toluene
Italy, 8 areas on the basis of pathology Sex, age, area, and [OR=0.7 (95%CI 0.5-1.0)
o Time period job-specific or departments education levels Medium/high exposure:
1991-1993 industry-specific and/or cancer (not smoking, was |OR=1.8 (CI 1.1-2.8)
e Study population | questionnaires registry no confounder)

Cases: newly

diagnosed cases

of non-Hodgkin
lymphoma

Controls: random

sample of the
general
population
resident in each
the areas under
study, stratified

by sex and 5-year

age groups
e Inclusion and

exclusion criteria

Age 20 to 74
years
o Study size

Level of probability

and intensity of

exposure to toluene
o Type of job history

data

Self-reported (in-

person interview)

of

Incident cases only
e Definition of

controls

Sampling through

the files of the

National Health

Service

Comparisons made:
- Medium/high and
very low/low
exposure intensity
vs. unexposed to
any solvent under
study

- Stratification for
duration (> or <15
years) among those
with medium/high
intensity

- Analyses of
medium/high
intensity in four NHL|
subgroups

- Medium/high intensity
exposure to toluene
according to duration:
<15 yrs: OR=1.4 (0.8-
2.5)

>15 yrs: OR=2.3 (1.0-
5.6)

P for trend 0.03

e Subanalyses

Associations between

medium/high intensity

exposure to toluene and

NHL subtypes:

- Small Lymphocytic NHL:
OR 2.0 (1.0-4.0)

- Follicular NHL

OR 2.2 (0.8-6.2)
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1135 NHL cases - Diffuse NHL

1246 controls OR 2.4 (1.3-4.6)
- Participation - Other NHL

rates:
Cases 89%
Controls 79%

OR 1.4 (0.7-2.9)

e Reference
publication
Westra et al.
(2023) [63]

e Study design
Population-based
case-control study

e Location
Quebec, Canada

o Time period
2008-2011

e Study population
Cases: Incident
cases of breast
cancer identified
from pathology
records from 17
hospitals
Population
controls: No
history of
cancer identified
from the Provincial
Electoral List,
frequency-

o Specificity of agent
Toluene, among
other organic
solvents

o Type of job history
data
Self-reported

e Method
A. Face-to-face
(74%) or telephone
(26%) interviews
For all jobs ever
held, subjects
provided a detailed
description covering
job titles,
employment
duration, tasks
performed, work
environment,
product, and
equipment (for

o Case definition
Incident invasive
cases of breast
cancer, identified
from pathology
records,
postmenopausal,
not previously
diagnosed with
cancer

e Definition of
controls
No history of
cancer (except
nonmelanotic skin
cancer) identified
from the Provincial
Electoral List

e Hormonal
phenotypes
defined on the
basis of -

certain common jobs

e Epidemiological
measure
Odds Ratio

e Type of statistical
analyses performed
Unconditional
logistic regression
analysis

e Toluene exposure
metrics included in
models
- Ever exposed (for
=1 year)

- Average frequency
of exposure (hours
per work week)

- Duration of
exposure (years)

- Average
cumulative
concentration (sum
of weighted average
of concentration

e Prevalence of toluene
exposure

- Ever exposure to

toluene: 35 cases (5.3%)

and 15 controls (2.6%)

o Associations between
toluene exposure and
breast cancer

- Ever exposure
Adjusted for age

OR= 2.11 (CI 1.15-4.03)
Adjusted for age +
education

OR= 2.02 (CI 1.10-3.89)
Adjusted for age +
education

+ known risk factors
OR=2.12 (CI 1.15-4.09)
Adjusted for age +
chlorinated

alkanes

OR=1.96 (CI 1.06-3.76)

e 35 cases with (ever)

exposure to
toluene; unclear
how many exposed
for each hormonal
phenotype. Probably
few (although =5),
given the wide
intervals. Groups
with ER+ seem to
show highest risks.
(total number of
cases with ER+/PR+
>> ER+/PR-)
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matched to cases
in 5-
year age
categories
e Inclusion criteria
- Postmenopausal
women (cases)
- Resided in
Montreal between
2008 and 2011
- Age 49-77
- Had worked =1
year and complete
occupational data
was recorded
e Exclusion criteria
- Controls residing
in the referral area
of the only
nonparticipating
hospital
o Study size
- 661 cases
- 587 controls
- Participation
rates:
Cases 54%
Controls 41%

also protective
measures and
workplace
characteristics
through a job
specific
questionnaire)
B. Hybrid expert-
based assessment
case-by-case: On
the basis of
interview data, a
team of trained
chemists and
industrial hygienists
assessed (blinded to
case/control status)
potential exposure
to various chemical
agents in each job
held, including
toluene.
Consensus was
reached among the
two experts who
rated the same jobs.
Dimensions of
exposure:
(1) Confidence:
possible,

oestrogen receptor
(ER)

- progesterone
receptor (PR)

- human epidermal
growth factor
(HER)

(low=1; medium=2;
high=3) in

each job, where the
weights were
frequency of
exposure.
Alternatively, same
but with weights
low=1; medium=5;
high=25.

- Average
cumulative total
exposure, weighted
by the number of
years exposed

Covariates included
in the analysis

10 different models,
partly based on a
directed acyclic
graph (DAG). All
models were
adjusted for age
and some included
individual risk
factors, area-level
socioeconomic
variables, and/or

Below only the models
adjusted for age +
education + known risk
factors:

- Average frequency of
exposure (hours per
work week): OR=1.04
(1.00-1.08)

- Duration of exposure:
OR= 1.07 (1.02-1.14)
/year

- Average cumulative
concentration coded
1,2,3: OR=1.61 (1.02-
2.64)

- Average cumulative
concentration coded
1,5,25: OR=1.17 (0.94-
1.50)

- Average cumulative
total exposure:
OR=1.02 (1.00-1.05)

e Subanalyses by tumour
hormonal phenotype

Page 132 of 143




RIVM letter report 2024- 0164

Study design Exposure Health Data analysis Results Bias/confounding| Remarks
and assessment assessment
probable or exposure to other OR (CI) for ever
definite solvents. exposed to toluene
(2) Relative - ER-/PR-: 1.14 (0.17-
concentration Subanalyses 4.25)
level: low, Separate analyses - ER+/PR-: 4.98 (1.84-

medium or high
(3) Frequency: hours
per work week

- Cumulative
exposure was
calculated

for combinations of
oestrogen and
progesterone
receptor phenotypes
(ER, PR, HER-2)

- 4 joint breast
cancer subtypes:
Luminal A, Luminal
B, HER2-enriched
and triple negative
cancer

12.8)

- ER+/PR+: 2.03 (1.04-
4.09)

- Luminal A: ER positive
and/or PR positive/HER-
2 negative: 2.43 (1.27-
4.81)

- Luminal B: ER positive
and/or PR positive/HER-
2 positive: 3.60 (0.95-
11.1)

- HER2 Overexpressed:
ER negative/PR
negative/HER-2
positive: 1.78 (0.09-
10.8)

- Triple Negative: ER
negative/PR
negative/HER-2
negative: 0.82 (0.04-
4.37)

Subanalyses restricting
exposure to before age
36 years or the first
full-term pregnancy
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- Duration of exposure
increased from 1.07
(1.02, 1.14) /year to
1.31 (1.03, 1.80) / year.
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De Roos et al. (2018)

De Roos et al. [57] studied the associations between occupational
exposure to toluene and other aromatic hydrocarbon solvents and the
risk of multiple myeloma (MM) in a large, consortium-based study from
North America and Europe. Data on 2,854 histologically confirmed
incident primary MM cases and 10,743 controls from nine population- or
hospital-based studies participating in the InterLymph consortium were
pooled. Occupational exposures to toluene, benzene and xylene were
assigned by a semi-quantitative job-exposure matrix, coupled with
'correction’ of exposure probability by self-reported or expert-assessed
exposure from the individual studies. Cumulative intensity was
calculated as the job-specific exposure intensity multiplied by job
duration, summed across jobs. Associations were estimated using
logistic regression, with inclusion of covariates for study matching
factors and other potential confounders. A random-effects meta-analysis
was additionally done to evaluate the heterogeneity of effect.

An increasing cumulative intensity of toluene exposure was not
significantly associated with MM. The highest quartile of high-probability
cumulative intensity exposure was associated with MM when compared
to unexposed); OR= 1.63 (CI 1.25 to 2.12) and p for trend 0.0007
across quartiles. This effect estimate was stronger for exposure
occurring within 20 years of diagnosis (OR=2.31) than with exposure
lagged by more than 20 years (OR=1.46). Associations was fairly
consistent and robust to sensitivity analyses and meta-analyses showed
no indication of heterogeneity between studies. High correlations of
toluene exposure with xylene (r=0.99) and benzene (r=0.81) exposure
hampered a strong conclusion on toluene specific risks of MM.

Gérin et al. (1998)

Gérin et al. [58] studied the associations between occupational exposure
to toluene and other aromatic solvents and various common types of
cancer in a population-based case-control study in men (aged 35-70
years) from Montréal, Canada. Occupational histories were recorded by
interview in 1979-1986 among 3,730 cancer patients (15 sites) and 533
population controls. A team of experts assessed occupational exposures
to toluene, benzene, xylene and styrene. Unconditional logistic
regression analysis was done by comparing each case series and a
control group pooling selected cancer patients and population controls,
adjusting for potential confounders including concurrent chemical
exposures.

There was a high correlation between exposure to toluene and to the
other aromatic solvents under study; 74% of participants exposed to
toluene were also exposed to both benzene and xylene. High exposure
to toluene was associated with rectum cancer (OR=3.2; CI 1.3-8.0) and
medium/high exposure possibly with oesophagus cancer (OR=1.9; CI
0.9-4.2). For other cancer sites there was no evidence of an excess risk
associated with toluene. After adjustment for the other aromatic
solvents, the risk of rectal cancer for medium/high exposure to toluene
reduced from 1.6 to 1.3 (not statistically significant).
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Warden et al. (2018)

Warden et al. [59] studied the associations between lung cancer and
occupational exposures to toluene, benzene and xylene in a case-control
study in men (aged 35-75 years) from Montréal, Canada. Personal
interviews in 1996-2001 among 733 incident lung cancer cases and 894
community-based controls included occupational histories and nature of
company/industry, job responsibilities and tasks, equipment or
chemicals used, safety measures associated with each job. Exposure to
toluene and other agents was assessed by experts blinded to
case/control status and transformed into cumulative exposure index
based on confidence, intensity, frequency and duration. Unconditional
multivariate logistic regression was used to estimate ORs and 95% Cls,
among men, between various metrics of occupational exposure to
toluene (in connection to benzene and xylene) and lung cancer, while
adjusting for established and possible risk factors.

The majority of toluene exposed participants were also exposed to
benzene and xylene. Lung cancer was borderline significantly associated
with ever exposure to toluene (OR 1.31; 95% CI 0.99 to 1.74), but
models could not be adjusted for benzene and xylene. Weaker
associations between lung cancer and toluene were observed for groups
with presumed high exposures, including an exposure duration >10
years and substantial exposure to toluene, defined on the basis of
intensity, frequency and duration.

Blanc-Lapierre et al. (2018)

Blanc-Lapierre et al. [60] studied the associations between prostate
cancer and occupational exposures to toluene, benzene, xylene and
styrene in a population-based case-control study in men (aged <75
years) from Montréal, Canada. Personal interviews in 2005-2009 among
1907 incident prostate cancer cases and 1969 community-based
controls (frequency-matched on age) included occupational histories and
for each job held =2 years detailed descriptions of workplace
characteristics, tasks, products and equipment used and protective
measures. Degree of aggressiveness of the prostate tumour (high-grade
or low-grade) was assessed using Gleason scores. Exposure to toluene
and the other three monocyclic aromatic hydrocarbons were assessed by
experts blinded to case/control status resulting in estimates of
confidence, concentration and frequency of exposure. Unconditional
multivariate logistic regression was used to estimate ORs and 95% ClIs
between various metrics of occupational exposure to toluene and
prostate cancer, while adjusting for potential confounders.

Exposure to toluene was highly correlated (r=0.76-0.88) with exposures
to benzene, xylene and styrene. Ever exposure to toluene was
associated with low-grade (OR 1.34; CI 1.07-1.67) but not with high
grade prostate cancer (OR 1.01; 0.74-1.38). There was a significant
trend (p=0.01) for a higher risk of low grade prostate cancer with longer
exposure duration, but no consistent patterns were apparent for
cumulative exposure. Benzene showed more consistent results than
toluene, which hampers a strong conclusion about the prostate cancer
risks of toluene exposure due to the strong interrelationship between
the agents.
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Hadkhale et al. (2017)

Hadkhale et al. [61] studied the associations between bladder cancer
and occupational exposures to toluene and other solvents in a census-
based case-control study in men and women (aged =20 years) from
Finland, Iceland, Norway and Sweden. From the NOCCA cohort, 113,343
incident bladder cancer cases (diagnosed 1961-2005) were identified
through linkage with cancer registries. 566,715 controls were included,
matched by country, birth year and sex. Occupational codes were linked
to the NOCCA job exposure matrix to estimate quantitative cumulative
occupational exposures to toluene and other chemical agents.
Conditional logistic regression model was used to estimate hazard ratios
(HRs) and 95% ClIs using a 10-year lag. Adjustment for potential
confounders (smoking, socioeconomic status and other non-occupational
risk factors) was not possible.

After adjustment for benzene and other solvents, high cumulative
exposure to toluene (i.e., >90th percentile) was associated with bladder
cancer (HR=1.20; CI 1.00-1.38), when compared to unexposed. Similar
results were found for benzene and trichloroethylene. No clear
exposure-response trends were seen. Risk estimates for high exposure
were higher for bladder cancer diagnosed at ages <50 years (HR=1.23;
1.00-1.55) as compared to ages =50 years (HR=1.11; 0.90-1.41). The
increased risk appeared to be restricted to men (HR=1.23) but there
were only 69 highly exposed women (HR=0.83).

Miligi et al. (2006)

Miligi et al. [62] studied the association between occupational exposure
to toluene (among other solvents) and non-Hodgkin lymphomas (NHL)
in a population-based multicentre case-control study in 8 areas in Italy.
1135 newly diagnosed NHL cases in 1991-1993 (men and women aged
20 to 74 years) were compared to 1246 general population controls.
Experts assessed probability and intensity of toluene exposure on the
basis of job-specific or industry-specific questionnaires. Odds Ratios
(OR) and 95% Confidence Intervals (CI) were assessed using logistic
regression adjusted for sex, age, area, and education levels.

There was a high correlation between toluene, benzene and xylene
exposures. Medium or high intensity toluene exposure was associated
with a higher risk of NHL as compared with no exposure to any solvent;
OR 1.8 (95% CI 1.1-2.8). This association was stronger for those with
exposure duration >15 years (2.3; 1.0-5.6) than for <15 years (1.4;
0.8-2.5), p for trend 0.03. Medium or high intensity toluene exposure
was significantly associated with the subtypes Small Lymphocytic NHL
(2.0; 1.0-4.0) and Diffuse NHL (2.4; 1.3-4.6).

Westra et al. (2023)

Westra et al. [63] studied the associations between postmenopausal
breast cancer and occupational exposures to toluene and other organic
solvents in a population-based case-control study in women (aged 49-77
years) from Montreal, Canada. Personal interviews in 2008-2011 among
661 incident breast cancer cases and 587 community-based controls
(matched to cases in 5-year age categories) included occupational
histories and for each job held >1 year detailed descriptions of job and
workplace characteristics including tasks and products. Exposure to
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toluene and various other chemical agents were assessed by experts
blinded to case/control status resulting in estimates of confidence,
relative concentration and frequency of exposure in each job.
Unconditional logistic regression was used to estimate adjusted odds
ratios (ORs) and 95% confidence intervals (CIs) for metrics of past
exposures to toluene, including ever exposure, average frequency of
exposure, duration of exposure, and cumulative exposure. Models with
10 different sets of covariables were done, partly based on a directed
acyclic graph (DAG). All models were adjusted for age and some
included individual risk factors, area-level socioeconomic variables,
and/or exposure to other solvents.

After adjustment for age, education and known risk factors, ever
exposure to toluene was associated with postmenopausal breast cancer
(OR=2.12; CI 1.15-4.09) and did not vary much when adding contextual
variables or co-exposure to chlorinated alkanes. Significantly elevated
risks were also found for the other exposure metrics. Subanalyses by
tumour hormonal phenotype showed that the highest risks were found
for oestrogen receptor (ER) positive tumours. In combination with
progesterone receptor (PR), the OR for ER+/PR- and ER+/PR+ were
4.98 (1.84-12.8) and 2.03 (1.04-4.09), respectively. Exclusion of
exposures after age 36 years or after the first full-term pregnancy
(lagged analyses) did not substantially alter the results in models with
duration and average frequency of exposure.
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