Chapter 5.2 Benzene

General description

Benzene (CgHe) is a colourless liquid at room temperature (melting point 5.5 °C) with a dengity of
0.87 g/ent at 20 °C. It has ardatively low boiling point (80.1 °C) and a high vapour pressure (9.95
kPa at 20 °C), causing it to evaporate rapidly at room temperature. It is dightly soluble in weater (1.8
gllitre at 25 °C) and miscible with most organic solvents.

Benzene in ar exigs predominatdy in the vapour phase, with resdence times varying between afew
hours and a few days, depending on the environment, the climate and the concentration of other
pollutants. Reaction with hydroxy radicasis the most important means of degradation. It can dso be
removed from air by rain.

Sour ces

Benzene is a natural component of crude oil, and petrol contains 5% by volume. Within the
European Union the maximum dlowable concentration is 5%. Benzene is produced in large
quantities from petroleum sources and is used for the chemicd synthesis of ethyl benzene, phenal,
cyclohexane and other subgtituted aromeatic hydrocarbons. Production in 1988 was estimated to be
20 million tonnes worldwide and 5 million tonnes within the countries of the European Economic
Community. Production in the USA and Japan in 1990 was estimated to be 5.4 million and 2.8
million tonnes, repectively (1). Benzene is emitted during its production and from coke ovens.
Beddes these indudtrial sources, emisson dso occurs from different combustion sources, such as
motor engines, wood combustion and stationary foss| fud combustion. The mgor source is exhaust
emissons and evaporation losses from motor vehicles, and evaporation losses during the handling,
digtribution and storage of petrol.

Occurrencein air

Dally median arr concentrations in the USA have been reported as follows. remote areas, 0.51
ug/nt (0.16 ppb); rural areas, 1.50 pg/nt (0.47 ppb); and urbarvsuburban areas, 5.76 pug/nt (1.8
ppb) (2). Mean concentrations from Montreal and Toronto in Canada, Houston, New York and
Rittsburgh in the USA, Odo in Norway, the Rhine area in Germany, London in England and
Bilthoven in the Netherlands are in the range 2.8— 40 pg/n?, with Bilthoven showing the lowest
figure and Odo the highest. Countrywide averages in Germany were further reported to be 1-10
ug/nT. More recent data from ten Canadian cities surveyed between 1988 and 1990 have shown
mean concentrations of benzene in the range 1.2-14.6 pg/nt with an overal mesn vaue of 4.4
ug/n (3). Repeated weekly measurements during the winter of 1992-1993 in 17 townsin Sweden
resulted in calculated winter mean levels in the range 3.3-10.4 pg/n. Similar measurements in 22
towns during the winter of 1993-1994 gave somewhat lower winter means of 2.6-7.4 pg/nt (4).
Mean vaues of benzene in “dreet canyons’ in different German cities varied between 8 and 48

Mg/ (5).

Higher concentrations than those reported above can occur in certain Stuations, such as during the
refuelling of cars Levels of 3.2 mg/n (1 ppm) have been measured in the bresthing zone during
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refudling (2). Swedish measurements during refuelling have shown concentrations varying from 0.01
to 27 mg/nt, depending on wind speed and local circumstances. The geometric mean vaue from
175 measurements was 0.76 mg/n. In comparison, 30 measurements during Efudling using a
vapour recovery system showed a geometric mean vaue of 0.13 mg/nT (6). The geometric mean
persona exposure to benzene during awork shift for 32 petrol station attendants was 0.15 mg/nt,
with Smilar values in a gation using a vagpour recovery system (7).

Cigarette smoke is an important source of benzene in indoor ar, and median benzene levels have
been found to be higher in the homes of smokers (10.5 pg/nt) than those of nonsmokers (7 pg/nt)
in the USA. Corresponding figures from Germany were 11 and 6.5 pug/nt’, respectively. The levels
in the USA were higher than the corresponding median outdoor concentration, 6 ug/nt, and the
mean persona exposure was aso higher at 15 pg/nt (2, 8). The mean concentration of benzenein
indoor air in romes across Canada was 7.4 ug/nt, with a maximum vaue of 68 ug/n. The mean
concentration in outdoor air was 4.4 pg/int (3). Passve sampling in households in Germany
(Duisburg) showed an average concentration of benzene in children’s bedrooms of 95 pg/nt
compared to 1.8 pg/nt outside the windows (9). Indoor ar concentrations are enhanced in
dwellings near petrol stations (10). Studies of benzene concentrations in the interior of vehicles while
driving have shown vaues of 10-120 pg/n? in Germany, 37-57 ug/nt in Sweden, 30115 pg/n in
the Netherlands, and mean values of 12-50 ug/nt inthe USA (5).

Conversion factors
1 ppm =3.19 mg/n?’
1 mg/nt =0.313 ppm

Analytical methodsin air

Andytica methods for benzene in air usudly include absorption traps and subsequent separation by
gas chromatography with detection by flame ionisation, photo-ionization or mass chromatography.
In recent years optica methods, such as differentia optica absorption spectroscopy (DOAS), have
aso been gpplied. Unlike the other methods, which are point measurements, DOAS measures over
a distance (500-1000 m) and records the mean concentretion in the air in this path. However, the
correlation between the two types of method is poor, DOAS usudly giving higher values (11).

Routes of exposure

Inhaation accounts for more than 99% of the exposure of the genera population, whereas intake
from food and water is minima. Within the USA, the daily intake from ambient and indoor ar has
been calculated to range between 180 and 1300 pg/day, and the intake from food and water up to
about 1.4 pg/day (2). The average daily intake for an adult in Canada was estimated to be 14 ug
from ambient air, 140 pg from indoor air, 1.4 g each from food and drinking water and 49 ug from
car-related activities, giving a total of 203 pg/day (3). Wdlace (8) estimated the corresponding
average intake in the USA to be 320 pg/day. Cigarette smoking may add as much as 1800 pg/day
and passve smoking 50 pg/day. Driving a car during the rush hour may give a sgnificant intake.
Assuming that 2 hours'day were spent in ambient air with a benzene concentration of 7 pg/nt, 21
hours/day in indoor air a 4 pg/nt, and 1 hour/day insde a vehicle a 50 pg/n?, Fromme (5)
caculated the relative uptakes from ambient air, indoor air, air ingde cars, and intake from food to
be 9%, 53%, 30% and 8%, respectively.
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In astudy carried out in Germany in 1990-1991 (12) with 113 persons selected at random over the
country, the geometric mean of persona exposure to benzene was found to be 11 pg/nt ; the 95-
percentile was 32 pg/nt. Some 39% of the exposure could be explained, with 20% and 12%
respectively being related to indoor exposure to environmental tobacco smoke and car-related
activities (refudling and time in trangit).

Toxicokinetics

Absorption

Humean inhalation studies at 160-320 mg/nT (50—100 ppm) suggest approximately 50% absorption
and 30% retention of the inhaed dose, the rest being exhaled as unchanged benzene. Benzene is
digtributed throughout the body with lipid-rich and well perfused tissues containing the highest levels.
Benzene can cross the placenta (2).

M etabolism and eimination

The metabolism of benzene in animas and humans appears to be quditatively smilar. The oxidative
metabolism occurs primaily in the liver through the cytochrome R450 2E1 system. The man
metabolites are phenoal, catechol and hydroquinone. These compounds are also found in the bone
marrow of laboratory animas. Phenal is the predominant metabolite in humans and is excreted in
urine as sulfate and glucuronide conjugates. The formation of two of the toxic metabolites,
benzoquinone and muconadehyde, appears to be a saturable process. In mice, it has been shown
that proportionaly more benzene will be converted to toxic metabolites at low doses than & high
doses. Furthermore, mice metabolize benzene faster and convert more of the benzene to toxic
metabolites than rais. Because of this it has been suggested that metabolism in mice favours
toxification pathways, whilein ratsit is primarily detoxification (2).

The metabolism of benzene can be inhibited by toluene, leading to decreased toxicity. On the other
hand, ethanol can increase the metabolism of benzene, primarily by inducing xenobictic metabolizing
enzymes (13). The average hdf-time of kenzene in humans is 28 hours (14). In rats and mice,
metabolites are excreted in the urine within 40 hours of dosing by any route of adminigtration (2).

Pharmacokinetic models have been developed for rats and mice and used for risk assessments
based on animd cancer data (2, 15). Physologicdly based toxicokinetic models have aso been
developed using human data (2, 16), but so far these have not been used for risk assessment.

Biomarkers of human exposure

At high exposure leves (above 32 mg/n, 10 ppm) there is a correlation between phenol excretion
in urine and the levd of exposure. At lower concentrations, overdl benzene exposure is reflected in
the amount excreted in breath (14). Smokers have been found to exhae around 14 pg/n? and
nonsmokers around 2 pg/nt (8). The urinary excretion of the specific benzene metabolite
trans,trans-muconic acid has been found to be enhanced in benzene-exposed workers and in
smokers (17-20). The excretion of 8hydroxy-deoxyguanosine, formed as a result of oxidative
DNA damage, correlated with benzene exposure in petrol sation attendants (21). Possible adducts
with benzene oxide such as N-phenylvdine or S-phenylcyseine in haemoglobin could not be
detected in benzene-exposed workers (22), dthough there was a linear corrdation of the latter
adduct in albumin with benzene exposure (13-74 mg/nT) in female Chinese workers (18).
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Health effects

Effectson experimental animalsand in vitro test systems

The acute toxicity of benzene is low; LCs, vaues for mice and rats are 15 000 and 44 000 mg/nT,
respectively. Benzene is a general anaesthetic, causing depression of the centrd nervous system and
loss of consciousness.

Haematotoxic effects

The myelotoxicity of benzene is well known. Decreases in haematologica cell counts and in bone
marow cdlularity have been demondrated in severd <udies in mice after inhdaion a a
concentration of 320 mg/nT or higher for one or severd weeks. Some effects have aso been
demongtrated at lower concentrations, and the lowest reported effect level for haematologicd effects
is 32 mg/nT (10 ppm) for 25 weeks, at which concentration a depression in the numbers of
circulating red cdls and lymphocytes and in the number of splenic nucleated cells was observed (2).

Rats seem to be less sengtive than mice. In one study, dight leukopenia occurred after inhdation of
150 mg/nt for 32 weeks, but two other studies with exposure during 2 or 13 weeks showed
decreased leukocyte counts or decreased cdllularity in bone marrow only at 960 mg/nt or higher

(2).

The myelotoxicity of benzene seems to be the result of the interaction between different benzene
metabolites rather than the effect of a sSngle one. It has been suggested that phenol stimulates the
oxidation of hydroquinone to the reactive metabolite 1,4-benzoquinone by myeloperoxidase in the
bone marrow (2, 23). Stem cdls, myeoid progenitor cdls and sromd cdls are sendtive targets
(24). A reduced production of colony-simulating factors by stromd fibroblasts may be important
(25).

The toxicity of benzeneis enhanced by ethanol. On the other hand, co-exposure to toluene reduced
the degree of anaemia as observed in inhalation studies by Plappert et d. (26).

I mmunotoxic effects

Benzene-induced immunologica effects are probably a reflection of bone marrow toxicity. A
depression of the proliferative ability of B lymphocytes in mice has been demondtrated after 1 week
of inhalation of benzene at concentrations down to 32 mg/nT. T-cell response was depressed at 96
mg/nT (2). Benzene reduced the host resistance to infection by Listeria monocytogenes in mice
(960 mg/nT for 5 days) and increased the tumour incidence following injection of polyomavirus-
induced tumour cdls (320 mg/nT for 100 days) (27). When mice were trested with daily ora
adminigrations of benzene for 4 weeks, there was a reduction in periphera blood lymphocytes, a
biphasc splenic lymphocyte proliferative response to B- and T-cdl mitogens, and a biphasic
response for cell-mediated immunity: enhanced response & 8 mg/kg and a depression at 40 and 180
mg/kg (2).

Reproductive effects

Benzene can cross the placenta of experimental animas, and haematopoietic changes have been
obsarved in the fetuses and offspring of mice exposed to concentrations of 16-65 mg/nT during
days 6-15 of gestation. Following exposure to high doses (400-1600 mg/nT), decreased fetal
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weight, an increase in fetd resorptions and skeletal variants have been found in the offpring of mice,
rats and rabbits. However, no clear teratogenic effects have been demonstrated (2).

Genotoxicity

Interaction with DNA. The benzene metabolites hydroquinone and benzoquinone form DNA
adducts in vitro (28, 29). DNA adducts were also observed in vivo by Bauer et a. (30) with the
¥p post-labdling method in liver cdls of rabbits treated subcutaneoudy with benzene. However,
Reddy et a. (31, 32) were unable to detect DNA adducts unequivocdly following ord
adminigtration of benzene to rats and mice. Benzene metabolites, especidly 1,2,4-benzenetriol,
produce oxidative DNA damage forming 8 hydroxy-deoxyguanosne in vitro, and benzene forms
the same adduct in the bone marrow of treated mice (200 mg/kg) (33, 34). DNA damage, as
examined with the Sngle-cdll gdl assay for Sngle-strand breaks, was detected in peripheral blood
cells, bone marrow and liver in mice exposed to benzene at 900 mg/nT (35).

Mutations in vitro. Negative results have been reported when testing benzene in the Ames
Salmonella/microsome assay or other bacteria tests. However, Glatt et d. (36) found a dight
mutagenic response in Salmonella typhimurium strain TA1535 when the assay was performed in
desiccators rather than by plate incorporation.

The ring-opened metabolite of benzene, trans,trans-muconadehyde, was weskly mutagenic in only
one Salmonella strain (TA 104) but mutagenic in V79 hamaer cdls (37). That study did not detect
any mutagenic activity from muconic acid, but Rossman et d. (38) reported muconic acid to be
mutagenic in Escherichia coli. Glatt et d. (36) investigated severd other metabolitesin Salmonella
and V79 cdls. Only 1,2-dihydrodiol, diolepoxides and 1,2,3-trihydroxybenzene were mutagenic in
Salmonella; benzoquinone and hydroquinone gave the strongest mutagenic response in V79
hamgter cells.

Chromosomal effects in vitro. There is some evidence that benzene can induce chromosomal
abnormdities in mammadian cdl cultures (2). Metabolites of benzene (hydroquinone, catechal,
diolepoxides and trihydroxybenzene) induced sster chromatid exchanges in V79 cdls (2, 36).
Severd metabalites, including muconadehyde, have induced micronucle in cdl cultures (34, 36,
39).

Mutations in vivo. Mice exposed to 0.13, 0.32 and 3.2 mg/n for 22 hours/day, 7 days/week for
6 weeks were analysed for hprt mutations in spleen lymphocytes. There was a dose-rdated
increase in mutant frequencies a 0.13 and 0.32 mg/nT, but a decline a 3.2 mg/nT (40). Transgenic
mice have recently been used to test benzene (41). Lacl transgenic C57BL/6 mice exposed to 960
mg/nT for 12 weeks showed a significant incresse in mutation frequency in lung and spleen tissue,
but the increase was not Sgnificant in the liver.

Although benzene was negative in a sex-linked recessve lethd test in Drosophila (42), exposure to
27000 ppm by volume for 1 hour produced delayed mutations, scored as lethd in the third
generdtion (43).

Chromosomal effects in vivo. Benzene can induce sructurd and numerical chromosome
aberrations, sster chromatid exchanges and micronuclel by various routes of exposure (2). Most
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dudies were peformed with farly high concentrations, but Erexson et d. (44) detected sister
chromatid exchanges in periphera lymphocytes and micronucle in the bone marrow of rats a 9.6
and 3.2 mg/nt’, respectively. Au et d. (45) were able to detect chromosome aberrations in lung
mecrophages after prolonged exposure (6 weeks) at concentrations as low as 0.32 mg/nt, and in
lymphocytes from the spleen of mice at 0.13 mg/n? (46). However, there was no dose—response
rdaionship in the latter study, as the highest exposure (3.2 mg/nT) produced fewer aberrations than
the middle exposure (32 mg/nT).

Some sudies have shown that benzene can cause transplacental cytogenetic effects in mice. An
increased frequency of micronucle in polychromatic erythrocytes of fetd liver and peripherd blood
resulted from intraperitonea injections of 220-880 mg/kg on day 14 of gedation, dong with
micronucle in the dams (47). Smilar results were obtained by Xing et d. (48), but not by Harper et
d. (49).

There has been no cler demondration of dominant lethd effects in mice or rats. However,
chromosome aberrations in spermatogonia and dterations in sperm head morphology have been
demondtrated following intrgperitoned adminigtration (2).

The benzene metabolites hydroquinone and cathecol were weak inducers of micronucle in the bone
marrow of mice; phenol was negative. A combined adminigtration of phenol and either cathecol or
hydroquinone gave a synergistic response (50, 51), probably through the formation of benzoquinone
(52). When hydroquinone was administered repeatedly for 3 days it induced both micronuclel and
aneuploidy in mice (53). Muconddehyde induced sster chromatid exchanges but not micronucle in
mice after three repeated daily exposures (2). Ciranni et d. (54) tested the transplacentd effects of
severa metabolites, only hydroquinone gave rise to micronucle in mice fetal cells.

Co-exposure to toluene dters the metabolism of benzene, and has been shown to reduce the extent
of DNA damage caused by benzeneinhdation (26).

Carcinogenic effects
Benzene has been shown to be carcinogenic in mice and rats in severa studies. Various types of
lymphoma/leukaemia have been found, but the mgjority of neoplasms are of epithdid origin (2).

In inhaation studies in mice, Cronkite and co-workers (55-57) used an exposure to 960 mg/nt for
16 weeks, followed by a lifetime observation period in order to avoid inhibition of cell replication.
Lymphomal/leukaemia was found in C57BL/6 mice and myelogenous leukaemia but no lymphoma
was found in CBA/Ca mice. Snyder et d. (58) exposed mice for lifetime to 960 mg/nt. An increase
was found in haematopoietic neoplasms, including thymic lymphoma, in C57BL/6J mice but not in
AKR/J mice. C57BL/6 and CD-1 mice were exposed to the same concentration in a discontinuous
exposure pattern (one week exposure, two weeks nonexposure) or to 3800 mg/nt for 10 weeks
followed by a lifdong observation period. Neither of these exposures gave a significant increase in
lymphoma/leukaemia, athough other tumours such as lung adenomas and Zymba gland carcinomas
were induced (59). An inhdaion study with CBA mice exposed to 960 mg/nt for 16 weeks
demondtrated an increase in maignant lymphomeas, preputia gland carcinomas and lung adenomeas,
but not leukaemia (60).
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Inhalaion sudies with Sprague-Dawley rats have been performed by Snyder et a. (61) and Matoni
et a. (62). There were few tumoursin the animas, but increasesin Zymbd gland carcinomas,
mammary, liver and nasal tumours and leukaemia were reported at 320 and 640 mg/n.

Ord adminigtration studies were performed by Madtoni et d. (62) and Huff et d. (63) with mice and
rats, with daily doses ranging from 25 to 500 mg/kg body weight. The lowest dose of benzene that
produced specific neoplasms varied from 25 mg/kg for adenomas of the lung, harderian gland and
liver of mice to 500 mg/kg for lymphoreticular neoplasms in rats. Tumours were aso induced in the
Zymbd gland, ord and nasd cavities, mammary gland, forestomach, skin, preputia gland and ovary
2.

Effects on humans

Haematotoxicity, bone marrow depression

Severd types of blood dyscrasa, including pancytopenia, aplastic anaemia, thrombocytopenia,
granulocytopenia and lymphocytopenia have been noted following exposure to benzene. As in
experimental animals, the primary target organ for benzene that results in haematological changes is
the bone marrow. It has been suggested that the cells at highest risk are the rapidly proliferating stem
cdls(2).

Most of these cases were reported severd years ago, when benzene was used as a solvent in
different workplaces. An increased frequency of anaemia was detected among shoe workers,
rotogravure workers and rubber factory workers with prolonged exposure to high benzene
concentrations (hundreds of milligrams of benzene per nt) (2). When haematologica surveillance
data from rubber workers were analysed in retrospect, a decreased effect with time was observed
in parald with reduced levels of benzene in the workplace air from a mean of 240 mg/nT to 48-64
mgn? (64). Furthermore, it was found that the workers exposed above the median benzene
exposure (gpproximately 120 mg/nt) had significantly lower average white and red blood cell
counts compared with workers exposed below the median concentration (65). In a group of 200
workers exposed to 0.03-4.5 mg/nt, no differences in haematological outcomes were observed
compared to 268 nonexposed workers (66). In an evaluation of the literature, a WHO Task Group
(2) drew the conclusion that bone marrow depression or anaemiawould not be expected to occur in
workers exposed for 10 yearsto 3.2 mg/nt (1 ppm) or less.

Immunological effects

Older studies on workers exposed to benzene, toluene and xylene have shown decreased levels of
agglutinins and 1gG and IgA immunoglobulins, and increased levels of IgM. A loss of leukocytes has
been observed in severd studies in highly exposed workers as well as reduced numbers of T
lymphocytes. In a study of refinery workers exposed to benzene concentrations of less than 32
mg/nT, no such immunologica effects were seen (2).

Reproductive effects

Although benzene can cross the placenta, there is no evidence of teratogenic or other reproductive
effects in humans, except a few older reports on disurbed mengrud cycle in women with high
exposures to benzene and other aromatic solvents (67). A recent study did not find any increased
risk of gpontaneous abortion among the wives of 823 mae workers occupationaly exposed to
benzene levels of less than or around 15 mg/nT (68).
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Genotoxic effects

There are numerous studies on chromosoma effects in exposed workers (2, 69). Both structura

and numerical chromosome aberrations have been observed. In most cases the benzene exposure
has dso been high enough to produce haematologica effects. The chromosoma effects in these
studies are evident at concentrations of around 320 mg/nT (100 ppm) or higher, but in some studies
effects were reported in workers chronicaly exposed to levels of around 32 mg/nt (10 ppm) (2,
70, 71). Tompa et d. (72) reported that the frequency of chromosome aberrations decreased when
exposure levels decreased from 3-69 mg/nT to 1-18 mg/nT. In the study by Karecic et d. (71), a
decrease in sster chromatid exchanges but not in chromosomal aberrations was noted in a group of

femae workers when examined with a 5-year interva during which the mean benzene concentration
had decreased from 26 to 16 mg/n. Smoking did not influence the results (70, 71, 73).

Somatic mutations as an endpoint of benzene-induced genotoxic effectsin heavily exposed workers
was studied recently by Rothman et d. (74). They used the glycophorin A (GPA) mutation assay.
The results suggested that benzene induces gene-duplicating mutations, presumably through
recombination mechanisms, but not gene-inactivating mutations due to point mutations or deletions.

Carcinogenic effects
Severd dinicad and epidemiologica studies have shown that long-term exposure to benzene can lead
to leukaemia, and benzene has been classified as a human carcinogen (Group 1) by IARC (69).

One of the firgt epidemiological studies demonstrated an increased incidence of leukaemia, mainly
acute myeoid leukaemia, in shoe workers in Istanbul (75). Also shoe workers in Florence, Italy,
showed an increased risk of leukaemia before 1963 (76).

The mogt thorough and wdl investigated study, which has dso been the main study used for
quantitative risk assessment, is on workers that used to be employed in the manufacture of rubber
film, the so-caled Rliofilm cohort. The firgt report came out in 1977 (77), and the study has been
updated severa times (78-81). The cohort contains workers that were employed for at least 1 day
during the years 1940-1965. Up to 1981, 9 cases of leukaemia and 4 cases of multiple myeloma
had occurred among 1165 men (standardized mortality ratio (SMR) = 337 and 409, respectively).
Thisis a gatigtically sgnificant increase compared to the background incidence in the USA. In the
update by Rinsky et d. (79), a so-cdled nested case—control study was conducted within the
cohort. Detailed exposure patterns were estimated for the 9 leukaemia cases and their 10 controls
each. An exponentiad dose—tesponse reaionship between cumulative benzene exposure and
leukaemia risk was found. According to this relationship, a worker occupationaly exposed to an
average of 3.2 mg/n? (1 ppm) for 40 years (40 ppm-years) would have an increased risk (odds
ratio) of 1.7. Brett et d. (82) usad the Rinsky model but made some minor changes in the choice of
controls. Using earlier, higher exposure estimates than those used by Rinsky, they arived at
subgtantidly lower risk estimates. Their estimate would lead to 0.5-1.6 excess cases of leukaemia
among 1000 occupationally exposed workers, compared to 5.3 cases using the Rinsky exposure
matrix (Table 1).

In an update of the Fiofilm cohort by Paxton et a. (83) the cohort had been expanded to include

1212 workers followed up to 1987. In total, 14 cases of leukaemia (8 of which were acute
myelogenous or monocytic leukaemia) and 4 cases of multiple myeloma had occurred. The SMRs
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for dl lymphatic and haematopoietic cancers and for leukaemia were sgnificantly increased (SMR =
221 and 360, respectively) but the SMR for multiple myeloma was no longer significantly increased.
There was a drong trend in mortdity from leukaemia with increesng cumulative exposure to
benzene.

Another study used for risk assessment in the past was the Dow Chemica cohort (84, 85), which
reveded 4 cases of myelogenous leukaemia up to 1982 among 956 workers employed from 1938
onwards, a sgnificantly increased number compared to the background incidence (SVIR = 444).
For leukaemia, however, there was no significantly increased risk (SVIR = 194).

One large study from the USA comprised 7676 men employed in seven different chemica industries
during 1946-1975, who were followed up to 1977 (86). When the cancer incidence among the
group of 3536 men continually exposed to benzene was compared to the incidence in the generd

population, the increased incidence of lympho-haematopoietic cancer was not datisticaly sgnificant
(SMR = 128). When a group of non-exposed workers was used as reference population, however,
the risk for lympho-haematopoietic cancer was significantly increased (rdative risk = 3.20). There
were 7 cases of leukaemiain the exposed group and none in the reference group.

Table 1. Published leukaemia risk estimates for the Plioform cohort at two benzene
exposure levels

Cases per 1000
workers exposed to:

3.2 mg/m? 0.32 mg/m?®
(1 ppm) (0.1 ppm)
Exposure matrix Reference
5.3 — Rinsky et al. (79) Brett et al. (82)
0.5-1.6 — Rinsky et al. (79) Brett et al. (82)
Crump & Allen (87)
1.3 0.12 Rinsky et al. (79) Paxton et al. (81, 83)
0.26 0.026 Crump & Allen (87) Paxton et al. (81, 83)
0.49 0.048 Paustenbach et al. (88) Paxton et al. (81, 83)

A study on 259 workers employed between 1947 and1960 in a chemica plant in the USA aso
gave a dgnificant excess risk for lympho-haematopoietic cancer (SMR = 377). Three of the four
degths were from leukaemia, in two cases acute myeloid leukaemia (89).

A large study from China encompassed 28 460 workers employed in different factories in 12 cities
between 1972 and1981 (90, 91). There were 30 cases of leukaemia (mainly acute forms)
compared to 4 cases in a control population consisting of workers in other factories in the same
cities (SMR = 574). There was dso a sgnificant increase in lung cancer (SMR = 231) (90). Ina
follow-up, the study from China was expanded to include 74 828 benzene-exposed and 35 805
nonexposed workers employed for any length of time during 1972—1987 in 712 factoriesin 12 cities
(92, 93). Haematopoietic neoplasms and related disorders were identified in 82 patients in the
exposed group, which was a sgnificant increase compared to the control population (SVIR = 340)
(94). Edimates of the exposure to benzene were highest for the rubber and plagtics industry (100
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mg/nt), and for rubber glue applicators (170 mg/nT) (95). Detailed andysis of this large cohort,
however, is not yet available.

Workers in petroleum refineries are potentialy exposed to benzene and other hydrocarbons. Wong
& Raabe (96) reviewed the literature up to 1989, which comprised severd epidemiologica studies
worldwide, both published and unpublished. The data on lympho-haematopoietic cancers were
inconsigtent. Only 1 out of 15 cohort studies showed a Sgnificantly increased risk, but some studies
indicated an increased mortdity with length of employment. Concerning leukaemia, 6 out of 19
cohort studies showed a significantly increased risk. Overadl, there was an increased totd SMR for
leukaemia of 110 (P = 0.1). Recent and updated studies on refinery and distribution workers have
shown nonggnificant increased mortdity from leukaemia in some groups of workers (97-99) and a
datidicdly sgnificant increase for road tanker drivers (97). Follow-up studies that will quantify
benzene exposures are not yet available.

For mae workersin the petrol station industry, a Sgnificantly enhanced proportionate mortality ratio
(PMR) for leukaemia (PMR = 328) was found between 1975 and 1985 (100). When the risk of
acute myedoid leukaemia was studied, usng occupationd information obtained from the Swedish
1970 census and follow-up in the Swedish Cancer Register from 1971 to 1984, an excess risk was
found among mae petrol dation atendants (101). No excess risk for leukaemia, however, was
demonstrated among coke plant workers in genera, or those specifically engaged in the production
of benzene and other by-products (102, 103).

Evaluation of human health risks

Exposur e evaluation
Sources of benzene in ambient air include cigarette smoke, combustion and evaporation of benzene-
containing petrol (up to 5% benzene), petrochemica industries, and combustion processes.

Mean ambient air concentrations of benzene in rurd and urban areas are about 1 pug/nT and 5-20
pg/nt, respectively. Indoor and outdoor air levels are higher near such sources of benzene emisson
asfilling gations.

Inhaation is the dominant pathway for benzene exposure in humans. Smoking is alarge source of
persond exposure, while high short-term exposures can occur during refueling of motor vehicles.
Extended travel in motor vehicles with devated air benzene leves (from combustion and evaporative
emissions) produces exposures reported from various countries that are second only to smoking as
contributors to the intendty of overdl exposure. The contribution of this source to cumulative
ambient benzene exposure and associated cancer risk comprises about 30% when the travel timeis
one hour, aduration not untypica for urban and suburban commuting by the genera population.

Health risk evaluation
The mogt ggnificant adverse effects from prolonged exposure to benzene are haematotoxicity,
genatoxicity and carcinogenicity.

Chronic benzene exposure can result in bone marrow depression expressed as leukopenia, anaemia
and/or thrombocytopenia, leading to pancytopenia and aplastic anaemia. Decreases in
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haematologica cdl counts and in bone marrow cdlularity have been demondtrated in mice after
inhalation of concentrations as low as 32 mg/nT for 25 weeks. Rats are less sensitive than mice. In
humans, haematological effects of varying severity have occurred in workers occupationdly exposed
to high levels of benzene. Decreased red and white blood cell counts have been reported above
median leves of gpproximately 120 mg/n?, but not a 0.03-4.5 mg/nT. Below 32 mg/n?, there is
only weak evidence of effects.

The genotoxicity of benzene has been extensively studied. Benzene does not induce gene mutations
inin vitro sysems, but severd studies have demongtrated induction of both numerica and structura

chromosoma aberrations, sster chromatid exchanges and micronucle in experimenta animas and
humans after in vivo benzene exposure. Some studies in humans have demonstrated chromosomal

effects at mean workplace exposures as low as 4-7 mg/nt. The in vivo dataindicate thet benzene
IS mutagenic.

The carcinogenicity of benzene has been established both in humans and in laboratory animas. An
increased mortality from leukaemia has been demonstrated in workers occupationaly exposed.
Severd types of tumour, primarily of epithelid origin, have been induced in mice and rats after ord
exposure and inhalation exposure a 320-960 mg/nT; these indude tumours in the Zymba gland,
liver, mammary gland and nasd cavity. Lymphomas/leukaemias have aso been observed, but with
lower frequency. The results indicate that benzene is amultisite carcinogen.

Because benzene is characterized as a genotoxic carcinogen and recent data gathered in humans and
mice suggest mutagenic potentia in vivo, establishment of exposure duration and concentration in
the human exposure sudies is of mgor importance for the caculation of cancer risk estimates. The
Hiofilm cohort is the most thoroughly studied. It was noted that significant exposures to other

substances a the studied facilities were probably not a complicating factor, but that exposure
estimates for this cohort vary congderably. Three different exposure matrices fave been used to
describe the Pliofilm cohort, i.e. those reported by Crump & Allen (87), by Rinsky et d. (79), and a
newer and more extensive one by Paustenbach et d. (88). The main difference between the first two
is that the exposure estimates by Crump & Allen are greater for the early years, during the 1940s.
Paustenbach et d. have, among other things, consdered short-term, high-level exposure,
background concentrations and absorption through the skin, which leads to exposure levels 3-5
times higher than those caculated by Rinsky et d. Compared to the Crump & Allen estimates,

Paustenbach et d. arrived at higher exposure estimates for some job classifications, and lower ones
for some others.

Within the most recently updated Fliofilm cohort, Paxton et d. (81, 83) conducted an extended
regresson analyss with exposure description for the 15 leukaemia cases and 650 controls. They
used dl three exposure matrices, which gave estimates of 0.26-1.3 excess cancer cases among
1000 workers at a benzene exposure of 3.2 mg/n? (1 ppm) for 40 years (Table 1).

Crump (104) cdculated unit risk estimates for benzene using the most recently updated data for the
Fiofilm cohort and a variety of modds (Table 2). Multiplicative risk models were found to describe
the cohort data better than additive risk models and cumulative exposure better than weighted
exposures. Dose—responses were essentidly linear when the Crump & Allen exposure matrix was
used but, according to the author, there was evidence of concentration-dependent nonlinearity in
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dose—responses derived using the Paustenbach et a. exposure matrix. In that case, the best fitting
mode was quadratic.

As can be seen in Table 2, the concentration dependent model gives a much lower risk estimate
than the other models when the Paustenbach exposure matrix is used. In such a modd, the
concentration of benzene is raised to the second power and thus given greater weight than the
duration of exposure. Although there are biological arguments to support the use of a concentration-
dependent model, many of the essentid data are preliminary and need to be further developed and
peer reviewed.

Table 2. Model-dependent worker risk and lifetime unit risk estimates for exposure
to benzene for the Plioform cohort by Crump (105)%

Intensity-

Risk estimate Linear Nonlinear dependent Exposure reference
Cases per 1000 5.1 5.0 5.1 Crump & Allen (87)
workers exposed to
3.2 mg/m* (1 ppm)

3.8 2.9 0.036 Paustenbach et al. (88)
Unit risk per ppb 2.4 %107 247 107 247 10° Crump & Allen (87)

1.5 10° 1.4° 10° 1.7 10™ Paustenbach et al. (88)
Unit risk per ug/m*® 75" 107 757 10° 75" 10° Crump & Allen (87)

47 10° 4.4° 10° 53" 10™ Paustenbach et al. (88)

®Multiplicative risk model, cumulative exposure.
®Calculated by converting ppb to ug/m3.

Models giving equa weight to concentration and duration of exposure have been preferred here for
the derivation of a risk esimate. Using multiplicative risk edimates and a cumulative exposure
mode, Crump (105) calculated a unit risk for lifetime exposure of 1.4-1.5" 107 per ppb with the
Paustenbach exposure matrix, and of 2.4~ 10™ per ppb with the Crump & Allen exposure matrix.
If expressed in pg/n, the unit risk would thus rangefrom 44° 10°t0 7.5 10°°. With an additive
model ingtead of a multiplicative modd, the risk estimate would have been somewhat smdler. If
amilar linear extragpolations were done on the occupationa cancer risk estimates by Paxton et d.
(Table 1), unit risks lower by up to about one order of magnitude would result.

Guiddines

Benzene is carcinogenic to humans and no safe level of exposure can be recommended. For
purposes of guideline derivation, it was decided to use the 1994 risk caculation of Crump rather
than to derive new estimates. It was recognized that this use of existing analyses of the most recently
updated cohort ruled out the inclusion of certain of the anayses noted earlier.

The geometric mean of the range of estimates of the excess lifetime risk of leukaemia a an ar
concentration of 1 pg/nT is6 ~ 107°. The concentrations of airborne benzene associated with an
excess lifetime risk of 1/10000, 1/100000 and 1/1 000000 are 17, 1.7 and 0.17 pg/nt,

respectively.
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