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Abstract
The German Commission for the Investigation of Health Hazards of Chemical Com-
pounds in the Work Area has re-evaluated the classification of bitumen [8052-42-4; 
64741-56-6; 64742-93-4] in Carcinogen Category 2 considering all toxicological end 
points. New data allowed a separate assessment of the harmful properties of vapours 
and aerosols from high-temperature processing of 2 bitumen groups.

Straight-Run and Air-Rectified Bitumen
For the derivation of a maximum concentration at the workplace (MAK value), a 2-year 
inhalation study in rats exposed to vapours and aerosols from a mixture of straight-run 
and air-rectified bitumen is used. Due to an increased incidence of bronchioalveolar 
hyperplasia in the lungs and of inflammatory cells in the nasal epithelium, the study 
resulted in a NOAEC of 6 mg/m3. Taking into account the extrapolation from an ani-
mal study and the increased respiratory volume at the workplace compared with the 
exposure of the animals at rest, a MAK value of 1.5 mg/m3 (sum of vapour and inhalable 
fraction) is derived for straight-run and air-rectified bitumen based on bitumen conden-
sate standard. The MAK value is one-third of the mean concentration at which 3 out 
of 12 inflammation markers are elevated in the sputum of exposed workers. However, 
the clinical relevance of this finding is unclear and the margin to the MAK value is 
considered sufficient. The effect on the lung is the most sensitive endpoint, so vapours 
and aerosols of bitumen are assigned to Peak Limitation Category II with an excursion 
factor of 2. All in all, the investigated straight-run and air-rectified bitumens did not 
exhibit distinct genotoxic or carcinogenic properties. However, due to the wide range 
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in the chemical composition, harmful emissions of carcinogenic and mutagenic substances during high-temperature 
processing cannot be completely excluded. Therefore, vapours and aerosols of straight-run and air-rectified bitumens, 
as commonly used in road paving, are regarded as suspicious carcinogens and classified in Carcinogen Category 3 B. 
As no data are available for developmental toxicity they are assigned to Pregnancy Risk Group D. Skin contact may 
contribute significantly to systemic toxicity and the “H” notation is confirmed. Sensitization is not expected from the 
available data.

Oxidized Bitumen
There are no inhalation studies available for evaluation of the carcinogenicity of oxidized bitumen (“Roofing Bitu-
men”). The new animal studies published since 2001 and most of the previous studies show the carcinogenicity of con-
densates of vapours and aerosols of oxidized bitumens in skin painting studies in mice, so that a significant number of 
tested oxidized bitumens must be considered carcinogenic. The positive animal experiments on the carcinogenicity are 
consistent with the results of a genotoxicity study in roofing workers with increased DNA strand break rates. Vapours 
and aerosols of oxidized bitumen are classified in Carcinogen Category 2. A MAK value could not be derived. Mutations 
in bacteria and higher levels of benzo[a]pyrene in oxidized bitumen condensates compared to those of straight-run 
and air-rectified bitumen and the systemic availability of inhaled vapours and aerosols of oxidized bitumen support 
suspicion of germ cell mutagenicity. Therefore, vapours and aerosols of oxidized bitumen are classified in Category 
3 B for germ cell mutagens. Skin contact may contribute significantly to systemic toxicity and the “H” notation is 
confirmed. Sensitization is not expected from the available data.

Straight-run Bitumen/Air-rectified Bitumen
MAK value (2018) 1.5 mg/m3 a)

Peak limitation (2018) Category II, excursion factor 2

Absorption through the skin (2001) H

Sensitization –

Carcinogenicity (2018) Category 3 B

Prenatal toxicity (2018) Pregnancy Risk Group D

Germ cell mutagenicity –

BAT value –

Oxidized Bitumen
MAK value –

Peak limitation –

Absorption through the skin (2001) H

Sensitization –

Carcinogenicity (2018) Category 2

Prenatal toxicity –

Germ cell mutagenicity (2018) Category 3 B

BAR/BLW/EKA –
a) sum of vapour and the inhalable fraction based on the bitumen condensate standard

Note: The substance can occur simultaneously as vapour and aerosol.
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Since the documentation was last revised in 2001 (Greim 2002), studies have been published which have made a re-
evalu ation necessary. On the basis of these new data, a more differentiated assessment can be made of the harmful 
properties of vapours and aerosols formed during the high-temperature processing of bitumen or of products contain-
ing bitumen. A separate evaluation of the emissions of 2 groups of bitumen has thus been carried out.

This documentation examines the following 2 groups of bitumen:

Straight-run bitumens, commonly also referred to as “vacuum residue”, and air-rectified bitumens, or “semi-blown 
bitumens”, and mixtures of these, which are used mainly in road paving applications.

Oxidized bitumens, or “blown/fully-blown bitumens”, are used primarily for roofing applications. The areas of ap-
plication differ from one type of bitumen to another according to their technical properties, in particular with respect 
to hardness, sensitivity to temperature, ductility or viscosity.

However, technical developments are increasingly broadening the areas of application for straight-run and air-rectified 
bitumens to include those for which once only oxidized bitumens were used.

In the absence of adequate occupational health and toxicological data, an evaluation of other kinds of bitumen and 
products containing bitumen cannot be made.

Many types of bitumen are listed with individual CAS numbers and the designations assigned to them in North 
America, and, if applicable, are registered under REACH with an EINECS number. Examples are the CAS numbers 
8052-42-4 (asphalt; EINECS number 232-490-9), 64741-56-6 (residues (petroleum), vacuum; EINECS number 265-057-8) 
and 64742-93-4 (asphalt, oxidized; EINECS number 265-196-4). It should be noted that although both air-rectified 
 bitumens and oxidized bitumens are registered under the CAS number 64742-93-4, this documentation considers the 
2 types separately for the toxicological assessment. According to Regulation (EC) No. 1272/2008 (CLP-Regulation), 
 bitumens themselves are not regarded as hazardous substances or mixtures and do not contain hazardous constitu-
ents in concentrations relevant for classification that would make them subject to mandatory labelling requirements. 
Thus, suppliers are not required to provide safety data sheets for bitumen products or include a list of the relevant 
CAS numbers in a voluntarily supplied safety data sheet.

A number of different analytical methods are used to determine the vapours and aerosols of bitumen (see Section 
“Analytical methods for determining the vapours and aerosols of bitumen”). The MAK value of 1.5 mg/m3 for straight-
run bitumens and air-rectified bitumens from high-temperature processing was derived according to the German IFA 
Method 6305 and using “bitumen condensate” as the standard for calibration (bitumen condensate standard, method 
6305/2). Values determined using the reference standard “mineral oil for spectroscopy” for calibration (mineral oil 
standard, method 6305/1), which has been obsolete since 01 January 2007, can be converted by multiplying the respec-
tive value by a factor of 1.5.

Introduction
Bitumens are produced on an industrial scale as a residue of the distillation of crude oils suitable for this purpose. The 
bitumen fraction of crude oil can range from 0 to 60% (for example: Boscan Venezuela: 58%, Nigerian Light: 1%). Only 
a quarter of the approximately 1500 known types of crude oil can be used for the production of bitumen (Sörensen 
and Wichert 2009).

The properties of the final products can be modified to meet the specific requirements of an application by the crude oil 
chosen, the use of certain chemical reactions, additional refining and extraction steps, the blending of different types 
of bitumen or through the addition of other agents (“blends”). These factors influence also the chemical composition 
of the different types of bitumen. At standard ambient temperature, bitumens are solid to brittle and non-volatile. 
When heated, they become soft to fluid. Bitumens are primarily used for products for the building industry (roofing 
sheets and damp-proof sheeting, insulating paint, building protection agents, screed, joint sealing compounds, adhe-
sives) and as binding agents for aggregates in road paving. In Europe, bitumen mixed with fine or coarse aggregates 
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is called asphalt, while in North America, the terms “asphalt” or “asphalt binder” are generally used to refer only to 
the bitumen itself. “Asphalt concrete” is used to describe the surface layer applied to roads.

The exposure concentration at the workplace is dependent not only on the processing temperature, but also on the 
ventilation conditions.

Parameters for describing technical requirements and for distinguishing between 
air-rectified bitumens and oxidized bitumens

The technical characterization of bitumens is not based on their chemical composition or the type of crude oil used, but 
on physical properties such as hardness and their performance at the temperatures required for the intended purpose. 
These properties can be modified by the crude oil chosen, the use of special refining processes, by blending different 
bitumen products or by adding aggregates and additives. In some cases, European application standards have been 
developed that specify the technical requirements.

A range of tests are available to determine the technical properties of different types of bitumen, such as the depth 
of needle penetration and the ring-and-ball softening point. Needle penetration is determined by measuring the 
depth to which a standard needle under a load of 100 g penetrates into a bitumen sample in 5 seconds. For testing, the 
sample is generally kept at a temperature of 25 °C (in the case of very soft bitumens: 15 °C). The results are given as the 
penetration grade (PEN) in 1/10 millimetres. The specifications for a bitumen product usually state a tolerance range 
(penetration range) for the depth of penetration. As an example, bitumen 160/220 has a penetration depth of between 
16 and 22 mm. The ring-and-ball softening point refers to the temperature at which a ball weighing 3.5 g deflects a 
bitumen layer to a distance of 25.4 mm. The bitumen layer is poured into a metal ring. The bitumen is heated at a 
controlled rate and deforms under the weight of the ball. The 2 values are used in combination to designate types of 
oxidized bitumen: bitumen 115/15 is a grade of bitumen that has a ring-and-ball softening point of 115 °C and reaches 
a penetration depth of 1.5 mm.

The penetration index is calculated from the values obtained for needle penetration and the ring-and-ball softening 
point using a formula provided in European standard EN 12591, Appendix A. The penetration index expresses the 
thermal sensitivity of bitumen and is used in Europe to distinguish between air-rectified bitumens, which have a 
penetration index ≤ 2.0, and oxidized bitumens, which have a penetration index > 2.0.

“Superpave” is another specification system for bitumen that is commonly used in the United States. “Performance 
grades” (PG) specify performance requirements at high and low temperatures. Performance grades for road paving 
applications are determined based on the climate zone and specific traffic load (for example PG 64-22: expected average 
7-day maximum road surface temperature: 64 °C, expected average 7-day minimum road surface temperature: –22 °C).

Types of bitumen according to manufacturing process

Straight-run bitumen and high vacuum bitumen

Straight-run bitumen is produced from the residues from the atmospheric distillation of petroleum crude oil by further 
distillation under vacuum (temperatures of 350 °C to 380 °C), solvent precipitation or a combination of these processes. 
Straight-run bitumen is the undistillable fraction that remains. It occurs as a dark, thermoviscous fluid. This type of 
bitumen is soft to medium-hard; hard grade bitumen is produced by high-vacuum distillation.

Air-rectified bitumen and oxidized bitumen

Depending on the reaction conditions, either air-rectified bitumen (semi-blown bitumen) or oxidized bitumen (blown 
bitumen) are formed by blowing air into straight-run bitumen under controlled conditions and in special reactors at 
temperatures between 232 °C and 277 °C. This process modifies the material’s resistance to cold, heat and ageing and 
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its hardness and rigidity, thereby extending the application areas of straight-run bitumen in the hard range. At the 
same time, this increases the softening point. On a molecular level, these effects can be explained by condensation 
reactions of macromolecules thereby increasing molar mass and polarity. Additionally, lighter hydrocarbons and 
carbon dioxide are formed during this process. Air-rectified bitumen is produced by briefly introducing air into hot, 
soft straight-run bitumen under controlled, moderate conditions. By contrast, oxidized bitumen is formed only after 
an intense oxidation process that involves passing 85–140 m3/min of air through the feedstock (Asphalt Institute and 
Eurobitume 2015); this results in a product that has a higher softening point and is harder than air-rectified bitumen.

Precipitated bitumen

Low-boiling hydrocarbons can be extracted from heavy crude oils by adding liquefied gases such as propane or butane. 
The precipitated bitumen that forms as a residue of this process is a relatively hard form of bitumen.

Thermally cracked bitumen

The visbreaking (viscosity breaking: reduction of viscosity) of straight-run bitumen involves the formation of highly 
volatile hydrocarbons from saturated long-chain hydrocarbons by short-term cracking under pressure at 440 to 500 °C 
and subsequent removal by distillation. The residue of this process is thermally cracked bitumen (visbreaker vacuum 
residue, CAS number 92062-05-0), a hard, high-molecular material used as a blending component. This type of bitumen 
is used to modify other products to meet specific technical requirements.

Modified bitumen

Modified bitumen generally contains 3% to 15% by weight of special additives such as polymers or rubber granules that 
modify the properties of the bitumen. According to REACH-terminology, modified bitumens are defined as mixtures 
and have not been assigned individual CAS numbers. Instead, they are listed as the individual substances. The type 
most commonly used in Europe for surfaces with a particularly high traffic load in road and airport construction and 
for high-quality roofing sheets and damp-proof sheeting are polymer modified bitumens as defined by the European 
standard EN 14023. Polymer modified bitumen is made by mixing straight-run bitumen with additives such as poly-
propylene or styrene–butadiene–styrene rubber.

Rubber modifications are rarely used in Germany. They should not be heated to temperatures above 190 °C. No Euro-
pean application standards have been developed for rubber modified bitumens.

Cutback and fluxed bitumen

As specified by European standard EN 15322, cutback or fluxed bitumen is produced by adding agents to straight-run 
bitumen or oxidized bitumen to reduce their viscosity. The products can thus be used at lower processing temperatures. 
Fluxed bitumen is prepared by adding flux oils to bitumen to reduce its viscosity (EN 12597: bitumen and bituminous 
binders – terminology, 2013; section 2.9). Flux agents or flux oils are liquids with a relatively low volatility (oils; 
EN 12597; section 2.7.1) that are either mineral oil or plant-based. However, the designation fluxed bitumen is used 
only for bitumens that have been prepared with mineral oil-based flux agents, which are typically oils with varying 
distillation ranges (EN 12597; section 2.9.3). The viscosity of cutback bitumen is reduced by adding a diluent (EN 12597; 
section 2.8); one such example is repair asphalt. These diluents are fractions of crude oil distillation with a fairly high 
volatility such as naphtha or kerosine (EN 12597; section 2.7.2). CAS numbers have not been assigned to cutback and 
fluxed bitumens because they are different blends of various products.

Cationic bitumen emulsions

Cationic bitumen emulsions (EN 13808) are fine bitumen droplets dispersed in water. They are prepared from straight-
run bitumen, cutback bitumen and modified bitumen and emulsifiers such as the hydrochlorides of organic amines. 
Bitumen emulsions are not used at temperatures above 100 °C and almost no heat-related vapours and aerosols are 
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produced during their application. In addition to cationic bitumens, there are also anionic and non-ionic bitumen 
emulsions, which are not commonly used for road paving applications in Europe and are not regulated by a European 
standard.

Viscosity modified bitumen

The processing temperature can be decreased by adding additives such as zeolites, Fischer-Tropsch paraffins or amide 
wax to straight-run bitumen. This produces “low temperature” bitumens. Rolled asphalt can be applied at temperatures 
of 100 °C to 140 °C instead of 140 °C to 160 °C and mastic asphalt at 230 °C instead of 250 °C.

Natural asphalts

Natural asphalts are not distillation products of crude oil and therefore not strictly bitumens. They are extracted from 
natural deposits and often occur mixed with mineral constituents. They have similar properties to those of bitumen 
and can therefore be used for the same applications. They are relatively hard, practically solid at 25 °C, but viscous at 
175 °C. Natural asphalts can, for example, be found in asphalt lakes in Trinidad (La Brea Pitch Lake) and Venezuela 
(Lago Bermúdez or Lago Guanoco) or in the oil sands of Canada. There are also deposits in countries such as Cuba, 
the United States, Argentina, Syria and Egypt.

Applications of different types of bitumen
Special manufacturing processes and further refining steps are used to modify the properties of bitumen to meet 
the technical specifications required for specific applications. The most important applications are described below 
together with the types of bitumen that are primarily used for them.

Standardized applications

In some cases, standards have been developed that specify the technical properties that bitumens are required to have 
when used for the applications described below. The specifications are defined using parameters such as the ring-and-
ball softening point, the grade of penetration or penetration index (or ranges for these values). The standards do not 
stipulate the type of bitumen or manufacturing process to be used. Not every type of bitumen can be extracted from 
every crude oil source by means of a specific manufacturing process. Likewise, bitumen 50/70 (with a penetration 
grade of 50 to 70 (× 0.1 mm); earlier designation B 65) may occur as a pure straight-run bitumen or as an air-rectified 
bitumen. In addition, certain specifications can be met by blending different types of bitumen. Examples of bitumen 
specifications are shown in Table 1. Not all of the types of bitumen listed are used in Germany; depending upon the 
application, there are many other types that meet a range of different specifications.

Tab. 1 Examples of different types of bitumen

Type Penetration at 25 °C 
[in 0.1 mm]

Ring-and-ball softening point  
[in °C]

paving grade bitumena), b) 

[EN 12591]

160/220 160–220  35–43
 70/100  70–100  43–51
 50/70  50–70  46–54
 40/60  40–60  48–56
 35/50  35–50  50–58
 30/45  30–45  52–60
 20/30  20–30  55–63
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Type Penetration at 25 °C 
[in 0.1 mm]

Ring-and-ball softening point  
[in °C]

multigrade paving grade bitumen 
[EN 13924-2]

MG 50/70–64/74  50–70  64–74
MG 35/50–59/69  35–50  59–69
MG 20/30–54/64  20–30  54–64

hard paving grade bitumena), b) 

[EN 13924-1]

 15/25  15–25  55–71
 10/20  10–20  58–78
  5/15   5–15  60–76

polymer modified bitumen 
[EN 14023]

120/200–40 120–200 ≥ 40
 45/80–50  45–80 ≥ 50
 40/100–65  40–100 ≥ 65
 25/55–55  25–55 ≥ 55
 10/40–65  10–40 ≥ 65

oxidized bitumen 
[EN 13304]

100/40  35–45  95–105
 95/35  30–40  90–100
110/30  25–35 105–115
 85/25  20–30  80–90
115/15  10–20 110–120

hard industrial bitumen 
[EN 13305]

H  80/90 < 10  80–90
H  85/95 < 10  85–95
H  90/100 < 10  90–100
H 100/110 < 10 100–110
H 155/165 < 10 155–165

high vacuum bitumen

HVB  85/95   4–11  85–95
HVB  90/100   2–7  90–100
HVB 130/140   1–7 130–140

a) also used in the production of roofing sheets and damp-proof sheeting
b) also used in the production of insulating and damping materials for applications in particular in the automotive or household appliance industry

Paving applications

Road paving is the primary area of application for straight-run bitumens and air-rectified bitumens used as binders 
for aggregates. In this area, processing temperatures can reach 190 °C. Softer types are prepared with only straight-run 
bitumen, harder types may additionally or exclusively be made of air-rectified bitumen. Polymer modified bitumen is 
being used for a growing number of applications, such as the maintenance and repair of airfields.

Mastic asphalt (as specified by EN 13108-6) is used to pave surfaces with high traffic load, bridges, underground car 
parks, pavements and cycle paths. This type of asphalt is prepared with hard straight-run or air-rectified bitumens. 
Other additives are polymers, waxes or pigments and, in rare cases, also natural asphalt. In 2008, a maximum tempera-
ture of 230 °C was set for mastic asphalt processing in Germany. Mastic asphalts are pourable, can readily be spread 

Tab. 1 (continued)
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at high temperatures and form a lasting surface layer that is impermeable to water, cavity-free and does not require 
further compaction. In comparison with mastic asphalt screed, the mastic asphalt used for road paving applications 
contains coarser aggregates or fillers.

In a number of European countries and regions such as France, Switzerland or the Benelux countries, but not in 
Germany, multigrade bitumens that meet the specifications of multigrade paving grade bitumens as delineated in 
EN 13924-2 are used for special paving applications (for example for the prevention of rutting and fatigue). They are 
less sensitive to temperature than paving grade bitumens and have a positive penetration index. As an example, 
multigrade bitumens are produced by air rectification, either with or without the addition of catalysts or additives. 
Other manufacturing processes are possible. Hard paving grade bitumens (EN 13924-1) have a high rigidity, but, like 
multigrade bitumens, are not used in Germany.

Oxidized bitumens are generally not used for road paving applications.

Applications in the building industry

The most important application area for oxidized bitumen is the production and installation of roofing sheets and 
damp-proof sheeting (roofing); polymer bitumen is likewise used in this area. In addition, oxidized bitumen is used as 
an adhesive and joint sealing compound, for corrosion resistance and the protection of outdoor pipes.

Mastic asphalts used for screed and sealing applications (surface layers, binder courses, protective and intermediate 
layers of bridges, tunnels and gutters) in building and industrial construction may contain different hard bitumens 
such as thermally cracked bitumen (visbreaker residue), precipitated bitumen, hard straight-run bitumen (high vacuum 
bitumen”) and air-rectified bitumen. In comparison with the mastic asphalts used in road paving applications, they 
are prepared with finer aggregates and other fillers, but otherwise have similar properties and may also be processed 
up to a maximum temperature of 230 °C. Possible additives are polymers in bridge construction, waxes or pigments. 
Asphalt mastic is used for these purposes and contains finer aggregates than the bitumen used for paving applications 
(in Germany < 2 mm) (EN 12970).

Bitumen products used for roofing applications can also be applied “cold” (installation of shingles containing bitumen). 
Furthermore, a distinction is made between soft applications (welding of bitumen sheeting with heated air or a gas 
torch) and hot applications (pouring hot bitumen on a low incline roof) (IARC 2013).

Chemical composition

Elemental analysis

The chemical composition of bitumen varies depending on the crude oil used and the manufacturing or refining pro-
cesses. Bitumens contain primarily hydrocarbons (carbon 79%–88%, hydrogen 7%–13%), sulfur 7%–13%, oxygen 2%–8% 
and up to 3% nitrogen. In addition, bitumens contain metals such as nickel, vanadium, iron, manganese, calcium, 
magnesium and sodium (lower mg/kg to lower g/kg range) (IARC 2013).

Separation into solubility fractions

Bitumens are made up of organic compounds that are a complex mixture of saturated straight-chain and branched 
hydrocarbons (alkanes), monocyclic and polycyclic alkanes with alkyl side chains (naphthenes) and monocyclic and 
polycyclic aromatic compounds, which also occur linked with alkyl side chains or naphthenes. Alkanes, naphthenes 
and aromatic compounds may contain heteroatoms. This mixture can be separated into its constituents by SARA 
fractioning (SARA: Saturates, Aromatics, Resins, Asphaltenes): the asphaltene fraction (usually 5% to 20% in bitumen) 
consists of the residue that is insoluble in n-heptane. Asphaltenes have an average molar mass ranging from 800 to 
3500 g/mol and are aggregates of several molecules. They consist of aromatic ring systems with alkyl side chains with 
heteroatoms, and metal atoms bound to porphyrin rings. The maltenes are the fraction that is soluble in n-heptane. 
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After additional extraction, the maltenes can be separated into fractions containing primarily saturated hydrocar-
bons (5% to 15%), aromatic hydrocarbons (30% to 45%) and resins (30% to 45%). The average molar mass of the fraction 
of (primarily) saturated hydrocarbons containing low levels of heteroatoms ranges from 470 to 880 g/mol. Resins are 
similar in structure to asphaltenes, but have a lower average molar mass (780 to 1400 g/mol). The average molar mass 
of the fraction of aromatic hydrocarbons with low proportions of aliphatic structures is between 570 and 980 g/mol 
(Lesueur 2009).

Polycyclic aromatic hydrocarbons (PAHs)

PAH levels in bitumen

PAH levels in bitumen vary depending on the type of bitumen. The types of bitumen commonly used in Germany 
contain the 16 EPA-PAHs, the polycyclic aromatic hydrocarbons used as indicator substances (see Table 5), in concen-
trations ranging from 25 to slightly under 100 mg/kg, with benzo[a]pyrene concentrations between 1 and 3 mg/kg. 
Analyses of emissions from 100 g of each of these bitumen types at a temperature of 180 °C have demonstrated that 
PAH levels vary considerably in the respective vapours and aerosols (see Table 2) (Gesprächskreis Bitumen 2009; 
Knecht et al. 1999).

Tab. 2 PAH content in bitumen and PAH emissions from bitumen (Gesprächskreis Bitumen 2009; Knecht et al. 1999)

Bitumen type Content [mg/kg] Emissions (at 180 °C)

(new designations in parentheses) EPA-PAH benzo[a]pyrene total 
[mg/h]

EPA-PAH 
[µg/h]

benzo[a]pyrene 
[µg/h]

HB 90/100 (hard bitumen 90/100) 30.0 1.2  6.6 26.3 0.1

B 45 (B 30/45) 29.8 2.1 13.0 22.7 0.1

B 65 (B 50/70) 26.7 1.7  2.2  3.7 n. d.

B 80 (B 70/100) 25.6 1.4  3.5  6.6 n. d.

B 200 (B 160/220) 32.1 1.8  7.0  4.1 n. d.

B 85/25 (Ox Bit 85/25) 52.2 1.7 25.1 52.9 0.2

B 95/35 (Ox Bit 95/35) 93.5 2.7 35.2 79.0 0.3

Trinidad Epuré, 
purified natural asphalt

33.8 2.0 42.6 10.3 0.1

n. d.: not detected

The effects of oxidation on PAH levels in bitumen were investigated. The study analysed 12 different bitumens from 
European refineries and bitumens (air-rectified bitumen and oxidized bitumen) from the same bitumen feedstock 
modified by the injection of air at temperatures between 204 °C and 277 °C. Six of the 12 types of bitumen contained 
flux oils. The authors pointed out the difficulties in analysing PAH levels in bitumen because of a lack of uniform 
standards and generally recognized test methods. To ensure that the results were derived from a broader evidence 
base, the study combined findings from 3 different laboratories that used different procedures to prepare the samples 
(see Tables 3 and 4). The addition of flux oils (see Section “Types of bitumen according to manufacturing process”) 
increased PAH levels in both the feedstock and the bitumen modified by the injection of air. On the basis of their 
findings, the authors concluded that the blowing operation leads to a 10% to 30% reduction in PAH levels by “stripping” 
from the liquid phase of bitumen. The possible formation of reaction products was not investigated (Bolliet et al. 2013). 
According to the data, the highest reduction in PAH levels was found in the fraction of 2-ring PAHs and, in the case 
of bitumens containing flux oil, also the fraction of 3-ring PAHs. Conversely, 4-ring PAH and benzo[a]pyrene levels 
were increased in bitumens modified by the injection of air that did not contain flux oils. However, the reliability of 
the analysed values is limited by high standard deviations.
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Tab. 3 PAH content in straight-run bitumens and oxidized bitumens without additives according to Bolliet et al. (2013)

Feedstock without flux oila), b) Bitumen after oxidation (n = 5 oxidized bitumens; 
n = 1 air-rectified bitumen) without flux oila), b)

% BDL mg/kg SD mg/kg % BDL mg/kg SD mg/kg

naphthalene  39  6.6 12.5 57  0.9 2.7

acenaphthalene  83  0.0  0.0 88  0.0 0.0

acenaphthene  56  0.4  0.6 67  0.0 0.0

fluorene  28  0.7  0.6 43  0.7 0.5

sum of 2-ring PAHs  7.7 12.5  1.7 2.7

phenanthrene  22  2.1  1.9 24  1.9 1.6

anthracene  61  0.2  0.4 67  0.1 0.2

fluoranthene  44  0.6  0.8 38  0.9 0.9

sum of 3-ring PAHs  2.9  2.1  2.9 1.9

pyrene  50  0.6  0.7 40  1.0 0.9

benzo[a]anthracene  64  0.2  0.3 45  1.0 1.4

chrysene  88  1.1  0.1 57  3.0 2.6

benzo[k]fluoranthene 100 –  0.0 86  0.6 0.2

benzo[k+b+j]fluoranthene  42  0.3  0.3 36  1.3 1.3

sum of 4-ring PAHs  2.2  0.8  6.2 3.4

benzo[a]pyrene  61  0.3  0.4 52  0.7 0.8

dibenzo[ac+ah]anthracene  67  0.4  0.5 67  0.5 0.3

indeno[1,2,3-cd]pyrene  67  0.3  0.5 69  0.2 0.2

benzo[g,h,i]perylene  39  2.9  4.3 60  1.3 0.8

sum of 5- to 6-ring PAHs  3.8  4.3  2.7 1.2

sum of 16 PAHs  54 16.6 13.3 58 13.6 5.5
a) number of analysed samples: 6
b) number of determinations: 24 to 42
BDL: below the limit of detection; SD: standard deviation

Tab. 4 PAH content of straight-run bitumens and oxidized bitumens with additives according to Bolliet et al. (2013)

Feedstock with flux oila), b) Bitumen after oxidation (n = 5 oxidized bitumens; 
n = 1 air-rectified bitumens) with flux oila), b)

% BDL mg/kg SD mg/kg % BDL mg/kg SD mg/kg

naphthalene 39  6.6 15.3 61  2.8  9.4

acenaphthalene 81  0.7  0.7 89  0.0  0.0

acenaphthene 67  0.1  0.1 61  0.2  0.5

fluorene 28  1.1  1.3 17  1.1  0.7

sum of 2-ring PAHs  8.7 15.4  4.1  9.4

phenanthrene  6  7.3  9.7 6  4.0  4.0

anthanthrene 50  0.4  0.5 56  0.3  0.2

fluoranthene 31  1.5  2.3 19  1.2  1.4

sum of 3-ring PAHs  9.2 10.0  5.5  4.3
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Feedstock with flux oila), b) Bitumen after oxidation (n = 5 oxidized bitumens; 
n = 1 air-rectified bitumens) with flux oila), b)

% BDL mg/kg SD mg/kg % BDL mg/kg SD mg/kg

pyrene 17  3.2  4.6 17  2.2  2.6

benzo[a]anthracene 11  2.0  2.3 11  1.9  1.5

chrysene 17  6.3  6.2 17  6.7  7.6

benzo[k]fluoranthene 42  1.3  0.8 50  1.1  0.6

benzo[k+b+j]fluoranthene  0  3.1  2.2  8  2.7  1.8

sum of 4-ring PAHs 14.7  8.3 13.4  8.4

benzo[a]pyrene 22  2.7  2.3 17  2.2  2.3

dibenzo[ac+ah]anthracene 50  1.7  1.4 61  1.6  0.9

indeno[1,2,3-cd]pyrene 39  1.6  1.7 67  0.6  0.3

benzo[g,h,i]perylene 33  4.7  3.1 44  3.7  2.1

sum of 5- and 6-ring PAHs 10.6  4.4  8.1  3.3

sum of 16 PAHs 33 43.1 30.7 37 31.1 20.0
a) number of analysed samples: 6
b) number of determinations: 24 to 36; 
BDL: below the limit of detection; SD: standard deviation

Tab. 5 PAH content in bitumen in mg/kg, cited from earlier publications according to Bolliet et al. (2013)

Data available in the literature Study results

paving grade roofing grade coal tar pitch feedstock 
without flux 
oil

oxidized  bi tu-
men without 
flux oil

feedstock 
with flux oil

oxidized 
bitumen with 
flux oil

number of samples 31 12 3 6 6 6 6

min max min max min max min max min max min max min max

naphthalene  0.1  0.8  0.4  3.7  70 000  70 000  0.1  39.7  0.1  12.6  0.2  44.9  0.1  33.6

acenaphthalene  0.0  0.7  0.0  0.4 n. r. n. r.  < 0.1  < 0.1  < 0.1  < 0.1  < 0.1  1.6  < 0.1  < 0.1

acenaphthene  0.0  0.4  0.0  0.7  12 000  12 000  < 0.1  1.9  < 0.1  0.1  0.1  0.4  < 0.1  1.8

fluorene  0.0  2.1  0.8  3.4  15 000  15 000  < 0.1  1.8  0.2  2.3  0.1  4.6  0.3  2.5

phenanthrene  0.2  7.3  0.3  22.8  19 800  50 000  0.1  6.2  0.4  5.4  0.4  37  0.4  16

anthanthrene  0.0  0.4  0.0  6.0  18 000  76 000  < 0.1  1.4  < 0.1  0.5  0.1  1.7  < 0.1  0.7

fluoranthene  0.0  1.0  0.2  8.6  22 000  36 000  < 0.1  2.2  0.1  2.7  0.1  7.9  0.2  5.2

pyrene  0.1  2.6  0.2  11.0    5000  27 200  0.1  2  0.1  3.8  0.2  17  0.2  11.4

benzo[a]anthracene  0.1  10.1  0.2  8.6  20 400  24 500  < 0.1  1.0  0.1  4  0.1  10  0.2  5.9

chrysene  0.2  8.6  0.5  10.8  11 200  22 700  < 0.1  1.2  1  10  < 0.1  19.6  < 0.1  27

benzo[b]fluoranthene  0.4  7.5  1.8  11.7    5250  60 010 n. r. n. r. n. r. n. r. n. r. n. r. n. r. n. r.

benzo[k]fluoranthene n. r. n. r. n. r. n. r. n. r. n. r.  < 0.1  < 0.1  < 0.1  0.8 n. r.  2.9 n. r.  2.5

benzo[a]pyrene  0.2  3.4  0.4  4.2  11 400  15 200  < 0.1  1.3  0.1  3.8  0.3  8.3  0.2  9.1

indeno[1,2,3-cd]pyrene  0.1  2.0  0.3  2.4 n. r. n. r.  < 0.1  0.6  0.2  1  0.3  4.4  0.3  3

dibenzo[ah]anthracene  0.3  3.6  1.1  3.3    3430    3530  < 0.1  0.6  0.1  0.5  0.2  5.1  0.1  1

benzo[g,h,i]perylene  1.1  9.8  1.2  9.4 n. r. n. r.  0.2  21  0.7  3.4  1  12.3  1  9

sum of 16 EPA-PAHs 4.4 37.9 3.7 69.7 185 780 290 840  0  46  0  28.1  2  111.6  0.8  82.7
n. r.: not reported

Tab. 4 (continued)
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The reduction of PAH levels by oxidation was demonstrated by analysing dimethyl sulfoxide (DMSO) extracts from 
bitumen samples at different levels of oxidation by fluorescence spectroscopy and gas chromatography/time-of-flight 
mass spectrometry (GC/TOFMS) (Trumbore et al. 2011). The chemical composition of the samples was analysed and 
the mutation indices then determined (see Section 5.6.1.1). This involved the gradual conversion of bitumen samples 
of different origins to products with an increasing level of oxidation (softening points 54 °C, 71 °C, 88 °C and 104 °C) and 
analysis of the samples.

PAH exposure

As part of the German Human Bitumen Study, exposure levels of EPA-PAHs generated by the high-temperature pro-
cessing of mastic asphalt were determined by stationary air sampling. The concentrations of benzo[a]pyrene in air 
were in the range from 6 to 460 ng/m3, the median was 45 ng/m3. The median of the sum of EPA-PAHs determined was 
about 2.5 µg/m3 (Breuer et al. 2011). The sum of all EPA-PAHs determined during the processing of mastic asphalt on 
a tunnel construction site was 5.2 µg/m3 and thus about twice as high as the sum determined during the processing 
of rolled asphalt (Raulf-Heimsoth et al. 2011 a).

An exposure matrix for workers in the asphalt industry was developed for an international epidemiological cohort 
study that took into account the data from several European countries. Overall, the data cover the time period from 
prior to 1960 up to 1996. The data for pavers for the time period between 1990 and 1996 concur well with the data for 
persons exposed to mastic asphalt from the German Human Bitumen Study. The maximum concentration of benzo[a]-
pyrene found in the study was 403 ng/m3. The arithmetic mean was 24 ng/m3 (Burstyn et al. 2003).

Dermal and inhalation exposure of 20 paving workers, 12 millers and 6 roadside construction workers was investigated 
in Boston between the years 1999 and 2000. The latter group was not exposed directly during the high-temperature 
processing of bitumen. During work operations, also recycled bitumen was handled at higher processing temperatures. 
The analysis was optimized for PAHs with 4 or more rings. The geometric mean for inhalation exposure to PAHs was 
4.1 µg/m3 for paving workers and 1.4 µg/m3 for millers (maximum values 40 µg/m3 and 6.7 µg/m3, respectively). The 
maximum concentration for benzo[a]pyrene was 30 ng/m3 (McClean et al. 2004 a). The paving workers were exposed to 
an arithmetic mean concentration of pyrene in the air of 0.3 µg/m3 (median 0.2 µg/m3) and a maximum concentration 
of 1.7 µg/m3 (McClean et al. 2004 b).

The determination of PAH exposure levels during the performance of various tasks involved in the high-temperature 
processing of paving bitumen in the United States demonstrated that lowering the processing temperature from 149 °C 
to 127 °C and substituting petroleum-based diesel with biodiesel as a cleaning or separating agent markedly reduced 
exposure levels (Cavallari et al. 2012).

PAHs are ubiquitous in the environment. As specified in Section 20 of the 39th Ordinance for the Implementation 
of the German Federal Immission Control Act, the concentration levels of benzo[a]pyrene and other relevant PAHs 
in air are monitored at sampling points of the German Environment Agency. In 2014, 9156 readings were taken for 
benzo[a] pyrene (determined in PM10) at 113 test points located across the federal states of Germany. The annual mean 
values at the individual test points (rural to industrial areas) were in the range from 0.02 to 1.49 ng/m3; the highest 
value determined was 29.5 ng/m3.

Evaluation of PAH exposure: Comparative analyses

The vapours and aerosols generated during the high-temperature processing of bitumen contain PAHs. In the German 
Human Bitumen Study (Raulf-Heimsoth et al. 2011 c), stationary determinations of benzo[a]pyrene levels were taken 
at 15 different building sites. A rough estimate of exposure levels was calculated from these data (Breuer et al. 2011). 
The median concentration of benzo[a]pyrene in air was 45 ng/m3. In order to draw conclusions about potential adverse 
health effects resulting from exposure, this value was compared with the exposure–risk relationship derived by the 
German Committee on Hazardous Substances (Ausschuss für Gefahrstoffe) for the development of lung cancer caused 
by exposure to benzo[a]pyrene (AGS 2011).
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On the basis of this exposure–risk relationship, an excess risk for lung cancer of 26 : 100 000 (statistical probability: 
26 additional cases of cancer per 100 000 workers after 40 years of daily exposure during the working week) was cal-
culated by linear extrapolation for exposure to benzo[a]pyrene at a concentration of 45 ng/m3 over a working lifetime 
of 40 years. The median is a valid reference value because long-term cumulative exposure is a decisive factor for the 
development of lung cancer.

The Human Bitumen Study also determined the sum of the vapours and aerosols of bitumen. The median of the values 
determined by personal air monitoring was 5.08 mg/m3 using bitumen condensate as the reference standard. Assum-
ing a linear relationship between the level of exposure to benzo[a]pyrene and the vapours and aerosols of bitumen, 
the benzo[a]pyrene concentration would correspond to an excess risk of about 8 : 100 000 for exposure to vapours and 
aerosols at the level of the MAK value of 1.5 mg/m3 (related to the bitumen condensate standard).

To estimate the cancer risk for roofing workers, Rhomberg et al. (2015) carried out a number of comparative analyses 
that took into account not only the toxicity data for benzo[a]pyrene, for example, but also the animal studies discussed 
below (Clark et al. 2011; Fuhst et al. 2007). The authors concluded that the cancer risk from dermal and inhalation 
exposure to the vapours and aerosols from built-up roofing asphalt (BURA) is within the range deemed acceptable by 
regulatory frameworks (10–4 to 10–6) (Rhomberg et al. 2015).

Volatile organic compounds (VOCs)

In addition to PAHs, bitumens contain large quantities of different VOCs. The VOC emissions profile of 4 different 
bitumens (designated as vacuum residue, 160/220, 50/70 and 35/50) was investigated by means of the dynamic head-
space GC/MS method. The samples were heated to 180 °C, the vapours and aerosols were fed through a sorbent trap 
with a carrier gas (helium) at 30 °C and then desorbed (260 °C–270 °C). The levels of most of the analysed VOCs in the 
emissions were found to increase with the degree of oxidization, from the lowest, “vacuum residue”, to the highest, 
35/50 bitumens. Some of the substances, such as benzene and acetone, were detected only in oxidized bitumens. Other 
compounds that were present in significant quantities were, for example, octane, alkylated benzenes, toluene, acetic 
acid or various aldehydes such as 2-hexenal, butanal or methylbenzaldehyde (Boczkaj et al. 2014).

Metals

There are no data available for the concentrations of metal elements in the vapours and aerosols generated during the 
high-temperature processing of bitumen. The levels of the relevant metals vanadium, nickel and iron were determined 
in bitumen materials; the maximum concentration of vanadium was 1600 mg/kg, that of nickel 140 mg/kg and that of 
iron 150 mg/kg (Goodrich et al. 1986). The metals may occur as colloids, salts or in more complex forms (for example 
as porphyrin complexes).

Assuming that emissions contain the same mass fraction of vanadium and nickel as the bitumen material, a conser-
vative estimate would be 0.21 µg nickel/m3 and 2.4 µg vanadium/m3 at a concentration in air of 1.5 mg/m3 (bitumen 
condensate standard). According to Technical Rule TRGS 910 (AGS 2017), the “acceptable concentration” for nickel 
compounds is 6 µg/m3. Therefore, the theoretical concentration calculated for nickel levels in emissions of about 
0.21 µg/m3 lies below the acceptable concentration. The corresponding concentration calculated for vanadium levels 
in emissions of 2.4 µg/m3 is markedly below the occupational exposure limits (OELs) for vanadium compounds of 
30 µg/m3 (inhalable dust fraction) and 5 µg/m3 (respirable dust fraction) set in the TRGS 900 (AGS 2015).

For iron, the corresponding value is calculated to be 0.23 µg/m3, which lies below the current lowest international 
limit value for iron salts of 1 mg/m3 (IFA 2018). No limit values have been set in Germany for iron salts (MAK values, 
OELs, or risk-based tolerable or acceptable concentrations).
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Analytical methods for determining the vapours and aerosols of bitumen
Volatile compounds are emitted in large quantities during the high-temperature processing of bitumen (see above). 
They are released in vapour form and in some cases condense in the air to form aerosols (Breuer et al. 2011). The vapours 
and aerosols contain all of the emissions generated by heating bitumen and are determined as a composite parameter 
of exposure. A number of analytical methods have been developed; the methods described below are those used by 
the studies discussed in this documentation.

IFA method

IFA Method 6305/2 (Breuer 2008 b) analyses the vapours and aerosols of bitumen on the basis of data collected both 
by stationary determinations and by personal air monitoring using a German GGP sampling head. In this method, 
a pump draws a defined volume of air through the sampling system at a constant volumetric flow rate of 3.5 l/min. 
The system is equipped with a 37 mm glass fibre filter to collect the aerosols. Vapours are trapped downstream by an 
XAD-2 adsorbent. Following extraction of the filter and the adsorbent with tetrachloroethylene, a separate, quantita-
tive infrared spectroscopic analysis is carried out in the wave number range from 2800 to 3000 cm–1 using calibration 
curves. The levels of all organic compounds that contain aliphatic C-H groups are determined. The compounds cannot 
be differentiated by classes of substances. Up until the end of 2006, the levels were determined using “mineral oil for 
spectroscopy” as the calibration standard (Breuer 2008 a; IFA Method 6305/1). As of  01 January 2007, IFA analyses 
began to use “bitumen condensate” as the standard for calibration. In order to be able to compare the values deter-
mined by the 2 methods, the results obtained with the mineral oil standard have to be multiplied by a factor of 1.4689 
(rounded to 1.5).

NIOSH method

NIOSH Method 5042 is used to determine aerosol and dust concentrations. Vapours are not included in the analysis. A 
pump draws a defined volume of air through a filter cassette at a volumetric flow rate of 2 l/min; the dusts and aero-
sols are deposited on a 37 mm polytetrafluoroethylene filter (PTFE). The total particulate matter (TPM) is determined 
by gravimetric analysis of the filter. The filter is then extracted with benzene. The fraction that is soluble in benzene 
is gravimetrically determined after evaporation of the solvent and designated as the benzene-soluble fraction (BSF).

Heritage method

The Heritage method extends the NIOSH method by integrating an XAD-2 adsorbent into the system downstream 
of the polytetrafluoroethylene filter to determine not only the benzene-soluble fraction, but also the levels of volatile 
compounds in bitumen emissions. The adsorbent is extracted with dichloromethane. After the extract is combined 
with the benzene-soluble fraction, the total organic matter (TOM) is quantitatively determined using a flame ionization 
detector and the kerosine standard for calibration.

Relationship between the findings determined by the IFA, NIOSH and Heritage methods

Field studies were conducted at different workplaces at which bitumen was processed. The studies used side-by-side 
sampling to compare the 3 methods for determining vapour and aerosol concentrations (Kriech et al. 2010). The 
 authors then derived conversion factors from the field data to convert the exposure data obtained using the different 
methods. However, these conversion factors were intended for use only with large sets of data and are not suitable for 
the conversion of single values.

Paving:

 [BSF(NIOSH)] = 0.60 × [aerosol(IFA)] R2 = 0.88

 [TPM(NIOSH)] = 1.01 × [aerosol(IFA)] R2 = 0.83

 [TOM(Heritage)] = 0.44 × [aerosol(IFA) + vapour(IFA)] R2 = 0.72
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Roofing:

 [TOM(Heritage)] = 0.74 × [aerosol(IFA) + vapour(IFA)] R2 = 0.91

Production volume
The types of bitumen most commonly used in Europe are straight-run, polymer modified and oxidized bitumen. In 
2016, about 3.94 million tonnes of bitumen were produced in Germany, including about 287 000 tonnes of reclaimed 
bitumen. Of the around 2.1 million tonnes of bitumen sold in Germany in 2016 (about 1.8 million tonnes were export-
ed, BAFA 2018), about 1.6 million tonnes were used for paving applications (about 75%), about 348 000 tonnes for the 
bitumen roofing and sealing membranes sector (16%) and just under 198 000 tonnes for other applications (9%). More 
than 29% of the bitumen used for paving applications in Germany was polymer modified bitumen (Eurobitume 2018).

IARC classification
The International Agency for Research on Cancer (IARC) has divided the different bitumens into classes for the toxi-
cological evaluation of the vapours and aerosols of bitumen (IARC 2013). Publications often refer to these classes (see 
Table 6). This documentation does not make use of this classification system because it is irrelevant for the differen-
tiated evaluation of straight-run/air-rectified bitumens on the one hand and oxidized bitumens on the other hand.

Tab. 6 Classification of bitumens according to IARC (2013)

IARC classes Description

1 straight-run bitumen

2 oxidized bitumen

3 cutback or fluxed bitumen products

4 bitumen emulsions

5 modified bitumen

6 thermally cracked bitumen

1 Toxic Effects and Mode of Action
Bitumens are products made from crude oil and contain numerous individual compounds. The biological effects in-
duced by the vapours and aerosols formed during the high-temperature processing of bitumen largely depend on its 
production, its exact chemical composition and thus on the feedstock (crude oil) used, the specific production method 
(for example, with respect to the degree of oxidation) required for the intended area of application (for example, pav-
ing, sealing, etc.) and the conditions of application (for example, processing temperature), possible additives and the 
route of absorption.

In general, the vapours and aerosols formed during the high-temperature processing of bitumen induce irritation 
and inflammatory effects in the lungs after inhalation exposure; the severity of the effects may differ depending on 
the workplace and activity carried out. Inflammatory effects in the upper and lower respiratory tract of rats and in 
the lungs of humans were observed after inhalation exposure to vapours and aerosols. In animals, the application of 
bitumen vapour condensate to the epidermis led to keratosis and hyperplasia. A relationship between these effects 
and specific hazardous substances or groups of hazardous substances contained in bitumen cannot be established 
as a result of the complexity of the composition of the various types of bitumen. There are insufficient detailed and 
differentiated studies for most of the harmful constituents of the various types of bitumen or for possible combination 
effects. The polycyclic aromatic hydrocarbons are the only exception.

Recent epidemiological studies did not find consistent evidence of a general increase in the incidence of mortality from 
cancer. Slight, but inconsistent increases in the lung cancer risk could not be attributed to a specific type of bitumen 
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or activity. However, animal and in vitro studies have demonstrated that carcinogenic and genotoxic effects are in-
duced by oxidized bitumen. Condensates of the vapours and aerosols of oxidized bitumen were carcinogenic in skin 
painting studies; this was not found for the condensates of straight-run/air-rectified bitumens. In addition, inhalation 
of the vapours and aerosols generated from the condensates of a mixture of straight-run bitumen containing a 70% 
fraction of air-rectified bitumen was found not to be carcinogenic in animal studies. In human studies, an increase in 
DNA strand breaks was observed in workers involved in roof damp-proofing, but not or to a markedly lesser degree in 
paving workers. The existing studies indicate that the PAHs present in vapours and aerosols, but also other substances 
that are formed during the high-temperature processing of oxidized bitumen, may give rise to carcinogenic effects. 
No studies of developmental toxicity have been published. Studies of sensitization in animals did not yield positive 
results. No human data are available for this end point.

2 Mechanism of Action
The relevant effects induced by bitumen are inflammatory effects in the respiratory tract of rats and humans, geno-
toxicity and a carcinogenic potential in animals after dermal exposure to oxidized bitumen, but not to straight-run 
and air-rectified bitumen.

The exact chemical composition of bitumen varies depending on the crude source and on the individual production 
steps. Chemical analytical studies of potentially harmful substances contained in various types of bitumen focused 
on PAHs and metals. In comparison with the levels found in coal tar, low levels of PAHs occur in bitumen materials 
and in emissions produced during high-temperature processing.

In animal studies that investigated dermal exposure using skin painting tests, the condensates of emissions produced 
by heating oxidized bitumen contained more PAHs than those produced by heating straight-run bitumen. However, 
first of all, these bitumens were produced using different manufacturing processes and, secondly, the condensates had 
been generated at different temperatures. Consequently, other unidentified substances present in the condensates in 
varying concentrations may have contributed to the harmful effects. Therefore, it has yet to be resolved whether the 
marked differences in the dermal carcinogenicity of the condensates of straight-run and oxidized bitumen are caused 
by the varying levels of PAHs or other constituents. The same is true for the data available for irritation in the lungs; 
again, it remains unclear which substances contribute to the induced effects.

Direct genotoxic effects may be involved in the carcinogenicity of oxidized bitumens because of the PAHs these con-
tain. Inflammatory effects in the respiratory tract may also be caused by oxidative stress, which may lead to indirect 
genotoxic effects.

In summary, the vapours and aerosols of straight-run and air-rectified bitumen primarily induce inflammatory ef-
fects in the respiratory tract while those of oxidized bitumen cause carcinogenic effects. However, neither the overall 
mechanism of action, nor the constituents responsible for these effects have been explained.

3 Toxicokinetics and Metabolism
Since the 2001 documentation was published (Greim 2002), additional studies have been carried out that specifically 
examined the absorption, metabolism and elimination of PAHs following exposure to the vapours and aerosols of 
bitumen. Studies to investigate other hazardous substances or classes of hazardous substances (epoxides, thioesters, 
etc.) occurring in complex bitumen mixtures have not been performed. As is known from other workplaces at which 
PAHs occur, PAHs, which are present in the different types of bitumen in varying amounts, are absorbed both via the 
lungs and through the skin (Serdar et al. 2012) and are excreted with the urine in the form of hydroxylated metabolites.

Ten male non-smokers equipped with a respirator mask were exposed at rest to the vapours and aerosols of bitumen 
for 8 hours at a concentration of 20 mg/m3 (bitumen B65, 88% vapour fraction, bitumen condensate standard). The 
mask was used to ensure that only the absorption of bitumen through the skin was determined. Two of the subjects 
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were exposed also without a respirator mask. The urine was analysed for the metabolites of chrysene, phenanthrene 
and pyrene before, during and up to 24 hours after exposure. The fractions absorbed through the skin and by inhal-
ation were thus determined based on the urinary excretion of the metabolites. The fraction of chrysene, phenanthrene 
and pyrene absorbed through the skin was about 50% to 60% of the total amount absorbed after exposure via the air 
(Walter and Knecht 2007).

4 Effects in Humans

4.1 Single exposures
Ten male non-smokers equipped with a respirator mask were exposed to the vapours and aerosols of bitumen for 
8 hours at a concentration of 20 mg/m3 (bitumen B65, 88% vapour fraction, bitumen condensate standard) and at tem-
peratures up to 50 °C. They wore only shorts and shoes. Two of the volunteers were exposed also without a respirator 
mask. Irritation of the skin and upper respiratory tract was not observed. Other examinations were not carried out 
as the aim of this study was to determine the level of absorption through the skin and by inhalation (Walter and 
Knecht 2007).

4.2 Repeated exposure
A survey was carried out among 859 mastic asphalt workers exposed to the vapours and aerosols of bitumen, many 
of whom worked also with other types of asphalt. The control group was made up of 517 civil engineering workers 
without such exposure. The survey was carried out during a routine occupational medical examination in the form 
of a questionnaire-based interview. The questions addressed the subjective complaints of the workers (running nose, 
breathing difficulties, sneezing, irritation of the skin and eyes) and an overall assessment was made by the exam-
ining physician. At 40.6 years (SD 11 years), the average age of the mastic asphalt workers was similar to that of the 
control group (42.6 years, SD 10.9 years). There was no statistically significant difference in the number of smokers in 
the 2 groups. While 60% of the exposed group were smokers and 40% non-smokers, ex-smokers or cigar smokers, 57% 
of the control group were smokers and 43% non-smokers, ex-smokers or cigar smokers. The data recorded for 142 of 
the exposed persons were only of limited relevance because of a lack of exposure data or the physician’s assessment 
(Rumler et al. 2007).

Workers in the exposed group complained significantly more frequently (11.2%) of breathing difficulties than persons 
not exposed (1.7%). Likewise, the other specific complaints (running nose, sneezing, skin irritation, eye irritation) 
occurred significantly more frequently among the exposed workers. The number of workers reporting complaints 
rose with the increasing duration of exposure. While mastic asphalt workers without complaints were exposed to 
the vapours and aerosols of mastic asphalt for about 64% of their working day, the workers with complaints were ex-
posed for 72.2% of their work time. Specific respiratory tract complaints were reported by workers who were exposed 
to the vapours and aerosols of mastic asphalt for 65.4% of their work. Mastic asphalt workers who were exposed to 
the vapours and aerosols of mastic asphalt for 36.5% of their working day did not report complaints of the airways. 
Exposed smokers reported significantly fewer complaints than exposed non-smokers (21.2% compared with 29.7%, 
p = 0.007). Among the workers without exposure, smokers had fewer complaints than non-smokers (3.1% compared with 
11.2%, p = 0.001). With respect to effects in the respiratory tract, exposed smokers had fewer complaints than exposed 
non-smokers (9.4% compared with 14.2%, p = 0.035). This effect was observed also in the control group (0.89% compared 
with 3.6%, p = 0.034). For 14.3% of the mastic asphalt workers, the physician expressed reservations or applied restric-
tions to the continuation of work. Among the controls, 8.5% were affected (Rumler et al. 2007).

The German Human Bitumen Study (Raulf-Heimsoth et al. 2011 c) used non-invasive methods to study irritation of 
the upper and lower respiratory tract in workers exposed to the vapours and aerosols of bitumen during the high- 
temperature processing of mastic asphalt.
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Acute effects were reported by a subset of 123 workers, 74 of whom were exposed to the vapours and aerosols of 
 bitumen at a median concentration of 6.4 mg/m3 (mineral oil standard, median: 0.1–41.7 mg/m3; bitumen condensate 
standard: 9.6 mg/m3, median: 0.15–62.55 mg/m3). The control group was made up of 49 roadside construction workers 
who had not been exposed to the aerosols or vapours of bitumen during the preceding 5 years. Exposure levels were 
determined by personal air monitoring and stationary determinations. The workers were exposed for 6.5 to 8 hours 
during the shift. The 28 workers of the high exposure group (> 10 mg/m3 mineral oil standard, > 15 mg/m3 bitumen 
condensate standard) had worked at the company for a median period of employment of 9 years, the 46 workers of 
the low exposure group (< 10 mg/m3 mineral oil standard, < 15 mg/m3 bitumen condensate standard) for a median 
of 5.5 years and the workers of the control group for a median of 6.5 years. The examinations were carried out from 
Tuesday to Thursday. A questionnaire was answered to assess potential confounders, chronic and acute health com-
plaints and the occupational history. The workers were asked about acute symptoms of the lower respiratory tract, the 
nose and the eyes before, during and after the shift. Spirometry was performed and nasal lavage, induced sputum and 
urine samples (hydroxylated metabolites of phenanthrene and pyrene) were investigated before and after the shift. Of 
the workers of the high exposure group, 70% complained of coughing during the shift in comparison with 15% of the 
workers of the low exposure group and 8% of the control persons. The incidence of irritation and a burning sensation 
in the eyes was significantly higher in the workers of the high and low exposure groups (33% and 13%, respectively) 
compared with the levels in control persons (0%). The incidence of nasal irritation was not significantly increased. A 
significant increase in chronic symptoms such as wheezing and shortness of breath was not reported either before 
or after the shift (Raulf-Heimsoth et al. 2007). A complete analysis of the lung function parameters and of the nasal 
lavage data is to be found in the Human Bitumen Study (Raulf-Heimsoth et al. 2011 b).

The extensive Human Bitumen Study included not only the 320 exposed persons, but also a reference group of 118 
road construction workers of a similar age who had not been exposed to the vapours and aerosols of bitumen during 
the preceding 5 years. Exposure levels were determined by personal air monitoring. Workers of the exposure group 
were exposed to the vapours and aerosols of bitumen at a median concentration of 5.08 mg/m3 (related to the bitumen 
condensate standard, interquartile range 2.64–8.67 mg/m3); the median concentrations for workers without exposure 
was 0.29 mg/m3 (0.10–0.44 mg/m3). The maximum exposure concentration was 61.22 mg/m3 (related to the bitumen 
condensate standard) (Breuer et al. 2011). Lung function was assessed both before and after the shift and nasal lavage 
fluid (NALF) and induced sputum were collected. Biomarkers for inflammatory reactions were quantified in the NALF 
and induced sputum samples. The lung function parameters forced vital capacity (FVC) and forced expiratory volume 
in 1 second (FEV1) were within the normal range in both the control group and the exposure groups before and after 
the shift. A slight decline in the FEV1 and FVC was observed during the shift. The FEV1 was not decreased in the non- 
smokers of the reference group. An analysis of the nasal lavage fluid for cellular composition and soluble inflammatory 
mediators did not reveal significant inflammatory changes in the upper airways in the workers exposed to bitumen 
compared with the findings in the reference group. No significant shift effect was observed. By contrast, markers of 
inflammatory effects such as interleukin-8 (IL-8), total protein and matrix metalloproteinase 9 (MMP9) were signifi-
cantly higher in the induced sputum samples of workers exposed to bitumen than those of workers without exposure, 
both before and after the shift. IL-8 and total protein were less than doubled, MMP9 levels were about 4 times higher in 
exposed non-smokers than in non-smokers of the control group. Smoking caused a threefold increase in IL-8 levels; its 
effect was markedly stronger than that of exposure to bitumen. In a comparison of the group of non-smokers exposed 
to bitumen with the smokers of the control group, the total protein levels were equally high in both groups and the 
MMP9 concentrations were almost doubled in the exposed group. Among the non-smokers, a positive correlation was 
found between the total number of cells, the number of neutrophils and TNF-α post-shift and exposure to bitumen. 
As the irritant and inflammatory changes determined with induced sputum bore no relationship to the prevailing 
work shift concentration, they were regarded as evidence of (sub)chronic effects in the lower respiratory tract. No 
significant inflammatory changes were found in the upper respiratory tract. No relationship was found between the 
level of exposure to bitumen on the day of examination and the concentration of inflammatory markers. The use of a 
cross-shift design did not reveal a possible relationship between repeated or cumulative exposure and inflammatory 
marker concentrations (Raulf-Heimsoth et al. 2011 b).
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A study investigated respiratory tract effects in 72 asphalt pavers, 32 operators in asphalt mixing plants (lower expos-
ure to PAHs than pavers) and asphalt engineers (lowest exposure to PAHs of the 3 groups) shortly before the begin-
ning and at the end of the paving season (Ellingsen et al. 2010). Biomarkers for changes in the pulmonary epithelium, 
pro-inflammatory cytokines, acute-phase proteins and proteins for endothelial activation and adhesion in the blood 
were compared with data for lung function (spirometry), self-reported symptoms of the respiratory tract, smoking 
habits and adiposity. Smoking and self-reported symptoms of the respiratory tract (wheezing) had an effect on the in-
vestigated biomarkers. A significant increase in club cell protein 16 (CC-16) levels was observed in all groups during the 
season; this increase was highest in the asphalt pavers. Increased CC-16 concentrations in the blood were attributed to 
a disruption of the alveolar-endothelial barrier as a form of damage to the lung epithelium. Lower CC-16 concentrations 
were determined in smokers who reported wheezing than in smokers who did not report wheezing; this may be the 
result of increased damage to the club cells caused by smoking. Reduced cholesterol, P-selectin and ICAM-1 (intercel-
lular adhesion molecule) levels were attributed to increased physical activity during the season. Overall, the authors 
concluded that there was no evidence of increased systemic inflammation or endothelial activation during the season.

Spirometry tests were performed also in a Norwegian cross-sectional study (Randem et al. 2004 b). A group of 64 
asphalt workers were compared with a control group of 195 outdoor construction workers. The study did not report 
when the determinations were made (pre-shift or post-shift). Inflammatory markers were not analysed. The volunteers 
were asked to complete a questionnaire about lower respiratory tract symptoms and allergies, a medically confirmed 
asthma diagnosis and smoking habits. The average ages of the asphalt workers and the workers in the control group 
differed only slightly (37 years compared with 40 years). However, the asphalt workers had worked at their current 
jobs for a considerably shorter period of time on average than the workers in the control group (11 years compared 
with 16 years). In both groups, 53% of the workers were smokers. The asphalt workers complained significantly more 
frequently of respiratory symptoms such as a medically confirmed asthma diagnosis, chronic obstructive lung diseases 
and eye irritation than the workers in the control group. According to the authors, the ratio between the FEV and the 
expiratory vital capacity was significantly lower in the asphalt workers than in the workers of the control group (78.1 
(SD 7.2) compared with 80.0 (SD 7.0), p = 0.01).

In a cross-sectional study, data pertaining to respiratory complaints were collected by questionnaire among 74 Iranian 
asphalt workers and 110 control persons working in government agencies who were not exposed to the vapours and 
aerosols of bitumen. The lung function parameters vital capacity (VC), FVC, FEV1 and peak expiratory flow (PEF) were 
determined in exposed persons pre-shift after an exposure-free period of 72 hours and post-shift by spirometry. Lung 
function was determined only once in the reference group. Total particulate matter (TPM) and the benzene-soluble 
fraction (BSF) of bitumen emissions were determined once using NIOSH method 5042. The mean exposure levels were 
low at total particulate matter concentrations of 0.9 ± 0.2 mg/m3 and a benzene-soluble fraction of 0.3 ± 0.1 mg/m3. The 
incidence of respiratory complaints such as coughing, phlegm, wheezing, shortness of breath and chest tightness 
was significantly higher among exposed workers than among the workers in the control group. The FEV1/FVC ratio 
(Tiffeneau index) and the FEV1/VC ratio were significantly lower in the exposure group than in the control group. In 
the exposed persons, the VC, FVC, FEV1 and FEV1/FVC were significantly lower after the shift than before the shift. 
Exposure was found by multiple linear regression analysis to have an effect on the above-mentioned lung function 
parameters; however, this was significant only for FEV1/FVC and FEV1/VC. The reduced FEV1/FVC ratio indicates 
an obstruction of the airways (Neghab et al. 2015). A direct comparison of the level of exposure (TPM and BSF) with 
threshold limit values for vapours and aerosols, determined by means of the IFA method, was not possible because 
the NIOSH method cannot be used to determine vapour levels. Another point that needs to be considered is that the 
exposure levels in this study were determined in the winter and the asphalt workers are probably exposed to markedly 
higher levels in the summer. Cumulative exposure may therefore be a relevant factor, at least in a comparison of the 
findings with those from the control group.

In a longitudinal study, the lung function of 75 male asphalt pavers and 71 road maintenance workers who were 
not exposed to the vapours and aerosols of bitumen was determined by spirometry from 2005 to 2010. The baseline 
FVC and FEV1 levels were determined in 2005; further determinations were carried out at different time points and 
at varying intervals. Using mixed linear modelling and after adjusting for age, body mass index and the number of 
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cigarettes smoked (given in pack-years), it was found that the decline in the FVC and FEV1 levels related to the square 
of mean body height (FVC/h2 and FEV1/h2) was greater in asphalt workers than in control persons. The FEV1/FVC 
ratio increased more markedly in asphalt workers than in control persons. In addition, the subgroup of screedmen, a 
group that is assumed to have the highest level of exposure because of the nature of their work, was compared with 
the remaining asphalt workers and the control persons. The decline in FVC/h2 and FEV1/h2 levels and the increase 
in FEV1/FVC were more marked in screedmen than in the other asphalt workers, and in these, more marked than 
in control persons. The exposure parameters of total dust, oil mist, oil vapour, PAHs and NO2 were determined by 
personal sampling. In addition, the levels of ultrafine particles were analysed by stationary measurements. The level 
of exposure to the vapours and aerosols of bitumen was not determined. The results of this study differ from those of 
other studies because when effects on lung function were observed in other studies, these were regarded as evidence 
of a decrease in the FEV1/FVC ratio (for example Randem et al. 2004 b) caused by an obstructive ventilation disorder. 
By contrast, this study reported an increase in the FEV1/FVC ratio that was probably related to a restrictive vent ilation 
disorder. This finding cannot be explained in terms of pathophysiology. At the end of the observation period, the 
exposed workers could choose to be examined by high-resolution computed tomography (HRCT). A reticular pattern 
with subpleural distribution was found in 3 of the 75 persons examined; this was regarded as evidence of interstitial 
fibrosis. These persons had concurrent exposure to quartz. Other HRCT findings were not thought to be associated 
with exposure to asphalt (Ulvestad et al. 2017).

A study investigated whether toxic effects in the liver, kidneys or blood could be induced by exposure to the vapours 
and aerosols of bitumen in an exposed group of 80 persons and a reference group of 130 persons. External exposure 
levels were determined on the basis of 30 personal air samples by means of NIOSH method 5042. On the effect side, 
clinico-chemical parameters were determined in the blood and urine. The mean concentration of bitumen emissions 
was low with total particulate matter concentrations of 0.9 ± 0.2 mg/m3 and a benzene-soluble fraction of 0.32 ± 0.09 mg/
m3. In the analysis of the parameters relevant for liver function, the authors determined that the mean values for 
serum albumin, total protein, direct and total bilirubin and alanine aminotransferase and aspartate aminotransferase 
activities were significantly higher and alkaline phosphatase activity was significantly lower in the group of exposed 
persons in comparison with the values determined in the group of reference persons. However, all values were within 
the normal range. With respect to the kidneys, the mean value for blood urea nitrogen (BUN) was significantly higher 
in the exposed persons than the mean value determined in the reference persons. The values were again within the 
normal range (Neghab et al. 2017). The significance of the changes observed is difficult to evaluate as no data were 
provided for the influencing variables that are relevant for the development of liver and kidney damage and the find-
ings were not supported by the results from other studies.

4.3 Local effects on skin and mucous membranes
Studies of exposure to bitumen dust reported findings of hyperkeratosis, xeroderma and contact dermatitis, which 
was not described in more detail, and irritation of the skin and mucous membranes (see Greim 2002). In a few isolated 
cases, effects that were probably phototoxic were observed. However, the studies did not provide a conclusive explan-
ation for the causality of the effects.

Three workers carried out renovation work involving the removal of soundproofing materials made of cork and 
 bitumen by sandblasting. A large amount of dust was generated during this activity and the workers were dressed in 
a full overall and neoprene gloves. As the weather was hot and sunny, the workers spent several breaks outdoors. A 
day later, all 3 workers had developed erythematous skin changes that in some cases progressed to scaly skin changes 
localized on areas of the skin that had not been covered by the clothing worn under the overall (hands, forearms, neck). 
Only 1 of the 3 workers was later examined more closely when the changes to the skin could no longer be observed. 
No evidence was found that would indicate earlier increased sensitivity to light or that phototoxic medicines were 
being taken (Lindberg et al. 2015).

In 28 dock workers who were exposed to the dust produced by sandblasting paint containing bitumen during cleaning 
activities, after 3 to 8 hours erythematous, and in some cases oedematous, changes were found on the conjunctiva 
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and in other areas of skin exposed to light; these effects healed after 7 to 10 days (Davies 1996; see also Greim 2002). In 
addition, dermatitis resulting from photosensitization was found in several persons from a group of 50 Israeli work-
ers who had been continuously exposed to “bitumen-asphalt vapour” for 8 hours a day for at least 6 months during 
production work or during road construction or roofing work. However, the authors did not provide any additional 
information about the possible causes of the exposure to the vapours and aerosols of bitumen (Schaffer et al. 1985; see 
also Greim 2002).

4.4 Allergenic effects
There are no data available.

4.5 Reproductive and developmental toxicity
There are no data available.

4.6 Genotoxicity
The findings pertaining to genotoxicity in workers after exposure to the vapours and aerosols of bitumen are shown 
in Table 7.

4.6.1 DNA adducts
A number of different studies used chemical analytical methods or 32P-postlabelling to investigate anti-benzo[a]py-
rene-7,8-diol-9,10-epoxide–DNA adducts (anti-BPDE–DNA adducts) in the blood of workers who had been exposed to 
the vapours and aerosols of bitumen. In comparison with 32P-postlabelling, chemical analytical methods are of high 
specificity, but lower sensitivity.

4.6.1.1 Studies of paving workers and mastic asphalt workers

Over the course of a year, if possible, 4 blood samples were taken from 49 paving workers who handled hot mix asphalt, 
and from 36 construction workers (millers and roadside workers) without exposure to bitumen. The samples were 
examined for DNA adducts. Of the 4 samples, 3 (spring, summer, autumn) were collected during the season when the 
paving workers handled bitumen, and 1 (winter) during the off-season when exposure did not occur. The DNA adduct 
levels were determined in the mononuclear cells of the peripheral blood by 32P-postlabelling. Adduct levels above 
the limit of detection of 1 adduct per 1010 nucleotides were determined in 60% of the 169 samples collected in total 
from the paving workers. The median was 11 adducts per 1010 nucleotides and did not differ from that of the reference 
group, in which the median from 103 samples in total (61% of these above the limit of detection) was 12  adducts per 1010 
 nucleotides. The mean levels differed more markedly (23 adducts per 1010 nucleotides in paving workers compared with 
29 adducts per 1010 nucleotides in the reference group) because of a number of extremely high values in the reference 
group. The statistical analysis was based on linear regression models that included variables such as the day of the 
week and the activity. Smoking habits were taken into account either as a continuous variable as the number of cig-
arettes smoked or as a category variable (former, never or current smoker, current non-smoker). Another variable was 
the body mass index. A positive association was observed between the number of cigarettes smoked and DNA adduct 
levels; however, this was not statistically significant. When smoking habits were evaluated in 2 categories (current 
smoker, current non-smoker), the effects of smoking on adduct levels were statistically significant. During the work 
season, the adjusted mean values for paving workers increased continuously from Monday (mean value: 3 adducts per 
1010 nucleotides) to Friday (46 adducts per 1010 nucleotides). This trend was not observed in the paving workers during 
the off-season (winter samples) or in the reference group. During the work season, the adjusted mean adduct levels 
were lowest for roller operators (7 adducts per 1010 nucleotides) and highest for screedmen (23 adducts per 1010 nucleo-
tides). In the winter, no differences in DNA adduct levels were found in paving workers who carried out different work 
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tasks. The authors noted that these findings are consistent with the internal exposure levels determined in a subset of 
this group on the basis of urinary 1-hydroxypyrene levels; the results were discussed in an earlier publication  (McClean 
et al. 2004 b). A regression model demonstrated that the season had a significant impact on DNA adduct levels with the 
highest levels determined in the winter (45 adducts per 1010 nucleotides) and lowest levels in the summer (13 adducts 
per 1010 nucleotides) (McClean et al. 2007 b).

In summary, the authors found that adduct levels increased continuously in exposed persons during the working week 
by a factor of 14; this was not observed in the off-season (winter) and in the control group. The adduct levels varied in 
the workers according to the different work operations; these differences were not significant. Overall, however, the 
adduct levels in the group of control persons fluctuated from 1 work day to the next by up to a factor of 11. The median 
adduct levels were of the same order of magnitude in exposed persons and in control persons; the mean level was 
lower in exposed persons than in control persons. For this reason, the conclusion cannot be drawn that exposure to 
bitumen can lead to an increase in adduct levels.

In the Human Bitumen Study (Raulf-Heimsoth et al. 2011 c), anti-BPDE–DNA adducts were investigated by high pres-
sure liquid chromatography coupled with fluorescence detection (HPLC-FLD) in 320 workers exposed to the  vapours 
and aerosols generated during the high-temperature processing of mastic asphalt and in a reference group of 118 paving 
workers without exposure. The group of bitumen workers was exposed to the vapours and aerosols at a concentration 
of 5.08 mg/m3 (median, related to the bitumen condensate standard, interquartile range 2.64–8.67 mg/m3). Overall, the 
BPDE-DNA adduct levels in exposed persons were low (median < limit of detection of 0.5 adducts per 108 nucleotides) 
and no differences were found in the adduct levels before and after the shift and between groups (Marczynski et al. 
2011).

In 6 workers on a tunnel construction site who had handled rolled asphalt and mastic asphalt during consecutive 
weeks, BPDE–DNA-DNA adducts were determined in the white blood cells both pre-shift and post-shift by HPLC-FLD. 
A clear trend could not be found for either type of asphalt for the formation of adducts during the shift and there 
were no clear differences between the values determined for the 2 types of asphalt. A median of 2.0 adducts per 108 
nucleotides was determined during the processing of rolled asphalt and of 3.6 adducts per 108 nucleotides during the 
processing of mastic asphalt (Raulf-Heimsoth et al. 2011 a). After handling the 2 types of asphalt, the median BPDE–
DNA adduct levels determined in the workers were higher than those found in the study above, in which the median 
was under the limit of detection of 0.5 adducts per 108 nucleotides. The study is not relevant to the evaluation because 
of the small number of cases (n = 6); however, it provides evidence for possible maximum detectable BPDE–DNA-DNA 
adduct levels and thus a possible range for adduct formation.

4.6.1.2 Studies of roofers

In studies carried out in 1990 (see Greim 2002) on the basis of an identical data set (Herbert et al. 1990 a, b), PAH–DNA 
adducts were detected by 32P-postlabelling in 10 of 12 exposed roofers, but only in 2 of 17 control persons. In the roof-
ers, a positive association was found between PAH exposure in the air and DNA adduct levels. PAH–albumin adducts 
were also immunologically quantified in the same persons (Lee et al. 1991). However, there was co-exposure to coal 
tar, and the DNA and protein adducts cannot be attributed unequivocally to exposure to the vapours and aerosols of 
oxidized bitumen.

In an earlier, methodologically-oriented study, benzo[a]pyrene–DNA adducts were determined in roofers, foundry 
workers and reference persons using immunological methods (ELISA and USERIA). The adducts were detected in 7 of 
28 samples from roofers. As the primary objective of this study was to investigate the formation of the adducts of 
benzo[a]pyrene in humans, the report did not provide any other details about the exposure levels of the roofers. The 
smoking habits of the exposed group was not discussed, but it was pointed out that adducts had been detected also 
in smokers from the reference group (Shamsuddin et al. 1985). As a result of the absence of data, the study cannot be 
used to evaluate genotoxic effects in roofers.
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4.6.2 Oxidative stress
In addition to the development of BPDE–DNA adducts, another relevant mechanism that could lead to the development 
of cancer from exposure to bitumen or the potentially carcinogenic compounds it contains (including PAHs) is the 
induction of oxidative stress and the formation of unspecific 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxo-dGuo) that 
this is associated with. For this reason, a number of studies have investigated 8-oxo-dGuo levels in exposed persons. 
However, when evaluating these data, it is to be taken into consideration that oxidative stress and the oxidative base 
modification 8-oxo-dGuo this is associated with are influenced both by exogenous sources and endogenous factors. Re-
active oxygen species are formed endogenously not only as a natural by-product of breathing, but develop also during 
inflammatory processes. For this reason, they are not to be interpreted only in terms of the genotoxic or mutagenic 
effects of a hazardous substance.

4.6.2.1 Studies of paving workers and mastic asphalt workers

In the German Human Bitumen Study (Raulf-Heimsoth et al. 2011 c), higher levels of 8-oxo-dGuo adducts were detect-
ed pre-shift and post-shift in 320 workers exposed to the vapours and aerosols of mastic asphalt (exposure: median 
5.08 mg/m3, related to the bitumen condensate standard, interquartile range 2.64–8.67 mg/m3) than in the reference 
group (118 paving workers). The levels of 8-oxo-dGuo per 106 dGuo increased significantly during the shift (p < 0.001) 
both in the exposed persons (median 3.72 pre-shift compared with 4.13 post-shift) and in the reference group (median 
2.93 pre-shift compared with 3.28 post-shift). No association was found between the level of exposure to the vapours 
and aerosols of bitumen on the day of examination or the concentrations of PAH metabolites in the urine (1-hydroxy-
pyrene, total hydroxyphenanthrenes, total hydroxynaphthalenes) and the level of 8-oxo-dGuo adducts. The authors 
concluded that the differences observed between the exposed persons and the reference persons at the group level 
should be regarded as evidence of increased oxidative damage in the exposed group; this can be interpreted both as 
a genotoxic effect and an inflammatory effect. The effects cannot be clearly attributed to exposure to the vapours and 
aerosols of bitumen because of a lack of a concentration–effect relationship (Marczynski et al. 2011).

The findings from a subset of this study (66 exposed persons, 49 reference persons) were published in 2006 (see Table 7) 
(Marczynski et al. 2006). The findings largely coincide with those of the overall study, which were published later 
(Marczynski et al. 2011).

A sub-project of the German Human Bitumen Study investigated a small group of 6 workers on a tunnel construction 
site who had first handled rolled asphalt and then mastic asphalt during 2 consecutive weeks. Examinations were 
carried out pre-shift and post-shift over the course of the 2 weeks. Exposure to the vapours and aerosols of bitumen 
was lower during the application of rolled asphalt (median 2.64 mg/m3, related to the bitumen condensate standard, 
personal sampling) than during the application of mastic asphalt (median 11.6 mg/m3). This was true also for total 
EPA-PAHs and most of the individual PAH compounds determined (exception: phenanthrene); however, the data 
were collected by stationary determinations. After the application of both types of asphalt, 8-oxo-dGuo adduct levels 
in the workers increased from comparable median baseline levels to again comparable post-shift levels. However, 
the individual values were increased in 5 of 6 workers during the laying of rolled asphalt and in only 2 of 6 workers 
during the laying of mastic asphalt (Raulf-Heimsoth et al. 2011 a). No generalizable conclusions can be drawn from a 
comparison of the exposure to mastic asphalt and to rolled asphalt during laying because of the small number of cases 
and the only slight differences in findings. In general, no conclusions can be drawn from this study about genotoxic 
or inflammatory changes induced by exposure during the laying of asphalt, also because of the number of cases and 
because of the lack of a specific control group for comparison.

A study of 19 paving workers and 22 reference persons in Italy analysed concentrations of 1-hydroxypyrene in the urine 
as a marker of internal exposure and investigated oxidative damage to DNA in lymphocytes. The paving workers han-
dled concrete asphalt at a temperature of 160 °C. The frequency of strand breaks was determined by formamidopyrimi-
dine–DNA–glycosylase (FPG)-modified comet assay (single-cell gel electrophoresis); therefore, the DNA strand breaks 
were probably a response to oxidative stress. In addition, the PAH levels in air samples collected in the breathing zone 
of paving workers on 3 consecutive days over the course of the entire work shift were analysed. Urine samples were 
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taken from the paving workers on Mondays before the shift and at the end of the shift on the first 3 days of work. Only 
1 urine sample from the reference persons was analysed; this was collected pre-shift on Mondays. The blood samples 
from the paving workers were collected on the third day of the working week. The 1-hydroxypyrene concentrations 
in the urine were higher at the end of the workdays than on Monday before the shift and the mean concentration was 
significantly higher in the paving workers than in the reference persons. External exposure was found to influence the 
internal exposure data even after the results were statistically adjusted for smoking. In the comet assay, FPG-treated 
cells from paving workers had significantly higher tail moment values than those from reference persons; the differ-
ences between the groups were slight and insignificant in the cells not treated with FPG. The number of cells with a 
visible tail was significantly higher in the group of paving workers than in the group of reference persons, both for cells 
treated with FPG and for those not treated with FPG. As the criterion for oxidative damage, the authors determined 
a value of 2.0 for the ratio of the tail moment in cells treated with FPG to the tail moment in untreated cells. On the 
basis of this criterion, damage was found in 37% of the persons in the group of asphalt workers, but none in the group 
of reference persons (Cavallo et al. 2006). Overall, this finding is more likely evidence of an increase in the frequency 
of DNA strand breaks induced by indirect oxidative stress than evidence of direct damaging effects on the DNA.

In a study of 34 asphalt workers and 35 reference persons, all of whom were non-smokers, disulfide/thiol homoeostasis 
in serum was examined at the end of the working week as a marker for oxidative stress (Yilmaz et al. 2016). Factors 
that could potentially influence oxidative status (lifestyle factors, nutrition) and exposure (personal protective equip-
ment, activities on the day of examination) were determined by questionnaire. The level of exposure was determined 
by means of the 1-hydroxypyrene concentration in the urine. Both the disulfide/thiol ratio and the 1-hydroxypyrene 
concentration were significantly higher in the group of exposed persons than in the group of reference persons. A 
positive correlation was found between the disulfide/thiol ratio and the 1-hydroxypyrene concentration in the urine. 
Other than the urinary concentration of the pyrene metabolite, further data for exposure, the duration of exposure, 
work activities and the temperature at which the asphalt was laid were not given. In addition, not enough information 
was provided about the reference group to determine whether the group was comparable to the exposure group with 
respect to other influencing factors such as physical activity.

4.6.2.2 Studies of roofers

In a study of 26 roofers, different parameters were determined to investigate oxidative damage (8-oxo-dGuo both in 
leukocytes and the urine by means of HPLC/ECD, 8-epi-prostaglandin2α in the urine) and internal exposure (1-hy-
droxypyrene in the urine). The samples were taken on Mondays before the shift and on Wednesdays or Thursdays after 
the shift. Nineteen of the roofers were co-exposed to coal tar pitch dust during the removal of old roofing materials 
that contained tar. The reference group was made up of 15 construction workers who had not been exposed during 
the preceding 5 years. Air samples were collected in the breathing zone of 23 of the roofers, which were analysed for 
total particulate matter and the benzene-soluble fraction of the total particulate matter according to NIOSH method 
5042. The PAH levels in the air were determined by NIOSH method 5800. After exposure for several days, the highest 
number of adducts was found in the leukocytes of the reference group and the lowest in the group of roofers who 
were exposed also to coal tar pitch dust. The values of the group of roofers who were exposed only to the vapours and 
aerosols of bitumen were between those of these 2 groups. Over the course of the working week, the adduct levels 
increased slightly in the roofers exposed only to the vapours and aerosols of bitumen, remained about constant in the 
reference group and decreased in the subset of roofers exposed also to coal tar pitch dust. No significant differences 
were found between smokers and non-smokers. Overall, with respect to urinary 8-oxo-dGuo levels, no significant 
differences were found between the roofers without additional exposure to coal tar pitch dust, those with exposure to 
coal tar pitch dust and the reference group. With respect to the urinary 8-epi-prostaglandin2α concentrations of the 
3 groups, significant differences were not found between the levels at the beginning of the working week and those 
at the end of the working week, or between the groups (Toraason et al. 2001). Therefore, the findings cannot be used 
as evidence of an association between oxidative stress and exposure to bitumen or PAHs.

In a cross-sectional pilot study with 19 roofers from Florida, the metabolites of different PAHs, including 1-hydroxy-
pyrene and 9-hydroxyphenanthrene, were determined in the urine by HPLC-MS before and after a 6-hour work shift. 
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As a marker of oxidative DNA damage, 8-oxo-dGuo levels in the urine were analysed before and after the shift by 
ELISA. The external exposure in the air was not determined. A questionnaire was used to collect information about 
personal or lifestyle factors that could influence either 8-oxo-dGuo levels in the urine or internal PAH exposure. Which 
activities were performed, the use of personal protective equipment and the extent of skin contact with bitumen were 
ascertained on the basis of the work-related information that was collected. The exposure led to an increase in the 
concentration of PAH metabolites in the urine during the shift. The 8-oxo-dGuo levels were higher in smokers than 
in non-smokers and increased over the shift both in these 2 subgroups and in the total collective. The data were not 
related to creatinine, although the creatinine levels increased over the shift. The most important predictors of post-
shift 8-oxo-dGuo levels were the post-shift levels of hydroxypyrene in the urine and the use of protective gloves. These 
variables explained 86.8% of the variation (Serdar et al. 2012). The study findings demonstrated the relevance of dermal 
exposure and the necessity of taking suitable preventative measures. All but 1 of the test persons were also involved 
in the removal of old roof coverings containing coal tar. Therefore, the increase in the excretion of 8-oxo-dGuo could 
not be clearly attributed to exposure to the vapours and aerosols of oxidized bitumen.

4.6.3 DNA strand breaks

4.6.3.1 Studies of paving workers and mastic asphalt workers

A study of 36 paving workers (“mixing and paving”, no other details) and 37 control persons in India not only inves-
tigated the frequency of micronuclei (see below), but also DNA damage in the peripheral lymphocytes by single-cell 
gel electrophoresis (comet assay, without FPG). The mean tail length was chosen as the study parameter. Exposure 
was characterized by determining the levels of 1-hydroxypyrene in the urine. The mean tail lengths were signifi-
cantly higher in the group of exposed persons. Stratification of the group according to smoking habits and alcohol 
consumption showed that the mean tail lengths of exposed smokers (> 5 cigarettes/day) and persons who consumed 
alcohol (> 120 g/day) were higher than those of non-smokers or persons with lower alcohol consumption. However, 
although smoking and alcohol consumption were shown to have an impact on the frequency of strand breaks, after 
all subgroups were stratified for smoking and alcohol consumption, significant increases in the mean strand break 
levels were still consistently found in the group of exposed persons in comparison with the levels determined in the 
control group (Sellappa et al. 2011). A regression analysis was not performed, probably because of the small size of the 
exposure groups.

In the Human Bitumen Study (Raulf-Heimsoth et al. 2011 c), DNA strand breaks in the peripheral lymphocytes were de-
termined by single-cell gel electrophoresis (comet assay, without FPG) before and after a single workshift in 320 work-
ers exposed to the vapours and aerosols generated during the high-temperature processing of mastic asphalt and in 
the 118 paving workers of the control group who were not exposed to bitumen (Marczynski et al. 2011). The group of 
exposed persons was exposed to the vapours and aerosols of bitumen at a median level of 5.08 mg/m3, related to the 
bitumen condensate standard (interquartile range of 2.64–8.67 mg/m3). As a group, exposed persons were found to have 
higher levels of DNA strand breaks, measured as the olive tail moment, in comparison with the levels determined in 
the control group, both before the shift and after the shift. No association was found between the levels of strand breaks 
and external exposure (vapours and aerosols of bitumen) or internal exposure to specific PAHs (1-hydroxypyrene, sum 
of 1-, 2-, 3-, 4- and 9-hydroxyphenanthrene, 1- and 2-hydroxynaphthalene in the urine). A statistically significant asso-
ciation was not found with the other genotoxicity biomarkers (8-oxo-dGuo and anti-BPDE) investigated in the study. 
The increase in the frequency of DNA strand breaks determined at the group level in workers exposed to bitumen 
was within the range found in other studies in healthy workers not specifically exposed to genotoxic substances. The 
authors did not attribute the observed effects to exposure to the vapours and aerosols of bitumen or the PAHs these 
contain because of the absence of an association between oxidative DNA damage and the level of exposure.

The data for a subset of the study described above were published in 2006 (Marczynski et al. 2006). The findings es-
sentially coincide with the results determined after analysing the data for the total collective in 2011. However, in 
the subset, associations were made by simple correlation analysis of the levels of DNA strand breaks, determined as 
the olive tail moment in the comet assay, and the post-shift levels of 1-hydroxypyrene (rs = 0.32, p = 0.001) and total 
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hydroxyphenanthrenes (rs = 0.27; p = 0.004) in the urine; these associations were not confirmed by the findings in the 
collective as a whole.

In 6 workers on a tunnel construction site who had handled rolled asphalt during the first week of work and then 
mastic asphalt the following week, very similar frequencies of DNA strand breaks in the peripheral lymphocytes were 
determined post-shift in the comet assay for both types of asphalt; these were somewhat lower than those found in 
the Human Bitumen Study. A high variability in the frequency of DNA strand breaks was found in pre-shift samples 
(Raulf-Heimsoth et al. 2011 a). Conclusions cannot be drawn from a comparison of rolled asphalt and mastic asphalt 
because of the small number of test persons participating in this study.

In another study, lymphocytes from the oral mucosa of 15 paving workers who were exposed to the vapours and 
aerosols of different asphalt mixes that had been modified with, for example, waste plastic and tall oil pitch, were 
investigated for DNA strand breaks by comet assay. The findings were compared with the levels determined in 5 ref-
erence persons (scientists without exposure to the vapours and aerosols of bitumen). The samples were taken before 
and after the shift. In the comet assay, no statistically significant differences in “%DNA” in the tail were determined 
in the samples taken before and after the shift. Similar findings were obtained for all exposure scenarios (asphalt 
mixes) tested. Therefore, there were no differences between the various modified asphalts. The ratio between pre-shift 
and post-shift levels in almost all of the exposed workers was within the range of the levels determined in the small 
reference group. However, the authors found a statistically significant correlation between post-shift DNA damage 
and urinary concentrations of the PAH metabolites naphthol and 1-hydroxypyrene. However, as this correlation was 
not found in the pre-shift samples, it cannot be unequivocally attributed to PAH exposure. The authors pointed out 
that the PAH concentration in the inhaled air of the workers was low in this study (see Table 7) (Lindberg et al. 2008).

DNA strand breaks were determined in the lymphocytes from induced sputum and blood from 42 workers exposed 
to the vapours and aerosols of bitumen generated during the high-temperature processing of mastic asphalt. The 
frequency of DNA strand breaks in the lymphocytes from induced sputum was similar before and after the shift and 
varied to a high extent. No relationship could be found between the levels determined in induced sputum and those 
in blood. The frequency of DNA strand breaks in the lymphocytes from induced sputum correlated with the total cell 
count, the neutrophil count and the interleukin-8 concentration before and after the shift. The authors interpreted 
this as evidence of an increase in the frequency of DNA strand breaks in the lower airways caused by inflammatory 
effects (Marczynski et al. 2010). As the study did not include reference persons without exposure and the data were not 
analysed as regards the level of exposure to the vapours and aerosols, no conclusions can be drawn about the effects 
of exposure to bitumen on the frequency of DNA strand breaks in the lymphocytes from induced sputum.

4.6.3.2 Studies of roofers

In a study carried out in the United States with 26 roofers who handled the relevant bitumen products and a reference 
group of 15 construction workers who had not been exposed to the vapours and aerosols of bitumen in the preced-
ing 5 years, DNA strand breaks were investigated in leukocytes by comet assay (without FPG). In addition, 19 of the 
26 roofers had been exposed to coal tar pitch dust while removing old roof coverings that contained tar. In the group 
of 7 roofers without additional exposure to coal tar, a slight but significant increase in the frequency of DNA strand 
breaks, determined as “%DNA” in the tail, was found from the beginning to the end of the working week (from 13.6 ± 1.9 
to 16.7 ± 1.4). The levels at the beginning of the working week were approximately equivalent to those of the reference 
persons without exposure. After 3 or 4 days, the post-shift levels were similar to those of the roofers who had also 
removed roof coverings containing coal tar (Toraason et al. 2001); an effect of the bitumen applied on the frequency 
of DNA strand breaks under the described study conditions cannot be excluded.

4.6.3.3 Studies without data for the type of bitumen

In a study with 30 male workers in Turkey who were exposed to bitumen emissions and a reference group of 30 persons 
without exposure, DNA damage was analysed in the peripheral lymphocytes by alkaline single-cell gel  electrophoresis 
(comet assay). The values for the parameter “%DNA” in the tail determined in the group of exposed persons (24.34 ± 2.72; 
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mean ± standard deviation) were significantly higher than the values found in the reference group (20.04 ± 2.75) 
 (Bacaksiz et al. 2014). No data were provided for the type of bitumen, the type of work activity or the duration and 
level of exposure.

4.6.4 Chromosomal changes
A large number of studies that investigated the development of chromosomal damage after exposure to the vapours 
and aerosols of bitumen or the carcinogenic compounds (including PAHs) these contain have become available since 
the 2001 documentation (Greim 2002) was published. The primary objective of these studies was to determine the 
frequency of sister chromatid exchange (SCE), chromosomal aberrations and micronuclei. The findings published by 
2001 were inconsistent and subject to criticism by the Commission because of potential co-exposure and insufficient 
statistical significance (Burgaz et al. 1998; Järvholm et al. 1999). The studies published since the 2001 documentation 
are described below.

4.6.4.1 Studies of paving workers and mastic asphalt workers

In a study carried out in Australia with the primary objective of comparing genotoxic effects in lymphocytes and 
exfoliated urothelial cells, the frequency of micronuclei in the lymphocytes of 12 road layers was compared with 
that of 18 staff members of a hospital store. The workers exposed to bitumen were younger than the persons of the 
reference group (30.8 ± 2.0 years compared with 39.8 ± 2.8 years). The frequency of micronuclei was higher in the group 
of persons exposed to bitumen (16.24 ± 0.63 micronuclei/1000 binuclear cells (BNC); 10.65 ± 0.24 cells containing micro-
nuclei/1000 BNC) than in the reference group (9.24 ± 0.29 micronuclei/1000 BNC; 5.93 ± 0.13 cells containing micro-
nuclei/1000 BNC). In an analysis of the data at the group level, this was initially interpreted as an effect induced by 
exposure to bitumen that went beyond the known effect of aging on micronuclei (Murray and Edwards 2005). How-
ever, this study did not provide information on either the duration and level of exposure or the bitumen used, as the 
primary objective of the investigation was a systematic comparison of the frequency of micronuclei in lymphocytes 
and urothelial cells and not an investigation of the effects of exposure to bitumen on micronucleus frequency. What 
is striking about the results of the study is that a relatively large number of cells containing micronuclei had more 
than 1 micronucleus, as can be determined from the difference between the values for micronuclei/1000 BNC and cells 
containing micronuclei/1000 BNC included in the study report.

A study carried out in Turkey investigated the frequency of micronuclei and SCE in peripheral lymphocytes in 
26  asphalt workers who handled concrete asphalt at temperatures of around 170 °C and a reference group of 26 admin-
istrative workers. The asphalt workers were exposed for an average of 11.2 years (standard deviation 8.9 years; range 
3–22 years). The authors found a significant (p < 0.001) increase in the micronucleus frequency (1.98 ± 0.21‰) in asphalt 
workers before the shift in comparison with the levels in administrative workers (1.53 ± 0.14‰). Similar findings were 
reported for the SCE frequency. Therefore, there was a significant increase (p < 0.001) in the SCE frequency in the 
peripheral lymphocytes of asphalt workers (7.22 ± 1.63 per cell) pre-shift in comparison with the SCE levels in admin-
istrative workers (5.45 ± 1.09 per cell). In addition, the frequency of micronuclei and SCE increased with the duration of 
exposure. No significant differences in the frequency of micronuclei or SCE before and after the shift were observed. 
As a marker of internal exposure to the vapours and aerosols of bitumen, the 1-hydroxypyrene concentration in the 
urine increased in asphalt workers over the course of the week. However, it was not associated with the frequency 
of micronuclei on an individual level. Likewise, the SCE frequency was not associated with the 1-hydroxypyrene 
concentration in urine (Karaman and Pirim 2009). As the duration of exposure and age are usually associated with 
one another, it cannot be determined whether the increase in micronucleus frequency was actually the result of 
 cumulative exposure or whether it was merely the increase in micronucleus frequency that comes with aging that 
has been demonstrated in many studies.

A study with 36 paving workers (“mixing and paving”, no other details) and 37 control persons in India investigated 
not only DNA damage (see above), but also micronuclei in peripheral lymphocytes. Urinary 1-hydroxypyrene was de-
termined as a marker of exposure. A significant increase in micronucleus frequency was found in the group of exposed 
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persons. Stratification of the groups by smoking habits and alcohol consumption revealed that smokers (> 5 cigarettes/
day) and persons who consumed alcohol (> 120 g/day) had higher frequencies of micronuclei than non-smokers and 
persons with lower alcohol consumption, both in the group of exposed persons and in the group of control persons. 
Persons exposed to bitumen for longer than 10 years were found to have slightly higher frequencies of micronuclei 
than employees exposed for a shorter period of time (Sellappa et al. 2011).

In the German Human Bitumen Study (Raulf-Heimsoth et al. 2011 c), micronucleus frequencies in peripheral lympho-
cytes were determined pre-shift and post-shift in 225 mastic asphalt workers and 69 paving workers who were not ex-
posed to bitumen emissions (Welge et al. 2011). The exposure group was exposed to a median concentration of vapours 
and aerosols of bitumen of 4.41 mg/m3, related to the bitumen condensate standard (interquartile range: 2.64–7.34 mg/m3). 
The 2 groups were similar in age structure and the number of smokers among the participants. In both groups, the me-
dian micronucleus frequency was 6.0 micronuclei per 1000 binuclear lymphocytes (MN/1000 BNC; interquartile ranges: 
reference group 4.0–8.3 MN/1000 BNC, mastic asphalt workers 4.0–8.5 MN/1000 BNC). A median of 6.5 MN/1000 BNC 
(interquartile ranges: reference group 4.0–9.0 MN/1000 BNC, mastic asphalt workers 4.4–9.3 MN/1000 BNC) was de-
termined in both groups after the shift. To investigate the effects of exposure to bitumen and other possible influenc-
ing factors, linear regression models were applied taking into consideration potential confounders such as smoking 
status and age. In both groups, the age of the persons examined was found to be the strongest influencing factor and 
confirmed the findings of previous investigations of other research groups (Bonassi et al. 2001). No relationship was 
found between the micronucleus frequency and the level of exposure to the vapours and aerosols of bitumen. Although 
both groups had similar micronucleus frequencies, a model of micronucleus frequencies post-shift demonstrated that 
group membership (mastic asphalt workers compared with reference persons without exposure) had a weak effect 
on micronucleus frequency (exp(β) = 1.24; 95% CI: 1.02–1.51; p = 0.032). In spite of the lymphocyte life span, this effect 
was not observed in a model of micronucleus frequencies pre-shift, even though it should have been (provided that it 
was biologically relevant and was associated with the group or exposure). Therefore, the authors did not consider this 
effect relevant for the evaluation of the effects of exposure, also because it was not apparent in the non-modelled data. 
In summary, no exposure-related effects on micronucleus frequency in the peripheral lymphocytes of mastic asphalt 
workers can be derived from the data of the German Human Bitumen Study.

Conclusions drawn from micronucleus studies: Two studies carried out in Turkey (Burgaz et al. 1998; Karaman 
and Pirim 2009) and 1 study from Australia (Murray and Edwards 2005) found increased micronucleus frequencies in 
the peripheral lymphocytes of workers exposed to bitumen; however, these findings were not confirmed by a smaller 
study from Sweden (Järvholm et al. 1999) and an extensive study from Germany (Welge et al. 2011). The reason for the 
disparity in the study findings cannot be conclusively explained. Not all of the studies included all of the necessary 
information, particularly data for the level of exposure, the types of asphalt used and the processing temperatures, 
and not all were adjusted for age and smoking status.

In a study from Turkey that investigated 40 paving workers exposed to the vapours and aerosols of bitumen and 
a reference group of 40 persons working in administrative and academic positions (both groups were made up of 
20 smokers and 20 non-smokers), buccal mucosal cells were examined by buccal micronucleus cytome assay. In ad-
dition to analysing micronucleus frequencies, this test examines other cytogenetic parameters and parameters for 
cytotoxicity and apoptosis. On average, a significantly higher number of micronuclei were determined in the group of 
exposed persons than in the group of reference persons (10.4 ± 0.70‰ compared with 4.48 ± 0.45‰). The mean length of 
employment was about 9 years. No data were provided for the level and kind of exposure to the vapours and aerosols 
of bitumen (Çelik et al. 2013).

In an intervention study, 8 workers who were exposed during the manual laying of asphalt paving (hand pavers) and 
22 finishers who worked in closed cabins were examined each year from 1996 and 1999. Only for the year 1996 was 
the scope of the study extended to include 8 refinery workers involved in bitumen production (positive controls) and 
24 additional road pavers. The reference groups were made up of a group of 6 office workers who were not exposed to 
the vapours and aerosols of bitumen (white collar workers) and a group of 87 reference persons working in industry 
(industrial controls, no other details). Different end points relevant for genotoxicity were investigated in the peripheral 
lymphocytes: structural and numerical chromosomal aberrations (CA), SCE, high-frequency SCE and HPRT mutation 



MAK Value Documentations – Bitumen (vapours and aerosols from high-temperature processing)

The MAK Collection for Occupational Health and Safety 2022, Vol 7, No 3 29

frequencies and ultraviolet (UV) light-induced DNA repair synthesis (UDS). A questionnaire was used to collect data 
for tobacco and alcohol consumption, exposure to ionising radiation or genotoxic chemicals, diseases and work history. 
At the beginning of the study period, significantly increased frequencies of structural chromosomal aberrations were 
determined in the hand pavers and finishers in comparison with the frequencies found in the reference groups. Over 
the course of the study period, the frequency decreased and was below the frequencies determined in the 2 reference 
groups during the final examination in 1999. The decrease in the overall frequency of chromosomal aberrations is at-
tributed to improved working conditions for the road pavers who manually laid asphalt and for the finishers resulting 
from the replacement of crude oil by detergents as cleaning agents for the equipment. In addition, ventilation in the 
finisher cabins was improved to prevent the accumulation of diesel exhaust fumes. No changes were made to the type 
of asphalt applied. The findings for acentric fragments were similar to those for total aberrations and were interpreted 
in the same manner. The groups did not differ significantly with respect to chromatid breaks, chromatid exchange, di-
centric chromosomes, ring chromosomes, and gaps (Major et al. 2001). In summary, no association was found between 
the increased frequencies of chromosomal aberrations determined in the hand pavers at the beginning of the study 
period and exposure to the vapours and aerosols of bitumen. No increase in the frequency of chromosomal aberrations 
was determined in either group after the implementation of better working conditions and the replacement of other 
potentially genotoxic substances (in this case: crude oil). The significantly higher overall frequency of chromosomal 
aberrations observed in the 8 workers involved in bitumen production who were examined once in 1996 cannot be 
regarded as evidence of genotoxic effects induced by bitumen as the workers were deliberately chosen as positive 
controls because they were known to have been exposed to PAHs through their work at an oil refinery.

In a follow-up study carried out by this research group (Tompa et al. 2007), the study described above was extended to 
include the years 2003 to 2006 and its scope was broadened by adding a group of managers exposed to bitumen and a 
group of workers from asphalt mixing plants. Overall, the collective was made up of 33 industrial controls, 23 man-
agers, 23 hand pavers, 28 finishers and 15 workers in asphalt mixing plants. The findings essentially mirrored those of 
the study above, with the following additions: high frequencies of chromosomal aberrations were determined in the 
managers even though their work history showed them to have had little exposure to bitumen emissions. Lifestyle fac-
tors were discussed as a possible cause. After improvements in the working conditions initially reduced the frequency 
of chromosomal aberrations in hand pavers and finishers to the level of the controls from 1996 to 1999, chromosomal 
aberrations later increased in frequency once more. This was attributed to the fact that crude oil was again used more 
often as a cleaning agent and the cabins of the finishers were found to be poorly ventilated. However, these changes 
can also be interpreted as a normal variation in the occurrence of chromosomal aberrations resulting from lifestyle 
factors, as this was a purely observational study that lacked a strict study design. The differences in the SCE frequency 
(which was again analysed concurrently in this study) between the industrial control group and the exposed groups 
were likewise not statistically significant. Therefore, as in the case of the publication discussed above (Major et al. 
2001), the effects observed in this study cannot be attributed to exposure to bitumen emissions.

A study with 19 paving workers and 22 reference persons in Italy investigated SCE in lymphocytes. The paving work-
ers handled concrete asphalt at a processing temperature of 160 °C. No differences were found between exposed and 
reference persons with respect to the frequency of SCE (Cavallo et al. 2006).

4.6.4.2 Studies of exposure to bitumen emissions in a refinery

In a study that focused on the parameter “premature centromere division” as a possible marker of chromosomal in-
stability, chromosomal aberrations were determined in 9 workers who had been exposed to the vapours and aerosols 
of bitumen in a refinery for a period lasting between 2 and 26 years. The total number of aberrations (other than gaps) 
was significantly higher in this small group in comparison with the 87 reference persons living in the vicinity of 
chemical industry who were not exposed to genotoxic chemicals. However, about 3 quarters of the exposed workers, 
but only half of the reference persons, were smokers (Major et al. 1999). No data were provided for the level of exposure, 
the exact work activities and for possible co-exposure to other crude oil products.
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Tab. 7 Data for genotoxicity in workers exposed to the vapours and aerosols of bitumen

Workers Exposure/exposure marker/ 
method of determination

Effects Confounders, 
remarks

References

Oxidized bitumen (roofing)

oxidative stress (8-oxo-dGuo as a biomarker)

19 roofers (9  smokers), no 
control group, 
USA, Florida, 
4 different construction 
sites

PAH metabolites (geometric mean ng/l 
pre-shift, ng/l post-shift): 
1-OH-naphthalene (992, 2553) 
9-OH-phenanthrene (441, 1033) 
1-OH-pyrene (361, 692)

urine: 
statistically significant increase in 
8-oxo-dGuo post-shift 
geometric mean: pre-shift 9 µg/l, 
after 6-hour shift 40 µg/l 
strict correlation between 8-oxo-
dGuo and PAH metabolites, 
2 workers with skin burns who did 
not use gloves while working: 
105.6 µg/l 8-oxo-dGuo

8-oxo-dGuo 
levels higher 
in smokers than 
in non-smokers, 
concurrent 
exposure to coal 
tar pitch dust

Serdar et al. 
2012

26 roofers (16  smokers), 
15 controls (3  smokers), 
USA, 
“hot asphalt”, 
Trumbull, Type III Steep 
ASTM D-312-95A or Type 
IV PA-100, 210/225 Extra 
Steep Roofing Asphalt 
ASTM DIN 312-84 
(ERT=400/450 °C), “asphalt 
fume” 
19 roofers had concurrent 
exposure to coal tar pitch 
dust

personal air monitoring: analysis of total 
particulate matter and PAHs according 
to NMAM Method 5042 (NIOSH 1998 a) 
and NMAM Method 5800 (NIOSH 1998 b), 
mean levels for 1-OH-pyrene determined 
using the method of Jongeneelen (Tolos 
et al. 1990) 
exposed persons (without exposure to 
coal tar pitch dust), beginning of the 
week: 
0.26 ± 0.13 µmol 1-OH-pyrene/mol creati-
nine 
end of the working week: 
0.58 ± 0.29 µmol 1-OH-pyrene/mol creati-
nine (1740 ng/l) 
controls, beginning of the week: 
0.08 ± 0.12 µmol 1-OH-pyrene/mol creati-
nine 
end of the working week: 
0.12 ± 0.12 µmol 1-OH-pyrene /mol creati-
nine

urine: no statistically significant 
increase in 1-OH-pyrene, 8-oxo-
dGuo, 8-epi-prostaglandin2α, 
leukocytes: no statistically signifi-
cant increase in 8-oxo-dGuo

no smoking 
effect

Toraason et 
al. 2001

DNA strand breaks in peripheral blood leukocytes (comet assay)

26 roofers (16 smokers), 
15 controls (3 smokers), 
USA

see above significantly higher number of DNA 
strand breaks in 7 roofers exposed to 
“bitumen fumes” but not to coal tar 
than in the controls (levels were 
higher at the end of the working 
week than at the beginning)

no smoking 
effect

Toraason et 
al. 2001

DNA strand breaks (γH2AX)

20 roofers, 
no control group, 
USA, Colorado

personal air monitoring during the shift: 
ng/m3; geometric mean ± geometric SD, 
naphthalene 362 ± 2.9 
benzo[e]pyrene 3.5 ± 8.9 
PAH metabolites (µg/g creatinine; 
 geometric mean ± geometric SD), 
for example 1-OH-pyrene: 
Mondays pre-shift: 706.3 ± 3.7 
Mondays post-shift: 2100.6 ± 3.0 
Thursdays pre-shift: 1032.8 ± 4.5 
Thursdays post-shift: 1790.0 ± 3.7

slight increase in γH2AX in 
 lymphocytes during the shift, but a 
marked increase in 8-oxo-dGuo 
no relationship between external 
and internal exposure on the one 
hand and the 2 investigated effect 
markers on the other hand

no control 
group

Serdar et al. 
2016
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Workers Exposure/exposure marker/ 
method of determination

Effects Confounders, 
remarks

References

Straight-run bitumen / air-rectified bitumen (paving)

BPDE–DNA adducts (32P-postlabelling)

49 pavers “hot mix 
 asphalt” (11 smokers), 
36 controls (13 smokers), 
USA

no data mononuclear blood cells: 
samples taken during all 4 seasons: 
no significant differences between 
exposed persons and controls, in-
crease in DNA adducts during the 
working week, not in the “off-sea-
son”, not in the control group; 
significant differences found in a 
seasonal comparison, 
the smallest number of DNA adducts 
in roller operators, the largest in 
screedmen

adjusted for 
smoking  habits 
and body 
weight

McClean et 
al. 2007 b

320 mastic asphalt workers 
(199 smokers), 
118 controls (61 smokers), 
Germany

laying temperature 230–270 °C, mostly 
work performed inside or in under-
ground car parks, personal air monitor-
ing of vapours/aerosols, bitumen conden-
sate standard, 
median (interquartile range): 
exposed persons: 5.08 mg/m3 (2.64–8.67) 
controls: 0.29 mg/m3 (0.1–0.44) 
exposure according to Pesch et al. (2011): 
median ΣPAH concentrations; 
 1-OH-pyrene: 
exposed persons: 2.47 µg/m3; 0.7 µg/l 
urine 
controls: 0.21 µg/m3; 0.3 µg/l urine

no differences in BPDE adduct levels 
between exposed persons and con-
trols, no differences pre-shift and 
post-shift

adjusted for age, 
smoking and 
German nation-
ality

Marczynski 
et al. 2011

6 tunnel workers 
(3  smokers), 
Germany

rolled asphalt (RA), mastic asphalt (MA), 
laying temperature 180–250 °C 
bitumen condensate standard (median 
in mg/m3, interquartile range): 
personal air monitoring: 
RA: 2.64 (1.32–3.53) 
MA: 11.6 (7.2–17.48) 
stationary determination: 
RA: 2.64 
MA: 51.26 
benzo[a]pyrene, 
 stationary  determination (ng/m3): 
RA: 2.4 
MA: 45 
PAH metabolites in the urine 
(1-OH-pyrene, median, ng/g creatinine): 
RA: 530 (823 ng/l) 
MA: 299 (466 ng/l)

white blood cells: 
increase in BPDE–DNA adduct levels 
during the shift independent of type 
of asphalt application

“tunnel con-
struction site”

Raulf- 
Heimsoth et 
al. 2011 a

8-oxo-dGuo as a biomarker for oxidative DNA damage

320 mastic asphalt workers 
(199 smokers), 
118 controls (61 smokers), 
Germany

see above pre-shift and post-shift: statistically 
significant increase in 8-oxo-dGuo 
adducts, no positive association 
between adduct levels and exposure

see above Marczynski 
et al. 2011

Tab. 7 (continued)
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Workers Exposure/exposure marker/ 
method of determination

Effects Confounders, 
remarks

References

202 mastic asphalt workers 
(133 smokers), 
55 controls (paving work-
ers without exposure to 
bitumen) (23 smokers), 
Germany

laying temperature: 240–260 °C, 
personal air monitoring vapours/aero-
sols, bitumen condensate standard 
median (interquartile range): 
exposed persons: 5.43 mg/m3 (2.5–10.43) 
subgroups: 3 high: ≥ 14.7 mg/m3 

172 slight: < 14.7 mg/m3 

PAH levels in air: 
naphthalene: 0.32–1.03 µg/m3 

phenanthrene: 0.12–0.4 µg/m3 

pyrene: 0.028–0.145 µg/m3 

median levels in urine: 
1-OH-pyrene (ng/g creatinine): 
exposed persons: pre-shift: 271.4 
post-shift: 482.2 
controls: pre-shift: 196.9 
post-shift: 193.4 
Σ OH-phenanthrene (ng/g creatinine): 
exposed persons: pre-shift: 961.9 
post-shift: 1557.5 
controls: pre-shift: 881.5 
post-shift: 995.4

exposed persons: 8-oxo-dGuo ad-
ducts ↑ post-shift (p < 0.014), 
8-oxo-dGuo adducts significantly ↑ 
pre-shift and post-shift in compari-
son with the controls; 
(+) anti-BPDE–DNA adducts: no 
effects

adjusted for age, 
smoking and 
German nation-
ality

Marczynski 
et al. 2007 
(subset of 
Marczynski 
et al. 2011)

66 mastic asphalt workers 
(44 smokers), 
49 controls (20 smokers), 
Germany

bitumen condensate standard 
(median in mg/m3, interquartile range): 
exposed persons: 7.79 (3.67–23.8) 
median levels in urine: 
1-OH-pyrene (ng/g creatinine): 
exposed persons: pre-shift: 165 
post-shift: 296 
controls: pre-shift: 148 
post-shift: 179 
Σ OH-phenanthrene (ng/g creatinine): 
exposed persons: pre-shift: 850 
post-shift: 1556 
controls: pre-shift: 894 
post-shift: 945

white blood cells: 
exposed persons: 8-oxo-dGuo ad-
ducts ↑ in a comparison of pre-shift 
and post-shift levels (p = 0.01), 
post-shift: significant increase only 
in workers with low levels of expo-
sure (p = 0.02), not in those with high 
levels of exposure, significant in-
crease in adducts post-shift not only 
in asphalt workers, but also in the 
control group

adjusted for age, 
smoking and 
German nation-
ality

Marczynski 
et al. 2006 
(subset of 
Marczynski 
et al. 2011)

6 tunnel workers 
(3  smokers), 
Germany

see above white blood cells: 
increase in 8-oxo-dGuo adduct levels 
during the shift irrespective of type 
of asphalt application

limited rele-
vance because 
of small number 
of cases, “tunnel 
construction 
site”

Raulf- 
Heimsoth et 
al. 2011 a

19 paving workers 
(9 smokers), 
22 controls (11 smokers), 
Italy

laying temperature 160 °C, personal air 
monitoring (NIOSH 1998 c), analysis of 
air samples taken on 3 workdays for 14 
different PAH concentrations according 
to Perico et al. (2001): 
total PAHs median: 2.843 µg/m3 (0.434–
15.858 µg/m3) 
benzo[a]pyrene: 0.005 µg/m3 
(0.003–0.020 µg/m3) 
PAHs with 4–6 rings: 
0.150 µg/m3 (0.033–0.945 µg/m3) 
urinary 1-OH-pyrene: 
pre-shift: 0.27 µg/g creatinine 
post-shift: 0.81 µg/g creatinine (1260 ng/l)

lymphocytes: oxidative DNA damage 
(FPG-modified comet assay) exposed 
persons: 7/19 (37%), 
controls: 0/22, 
statistically significant increase in 
the frequency of comets in exposed 
persons in comparison with the 
controls (both in FPG-treated and 
untreated cells), 
urinary 1-OH-pyrene significantly 
higher after 3 workdays than at the 
beginning of the working week

adjusted for 
smoking

Cavallo et 
al. 2006

Tab. 7 (continued)
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Workers Exposure/exposure marker/ 
method of determination

Effects Confounders, 
remarks

References

oxidative stress (disulfide/thiol homeostasis)

34 asphalt workers 
(non-smokers, average 
length of employment 
15.2 ± 6.8 years, no other 
data), 
35 controls (healthy 
non-smokers, “officers”), 
Turkey

urinary 1-OH-pyrene at the end of the 
working week (ng/g creatinine: median 
(range)): 
exposed persons: 3328 (1000–370 845) 
controls: 331 (65–1174)

disulfide/thiol ratio in serum and 
1-OH-pyrene concentration in urine 
significantly higher in the exposed 
group than in the control group, 
positive correlation between di-
sulfide/thiol ratio and 1-OH-pyrene 
concentration in urine

no specific data 
for exposure 
and activity, no 
data for the 
reference group

Yilmaz et al. 
2016

DNA strand breaks (comet assay)

30 asphalt workers 
(8 smokers), 
30 controls (8 smokers), 
Turkey

no data statistically significant increase in 
DNA strand breaks (“%DNA in the 
tail” in exposed persons 24.34; in 
controls 20.04) (p < 0.01), difference 
between exposed smokers and ex-
posed non-smokers not significant 
(p > 0.05)

smoking and 
alcohol con-
sumption con-
sidered

Bacaksiz et 
al. 2014

36 asphalt workers 
(20 smokers), 
37 controls (19 smokers), 
South India

no data for level of exposure and bitu-
mens used; 
duration of exposure: 11.08 ± 3.31 years 
urinary 1-OH-pyrene (median µmol/mol 
creatinine ± SD): 
exposed persons: 1.68 ± 0.93 (5040 ng/l) 
controls: 0.55 ± 0.42

peripheral lymphocytes: significant-
ly longer average comet tail lengths 
with DNA fragments (p < 0.05), statis-
tically significant difference between 
exposed smokers and exposed 
non-smokers (p < 0.05) and between 
exposed persons who consumed 
alcohol and exposed persons who did 
not (p < 0.05)

adjusted for 
smoking and 
alcohol con-
sumption, no 
protective 
clothing

Sellappa et 
al. 2011

15 road pavers 
(10  smokers), 
5 controls (no smokers), 
Finland

conventional asphalt (stone mastic as-
phalt, asphalt concrete) 
asphalt modified with waste plastic and 
tall oil pitch (145–165 °C) 
inhalable particles: 
bitumen “fumes”: 0.05–0.29 mg/m3 

bitumen “vapour”: 0.4–1.9 mg/m3 

PAHs: 0.5–3.5 µg/m3 

benzo[a]pyrene: < 0.01 µg/m3 

urinary 1-OH-pyrene: see Väänänen et 
al. (2006)

lymphocytes from the oral mucosa: 
no statistically significant differ-
ences between pre-shift and post-
shift levels and between exposed 
persons and controls; 
positive correlation between DNA 
strand breaks and urinary 
1-OH-pyrene and 1-naphthol only in 
post-shift samples but not in pre-shift 
samples, effects not induced by PAH 
exposure alone

no effects from 
smoking; barbe-
cued food and 
hot beverages: 
increased DNA 
damage

Lindberg et 
al. 2008

6 tunnel workers 
(3  smokers), 
Germany

see above peripheral lymphocytes: 
higher frequency of DNA strand 
breaks post-shift than pre-shift, no 
relationship between frequency of 
strand breaks and exposure, irre-
spective of type of asphalt applica-
tion

“tunnel con-
struction site”

Raulf- 
Heimsoth et 
al. 2011 a

66 mastic asphalt workers 
(44 smokers), 
49 controls (20 smokers), 
Germany

see above white blood cells: 
exposed persons: pre-shift and post-
shift: DNA strand breaks ↑ 
(p < 0.0001), significant correlation 
with urinary levels of 1-OH-pyrene 
and OH-phenanthrene post-shift 
(p = 0.001 and p = 0.004)

adjusted for age, 
smoking and 
German nation-
ality

Marczynski 
et al. 2006 
(subset 
Marczynski 
et al. 2011)

Tab. 7 (continued)
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Workers Exposure/exposure marker/ 
method of determination

Effects Confounders, 
remarks

References

202 mastic asphalt workers 
(133 smokers), 
55 controls (paving 
workers without exposure 
to bitumen) (23 smokers), 
Germany

see above white blood cells: 
exposed persons: post-shift: DNA 
strand breaks ↓ (p < 0.05) 
statistically significant increase in 
number of DNA strand breaks pre-
shift and post-shift in exposed 
persons in comparison with controls, 
association between number of DNA 
strand breaks post-shift and 
1-OH-pyrene

adjusted for age, 
smoking and 
German 
nationality

Marczynski 
et al. 2007 
(subset of 
Marczynski 
et al. 2011)

42 mastic asphalt workers 
(27 smokers), 
no control group, 
Germany

mostly work performed inside, under-
ground car parks, laying temperature 
230–260 °C, 
duration of exposure: 96 months (72–180) 
exposure: median: 2.4 mg/m3 (1.5–4.1 
mineral oil standard); 3.6 (2.25–6.15 
bitumen condensate standard)

leukocytes from induced sputum: no 
changes in number of DNA strand 
breaks, lymphocytes from the blood: 
number of DNA strand breaks higher 
pre-shift than post-shift, 
statistically significant correlation 
between DNA strand breaks in spu-
tum leukocytes and IL-8 concentra-
tions pre-shift and post-shift, 
IL-8 ng/ml (median): 
pre-shift: 5.6 (1.7–11.3), 
post-shift: 3.0 (1.5–8.4)

adjusted for age, 
smoking and 
German nation-
ality, no control 
group, no con-
clusions could 
be drawn

Marczynski 
et al. 2010

320 mastic asphalt workers 
(199 smokers), 
118 controls (61 smokers), 
Germany

see above higher frequency of DNA strand 
breaks in exposed persons (pre-shift 
and post-shift), 
no positive association between DNA 
damage and level of exposure in air 
and internal exposure

increase in 
strand breaks 
determined in 
workers still 
within the 
range of the 
levels deter-
mined earlier in 
persons without 
exposure

Marczynski 
et al. 2011

SCE and CA

24 road pavers, 8 hand 
pavers, 22 finishers 
(26 smokers), 
6 controls (office workers), 
87 industrial controls 
(46 smokers), 
Hungary

no data for the method used to determine 
exposure levels 
exposure 1996: 
hand pavers: 4.32–12.99 mg/m3 

finishers: 0.15–5.6 mg/m3 

controls: no data

peripheral lymphocytes from the 
blood: 
1996/1997: 
significantly higher levels in exposed 
persons in comparison with controls 
(p < 0.05) 
1999: 
decrease in CA in exposed persons, 
levels brought into line with those of 
the controls, probably because of 
improved working conditions, 
no statistically significant differ-
ences: chromatid breaks, chromatid 
exchange, dicentric chromosomes, 
ring chromosomes, gaps

adjusted for 
smoking status, 
alcohol con-
sumption, expo-
sure

Major et al. 
2001

19 paving workers 
(9 smokers), 
22 controls (11 smokers), 
Italy

see above lymphocytes: 
SCE frequency: no statistically sig-
nificant differences

adjusted for 
smoking

Cavallo et 
al. 2006

Tab. 7 (continued)
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Workers Exposure/exposure marker/ 
method of determination

Effects Confounders, 
remarks

References

26 asphalt workers 
(1 smoker), 
26 controls (1 smoker), 
Turkey

exposure period: 11.2 years (SD 8.9 years, 
range 3–22 years) 
no data for level of exposure, type of 
bitumen used

peripheral lymphocytes: 
SCE frequency: significantly in-
creased pre-shift in comparison with 
the controls, 
no association between SCE frequen-
cy and urinary 1-OH-pyrene

not adjusted for 
age, smoking 
status consid-
ered

Karaman 
and Pirim 
2009

89 asphalt workers 
(54 smokers), 
33 controls (15 smokers), 
Hungary

no determinations 
“mixing asphalt”, laying temperature 
150 °C

peripheral lymphocytes from the 
blood: 
CA: significantly increased in ex-
posed workers (p < 0.05) 
SCE: no statistically significant 
differences

investigation of 
different road 
construction 
activities

Tompa et al. 
2007

28 road pavers (non- 
smokers), 
30 controls (non-smokers), 
Norway

personal air monitoring: 
total PAH levels: 0.2–24 μg/m3; 
coal tar-free asphalt; heating tempera-
ture: 150–200 °C

excretion of 1-OH-pyrene in exposed 
workers: 0.96 μmol/l, controls: 
0.60 μmol/l (significant), no signifi-
cant differences in pre-shift and 
post-shift levels, 
peripheral lymphocytes: 
SCE frequency: no significant differ-
ences

Järvholm et 
al. 1999

MN

40 road construction 
workers (20 smokers), 
40 controls (20 smokers), 
Turkey

no data for level of exposure, type of 
bitumen used, 
exposure period: 9 years

buccal mucosal cells: 
statistically significant increase in 
micronucleus frequency (p < 0.001)

no significant 
differences 
between ex-
posed smokers 
and exposed 
non-smokers

Çelik et al. 
2013

225 mastic asphalt workers 
(139 smokers), 
69 controls (41 smokers), 
Germany

vapours and aerosols, bitumen conden-
sate standard 
(median in mg/m3, interquartile range): 
exposed persons: 4.41 (2.64–7.34) 
controls: 0.29 (0.1–0.44)

peripheral lymphocytes from the 
blood: 
no differences between exposed and 
control persons (pre-shift and post-
shift)

adjusted for 
smoking status 
and age

Welge et al. 
2011

36 paving workers 
(20 smokers), 
37 controls (19 smokers), 
South India

see above peripheral lymphocytes: 
statistically significant increase in 
micronucleus frequency (p < 0.05), 
increase in micronucleus frequency 
in the control group/exposed group 
between smokers and non-smokers 
and between those who consumed 
alcohol and those who did not, in-
crease in micronucleus frequency in 
workers with exposure for more than 
10 years

no protective 
clothing other 
than safety 
shoes

Sellappa et 
al. 2011

202 mastic asphalt workers 
(133 smokers), 
55 controls (23 smokers), 
Germany

see above peripheral lymphocytes: 
no increase in micronucleus frequen-
cy

Marczynski 
et al. 2007 
(subset of 
Marczynski 
et al. 2011)

12 road layers (6 smokers), 
18 controls (6 smokers), 
Australia

no data for level and duration of expo-
sure or type of bitumen used

lymphocytes and exfoliated cells 
from the urine: significant increase 
in micronucleus frequencies in both 
cell types (p < 0.01)

no smoking 
effect

Murray and 
Edwards 
2005

Tab. 7 (continued)
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Workers Exposure/exposure marker/ 
method of determination

Effects Confounders, 
remarks

References

26 asphalt workers 
(1 smoker), 
26 controls (1 smoker), 
Turkey

exposure period: 11.2 years (SD 8.9 years, 
range 3–22 years), 
no data for level of exposure or type of 
bitumen used

peripheral lymphocytes: 
micronucleus frequency: significant-
ly increased pre-shift in comparison 
with the controls, 
increase in micronucleus frequency 
with duration of exposure, 
increased urinary excretion of 
1-OH-pyrene

not adjusted for 
age, 
smoking status 
considered

Karaman 
and Pirim 
2009

28 road pavers 
( non-smokers), 
30 controls (non-smokers), 
Sweden

personal air monitoring: 
total PAH levels: 0.2–24 μg/m3; 
coal tar-free asphalt; heating tempera-
ture: 150–200 °C, 
determination of 1-OH-pyrene, SCE, MN

1-OH-pyrene excretion in exposed 
persons: 0.96 μmol/l, controls: 
0.60 μmol/l (significant), no statistic-
ally significant differences between 
pre-shift and post-shift levels, 
peripheral lymphocytes: 
MN: no statistically significant dif-
ferences

Järvholm et 
al. 1999

HPRT mutation frequency and UDS

24 road pavers, 8 hand 
pavers, 22 finishers 
(26 smokers), 
6 controls (office workers), 
87 industrial controls 
(46 smokers), 
Hungary

no data for the determination of 
 exposure, 
exposure 1996: 
hand pavers: 4.32–12.99 mg/m3 

finishers: 0.15–5.6 mg/m3 

controls: no data

peripheral lymphocytes from the 
blood: 
no statistically significant 
 differences

Major et al. 
2001

BPDE: benzo[a]pyrene-7,8-diol-9,10-epoxide; CA: chromosomal aberrations; HPRT: hypoxanthine-guanine phosphoribosyltransferase; 
MN:   micro nuclei; NMAM: NIOSH Manual of Analytical Methods; 1-OH-pyrene: 1-hydroxypyrene; 8-oxo-dGuo: 8-oxo-7,8-dihydro-2′-deoxy-
guanosine; PAH: polycyclic aromatic hydrocarbons; SCE: sister chromatid exchange; SD: standard deviation; UDS: DNA repair synthesis

4.6.5 Other genotoxicity end points

4.6.5.1 Studies of paving workers

The study by Major (2001) mentioned above investigated UV light-induced UDS in peripheral lymphocytes. No signifi-
cant differences were found between hand pavers and finishers or the control groups. The HPRT mutation frequencies 
determined in the 2 groups of exposed persons did not differ significantly from those found in the control persons.

A method-oriented study was carried out to investigate the usefulness of phosphorylated histone (γH2AX) as a short-
term biomarker for DNA damage among roofers (Serdar et al. 2016). Exposure to PAHs was determined in 20 roofers by 
personal sampling and analysis during the shift on Mondays and Thursdays of the working week. Before and after the 
shift, blood samples were taken to determine γH2AX in lymphocytes and urine samples were collected to determine 
PAH metabolites (1- and 2-hydroxynaphthalene and 1-hydroxypyrene) and 8-oxo-dGuo (comparison with γH2AX). 
There was a marked increase in 8-oxo-dGuo concentrations and a slight increase in γH2AX concentrations during 
the shift. No relationships were found between external and internal exposure on the one hand and the 2 investigated 
effect markers on the other hand.

Tab. 7 (continued)
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4.6.6 Summary

4.6.6.1 Oxidized bitumen

Exposure of workers to the vapours and aerosols of oxidized bitumen yielded evidence of an increased frequency of 
DNA strand breaks (Toraason et al. 2001). PAH–DNA adducts, determined as benzo[a]pyrene–DNA adducts, cannot 
be unequivocally attributed to exposure to oxidized bitumen, as the workers were concurrently exposed to coal tar 
pitch dust (Herbert et al. 1990 b).

After exposure to the vapours and aerosols of oxidized bitumen without co-exposure to coal tar pitch dust, the urinary 
levels of 1-hydroxypyrene were 1740 ng/l (Toraason et al. 2001) and 1500 ng/l (McClean et al. 2007 a) (original data 
converted to ng/l according to Serdar et al. (2012)).

4.6.6.2 Straight-run bitumen/air-rectified bitumen (paving grade bitumen and mastic asphalt)

New studies published since 2001 did not find consistent evidence of increased genotoxicity or mutagenicity in ex-
posed workers induced by straight-run bitumen and air-rectified bitumen (Lindberg et al. 2008; Tompa et al. 2007). 
No evidence of increased genotoxicity or mutagenicity induced by the vapours and aerosols of bitumen was found in 
vivo in humans, particularly in studies that investigated a large number of cases (n > 200) such as the German Human 
Bitumen Study (Marczynski et al. 2011; Welge et al. 2011) and in studies with a sufficiently large number of different 
genotoxicity and mutagenicity markers (Major et al. 2001). However, other studies did observe increased levels of in-
dividual genotoxicity parameters in exposed persons (Cavallo et al. 2006; Çelik et al. 2013; Karaman and Pirim 2009; 
Murray and Edwards 2005; Sellappa et al. 2011). The findings of the human case–control studies of Welge et al. (2011), 
Marczynski et al. (2011) and Major (2001) carry greater weight because of the concurrent investigation of different end 
points, the size of the study collective and the detailed description of exposure conditions. These studies did not find 
higher frequencies of micronuclei, chromosomal aberrations, HPRT mutations, SCE, DNA strand breaks or oxidative 
DNA base damage induced by exposure to bitumen.

The predominantly negative results for genotoxicity and mutagenicity are supported by studies that did not determine 
an increase in DNA adduct levels (Marczynski et al. 2011; McClean et al. 2007 b). A relationship between exposure and 
PAH-related DNA adducts of the carcinogen benzo[a]pyrene was not found (Marczynski et al. 2011; McClean et al. 2007 
b), even though very sensitive methods such as 32P-postlabelling were used in some cases.

Most of the studies used the levels of 1-hydroxypyrene in the urine as a marker of PAH exposure. The levels obtained 
were below 2.5 µg/l urine, the level set as the threshold by the Biological Exposure Indices (BEI) committee of the 
American Conference of Governmental Industrial Hygienists (ACGIH 2017). According to current knowledge, no 
relevant genotoxicity is expected to be induced by PAHs below this threshold. In road paving workers with exposure 
to bitumen, the mean levels of 1-hydroxypyrene in the urine (where applicable, converted to ng/l according to the 
method of Serdar et al. (2012) to allow comparison) were 1865 ng/l (McClean et al. 2004 b), 700 ng/l (McClean et al. 
2012), 184 ng/l (Campo et al. 2011), 2110 ng/l (Sobus et al. 2009), 870 ng/l (Väänänen et al. 2003), 1980 ng/l (Väänänen et 
al. 2006), 1260 ng/l (Cavallo et al. 2006), 460 to 820 ng/l (Human Bitumen Study, Pesch et al. (2011)), 5040 ng/l (Sellappa 
et al. 2011) and 1170 ng/l (Karaman and Pirim 2009). On the basis of these findings, PAHs play only a subordinate role 
in the development of a theoretical genotoxic risk for workers.

However, in spite of methods that allow bitumens to be processed at lower temperatures, straight-run and air-rectified 
bitumen, particularly mastic asphalt, may continue to be applied under very unfavourable exposure conditions in the 
future, for example in tunnels lacking adequate ventilation. Therefore, increased exposure to carcinogenic compounds, 
including PAHs, cannot be ruled out in exceptional cases.

4.7 Carcinogenicity
This section reviews epidemiological studies that were not described in the 2001 documentation (Greim 2002) and that 
were published after 2001.
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4.7.1 Case–control studies
A number of case–control studies (Jöckel et al. 1998; Richiardi et al. 2004; Watkins et al. 2002) did not observe a signifi-
cant increase in the odds ratio (OR) for lung cancer resulting from occupational exposure to bitumen. The relevance 
of these studies is limited for several reasons, including a lack of specificity in the estimation of exposure levels and 
the inclusion of an insufficient number of cases.

A study carried out in Germany compared 156 men with bladder tumours with 336 control persons with prostate 
cancer. An OR for bladder tumours of 2.92 (95% CI: 1.32–6.48) was determined for the category “frequent exposure to 
bitumens”. However, concurrent exposure to coal tar or pitch is possible (Geller et al. 2008). No adjustment was made 
for this by the authors. No quantitative data were provided for the frequency and level of exposure or the nature of 
the work activities.

In Canada, 1009 persons with malignant brain tumours were compared with 5039 random population controls from 
Canadian registries. Mailed questionnaires were used to collect data for the study. The analyses were performed by 
logistic regression and adjusted for age, province of residence, sex, education level, alcohol and tobacco consumption 
and total energy intake via the diet. The OR for brain tumours after exposure to bitumen (“for more than a year”) was 
1.29 (95% CI: 1.02–1.62). While the OR for men was 1.20 (95% CI: 0.93–1.54), women were found to have a markedly higher 
OR of 1.85 (95% CI: 1.03–3.34). The trend (p = 0.033) for the length of bitumen exposure was statistically significant; the 
OR was 1.21 for exposure for 1 to under 10 years (95% CI: 0.92–1.60; 77 cases, 274 controls) and 1.39 for exposure for at 
least 10 years (95% CI: 0.97–1.99; 43 cases, 162 controls) (Pan et al. 2005). The report did not provide any data for the 
nature of the work activities or the type of bitumen handled.

A case–control study that was nested in parts of the IARC cohort (38 296 male asphalt workers from Denmark, Ger-
many, Finland, France, Israel, the Netherlands and Norway; see Section 4.7.2) investigated workers who had worked in 
the bitumen industry for at least 2 seasons, were under 75 years of age on 1 January 1980 and had not developed cancer. 
The group of cases comprised 433 workers from the cohort who had developed a lung tumour between 1980 and 2002 
to 2005 (the end of the follow-up period varied in the different national subcohorts). The control group was made up of 
1253 randomly selected persons without respiratory tract cancer. Demographic data as well as information on lifestyle 
and occupational history were collected by telephone interview. As only 2% of the persons with lung cancer could be 
reached for an interview, in almost all of the cases the interviews were held with relatives and work colleagues, while 
66% of the workers of the control group were available for an interview. The number of participants varied greatly, not 
only between the individual countries, but also between cases (65%) and controls (58%). The individual exposure levels 
to the vapours and aerosols of bitumen, organic vapours and 4-ring to 6-ring PAHs were modelled semi-quantitatively. 
In addition, dermal exposure to bitumen vapour condensate was estimated and adjusted for working hours and hy-
giene habits. Possible confounders (asbestos, tar, quartz, diesel exhaust fumes) were divided into the categories “no”, 
“low” and “high” according to estimates by experts. The data were analysed by logistic regression after adjustment 
for age, country and smoking pack-years. The ORs for lung cancer were 1.12 (95% CI: 0.84–1.49) for general exposure to 
bitumen, 1.20 (95% CI: 0.93–1.55) for organic vapours, 1.20 (95% CI: 0.85–1.69) for PAHs in the inhaled air, and 1.17 (95% 
CI: 0.88–1.56) for dermal exposure to bitumen vapour condensate. The adjusted ORs for the duration of exposure to 
bitumen, average level of exposure and cumulative exposure to the vapours and aerosols of bitumen were slightly 
increased in comparison with those of the category “never exposed” and were in the order of 1.1 and 1.3, which was 
not statistically significant. A linear trend analysis did not demonstrate a significant association between these levels 
of exposure and the incidence of lung cancer. This applies to both routes of exposure, dermal absorption and inhal-
ation. Conversely, an OR of 1.60 (95% CI: 1.09–2.36) was determined for cumulative exposure to tar (Olsson et al. 2010). 
The varying number of participants and the necessity of relying almost exclusively on relatives and colleagues in 
the interviews for the group of cases may have introduced some bias of unknown direction. In spite of considerable 
efforts on the part of the authors, some of the exposure data for the vapours and aerosols of bitumen and possible 
confounders are based solely on estimates.

The study of Olsson et al. (2010) was re-evaluated with a detailed estimation of the exposure levels to bitumen and 
confounders. The adjusted OR for the duration of exposure, cumulative exposure and average exposure to bitumen was 
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between 0.6 and 1.2. A linear trend was not found between exposure levels and the incidence of lung cancer. In this 
respect, the re-analysis was not able to establish a relationship between bitumen vapour and lung cancer (Agostini 
et al. 2013).

4.7.2 Cohort studies
The multicentric cohort study carried out by the IARC comprised a collective of just under 80 000 workers from the 
asphalt industry, roofers and workers from related trades who handled or did not handle bitumen in Denmark, Ger-
many, Finland, France, Israel, the Netherlands, Norway and Sweden (Boffetta et al. 2001, 2003 a, b). Depending upon 
the subcohort, the first year of employment was between 1910 and 1965 and the last year of employment was between 
1992 and 1999. On the basis of a job category system, the investigated workers were divided into groups of workers who 
were exposed to the vapours and aerosols of bitumen (n = 29 820) and workers in building and ground construction 
without exposure to bitumen (n = 32 250). The remaining workers formed a group of participants who were not classi-
fiable in terms of their exposure to bitumen. Using information provided by the companies, a “coal tar-free” subcohort 
was formed comprising 17 443 bitumen workers and 30 273 building and ground construction workers. The mortality 
data were collected for the time period from 1953 to 1979 (beginning) and 1995 to 2000 (end) and relative risks were 
calculated by matching with the “WHO Mortality Data Base” (specified according to age, calendar period, country 
and sex). Overlapping between the IARC multicentre study and the epidemiological studies previously described in 
the 2001 documentation (Greim 2002) was documented (Pukkala 1995) or, in some cases, probable (Engholm et al. 1991; 
Hansen 1989 a, b).

Overall, both total mortality and mortality caused by malignant neoplasms were slightly reduced in bitumen workers 
in the total cohort (SMR (standardized mortality ratio) overall 0.96 (95% CI: 0.93–0.99); malignant neoplasms SMR 0.95 
(95% CI: 0.90–1.01); Boffetta et al. 2001). In the pooled analysis of Boffetta et al. (2003 a), a trend of increased SMRs was 
observed for lung cancer; however, this trend was statistically significant only for bitumen workers overall (1.17; 95% 
CI: 1.04–1.3) and paving workers (1.17; 95% CI: 1.01–1.35) (see Table 8). An analysis within the cohort using Poisson re-
gression and the building and ground construction workers as a reference group did not find a statistically significant 
increase in lung cancer risk for the individual occupational groups.

Tab. 8 Standardized mortality ratios (SMR) for lung cancer (IARC multicentre study) (Boffetta et al. 2001, 2003 a)

Subcohorts SMR 95% CI Number of deaths

bitumen workers (total) 1.17 1.04–1.30 330

paving workers 1.17 1.01–1.35 189

mastic asphalt workers 2.39 0.78–5.57   5

workers in asphalt mixing plants 1.12 0.73–1.66  25

roofers and waterproofers 1.33 0.73–2.23  14

building and ground construction workers without exposure to 
bitumen (reference group)

1.01 0.89–1.15 no data

other occupational groups 1.01 0.88–1.15 no data

A job exposure matrix with semi-quantitative estimates of the level of exposure to the vapours and aerosols of bitu-
men, organic vapours, PAHs, diesel exhaust fumes, asbestos, quartz and coal tar was developed on the basis of ques-
tionnaires (Burstyn et al. 2000, 2003). The SMR for lung cancer of workers exposed to bitumen (1.08; 95% CI: 0.99–1.18) 
was almost at the same level as that of workers without exposure to bitumen (1.05; 95% CI: 0.92–1.19). An SMR of about 1 
was determined for the groups with exposure to coal tar, asbestos or quartz, which may, however, have been caused by 
cumulative exposure levels that were, on average, low. Conversely, the SMR for lung cancer was significantly increased 
(1.23; 95% CI: 1.02–1.48) in the “coal tar-free” subcohort, but without any significant association with the duration of 
exposure, cumulative exposure or average exposure level (Boffetta et al. 2003 b). The analyses of the cohorts of the 
IARC multicentre study (Boffetta et al. 2003 a, b) were not adjusted for cigarette smoking.
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In the Swedish (Bergdahl and Järvholm 2003) and Dutch subcohorts (Hooiveld et al. 2003) of the IARC multicentre 
study, the data were adjusted for smoking habits on the basis of secondary data for smoking prevalence in the re-
spective countries. In the Swedish cohort, this had no influence on the estimated risk of lung cancer in construction 
workers with exposure to bitumen. In comparison with construction workers without exposure to bitumen, the SMR 
was 1.03 (95% CI: 0.70–1.45) after adjusting for tobacco smoking. The authors concluded that bitumen workers do not 
have an increased risk of lung cancer from exposure to the vapours and aerosols of bitumen at levels similar to those 
found in Sweden in the 1960s and 1970s. After adjusting for smoking habits, all relative lung cancer risks from exposure 
to bitumen were decreased in the Dutch cohort, which was interpreted as evidence of confounding through smoking.

To facilitate the collection of data for tumours with a good survival prognosis, the cancer incidence for various tu-
mours was investigated in the IARC subcohorts from Denmark, Finland, Norway and Sweden. The increase in the 
standardized incidence ratio (SIR) for lung cancer was statistically significant in the overall subcohort (SIR 1.21; 95% 
CI: 1.07–1.36) and was particularly marked in paving workers (SIR 1.26; 95% CI: 1.08–1.47) in comparison with the lung 
tumour incidence determined on the basis of data from the national cancer registries. No trend was detected with 
regard to the time since the first exposure. Significant increases in SIRs were not found in the other subgroups; roofers, 
for example, had an SIR of 1.06 (95% CI: 0.53–1.90). No excess cancer of the bladder was noted, only a trend that was 
dependent on the time since the first exposure. However, this trend was not statistically significant (Randem et al. 
2004 a). The results were not adjusted for smoking.

A study that investigated another subset of the cohort (male asphalt paving workers from Denmark, Finland, 
 Norway and Israel) for a possible relationship between the incidence of bladder cancer and exposure to PAHs used 
 benzo[a]pyrene as the marker of exposure. Trends were observed; however, these were not found to be statistically 
significant (Burstyn et al. 2007). The calculated risks were not adjusted for smoking or exposure to coal tar.

A follow-up study up to 2004 is available for the German subcohort of the IARC multicentre study. The study found 
significantly increased SMRs for neoplasms of the lungs (1.77; 95% CI: 1.46–2.16), larynx, oesophagus and the bladder 
and for oral-pharyngeal tumours. However, at the same time the study found an excess of deaths from alcoholism, 
liver cirrhosis and non-malignant respiratory deaths (indicating an increased prevalence of smoking). According to 
the authors, the higher incidence of mortality from lung cancer observed among the asphalt workers was probably 
caused by a higher prevalence of smoking or exposure to coal tar (Behrens et al. 2009).

4.7.3 Meta-analyses
A meta-analysis reviewed all epidemiological sources that were available at that time. Only peer-reviewed publications 
were included and, if several articles had been published on a study, the latest updated version was used. Studies that 
calculated the relative risk (RR) based on an internal control population were preferred to those with results based on 
external control groups. The analysis included 16 country-specific studies of roofers and 11 studies of paving workers. 
After adjusting for coal tar, the overall relative risk of lung cancer in roofers declined from 1.67 (95% CI: 1.39–2.02) to 
1.10 (95% CI: 0.91–1.33). However, adjusting for coal tar had hardly any effect on the results for paving workers (0.98, 
95% CI: 0.81–1.18 to 0.96, 95% CI: 0.80–1.16) (Fayerweather 2007). An over-adjustment may have been made for roofers, 
particularly because the meta-analysis included studies that had already been adjusted for tar, which may have weak-
ened the RR to almost 1.

Another meta-analysis of all studies that fulfilled the inclusion criteria revealed a slightly increased RR of lung cancer 
of 1.33 (95% CI: 1.20–1.47) (Mundt et al. 2018). The RR was slightly higher in roofers (1.79; 95% CI: 1.46–2.19) than in pav-
ing workers (1.12; 95% CI: 1.04–1.21). After the exclusion of studies that were of lower quality, for example because of 
poorly estimated exposure levels, insufficient data for occupation, duration of exposure or co-exposure to coal tar, the 
authors did not find an overall higher risk for lung cancer in workers exposed to bitumen (RR 0.94; 95% CI: 0.74–1.20). 
The results of the 8 lung cancer studies included in the meta-analysis were adjusted for such confounders as smoking 
and, with one exception, also for exposure to tar. An overall higher risk was determined for head and neck tumours 
in the oral cavity, oesophagus, pharynx or larynx, both when all analysed studies were taken into consideration 
(RR overall 1.48; 95% CI: 1.22–1.81; roofers: RR 1.86; 95% CI: 1.22–3.83; paving workers: RR 1.37; 95% CI: 0.97–1.93) and 
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after the exclusion of lower-quality studies (RR 1.31; 95% CI: 1.03–1.67; data not differentiated by occupation). The risk 
for oesophageal tumours was increased (all studies 1.30; 95% CI: 1.06–1.59; after the exclusion of lower-quality studies 
RR 1.48; 95% CI: 1.0–2.19). When the studies of paving workers and roofers were evaluated separately, significantly 
higher risks were determined among roofers (RR 1.34; 95% CI: 1.07–1.67 for all studies). The findings of the studies 
included in the meta-analysis that investigated head and neck tumours were almost exclusively based on external 
comparisons for cancer incidence and mortality and had not been adjusted for smoking and coal tar. After exclusion 
of the lower-quality studies, a slightly increased risk of stomach cancer (RR 1.29; 95% CI: 1.03–1.62) was determined. 
However, this finding was largely based on a single study; the other studies did not report any noteworthy findings. 
An increased risk caused by exposure to bitumen was not observed for bladder and kidney cancers and for skin cancer 
(melanomas and non-melanomas). After systematically analysing the quality of the findings of the meta-analysis, the 
authors concluded that the higher-quality studies provided strong evidence against an increased risk of lung cancer; 
that is, the level of evidence was rated as high. The authors assigned a moderate level of confidence to the evidence 
against an increased risk of kidney cancer. The level of confidence for the findings relating to lung cancer and for all 
other tumour localizations—irrespective of whether the meta-analysis found an increased risk or not—was low for all 
studies; in other words, the evidence was not convincing.

4.7.4 Summary
Overall, no evidence of increased mortality from cancer (all forms of cancer) was found in bitumen workers. However, 
a slightly increased risk of lung cancer was observed, but not consistently; it is not possible to conclusively attribute 
this effect to a particular type of bitumen or to a particular activity. The reliability of the findings of the available 
 studies is limited; therefore, both an overestimation and an underestimation of the potential lung cancer risk is pos-
sible. However, a markedly higher lung cancer risk can largely be ruled out on the basis of the overall findings of the 
studies. In comparison with other studies, greater significance can be accorded to the results of the nested case–con-
trol studies of Olsson et al. (2010) and Agostini et al. (2013) because of the relatively good estimation of the level of 
exposure; neither found a significant increase in lung cancer risk among a relatively large number of cases (433 and 
393, respectively).

The existing studies, including the IARC multicentre study, have considerable shortcomings:

	• a lack, particularly of quantitative data for the estimated level of exposure to the vapours and aerosols of bitumen;

	• a lack, particularly of quantitative data for the estimated level of exposure to significant potential occupational 
and non-occupational confounders, primarily coal tar and smoking;

	• a lack of data for the levels of occupational exposure before or after handling bitumen at work;

	• with respect to the IARC multicentre study: heterogeneity of exposure across countries, representativeness of 
bitumen workers, comparability of the national SMRs.

4.8 Other effects
Since 2000, 3 studies have investigated the potential tumour-promoting properties of the vapours and aerosols of bitu-
men (Fenga et al. 2000; Loreto et al. 2007; Rapisarda et al. 2009) by analysing via immunohistochemistry the expression 
of specific proteins that may influence the cellular response to stress signals or play a role in cell cycle regulation/
apoptosis. The investigations were performed using skin biopsies from paving workers with long-term exposure to 
bitumen and from control persons without exposure. By comparing the findings with those from control samples, it 
was possible to determine changes in the expression of the heat shock protein HSP 27 (Fenga et al. 2000), the proteins 
Bax and Bcl-2, which are involved in the regulation of apoptosis (Loreto et al. 2007), TRAIL (Tumor Necrosis Factor 
Related Apoptosis Inducing Ligand), DR5 (Death Receptor) and Caspase-3 (Rapisarda et al. 2009). Also, a significantly 
larger number of nuclei of apoptotic cells were determined by the TUNEL method (Terminal Deoxynucleotidyl Trans-
ferase Mediated dUTP Nick End Labelling) in the samples collected from exposed workers (Rapisarda et al. 2009).
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5 Animal Experiments and in vitro Studies

5.1 Acute toxicity
There are no new data available.

5.2 Subacute, subchronic and chronic toxicity

5.2.1 Inhalation

5.2.1.1 Straight-run bitumen, air-rectified bitumen

In a study carried out in the United States, female Sprague Dawley rats (Hla:(SD)CVF) were exposed whole-body by 
inhalation to the vapours and aerosols of a paving grade bitumen heated to 150 °C. No further data were provided for 
the paving grade bitumen (Ma et al. 2003 b). The duration of exposure varied from group to group and ranged from a 
single exposure for 1 hour to exposure for 6 hours a day on 5 consecutive days. The number of animals per group was 
not reported in more detail. The method used to produce and to determine exposure levels was described in the report 
(Wang et al. 2001). Cumulative exposure levels were in the range from 53 to 1734 mg × h/m3; the concentrations of TOM 
in air were between 10.4 and 57.8 mg/m3. The study investigated the acute responses in the lungs (differential cell count, 
acellular lactate dehydrogenase activity and protein content of bronchoalveolar lavage fluid), alveolar macrophage 
activity and changes in the activities of xenobiotic-metabolizing enzymes in the lungs. No signs of damage or inflam-
mation were determined in the lungs. However, cytochrome-P450 (CYP) 1A1 and cytosolic quinone oxidoreductase 
levels were increased and CYP2B1 levels reduced. The induction of CYP1A1 was localized in undamaged bronchiolar 
epithelial cells (club cells), alveolar septa and endothelial cells by immunofluorescence microscopy. These changes alter 
PAH metabolism and, according to the authors, may lead to mutagenic or carcinogenic effects in the lungs.

The lung tissue of groups of 5 male Fischer 344 rats was examined after nose-only exposure to the vapours and aero-
sols of bitumen by inhalation for 6 hours a day on 5 consecutive days (Gate et al. 2006). To produce the vapours and 
aerosols, 50/70 bitumen from Venezuela (CAS number 8052-42-4) was heated to 170 °C. The total particulate matter 
concentration was 114.6 ± 16.8 mg/m3; reference was made to an earlier publication with respect to the PAH levels 
 (benzo[a]pyrene: 200 ng/m3; sum of 4–6 ring PAHs: 15–16 µg/m3) (Binet et al. 2002). The PAH profile was compar-
able with the PAH profile determined in paving workers. The lung tissue of the 5 rats of the exposure group and the 
5 control animals was prepared immediately after the last exposure. In the bronchoalveolar lavage (BAL) fluid of the 
exposed animals, the total number of cells was double the control value and the number of macrophages, neutrophilic 
granulo cytes and lymphocytes were significantly increased. In addition, there was a marked increase in the expression 
of inflammation-promoting genes in the BAL cells (TNFα, IL-1β, MIP2). The altered expression of 26 genes involved in 
inflammatory and immune responses could be determined by microarray analysis. The gene expressions of cytokines 
IL-6 and IL-18 and chemokines CCL2/MCP1, CXCL1/CINC1 and CXCL2/MIP2 were among the most upregulated in 
the lung tissue. The gene expression of the PAH-metabolizing enzymes CYP1A1 and CYP1B1 was increased 800 and 
27 times, respectively; by contrast, CYP2F2 (naphthalene metabolism) was 3.4 times lower. Other genes, for example 
NQO1, ALDH3A1 and GSTA5, with an Ah-receptor binding site in their promotor, were likewise significantly upregu-
lated in exposed lung tissue. Exposure to bitumen also led to the increased expression of genes involved in the cellular 
response to oxidative stress (SOD2, HSP1A1, HMOX1, GPX1, MT1A). Overall, exposure to the vapours and aerosols of 
bitumen altered the expression of 363 genes or EST (Expressed Sequence Tags).

Groups of 50 to 86 male and female   Wistar rats were exposed nose-only to the vapours and aerosols of bitumen for 
24 months (Fuhst et al. 2007). The bitumen vapour and aerosol atmosphere was generated according to the process 
developed by Fraunhofer ITEM (Pohlmann et al. 2006 a, b; Preiss et al. 2006). This process involved heating a con-
densate that was generated prior to the beginning of the study from the vapour and aerosol phase of a paving grade 
bitumen (B 50/70) heated in a tank to a temperature of 175 °C. This type of bitumen finds widespread use in Germany. 
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The benzo[a]pyrene concentration in the condensate was about 0.2 µg/g. The bitumen vapour and aerosol atmosphere 
was diluted to the desired exposure concentration by adding air and then fed to the inhalation units; the volumetric 
flow rate, temperature and humidity were monitored continuously. The vapours and aerosols tested were generated 
based on typical scenarios from the workplace; qualitatively, their constituents were equivalent to those found with 
actual workplace exposure.

Regular analytical monitoring of the exposure atmosphere ensured that the concentration in the air remained con-
stant and identical for the animals (Pohlmann et al. 2006 a). The rats were exposed for 6 hours a day to the vapours and 
aerosols of bitumen at mean total hydrocarbon concentrations (THCs) in air of 0, 4.1, 20.7 or 103.9 mg/m3 (related to min-
eral oil as the reference standard), which are equivalent to 0, 6.0, 30.4 or 152.6 mg/m3 related to bitumen condensate as 
the reference standard. In the 3 concentration groups, the vapour-to-particle ratios were 15% to 85% at 6 mg/m3, 27% to 
73% at 30.4 mg/m3 and 50% to 50% at 152.6 mg/m3, respectively (bitumen condensate standard). In the low concentration 
group, the benzo[a]pyrene concentrations were below the limit of detection, in the middle and high concentration 
groups, the concentrations were 5 and 30 ng/m3, respectively. The total number of 272 male and 272 female SPF   Wistar 
rats (CRL:WI(WU)BR) were divided into groups of 86 animals of each sex for the control and high concentration groups 
and groups of 50 animals of each sex for the low and middle concentration groups. All animals were examined daily 
for clinical signs; body weights and feed consumption were monitored regularly. No signs of toxicity were determined 
in the rats during the study period. A comparison of the groups did not yield significant differences in mortality. The 
decrease in body weights of the rats of the middle and high concentration groups in comparison with those of the 
control group was statistically significant (♂/♀: –3%/–8% and –7%/–8%). During the study period, BAL was carried out 
in 6 male and 6 female rats of the control and high concentration groups after 7 and 90 days and after 12 months. The 
rats of the high concentration group exhibited signs of slight inflammatory effects in the bronchoalveolar region of 
the lungs. These were manifest as an increase in the concentrations of lactate dehydrogenase and γ-glutamyltrans-
ferase in the BAL fluid and were statistically significant. Examinations for cell proliferation (nasal cavity, terminal 
bronchioles and lung parenchyma) and for histopathological changes in the respiratory tract were carried out in an 
additional 6 male and 6 female rats after the same periods of time. Increased cell proliferation in the transition zone 
from the respiratory to the olfactory epithelium was found only in male rats (see Table 9).

Tab. 9 Time-dependent histopathological findings after exposure of SPF   Wistar rats to the vapours and aerosols of bitumen 
(152.6 mg/m3 bitumen condensate standard) (Fuhst et al. 2007)

7 days 90 days 12 months

Main nasal cavity and paranasal sinuses

basal cell hyperplasia weak to moderate 
HC: 6/6 ♂, 6/6 ♀ 
C: 0/6 ♂, 0/6 ♀ 
(mainly in the transition zone 
between respiratory and 
 olfactory epithelium)

weak 
HC: 6/6 ♂, 6/6 ♀ 
C: 0/6 ♂, 0/6 ♀ 
(mainly in the transition zone 
between respiratory and 
 olfactory epithelium)

focal/multifocal 
very weak to weak 
HC: 2/6 ♂, 2/6 ♀ 
C: 0/6 ♂, 0/6 ♀

multifocal goblet cell hyperplasia no findings very weak to moderate 
HC: “trimming levels” 1 to 3 
C: “trimming level” 1 
statistically significant differ-
ence in severity 

very weak to moderate  
HC: 6/6 ♂, 6/6 ♀ 
C: 1/6 ♂, 2/6 ♀

eosinophilic cytoplasmic inclusions no findings very weak to weak 
HC: 6/6 ♂, 6/6 ♀ 
C: 0/6 ♂, 0/6 ♀ 
(multifocal; mainly in the tran-
sition zone between respiratory 
and olfactory epithelium)

very weak to moderate 
HC: 4/6 ♂, 6/6 ♀ 
C: 2/6 ♂, 1/6 ♀ 
(hyaline degeneration; in 
 epithelial cells)

focal/multifocal hyperplasia of the 
respiratory epithelium

no findings no findings very weak to weak 
HC: 4/6 ♂, 1/6 ♀ 
C: 0/6 ♂, 0/6 ♀
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7 days 90 days 12 months

multifocal inflammatory cell infiltrates 
of the respiratory and/or olfactory 
 epithelium

no findings no findings very weak to weak 
HC: 5/6 ♂, 6/6 ♀ 
C: 1/6 ♂, 0/6 ♀

Lungs

focal/multifocal bronchoalveolar 
 hyperplasia of the bronchiolar type 
(alveolar bronchiolization)

no findings no findings very weak to weak 
HC: 5/6 ♂, 4/6 ♀ 
C: 0/6 ♂, 0/6 ♀

multifocal bronchiolar goblet cell 
 hyperplasia

very weak 
HC: 1/6 ♂, 0/6 ♀ 
C: 0/6 ♂, 0/6 ♀

no data very weak 
HC: 4/6 ♂, 2/6 ♀ 
C: 0/6 ♂, 0/6 ♀

multifocal alveolar histiocytosis 
 (accumulation of macrophages)

very weak to weak 
HC: 2/6 ♂, 2/6 ♀ 
C: 0/6 ♂, 0/6 ♀

weak to moderate 
HC: 6/6 ♂, 6/6 ♀ 
C: 5/6 ♂, 1/6 ♀

very weak to weak 
HC: 6/6 ♂, 6/6 ♀ 
C: 2/6 ♂, 0/6 ♀

bronchiolar/alveolar hypertrophy no findings HC: 3/6 ♂, 3/6 ♀ 
C: 1/6 ♂, 0/6 ♀

no data

alveolar/interstitial (mixed) 
 inflammatory, mononuclear cell 
 infiltrates

no findings no findings very weak 
HC: 2/6 ♂, 2/6 ♀ 
C: 0/6 ♂, 0/6 ♀

multifocal interstitial fibrosis no findings no findings weak 
HC: 0/6 ♂, 1/6 ♀ 
C: 0/6 ♂, 0/6 ♀

C: control group; HC: high concentration group

At concentrations of 30.4 mg/m3 (bitumen condensate standard) and above, a significant, concentration-dependent 
increase in very slight (38% of the animals of the exposure group) to slight (6%) bronchiolar-type bronchoalveolar 
 hyperplasia was found in the lungs of animals of both sexes. In the high concentration group, the fraction of very 
slight to slight hyperplasia was 66% and 26%. The increase in low-grade effects was significant only at concentrations of 
152.6 mg/m3 (bitumen condensate standard) and above. In addition, a significant increase in the incidence of primarily 
very slight to slight mononuclear inflammatory cell infiltrates was observed in both sexes at this concentration and 
above. The only moderate case occurred in the control group. A significant increase in the incidence of very slight to 
slight alveolar histiocytosis was observed at concentrations of 30.4 mg/m3 and above in the males and at concentrations 
of 152.6 mg/m3 and above in the females; the background incidence was 64%.

The incidence of goblet cell hyperplasia in the olfactory epithelium was significantly increased in male rats at con-
centrations of 6 mg/m3 (bitumen condensate standard) and above. This effect occurred with comparable frequency 
in the females at 6 mg/m3; however, the increase was not significant because of the high incidence determined in the 
control group. This effect is regarded as adaptive and not adverse because it was not found together with degenerative 
changes or signs of inflammation and is therefore not included in the derivation of the MAK value. For the same 
reason, the small number of cytoplasmic inclusions was not regarded as adverse. They were significantly increased 
at concentrations of 6 mg/m3 and above in the males and, because of the higher incidence found in the control group, 
at concentrations of 30.4 mg/m3 and above in the females. At concentrations of 30.4 mg/m3 and above, a significant 
increase in the number of inflammatory cell infiltrates was found in animals of both sexes (see Table 10).

On the basis of the increased incidence of bronchoalveolar hyperplasia in the lungs and of inflammatory cells in the 
olfactory epithelium, a NOAEC (no observed adverse effect concentration) of 6 mg/m3 and a LOAEC (lowest observed 
adverse effect concentration) of 30.4 mg/m3 (bitumen condensate standard) can be derived from this study.

Tab. 9 (continued)
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Tab. 10 Non-neoplastic effects after 24 months of exposure of SPF   Wistar rats to the vapours and aerosols of bitumen (Fuhst et al. 
2007)

Concentration [bitumen condensate standard/m3]

0 mg/m3 6 mg/m3 30.4 mg/m3 152.6 mg/m3

♂a) ♀a) ♂a) ♀a) ♂a) ♀a) ♂a) ♀a)

Main nasal cavity and paranasal sinuses

proliferative lesions

multifocal basal cell hyperplasia of the 
 olfactory epithelium  
(mainly very weak to weak)

 0  0  1  0  1  3 20* 27*

hyperplasia of the respiratory epithelium  
(very weak to weak)

 0  0  3  0  3  2 13* 20*

adaptive goblet cell hyperplasia  
(very weak to moderate)

 1  7 11* 10 25* 37* 46* 47*

degenerative and inflammatory lesions

multifocal to diffuse eosinophilic cytoplasmic 
inclusions (hyaline degeneration) 
(weak to severe)

 1 12 13* 11 16* 27* 31* 38*

multifocal respiratory eosinophilic cytoplasmic 
inclusions (hyaline degeneration) 
(very weak to moderate)

 2  7  5  3  7 21* 22* 24*

multifocal mononuclear/inflammatory (mixed) 
cell infiltrates of the respiratory and/or 
 olfactory epithelium  
(very weak to weak)

 2 11  8  5 18* 22* 27* 34*

Lungs

multifocal bronchoalveolar (adaptive) hyper-
plasia of the bronchiolar type (alveolar 
 bronchiolization) 
(very weak to weak)

 4  6  1  7 22* 21* 46* 44*

multifocal histiocytosis (accumulation of 
 intraalveolar macrophages) 
(very weak to weak)

32 39 31 34 47* 44 50* 50*

multifocal inflammatory mononuclear cell 
 infiltrates 
(mainly very weak to weak)

 7  2  2  3  9  8 37* 39*

lung-associated lymph nodes

accumulation of foam cells (histiocytosis) 
(very weak to weak)

 1  1  1  2  0  5 12* 26*

a) exposure of groups of 50 animals
*p < 0.05

5.2.1.2 Oxidized bitumen

A subacute toxicity study was carried out with repeated inhalation exposure of   Wistar rats (Crl:WU) to the vapours 
and aerosols of a condensate (Parker et al. 2011). This was collected from the vapour phase from a storage tank for 
roofing asphalt (type III “built-up roofing asphalt”, BURA) at a temperature of 201 °C using the method developed by 
Fraunhofer ITEM (Pohlmann et al. 2006 a, b; Preiss et al. 2006) (see above). The benzo[a]pyrene concentration of the 
condensate was 4.1 µg/g. The exposure system consisted of an evaporator to generate a defined exposure atmosphere 
of vapours and aerosols and special exposure units in which the animals were exposed to a flow of air from the 
generated atmosphere. The bitumen vapour and aerosol atmosphere was generated by heating the condensate. The 
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bitumen vapour and aerosol atmosphere was diluted with air to achieve the desired exposure concentration and then 
directed to the exposure units. The volumetric flow rate, temperature and humidity were monitored. The exposure 
units were made up of cylinders and 1 animal was placed in each cylinder in such a way that exposure was only 
via the nose. Regular analytical monitoring of the exposure atmosphere ensured that the concentration in the air 
remained constant and identical in each exposure unit. The exposure levels had been determined during a prelimi-
nary study (range-finding study with exposure to the vapours and aerosols of bitumen at concentrations of 100, 300 
and 1000 mg/m3). The groups were exposed to preset total hydrocarbon concentrations in the vapours and aerosols 
of bitumen of 30, 100 and 297 mg/m3 (equivalent to about 35, 117 or 350 mg/m3 related to bitumen condensate as the 
reference standard: converted according to the Fraunhofer ITEM method (ITEM 2017)). The exposure levels were 
monitored by collecting samples using a combination of glass fibre filter followed by an XAD adsorbent tube. The 
samples were analysed by IR spectroscopy and related to a reference standard that was not described further. The rats 
were exposed on 7 days a week for 6 hours a day. The control group and the 3 concentration groups were made up of 
groups of 12 male and 12 female rats. The male and female rats were exposed for 28 days. During the first 14 days of 
the study, body weight gains and feed consumption were reduced in the male rats of the high concentration group in 
comparison with the levels determined in the control group; the same findings were observed in male rats exposed to 
a total hydrocarbon concentration of 300 mg/m3 and in all rats of the range-finding study at 1000 mg/m3. As regards 
subacute toxicity, significant increases in the absolute and relative lung weights were found in the females of the high 
and medium concentration groups. A concentration-dependent increase in the absolute liver weights was determined 
in female rats (significant at a total hydrocarbon concentration of 297 mg/m3). In the rats of the range-finding study, 
the reduction in thymus weights was statistically significant at a total hydrocarbon concentration of 1000 mg/m3. The 
histopathological examination of the nasal cavity yielded contradictory findings: while the incidence of inflamma-
tory cell infiltrates was reduced in the rats of the high concentration group, in the range-finding study, an increase 
was observed in all animals including those of the control group. Slight effects were found in the lungs of the rats 
of the high exposure group. These were described as a slightly increased accumulation of alveolar macrophages in 
combination with minimal mononuclear/inflammatory cell infiltrates and minimal to slight bronchiolar hyperplasia 
(alveolar bronchiolization); the effects were regarded as adaptive. On the basis of these findings, the authors derived a 
systemic NOAEC for the total hydrocarbon concentration of 100 mg/m3 for male rats (increased absolute and relative 
lung weights, reduced feed consumption and body weight gains and slight effects in the lungs) and of 30 mg/m3 for 
female rats (increased relative lung weights and slight effects in the lungs).

5.2.2 Summary
A number of studies investigated the effects of inhalation exposure of rats to vapours and aerosols generated from the 
condensates of emissions from the relevant types of bitumen.

5.2.2.1 Straight-run bitumen, air-rectified bitumen

In studies of subacute inhalation toxicity in rats, a large number of gene expression changes were observed in the 
lung cells that are, for example, linked with PAH metabolism (also after intratracheal instillation of bitumen conden-
sates), the immune response or oxidative stress. There was a significant increase in the total cell count, the number of 
 macrophages, neutrophilic granulocytes and lymphocytes in BAL fluids. Long-term exposure led to histopathological, 
non-neoplastic changes in the main nasal cavity and paranasal sinuses, lungs and associated lymph nodes; these are 
considered a sign of irritant effects induced by the vapours and aerosols of bitumen condensates. The NOAEC after 
long-term exposure was 6 mg/m3, the LOAEC was 30.4 mg/m3 (bitumen condensate standard).

5.2.2.2 Oxidized bitumen

Subacute inhalation exposure of rats to vapours and aerosols from the condensates of oxidized bitumen led to an 
increase in lung and liver weights and mononuclear/inflammatory cell infiltrates in the nose and lungs. The effects in 
the lungs, such as the accumulation of alveolar macrophages and bronchiolar hyperplasia, may be considered adaptive 
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effects. The NOAEC was 30 mg THC/m3 and the LOAEC was 100 mg/m3 (equivalent to 35 and 117 mg/m3 related to 
bitumen condensate as the reference standard: conversion according to the method developed by Fraunhofer ITEM) 
(ITEM 2017).

5.2.3 Oral administration
There are no new data available.

5.2.4 Dermal application
There are no new data available.

5.2.5 Intratracheal instillation
In a study with male Sprague Dawley rats (Hla:(SD)CVF), bitumen condensate was administered by intratracheal in-
stillation at dose levels of 0, 0.45, 2.22 or 8.88 mg/kg body weight on 3 consecutive days (Ma et al. 2002). The condensate 
was generated from the vapours and aerosols of paving grade bitumen PG 64-22 heated to a temperature of 160 °C. An 
examination of lung microsomes revealed a significant, dose-dependent increase in the activity of CYP1A1, but not of 
CYP2B1. An increase in the formation of micronuclei in the polychromatic erythrocytes of the bone marrow was de-
termined in rats of the high dose group (see Section 5.6.2), which the authors attributed to changes in CYP metabolism.

5.3 Local effects on skin and mucous membranes

5.3.1 Skin
There are no new data available.

5.3.2 Eyes
There are no new data available.

5.4 Allergenic effects
There are no new data available.

5.5 Reproductive and developmental toxicity

Oxidized bitumen
The study of Parker et al. (2011) described in Section 5.2.1.2 investigated also reproductive and developmental toxicity. 
Groups of 12 female and 12 male rats were first exposed separately to a built-up roofing asphalt condensate (BURA) 
containing THC of 0, 30, 100 and 297 mg/m3 (equivalent to 0, 35, 117 or 350 mg/m3 related to bitumen condensate as 
the reference standard: conversion according to the method developed by Fraunhofer ITEM (ITEM 2017)) for 6 hours a 
day, on 7 days a week. They were subsequently mated under the same exposure conditions. Pregnant female rats were 
exposed up to gestation day 20; male rats were exposed for another 21 days. The exposure period lasted between 35 
and 42 days. The fertility of the male parent animals was not impaired; all matings occurred within the first 8 days. 
The examination of the reproductive organs (not described in more detail) did not provide evidence of adverse histo-
pathological changes. With increasing concentration, a continuous trend towards lower sperm counts (0 mg/m3: 38 125 
million/epididymis; 297 mg THC/m3: 24 542 million/epididymis) was observed, which the authors did not interpret as 
significant after taking the data from historical controls into account. Significant changes to sperm motility and in the 
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percentage of abnormal sperm that could be associated with exposure to BURA were not observed in the individual 
exposure groups. Overall, the authors found that the NOAEC for male fertility was 297 mg THC/m3. In the female 
parent animals, the only effects observed were reduced body weight gains and feed consumption during gestation; 
these effects were observed only in the high exposure group (297 mg/m3). These effects were not observed in the 2-week 
exposure period prior to mating. In summary, the authors of the study did not find that exposure to BURA induced 
toxic effects on reproduction or development (including the number of pregnant animals, offspring, corpus luteum, 
implantation sites and post-implantation losses, or on mating or fertility indices, the length of gestation and the sex 
ratio in the offspring). Overall, the authors determined a NOAEC of 297 mg/m3 for female fertility.

5.6 Genotoxicity

5.6.1 In vitro

5.6.1.1 Bacteria

Bitumen extracts and the aerosols and vapours from different sources were investigated in Salmonella mutagenicity 
tests (see Table 11).

Direct comparison of straight-run/air-rectified bitumen and oxidized bitumen

Studies investigated the effects of oxidation during the production of oxidized bitumen on its mutagenic  potential. 
 Dimethyl sulfoxide (DMSO) extracts from samples of bitumen made from different crude oils were used as test 
 mat erials; air was injected to convert the extracts into products with different softening points and penetration 
indices similar to those used in paving and roofing applications. The products were analysed using the Salmonella 
mutagenicity test carried out according to ASTM Standard Method E1687 (ASTM: American Society for Testing and 
Materials). The mutagenicity index (MI) was 41% to 50% lower than that of the input bitumen. The authors attributed 
the weaker mutagenic properties of oxidized bitumen to the lower PAH levels (39%–71%) determined in comparison 
with the levels in the input samples (Trumbore et al. 2011).

Modified Salmonella mutagenicity tests carried out according to ASTM Standard Method E1687-04 were performed 
with condensates of the vapours and aerosols of 4 different types of paving grade bitumen (straight-run bitumen PG 
64-22, 147 °C) and 4 types of roofing bitumen (type III, 201 °C bitumen). The bitumen samples were collected using the 
Fraunhofer method after heating in tanks (Pohlmann et al. 2006 b). Tests were also carried out with an additional con-
densate sample generated in the laboratory from 1 of the oxidized roofing bitumens at a temperature of 232 °C  according 
to the method of Sivak et al. (1989). The mutagenicity indices of the 4 paving grade bitumen samples were below 1, 
those of the 4 samples of roofing bitumen were between 0.9 and 1.6. In comparison with the corresponding sample 
from the storage tank (MI: 1.2), the mutagenicity index of the laboratory sample of roofing bitumen was markedly 
higher at 3.3. The sample of roofing bitumen generated at a higher temperature (232 °C) in the laboratory was thus more 
highly mutagenic than the sample of the same material collected from the storage tank at 201 °C (Kriech et al. 2007).

Straight-run bitumen, air-rectified bitumen

In a Salmonella mutagenicity test with the strain TA98 and activation using hamster enzymes, DMSO extracts of 
“Asphalt Cement 20” (AC-20, asphalt concrete, CAS number 8052-42-4) and “Coastal Residuum” (CR, CAS number 
64741-56-6) were tested at concentrations up to the toxicity threshold. Exposure to the AC-20 samples at various con-
centrations did not result in an increase in revertants; the mutagenic effects induced by exposure to CR were relatively 
slight in comparison with those induced by the positive control (“heavy catalytically cracked gas oil” containing a 
high level of PAHs, CAS number 64741-62-4) (average number of revertants with the negative control: 22.7; number 
of revertants at the highest concentration tested of 35 µl/plate: 42.7; number of revertants with the positive control: 
291.7) (Goyak et al. 2011).
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Possible toxic effects of emissions that may be generated by recycled asphalt were investigated using samples of bitu-
men emissions produced in the laboratory and collected from the workplace. The laboratory samples were collected 
on Teflon filters (aerosols) followed by an XAD-2 adsorbent tube (vapours); only Teflon filters were used to collect the 
samples from the workplace. Following extraction and elution with DMSO, the samples were tested in the Salmonella 
mutagenicity test at 5 different concentrations. Although the laboratory samples were available in sufficient quanti-
ties to perform the tests with Salmonella strains TA98 and YG1024 both with and without the addition of metabolic 
activation by an S9 fraction from rat liver, only some of the workplace samples were available in sufficient amounts to 
be tested in the strains both with and without metabolic activation. The laboratory samples were generated from type 
B120 bitumen, B80 bitumen with coal fly ash and B120 bitumen containing waste plastics, all of which were heated to 
about 170 °C. The workplace samples were collected in the breathing zone of the workers during the laying (stone mastic 
asphalt (SMA) samples, SMA with B80 bitumen, with lime or with coal fly ash as a filler) and renewal (by remixing 
(REM)) of asphalt surfaces (REM-SMA samples, remixing of SMA with lime or with coal fly ash as a filler; REM-AC 
samples, remixing of asphalt concrete (AC)). All laboratory vapour samples yielded negative results in the Salmonella 
mutagenicity test; by contrast, positive results were obtained when the aerosol fractions were tested with the test 
strain TA98 in the presence of metabolic activation, and when the samples with plastic components were tested with 
the strains TA98 and YG1024 in the absence of metabolic activation. All workplace samples yielded positive results 
with and without the addition of metabolic activation. The additive coal fly ash did not lead to increased mutagenicity 
in tests. The REM-AC fraction had a very high mutagenicity index value in tests with the Salmonella strain TA98 and 
metabolic activation (Heikkilä et al. 2003).

Other studies also investigated the potential effects of recycled additives on mutagenicity in bacteria using labora -
tory and workplace samples of bitumen emissions. Vapours and aerosols were generated in the laboratory by heating 
SMA containing B80 bitumen and SMA-WPT (SMA modified with waste plastic and tall oil pitch: 70% B200 bitumen, 
12% waste plastic (90% polyethylene, 10% polypropylene), 18% tall oil pitch). Samples were collected on Teflon filters 
at a temperature of 150 °C. The extraction of 3 pooled filters in each case was carried out with 200 µl DMSO and 10 ml 
dichloromethane in an ultrasonic bath. The dichloromethane was then evaporated from 2 combined extracts. The 
workplace samples were collected in the breathing zone of the workers during paving operations (laying temperatures 
between 154 °C and 165 °C) with AC and AC-WPT (asphalt concrete modified with waste plastic and tall oil pitch) and 
the application of SMA (consisting of 0.6% natural asphalt) and SMA-WPT. The samples were treated using the same 
method as the laboratory samples. The laboratory SMA and SMA-WPT samples did not induce a significant increase 
in the number of revertants when tested using the Salmonella mutagenicity test with the strains TA98 and YG1024 
both in the presence and in the absence of metabolic activation (rat liver S9 fraction). No mutagenic activity was 
determined with the workplace samples of AC and AC-WPT. The SMA samples from the workplace were tested only 
with the TA98 strain and with metabolic activation because of an insufficient amount of sample material. These tests 
also yielded negative results (Lindberg et al. 2008).

5.6.1.2 Mammalian cells (see also Table 11)

Straight-run bitumen/air-rectified bitumen

The laboratory samples of bitumen emissions from SMA and SMA-WPT and workplace samples from SMA, SMA-
WPT, AC and AC-WPT were not only analysed using the Salmonella mutagenicity test (see Section 5.6.1.1) but also 
with the comet assay and micronucleus test in mammalian cells (Lindberg et al. 2008). Cultured human bronchial 
epithelial cells (BEAS 2B) were incubated with each sample for 6 hours at 6 different concentrations (1.25–40 µg/ml in 
the absence of metabolic activation; 5–80 µg/ml in the presence of metabolic activation). Following the comet assay, a 
special computer programme was used to count damaged and undamaged nuclei. DNA damage was detected only in 
the laboratory-generated SMA-WPT samples (stone mastic asphalt with waste plastic and tall oil pitch) in the absence 
of metabolic activation. In a micronucleus test carried out to investigate damage to chromosomes and the spindle 
apparatus, cells were exposed to each sample for 6 hours at 8 different concentration levels in the presence of S9 acti-
vation (1.25–80 µg/ml) or 6 different concentrations in the absence of metabolic activation (1.25–40 µg/ml). The samples 
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were analysed by light microscope after the addition of cytochalasin B to inhibit cell division, 48 hours of additional 
culturing and subsequent staining of only binucleated cells that had not undergone complete cell division. A signifi-
cant increase (p = 0.002, Fisher’s exact test) in the formation of micronuclei was induced by the laboratory-generated 
SMA samples (stone mastic asphalt with lime or coal fly ash) at the highest concentration tested of 40 µg/ml and in 
the absence of metabolic activation. Increased micronuclei formation was not observed in the SMA-WPT samples in 
the absence of metabolic activation; however, toxicity was clearly higher in these samples than in the SMA samples 
and samples with concentrations above 10 µg/ml could no longer be analysed. Increased micronuclei formation was 
not observed in samples of either SMA or SMA-WPT with metabolic activation. The SMA samples collected from the 
workplace caused a significant increase in the frequency of micronuclei (p = 0.047, Fisher’s exact test) at 20 µg/ml and 
in the absence of metabolic activation. The next-higher concentration of 40 µg/ml was again so toxic that the number 
of cells was too small to be counted. The SMA-WPT samples from the workplace induced a statistically significant 
increase in the frequency of micronuclei (10, 20 and 40 µg/ml; p = 0.006, 0.014, 0.026, Fisher’s exact test) at 3 different 
concentrations without metabolic activation, but the increase was not dependent on the concentration. In the pres-
ence of metabolic activation, no significant effects were induced by SMA or SMA-WPT samples from the workplace. 
A detectable level of genotoxic changes was not found in either unmodified (AC) or modified (AC-WPT) samples of 
asphalt concrete (Lindberg et al. 2008).

Bitumens without further characterization

Human osteosarcoma cells (HOS) were treated in vitro with bitumen extract at different concentrations (25, 50 and 
100 µl/ml culture medium, no concentration data, 3 ml culture medium/dish). The test substance was generated by 
extracting 5 g of bitumen with 200 ml of dichloromethane. The sample was freeze-dried and dissolved in 5 ml of 
dichloromethane and then used for in vitro and in vivo assays. No data were provided for the source of the bitumen 
tested. After the end of the exposure period of 12 days, 90% of the treated cells had died; about 50% died within the first 
96 hours. Additional toxicity data were not provided for the different quantities applied. No data were given for the 
percentage cell death in the untreated cells. After 3 exposures to bitumen on days 3, 7 and 10 after culturing with 25 
and 50 µl/ml, respectively, and further culturing of the cells, the surviving proliferating cells exhibited characteristics 
of tumour cells such as growth in soft agar and proliferation in several layers. After incubation for 3 weeks, prolifer-
ating cells were no longer observed in the cell culture treated with 100 µl/ml and the sample was not tested further. 
Proliferation was normal in parental cells. A comparison of the karyotypes revealed 47 chromosomes in the isolated 
transformed clones of the treated cells because of trisomy in chromosome 8; the untreated cells had 46 chromosomes. 
Two-dimensional gel electrophoresis and mass spectrometric analysis revealed changes in the proteomic profiles in 
comparison with those of the control group. Both the increased and reduced expression of specific proteins with a 
known potential for transforming or tumour-promoting properties was observed. Dorsal injection of the transformed 
cells in mice with 6 × 106 cells did not induce tumours either in normal mice or in mice with immunodeficiency (SCID) 
within 120 days of injection. SCID mice injected with the positive control (KHOS cells of a known tumourigenic cell 
line) developed primary tumours within 2 weeks of injection (Dhondge et al. 2012).

5.6.2 In vivo
The studies of genotoxicity in vivo that were published since the 2001 documentation (Greim 2002) are shown in 
 Table 12.

5.6.2.1 Oxidized bitumen

A subacute toxicity study investigated the bone marrow from the thigh bones of   Wistar rats by means of the micro-
nucleus test. Groups of 5 male and 5 female rats were randomly selected for the concentration groups. The high 
expos ure group was exposed to vapours and aerosols of bitumen with a total hydrocarbon concentration of 297 mg/m3 
(IR spectroscopic analysis related to an unnamed standard) for 6 hours a day, on 7 days a week, for a total of 28 days. 
An additional positive control group of 5 male and 5 female rats was given an oral dose of cyclophosphamide dissolved 
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in water at a dose level of 60 mg/kg body weight for 24 hours prior to examination. Similar results were obtained in 
the micronucleus test for the exposure groups and the control group. The group with exposure to cyclophosphamide 
yielded positive results. In a range-finding study, the formation of blood cells in the bone marrow of female rats was 
impaired at 1000 mg/m3 (Parker et al. 2011).

5.6.2.2 Straight-run/air-rectified bitumen

Groups of 3 rats (Sprague Dawley BD6; no data for sex) were exposed nose-only for 6 hours a day, on 5 consecutive 
days, to vapours and aerosols with TPM concentrations of 5 mg/m3 and 50 mg/m3 that were produced by heating a 
45/60 bitumen of Venezuelan origin to 200 °C and with a TPM concentration of 5 mg/m3 that were produced by heat-
ing coal tar to 110 °C. The vapour and aerosol condensates contained benzo[a]pyrene at concentrations of 3.2 mg/kg in 
the 5 mg/m3 bitumen group, 12 mg/kg in the 50 mg/m3 bitumen group and 2.6 mg/kg in the coal tar group. The sum 
of the analysed PAHs with 4–6 rings was 66 mg/kg, 2103 mg/kg and 31 mg/kg, respectively. An additional rat per 
group was used as the negative control. No unusual findings were reported after exposure to TPM concentrations of 
5 mg/m3 from emissions from both bitumen and coal tar; the authors attributed this to insufficient PAH levels in the 
emissions. For this reason, an additional experiment was carried out with 3 rats at a TPM concentration of 50 mg/m3 
(bitumen emissions); evidence of a DNA adduct (no other data) in the lungs was revealed by 32P-postlabelling. In the 
same publication, the authors described a skin painting test with the application of a 45/60 bitumen condensate in a 
single rat (Sprague Dawley BD6). 32P-Postlabelling revealed evidence of similar DNA adducts in the skin and lungs 
(Genevois-Charmeau et al. 2001).

Earlier studies carried out by the same research group (Genevois et al. 1996) with dermal application observed these 
DNA adducts in the same tissues of BD4 rats.

The mutagenic effects induced by vapours and aerosols generated by heating straight-run bitumen/air-rectified bitu-
men (50/70, Venezuela, CAS number 8052-42-4) to 170 °C were investigated in the lungs of male transgenic Big Blue® 
rats. Twelve rats (and 12 controls) were exposed nose-only to a total particulate matter concentration of 112 ± 13 mg/m3 
for 6 hours a day on 5 consecutive days. Six rats from the exposed group and 6 rats from the control group were ex-
amined 3 and 30 days after the last exposure. There were no signs of inflammatory responses in the lungs. A DNA 
adduct was identified in the lung tissues by 32P-postlabelling both 3 and 30 days after the end of exposure (Bottin et 
al. 2006; Gate et al. 2007); the adduct was similar to the one determined by an earlier study with topical application of 
the same bituminous substance (Genevois-Charmeau et al. 2001). However, it differed from the adducts found during 
a round robin test with standard DNA samples and benzo[a]pyrene (Phillips and Castegnaro 1999).

Rats were exposed by inhalation to the vapours and aerosols of bitumen for 5 days, 1 month and 12 months. The study 
was carried out in the same laboratories and under the same conditions as the study of Fuhst et al. (2007) (for the 
study design, see Section 5.2.1.1). The total hydrocarbon concentrations in the air were 0, 4.1, 20.7 or 103.9 mg/m3 (re-
lated to the mineral oil standard, equivalent to 0, 6.0, 30.4 or 152.6 mg/m3 related to the bitumen condensate standard). 
The groups of 24 male and 24 female SPF   Wistar rats (Crl:WI(WU)BR) of the control group and the exposed groups 
were exposed for 6 hours a day. The analysis of the urine samples for PAHs and their metabolites revealed increasing 
concentrations of naphthols, phenanthrene, “premercapturic acid” from phenanthrene, 1-hydroxyphenanthrene and 
phenanthrene-1,2-dihydrodiol in male and female rats of the medium and high concentration groups over the duration 
of the study. DNA adducts that formed dependent on time and concentration in the lungs and in the nasal and alveo-
lar epithelium were identified by 32P-postlabelling; the highest adduct levels were detected in the nasal epithelium 
(Halter et al. 2007).

In a study carried out to identify DNA adducts, 32 female B6C3F1 mice were exposed for 4 hours a day, on 10 consecu-
tive days, to vapours and aerosols generated by heating PG 64-22 paving grade bitumen to between 150 °C and 170 °C 
(representative for the midwestern United States). The concentrations of paving grade bitumen in the air were between 
152 mg/m3 and 198 mg/m3. Samples were collected by PTFE filter and then fed through an XAD-2 adsorbent tube; the 
samples were analysed by GC/MS calibrated with 16 reference PAHs against an internal standard. Three different DNA 
adducts of benzo[a]pyrene could be identified in the lung tissues: N2-deoxyguanosinebenzo[a]pyrene-7,8-dihydro diol-
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9,10-epoxide, N6-deoxyadenosinebenzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide and N4-deoxycytidinebenzo[a] pyrene-
7,8-dihydrodiol-9,10-epoxide (Wang et al. 2003 b).

Groups of 5 male transgenic Big Blue® mice (C57BL/6[LIZ]) were exposed nose-only for 6 hours a day, on 5 consecutive 
days, to TPM concentrations of 0 or 98.7 ± 6.1 mg/m3 produced by heating paving grade bitumen (50/70 pen, Venezuela, 
CAS number8052-42-4) to 170 °C. The benzo[a]pyrene concentration was 198 ± 50 ng/m3. The animals were examined 
30 days after the end of exposure and the DNA was extracted from the lungs and examined for DNA adducts. No 
differences were found in comparison with the findings from the control group (Micillino et al. 2002).

As described above (Halter et al. 2007), groups of 24 male and 24 female SPF   Wistar rats (Crl:WI(WU)BR) were exposed 
to total hydrocarbon concentrations of 0, 4.1, 20.7 or 103.9 mg/m3 (related to the mineral oil standard, equivalent to 0, 
6.0, 30.4 or 152.6 mg/m3 related to the bitumen condensate standard) for 6 hours a day. The levels of 8-oxo-dGuo adducts 
in the nasal, lung and alveolar epithelium and in the peripheral blood were not increased.

As described by Wang et al. (2001), female Sprague Dawley rats (Hla:(SD)CVF; number not specified) were exposed 
to the vapours and aerosols generated by heating a paving grade bitumen to 150 °C; the bitumen was not character-
ized further. The rats were exposed either once for 1 hour or once for 6 hours (cumulative doses: 53 mg × hour/m3 or 
353 mg × hour/m3, respectively) or on 5 days for 6 hours a day (cumulative doses: 641 mg × hour/m3 or 1150 mg × hour/m3) 
(Zhao et al. 2004). The examination of the alveolar macrophages from these animals by comet assay revealed dose- 
dependent DNA damage caused by exposure to bitumen. Significant levels of DNA damage were found even after a 
single exposure lasting 6 hours or after exposure for 5 days (641 mg × h/m3). In the latter dose group, the comet assay 
revealed also DNA damage in the lung tissue.

Groups of 5 male transgenic Big Blue® mice (C57BL/6[LIZ]) were exposed nose-only for 6 hours a day, on 5 consecu-
tive days, to vapours and aerosols with TPM concentrations of 0 or 98.7 ± 6.1 mg/m3 that were generated by heating 
paving grade bitumen (50/70 pen, Venezuela, CAS number 8052-42-4) to 170 °C. The benzo[a]pyrene concentration was 
198 ± 50 ng/m3. The animals were examined 30 days after the end of exposure and DNA was extracted from the lungs 
and examined for mutation frequencies at the gene loci cII and lacI. No differences were found in comparison with 
the findings from the control group (Micillino et al. 2002).

As described above, the mutagenic effects of exposure to vapours and aerosols generated by heating paving grade bitu-
men (50/70, Venezuela, CAS number 8052-42-4) to 170 °C was investigated in the lungs of male transgenic Big Blue® rats 
(Bottin et al. 2006; Gate et al. 2007). A modification of the mutation spectrum in the “neutral reporter gene cII” of the 
transgenic rat genome was expressed by an increase in G:C to T:A and A:T to C:G transversions, but was not significant.

As described above (Halter et al. 2007), groups of 24 male and 24 female SPF   Wistar rats (Crl:WI(WU)BR) were exposed 
to total hydrocarbon concentrations of 0, 4.1, 20.7 or 103.9 mg/m3 (related to the mineral oil standard, equivalent to 0, 
6.0, 30.4 or 152.6 mg/m3 related to the bitumen condensate standard) for 6 hours a day. The number of micronuclei in 
the erythrocytes or polychromatic erythrocytes was not found to be increased, but the number of red blood cells in 
the bone marrow was slightly reduced in 4 of 6 animals of the high concentration group after 12 months.

As described by Wang et al. (2001), female Sprague Dawley rats (Hla:(SD)CVF) (number not specified) were exposed for 
6 hours a day, on 5 days, to the vapours and aerosols generated by heating a paving grade bitumen to 150 °C (cumulative 
dose: 1734 mg × hour/m3) (Zhao et al. 2004). The bitumen was not characterized further. The induction of micronuclei 
was not found in the polychromatic erythrocytes extracted from the bone marrow samples from these animals. The 
intratracheal application of a condensate of a paving grade bitumen (PG 64-22; 160 °C) in Sprague Dawley rats at dose 
levels of 0, 0.45, 2.22 or 8.88 mg/kg body weight and day for 3 days resulted in the induction of micronuclei in the 
polychromatic erythrocytes of the bone marrow (Ma et al. 2002). Cytotoxicity was determined at doses of 8.88 mg/
kg body weight and day and above on the basis of a decrease in the ratio of polychromatic erythrocytes (PCE) to 
normochromatic erythrocytes (NCE).
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5.6.2.3 Other studies

As described in Wang et al. (2001), female Sprague Dawley rats (Hla:(SD)CVF) (number not specified) were exposed for 
6 hours a day, on 5 days, to the vapours and aerosols generated by heating a paving grade bitumen to 150 °C (cumulative 
doses: 641 mg × hour/m3 and 1150 mg × hour/m3). The bitumen was not characterized further (Zhao et al. 2004). A mu-
tagenicity test with Salmonella typhimurium (YG1024 and Y1029) was carried out to examine the mutagenic activity 
of 2-aminoanthracene and benzo[a]pyrene in a microsomal fraction extracted from the lung cells of exposed rats. 
The increase in the mutagenic activity of 2-aminoanthracene was statistically significant after metabolic activation 
by the lung microsomes of the rats of the high dose group; no such increase was found in the mutagenic activity of 
benzo[a]pyrene.

As described above (Halter et al. 2007), groups of 24 male and 24 female SPF   Wistar rats (Crl:WI(WU)BR) were exposed 
to total hydrocarbon concentrations of 0, 4.1, 20.7 or 103.9 mg/m3 (related to the mineral oil standard, equivalent to 0, 
6.0, 30.4 or 152.6 mg/m3 related to the bitumen condensate standard) for 6 hours a day. Changes in the expression of 
genes associated with respiratory disorders were investigated in extracts from the lungs, the nasal epithelium and 
leukocytes by reverse transcriptase polymerase chain reactions. A concentration-dependent increase in the expres-
sion of CYP1A1 and CYP2G1 (nasal and lung tissues) was observed and also changes in the expression of genes in the 
nasal tissue of male rats (cathepsin K and D, cadherin 22, platelet activating factor acetylhydrolase isoform 1b alpha 
subunit, and the regulator of signal transduction 4 by G-protein) that were not dependent on the concentration but 
could potentially induce adverse health effects.

Tab. 12 Genotoxicity of bitumen in vivo

End point Test system Test sample, 
temperature

Course of exposure Results Comments Refer-
encesComment

Oxidized bitumen (roofing)

micronuclei, 
PCE, 
bone marrow

  Wistar rats “BURA fume 
condensate” from 
type III “built-up 
roofing asphalt” 
at 201 °C 
(bitumen conden-
sate)

nose-only ex posure, 
0, 30, 100, 300 mg THC/m3 
6 hours/day, 7 days/week, 
28 days

no significant 
differences

– range-finding study: 
after 14 days, signifi-
cant suppression of 
erythrocyte 
 formation in ♀ at 
1000 mg/m3

Parker et 
al. 2011

Straight-run/air-rectified bitumen (paving)

DNA adducts 
lungs, liver, 
kidneys and 
lymphocytes; 
32P-postlabel-
ling

Sprague 
Dawley BD6 
rats

bitumen conden-
sate from 45/60 
bitumen (Vene-
zuela) 
200 °C

nose-only ex posure, 
0, 5, 50 mg/m3 

6 hours/day, 
5 days

DNA adduct (no 
other data) in 
the lung in 3/3 
rats at 50 mg/m3

+ DNA adduct with 
the same chromato-
graphic properties 
as found in skin 
painting studies 
(Genevois et al. 1996; 
Genevois-Charmeau 
et al. 2001)

Genevois- 
Charmeau 
et al. 2001

DNA adducts 
lungs; 
32P-postlabel-
ling

transgenic 
Big Blue® rats

“50/70 pen batch 
bitumen” 
(CAS number 
8052-42-4) of 
Venezuelan origin 
“bitumen fume” 
170 °C

nose-only ex posure, 
0, 112 ± 13 mg TPM/m3 
4.6 µm Ø 
6 hours/day, 
5 days

detectable DNA 
adducts both 3 
and 30 days 
after exposure, 
transversions

+ no increase in in-
flammatory param-
eters; 
bitumen-specific 
DNA adduct: similar 
to that which de-
veloped after dermal 
exposure in rats 
(Genevois- 
Charmeau et al. 
2001), but not ident-
ical with 
 benzo[a] pyrene–
DNA adduct

Bottin et 
al. 2006; 
Gate et al. 
2007
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End point Test system Test sample, 
temperature

Course of exposure Results Comments Refer-
encesComment

DNA adducts 
nasal, lung and 
alveolar epithe-
lium, peripheral 
blood; 
32P-postlabel-
ling

SPF   Wistar 
rats, 
groups of 
24 ♂ and 24 ♀

condensate from 
bitumen 50/70 
(B65) 
170 °C 
(Preiss et al. 2006) 
as in Fuhst et al. 
(2007)

nose-only ex posure, 
0, 4, 20, 100 mg THC/m3 
equivalent to 0, 6.0, 30.4 or 
152.6 mg/m3 related to the 
bitumen condensate 
 standard, 
6 hours/day, 
5 days/week, 
5 days, 1 month, 12 months

significant 
increase in the 
number of DNA 
adducts in the 
nasal, lung and 
alveolar 
 epithelium

+ Halter et 
al. 2007

no adducts in 
white blood cells

–

DNA adducts 
lungs; 
GC/MS and 
Q-TOF-MS and 
32P-postlabel-
ling

B6C3F1 mice, 
♀

vapours and aero-
sols from PG 
64–22 “paving” 
bitumen  
150 °C–170 °C

whole-body ex posure, 
0, 152–198 mg/m3, 
4 hours/day, 
10 days

3 different DNA 
adducts of 
benzo[a]pyrene

+ Wang et 
al. 2003 a

DNA adducts 
lungs; 
32P-postlabel-
ling

transgenic 
Big Blue® 

mice, ♂

vapours and aero-
sols from “paving” 
bitumen 50/70 
(CAS number 
8052-42-4) of 
Venezuelan origin 
170 °C

nose-only ex posure, 
0, 100 mg/m3, 
6 hours/day, 
5 days, 
examination 30 days after 
exposure

no differences 
in adducts

– Micillino 
et al. 2002

8-oxo-dGuo 
adducts 
nasal, lung and 
alveolar epithe-
lium, peripheral 
blood

SPF   Wistar 
rats, 
groups of 
24 ♂ and 24 ♀

condensate from 
bitumen 50/70 
(B65) 
170 °C 
(Preiss et al. 2006) 
as in Fuhst et al. 
(2007)

nose-only ex posure, 
0, 4, 20, 100 mg THC/m3 
equivalent to 0, 6.0, 30.4 or 
152.6 mg/m3 related to the 
bitumen condensate stand-
ard, 
6 hours/day, 
5 days/week, 
5 days, 1 month, 12 months

no induction of 
8-oxo-dGuo 
adducts

– Halter et 
al. 2007

DNA fragmen-
tation, 
alveolar macro-
phages, lungs; 
comet assay

Sprague 
Dawley rats, 
♀

Wang et al. (2001) 
“paving” bitumen, 
vapours and 
aerosols 
150 °C–170 °C

whole-body ex posure, 
cumulative dose: 
0, 353, 641, 1150 mg × hour/
m3, 
6 hours/day, 
5 days; 
53 mg × hour/m3, 
single for 1 hour

concentration-
dependent 
induction of 
DNA damage

+ Zhao et al. 
2004

gene mutation 
in the cII and 
lacI gene, 
lungs

transgenic 
Big Blue® 

mice, ♂

vapours and aero-
sols from “paving” 
bitumen 50/70 
(CAS number 
8052-42-4) of 
Venezuelan origin 
170 °C

nose-only ex posure, 
0, 100 mg/m3, 
6 hours/day, 
5 days, 
examination 30 days after 
exposure

no significant 
differences in 
the mutation 
frequency in cII 
and lacI genes

– Micillino 
et al. 2002

gene mutation 
in the cII gene, 
lungs

transgenic 
Big Blue® rats

“50/70 pen batch 
bitumen” 
(CAS number 
8052-42-4) of 
Venezuelan origin 
“bitumen fume” 
170 °C

nose-only ex posure, 
0, 112 ± 13 mg TPM/m3, 
4.6 µm Ø 
6 hours/day, 
5 days

after 30 days, 
the same muta-
tion frequency 
in cII as in the 
controls, 
slight but not 
significant 
increase in 
transversions

– no increase in in-
flammatory param-
eters

Bottin et 
al. 2006; 
Gate et al. 
2007

Tab. 12 (continued)
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End point Test system Test sample, 
temperature

Course of exposure Results Comments Refer-
encesComment

micronuclei, 
peripheral blood 
and bone 
 marrow

SPF   Wistar 
rats, 
groups of 
24 ♂ and 24 ♀

condensate from 
bitumen 
50/70 (B65) 
170 °C 
(Preiss et al. 2006) 
as in Fuhst et al. 
(2007)

nose-only ex posure, 
0, 4, 20, 100 mg THC/m3 
equivalent to 0, 6.0, 30.4 or 
152.6 mg/m3 related to the 
bitumen condensate stand-
ard, 
6 hours/day,  
5 days/week, 
5 days, 1 month, 12 months

no significant 
increase in 
micronuclei in 
the peripheral 
blood (examin-
ation: 5 days, 
1 month, 
12 months) and 
bone marrow 
(examination: 
12 months)

– at 100 mg THC/m3, 
12 months: reduced 
erythrocyte forma-
tion in the bone 
marrow in 4/6 ani-
mals and increased 
erythrocyte forma-
tion in the bone 
marrow in 2/6 ani-
mals

Halter et 
al. 2007

micronuclei, 
PCE, bone 
marrow

Sprague 
Dawley rats, 
♀

Wang et al. (2001) 
“paving” bitumen, 
vapours and 
aerosols 
150 °C–170 °C

whole-body ex posure, 
cumulative dose: 
0, 1733 mg × hour/m3 

6 hours/day, 
5 days

no induction of 
micronuclei in 
PCE

– no systemic 
mutageni city

Zhao et al. 
2004

micronuclei, 
PCE, bone 
marrow

Sprague 
Dawley rats

“asphalt fume 
condensate” 
from PG 64–22 
“paving” bitumen 
160 °C

intratracheal instillation, 
0, 0.45, 2.22, 8.88 mg/kg body 
weight/day, 
3 days, 
examination 24 hours after 
exposure

significant 
increase in 
micronuclei in 
PCE

+ significant increase 
in CYP1A1, but not 
CYP2B1 activity; 
cytotoxicity: signifi-
cant decrease in PCE 
at 8.88 mg/kg body 
weight/day

Ma et al. 
2002

other studies

Salmonella 
mutagenicity 
test +m. a. using 
lung micro-
somes from 
exposed rats; 
test for muta-
genicity of 
2-amino-
anthracene and 
benzo[a] pyrene

Sprague 
Dawley 
rats, ♀ 
Salmonella 
typhimurium 
YG1024, 
YG1029

Wang et al. (2001) 
“paving” bitumen, 
vapours and 
aerosols 
150 °C–170 °C

whole-body ex posure, 
cumulative dose: 0, 641, 
1150 mg × hour/m3, 
6 hours/day, 
5 days

2-aminoanthra-
cene mutagenic-
ity dependent 
on metabolic 
activation at 
38.3 mg/m3;

+ Zhao et al. 
2004

no benzo[a]-
pyrene muta-
genicity that 
was dependent 
on metabolic 
activation

–

regulation of 
16 genes, lung 
and nasal epi-
thelium, peri-
pheral blood

SPF   Wistar 
rats, 
groups of 
24 ♂ and 24 ♀

condensate from 
bitumen 50/70 
(B65) 
170 °C 
(Preiss et al. 2006) 
as in Fuhst et al. 
(2007)

nose-only ex posure, 
0, 4, 20, 100 mg THC/m3 
equivalent to 0, 6.0. 30.4 or 
152.6 mg/m3 related to the 
bitumen condensate stand-
ard, 
6 hours/day, 
5 days/week, 
5 days, 1 month, 12 months

change in the 
expression of 
candidate genes 
that are in-
volved in the 
inflammatory/
immune re-
sponse and 
pulmonary 
disorders; ex-
ample: concen-
tration-depend-
ent increase in 
the expression 
of CYP1A1 and 
CYP2G1 (nasal 
and lung 
 tissues)

+ Halter et 
al. 2007

GC/MS: gas chromatography/mass spectrometry; 8-oxo-dGuo: 8-oxo-7,8-dihydro-2′-deoxyguanosine; Q-TOF-MS: quadrupole time-of-flight mass 
spectrometry; PCE: polychromatic erythrocytes; THC: total hydrocarbon concentration; TPM: total particulate matter

Tab. 12 (continued)
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5.6.2.4 Summary

The evaluation does not include studies in which exposure cannot be clearly attributed to either oxidized bitumen 
or straight-run bitumen. In addition, the assessment does not take findings from studies of modified bitumen into 
account.

In vitro

In the 2001 documentation (Greim 2002), the results obtained from Salmonella mutagenicity tests with bitumen solu-
tions and extracts were primarily negative (straight-run bitumen: Bittighofer et al. 1983; Blackburn et al. 1986; Gage et 
al. 1991; McGowan et al. 1992; Monarca et al. 1987; Pasquini et al. 1989; Sonntag and Erdinger 1989, oxidized bitumen: 
Sonntag and Erdinger 1989) or not clearly positive (straight-run bitumen: Booth et al. 1998; Machado et al. 1993). Con-
versely, in most cases, bitumen vapour condensates increased the incidence of mutagenicity in Salmonella typhimu-
rium, particularly after metabolic activation (straight-run bitumen: De Méo et al. 1996, oxidized bitumen: Machado 
et al. 1993).

In TK+/– mutation assays using the mouse lymphoma cell line L5178Y, the frequency of mutations was significantly 
increased after the addition of a metabolic activation system, but not in the absence of metabolic activation (straight-
run bitumen: Akkineni et al. 2001; Genevois et al. 1998, oxidized bitumen: Akkineni et al. 2001). In the presence of 
metabolic activation, bitumen vapour condensates led to the formation of adducts in dissolved DNA and DNA strand 
breaks (straight-run bitumen: Hong and Lee 1999). Solutions containing bitumen induced DNA adducts and DNA-pro-
tein cross-links in cultured eukaryotic cells (straight-run bitumen: De Méo et al. 1996; Hong and Lee 1999). Bitumen 
vapour condensates increased the number of micronuclei in V79 cells (oxidized bitumen: Qian et al. 1996, 1999), but did 
not induce chromosomal aberrations in CHO cultures (straight-run bitumen: Reinke et al. 2000).

In recent studies using a modified Salmonella mutagenicity test, DMSO extracts from straight-run bitumen induced 
mutations. After oxidation in the laboratory, the mutagenicity indices of the DMSO extracts were 41% to 50% lower 
than those of straight-run bitumen. According to the authors, the biologically active PAH fraction decreased during the 
production of oxidized bitumen, with the result that only few or no mutations could be detected (Trumbore et al. 2011).

In the modified Salmonella mutagenicity test, mutations were induced by oxidized bitumen in only 2 of 4 samples 
collected from storage tanks and from a laboratory sample, while no mutations were induced by straight-run bitu-
men (Kriech et al. 2007) (mutagenicity index > 1: mutations, < 1: no mutations).

Straight-run bitumen (aerosol and vapour samples of AC, unmodified and modified, see Section 5.6.1.1) did not cause 
genotoxic changes in the Salmonella mutagenicity test, comet assay or micronucleus test (Lindberg et al. 2008).

In vivo

In the 2001 documentation (Greim 2002), local and systemic DNA adducts were either induced in animal studies after 
exposure to bitumen solutions, extracts and condensates (straight-run bitumen: Genevois et al. 1996; oxidized bitumen: 
Qian et al. 1998) or not induced (straight-run bitumen: Pasquini et al. 1989, 1992). Studies carried out by Genevois et al. 
(1996) in BD4 rats found that the adduct patterns detected could not be explained solely on the basis of the unsubsti-
tuted PAHs found in the epicutaneously applied bitumen vapour condensates. Repeated oral exposure of rats to larger 
quantities of a crude oil vacuum distillation residue did not increase structural chromosomal aberrations in the bone 
marrow of the animals (straight-run bitumen: API 1984 a, b).

Oxidized bitumen

A micronucleus test in the bone marrow of rats yielded negative results up to a total hydrocarbon concentration of 
297 mg/m3 (equivalent to 350 mg/m3 related to the bitumen condensate standard: conversion according to the method 
of Fraunhofer ITEM (ITEM 2017; 1200 ng BaP/m3). In the range-finding study, blood formation in the bone marrow was 
impaired at a total hydrocarbon concentration of 1000 mg/m3 (1170 mg/m3 related to the bitumen condensate standard) 
(Parker et al. 2011).
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Straight-run bitumen, air-rectified bitumen

In the 2001 documentation (Greim 2002), the DNA adducts determined by 32P-postlabelling after inhalation exposure 
to straight-run bitumen were different from those induced by PAHs. After oral exposure, DNA adduct frequencies 
were similar in both the exposure and control groups.

Studies found increased frequencies of DNA adducts in the nasal epithelium and in the lungs at a total hydrocarbon 
concentration of 20 mg/m3, but not in the white blood cells of rats after nose-only inhalation exposure to total hydro-
carbon concentrations of up to 100 mg/m3 (30 ng BaP/m3) for 5 weeks (Halter et al. 2007). In addition, neither an increase 
in 8-oxo-dGuo adducts was determined in rats as evidence of oxidative stress (Halter et al. 2007), nor an increased 
frequency of mutations in cII genes in the lungs of transgenic Big Blue® rats and cII and lacI genes in the lungs of 
transgenic Big Blue® mice (100 mg/m3 with 300 ng BaP/m3; Bottin et al. 2006; Gate et al. 2007; Micillino et al. 2002). The 
induction of micronuclei was observed in a study with intratracheal instillation only at a cytotoxic dose of 8.88 mg/kg 
body weight (Ma et al. 2002), but not in 2 studies after exposure by inhalation (Halter et al. 2007; Zhao et al. 2004).

Changes in the expression of genes involved in the inflammatory and immune response and in pulmonary diseases 
and an increase in the expression of CYP1A1 and CYP2G1 in nasal and lung tissues were determined after exposure 
by inhalation (Halter et al. 2007).

Accessibility of the germ cells

In the case of oxidized bitumen, accessibility of the germ cells is assumed because systemic genotoxic or mutagenic 
effects are evidence of the systemic availability of genotoxic or mutagenic constituents or metabolic products of va-
pours and aerosols.

In the case of oxidized bitumen and straight-run bitumen/air-rectified bitumen, systemic availability can be 
inferred from the impaired formation of blood cells in the bone marrow of rats after exposure by inhalation (Halter 
et al. 2007; Parker et al. 2011). Thus, the accessibility of the germ cells is assumed.

5.7 Carcinogenicity

5.7.1 Short-term studies
A study used specially generated samples to investigate whether changes in signal transduction mechanisms associ-
ated with tumour formation can be induced by exposure to bitumen emissions. Vapours and aerosols of bitumen were 
generated at a temperature of 150 °C using a “dynamic asphalt fume generation system” and collected on glass fibre 
filters. The system did not include an adsorbent for vapours. Following extraction and elution with dichlorometh-
ane, the samples were used in cell culture tests for exposure with the stable transfectants of the mouse skin epider-
mal JB6P+Cl41 cell line expressing the AP-1 luciferase reporter gene (with 20 µg/ml) and primary mouse epidermal 
 keratinocytes from the epidermis of newborn AP-1 transgenic mice (with 10 µg/ml, 6 hours). In addition, skin samples 
were collected from the mice before and after painting with “asphalt fumes” (24 hours). The AP-1 activity in the cells 
and skin samples was then quantified on the basis of the expressed luciferase reporter gene. A statistically significant 
increase in AP-1 activity was determined in the JB6P+Cl41 cells 12 to 24 hours after treatment. A statistically signifi-
cant, marked increase in AP-1 activity was observed also in the skin samples and keratinocytes of transgenic mice 
after exposure. According to the authors, AP-1 activation is an essential mechanism that plays an important role in 
the promotion of skin tumours. In addition, the study investigated the signal transduction pathways that lead to the 
activation of AP-1. Immunoblots were used to demonstrate that the activation of AP-1 resulting from exposure prob-
ably occurred via the PI3K/Akt signal transduction pathway and not via MAP kinases. The authors carried out an 
additional assay to demonstrate that the growth properties of JB6P+Cl41 cells changed after exposure. Their growth 
became anchorage independent, which is another characteristic of tumour cells. Therefore, tumourigenic properties 
were detected in the cells of the JB6P+CI41 mouse cell line and in the keratin and skin samples of transgenic mice 
after exposure (Ma et al. 2003 a).
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A study investigated the initiation and promotion of tumours after exposure to BURA bitumen (type III “built-up 
roofing asphalt”). Groups of 30 male mice (Crl:CD1) were exposed via the skin to 37.5 µl of a solution containing 25 mg 
of “field-matched” condensate in mineral oil, equivalent to 67%. The test substance was identical to that used by Clark 
et al. (2011) (see Section 5.7.2). To test the substance for tumour initiation, the “field-matched” condensate solution was 
applied to the shaved dorsal skin twice a week for 2 weeks, followed by the application of 5 µg of tetradecanoylphorbol 
acetate (TPA) in acetone, equivalent to 0.01%, twice weekly for 25 weeks. Squamous cell papillomas were found in 5 
of 30 mice, but only in 1 of 30 animals of the negative control group, which were administered mineral oil instead of 
“field-matched” condensate. To test the substance for tumour-promoting effects, tumour induction was initiated by a 
single epicutaneous application of 50 µg of 7,12-dimethylbenzo[a]anthracene (DMBA) at the beginning of the initiation 
phase, followed by the application of 37.5 µl of a solution containing 25 mg of “field-matched” condensate in mineral 
oil (equivalent to 67%) twice weekly from weeks 3 to 31. Squamous cell carcinomas were observed in 2 mice. In com-
parison, tumours developed in 29 of 30 mice of the positive control group. These animals had been given DMBA for 
initiation and TPA for promotion. The authors concluded that the carcinogenic effects induced by the “field-matched” 
condensate (see Clark et al. 2011) were more likely caused by a genotoxic mechanism than tumour-promoting effects 
(Freeman et al. 2011; see Table 13).

5.7.2 Long-term studies

5.7.2.1 Inhalation

Groups of 50 male and 50 female SPF    Wistar rats were exposed nose-only to a bitumen vapour condensate generated 
at 175 °C (for a detailed description, see Section 5.2.1.1). Commercially available paving grade bitumen B65 (= B50/70) 
was used as the feedstock. This type of bitumen contains about 70% “air-rectified” bitumen (CAS number 64742-93-4) 
with the remainder made up of “straight-run vacuum residue” (CAS number 64741-56-6). The animals were exposed 
to total hydrocarbon concentrations of 0, 4.1, 20.7 and 103.9 mg/m3 (related to the mineral oil standard, equivalent to 
0, 6.0, 30.4 and 152.6 mg/m3 related to the bitumen condensate standard) for 6 hours a day, on 5 days a week, for up 
to 24 months. Mortality was similar in all groups, but slightly higher in females. The incidence of bronchoalveolar 
hyperplasia was significantly higher in both sexes in the groups exposed to the medium concentration and above. 
A significant increase in the overall tumour incidence or in individual organs was not recorded. A male rat exposed 
to a concentration of 152.6 mg/m3 developed a poorly differentiated adenocarcinoma in the nasal cavity (Fuhst et al. 
2007). This type of tumour is comparatively rare in rats and may possibly have been caused by exposure to bitumen.

5.7.2.2 Dermal application

The studies below are summarized in Table 13.

A study with the dermal application of saturated solutions of “Asphalt Cement 20” (AC-20, asphalt concrete, CAS 
number 8052-42-4) or “Coastal Residuum” (CR, CAS number 64741-56-6) in mineral oil to the skin of male C3H/HeN-
CrlBR mice did not yield evidence of carcinogenic effects. Groups of 50 mice were exposed via the shaved dorsal skin 
to 37.5 µl of a 30% solution of AC-20 and a 70% solution of CR in mineral oil twice weekly for 24 months. The mice of 
the 3 control groups (50 mice per group) were treated using the same procedure, but with toluene and mineral oil for 
the negative control and a 0.05% solution of benzo[a]pyrene in toluene for the positive control. Tumours of the skin 
were induced in 92% of the mice of the positive control group (45 squamous cell carcinomas and a papilloma), but not 
in any of the animals of the other exposure groups (Goyak et al. 2011).

In a study carried out in the United States, the effects induced by the application of 3 different bitumen condensates to 
the skin of groups of 80 male C3H/HeNCrl mice were investigated over a period of 104 weeks. One of the condensates 
was generated from the vapour of paving grade bitumen (“field-matched-paving” condensate) at a temperature of 148 °C, 
the 2 other condensates were produced from the vapour of bitumen used for roofing sheets (type III BURA “built-up 
roofing asphalt”) at temperatures of 199 °C (“field-matched” BURA condensate) and 232 °C (“lab” BURA condensate). The 
conditions under which the condensates were generated were modified in such a way that the chemical profiles of the 
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condensates were as similar as possible to actual samples from the workplace. More information about the procedures 
used to produce the bitumen condensates can be found in the publication of Kriech et al. (2007). The benzo[a] pyrene 
concentration in the condensate of paving grade bitumen was below the limit of detection of 0.08 mg/kg; the BURA 
condensates contained 3 and 6 mg/kg benzo[a]pyrene, respectively. The bitumen condensates were applied in mineral 
oil at a dose volume of 37.5 µl non-occlusively to the shaved dorsal skin of mice using a pipette. On the basis of the find-
ings of a pilot study, the intervals of application were chosen in such a way that irritation of the skin was not induced. 
As the irritant effects varied in severity, the study was divided into 2 parts to evaluate the paving grade bitumen and 
BURA separately. Both parts of the study included a positive and a negative control group with 50 and 80 male mice, 
respectively. The paving grade bitumen condensate was applied daily at a dose level of 7.14 mg in mineral oil, equivalent 
to 50 mg of condensate per week. The BURA condensates were applied twice weekly at a dose level of 25 mg in mineral 
oil, which was also equivalent to 50 mg of condensate per week. All control groups were given 0.05% benzo[a]pyrene 
in 37.5 µl of toluene or pure mineral oil, respectively, twice weekly. Dermal application of paving grade bitumen did 
not have any significant effects on survival, body weights, feed consumption or clinico-chemical parameters. Tests 
of skin irritation did not reveal any unusual findings over the entire study period. Squamous cell carcinomas were 
determined in 37 of 50 mice of the benzo[a]pyrene control group, but not in the mineral oil control group or the paving 
grade bitumen group. Only 1 squamous cell papilloma was found in the group exposed to paving grade bitumen. In 
the dose groups of the part of the study investigating exposure to BURA, 4 mice of the “field-matched” condensate 
group and 10 of the “lab” condensate group died in the first 6 months. The examinations of these mice did not link the 
deaths to exposure. The incidence of mortality was similar in the “field-matched” condensate group and the mineral 
oil group, but was significantly increased in the “lab” condensate group as from week 60 of the study. The irritation 
index scores (numerical system for the evaluation of the severity of skin irritation) in the “field-matched” condensate 
group were significantly elevated in comparison with the scores of the control group as from week 53; in the “lab” con-
densate group, this increase was already observed as from week 46. The irritation index scores of the “field-matched” 
condensate group gradually increased to a little over half the maximum levels, while in the “lab” condensate group, 
the scores increased rapidly to near-maximum levels. Skin irritation was found to have a tumour-promoting effect by 
comparing the irritation index scores of tumour-bearing and non-tumour-bearing mice: squamous cell carcinomas 
developed in 8 of 62 mice of the “field-matched” condensate group, in which proliferation of skin tissues was observed 
from week 80, and in 35 of 64 mice of the “lab” condensate group, in which the proliferation of skin tissues was first 
detected in week 50. In the benzo[a]pyrene group, tumours developed in 34 of 49 mice, while none developed in the 
mice of the mineral oil group (Clark et al. 2011).

5.7.2.3 Summary

Straight-run bitumen, air-rectified bitumen

A significantly increased tumour risk cannot be derived from the findings of the chronic inhalation study in rats. 
However, a poorly differentiated adenocarcinoma formed in the nasal cavity of 1 animal. The skin painting study did 
not yield evidence of a carcinogenic effect. The test condensate was generated at a temperature of 148 °C, it contained 
lower levels of PAHs than the roofing condensates that were investigated at the same time.

Oxidized bitumen

A long-term study with inhalation exposure is not available. Roofing condensates were found to be carcinogenic in 
skin painting studies. Their potency increased with an increase in the temperature at which the bitumen condensate 
was generated of 199 °C to 232 °C and a concurrent increase in PAH levels. A study that investigated tumour initiation 
and promotion found that the carcinogenic effects of these condensates were caused by a genotoxic mechanism.
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Tab. 13 Skin painting studies with bitumen condensates in mice

Strain; 
number of 
animals

Test substance CAS 
number

Tem per-
a ture

Dose; duration Squamous cell carcinomas/ 
keratoacanthomas/ 
papillomas/  
Σ squamous cell carcinomas + 
papillomas 
(number of test animals)a)

References

C3H/HeNCrl; 
80 ♂

“field-matched” built-up 
roofing asphalt type III 
(class 2 bitumen), 
vapour condensate

64742-93-4 199 °C 
and 
higher

25 mg in mineral oil, 
37.5 μl, 
2× per week, 
weekly dose: 50 mg; 
104 weeks

DG: 8/1/4/11 (62) 
PC: 34/3/2/35 (49)

Clark et al. 
2011

C3H/HeNCrl; 
80 ♂

“laboratory-generated” 
built-up roofing asphalt 
type III (class 2 bitu-
men), 
vapour condensate

64742-93-4 232 °C 25 mg in mineral oil, 
37.5 μl, 
2× per week, 
weekly dose: 50 mg; 
104 weeks

DG: 35/2/3/37 (64) 
PC: 34/3/2/35 (49)

Clark et al. 
2011

C3H/HeNCrl; 
80 ♂

“field-matched” paving 
asphalt 
(class 1 bitumen), 
vapour condensate

8052-42-4 148 °C 7.14 mg in mineral oil, 
37.5 μl, 
daily, 
weekly dose: 50 mg; 
104 weeks

DG: 0/0/0/no data (80) 
PC: 37/3/1/no data (50) 
negative control group: 1 basal 
cell carcinoma

Clark et al. 
2011

C3H/HeNCrlBR; 
50 ♂

Asphalt Cement 20, 
class 1 bitumen from 
“napthenic crude”

8052-42-4 no data 30% in mineral oil, 
37.5 μl, 
2× per week; 
24 months

DG: 0/0/0/no data (50) 
PC: 45/no data/no data/no data 
(50)

Goyak et al. 
2011

C3H/HeNCrlBR; 
50 ♂

“Coastal Residuum”, 
class 1 bitumen from 
“napthenic crude”

64741-56-6 no data 75% in mineral oil, 
37.5 μl, 
2× per week; 
24 months

DG: 0/0/0/no data (50) 
PC: 45/no data/no data/no data 
(50)

Goyak et al. 
2011

Crl:CD1; 
30 ♂

“field-matched” built-up 
roofing asphalt type III 
(class 2 bitumen), 
vapour condensate

64742-93-4 199 °C 25 mg in mineral oil, 
37.5 μl, 
2 x per week, 
weekly dose: 50 mg; 
for 2 weeks; 
then 5 μg TPA (0.01% 
in acetone), 
2× per week; 
25 weeks

DG: 0/0/5/no data (30) 
PC: 3/3/27/no data (30)

Freeman et 
al. 2011

Crl:CD1; 
30 ♂

“field-matched” built-up 
roofing asphalt type III 
(class 2 bitumen), 
vapour condensate

64742-93-4 199 °C single application of 
50 μg DMBA, 
25 mg in mineral oil, 
37.5 μl, 
2× per week, 
weekly dose: 50 mg; 
28 weeks

DG: 0/1/2/no data (30) 
PC: 3/3/27/no data (30)

Freeman et 
al. 2011

a) no findings in negative control groups except where noted
DG: dose group; DMBA: 7,12-dimethylbenzo[a]anthracene; PC: positive control; TPA: tetradecanoylphorbol acetate

6 Manifesto (MAK value/classification)
The most sensitive end points are carcinogenic effects and effects in the upper and lower respiratory tract.

Carcinogenicity. The vapours and aerosols of bitumen were assigned to Carcinogen Category 2 in 2001 after 
animal studies revealed genotoxic and carcinogenic properties (Greim 2002). New findings have in the meantime 
been published; however, some of the data are contradictory (Kriech et al. 2018).
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Overall, the epidemiological studies published since 2001 did not provide clear evidence of a general increase in mor-
tality from all cancer types in workers handling bitumen. A slightly increased risk was found for lung cancer, but this 
effect cannot be clearly attributed to a specific type of bitumen or to a certain type of activity. A marked increase in 
the risk of lung cancer was primarily observed in earlier studies of roofing activities. However, bias from co-exposure 
to coal tar is likely, particularly in the case of these studies, and must be taken into consideration. It remains unclear 
whether the increased risk can be solely attributed to this. By contrast, analyses that examined only data from road 
paving operations did not find any or only a slight increase in lung cancer risk. The studies available are of limited 
validity; both an overestimation and an underestimation of the potential lung cancer risk is possible. The nested case–
control studies of Olsson et al. (2010) and Agostini et al. (2013) are of greater significance for the evaluation because 
of the relatively good assessment of exposure. The studies did not find a significant increase in lung cancer risk after 
examining a relatively large number of cases (433 and 393, respectively).

Straight-run/air-rectified bitumen

Animal studies with dermal application carried out since 2001 to investigate exposure to straight-run bitumens 
obtained only negative results (Clark et al. 2011; Goyak et al. 2011); also studies of carcinogenic effects carried out 
up to 2001 yielded primarily negative findings. A carcinogenicity study in rats carried out according to OECD Test 
Guideline 451 with inhalation exposure to the vapours and aerosols of a mixture of straight-run bitumens containing 
at least 70% air-rectified bitumen did not reveal a significant increase in tumour incidences in the exposed groups up 
to the highest concentration tested of 152.6 mg/m3 (bitumen condensate standard) (Fuhst et al. 2007). Recent studies 
in humans did not find consistent evidence of increased genotoxicity and mutagenicity in exposed workers (Lindberg 
et al. 2008; Tompa et al. 2007). Studies, particularly those that examined a large number of cases (n > 200) such as the 
Human Bitumen Study (Marczynski et al. 2011; Welge et al. 2011), did not find an increased frequency of micronuclei, 
chromosomal aberrations, HPRT mutations, SCE, DNA strand breaks or oxidative DNA base damage in vivo in  humans 
that could be linked to exposure to bitumen. The results of other studies that described increases in individual geno-
toxicity parameters (Cavallo et al. 2006; Çelik et al. 2013; Karaman and Pirim 2009; Murray and Edwards 2005; Sellappa 
et al. 2011) are difficult to interpret because of a lack of exposure data.

An association could not be made between exposure and PAH-associated DNA adducts of the carcinogenic benzo[a]-
pyrene (Marczynski et al. 2011; McClean et al. 2007 b) in spite of the use, in some cases, of very sensitive methods such 
as 32P-postlabelling.

Evidence of carcinogenic effects induced by exposure to defined straight-run bitumens was not found. However, be-
cause the chemical composition of straight-run bitumens varies widely, a carcinogenic potential cannot be ruled out 
completely. As a result, harmful emissions of carcinogenic and mutagenic constituents may be produced.

Therefore, the vapours and aerosols emitted during the high-temperature processing of straight-run bitumen and 
air-rectified bitumen are classified in Carcinogen Category 3 B. Aggregates and emissions from aggregates that may 
make a relevant contribution to the health risk have to be assessed separately.

Oxidized bitumen

Recent animal studies of oxidized bitumen (roofing bitumen) that were published since 2001 have demonstrated—as did 
the majority of earlier studies—that condensates of the vapours and aerosols of oxidized bitumen induce carcinogenic 
effects in skin painting tests in mice (Clark et al. 2011; Freeman et al. 2011). Therefore, a significant number of the oxi-
dized bitumens tested have to be considered carcinogenic. There are no studies that investigated the carcinogenicity 
of oxidized bitumen after inhalation exposure. The positive results obtained in animal studies of carcinogenicity, in-
cluding skin painting tests, are consistent with the results of a genotoxicity study that found an increased frequency 
of DNA strand breaks in a group of exposed workers (Toraason et al. 2001).

Overall, the vapours and aerosols produced during the high-temperature processing of oxidized bitumen, as commonly 
used for roofing work, have been classified in Carcinogen Category 2 for carcinogenic substances.
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MAK value. A 2-year inhalation study in rats (Fuhst et al. 2007) that was carried out according to OECD Test 
Guideline 451 can be used for the derivation of a MAK value for straight-run and air-rectified bitumen. In this 
study, rats were exposed by inhalation to the vapours and aerosols produced from a mixture of straight-run and 
air-rectified bitumens similar to those used at the workplace for 6 hours a day, on 5 days per week, for 104 weeks. 
The exposure concentrations were 0, 6.0, 30.4 and 152.6 mg/m3 using bitumen condensate as the reference standard. 
The most sensitive end points were the effects in the upper and lower respiratory tract. On the basis of the increased 
incidence of bronchoalveolar hyperplasia in the lungs and of inflammatory cells in the nasal epithelium, a NOAEC of 
6 mg/m3 and a LOAEC of 30.4 mg/m3 (bitumen condensate standard) was derived from this study.

The results of this study can be compared with the findings of the Human Bitumen Study, which observed effects in the 
lower respiratory tract of workers after exposure to the vapours and aerosols produced from mastic asphalt at a median 
concentration of 5.08 mg/m3 (related to the bitumen condensate standard, interquartile range of 2.64–8.67 mg/m3). On a 
group basis, 3 of the 12 parameters investigated in the sputum (total protein, interleukin 8 and matrix metalloprotein-
ase 9) were increased in exposed workers. However, no association could be made with the prevailing concentrations 
of the vapours and aerosols of bitumen during the work shift. The concentrations of inflammatory markers were not 
dependent on the duration of exposure or on the “job tasks”. The findings can be interpreted as the initial signs of 
inflammatory changes. The severity of the changes was very slight in comparison with those determined in smokers. 
The markers have not been evaluated with regard to their clinical relevance. As no association could be made with 
the work shift, the changes were probably subchronic or chronic. Lung function was not impaired. No evidence of 
systemic effects was found in the examination of the blood. No differences between the exposed and control groups 
were observed in the analysis of inflammatory parameters in the nasal lavage (Raulf-Heimsoth et al. 2011 b). This shows 
that the lower respiratory tract is the most sensitive target organ in humans.

On the basis of the NOAEC of 6 mg/m3 that was determined in the inhalation study in rats and taking into consider-
ation that the value was derived from an animal study (1:2) and the increased respiratory volume at the workplace (1:2) 
in comparison with the exposure of animals at rest, a MAK value of 1.5 mg/m3 (sum of the vapour and inhalable frac-
tion) has been determined for the vapours and aerosols from straight-run and air-rectified bitumen using bitumen 
condensate as the reference standard (1 mg/m3 as related to the mineral oil standard). Therefore, the MAK value is one 
third of the mean concentration at which 3 of 12 inflammatory parameters were increased in the sputum of exposed 
workers. However, the clinical relevance of these parameters is unclear. This margin is considered sufficient. The MAK 
value was derived from a study of rodents for an additive-free mixture of straight-run and air-rectified bitumen and 
is also supported by the findings of the Human Bitumen Study of workers who were exposed to vapours and aerosols 
while handling mastic asphalt. The MAK value is therefore valid also for the vapours and aerosols of the bitumen 
contained in mastic asphalt as a binding agent. The workers investigated by the Human Bitumen Study also handled 
lower temperature asphalts enriched with viscosity-changing additives. Therefore, the MAK value is valid also for 
these types of lower temperature asphalts containing these kinds of aggregates. However, the aggregates themselves 
and their emissions, which may have a relevant impact on the health risk, have to be evaluated separately.

Peak limitation. The critical effects are the effects in the lungs. The effects are assumed to be cumulative. The 
substance is therefore classified in Peak Limitation Category II. After exposure to the vapours and aerosols of mastic 
asphalt in the work area at concentrations of ≤ 15 mg/m3 (n = 46) and > 15 mg/m3 (n = 18) (8-hour time-weighted average 
values, related to bitumen condensate as the reference standard), a concentration-dependent increase in the prevalence 
of symptoms in the lower respiratory tract and of eye irritation was found during the shift in comparison with the 
levels determined in the 48 control persons (Raulf-Heimsoth et al. 2007). Concentration peaks are assumed to have 
an impact on the symptoms observed. No subjective or objective symptoms were reported following exposure of 
2 volunteers to the vapours and aerosols of bitumen at a concentration of about 20 mg/m3 (bitumen condensate 
standard) for 8 hours (Walter and Knecht 2007). Therefore, at an excursion factor of 2 resulting in a permissible peak 
concentration of 3 mg/m3, no local effects are to be expected.
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Prenatal toxicity.

Straight-run/air-rectified bitumen

As studies of developmental toxicity are not available, straight-run and air-rectified bitumen have been classified 
in Pregnancy Risk Group D.

Oxidized bitumen

In a 1-generation study with exposure up to gestation day 20, condensates of the vapours and aerosols of oxidized 
bitumen did not induce foetotoxic effects at concentrations up to 300 mg/m3. No studies of teratogenicity are available. 
As a MAK value was not derived for oxidized bitumen, the substance has not been classified in a pregnancy risk group.

Germ cell mutagenicity. Only results that could clearly be attributed to either oxidized bitumen or straight-run 
bitumen were taken into consideration for the evaluation of germ cell mutagenicity.

Straight-run/air-rectified bitumen

No data relating to germ cells are available for the vapours and aerosols of straight-run bitumen. Benzo[a]pyrene 
 adducts were not detected in the blood of exposed persons even by the most sensitive methods. No evidence of in-
creased genotoxicity or mutagenicity (frequency of micronuclei, chromosomal aberrations, HPRT mutations, SCE, 
DNA strand breaks or oxidative DNA base damage) in humans was found in studies that investigated sufficiently large 
collectives and provided a detailed description of the exposure conditions. In vitro studies that investigated the effects 
of extracts or vapours on bacteria in the Salmonella mutagenicity test and on mammalian cells in the comet assay or 
micronucleus test yielded primarily negative results with and without the addition of a metabolic activation system. 
A number of animal studies observed DNA adducts in the nose, lungs and alveolar macrophages after exposure by 
inhalation, but tests for mutations in the lungs at the cII locus in rats and mice and at the lacI locus in mice yielded 
negative results at concentrations of about 100 mg/m3 (with 300 ng benzo[a]pyrene/m3). Micronuclei were induced in 
SD rats after 3 intratracheal injections of straight-run bitumen at the cytotoxic dose of 8.88 mg/kg body weight and 
day, but not after inhalation of concentrations up to 100 mg/m3 (with 30 ng benzo[a]pyrene/m3) or 641 mg/m3. The 
 vapours and aerosols of straight-run bitumen are systemically available after inhalation exposure. Overall, the data for 
genotoxicity and the estimated PAH levels (see comparative analysis) do not suggest germ cell mutagenic effects, and 
the vapours and aerosols of straight-run and air-rectified bitumen have not been classified in one of the  categories 
for germ cell mutagens.

Oxidized bitumen

No data relating to germ cells are available for the vapours and aerosols of oxidized bitumen. In workers, exposure to 
the vapours and aerosols of oxidized bitumen yielded evidence of an increased frequency of strand breaks  (Toraason 
et al. 2001). PAH–DNA adducts, determined as benzo[a]pyrene–DNA adducts, could not be clearly attributed to oxi-
dized bitumen because of co-exposure to coal tar (Herbert et al. 1990 b). Oxidized bitumen induced mutations in 
bacteria. No other in vitro studies with oxidized bitumen are available. Furthermore, a valid micronucleus test in 
rats with inhalation exposure at concentrations up to 300 mg/m3 (with 1200 ng benzo[a]pyrene/m3) yielded negative 
results. The vapours and aerosols of oxidized bitumen are systemically available. Overall, there are not enough data 
to classify them as germ cell mutagens. However, based on the mutations observed in bacteria and the higher level 
of benzo[a]pyrene in the condensates of oxidized bitumen (Parker et al. 2011) in comparison with the level found in 
the condensates of paving grade bitumen (Fuhst et al. 2007) and the systemic availability of the inhaled vapours and 
aerosols of oxidized bitumens, a germ cell mutagenic effect is possible and oxidized bitumens have been classified in 
Category 3 B for germ cell mutagens.

Absorption through the skin. Epicutaneous application of bitumen vapour condensates in rats led to the formation 
of systemic DNA adducts (Genevois et al. 1996; Greim 2002). A study in volunteers (Walter and Knecht 2007) found 
that bitumen emissions were readily absorbed from the gas phase. The “H” designation (for substances which can be 
absorbed through the skin in toxicologically relevant amounts) has thus been retained.
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Sensitization. No positive findings were obtained for sensitization in animals. There are no findings in humans. 
For this reason, the “Sh” or “Sa” designations (for substances which cause sensitization of the skin or airways) have 
not been given.
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