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Abstract: Unit Risk (UR) values were derived for 1,3-butadiene (BD) based upon its ability to cause
tumors in laboratory mice and rats. Metabolism has been established as the significant molecular
initiating event of BD’s carcinogenicity. The large quantitative species differences in the metabolism
of BD and potency of critical BD epoxide metabolites must be accounted for when rodent toxicity
responses are extrapolated to humans. Previously published methods were extended and applied
to cancer risk assessments to account for species differences in metabolism, as well as differences in
mutagenic potency of BD metabolites within the context of data-derived adjustment factors (DDEFs).
This approach made use of biomarker data (hemoglobin adducts) to quantify species differences in
the internal doses of BD metabolites experienced in mice, rats, and humans. Using these methods,
the dose–response relationships in mice and rats exhibit improved concordance, and result in upper
bound UR values ranging from 2.1 × 10−5 to 1.2 × 10−3 ppm−1 for BD. Confidence in these UR
values was considered high based on high confidence in the key studies, medium-to-high confidence
in the toxicity database, high confidence in the estimates of internal dose, and high confidence in the
dose–response modeling.

Keywords: biomarkers; internal dose; species differences; mixtures assessment; benchmark dose;
cancer unit risks

1. Introduction

1,3-Butadiene (BD) is manufactured for producing styrene–butadiene rubber, poly-
mers, and other chemicals. BD is associated with increased leukemia and bladder/urinary
cancer mortality in some synthetic rubber workers following exposures to high concen-
trations [1,2]; it also produces tumors at multiple sites in laboratory rodents, for which
mice are demonstrably more sensitive than rats [3–5]. In past cancer risk assessments for
BD, mouse tumors have served as the primary basis for rodent-based estimates of cancer
potency (Table 1).

Toxics 2022, 10, 394. https://doi.org/10.3390/toxics10070394 https://www.mdpi.com/journal/toxics

https://doi.org/10.3390/toxics10070394
https://doi.org/10.3390/toxics10070394
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/toxics
https://www.mdpi.com
https://doi.org/10.3390/toxics10070394
https://www.mdpi.com/journal/toxics
https://www.mdpi.com/article/10.3390/toxics10070394?type=check_update&version=1


Toxics 2022, 10, 394 2 of 19

Table 1. Summary of rodent-based cancer risk assessments for 1,3-butadiene.

Assessor (Year) Endpoint Dataset DR Model POD Type POD Value
Species

Extrapolation
Assumption

Low-Dose
Extrapolation
Assumption

Unit Risk
(ppm−1)

USEPA [6]

Leydig cell, pancreatic
exocrine cell, Zymbal

gland, mammary gland,
thyroid follicular cell

Male and Female
Rats [7] Multistage LEC10 NS Air concentration

equivalence Linear 0.0042–0.056

Lymphocytic lymphomas,
histiocytic sarcomas, heart
hemangiosarcomas, lung,
forestomach, Harderian
gland, liver, preputial

gland, ovary,
mammary gland

Male and Female
Mice [3]

Multistage-
Weibull

time-to-tumor
LEC10 0.7–13.3 ppm Air concentration

equivalence Linear 0.0064–0.29

Health Canada [8] Multiple Male and Female
Rats [7] Multistage TC05 4.7–905 mg/m3 Air concentration

equivalence NA 0.00012–0.024 *

Multiple Male & Female
Mice [3] Multistage TC05 1.4–23 mg/m3 Air concentration

equivalence NA 0.0048–0.079 *

OEHHA [9] Multiple

Female
MouseMale and
Female Mice [3];
Male and Female

Rats [7]

Multistage NS NS Surface area
scaling Linear 0.077

0.002–0.16

* Linear potency estimate calculated by dividing the benchmark response rate (5%) by the TC05 value. NS = not specified; NA = not applicable; LC10 = 95% lower confidence at the
concentration producing a 10% increase in risk; TC05 = total concentration associated with a 5% increase in tumor incidence.
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Metabolism of BD to multiple reactive metabolites plays an important role in its
carcinogenic mode of action (MOA). The weight of evidence for species differences in
the metabolic activation of BD is robust (see Section 2.2). Due to large species differences
in metabolism, mice, rats, and humans are exposed to vastly different internal doses of
reactive metabolites for a given external exposure to BD, which likely underlies large species
differences in carcinogenic potency (mice >> rats). Motwani and Tornqvist [10] relied upon
metabolite-specific biomarkers (e.g., hemoglobin adducts), second-order rate constants for
adduct formation, and species-specific erythrocyte lifespans to quantify species differences
in internal doses of BD metabolites (e.g., AUC for metabolites in blood) in mice, rats, and
humans. This approach is considered here to reflect the best available science for BD
dosimetry, and is applied to the derivation of data-derived extrapolation factor (DDEF)
values for BD [11] (USEPA, 2014). The goal of this manuscript is to extend and apply the
approach of Motwani and Tornqvist [10] and Fred et al. [12] to support the derivation of
rodent-based cancer unit risk (UR) values for BD.

2. Background

This section provides background information on previous dose–response assessments
for tumors in rodents, metabolism, and mode of action (MOA) studies for BD. These data
are used here to support key decisions in the cancer dose–response assessments conducted
for BD. In so doing, these data reduce the uncertainty associated with using rodent-derived
data for BD human health risk assessment consistent with USEPA guidelines [11,13].

2.1. Previous Rodent-Based Cancer Risk Assessments for BD

Previous rodent-based cancer risk assessments conducted by regulatory agencies and
risk assessors are summarized in Table 1. These potency estimates take into consideration
tumor incidence at multiple tissue sites in mice (Table 2) and rats (Table 3) exposed to BD via
inhalation. The rodent carcinogenicity database for BD is robust, and includes acute cancer
bioassays in mice of both sexes [14], a series of stop-exposure studies conducted in male
mice (NTP, 1993), and lifetime cancer bioassays in mice and rats of both sexes [3,4]. Upper
bound cancer potency estimates based on mouse tumor data are significantly higher than
corresponding values based on rat tumor data, which is generally attributed to underlying
differences between species in metabolic activation and detoxification (see Section 2.2).
Notably, nearly all rodent-based risk assessments for BD in the past relied upon a default ap-
proach of relying on the concentration of BD in air. Accounting for quantitative differences
in BD metabolism between species represents an important challenge for human health risk
assessment, including those planned for BD in the U.S. under TSCA regulations [15]. More
recent data and methods published since the time of these risk assessments now allow for
these important differences to be addressed quantitatively in human health cancer risks
assessments for BD (see Section 3).
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Table 2. Mouse tumor data following inhalation exposure to 1,3-butadiene.

Gender Duration
(Reference) Exposure Concentration

(ppm) Lymphoma Histiocytic
Sarcoma Heart Alveolar–

Bronchiolar Forestomach Mammary
Gland Liver Harderian Preputial,

Ovary

Male

Acute [14] 2 h (1×)

0 7/59 NR NR 8/59 0/59 0/59 17/59 NR NR

1000 8/58 NR NR 9/58 1/58 0/58 21/58 NR NR

5000 8/58 NR NR 12/57 1/58 0/58 21/58 NR NR

10,000 10/58 NR NR 8/58 3/58 1/58 18/58 NR NR

Long-term [3]

6 h/d, 5 d/wk, 40 wk 200 8/50 5/50 15/50 36/50 3/50 NR 33/49 27/50 1/50

6 h/d, 5 d/wk, 52 wk 312 8/50 7/50 33/50 32/50 9/50 NR 25/50 30/50 4/50

6 h/d, 5 d/wk, 13 wk 625 22/50 2/50 7/50 28/50 7/50 NR 24/49 23/50 5/50

6 h/d, 5 d/wk, 26 wk 625 33/50 2/50 13/50 17/50 10/50 NR 13/50 13/50 3/50

Lifetime [3] 6 h/d, 5 d/wk,
103 wk

0 4/50 0/50 0/50 21/50 1/50 NR 21/50 6/50 0/50

6.25 2/50 0/50 0/49 23/50 0/50 NR 23/50 7/50 0/50

20 4/50 4/50 1/50 19/50 0/50 NR 30/50 9/50 0/50

62.5 6/50 5/50 5/48 31/49 1/50 NR 25/48 20/50 0/50

200 2/50 7/50 20/48 35/50 8/50 NR 33/48 31/50 5/50

625 51/73 4/73 + 4/73 + 3/73 + 4/73 + NR 5/72 + 6/73 + 0/73 +

Female

Acute [14] 2 h (1×)

0 13/57 NR NR 3/56 0/57 2/57 5/56 NR 0/53

1000 19/56 NR NR 4/56 1/56 1/56 6/55 NR 0/52

5000 18/57 NR NR 0/57 0/57 3/57 8/57 NR 1/53

10,000 13/58 NR NR 3/58 0/58 4/58 3/58 NR 0/56

Lifetime [3] 6 h/d, 5 d/wk,
103 wk

0 6/50 3/50 0/50 4/50 0/50 0/50 15/49 8/50 1/49

6.25 12/50 2/50 0/50 15/50 0/50 2/50 14/49 10/50 0/49

20 11/50 7/50 0/50 19/50 3/50 4/50 15/50 7/50 1/48

62.5 7/50 4/50 1/49 24/50 2/50 12/50 19/50 15/50 9/50

200 9/50 7/50 21/50 25/50 4/50 15/50 16/50 20/50 8/50

625 32/80 4/80 + 23/80 + 22/78 + 22/80 + 16/80 + 2/80 + 9/80 + 6/79 +

+ Due to early deaths primarily attributed to lymphomas, this dose group was excluded from dose–response modeling for other tumor types. NR = not reported.
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Table 3. Rat tumor data following inhalation exposure to 1,3-butadiene [4,5].

Target Tissues

Gender Duration Exposure Concentration
(ppm) Pancreas Zymbal Mammary Thyroid Glial

Cell
Testis,
Uterus

Male Lifetime
6 h/d,

5 d/wk,
103 wk

0 3/100 1/100 1/100 3/100 1/100 0/100

1000 1/100 1/100 2/100 5/100 4/100 3/100

8000 11/100 2/100 0/100 1/100 5/100 8/100

Female Lifetime
6 h/d,

5 d/wk,
103 wk

0 2/100 0/100 50/100 0/100 NR 1/100

1000 0/100 0/100 79/100 4/100 NR 4/100

8000 0/100 4/100 81/100 11/100 NR 5/100

2.2. Metabolism Overview

BD is chemically inert, but is metabolized to several electrophilic epoxides that are
capable of alkylating cellular macromolecules, to which the genotoxic and carcinogenic
effects of BD are attributed (see Section 2.3 below). The metabolism of BD to reactive
epoxide metabolites, including 2,3-epoxy-1-butene (EB), 1,2,3,4-diepoxybutane (DEB), and
3,4epoxybutane-1,2-diol (EBD), has been well studied in mice, rats, and humans (as re-
viewed in Himmelstein et al. [16], Albertini et al. [17], Kirman et al. [18], Filser et al. [19],
which indicates that the metabolic pathways for BD are qualitatively similar, but exhibit
large quantitative differences across species. Internal doses of these metabolites reflect
pathways accounting for their formation (e.g., oxidation) as well as their clearance (e.g.,
hydrolysis, conjugation) as depicted in Figure 1.
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Large species differences in the metabolism of BD are consistently reported in in vitro,
in situ, and in vivo studies. In vitro studies on Michaelis–Menten constants (Vmax and
Km values) for activation and detoxification pathways of BD in microsomes indicate that
mice have a significantly higher ratio of EB activation-to-detoxification than either rats or
humans [10,20–25]. In the effluent of mouse livers perfused with BD, all three epoxides
(EB, DEB, and EBD) and BD-diol were observed, while in effluents from rat livers perfused
with BD, only EB and BD-diol were detected. When the mouse and rat livers were perfused
with EB, Filser et al. [19,26] found that BD-diol, EBD, and DEB were formed, with BD-diol
predominating in both species. DEB formation was greater in mouse than in rat livers [19].
Following in vivo exposures of rats and mice to BD via inhalation, differences in circulating
DEB levels have been reported to be over 100-fold greater in mice than in rats [27–29].

Quantitative differences in the in vivo production of BD metabolites are also reflected
in the accumulation of metabolite-specific hemoglobin adducts. A DEB-specific hemoglobin
adduct, N,N-(2,3-dihydroxy-1,4-butadiyl)-valine (pyr-Val), has been identified and mea-
sured, providing insights into species and exposure differences in BD metabolism [30].
The formation of pyr-Val hemoglobin adducts has been studied in male and female mice
and rats exposed to 1.0 ppm by inhalation for 6 h/day for 4 weeks [31], in which adduct
burdens (i.e., concentrations in blood due to cumulative exposure) in rats were more than
30-fold lower than the corresponding values in mice. The formation of pyr-Val adducts
in rats and mice of both sexes was assessed following 4-week inhalation exposures to
either 1, 6.25, or 62.5 ppm BD for 6 h/day [32]. The difference in adduct levels between
species was large (mice > rats by approximately 1 order of magnitude) and dose-dependent,
with larger differences observed at higher concentration compared to low concentrations.
Swenberg et al. [31] compared results of occupationally exposed workers in the Czech
Republic to results of BD-exposed mice and rats for pyr-Val. Pyr-Val adducts were not de-
tected (LOD of 0.3 pmol/g Hb) in occupationally exposed men and women, with the mean
exposures ranging from 0.18–0.8 ppm [17,33]. Using analytical methods with improved
sensitivity, Swenberg et al. [34] and Boysen et al. [35] detected pyr-Val in humans. For
a given exposure to BD, DEB blood levels in humans (estimated from measured pyr-Val
adducts) were approximately 16-fold lower than the DEB blood levels in rats, which, in
turn, are approximately 45-fold lower than the DEB blood levels in mice.

Motwani and Tornqvist [10] estimated internal doses (i.e., blood AUCs per unit expo-
sure) for BD metabolites in mice, rats, and humans using two approaches: (1) estimating
blood dose from hemoglobin adduct data using second-order rate constants for adduct
formation and erythrocyte half-lives, and (2) scaling up metabolite clearance rates from
in vitro studies. For DEB, both approaches yielded consistent results, in which large dif-
ferences were estimated across species (mice > rats > humans). Of primary importance
to human health risk assessments, relative species differences in DEB AUC between mice
and humans are very large (approximately 2 to 3 orders of magnitude) [10]. Based on
hemoglobin adduct biomarkers [10] and urinary biomarker data [36], there is clear evidence
that mice, rats, and humans are exposed internally to mixtures of BD metabolites that are
qualitatively similar, but have important quantitative differences.

2.3. Mode of Action Summary

There is clear evidence from in vivo and in vitro studies that BD can produce geno-
toxicity through the formation of electrophilic metabolites (as reviewed in USEPA [6];
Albertini et al. [37]). USEPA [6] concluded “...it is virtually certain that the carcinogenic effects
are mediated by genotoxic metabolites of 1,3-butadiene.” Key events for a genotoxic mode of
action, which can include both point mutations (e.g., mutagenic MOA) and/or clastogenic
events (e.g., clastogenic MOA) were summarized in Kirman et al. [38]: (1) Exposure to BD;
(2) Distribution of BD to metabolizing tissues (liver); (3) Metabolism of BD to electrophilic
intermediates (epoxide metabolites); (4) Distribution of electrophilic intermediates to target
tissues; (5) Formation of DNA adducts; (6) Error in DNA replication; (7) Viable cell with
gene mutation; and (8) Tumor Progression. Because metabolic activation (Key event 3) is
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considered the molecular initiating event in the MOA, quantification of the large species
differences in metabolism serves as an important challenge to quantitative risk assessment.

BD, through its metabolism, is both mutagenic and clastogenic. The types of genotoxic
events (point mutations vs. chromosomal aberrations) may play differing roles in the
various cancers associated with BD exposure in rodents and humans. Point mutations are
generally assumed to play an initiating role in the carcinogenic process, and often serve
as the basis for assumptions of low-dose linearity as a matter of risk assessment policy.
However, specific chromosomal aberrations are known to play a key role in some human
leukemias (e.g., Philadelphia chromosome and chronic myelogenous leukemia), but inter-
estingly, were not observed in human cells exposed to DEB in vitro, despite increases in
DNA double-strand breaks [39]. For cancer types requiring clastogenic events (e.g., recipro-
cal translocations/deletions), a nonlinear dose–response relationship may better reflect the
underlying mode of action for specific structural chromosome alterations requirement of
two hits during a single round of DNA replication for their production [40]. The aberrations
will arise at a frequency proportional to the square of the exposure concentration, and
therefore, cancers that are dependent upon reciprocal translocations or interstitial deletions
are expected to exhibit a quadratic component to their dose–response relationship.

3. Methods
3.1. Exposure Concentration and Duration (CxT) in Tumor Response

An assessment of the relative importance of exposure concentration and exposure
duration was conducted using methods adapted from ten Berge et al. [41]. Specifically,
tumor incidence data from the male mice stop-exposure studies and lifetime cancer bioas-
say data for select tumors types (lymphoma, heart, lung) (Table 2) were used to create
log–log plots of predicted exposure concentrations resulting in a 10% increase in tumor
response (EC10 values) vs. exposure duration. EC10 values were first estimated for lifetime
exposure data in male mice using the multistage model (USEPA BMDS, version 3.2; U.S.
Environmental Protection Agency, Washington DC, USA), since these datasets included the
most test groups. The form of the multistage model (1st through 5th degree polynomial)
was then applied and adjusted to match single data points for responses following less-
than-lifetime exposures from the stop-exposure study in male mice. The less-than-lifetime
adjusted model was then used to estimate EC10 values for each duration assessed in the
stop-exposure study. A linear regression model was fit to the natural log of the EC10 values
as a function of exposure duration (natural log of days), and the slope of the regression was
used to interpret the relative importance of concentration and duration in the observed
tumor response. Specifically, a slope of −1 is expected when concentration and exposure
duration are of equal importance to tumor response (i.e., consistent with the default as-
sumption for Haber’s conjecture). Similarly, a slope between −1 and 0 serves to indicate
that concentration is of greater importance than exposure duration, and a slope that is
less (i.e., more negative) than −1 indicates that exposure duration is of greater importance
than concentration.

3.2. Unit Risk Derivation

Cancer UR values for BD were calculated from rodent bioassay data in a manner
generally consistent with USEPA methodology [13,42] (USEPA, 2005, 2012) using the
following equation:

UR = BMR/PODHEC (1)

where
UR = unit risk (per ppm, continuous exposure);
BMR = benchmark response rate (e.g., 10%);
PODHEC = point of departure (e.g., benchmark dose) expressed in terms human

equivalent concentration (ppm, continuous exposure), after adjusting for discontinuous
exposures and species differences in the toxicokinetics of BD.
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UR derivation is a multistep process that includes key decisions for: (1) human equivalent
concentration calculation; (2) endpoint/dataset selection; (3) dose–response modeling; (4) point
of departure (POD) selection; (5) low-dose extrapolation; and (6) additional adjustments.

3.2.1. Human Equivalent Concentration Calculation

As discussed in Section 2.2, there are clear species differences in the metabolism of BD
that need to be accounted for when calculating human equivalent concentrations (HECs)
from test concentrations of BD administered to rodents. Accordingly, HECs were calculated
using the following equation:

HEC = (TC * AF)/EFAK (2)

where
HEC = human equivalent concentration (ppm, continuous exposure);
TC = test concentration administered to mice or rats (ppm, discontinuous exposure);
AF = adjustment factor to account for discontinuous exposure in toxicity studies (e.g.,

6 h/24 h per day, 5 days/7 days per week);
EFAK = data-derived extrapolation factor (DDEF) to account for species differences in

the toxicokinetics of BD.
DDEF values were derived in a manner generally consistent with USEPA [11] guide-

lines (see Supplementary Materials). Based upon consideration of the uncertainty in the
mode of action for systemic tumors (see Section 2.3), the reactive metabolites of BD (EB,
DEB, EBD) are assumed to each contribute to carcinogenic effects of BD. Although DEB is
considered to be the most potent metabolite of BD with respect to genotoxicity (see MOA
discussion above), a potential role for other reactive metabolites cannot be ruled out. To esti-
mate the combined contribution of BD metabolites in a quantitative manner (dose additivity
assumed), a genotoxicity index approach was applied using the following equation:

GIS = ∑[(Unit AUCEB × RPEB) + (Unit AUCDEB × RPDEB) + (Unit AUCEBD × RPEBD)] (3)

where
GIS = species-specific genotoxicity index, calculated separately for male and female

mice, rats, and humans (nM*h per ppm*h BD);
Unit AUC = species-specific unit AUCs for each metabolite, which reflects the internal

dose of each metabolite in each species for a given exposure to BD (nM*h per ppm*h BD;
Table 4).

Table 4. Use of hemoglobin adduct data in mice, rats, and humans to quantify species differences in
internal dose of BD epoxide metabolites (adapted from Motwani and Tornqvist [10]).

Metabolite-Specific Unit Internal Dose (nM*h per ppm*h BD) 1

Mouse Rat Human 1

Metabolite Female Male Female Male Male

EB 13 ± 2 15 ± 2 0.77 ± 0.1 0.72 ± 0.1 0.11 ± 0.076

DEB 27 ± 7 38 ± 8 1.45 ± 0.2 1.37 ± 0.3 0.024 ± 0.020

EBD 266 ± 71 210 ± 30 19 ± 0.9 19 ± 2 52 ± 36
1 Calculated as the pooled arithmetic mean ± SD using two datasets for exposed male workers (Motwani and
Tornqvist [10]).

RP = relative potency of each metabolite for producing genotoxicity in in vitro cell
systems (unitless; summarized in Table 5 and derived in Supplementary Materials).



Toxics 2022, 10, 394 9 of 19

Table 5. Relative genotoxic potencies of BD metabolites in mammalian cells 1.

Metabolite

Endpoint EB DEB EDB In Vitro Cell System Reference

DNA Damage 1.00 11.21 0.961 Human hepatocytes, pH 11.9
[43,44]

1.00 4.22 0.955 Human hepatocytes, pH 9

DNA Damage Mean ± SD 1.00 7.72 ± 4.94 0.96 ± 0.004

Mutations 1.00 81.66 2.10 Human TK6 (HPRT)
[45]

1.00 277.12 4.46 Human TK6 (TK)

1.00 58.10 0.45 Human TK6 (HPRT)
[46]

1.00 114.83 0.71 Human TK6 (TK)

1.00 49.08 0.35 BB Mouse Fibroblasts
[47]

— 2 — 2 — 2 BB Rat Fibroblasts

1.00 4.20 3.87 SA T100 [48]

Mutations Mean ± SD 1.00 97.5 ± 95.3 1.99 ± 1.81

Micronuclei 1.00 128.28 0.58 BB Mouse Fibroblasts
[47]

1.00 124.08 0.74 BB Rat Fibroblasts

— 2 — 2 — 2 Rat spermatids [49]

Micronuclei Mean ± SD 1.00 126.18 ± 2.97 0.66 ± 0.12

Overall Mean ± SD 3 1.00 85.28 ± 82.81 1.52 ± 1.48
1 Calculated based on the ratio of linear slopes for each metabolite relative to the slope for EB assessed in
the same cell test system (see Supplementary Materials). 2 Only DEB yielded a positive response, therefore,
relative potencies were not estimated for this dataset. 3 Values used to support the calculation of data-derived
extrapolation factors (Table 6).

Table 6. Data-derived extrapolation factors to quantify species differences in BD toxicokinetics (EFAK).

Individual Metabolites

Parameter (units) Species/Extrapolation EB DEB EBD Metabolites Combined 3

Genotoxicity Index
(nM*h per ppm*h BD) 1

Female Mouse 13.0 2303 404 2719

Male Mouse 15.0 3241 319 3574

Female Rat 0.77 124 28.8 153

Male Rat 0.72 117 28.5 146

Human 0.109 2.04 79.2 81.4

EFAK (Unitless) 2

Human: Female Mouse 0.00842 0.000886 0.196 0.0300 4

Human: Male Mouse 0.00730 0.000630 0.249 0.0228 4

Human: Female Rat 0.142 0.0165 2.75 0.531 4

Human: Male Rat 0.152 0.0175 2.75 0.556 4

1 Calculated as the product of unit internal dose value (Table 4) and relative cytotoxic potency (Table 5), units of
nM*h per ppm*h BD. 2 Calculated as the ratio of genotoxicity indices for each species, unitless. 3 Calculated as the
sum across metabolites. 4 Values used to calculate human equivalent concentrations for tumor PODs attributed to
all three epoxide metabolites combined.

Accordingly, EFAK values for interspecies extrapolations can be calculated using a
ratio approach [11], as defined by the following equation:

EFAK =
CA
CH

=
GIH
GIA

(4)

where
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CA = air concentration in animals producing an internal dose of cytotoxic equivalents
at or near the point of departure, AUCA (ppm);

CH = air concentration in humans producing an internal dose of cytotoxic at or near
the point of departure, AUCA (ppm);

EFAK = data-derived extrapolation factor for interspecies extrapolation due to toxi-
cokinetic differences (unitless);

GI = genotoxicity index for BD metabolites per ppm BD in laboratory animals (A) or
humans (H) (ppm−1) (Table 6).

3.2.2. Endpoint/Dataset Selection

Target tissues for cancer risk assessment were selected based upon a review of risk
assessments by regulatory agencies and risk assessors available for 1,3-butadiene (Table 1),
and based on a review of the recently published literature. Datasets used to estimate the
cancer potency of BD include the lifetime cancer bioassay incidence data for the following:

Female Mice–lymphoma, histiocytic sarcoma, mammary gland, ovary, Harderian
gland, liver, forestomach, lung, heart tumors (Table 2);

Male Mice–lymphoma, histiocytic sarcoma, preputial, kidney, Harderian gland, liver,
forestomach, alveolar–bronchiolar, heart tumors (Table 2);

Female Rats–uterus, mammary gland, thyroid, and Zymbal gland tumors (Table 3);
Male Rats–pancreas, testes, and glial cell tumors (Table 3).
Incidence data for acute exposures (all sexes and species) were not used to estimate

cancer potency since no significant tumor incidences were reported. Similarly, incidence
data from the stop-exposure study in male mice were not used to estimate cancer potency,
but were instead used to the support supplemental CxT analyses (see Section 3.1)

3.2.3. Benchmark Dose Modeling

Each tumor dataset was modeled separately using the multistage model (1st through
5th degree polynomial) (BMDS, version 3.2; U.S. Environmental Protection Agency, Wash-
ington DC, USA). The best fitting degree of the multistage model was selected based on a
consideration of AIC, goodness of fit p-value, and visual inspection.

The multistage model was used to estimate the EC10 value, as well as its 95% lower
confidence limit (LEC10), 95% upper confidence limit (UEC10), and the cumulative distri-
bution function (CDF; 1st–99th percentile values). Within each species, a distribution of
endpoint-specific unit risk values was determined using the CDFs generated by BMDS and
Equation (1) (i.e., 10%/EC10). A distribution for the multisite unit risk value was calculated
for each species/sex by summing across cancer endpoints:

URCombined = ∑
(

UREndpoint1 + UREndpoint2 . . .
)

(5)

where
URCombined = combined unit risk across endpoint calculated for each sex and

species (ppm−1);
UREndpoint = tumor endpoint-specific unit risk within each sex/species (ppm−1).
A distribution for the combined UR values was generated using Monte Carlo methods

(Crystal Ball; Excel; version 7.3; Oracle, Austin, TX, USA) based on a simulation of 10,000 it-
erations. The 5th and 95th percentiles for the combined UR distributions were adopted as
the lower and upper confidence limits, respectively, for each combined dataset.

4. Results
4.1. Exposure Concentration and Duration (CxT)

Log–Log plots of predicted EC10 values vs. exposure duration for select tumors in
male mice are provided in Figure 2. For solid tumor type slope terms of the linear regression
for heart tumors (−1.1) and lung tumors (−1.0) are both approximately equivalent to the
expected value of −1. For these tumor types, exposure concentration and exposure duration
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are considered to be equally important to the observed tumor response, a result that is
consistent with Haber’s conjecture. In contrast, the slope term for lymphomas (−0.12)
regression indicates that the concentration term is much more important than the exposure
duration term for the observed cancer response. This result is inconsistent with Haber’s
conjecture, and suggests that there may be important mechanistic differences in BD’s role
in producing mouse lymphomas compared to the solid tumors observed in mice.
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4.2. Human Equivalent Concentrations

EFAK values of 0.0300, 0.0228, 0.531, and 0.556 were calculated to extrapolate to humans
from female mice, male mice, female rats, and male rats, respectively (Table 6). These values
account for species differences in the internal dose of reactive epoxide metabolites (Table 4),
as well as metabolite differences in genotoxic potency (Table 5). For comparison purposes,
EFAK values of 0.000886, 0.000630, 0.0165, and 0.0175 were similarly calculated for DEB
alone, for instance, if an alternative the hypothesis were adopted assuming the clastogenic
effects of DEB are solely responsible for the observed tumor response (i.e., assuming
contributions of EB and EBD tumor response are negligible). The approach for BD used
here is similar to that proposed by Fred et al. [12] to address differences in the genotoxic
potency of BD metabolites for cancer endpoints for tumors observed in mice and rats, but
has been expanded to include humans as well as additional datasets for assessing relative
genotoxic potency.

Based on these DDEF calculations, species differences in the genotoxicity index per
unit BD exposure are depicted in Figure 3, which shows that values are highest (largest pie
surface area) in mice, followed by rats, and then humans. In rodents, DEB is the largest
contributor to the genotoxicity indices, with moderate contributions from EBD, while
contributions from EB are negligible. Sex differences in rodents for the genotoxicity indices
and relative metabolite contributions are small. In humans, EBD is clearly the largest
contributor to the genotoxicity index, and DEB and EB are negligible.
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Figure 3. Species differences in the genotoxicity index: pie surface area is proportionate to to-
tal cytotoxicity index. Metabolite contributions: DEB = dark shading; EB = medium shading;
EBD = light shading.

4.3. Unit Risk Values and Species Concordance

Central tendency (maximum likelihood estimation, MLE) estimates for unit risk val-
ues (90% CIs in parentheses) based on combined target tissue cites were determined to
be 0.00088 (0.00057–0.0012), 0.00035 (0.00028–0.00043), 0.000067 (0.000042–0.000096), and
0.000014 (0.0000075–0.000021) (ppm−1) based on data for female mice, male mice, female
rats, and male rats, respectively (Table 7). A comparison of the species-specific distributions
for BD unit risk values is provided in Figure 4. This comparison shows that the data-derived
extrapolation factor adjustments to account for species differences in metabolic activation of
BD improves the overall concordance across species, as evidenced by the reduced spread of
the distributions in the adjusted unit risk values (Figure 4B) compared to unadjusted values
(Figure 4A). In addition, the range of adjusted unit risk values based on rodent tumor data
compares reasonably well to the unit risk distribution derived from epidemiology data for
exposed styrene–butadiene rubber (SBR) workers based on data for leukemia and bladder
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cancer [50]. This unit risk value is based on a Cox proportional hazard regression for the
two cancer endpoints, based on the most recent follow-up and exposure data [1,2].

Table 7. Unit risk values based on tumors in mice and rats.

Dataset Range of Model Fit Statistics for
Individual Tumor Types

Unit Risk for Combined Tumor
Types (ppm−1 HEC) *

Dataset N
Range of

Observation, (HEC,
ppm Continuous)

p-Values AICs

Female Mouse
(Table 2) 558 52–27,800 0.103–0.867 81.6–349.1 8.8 × 10−4 (5.7 × 10−4–1.2 × 10−3)

Male Mouse
(Table 2) 756 49–36,550 0.052–0.966 35.6–337.3 3.5 × 10−4 (2.8 × 10−4–4.3 × 10−4)

Female Rat
(Table 3) 300 336–2690 0.00016–0.969 35.7–357 6.7 × 10−5 (4.2 × 10−5–9.6 × 10−5)

Male Rat (Table 3) 300 321–2570 0.131–0.163 88.7–109 1.4 × 10−5 (7.5 × 10−6–2.1 × 10−5)

* HEC = Interspecies adjustments made assuming all three genotoxic epoxide metabolites contribute to the
observed tumorigenic response in rodents.
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4.4. Consideration of Sensitive Subpopulations and Additional Adjustments

As a matter of policy, the derivation of unit risk values should also consider potentially
sensitive subpopulations [13]. Potential sensitivity to the carcinogenic effects of BD can be
attributed to toxicokinetic and/or toxicodynamic factors, as summarized below.

With respect to toxicokinetics, the mode of action for BD’s carcinogenic action involves
the metabolic activation of reactive epoxides [18,37]. Blood and urinary biomarker data
for BD can be used to characterize human variation in metabolism due to: (1) gender
differences; (2) ethnicity differences; and (3) genetic polymorphisms. Gender differences
have been reported for men and women occupationally exposed to BD with respect to
hemoglobin adducts (Vacek et al., 2010) and urinary biomarkers [36]. When expressed on a
per mg/m3 BD exposure basis, these differences are approximately 2-fold (females < males).
Ethnicity differences, generally less than a factor of 2, have been reported for urinary
biomarkers for BD metabolites, including significantly higher concentrations of MHBMA
in White Americans as compared to Japanese Americans and Native Hawaiians [51], and
significantly higher concentrations of DHBMA in African Americans compared to White
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Americans [52]. In addition, ethnic differences in urinary excretion of repaired DNA
adducts (EB-GII) have been reported [53,54]. Differences across ethnic groups are generally
up to 2- to 3-fold. Some of the ethnic differences in BD biomarkers may be related to
known genetic polymorphisms across ethnic groups [55–58] (, especially GSTT1 gene copy
number [52]. In vitro studies have shown that human cell lines of differing glutathione-
S-transferase (GST-T1) status differ in sensitivity to EB (GSTT1- cells exhibiting greater
sensitivity than GSTT1 + cells [59]). The effects of genetic polymorphisms for various
enzyme systems (P450, GST, EH) alone and combined were assessed for the DEB-specific
hemoglobin adduct levels (THBVal). Specific polymorphisms (particularly for GSTT1)
showed significant effects on THBVal levels [60]. THBVal levels across different metabolism
groups (i.e., combinations of genetic polymorphisms) were found to be generally within a
factor of 2 of the overall mean. The weight of evidence from available biomarker studies
on BD suggests that human variation based on toxicokinetic (TK) factors is likely near or
below the default uncertainty factor for intraspecies variation (i.e., UFtk . 3).

With respect to toxicodynamics, due to the fact that BD is metabolized to reactive
epoxides capable of producing genotoxic events, conditions and disease states associ-
ated with reduced repair of DNA damage are expected to be potentially sensitive to
the carcinogenic effects of BD. For example, sensitivity to BD metabolite and clastogen,
1,2,3,4-diepoxybutane (DEB), is specifically used in the diagnosis of Fanconi’s anemia [61].
However, quantification of potential risks to specific disease states exposed to BD is beyond
the scope of this paper.

As a matter of policy, genotoxic chemicals such as BD are expected to pose an in-
creased risk when exposures occur early in life, a time period that is not directly covered
by data from animal cancer bioassays or epidemiology studies of occupational cohorts.
Some evidence is available for BD that suggests early life exposures are not associated
with increased risk. For example, BD is metabolically activated to epoxide metabolites
by cytochrome P450, principally isozyme CYP2E1. Based on the ontogenesis of CYP2E1
activity in humans [62–64] (, metabolic activation of BD is expected to be much lower in
neonates, infants, and children, compared to adults. However, this age trend also holds for
the enzyme systems (e.g., glutathione-S-transferase [64]) that detoxify the reactive metabo-
lites of BD, and therefore, the net impact of age on susceptibility is less clear. Biomarker
data for BD reflect the net balance between age differences in metabolic activation and
detoxification. Based on NHANES biomonitoring data in the U.S., BD biomarkers were
nominally higher in children (3–5 years) and adolescents (6–19 years), compared to adults
(>20 years) [65]. However, these differences are less than would be expected based on age
differences in inhalation rates and body weights [66,67], suggesting that, after adjusting for
inhalation/body weight differences, age-dependent metabolism factors contributing BD
biomarkers are lower in children compared to those in adults.

Lastly, acute cancer bioassays conducted in the most sensitive species (mice) indicate
that single, high exposure to BD (1000, 5000, or 10,000 ppm) relatively early in life does not
initiate tumors over the course of their lifetime [14. For these reasons, the application of an
ADAF may not be required to ensure the protection of human health from BD exposures.

5. Discussion and Conclusions

A series of analyses were conducted using the robust rodent tumor data available
for BD to determine concordance for human health risk assessment. From these analyses,
several conclusions can be supported:

(1) Risk from Acute Exposures—Acute exposures, even those associated with ex-
tremely high levels of BD in the most sensitive species, do not appear to be associated with
an increased risk of cancer. An apparent duration threshold, which falls between 1 day (no
increase in tumors observed) and 91 days (the shortest duration with an observed increase
in tumors) likely exists for BD tumors in mice. For this reason, quantitative cancer risk
assessment may not be required for acute human exposures scenarios to BD.
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(2) Haber’s Conjecture—For chronic and lifetime exposures to BD, cumulative expo-
sure (e.g., concentration x time, or ppm/days) appears to serve as an appropriate dose
measure for some cancer types (e.g., mouse lung, heart). This conclusion is similar to that
made using SBR worker cohort data for BD exposure and leukemia and urinary/bladder
cancers [50]. In contrast, for mouse lymphomas, the concentration term appears to be of
greater importance to response than time (duration). Important mechanistic differences
may underly the departure from Haber’s conjecture noted for mouse lymphoma response,
and the relevance of this endpoint to human health is questionable given the differing
results reported for human leukemia.

(3) Use of DDEF Adjustments for Interspecies Extrapolation—By accounting for
species differences in metabolic activation, concordance across species in the cancer potency
estimates for BD is improved (Figure 4B). Remaining differences across species in BD cancer
potency may reflect toxicodynamic differences, for which no adjustments were made. To
reconcile the differences in cancer potencies of BD in mice and rats in Figure 4B (i.e., for
the distributions to overlap) would require the existence of a toxicodynamic difference of
approximately 13- to 25-fold between the two species (mouse > rat).

UR values were derived for BD based upon tumor incidences reported in laboratory
mice and rats following lifetime exposures. In both species, cancer potency estimates
were higher in female animals compared to male animals. This gender difference is not
supported by hemoglobin adduct data, which show similar or higher production of BD
metabolites in male animals (e.g., for DEB formation male mice > female mice). Instead,
this gender difference likely reflects the presence of additional target tissues in female
animals compared to males (e.g., mammary gland tumors; Tables 2 and 3). This difference
may be limited to laboratory rodents, since breast cancer mortality was not associated
with BD exposure in female workers [1,2,50], and an increased potency of BD is not
supported by human data. The UR values derived here are considerably lower than those
derived previously by regulatory agencies (see Table 1), since they account for species
differences in metabolic activation. Substantial species differences in the metabolism of BD
result in humans and rodents experiencing internal doses of reactive metabolites that are
qualitatively similar (i.e., all three reactive metabolites are formed in all species), but exhibit
large quantitative differences. Accounting for these differences serves as an important
challenge to human health risk assessment. The methods of Fred et al. [12] and Motwani
and Tornqvist [10] were extended and applied to this assessment to account for species
differences in metabolism, as well as differences in metabolite mutagenic potency. This
approach made use of biomarker data (metabolite-specific hemoglobin adducts) to quantify
species differences in the internal doses of BD metabolites experienced in mice, rats, and
humans. The use of hemoglobin adducts for BD here is consistent with USEPA’s practice in
the assessment of other chemicals (e.g., acrylamide risk assessment [68]). The availability
of biomonitoring data across species enables a data-driven approach to better place rodent
tumor results into the context of human equivalent exposure.

Although the use of a relative potency approach to address the contributions from
mixtures of metabolites originating from a single chemical may be viewed as novel, this
approach has been applied to risk assessments for chemical mixtures that are believed
to act via a common mechanism, including polycyclic aromatic hydrocarbons [69] and
dioxin-like chemicals [70], and are therefore justified here.

Sources of uncertainty are identified for this assessment below.
Mode of Action—For this assessment, it was assumed that all three epoxide metabolites

contribute to the tumor responses observed in rodents. Because DEB is a bifunctional
genotoxic agent that is capable of producing clastogenic effects, an alternative hypothesis
that DEB is solely responsible for the observed tumor responses can be supported. Based on
the DDEF values derived for DEB alone compared to those derived for the combined action
of all three metabolites (Table 6), UR values based on DEB alone would be approximately
32- to 36-fold lower than derived here, which is consistent with the comparatively low levels
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of DEB produced by humans. For this reason, the assumption that all three BD epoxide
metabolites contribute to cancer risk is considered to be a health protective assumption.

Relative Potency Approach—The relative genotoxic potency estimates calculated here
(EB = 1.0, DEB = 85, EDB = 1.5) can be compared to the mutagenic potencies estimated by
Fred et al. [12] for these three metabolites (EB = 1.0, DEB = 32, EDB = 0.21). The genotoxic
potency of EDB was higher in this assessment, largely based on the results of Meng et al. [45],
who reported considerable differences in potency across the four stereoisomers of EBD,
for which some stereoisomers (e.g., 2R,3S-EBD) were found to be more potent than EB.
More recently, Nakamura et al. [71] reported that all four stereoisomers of EBD were of
similar potency, and that the results of Meng et al. [45] may have been due to a contaminant.
The approach used in this assessment could be expanded to address stereochemistry
differences in metabolism, with the collection of data to characterize species differences
in stereoisomer formation and their internal doses. However, some uncertainty remains
regarding the potential contribution of other BD metabolites to adverse effects, including
hydroxymethylvinyl ketone (HMVK), as well as proposed chlorohydroxy metabolites
produced via myeloperoxidase [72–74]. The approach used in this assessment could be
expanded to include additional BD metabolites if their importance is warranted from
a mechanistic standpoint, and if the data needed to estimate internal doses (e.g., from
hemoglobin adduct data) and relative potencies are generated.

Human Equivalent Concentration Calculation—Uncertainty in the internal dose esti-
mates calculated from hemoglobin adducts per Motwani and Tornqvist [10] is considered
low. Some uncertainty remains in the use of hemoglobin adduct data collected from male
workers (Table 4) to estimate internal doses in human populations that include males and
females. Small differences (<2-fold) in internal dose estimates are noted between male and
female mice, and between male and female rats [10,34]. However, these observations in
rodents differ from findings in humans, which show similar or lower formation of adducts
in women compared to men [34].

Dose–Response Modeling—Uncertainty in the dose–response modeling is considered
to be relatively low. The BMD:BMDL ratios for the combined UR values calculated for each
sex and species, which serve as overall indicators of the uncertainty associated with fitted
model parameters, were found to be less than a factor of 1.5 (Table 7) in this assessment.

Despite these sources of uncertainty, overall confidence in the UR values derived
for BD here is high. The key datasets are defined by well-conducted studies that have
been consistently selected by regulatory agencies to support cancer risk assessments for
BD. Confidence in the dosimetry of the assessment is also considered high, since they are
derived from excellent biomarker data that are metabolite-specific and have been quantified
in all three species of interest (mice, rats, and humans). Confidence in the cancer database
is considered high, since the carcinogenicity of BD has been well-studied in rodents and
humans, and the database is considered robust.
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