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Revision History
Original Development Support Document (DSD) posted as final on October 15, 2007.
Revised DSD September 14, 2015:
(1) the 24-hour reference value (ReV) was added to the Summary Tables, and the derivation of
the 24-hour ReV was added as Appendix D. Refer to TCEQ 2015a for guidelines for deriving
24-hour ReVs
(2) the odor-based value was withdrawn because benzene does not have a pungent, disagreeable
odor (TCEQ 2015b).
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Chapter 1 Summary Tables
Table 1 provides a summary of health- and welfare-based values based on an acute and chronic
evaluation of benzene. Table 2 provides summary information on benzene’s physical/chemical
data.
Table 1 Health- and Welfare-Based Values
Short-Term Values
acute

ESL [1 h]
(HQ = 0.3)
acute ReV [1 h]
(HQ = 1.0)
acute ReV [24 h] c
(HQ = 1.0)

Concentration

Notes

170 µg/m3 (54 ppb)
Short-Term ESL for Air
Permit Reviews

Critical Effect(s): Depressed peripheral
lymphocytes and depressed mitogeninduced blastogenesis of femoral Blymphocytes in C57BL/6J mice (male)

580 µg/m3 (180 ppb) a
320 µg/m3 (100 ppb) a, c

Same as above
Same as above

acute

---

aromatic; paint-thinner-like; sweet,
solventy

acute

---

No data found

ESLodor
ESLveg

Long-Term Values

Concentration

chronic

ESLnonlinear(nc)
(HQ = 0.3)
chronic ReV
(HQ = 1.0)
chronic

ESLlinear(c)

chronic

ESLveg

a

3

84 µg/m (26 ppb)
280 µg/m3 (86 ppb) a
4.5 µg/m3 (1.4 ppb) a, b
Long-Term ESL for Air
Permit Reviews
---

Notes
Critical Effect(s): Decreased absolute
lymphocyte count in occupationally
exposed workers
Same as above
Cancer Endpoint: Acute myelogenous
and acute monocytic leukemia in
occupationally exposed workers
No data found

Values that may be used for evaluation of ambient air monitoring data.
unit risk factor (URF) = 2.2E-06 per µg/m3 or 7.1E-06 per ppb.
c
Appendix D
b
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Table 2 Chemical and Physical Data of Benzene
Parameter

Value

Reference

Molecular Formula

C6H6

ATSDR 2005

Chemical Structure

ATSDR 2005

Molecular Weight

78.11 (g/mole)

TRRP 2006

Physical State

liquid

ATSDR 2005

Color

colorless

ATSDR 2005

Odor

aromatic 1;paint-thinner-like 2;
sweet, solventy 3

1

CAS Registry Number

71-43-2

ATSDR 2005

Synonyms/Trade Names

annulene, benzeen (Dutch),
benzen (Polish), benzol,
benzole, benzolo (Italian), coal
naphtha, fenzen (Czech),
cyclohexatriene, phene, phenyl
hydride, pyrobenzol,
pyrobenzole, Polystream 1;
benzol coal naphtha, benzine,
motor benzol, mineral naphtha 2

1

Solubility in water

1,770 mg/L

TRRP 2006

Low Kow

1.99

TRRP 2006

Vapor Pressure

95 mm Hg at 25oC

TRRP 2006

Vapor Density (air = 1)

2.7 g/L at 0o C and 1 atm

NRC 1995

Density (water = 1)

0.8765 g/cm3 at 20o C

ATSDR 1995

Melting Point

5.5 oC

ATSDR 2005

Boiling Point

80.1 oC

Conversion Factors

3

1 µg/m = 0.31 ppb @ 20°C
1 ppb = 3.24 µg/m3

ATSDR 2005, 2 NRC 1995, 3
Ruth 1986

2

ATSDR 2005
WHO 1993

ATSDR 2005
ATSDR 2005
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Chapter 2 Major Sources or Uses
The Agency for Toxic Substances and Disease Registry (ATSDR 2005) provides the following
general information on benzene sources and uses: “Benzene was first discovered and isolated
from coal tar in the 1800s. Today, benzene is made mostly from petroleum. Because of its wide
use, benzene ranks in the top 20 in production volume for chemicals produced in the United
States. Various industries use benzene to make other chemicals, such as styrene (for Styrofoam®
and other plastics), cumene (for various resins), and cyclohexane (for nylon and synthetic fibers).
Benzene is also used in the manufacturing of some types of rubbers, lubricants, dyes, detergents,
drugs, and pesticides. Natural sources of benzene, which include gaseous emissions from
volcanoes and forest fires, also contribute to the presence of benzene in the environment.
Benzene is also present in crude oil and gasoline and cigarette smoke.” The United
States Environmental Protection Agency’s (USEPA) 2001 National-Scale Air Toxics
Assessment (NATA) of emissions from the 1996 National Toxics Inventory (NTI) indicates that
statewide, benzene emissions from mobile sources (onroad and nonroad) accounted for
approximately 65% of the NTI benzene emissions in Texas, with major facility sources and
area/other sources (e.g., smaller facilities) comprising the remainder (USEPA 2001). See
ATSDR (2005) and USEPA (2001) for additional source and use information.

Chapter 3 Acute Evaluation
3.1 Health-Based Acute ReV and ESL
3.1.1 Physical/Chemical Properties and Key Studies
3.1.1.1 Physical/Chemical Properties
Benzene is a clear, colorless volatile liquid with a moderately high vapor pressure. For inhalation
exposure, it is treated as a vapor. The main chemical and physical properties of benzene are
summarized in Table 2. At low concentrations, the health effects benzene produces are mainly
remote effects and it is classified as a Category 3 Gas (USEPA 1994).

3.1.1.2 Essential Data and Key Studies
In both human and animal noncarcinogenic studies, data suggest the most sensitive endpoint for
short-term (and long-term) exposure to benzene is hematotoxicity (e.g., bone marrow depression:
leukopenia, pancytopenia, granulocytopenia, lymphocytopenia, thrombocytopenia, aplastic
anemia). Bone marrow depression occurs in two stages – hyperplasia (increased synthesis of
blood cells), followed by hypoplasia (decreased synthesis) (ATSDR 2005).

3.1.1.2.1 Human Studies
Human inhalation studies on the short-term (i.e., acute, subacute) hematotoxic effects of benzene
are limited. Per ATSDR (2005), Midzenski et al. (1992) reported leukopenia, anemia,
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thrombocytopenia, and increased mean corpuscular volume (MCV) in 15 male workers
following subacute occupational exposure (mean of 5 days) at a Lowest-Observed-AdverseEffect-Level (LOAEL) of 60 ppm. Dizziness and nausea were also reported in workers with
more than 2 days of exposure. However, review of the study indicates that the reported sampling
results (after exposure had ended) were “greater than 60 ppm” to 653 ppm (and could have been
even higher due to sampling breakthrough), which does not allow for identification of a reliable
LOAEL. Additionally, the study did not identify a No-Observed-Adverse-Effect-Level
(NOAEL). The inability to identify a reliable LOAEL (or NOAEL) for Midzenski et al. (1992)
precludes its use in the calculation of an acute Reference Value (acute ReV) and acute Effects
Screening Level (acuteESL).

3.1.1.2.2 Animal Studies
Significantly more animal data than human data are available for identifying a NOAEL or
LOAEL for use as a point of departure (POD) for deriving an acute ReV and acuteESL. Mice
appear to be more sensitive to hematotoxicity from benzene than rats or rabbits (IARC 1982).
While no acute (i.e., ≤ 1 day of exposure) mouse studies were identified for potential use in
deriving an acute ReV and acuteESL, the weight-of-evidence from subacute (i.e., greater than 1
day up to a month of exposure) mouse studies suggests a NOAEL of approximately 10 ppm. See
Table 3 below for information regarding subacute exposure mouse studies with a NOAEL of
approximately 10 ppm (ATSDR 2005).
While the weight-of-evidence suggests a NOAEL of 10 ppm for the hematotoxic effects of
benzene in subacute mouse studies, three subacute mouse studies identified approximately 10
ppm as the LOAEL. Rozen et al. (1984) reported depressed blood lymphocytes and depressed
mitogen-induced blastogenesis of femoral B-lymphocytes in male C57BL/6J mice at a LOAEL
of 10.2 ppm. Dempster and Snyder (1991) showed decreased erythroid progenitor cell colony
forming units in male DBA/2J mice at a LOAEL of 10.3 ppm. Corti and Snyder (1996) showed
decreased erythroid progenitor cell colony forming units in male Swiss Webster mice at a
LOAEL of 10.2 ppm. No NOAELs were identified in these studies (Table 3).
Rozen et al. (1984), supported by Dempster and Snyder (1991) and Corti and Snyder (1996), was
selected as the key study for deriving an acute ReV and acuteESL for the following reasons: (1) no
reliable LOAEL (or NOAEL) can be identified for the Midzenski et al. (1992) study; (2) the
acute animal database is significantly more robust than the human; (3) the LOAEL identified
(~10 ppm) for this study (and the supporting two studies) is the lowest among these animal
studies; (4) while this study (and the two supporting studies) shows hematotoxicity at a LOAEL
lower than other studies, the LOAEL is supported by the weight-of-evidence NOAEL (10 ppm)
for short-term mouse studies; and (5) existing studies indicate that benzene metabolism occurs
along similar pathways in both humans and laboratory animals. Rozen et al. (1984) was also
selected by ATSDR (2005) to derive the draft acute inhalation minimal risk level (MRL) and
previous final acute MRL (ATSDR 1997).
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Table 3 Summary of Subacute Mouse Inhalation Studies
Mouse Strain

Exposure
Duration

Green et
al. 1981a,b

CD-1 (male)

6 hs per day
for 5 days

Dempster
and Snyder
(1991) 2

DBA/2J (male)

6 hs per day
for 5 days

Rozen et
al. (1984) 1

C57BL/6J
(male)

6 hs per day
for 6 days

Corti and
Snyder
(1996) 2, 3

Swiss Webster
(male)

6 hs per day
for gestational
days (GD) 615

Rosenthal
and Snyder
1985

C57BL/6
(male)

6 hs per day
for 1-12 days

10

30

T- and B-lymphocyte depression
and increased Listeria
monocytogenes infection
bacterial counts

Cronkite et
al. 1985

C57B1/6BNL

6 hs per day, 5
days per week,
for 2 weeks

10

25

lymphopenia

Toft et al.
1982

NMRI (male)

8 hs per day, 5
days per week,
for 2 weeks

10.5

21

increased micronucleated
polychromatic erythrocytes and
decreased granulopoietic stem
cells

Cronkite
1986

CBA/Ca and
C57B1/6BNL

6 hs per day, 5
days per week,
for 2 weeks

10

25

lymphopenia

Farris et al.
1997a,b

B6C3F1/CrlBR
(male)

6 hs per day, 5
days per week,
for 1-8 weeks

10

100

lymphopenia and other blood
effects

Study

1
2
3

NOAEL
(ppm)

LOAEL
(ppm)

Response at LOAEL

9.9

103

granulocytopenia,
lymphocytopenia, and decreased
marrow cellularity and
polymorphonucleucytes

---

10.3

decreased erythroid progenitor
cell colony forming units

---

10.2

depressed blood lymphocytes,
depressed mitogen-induced
blastogenesis of femoral Blymphocytes

---

10.2

decreased erythroid progenitor
cell colony forming units

Key study
Supporting study
Effects were reported in male mice exposed as adults; no increased sensitivity shown in the developing organism.
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3.1.2 Mode-of-Action (MOA) Analysis
Benzene-induced hematotoxicity is a complex process, which involves initial metabolism of
benzene by cytochrome P-450 2E1 (CYP2E1) in the liver and may also involve metabolism in
the bone marrow. Various metabolites have been proposed as possible contributors to benzene’s
toxicity (e.g., trans,trans-muconic acid, benzene epoxide, phenol metabolic pathway products
catechol, hydroquinone, and p-benzoquinone). While the mechanism(s) of toxicity are poorly
understood, proposed mechanisms involve protein and DNA adducts, genotoxicity, oxidative
stress, and inhibition of cytokine formation. Peripheral blood abnormalities induced by benzene
reflect a disruption at various levels of hematopoiesis in the bone marrow (e.g., bone marrow
cellularity, stem cell compartments, granulocytic and erythropoietic progenitor cells, bone
marrow macrophage) (USEPA 2002).
The following information on the metabolism of benzene was derived from ATSDR (2005):
“Although the metabolism of benzene has been studied extensively, the steps leading to benzene
toxicity are not yet fully understood. Cytochrome P-450 2E1 (CYP2E1) is important in benzene
metabolism, and it is generally understood that both cancer and noncancer effects are caused by
one or more reactive metabolites of benzene. Potential candidates include benzene oxide,
phenolic metabolites (phenol, catechol, hydroquinone, 1,2,4-benzenetriol, and 1,2- and 1,4benzoquinone), and trans,trans-muconaldehyde. Available data indicate that metabolites
produced in the liver are carried to the bone marrow, the site of characteristic benzene toxicity.
Benzene metabolism may occur, at least in part, in the bone marrow. Following inhalation,
unmetabolized benzene is excreted primarily through exhalation, while urinary excretion is the
major route for benzene metabolites.” See ATSDR (2005) or Snyder and Hedli (1996) for
additional information. Figure 1 below (which is Figure 3-3 from ATSDR 2005) shows
metabolic pathways for benzene.
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Figure 1 Metabolic Pathways for Benzene

3.1.3 Dose Metric
In the key and supporting studies, data on exposure concentration of the parent chemical are
available. Since data on other more specific dose metrics (e.g., blood concentration of parent
chemical, area under blood concentration curve of parent chemical, or putative metabolite
concentrations in blood or target tissue) are not available for these studies, exposure
concentration of the parent chemical will be used as the default dose metric.

3.1.4 Points of Departure (PODs) for the Key and Supporting Studies
The LOAEL of 10.2 ppm (analytical concentration) based on 6 hs/day for 6 days (Rozen et al.
1984) was used as the key study POD. The LOAEL of 10.2 ppm from Corti and Snyder (1996)
and the LOAEL of 10.3 ppm from Dempster and Snyder (1991) were used as PODs for the
supporting studies.
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3.1.5 Dosimetric Adjustments
3.1.5.1 Default Exposure Duration Adjustments
Default procedures discussed in TCEQ (2006) with n = 3 are used to adjust exposure duration
from subacute studies (1-28 days) where both concentration and duration play a role in toxicity.
Rozen et al. 1984 (key study) and Corti and Snyder 1996 (supporting):
C2 = [(C1)3 x (T1 / T2)]1/3 = [(10.2 ppm)3 x (6 hs/1 h)]1/3 = 18.5 ppm = PODADJ
Dempster and Snyder 1991 (supporting):
C2 = [(C1)3 x (T1 / T2)]1/3 = [(10.3 ppm)3 x (6 hs/1 h)]1/3 = 18.7 ppm = PODADJ

3.1.5.2 Default Dosimetry Adjustments from Animal-to-Human Exposure
Benzene is moderately water soluble and can produce respiratory tract effects at relatively high
concentrations. However, it produces remote effects at lower concentrations. Therefore, it is
classified as a Category 3 gas. For category 3 gases:
PODHEC = PODADJ x ((Hb/g)A / (Hb/g)H)
where: Hb/g = ratio of the blood:gas partition coefficient
A = animal
H = human
For benzene, the blood:gas partition coefficients for mice and humans are 17.44 and 8.12,
respectively (Wiester 2002). If the animal blood:gas partition coefficient is greater than the
human blood:gas partition coefficient, a default value of 1 is used for the regional gas dose ratio
(RGDR) (USEPA 1994).
Rozen et al. 1984 (key study) and Corti and Snyder 1996 (supporting):
PODHEC = PODADJ x ((Hb/g)A / (Hb/g)H) = 18.5 ppm x 1 = 18.5 ppm
Dempster and Snyder 1991 (supporting):
PODHEC = PODADJ x ((Hb/g)A / (Hb/g)H) = 18.7 ppm x 1 = 18.7 ppm

3.1.6 Critical Effect and Adjustments of the PODHEC
3.1.6.1 Critical Effect
As indicated in Section 3.1.1.2, data from both human and animal noncarcinogenic studies
suggest that hematotoxicity is the most sensitive endpoint for short-term exposure to benzene.
The specific critical effect of benzene exposure in the key study (Rozen et al. 1984) is depressed
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peripheral lymphocytes and depressed mitogen-induced blastogenesis of femoral B-lymphocytes
in C57BL/6J mice (male). Supporting studies by Dempster and Snyder (1991) and Corti and
Snyder (1996) also report hematotoxic effects.

3.1.6.2 Uncertainty Factors (UFs)
The MOA by which benzene may produce toxicity is discussed in Section 3.1.2. The default for
noncarcinogenic effects is to determine a POD and apply appropriate UFs to derive a ReV (i.e.,
assume a threshold/nonlinear MOA). The PODHEC of 18.5 ppm based on Rozen et al. (1984) was
used and divided by the following UFs: 3 for extrapolation from a LOAEL to a NOAEL (UFL), 3
for extrapolation from animals to humans (UFA), 10 for intraspecies variability (UFH), and 1 for
database uncertainty (UFD) (total UF = 100). The same UFs were applied to the supporting study
PODHEC values of 18.7 ppm based on Dempster and Snyder (1991) and 18.5 ppm based on Corti
and Snyder (1996).
A UFL of 3 was used because: (1) the LOAEL utilized for these noncancer effects is lower than
that indicated in similar animal studies and in humans; (2) the LOAEL utilized is approximately
equal to the weight-of-evidence NOAEL in mouse studies; (3) benchmark dose (BMD) modeling
(Version 1.4.1) of lymphocyte count depression data read from Figure 1 in Rozen et al. (1984)
indicates a benchmark dose low (BMDL) of approximately 4 ppm (standard deviation (SD)
calculated from standard error (SE), benchmark response (BMR) of 1 SD, goodness of fit by
visual inspection with goodness-of-fit p values > 0.1 and scaled residuals < 2) (see B1), which
supports a UFL of 3 as being sufficiently conservative; (4) lymphocyte count depression is a very
sensitive sentinel effect that is not serious in and of itself (i.e., not a frank effect), and the
decreased lymphocyte count in Rozen et al. (1984) at 10.2 ppm appears to be within the normal
range (Jackson Laboratory 2007); and (5) 10.2 ppm is below levels at which a shift from more
toxic (e.g., muconaldehyde, hydroquinone glucuronide) towards less toxic (e.g.,
phenylglucuronide, prephenylmercapturic acid) metabolites has been shown to occur in mice
(e.g., between 50 and 600 ppm in Sabourin et al. 1989). Note that the BMDL referenced in (3)
above could not be utilized as the POD in derivation of an acute ReV and acuteESL as the data
used for BMD modeling were obtained by reading estimated numerical values off the graph in
Figure 1 of Rozen et al. (1984) (as opposed to the plotted values being provided in tabular form
in the actual study).
A UFA of 3 was used because: (1) default dosimetric adjustments from animal-to-human
exposure were conducted to account for toxicokinetic differences (2) existing studies indicate
that benzene is metabolized along similar pathways in both humans and laboratory animals; (3)
data suggests that mice are relatively sensitive laboratory animals in regards to the hematotoxic
effects of benzene (e.g., relatively high respiratory and benzene metabolism rates) (USEPA
2002); and (4) some data suggest humans are more similar to rats (i.e., less sensitive than mice)
in regards to benzene metabolism (Capel et al. 1972). A UFA of 3 is thought to be conservative
since the ratio of animal-to-human blood:gas partition coefficients used to adjust the PODHEC
was limited to 1, although the true ratio is approximately 2 and would increase the PODHEC,
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acute ReV, and acuteESL accordingly (Section 3.1.5.2). A UFA of 3 is in concordance with that
used by ATSDR for derivation of the 2005 draft acute and intermediate MRLs (ATSDR 2005).
There is good experimental evidence to indicate that benzene-sensitive human subpopulations
may exist (USEPA 2002), and available information supports use of a full UFH of 10 when it is
unknown whether a study population contained potentially sensitive subpopulations. Genetic
polymorphisms associated with metabolic processes may confer variability in human
susceptibility to benzene toxicity. For a more detailed discussion refer to ATSDR (2005) and
USEPA (2002).
A UFD of 1 was used because the overall toxicological database for benzene is extensive. The
acute database contains numerous inhalation studies (mostly in animals) examining a wide
variety of toxicological endpoints, both less and more serious in nature. Effects examined
include, but are not limited to, mucous membrane and skin irritation, and hematological,
cardiovascular, hepatic, immunological, neurological, reproductive, and developmental effects
(sensitive/critical life stage). Several animal species/strains have been utilized (e.g., rats:
Sprague-Dawley, Wistar, CFY; mice: BALB/c, Hale Stoner, C57BL/6BNL, CD-1, Swiss
Webster, NMRI, CF-1; rabbits: New Zealand), including mice, which are particularly sensitive to
benzene-induced hematological effects.

3.1.7 Health-Based Acute ReV and acuteESL
As discussed in the previous section, UFs are applied to the key study (Rozen et al. 1984)
PODHEC to derive the acute ReV.
Rozen et al. 1984 (key study) and Corti and Snyder 1996 (supporting):
acute ReV = PODHEC / (UFH x UFA x UFL x UFD) = 18.5 ppm / (10 x 3 x 3 x 1) = 0.185 ppm
Dempster and Snyder 1991 (supporting):
acute ReV = PODHEC / (UFH x UFA x UFL x UFD) = 18.7 ppm / (10 x 3 x 3 x 1) = 0.187 ppm
The acute ReV value was rounded to two significant figures at the end of all calculations. The
rounded acute ReV was then used to calculate the acuteESL. Rounding to two significant figures,
the 1-h acute ReV is 180 ppb (580 µg/m3), and is supported by an identical value from Corti and
Snyder (1996) and similar calculations based on Dempster and Snyder (1991). At the target
hazard quotient of 0.3, the acuteESL is 54 ppb (170 µg/m3) (Table 4).
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Table 4 Derivation of the Acute ReV and acuteESL
Parameter
Study
Study population
Study quality
Exposure Methods
LOAEL
NOAEL
Critical Effects

POD
Exposure Duration
Extrapolation to 1 h
PODADJ (extrapolated 1 h concentration)
PODHEC
Total Uncertainty Factors (UFs)
Interspecies UF
Intraspecies UF
LOAEL UF
Incomplete Database UF
Database Quality
acute ReV [1 h] (HQ = 1)
acute
ESL [1 h] (HQ = 0.3)

Summary
Rozen et al. (1984), supported by Dempster and
Snyder (1991) and Corti and Snyder (1996)
C57BL/6J mice (male)
Medium-high
6 h per day for 6 days via inhalation from 0 to 301
ppm
10.2 ppm (average analytical concentration)
None
Depressed peripheral lymphocytes and depressed
mitogen-induced blastogenesis of femoral Blymphocytes
10.2 ppm (LOAEL)
6h
TCEQ (2006) default procedures with n=3
18.5 ppm
18.5 ppm (RGDR = 1)
100
3
10
3
1
high
580 µg/m3 (180 ppb)
170 µg/m3 (54 ppb)

3.2. Welfare-Based Acute ESLs
3.2.1 Odor Perception
Benzene is an aromatic with a paint-thinner-like or sweet, solventy odor (ATSDR 2005, NRC
1995, Ruth 1986). Nagata (2003), Leonardos et al. (1969), and Dravnieks (1974) have odor
threshold information for benzene. Nagata (2003) lists a 50% odor detection threshold of 2,700
ppb (8,700 µg/m3) for benzene, Leonardos et al. (1969) lists a 100% recognition threshold of
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4,680 ppb (15,200 µg/m3), and Dravnieks (1974) lists a 50% odor detection threshold of 380,000
µg/m3 (117,000 ppb). Since benzene does not have a pungent, disagreeable odor, an acuteESLodor
was not developed (TCEQ 2015b).

3.2.2 Vegetation Effects
No data found.

3.3. Short-Term ESL and Values for Air Monitoring Evaluation
The acute evaluation resulted in the derivation of the following values:


acute ReV [1 h] = 580 µg/m3 (180 ppb)



acute ReV [24 h] = 320 µg/m3 (100 ppb)



acute

ESL = 170 µg/m3 (54 ppb)

The short-term ESL for air permit reviews is the health-based acuteESL of 170 µg/m3 (54 ppb)
(Table 1). The health-based acuteESL is only for air permit reviews, and is not for the evaluation
of ambient air monitoring data. For the evaluation of air monitoring data, the acute ReV of 580
µg/m3 (180 ppb) may be used for 1-h data and the acute ReV of 320 µg/m3 (100 ppb) may be
used for 24-h data (Table 1).

Chapter 4 Chronic Evaluation
4.1 Noncarcinogenic Potential
4.1.1 Physical/Chemical Properties and Key Studies
Physical/chemical properties of benzene are discussed in Chapter 3. In both human and animal
noncarcinogenic studies, data suggest the most sensitive endpoint for long-term exposure to
benzene is hematotoxicity. Since relevant human studies are available, these studies were
reviewed and used to develop the chronic ReV. The long-term effects of benzene in animals are
discussed in ATSDR (2005).
Statistically decreased numbers of one or more circulating blood cell types (e.g., white blood
cells, red blood cells, lymphocytes, platelets) are an early biomarker of benzene exposure
(ATSDR 2005). As such, TCEQ considers decreases in blood cell counts to be the earliest
indicator of benzene-induced hematotoxicity. Benzene-induced lymphopenia, for example, is the
end result of decreases in lymphocyte counts over some time period, and restricting the
definition of adverse hematological effects to clinically abnormal blood cell counts may reduce
the sensitivity of studies to detect meaningful changes at the population level (ATSDR 2005).
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The human occupational inhalation study by Rothman et al. (1996) was selected as the key study
for derivation of the chronic ReV. Lan et al. (2004a, 2004b) was selected as a supporting study.
Both the key and supporting study are well-conducted and provide dose-response relationships
for hematological effects, which the scientific community considers to be the most sensitive of
benzene-induced effects (USEPA 2002, ATSDR 2005). Data indicate that effects other than
hematotoxicity (e.g., eye and nose irritation) occur at higher concentrations in humans (e.g., 33
and 59 ppm in Yin et al. 1987b).
The Rothman et al. (1996) study showed a dose-response relationship between benzene levels
(dosimetry badge data) and five of the six hematological parameters measured (USEPA 2002).
The hematological parameters measured were absolute lymphocyte count (ALC), white blood
cell count (WBC), red blood cell count (RBC), hematocrit percent (HCT), platelet count, and
MCV. The mean exposure duration was 6.3 +/- 4.4 (SD) years. Significant differences were
identified for 22 workers exposed to an 8-h median of 31 ppm (high exposure group) in all six
blood elements measured (i.e., ALC, WBC, RBC, HCT, and platelets decreased, MCV
increased). In a group of 22 workers exposed to an 8-h median of 13.6 ppm (low exposure
group), ALC, RBC, and platelets were significantly reduced. In a subgroup of 11 workers
exposed to an 8-h median of 7.6 ppm (low exposure group subset), only ALC was significantly
reduced, and was similar to the 13.6 ppm group. This study suggests that ALC is the most
sensitive indicator of benzene hematotoxicity, representing a sentinel of a continuum of
hematotoxic consequences of prolonged exposure to benzene below 31 ppm. It is one of the few
occupational studies which provide a range of individual and workstation monitored benzene
levels that encompass the likely POD for hematological effects based on data from larger-scale
epidemiological studies (USEPA 2002). Additionally, measured urinary phenol levels showed
good agreement with those expected based on monitored air benzene levels, median urinary
metabolite levels (e.g., phenol, catechol, trans,trans-muconic acid, hydroquinone) correlated
positively with 8-h benzene exposure category, exposure to other solvents was minimal, and age/sex-matching of exposed and control subjects met adequate criteria (USEPA 2002). No NOAEL
was identified. For reasons including those mentioned above, USEPA utilized the Rothman et al.
(1996) study to derive the reference concentration (RfC) based on reduced ALC, which was
designated as the critical effect since it was the only parameter for which there was a significant
difference in all three exposure groups (i.e., high, low, low subset). The dose-response
relationship between benzene levels and ALC is amenable to BMD modeling for purposes of
developing a chronic noncarcinogenic ReV and ESL.
The Lan et al. (2004a) supporting study suggests that hematological effects may occur at lower
exposure levels than Rothman et al. (1996). The study included 250 benzene-exposed workers
and showed statistically significant decreases in the lowest exposure group (mean of 0.57 ppm,
n=109) for the eight hematological parameters measured (i.e., WBC, granulocytes, monocytes,
platelets, lymphocytes, and lymphocyte subsets: CD4+(T cells), CD4+/CD8+ ratio, B cells). The
mean exposure duration was 6.1 +/- 2.9 (SD) years. Exposure to benzene (and toluene) was
measured (dosimetry badge data) repeatedly up to 16 months before phlebotomy, and exposed
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subjects were categorized into three groups based on the mean benzene concentration over the
last month: < 1 ppm, 1 to < 10 ppm, and ≥ 10 ppm. Significant linear trends with benzene as a
continuous variable were reported for platelets and all WBCs except monocytes and CD8+ (T
cells). Total WBCs, granulocytes, lymphocytes, B cells, and platelets were also significantly
decreased in workers exposed to a mean benzene level of less than 1 ppm based on data for the
previous year of exposure (n = 60) and in workers exposed to less than 40 ppm-years lifetime
cumulatively (n=50). Low benzene-exposed workers (mean of 0.36 ppm for previous year and
0.29 ppm for previous month) with reported negligible exposure to other solvents (n=30) also
showed significantly decreased WBCs, granulocytes, lymphocytes, and B cells, however, means
and standard deviations for these blood factors were not reported. For this group of 30 lowexposed workers, no measurements exceeded 1 ppm in the month prior to phlebotomy, and only
7.4% of the 337 measurements exceeded 1 ppm in the year prior (ranging from 1.01 to 1.74
ppm). No NOAEL was identified. Decreases in B cell count showed the highest magnitude of
effect in this study (36% decrease in highest exposure group versus controls), and therefore was
chosen as the critical effect for this supporting study consistent with ATSDR (2005). Exposure
categorization based on the last year of exposure is relevant because the lifespan of RBCs and
most WBCs is less than 180 days (Ward et al. 1996), more recent intensity of exposure may be
more closely related to the risk of hematotoxicity than exposure duration (Dosemeci et al. 1996,
Qu et al. 2002), cumulative lifetime exposure and years worked may not be more indicative of
hematologic outcome (e.g., Qu et al. 2002), and blood cell counts may recover with reduced
more recent exposure (e.g., Farris et al. 1997a, Cronkite et al. 1982, 1985, and 1989, Aksoy and
Erdem 1978). The dose-response relationship between benzene levels and B cell decreases is
amenable to BMD modeling for purposes of developing a supporting chronic noncarcinogenic
ReV and ESL.
The findings of Rothman et al. (1996) are supported by other studies as well. For example, Qu et
al. (2002, 2003) studied 130 benzene-exposed workers (51 age- and gender-matched controls)
and identified a LOAEL of 2.26 ppm (4-week mean) for significantly reduced neutrophils and
RBCs (ATSDR 2005). Qu et al. (2002) indicated that significant exposure-dependent decreases
in total WBCs, neutrophils, and RBCs were associated with 4-week means, cumulative lifetime
benzene exposure (ppm-years), and average exposure intensity (ppm per year). However, the
study indicated that 4-week means may not be the most appropriate measure for correlation
analysis with blood cell counts and that regression analysis indicated exposure intensity (mean
annual benzene concentration) was a better predictor of bone marrow depression (e.g.,
depression of WBCs, RBCs, lymphocytes, and neutrophils) than exposure duration. Decreases in
neutrophils and RBCs compared to controls were significant for the 4-week exposure group with
a mean of 2.26 ppm (73 workers) (ATSDR 2005). Concurrent exposure to toluene was much
more significant (i.e., higher) in this study as compared to Rothman et al. (1996) and the Lan et
al. (2004a) subgroup which had negligible exposure to other solvents. The benzene levels
associated with hematological effects in these studies (Qu et al. 2002, 2003) are within the range
of those identified in the Rothman et al. (1996) and Lan et al. (2004a) studies. ATSDR (2005)
indicated, however, that the Qu et al. (2002, 2003) studies are of limited value for derivation of a
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chronic inhalation MRL due to discrepancies in the reported low-concentration results.
Regarding supporting chronic animal studies, Baarson et al. (1984) for example, showed
significant decreases in several endpoints (e.g., circulating lymphocytes and erythrocytes,
marrow and splenic CFU-E in vitro) in C57BL mice exposed to 10.1 ppm for 178 days. Li et al.
(1992) showed decreases in spleen weight and bone marrow myelocytes, premyelocytes,
myeloblasts, and metamyeloblasts in a subchronic study of Kunming mice exposed to 12.5 ppm
benzene for 30 days.

4.1.2 MOA Analysis
The MOA by which benzene may produce toxicity is discussed in Section 3.1.2.

4.1.3 Dose Metric
For the key and supporting hematotoxicity studies, data on exposure concentration of the parent
chemical for occupationally exposed workers are available, whereas data on more specific dose
metrics such as metabolites in blood or target tissue are not available. Therefore, exposure
concentration of the parent chemical will be used as the default dose metric.

4.1.4 PODs for Key and Supporting Studies
USEPA (2002) performed benchmark concentration (BMC) modeling with EPA’s Benchmark
Dose Modeling (BMDM) Software (version 1.20) using the Rothman et al. (1996) data. A
detailed discussion is available in Section 5.1.2 of USEPA (2002). However, Appendix B2
provides a summary of information for USEPA’s approach using BMDM Software (Version
1.4.1). The results obtained using Version 1.4.1 in Appendix B2 are similar to results from
USEPA (2002). Briefly, the Rothman et al. (1996) data for ALC were log-transformed so that a
continuous linear BMC model fits the data. BMC modeling of the ALC data with a BMR of 1
SD from the control mean results in a benchmark concentration low (BMCL) of 7.2 ppm
(Appendix B2). USEPA indicates that a BMR of 1 SD from control mean corresponds to an
approximately 10% excess risk for individuals below the 2nd percentile or above the 98th
percentile of the control distribution for normally distributed effects (USEPA 2000, 2002). The
BMCL of 7.2 ppm represents USEPA’s POD for derivation of their RfC (USEPA 2002), and
TCEQ’s POD for derivation of the chronic ReV.
Appendix B3 provides a summary of information used to perform BMC modeling on the B cell
data from the supporting Lan et al. (2004a) study. Based on visual inspection with scaled
residuals < 2 and the goodness-of-fit > 0.1 for model fit (test 4), the Hill model adequately
describes the B cell data. Because means and standard deviations for B cell data from the
subgroup exposed to 0.36 ppm over the previous year (0.29 ppm over the previous month) were
not reported (see previous discussion on low-benzene exposed workers), this subgroup could not
be included in the BMC modeling as a separate dose group. This subgroup was included in the
lowest averaged mean concentration group of 0.57 ppm (Appendix B3). However, to take the
effects reported for this subgroup into account, a BMR of 0.4 SD was utilized so that the

Benzene
Page 16
resulting BMCL would fall below the 0.36 ppm mean benzene level reported for this subgroup
for the previous year. This was done so the POD obtained from BMC modeling would
approximate a NOAEL. The resulting BMCL is 0.26 ppm (Appendix B3). ATSDR (2005) also
performed BMC modeling using the Lan et al. (2004a) study. However, ATSDR used a BMR of
0.25 SD so the resulting BMCL would fall below the previous monthly average of 0.29 ppm for
the subgroup, whereas a SD of 0.4 was selected here so the resulting BMCL would fall below the
subgroup annual average of 0.36 ppm. TCEQ considered the annual average more relevant for
selecting an appropriate BMR as it is more representative of a long-term average and the BMCL
is being used in support of a chronic ReV.

4.1.5 Dosimetric Adjustments
Using the BMCLs from the key Rothman et al. (1996) study and the supporting Lan et al.
(2004a) study, the occupational PODs (PODoc) were adjusted to PODs applicable to the general
population (PODHEC) using the following dosimetric adjustments:
PODHEC = PODOC x (VEho/VEh) x (days per weekoc/days per weekres)
where: VEho = occupational ventilation rate for an 8-h day (10 m3/day)
VEh = non-occupational ventilation rate for a 24-h day (20 m3/day)
days per weekoc = occupational weekly exposure frequency (study specific)
days per weekres = residential weekly exposure frequency (7 days per week)
Rothman et al. (1996) PODHEC = 7.2 ppm x (10/20) x (5/7) = 2.6 ppm
Lan et al. (2004a) PODHEC (supporting) = 0.26 ppm x (10/20) x (6/7) = 0.11 ppm

4.1.6 Critical Effect and Adjustments of the PODHEC
4.1.6.1 Critical Effect
As indicated in Section 3.1.1.2, data from both human and animal noncarcinogenic studies
suggest that hematotoxicity is the most sensitive endpoint for exposure to benzene. The specific
critical effect for the key study (Rothman et al. 1996) is decreased ALC in benzene-exposed
workers, supported by Lan et al. (2004a), which reported hematotoxic effects as well.

4.1.6.2 UFs
Section 3.1.2 discusses the MOA by which benzene may produce toxicity. Determining a POD
and applying appropriate UFs (i.e., assume a threshold/nonlinear MOA) is the default for
noncarcinogenic effects. Therefore, UFs were applied to the key study PODHEC to derive the
chronic ReV. The Rothman et al. (1996) PODHEC was used with the following UFs: 1 for
extrapolation from a LOAEL to a NOAEL (UFL), 10 for intraspecies variability (UFH), 1 for use
of a subchronic (6.3 year) study (UFSub), and 3 for database uncertainty (UFD) (total UF = 30).
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The Lan et al. (2004a) supporting study PODHEC was used with the following UFs: 1 for the UFL,
3 for the UFH, 1 for the UFSub (6.1 year), and 3 for the UFD (total UF = 10). Choice of UFs is
discussed below.
For the Rothman et al. (1996) PODHEC, a UFL of 1 was used because BMC modeling was used to
derive the POD and the health endpoint that was modeled was a mild effect. As indicated by
USEPA, decreased ALC is a very sensitive endpoint and not very serious in and of itself (i.e., not
a frank effect), and there is no evidence that a decrease in ALC is related to any functional
impairment at benzene levels near the BMCL (USEPA 2002). Additionally, although
lymphocyte depression was observed at 13.6 ppm in the Rothman et al. (1996) study,
lymphocyte count is still within the normal range (approximately the 15th percentile) (USDHHS
2005). For the supporting Lan et al. (2004a) PODHEC, a UFL of 1 was used because: (1)
decreased B cell count is a sensitive endpoint; (2) the LOAEL from Lan et al. (2004a) is lower
than that indicated in similar human studies; (3) a conservative BMR of 0.4 SD from control
mean, versus the standard BMR of 1 SD, was utilized for BMC modeling; and (4) the reported
changes are considered unlikely to have clinical consequences (Lamm et al. 2006).
A UFH of 3 was selected for use with the supporting Lan et al. (2004a) study primarily because
information that potential sensitive subpopulations were included in the actual study population
was available (i.e., workers with genotypes which conferred greater sensitivity). A UFH of 10 is
justified for use with the Rothman et al. (1996) PODHEC based on several considerations,
including but not limited to: (1) available data on potentially greater sensitivity conferred by
genetic polymorphisms; (2) no information is presented in Rothman et al. (1996) which indicates
that the specific worker population evaluated in the study included potentially sensitive
subpopulations (i.e., workers with genotypes which confer greater sensitivity); and (3) the larger
worker populations in studies which evaluated polymorphisms (e.g., Rothman et al. 1997, Lan et
al. 2005) may not necessarily be genetically representative of the workers in Rothman et al.
(1996).
A UFSub of 1 was used for both the Rothman et al. (1996) and Lan et al. (2004a) studies since TS
believes the mean exposure durations of 6.3 and 6.1 years, respectively, were sufficient in
regards to observation of the response level for the hematotoxic effects evaluated (i.e., additional
exposure time would likely not affect the response level).
The toxicological database for benzene is extensive. However, a UFD of 3 was applied to both the
Rothman et al. (1996) study and the supporting Lan et al. (2004a) study because of the absence
of a two-generation reproductive/developmental toxicity study.

4.1.7 Health-Based Chronic ReV and chronicESLnonlinear(nc)
As discussed in the previous section, UFs are applied to the key study (Rothman et al. 1996)
PODHEC to derive the chronic ReV (Table 5).
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Table 5 Comparison of UFs applied to the PODHEC

PODHEC
Key Study:
Rothman et al.
(1996)
2.6 ppm
Supporting Study:
Lan et al. (2004a)
0.11 ppm

Subchronic
-to-Chronic
(UFSub)

IntraSpecies
(UFH)

LOAELtoNOAEL
(UFL)

Incomplete
Database
(UFD)

Total
UF

Reference
Value
(ReV)

1

10

1

3

30

86 ppb

1

3

1

3

10

11 ppb

Rounding to two significant figures at the end of all calculations for the key study (Rothman et
al. 1996) yields a chronic ReV of 86 ppb (280 µg/m3). At the target hazard quotient of 0.3, the
chronic
ESLnonlinear(nc) is 26 ppb (84 µg/m3) (Table 6). For the supporting Lan et al. (2004a) study,
application of UFs yields somewhat lower supporting values for the chronic ReV (11 ppb or 36
µg/m3) and chronicESLnonlinear(nc) (3.3 ppb or 11 µg/m3).

4.1.8 Comparison of Results
The chronic ReVs calculated based on the PODHEC values from the Rothman et al. (1996) and
Lan et al. (2004a) studies are similar (less than one order of magnitude apart). The chronic ReV
(86 ppb or 280 µg/m3) based on Rothman et al. (1996) is expected to be health-protective and
conservative since the levels of ALC decrement near the BMCL/PODoc are not expected to be
associated with any functional impairment (USEPA 2002), and the chronic ReV is about 84
times lower than the BMCL/PODoc (the chronicESLnonlinear(nc) is about 277 times lower).
Additionally, many reports of clinical hematological abnormalities in chronic human studies are
associated with much higher concentrations than the chronic ReV (86 ppb):







3,200-12,800 ppb for leukopenia in Doskin (1971);
6,000 ppb (mean) for leukopenia in Xia et al. (1995);
15,000-210,000 ppb for hematological abnormalities (e.g., leukopenia) in Aksoy et al.
(1971);
15,000-640,000 ppb for pancytpoenia in Aksoy et al. (1972);
11,000-1,060,000 ppb for anemia and thrombocytopenia in Goldwater (1941);
> 25,000 ppb for transient anemia and clinically increased MCV in Fishbeck et al.
(1978);
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150,000-650,000 ppb for pancytopenia in Aksoy and Erdem (1978).

Based on Rothman et al. (1996), the chronic ReV and chronicESLnonlinear(nc) are 86 ppb (280 µg/m3)
and 26 ppb (84 µg/m3), respectively. As indicated in Lan et al. (2004a), confirmation of their
findings of benzene-induced hematotoxicity at levels below 1 ppm (1,000 ppb) is needed in other
studies.
USEPA (2002) calculated RfC-like values of 15.6 and 18.8 ppb based on the Ward et al. (1985)
subchronic inhalation rodent study for comparison to the final RfC based on Rothman et al.
(1996). Although based on an animal study, the use of which has uncertainties associated with
extrapolation to humans, these values are similar to the chronicESLnonlinear(nc) (26 ppb) calculated
based on Rothman et al. (1996). The chronicESLnonlinear(nc) is also similar to the CalEPA chronic
recommended exposure limit (REL) of 20 ppb and the USEPA final RfC of 9 ppb.
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Table 6 Derivation of the Chronic ReV and chronicESLnonlinear(nc)
Parameter
Study

Summary
Rothman et al. (1996), supported by Lan et al.
(2004a)

Study Population

44 benzene-exposed workers

Study Quality
Exposure Method
Critical Effects
POD (BMCL)
Exposure Duration
Extrapolation to continuous exposure
(PODHEC)
Total UFs
Interspecies UF
Intraspecies UF
LOAEL UF
Subchronic to chronic UF
Incomplete Database UF
Database Quality
chronic ReV (HQ = 1)
chronic
ESLnonlinear(nc) (HQ = 0.3)

high
13.6 ppm median for low exposure group
decreased ALC
7.2 ppm at BMR of 1 SD from control
5 days per week , 6.3 years (mean)
PODHEC = 7.2 ppm x (10/20) x (5/7) = 2.6 ppm
30
1
10
1
1
3
high
280 µg/m3 (86 ppb)
84 µg/m3 (26 ppb)

4.2 Carcinogenic Potential
It is not known whether a common mechanism is responsible for both benzene-induced
hematotoxicity and carcinogenicity. Therefore, given the current state of knowledge on MOA,
the noncancer and cancer health assessments cannot be integrated at this time (USEPA 2002).

4.2.1 Carcinogenic Weight-of-Evidence and MOA
Benzene is a known human carcinogen as evaluated by multiple sources (e.g., USEPA, the
International Agency for Research on Cancer (IARC), the National Toxicology Program (NTP),
the American Conference of Governmental Industrial Hygienists (ACGIH), Germany’s
Commission for the Investigation of Health Hazards of Chemicals in the Work Area (MAK)).
Epidemiologic and case studies provide clear and consistent evidence of a causal association
between benzene exposure and acute myelogenous (nonlymphocytic) leukemia (AML or
ANLL), the dominant leukemia type observed among benzene-exposed workers (USEPA 1998,
Lamm 1989). To a lesser extent, benzene exposure may be associated with chronic myelogenous
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(nonlymphocytic) leukemia and chronic lymphocytic leukemia, but studies have not yielded
consistent results (USEPA 1998, Lamm 1989, Schnatter et al. 2005). AML is the only leukemia
type shown to be definitely associated with benzene exposure. Acute monocytic leukemia is a
subtype of AML, and is also derived from the myeloid or hematopoietic tissue of bone marrow
(Lamm 1989). Information on different types of leukemia is provided in Appendix A.

Figure 2 Proposed Mechanistic Hypothesis for Benzene-Induced Leukemogenesis
Development of leukemia is thought to be a multi-step process involving several independent
genetic and epigenetic events, and evidence suggests that multiple mechanistic pathways are
likely. The overall picture of benzene-induced leukemogenesis is an increased rate of genetic
damage to hematopoietic cells occurring in the context of disrupted bone marrow function.
While evidence supports the hypothesis that multiple toxic effects contribute to the
leukemogenic process, data are insufficient to show exactly which effects (genotoxic or
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otherwise) of benzene are critical for the induction of leukemia. The genotoxic effects involved
in benzene-induced leukemogenesis most likely involve chromosomal damage rather than simple
point mutations (USEPA 1998). Figure 2 below shows a proposed general schematic for
benzene-induced leukemia taken from USEPA (1998).

4.2.2 Epidemiological Studies and Exposure Estimates
The most current USEPA review of scientific literature related to the derivation of an inhalation
unit risk factor (URF) (USEPA 1998) indicates that a study of Pliofilm workers at three Ohio
facilities (Rinsky et al. 1981, 1987) provides the best published set of data to evaluate human
cancer risk from benzene exposure. USEPA (1998) also reviewed a cohort of Chinese workers
(Hayes et al. 1997), but did not select this cohort based on several considerations (see USEPA
1998). Rinsky et al. (1981, 1987) (a.k.a. the Pliofilm cohort) has ample power, latency, relatively
better estimates of later exposure to airborne benzene, and few reported co-exposures to
carcinogenic substances relative to other studies (USEPA 1998).
USEPA (1998) reviewed the benzene exposure estimates for the Pliofilm cohort from Rinsky et
al. (1981, 1987), Paustenbach et al. (1992), and Crump and Allen (1984). Paustenbach et al.
(1992) exposure estimates are generally higher than those of both Crump and Allen (1984) and
Rinsky et al. (1981, 1987), and result in a lower estimate of carcinogenic potency (i.e., URF).
While Crump (1994) indicates that the Paustenbach et al. (1992) exposure matrix was based on a
much more detailed investigation than that by Crump and Allen (1984) and is likely to provide a
better representation of exposures in the cohort, other investigators have reservations concerning
the Paustenbach et al. (1992) exposure estimates (Utterback and Rinsky 1995). Therefore, based
on a review of the reservations, the Paustenbach et al. (1992) estimates were not used to derive
the chronicESLlinear(c). Studies of hematologic surveillance data (e.g., WBC and RBC counts) from
the Pliofilm cohort workers (e.g., Cody et al. 1993, Kipen et al. 1988, 1989) support exposure
estimates that incorporate relatively higher benzene levels in the 1940s relative to subsequent
decades. For example, Kipen et al. (1989) showed a correlation coefficient of 0.76 between the
Crump and Allen (1984) exposure estimates and WBC count worker data from 1940-1948, while
the correlation coefficient was only 0.05 for the Rinsky et al. (1987) exposure estimates. Since
changes in blood cell counts (e.g., WBC) may be used as a biomarker of benzene exposure and
worker hematologic data did not correlate well with the Rinsky et al. (1987) exposure estimates,
the Rinsky estimates were not used to derive the chronicESLlinear(c). Additionally, while USEPA did
not endorse a particular set of exposure estimates in the 1998 update, USEPA’s response to peer
review comments on the draft indicates that USEPA considers the Crump and Allen (1984)
exposure estimates to be the least biased (USEPA 1997). Cancer potency estimates based on the
Crump and Allen (1984) exposure matrix are utilized in this assessment for calculation of the
URF and chronicESLlinear(c) as in the absence of more definitive information, it is reasonable that
the exposure estimates which correlate best with hematotoxicity (WBC) data in the same cohort
provide the most reliable exposure estimates for use in quantitative risk assessment.
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4.2.3 Dose-Response Assessment
4.2.3.1 Potency Estimates Based on Observed Data
In the 1998 update, USEPA indicated that there is insufficient evidence to reject the USEPA
default assumption of linearity and utilized linear low-dose extrapolation to derive a risk range of
7.1E-03 to 2.5E-02 per ppm (URFs of 2.2E-06 to 7.8E-06 per µg/m3), within which any
calculated unit risk estimate would have equal scientific validity. These unit risk estimates were
taken from Crump (1994), and the lower and upper ends of the range are based on the
Paustenbach et al. (1992) and Crump and Allen (1984) exposure estimates, respectively.
Similar to USEPA (1998), this assessment utilizes the linear model risk analyses of Crump
(1994). Crump (1994) indicates that acute myelogenous and monocytic leukemia (AMML) was
the only cancer response clearly related to benzene exposure, and that a dose response for all
leukemia was not apparent if AMML was excluded. For this assessment, AMML was selected as
the cancer endpoint of interest, with supporting calculations for all leukemia. A linear
multiplicative risk model was selected because it fit the Pliofilm cohort data better than a linear
additive risk model (Crump 1994).
Both the cumulative exposure and weighted cumulative exposure metrics fit the data well,
therefore results from both exposure metrics were used in this assessment. Corresponding cancer
potency estimates (β) and standard error (SE) values were obtained from Table 3 of Crump
(1994), and 95% upper confidence limits (95% UCLS) on the β values were calculated using
reported SEs as summarized in Table 7.
Table 7 Beta (β), Standard Error (SE), and 95% UCL β Values a
Leukemia Type

Exposure
Metric

β

SE

95% UCL β b

AMML

Cumulative

4.5E-02

1.8E-02

7.5E-02

AMML

Weighted
Cumulative

2.3E+00

8.9E-01

3.8E+00

All

Cumulative

1.7E-02

6.8E-03

2.8E-02

All

Weighted
Cumulative

8.4E-01

3.4E-01

1.4E+00

a
b

Units are in ppm-years
95% UCL = β + (1.645 x SE)
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4.2.3.2 Dosimetric Adjustments
Consistent with TCEQ (2006), occupational concentrations were converted to environmental
concentrations for the general population using the following equation:
ConcentrationHEC = ConcentrationOC x (VEho/VEh) x (days per weekoc/days per weekres)
where:
VEho = occupational ventilation rate for an 8-h day (10 m3/day)
VEh = non-occupational ventilation rate for a 24-h day (20 m3/day)
days per weekoc = occupational weekly exposure frequency (default of 5 days per week)
days per weekres = residential weekly exposure frequency (7 days per week)

4.2.3.2 Extrapolation to Lower Exposures
4.2.3.2.1 Calculation of Air Concentrations at 1 in 100,000 Excess Cancer Risk and
the chronicESLlinear(c)
Air concentrations based on extra risk were calculated as opposed to added risk, and resulted in
insignificantly lower calculated air concentrations at a cancer risk of 1 in 100,000. URFs and
benzene air concentrations at 1 in 100,000 excess cancer risk were calculated with life-table
analyses using the BEIR IV approach (NRC 1988) and the following mortality and survival rates
(Appendix C):




US mortality rates for 2000-2003 for all leukemia (Surveillance, Epidemiology, and End
Results database (SEER 2006));
US survival rates for 2000 (Arias 2002);
Texas-specific mortality rates for 1999-2003 for AMML and all leukemia, US mortality
rates for AMML for 1999-2003, and Texas-specific survival rates for 2003 were kindly
provided by the Texas Department of State Health Services, Cancer Epidemiology and
Surveillance Branch, Texas Cancer Registry.

Since Crump (1994) used a lag time of 5 years to conduct modeling using the cumulative
exposure metric, an exposure lag time of 5 years was used in the cumulative exposure
assessment to calculate air concentrations. Utilizing the data and inputs described above, air
concentrations corresponding to the target excess cancer risk of 1 in 100,000 were calculated
based on lifetime exposure of 70 years, the default used by TCEQ for exposure analysis. As can
be seen from Table 8 below, there were no differences in the use of Texas versus US background
AMML and all leukemia mortality rates and survival rates except for all leukemia with the
weighted cumulative exposure metric, where use of Texas-specific data results in slightly lower
calculated acceptable air concentrations. Therefore, air concentrations calculated with US rates
are used in all subsequent discussions.
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Table 8 Air Concentrations Corresponding to 1 in 100,000 Excess Leukemia Risk
Leukemia
Type

Background
Rates

Exposure
Metric

AMML

US

AMML

US

AMML

TX

AMML

TX

All

US

All

US

All

TX

All

TX

Cumulative
Weighted
Cumulative
Cumulative
Weighted
Cumulative
Cumulative
Weighted
Cumulative
Cumulative
Weighted
Cumulative

Air Concentration @
1 in 100,000 Excess
Risk using β central
estimate (ppb)
1.4

Air Concentration @
1 in 100,000 Excess
Risk using β 95%
UCL (ppb)
0.9

2.3

1.4

1.4

0.9

2.3

1.4

1.6

1.0

2.7

1.6

1.6

1.0

2.6

1.5

As indicated previously, AMML was the only cancer response clearly related to benzene
exposure (Crump 1994). Therefore, AMML was selected as the cancer endpoint of interest (with
calculations for all leukemia used as supporting data). Based on AMML, air concentrations
corresponding to the target excess cancer risk of 1 in 100,000 using the central estimate β ranged
from 1.4 ppb (0.9 ppb for 95% UCL β) for cumulative exposure to 2.3 ppb (1.4 ppb for 95%
UCL β) for weighted cumulative exposure. However, the best-fitting linear model for AMML
from Crump (1994) was that based on weighted cumulative exposure as the exposure metric.
Therefore, weighted cumulative exposure was the preferred exposure metric for use in the linear
model. The weighted cumulative exposure metric used by Crump (1994) gives progressively less
weight to exposures which occurred in the distant past and was more predictive of risk than
simple cumulative exposure, which gives equal weight to all exposures regardless of when they
occurred in the past (e.g., 10 years ago versus 50). The particular human epidemiological data
available are considered when selecting an appropriate β estimate (central estimate or 95%
UCL). The 95% UCL β should be used when estimates of mortality are available rather than
incidence and mortality does not reflect incidence for the cancer evaluated (TCEQ 2006). For
AML, incidence and mortality appear to differ by approximately twenty percent (American
Cancer Society 2005). Additionally, considering other factors (e.g., the uncertainty inherent in
exposure estimates and the dose-response modeling for benzene), TS believes use of the 95%
UCL β is justified. Therefore, the 95% UCL β value was used instead of the central estimate β
value because potency estimates were derived from mortality data, not incidence data (i.e., to
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protect against developing leukemia), and in consideration of other factors as well.
Based on the best-fitting linear model for AMML (weighted cumulative exposure) and the more
conservative 95% UCL β value, the air concentration at the target risk is 1.4 ppb. Therefore, the
chronic
ESLlinear(c) is 1.4 ppb. This would correspond to a URF of 7.1E-06 per ppb (2.2E-06 per
µg/m3), which is within the URF range of 2.2E-06 to 7.8E-06 per µg/m3 suggested by USEPA
based on the 1998 update. The value of 1.4 ppb falls within the range of air concentrations of
1.0-1.6 ppb based on the 95% UCL β values for all leukemia, which did not have an apparent
dose-response relationship if AMML were excluded (Crump 1994).
USEPA (1998) states that the agency is fairly confident that the risk of leukemia increases at 40
ppm-years of occupational benzene exposure based on Rinsky et al. (1981, 1987) and recent
studies, and that this equates to a lifetime (i.e., 24 hs per day for 76 years) exposure level of 120
ppb. Hence, lifetime exposure at the chronicESLlinear(c) of 1.4 ppb would be approximately 86 times
less than the cumulative exposure level identified by USEPA as being associated with elevated
leukemia risk.

4.2.3.3 Evaluating Susceptibility from Early-Life Exposures
USEPA (2005) provides default age-dependent adjustment factors (ADAFs) to account for
potential increased susceptibility in children due to early-life exposure when a chemical has been
identified as acting through a mutagenic MOA for carcinogenesis. However, benzene is not a
chemical which is currently identified by USEPA as having a mutagenic MOA, and data are not
sufficient to determine which of the various documented effects (genotoxic or otherwise) are
critical for leukemogenesis (USEPA 1998, Cox 1991). Benzene has generally yielded negative
results in gene mutation assays in bacteria or in vitro mammalian cell systems (USEPA 1998),
although some studies report an increase in gene mutation (e.g., Ward et al. 1992, Mullin et al.
1995). Benzene exposure results in a variety of structural and numerical chromosomal damage
and increased frequency of micronuclei in human cells exposed in vitro to various
metabolites/metabolite combinations (USEPA 1998). DNA adducts of phenol, hydroquinone, or
benzoquinone have been reported in various in vitro systems, and DNA damage was reported
using the comet assay in mice exposed to benzene in vivo and cultured human lymphocytes
exposed to benzene and several metabolites in vitro (USEPA 1998). Although chromosomal
rearrangements are detected in leukemia and following benzene exposure, such effects are only
part of the leukemogenic process (USEPA 1998). Additionally, while there are no direct
observational data on potential benzene-induced leukemia in children as with benzene-exposed
workers, there is scientific literature available describing chemotherapy-induced AML in
children, which may be a relevant surrogate. This information suggests that children are not more
sensitive than adults following leukemogenic chemical exposure (e.g., Pyatt et al. 2005, 2006),
and a few studies appear to indicate that younger children may have somewhat decreased
susceptibility to chemotherapy-related AML (as discussed in VCCEP 2006). Available data on
the maximum tolerated dose of anti-neoplastic agents also suggest that children are somewhat
less susceptible to therapy-induced hematopoietic toxicity (VCCEP 2006). While not
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determinative, available information on chemotherapy-induced AML in children lends support to
the determination that as the MOA for benzene-induced leukemia has not been determined to be
mutagenic by the scientific community, consistent with TCEQ guidance (TCEQ 2006), URF
adjustment factors will not be applied. This issue will be reevaluated periodically as new
scientific information on benzene’s carcinogenic MOA becomes available. In the interim, TCEQ
believes the use of several conservative factors (i.e., multiplicative versus additive risk model,
extra versus added risk, 95% UCL β versus the central estimate β) results in a health-protective
chronic
ESLlinear(c).

4.3. Welfare-Based Chronic ESL
No data were found regarding vegetative effects.

4.4 Long-Term ESL and Values for Air Monitoring Evaluation
The chronic evaluation resulted in the derivation of the following values:





chronic

ESLlinear(c) = 4.5 µg/m3 (1.4 ppb)
URF = 2.2E-06 per µg/m3 (7.1E-06 per ppb)
chronic ReV = 280 µg/m3 (86 ppb)
chronic
ESLnonlinear(nc) = 84 µg/m3 (26 ppb)

The long-term ESL for air permit reviews is the chronicESLlinear(c) of 4.5 µg/m3 (1.4 ppb) as it is
lower than the chronicESLnonlinear(nc) (Table 1). For the evaluation of long-term ambient air
monitoring data, the chronicESLlinear(c) of 4.5 µg/m3 (1.4 ppb) is the lowest chronic comparison
value, although both the chronicESLlinear(c) and chronic ReV will be used for the evaluation of air
data (Table 1).
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Appendix A: Glossary of Terms
The following glossary of terms is intended to aid the reader in the understanding of this and
other documents pertaining to the toxicity of benzene.
Acute Myelogenous (Nonlymphocytic) Leukemia - A malignant clonal proliferation of immature
myeloid hematopoietic progenitor cells (i.e., myeloblasts; Pazdur et al. 1993), which are
precursors to myeloid white blood cells (e.g., granulocytes: neutrophils, eosinophils, and
basophils; Larson 1996); a neoplastic disease of the hematopoietic system in which there is
diminished production of normal erythrocytes, granulocytes, and platelets, which leads to death
by anemia, infection, or hemorrhage (ATSDR 1997).
Anemia - A decrease in the number of erythrocytes (i.e., red blood cells) (Davis 1989).
Aplastic Anemia - A more severe reduction in all three major blood cell types (i.e., erythrocytes,
leukocytes, and thrombocytes) than pancytopenia in which the bone marrow ceases to function
and stem cells never reach maturity. The depression in bone marrow function occurs in two
stages: hyperplasia (increased synthesis of blood cell elements) followed by hypoplasia
(decreased synthesis of blood cell elements). Bone marrow function progressively decreases until
it is necrotic and filled with fatty tissue, a condition known as myeloblastic dysplasia. Aplastic
anemia can progress to acute nonlymphocytic (myelogenous) leukemia (ATSDR 2005).
Blood Count - Enumeration of the red corpuscles and leukocytes per cubic millimeter of whole
blood, normally: 5 million (male) and 4.5 million (female) average for erythrocytes, 5,00010,000 leukocytes, 150,000-400,000 platelets. The differential blood count indicates the
percentage of various white blood cells (WBCs), normally: 40-60% neutrophils, 1-3%
eosinophils, 0.5-1% basophils, 20-40% lymphocytes, 4-8% monocytes (Davis 1989).
Chronic Lymphocytic Leukemia - A clonal expansion of mature lymphocytes (i.e., B- or Tcells) in the peripheral blood and bone marrow (Pazdur et al. 1993).
Chronic Myelogenous (Nonlymphocytic) Leukemia - A clonal expansion of pluripotent
hematopoietic stem cells which do not mature normally (Pazdur et al. 1993).
Colony Forming Units – Colonies of recognizable mature cells which form from clonogenic
progenitor cells, which produce large numbers of mature blood cells found in circulation and are
the more developmentally restricted progeny of pluripotent stem cells (Wynter and Ploemacher
2001).
Cytopenia - A decrease in various cellular elements of the circulating blood which is a common
clinical finding in benzene hematotoxicity and may manifest itself as pancytopenia and aplastic
anemia or as unicellular cytopenias (e.g., leukopenia, anemia, thrombocytopenia) (ATSDR
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1997).
Granulocyte - A granular/polymorphonuclear leukocyte (neutrophil, eosinophil, or basophil;
Davis 1989).
Granulocytopenia - Abnormal reduction of granulocytes in the blood (Davis 1989).
Granulocytosis - Abnormal increase in the number of granulocytes in the blood (Davis 1989).
Hematocrit - The volume of erythrocytes packed by centrifugation into a given volume of blood
expressed as the percentage of total blood volume, or as the volume in cubic centimeters of
erythrocytes packed by centrifugation of blood. Normally: 47% average for men (40-54% range)
and 42% for women (37-47% range) at sea level (Davis 1989).
Hematopoiesis – The production and development of blood cells from multipotent hematopoietic
stem cells, which can become any type of cell in the blood system (Davis 1989).
Hematopoietic System - The blood-forming organs, especially bone marrow and lymph nodes
(Davis 1989). See Clark and Kamen (1987) for an overview of hematopoietic development.
Hematotoxic - Toxic to blood cells (Davis 1989).
Hodgkin’s Lymphoma - A malignant solid tumor of the lymphoreticular system, usually the
lymph nodes, diagnosed by the presence of the Reed-Sternberg cell. Other cells present include
lymphocytes, granulocytes, histiocytes, plasma cells, and fibroblasts (Davis 1989, Pazdur et al.
1993).
Leukemia - (1) An unregulated clonal proliferation of neoplastic stem cells of the hematopoietic
system (i.e., blood-forming tissues such as the bone marrow) in which the neoplastic cells
eventually replace the normal resident cells. Leukemia may be divided into acute and chronic
forms, referring to the rapidity of the development of symptoms, signs, and complications of
these two types. Acute leukemias are classified into two large groups, depending on whether the
clonal population is lymphoid (immature B- and T-cells) or myeloid (immature erythrocytes,
granulocytes, and platelets) in origin. Chronic leukemia is also divided into lymphoid (mature Band T-cells) and myeloid (immature pluripotent hematopoietic stem cells) classes (Pazdur et al.
1993); (2) Cancers of the body’s blood-forming tissues (including bone marrow and lymph
system) resulting in high concentrations of abnormal white blood cells in the bone marrow,
lymph system, and blood stream which can interfere with the functions of vital organs and
overwhelm the production of normal white and red blood cells and platelets. Leukemia is
classified as myelogenous or lymphocytic. Myelogenous leukemia is a cancer of the
granulocytes (i.e., neutrophils, eosinophils, basophils), a type of white blood cell formed in the
bone marrow. Lymphocytic leukemia involves the lymphocytes, a type of white blood cell
produced in the lymph system and marrow. Myelogenous and lymphocytic leukemias may be
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further divided into acute and chronic forms, referring to the rapidity of the development of
symptoms, signs, and complications of these two types. Acute leukemia progresses rapidly with
the proliferation of immature cells (i.e., blasts), while chronic leukemia progresses more slowly
with the overproduction of mature and immature white blood cells (Larson 1996). Below is a
classification table for malignant neoplasm of the hematopoietic and lymphatic tissue. See Lamm
(1989) for additional information.
Leukemia/Lymphoma Type
Leukemia
Lymphoid
Acute (ALL)
Chronic (CLL)
Myeloid
Acute (AML)
Chronic (CML)
Monocytic
Other
Unspecified
Lymphoma
Non-Hodgkins
Reticulosarcoma
Lymphosarcoma
Hodgkins
Others and Mixed (Hairy cell, histiocytosis)
Multiple myeloma (plasma cell origin)

International
Classification of
Disease
204
204.0
204.1
205
205.0
205.1
206
207
208
200
200.0
200.1
201
202
203

Leukocytes – White blood cells which defend the body against infection and tissue damage.
They include various cells from both myeloid and lymphoid lineages, and are often classified
based on the presence or absence of staining granules in the cytoplasm: granulocytes (e.g.,
neutrophils, basophils, eosinophils) and agranulocytes (e.g., lymphocytes, monocytes) (Davis
1989).
Leukocyte Alkaline Phosphatase (LAP) - Increased LAP activity is an indicator of myelofibrosis
and is associated with decreased WBC counts and changes in bone marrow activity (ATSDR
2005).

Benzene
Page 43
Leukopenia - A decrease in the number of white blood cells (leukocytes), which include
granulocytes (e.g., polymorphonuclears: basophils, eosinophils, neutrophils) and agranulocytes
(e.g., mononuclears: monocytes/macrophage, lymphocytes). Granulocytes and monocytes arise
from the myeloid stem cell in the bone marrow, while lymphocytes arise from the lymphoid stem
cells in the bone marrow which migrate to the thymus (T-cells), spleen and lymph nodes (Bcells) to mature. Synonyms include: granulocytopenia, leukocytopenia (Davis 1989).
Lymphomas – Non-Hodgkin’s lymphoma is a group of malignant solid tumors of lymphoid
tissues. Hodgkin’s lymphoma usually begins in lymph nodes of the supraclavicular, high
cervical, or mediastinal area (Davis 1989).
Lymphocytes - A subset of leukocytes consisting of several cell types which form from
pluripotent stem cells in the bone marrow and travel between the blood and lymphatic tissue to
provide the body’s main means of immunity. B lymphocytes (B cells) provide humoral immunity
by migrating to the spleen, lymph nodes, and other peripheral lymphoid tissue where they come
into contact with foreign antigens to become mature functioning antigen-specific cells able to
independently identify foreign antigens and differentiate into antibody-producing plasma cells
(only source of antibodies) or memory cells (enable the body to quickly produce antibodies at a
later date). Many immature B cells are found in the spleen, which due to high blood flows
provides great opportunity for antigen exposure and subsequent B cell maturation. T lymphocytes
(T cells) provide cell-mediated immunity (requires cell interactions) by migrating to the thymus
to mature before circulating throughout the body to destroy or neutralize invading organisms. T
lymphocyte subtypes include helper/T4 cells, suppressor/T8 cells, and two types of cytotoxic
cells (i.e., natural killer cells, cytotoxic T cells). Helper/T4 cells, which control the activities of
other T cells, are activated when a macrophage presents a foreign antigen on its surface next to a
histocompatibility antigen (a.k.a. antigen processing) and secretes interleukin-1. Activated
helper/T4 cells: secrete interleukin-2, which stimulates natural killer cells, cytotoxic T cells, and
B-cells; secrete gamma interferon to inhibit virus growth and stimulate macrophage cytotoxicity
and the processing of antigens; and activate suppressor/T8 cells after several days which inhibit
T4 cells and B cells to prevent excessive lymphocyte activity (Davis 1989).
Lymphocytopenia/Lymphopenia - A deficiency of lymphocytes (i.e., B- and T-cells) in the blood
(Davis 1989).
Mean Corpuscular Volume – The average volume of individual red blood cells in cubic
millimeters, which can be calculated by dividing the hematocrit (volume of packed red blood
cells per 1,000 mL blood) by the red blood cell count (red blood cell count in millions per cubic
millimeter) (Davis 1989).
Mitogen-Induced Blastogenesis - A mitogen is a protein used to stimulate cells to divide (i.e.,
induce mitosis), and mitogens are frequently used to study the proliferation of lymphocytes in
vitro (Davis 1989). Blastogenesis refers to the proliferative ability of cells (e.g., the

Benzene
Page 44
transformation of small lymphocytes into large, undifferentiated cells capable of mitosis) (Rozen
1984). Therefore, mitogen-induced blastogenesis is a measure of the proliferative ability of cells
in response to mitogen stimulation (e.g., the number of colony-forming cells).
Myeloblastic Dysplasia - A condition resulting from the progression of aplastic anemia in which
bone marrow function progressively decreases until necrotic and filled with fatty tissue (ATSDR
1997).
Myelocyte - A large cell in red bone marrow from which leukocytes are derived (Davis 1989).
Myelodysplastic Syndromes (a.k.a. preleukemia) – see definition for preleukemia.
Myeloma - A tumor originating in cells of the hematopoietic portion of the bone marrow.
Multiple myeloma is a neoplastic disease characterized by the infiltration of bone and bone
marrow by myeloma cells forming multiple tumor masses (Davis 1989).
Pancytopenia - Reduction in the number of all three major cell types of blood cells, erythrocytes
(red blood cells), thrombocytes (platelets), and leukocytes (white blood cells), which results from
a reduction in the ability of red bone marrow (vertebrae, sternum, ribs and pelvis) to produce
adequate numbers of mature blood cells from its immature multipotent myeloid stem cells
(ATSDR 2005).
Preleukemia - A group of nondiagnostic physical and blood abnormalities that may indicate that
leukemia will develop later. They include: anemia, neutropenia, sometimes a relative
lymphopenia, marked monocytosis, purpura, susceptibility to infections, and slow healing of skin
and mucous membrane lesions (Davis 1989). Signs include loss of leukocytes and other blood
elements, bone marrow histopathology, and enlarged spleen (ATSDR 2005). Myelodysplastic
syndromes are preleukemic (USEPA 1998).
Reticulocyte - A red blood cell containing a network of granules or filaments representing an
immature stage in development; normally about 1% of circulating red blood cells (Davis 1989).
Reticulocytosis - Increase in the number of reticulocytes in circulating blood, which is indicative
of active erythropoiesis in red bone marrow (Davis 1989).
Thrombocytopenia - A decrease in the number of blood platelets (i.e., thrombocytes) (Davis
1989).
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Appendix B: Benchmark Dose Modeling Results
Appendix B1: Rozen et al. (1984)
Results from the benchmark dose modeling of lymphocyte count depression data read from
Figure 1 in Rozen et al. (1984) using USEPA Benchmark Dose Software (Version 1.4.1) are
presented below. The benchmark dose low (BMDL) of approximately 4 ppm at 1 standard
deviation (SD) from the control mean supports a LOAEL-to-NOAEL UF of 3 as being
sufficiently conservative. Goodness of fit to the Hill model was by visual inspection with scaled
residuals < 2 and goodness-of-fit p values > 0.1.
Rozen (1984) Modeled Data
Dose
Group

Dose
(mean
ppm)

Estimated
Mean Cell
Number

Number
Estimated Estimated
of
SE
SD
Subjects

controls

0
8604
690
2182
10
10.2
5621
414
1309
10
31
5621
690
2182
10
100
3052
828
2618
10
301
2500
414
1309
10
Estimated lymphocyte values read from Figure 1 of Rozen (1984)
Estimated standard deviation (SD) calculated using the formula SD = SE * ((n)^0.5)

Benchmark Dose Computation:
Homogeneous variance
Specified effect = 1
Risk Type = Estimated standard deviations from the control mean
Confidence level = 0.95
BMD = 10.532 ppm
BMDL = 4.03205 ppm
Hill Model with 0.95 Confidence Level
Hill

Me a n R e sp o n se

10000

8000

6000

4000

2000
BMDL BMD
0

50

100

150
dose

11:07 04/26 2007

200

250

300
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Appendix B2: Rothman et al. (1996)
USEPA (2002) performed BMD modeling with EPA’s BMDM Software (version 1.20) using the
Rothman et al. (1996) data. A detailed discussion is available in Section 5.1.2. Benchmark Dose
Modeling of USEPA (2002). A summary of results from the benchmark dose modeling of
absolute lymphocyte count data from Rothman et al. (1996) using USEPA BMDM Software
(Version 1.4.1) are presented below and are similar to values and results derived by USEPA
(2002). Exposure concentrations were log-transformed using the equation in USEPA (2002) of
d’=ln(d+1). The BMDL at 1 SD from the control mean using the continuous linear model is 2.1,
which transformed back to the original exposure scale is 7.2 ppm.
Rothman (1996) Modeled Data
Dose
Group
controls
low
high

Dose (Median Transformed
8-hr TWA
Dose (d'=
ppm)
ln(dose + 1))
0.02
13.6
91.9

Mean (cell
number
x1000)

SD

Number
of
Subjects

1.9
1.6
1.3

0.4
0.3
0.3

44
22
22

0.0198
2.68
4.53

Benchmark Dose Computation:
Homogeneous variance
Specified effect = 1
Risk Type = Estimated standard deviations from the control mean
Confidence level = 0.95
BMD = 2.68656 ppm (transformed value)
BMDL = 2.1042 ppm (transformed value) = 7.2 ppm on the original exposure scale
Linear Model with 0.95 Confidence Level

Me a n R e sp o n se

2

Linear
BMD Lower Bound

1.8

1.6

1.4

1.2
BMDL
0

0.5

1

1.5

2

BMD
2.5
dose

11:11 04/26 2007
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3.5

4

4.5
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Appendix B3: Lan et al. (2004a)
Results from the benchmark dose modeling of lymphocyte count (B-cell) depression data read
from Lan et al. (2004a) using USEPA Benchmark Dose Modeling Software (Version 1.4.1) are
presented below. The BMCL is approximately 0.26 ppm at 0.4 SD from the control mean. A
benchmark response of 0.4 SD was utilized so that the resulting BMDL would fall below the
0.36 ppm mean benzene level reported for a subgroup which could not be included in benchmark
dose modeling but was reported to have significantly decreased WBCs, granulocytes,
lymphocytes, and B cells. Goodness of fit to the Hill model was by visual inspection with scaled
residuals < 2 and the goodness-of-fit > 0.1 for model fit (test 4).
Lan et al. (2004a) Modeled Data
Dose
Group
(ppm)

Dose
(mean
ppm)

Mean (B
cell
number)

SD

Number
of
Subjects

controls
<1
1 to < 10
>= 10

0
0.57
2.85
28.73

218
186
170
140

94
95
75
101

140
109
110
31

Benchmark Dose Computation:
Homogeneous variance
Specified effect = 0.4
Risk Type = Estimated standard deviations from the control mean
Confidence level = 0.95
BMD = 0.948615 ppm
BMDL = 0.260685 ppm
Hill Model with 0.95 Confidence Level
240

Hill

Me a n R e sp o n se
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Appendix C: US and Texas Survival, AMML, and All Leukemia
Mortality Rates
Survival Rates
Age
(years)
0
1
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75

US
(2000)
1
0.993
0.992
0.991
0.990
0.987
0.982
0.977
0.971
0.963
0.952
0.935
0.911
0.875
0.821
0.746
0.642

Texas
(2003)
1
0.993
0.992
0.991
0.990
0.987
0.982
0.977
0.972
0.964
0.952
0.935
0.911
0.876
0.824
0.751
0.651

Acute Myeloid and
Monocytic Leukemia
(AMML) Mortality Rates
US
Texas
Age
(1999- (1999(years)
2003)
2003)
0
0.2
0.3
01-04
0.3
0.4
05-09
0.2
0.1
10-14
0.2
0.2
15-19
0.4
0.3
20-24
0.4
0.4
25-29
0.5
0.4
30-34
0.5
0.5
35-39
0.7
0.7
40-44
0.9
0.7
45-49
1.3
1.3
50-54
2.0
1.8
55-59
3.3
3.5
60-64
5.5
5.7
65-69
8.8
9.0
70-74
13.1
13.2
75-79
17.5
17.1
80-84
20.2
19.1
85+
18.8
16.8

All Leukemia Mortality Rates
Texas
Age
US (2000- (1999(years)
2003)
2003)
0
0.7
0.9
01-04
0.9
0.9
05-09
0.7
0.6
10-14
0.8
0.9
15-19
1.1
1.3
20-24
1.2
1.5
25-29
1.1
1.1
30-34
1.3
1.4
35-39
1.6
1.5
40-44
2.0
1.8
45-49
2.9
3.4
50-54
4.4
4.2
55-59
7.5
8.4
60-64
12.9
13.2
65-69
20.8
21.3
70-74
33.0
31.8
75-79
47.0
43.4
80-84
63.2
65.5
85+
81.5
81.3
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Appendix D: Derivation of the 24-hour Reference Value for Benzene
The 24-hour ReV for benzene was finalized June 16, 2014

D.1 Background
The Texas Commission on Environmental Quality (TCEQ) reviews air concentration data
collected from its monitoring network from a health effects perspective, that is, for the potential
to cause adverse health effects (and welfare effects as well). The TCEQ has historically
developed 1-hour health-protective and welfare-based (i.e., odor, vegetation) Air Monitoring
Comparison Values (AMCVs) for comparison to 1-hour autoGC data collected from its ambient
air monitoring network as well as for comparison to other data (e.g., 30-minute Summa canister
results). The TCEQ also develops chronic (i.e., lifetime) health-protective and welfare-based
(i.e., vegetation) AMCVs for comparison to long-term means (i.e., annual averages or longer)
based on 1-hour autoGC data or every sixth-day 24-hour canister results. However, the TCEQ
has historically not developed 24-hour, health-based AMCVs for comparison to individual 24hour canister results from its monitoring network. Consequently, only a very limited evaluation
of the reported 24-hour levels is possible without 24-hour AMCVs because 1-hour and chronic
(i.e., lifetime) AMCVs are largely inappropriate for this purpose. Thus, the development of 24hour AMCVs is necessary for the best possible health effects evaluation of individual 24-hour
canister VOC results, and would significantly complement the 1-hour and chronic evaluations of
chemicals of interest (TCEQ 2014; 2015).
Benzene is a VOC for which 24-hour canister data are collected. Additionally, as a known
human carcinogen that is ubiquitously-detected in the TCEQ ambient air monitoring network,
benzene is of significant agency and public interest. Therefore, benzene is a chemical for which a
24-hour, health-protective AMCV has been developed. The purpose of this document is to
summarize the main steps involved in the development of the 24-hour AMCV for benzene.
General steps discussed below for developing a 24-hour value include:


availability of appropriate toxicity studies that provide meaningful information to
evaluate a 24-h exposure duration;



identification of a point of departure for the critical effect(s) based on review of doseresponse data for relevant toxicity endpoints;



consideration of an exposure duration adjustment;



animal-to-human inhalation dosimetric adjustment;



selection and application of applicable uncertainty factors; and



derivation of the 24-hour AMCV.

Please refer to Section 3.1.1.1 and Table 2 for detailed information on physical/chemical
properties. Refer to Section 3.1.2 for mode of action information.
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D.2 Potential Points of Departure
Benzene can produce various toxic effects due to high short-term air exposure, including central
nervous system (CNS) depression, eye/respiratory tract irritation, developmental toxicity, and
hematotoxicity (e.g., bone marrow toxicity). These effects were considered for the basis of
developing a 24-hour, health-protective AMCV. However, data from available short-term
exposure studies suggest the most sensitive endpoint for this purpose is hematotoxicity (e.g.,
bone marrow depression: leukopenia, pancytopenia, granulocytopenia, lymphocytopenia,
thrombocytopenia, aplastic anemia) (ATSDR 2007). More specifically, as discussed in the
following sections, dose-response data from subacute studies in laboratory animals (i.e., mice)
provide the most conservative (i.e., lowest) point of departure (POD) for derivation of a 24-hour
AMCV.

D.2.1Hematotoxicity
The following summary in Table 9 of subacute animal data demonstrating benzene-induced
hematological effects (e.g., blood cell decreases) was used to identify the lowest lowestobserved-adverse effect-level (LOAEL) among the studies for use as a POD in derivation of a
24-hour, health protective AMCV.
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Table 9 Summary of Subacute Mouse Inhalation Studies
Mouse Strain

Exposure
Duration

CD-1 (male)

6 hs per day for
5 days

DBA/2J (male)

2

6 hs per day for
5 days

Rozen et al.
(1984) 1

C57BL/6J (male)

6 hs per day for
6 days

Swiss Webster
(male)

6 hs per day for
gestational days
(GD) 6-15

Rosenthal and
Snyder (1985)

C57BL/6 (male)

6 hs per day for
1-12 days

Cronkite et al.
(1985)

C57B1/6BNL

6 hs per day, 5
days per week,
for 2 weeks

Toft et al.
(1982)

NMRI (male)

8 hs per day, 5
days per week,
for 2 weeks

Cronkite
(1986)

CBA/Ca and
C57B1/6BNL

Farris et al.
(1997a,b)

B6C3F1/CrlBR
(male)

Study

Green et al.
(1981a,b)

Dempster and
Snyder (1991)

Corti and
Snyder (1996)
2, 3

1

NOAEL
(ppm)

LOAEL
(ppm)

Response at LOAEL

9.9

103

granulocytopenia,
lymphocytopenia, and decreased
marrow cellularity and
polymorphonucleucytes

---

10.3

decreased erythroid progenitor
cell colony forming units

---

10.2

depressed blood lymphocytes,
depressed mitogen-induced
blastogenesis of femoral Blymphocytes

---

10.2

decreased erythroid progenitor
cell colony forming units

10

30

T- and B-lymphocyte depression
and increased Listeria
monocytogenes infection
bacterial counts

10

25

lymphopenia

10.5

21

increased micronucleated
polychromatic erythrocytes and
decreased granulopoietic stem
cells

6 hs per day, 5
days per week,
for 2 weeks

10

25

lymphopenia

6 hs per day, 5
days per week,
for 1-8 weeks

10

100

lymphopenia and other blood
effects

Key study
Supporting study
3
Effects were reported in male mice exposed as adults; no increased sensitivity shown in the developing organism.
2
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Three subacute mouse studies identified approximately 10 ppm as the LOAEL. Rozen et al.
(1984) reported depressed blood lymphocytes and depressed mitogen-induced blastogenesis of
femoral B-lymphocytes in male C57BL/6J mice at a LOAEL of 10.2 ppm. Dempster and Snyder
(1991) showed decreased erythroid progenitor cell colony forming units in male DBA/2J mice at
a LOAEL of 10.3 ppm. Corti and Snyder (1996) showed decreased erythroid progenitor cell
colony forming units in male Swiss Webster mice at a LOAEL of 10.2 ppm. No NOAELs were
identified in these studies. Rozen et al. (1984), supported by Dempster and Snyder (1991) and
Corti and Snyder (1996), was selected as the key study for deriving a 24-hour value because: (1)
the acute animal database is significantly more robust than the human; (2) benzene metabolism
occurs along similar pathways in both humans and laboratory animals; and (3) the LOAEL
identified (~10 ppm) for this study (and the supporting two studies) provides the most healthprotective POD among these animal studies.
The key study of Rozen et al. (1984) utilized an exposure regimen of 6 hours per day for 6 days.
Thus, the total number of 36 exposure hours exceeds the 24-hour exposure duration of interest.
However, factors such as toxicokinetics must be considered to determine whether this multi-day
exposure is more analogous to an intermittent exposure wherein sufficient clearance occurs
following each day of exposure such that each day should be treated as an independent 6-hour
acute exposure, or whether inadequate clearance occurs during the 18 hours between daily
exposures such that the multiple-day exposure is sufficiently analogous to a continuous exposure
for purposes of deriving a 24-hour value. Available data suggest the latter for the key subacute
study.

D.2.2 Toxicokinetic Considerations
Metabolism of benzene to “active” metabolites is required for hematotoxicity to occur, and a
good metric of the effective dose for benzene is the concentration of metabolites in the target
tissue (i.e., bone marrow) (Sabourin et al. 1990). For the exposure regimen employed by Rozen
et al. (1984), it appears the time between exposures (18 hours) would not allow for clearance of
benzene’s hematotoxicity-implicated metabolites (e.g., hydroquinone, hydroquinone
glucuronide, benzoquinone, catechol, muconaldehyde, muconic acid) from the bone marrow as
evidence suggests they are not readily excreted.
In regard to clearance of benzene and its metabolites from the mouse at doses relevant to the key
study, results from Sabourin et al. (1987) suggest that around 48-56 hours is required to
eliminate most of a 6-hour mouse inhalation dose to 11 ppm [14C]benzene or an oral mouse
[14C]benzene dose (equivalent to a 11 ppm mouse exposure for 6 hours). Regarding elimination
from the target tissue (i.e., bone marrow) specifically, hematotoxicity-implicated metabolites
hydroquinone glucuronide and catechol (as well as muconic acid) have been detected in the bone
marrow of mice exposed to 50 ppm [3H]benzene for 6 hours (Sabourin et al. 1988), and data
indicate that appreciable amounts of these metabolites have been retained (perhaps ≈66-75%)
and not cleared from mouse bone marrow 24-hours following exposure (Greenlee et al. 1981).
This suggests the toxicokinetic half-life of these proposed contributors to benzene toxicity may
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be greater than 24 hours at the target tissue. A relatively long half-life for benzene metabolites in
bone marrow is consistent with bone marrow/blood concentration metabolite ratios in rodents
≈400 (Irons et al. 1980), and twice daily subcutaneous doses of [3H]benzene increasing
metabolites in the bone marrow of mice an average of ≈29-fold over a 6-day period (Snyder et al.
1978).
Collectively, these data suggest:
(1) the 18 hours between exposures in the key hematotoxicity study (Rozen et al. 1984) are
expected to result in inadequate elimination of benzene metabolites from the target tissue; and
(2) the putative toxic metabolites of benzene would be expected to appreciably increase in
mouse bone marrow with exposure duration over the six days of daily exposure in the key
study such that it would be toxicokinetically inappropriate to treat each day as an independent
acute exposure and more appropriate to view the exposure regimen as more toxicokinetically
analogous to a continuous multiple-day exposure wherein dose to the target tissue increases
daily with duration.
Thus, available data suggest the toxicokinetic half-life of the putative hematotoxic metabolites in
the bone marrow is sufficiently long to support use of a 6-day study for derivation of a 24-hour,
health protective AMCV. Consequently, the POD for hematotoxicity is based on the LOAEL of
10.2 ppm from Rozen et al. (1984).

D.2.3 CNS Effects
In regard to CNS depression, it is expected that mild CNS effects will be the first noticeable
effects of sufficiently high acute benzene exposure and that irritation occurs only at higher
exposures or is due to co-exposure to other substances (NAS 2009). However, acute human
studies relevant to CNS effects would provide a higher POD than subacute animal hematotoxicty
studies. For example, Srbova et al. (1950) provides a free-standing, no-observed-effect-level
(NOAEL) of 110 ppm for CNS effects for a 2-hour human exposure. Extrapolation of a 2-hour
free-standing NOAEL to a 24-hour exposure duration for the basis of deriving a healthprotective concentration involves appreciable uncertainty given the relatively large extrapolation
and the unknown relationship to actual CNS effect levels. Additionally, using a Haber’s Law
“n” value of 1 similar to NAS (2009) may result in an overly conservative temporal extrapolation
considering that health effects were not mentioned even for human volunteers exposed to up to
125 ppm for 6-8 hours (Hunter and Blair 1972 as cited by NAS 2009). Nevertheless, this
extrapolation results in a NOAEL-based PODHEC of 9.2 ppm for potential CNS effects. By
contrast, subacute mouse studies provide a 6-hour, multiple-day (e.g., 6-day) LOAEL for
hematotoxicity of 10.2 ppm (Rozen et al. 1984), which when adjusted to a human equivalent
concentration (HEC) not expected to be associated with adverse effects (using a LOAEL-toNOAEL UF of 3) results in a lower estimated NOAEL-based PODHEC of 3.4 ppm. Thus, a 24hour AMCV which protects against hematotoxicity is also expected to be health-protective
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against potential CNS effects (and irritation).

D.2.4 Developmental Effects
A similar conclusion is reached for developmental effects. Although epidemiological studies
evaluating benzene as a developmental toxicant have many significant limitations, results of
multiple-day inhalation studies in laboratory animals are fairly consistent across species and
demonstrate that at LOAELs of 47-500 ppm, benzene has the ability to induce fetotoxicity as
evidenced by decreased fetal weight, skeletal minor variants or retardation, and/or delayed
skeletal ossification (ATSDR 2007). These LOAELs for developmental effects are higher than
the multiple-day LOAEL for hematotoxicity. For example, the lowest developmental LOAEL of
47 ppm (decreased fetal weight, skeletal retardation in Tatrai et al. 1980) is for 24-hour per day
exposure (for eight days) and is appreciably higher than the lowest hematotoxicity LOAEL of
10.2 ppm for 6-hour per day exposure (for six days), and the same would be true for the
associated PODHEC values. Thus, similar to CNS effects, a 24-hour AMCV derived to protect
against hematotoxic effects is also expected to protect against potential developmental effects.

D.3 Critical Effect
This evaluation of the dose-response data for relevant endpoints suggests that the most sensitive
endpoint for derivation of a 24-hour AMCV is hematotoxicity. Subacute mouse studies provide a
reasonably robust hematotoxicity dataset. Most specifically, Rozen et al. (1984) provides a
conservative LOAEL-based POD of 10.2 ppm for derivation of a 24-hour, health-protective
AMCV.

D.4 Potential Exposure Duration Adjustment
If a single day of exposure (6 hours) from Rozen et al. was being used to derive a 24-hour
AMCV, then a default duration adjustment from 6 to 24 hours would be conducted using a
Haber’s Law “n” value of 1 (i.e., POD x 6/24 hours) (TCEQ 2012). However, as discussed above
in Section 2.1.1, the exposure regimen included a total exposure duration of 36 hours, and data
suggest the time between exposures was insufficient for significant toxicokinetic clearance from
the target tissue such that the putative hematotoxic metabolites of benzene would be expected to
appreciably increase in mouse bone marrow over the six days of daily exposure. Therefore, such
a duration adjustment is judged to be unnecessary.

D.5 Dosimetry Adjustments from Animal-to-Human Exposure
Although benzene can produce respiratory tract effects at relatively high concentrations, it
produces remote effects (e.g., hematotoxicity) at lower concentrations. Therefore, it is classified
as a category 3 gas. For category 3 gases:
PODHEC = PODA x ((Hb/g)A / (Hb/g)H)
where: Hb/g = ratio of the blood:gas partition coefficient
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A = animal
H = human
For benzene, the blood:gas partition coefficients for mice and humans are 17.44 and 8.12,
respectively (Wiester 2002). If the animal blood:gas partition coefficient is greater than the
human blood:gas partition coefficient, a default value of 1 is used for the regional gas dose ratio
(RGDR) (USEPA 1994).
Rozen et al. (1984): PODHEC = PODA x ((Hb/g)A / (Hb/g)H) = 10.2 ppm x 1 = 10.2 ppm

D.6 Uncertainty Factors (UFs)
The default procedure for deriving health-protective concentrations for noncarcinogenic effects
is to determine a POD and apply appropriate UFs (i.e., assume a threshold/nonlinear MOA)
(TCEQ 2012). The PODHEC of 10.2 ppm based on Rozen et al. (1984) was used and divided by
the following UFs:





UFL of 3 for extrapolation from a LOAEL to a NOAEL;
UFA of 3 for extrapolation from animals to humans;
UFH of 10 for intraspecies variability; and
UFD of 1 for database uncertainty.

A UFL of 3 was used because: (1) the LOAEL utilized for these noncancer effects is lower than
that indicated in similar animal studies and in humans; (2) the LOAEL utilized is approximately
equal to the weight-of-evidence NOAEL in mouse studies; (3) benchmark dose (BMD) modeling
of lymphocyte count depression data read from Figure 1 in Rozen et al. indicates a benchmark
dose low (BMDL1SD) of approximately 4 ppm (see Appendix B1 of TCEQ 2007), which
supports a UFL of 3 as being sufficiently conservative; (4) lymphocyte count depression is a very
sensitive sentinel effect that is not serious in and of itself (i.e., not a frank effect), and the
decreased lymphocyte count in Rozen et al. (1984) at 10.2 ppm appears to be within the normal
range (Jackson Laboratory 2007); and (5) 10.2 ppm is below levels at which a shift from more
toxic (e.g., muconaldehyde, hydroquinone glucuronide) towards less toxic (e.g.,
phenylglucuronide, prephenylmercapturic acid) metabolites has been shown to occur in mice
(e.g., between 50 and 600 ppm in Sabourin et al. 1989).
A UFA of 3 was used because: (1) default dosimetric adjustments from animal-to-human
exposure were conducted to account for toxicokinetic differences; (2) existing studies indicate
that benzene is metabolized along similar pathways in both humans and laboratory animals; (3)
data suggests that mice are relatively sensitive laboratory animals in regards to the hematotoxic
effects of benzene (e.g., relatively high respiratory and benzene metabolism rates) (USEPA
2002); and (4) some data suggest humans are more similar to rats (i.e., less sensitive than mice)
in regards to benzene metabolism (Capel et al. 1972). [Note that the ratio of animal-to-human
blood:gas partition coefficients used to adjust the PODHEC was limited to 1, although the true
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ratio is approximately 2 and would increase the PODHEC accordingly.]
A full UFH of 10 is supported by available information. There is good experimental evidence to
indicate that benzene-sensitive human subpopulations may exist (USEPA 2002). For example,
genetic polymorphisms associated with metabolic processes may confer variability in human
susceptibility to benzene toxicity. For a more detailed discussion refer to USEPA (2002).
A UFD of 1 was used because the overall toxicological database for benzene is extensive. The
acute database contains numerous inhalation studies (mostly in animals) examining a wide
variety of toxicological endpoints, both less and more serious in nature. Effects examined
include, but are not limited to, mucous membrane and skin irritation, and hematological,
cardiovascular, hepatic, immunological, neurological, reproductive, and developmental effects.
Several animal species/strains have been utilized (e.g., rats: Sprague-Dawley, Wistar, CFY;
mice: BALB/c, Hale Stoner, C57BL/6BNL, CD-1, Swiss Webster, NMRI, CF-1; rabbits: New
Zealand), including mice, which are particularly sensitive to benzene-induced hematological
effects.

D.7 Derivation of the 24-Hour, Health-Protective AMCV
As discussed in the previous section, UFs are applied to the key study (Rozen et al. 1984)
PODHEC to derive the 24-hour value.
PODHEC / (UFH x UFA x UFL x UFD) = 10.2 ppm / (10 x 3 x 3 x 1)
= 0.102 ppm or 100 ppb
Table 10 provides a summary of the major steps in deriving the 24-hour AMCV.
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Table 10 Derivation of the Acute 24-Hour AMCV
Parameter

Summary

Study

Rozen et al. (1984), supported by Dempster and
Snyder (1991) and Corti and Snyder (1996)
C57BL/6J mice (male)
medium-high
6 hour per day for 6 days via inhalation from 0 to
301 ppm
10.2 ppm (average analytical concentration)
None
depressed peripheral lymphocytes and depressed
mitogen-induced blastogenesis of femoral Blymphocytes
10.2 ppm (LOAEL)
6 hour
Not applicable based on toxicokinetic
considerations
10.2 ppm
10.2 ppm (RGDR = 1)
100
3
10
3
1
high
320 µg/m3 (100 ppb)

Study population
Study quality
Exposure Methods
LOAEL
NOAEL
Critical Effects

POD
Exposure Duration
Extrapolation to 24 h
PODADJ (extrapolated 24 hour concentration)
PODHEC
Total Uncertainty Factors (UFs)
Interspecies UF
Intraspecies UF
LOAEL UF
Incomplete Database UF
Database Quality
Acute 24-hour ReV (HQ =1)
Acute 24-hour AMCV
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D.8 Short-Term Values for Air Monitoring Evaluation
The acute evaluation resulted in the derivation of the following values:


acute 1-hr ReV = 580 µg/m3 (180 ppb) (TCEQ 2007)



acute 24-hour ReV = 320 µg/m3 (100 ppb)

In conclusion, the 24-hour, health-protective AMCV for benzene is 0.10 ppm or 100 ppb (320
µg/m3). It is well below even chronic human hematotoxicity effect levels (e.g., 7.2-13.6 ppm)
(Rothman et al. 1996). This value is sufficiently conservative for the adequate protection of
public health for the exposure duration and adverse effects considered and would significantly
complement TCEQ health effect evaluations of ambient air data, which currently utilize 1-hour
and chronic (i.e., lifetime) health-protective and welfare-based (e.g., odor) AMCVs.
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