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ABSTRACT

KEYWORDS

This review is intended to provide risk assessors and risk managers with a better understanding of issues
associated with total exposures of human populations to ethylene oxide from endogenous and
exogenous pathways. Biomonitoring of human populations and lab animals exposed to ethylene
oxide has relied upon the detection of hemoglobin adducts such as 2-hydroxyethylvaline (HEV), which
provides a useful measure of total exposure to ethylene oxide from all pathways. Recent biomonitoring
data from CDC provide an excellent characterization of total exposure to ethylene oxide to the general
U.S. population by demographic factors such as age, gender, and race as well as smoking habit, which
might be comparable to previous measurements reported for humans and lab animals. The biochemical
pathways including gastrointestinal (production by bacteria) and systemic (enzymatic production)
pathways by which endogenous ethylene is generated and converted to ethylene oxide are described.
The relative importance of endogenous pathways and exogenous pathways via ambient air or tobacco
smoke was quantified based upon available data to characterize their relative importance to total
exposure. Considerable variation was noted for HEV measurements in human populations, and impor
tant sources of variation for all pathways are discussed. Issues related to risk assessment and risk
management of human populations exposed to ethylene oxide are provided within the context of
characterizing total exposure, and data needs for supporting future risk assessment identified.

Biomarkers; Risk Assessment;
Hemoglobin Adducts;
Endogenous Exposure

Introduction

Ethylene oxide is a reactive epoxide that is used in the
manufacture of chemicals including ethylene glycol,
glycol ethers, ethanolamines, ethoxylates and acrylo
nitrile and in the sterilization of materials such as
foods, spices, and medical equipment. For decades,
ethylene oxide was recognized as an animal carcino
gen based upon observations of increased tumor rates
in highly exposed mice and rats (Lynch et al. 1984;
NTP, 1987; Snellings, Weil, and Maronpot 1984). The
results of epidemiology studies, however, have been
inconclusive. Increases in certain types of cancers were
reported in a large study of sterilant workers (2004;
Steenland et al. 2003); but these elevations were not
seen consistently in other studies, including in a more
heavily exposed cohort of chemical workers, followed
over an extended time period (Marsh et al. 2019;
Swaen et al. 2009). USEPA (2016) reassessed the can
cer potency of ethylene oxide on its IRIS database
resulting in the derivation of a unit risk value (a
quantitative estimate of cancer potency) that is
CONTACT CR Kirman
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approximately 50-fold higher (i.e. more potent) than
its preceding value. This large change in cancer
potency estimated for ethylene oxide has initiated
changes in its regulation such as the amount that can
be released from facilities that produce or use ethylene
oxide and the level of exposure considered acceptable.
This has also resulted in enhanced public attention
and concern over the potential adverse health effects
associated with exposures at or near facilities that use
ethylene oxide (Hogue 2019; Olaguer et al. 2019).
There are multiple ways in which individuals
might be exposed to ethylene oxide. First, ethylene
oxide is produced in the body from endogenous
ethylene via multiple pathways such as bacterial
production in the gastrointestinal tract or systemic
formation in the liver. For this reason, all indivi
duals have some exposure to ethylene oxide regard
less of their exogenous exposures to ethylene oxide
in air (Swenberg et al. 2011; Thier and Bolt, 2000).
Second, ethylene oxide is metabolically generated
in the body following exposures to exogenous
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ethylene from a variety of sources including incom
plete combustion of cigarette smoke and vehicle
fossil fuels, and natural processes including forest
fires, ripening of fruits and vegetables and volca
noes (Artati 2010; Fennell et al. 2004; Filser and
Klein 2018; Morgott 2015; Health Canada 2016).
Third, ethylene oxide and ethylene are components
of tobacco smoke, and therefore smokers and non
smokers have different exposure profiles to ethy
lene oxide (Törnqvist et al. 1986a; Tates et al. 1991;
Tavares et al. 1994; Farmer, Cordero, and Autrup
1996a; 1996b; Müller et al. 1998; Bono et al. 1999,
2002; Fennell et al. 2000; Wu et al. 2004; Baren et al.
2004; CDC, 2019). Fourth, some workers are
exposed to elevated concentrations of ethylene
oxide in workplace air (Angerer, Bader, and
Krämer 1998; Boogaard, Rocchi, and van Sittert
1999; Tates et al. 1991; van Sittert et al. 1993;
Yong et al. 2001). Fifth, some populations near
industrial or sterilization facilities are also exposed
to elevated levels of ethylene oxide in air as a result
of emissions (Olaguer et al. 2019). Finally, addi
tional pathways such as dietary exposures to ethy
lene (a plant hormone) present in fruits, vegetables,
and grains are also possible (Larsen 2015; Yin et al.
2017; Iqbal et al. 2013; Morgott 2015; Health

Canada 2016). All of these pathways contribute to
total exposure to ethylene oxide, but their relative
importance to human populations and to indivi
duals is both variable and uncertain.
The measurement of hemoglobin adducts, speci
fically 2-hydroxyethylvaline (HEV), serves as a useful
biomarker for characterizing total exposure to ethy
lene oxide from all exposure pathway(s) including
exogenous ethylene oxide, exogenous ethylene,
endogenous ethylene oxide (Bailey, Farmer, and
Shuker 1987; Boogaard, Rocchi, and van Sittert
1999; Kirman and Hays 2017; Swenberg et al. 2011;
Yong et al. 2001). Because hemoglobin adducts are
stable and cumulative, HEV measurements reflect
exposures to ethylene oxide from all pathways over
several months preceding sample collection/mea
surement. Since the potential risks of ethylene
oxide are expected to be proportionate to total expo
sure (i.e. aggregated across all pathways), character
ization of total exposure is important to risk
assessment and risk management decisions.
The goals of this review are the following to:
(1) provide a characterization of total ethylene
oxide exposure (exogenous + endogenous)
in human populations;

Figure 1. HEV Levels (pmol/g hemoglobin) in the U.S. Population (n = 4,777) by Demographic Strata for Two Sampling Periods
(2013–4, 2015–6; Center for Disease Control (CDC) 2019): (a) Smoking Status; (b) Age (nonsmokers only); (c) Race (nonsmokers only);
and (d) Gender (nonsmokers only). Columns indicate the geometric mean values as calculated by Center for Disease Control (CDC)
(2019), error bars indicate standard deviations.
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Table 1. Summary of HEV levels (Arithmetic mean values) reported in human populations.
HEV Levels
(pmol/g Hb)
Population Sample Size Meana
Nonsmokers
661
21.1
Smokers
379
205.4
c
Combined 2013–2016 Nonsmokers
3,841
31.4
Smokersc
936
236
Combined
4,777
75.7

Source
Year
Kirman and Hays (2017) 1986–2012
CDC NHANES (2019)

Endogenous Equivalent Concentration in Air (ppb,
continuous) b

SD (CV)
14.6 (69%)
193.3 (94%)
24.8 (79%)
220 (93%)
131 (173%)

Meana
1.9
18.8
2.9
21.7
6.9

SD
1.3
17.7
2.3
20.2
12.0

a

Arithmetic mean values, based on weighted data, are presented here rather than the geometric mean values calculated by CDC in Figure 1, since arithmetic
means are typically used to quantify exposures in human health risk assessment.
Calculated using Eq.1 (see text).
c
Defined using serum cotinine: nonsmokers≤10 ng/mL; smokers>10 ng/mL.
b

Figure 2. Distribution of HEV Levels in Human Populations: (a) Nonsmokers; (b) Smokers.

(2) summarize the biochemical pathways that
contribute to endogenous exposures;
(3) identify and characterize sources of variation
in measured HEV levels in human
populations;
(4) identify and address key questions pertain
ing to the potential risks associated with
ethylene oxide exposures;
(5) update the estimates of endogenous action
levels derived previously for ethylene oxide
(Kirman and Hays 2017) and evaluate their
utility in interpreting general population
exposures to ethylene oxide; and
(6) identify potential data needs for future risk
assessment/risk management of ethylene oxide.

Characterization of HEV levels in humans and
lab animals
HEV levels in human populations

The Centers for Disease Control (Center for Disease
Control (CDC) 2019) recently released biomonitoring
data for HEV concentrations in the general
U.S. population collected over two sampling periods

(2013–14, 2015–16) (Figure 1). These data demon
strated there are differences in HEV levels (and there
fore total ethylene oxide exposure), depending upon
smoking status (Figure 1a), age, and gender. Among
nonsmokers, a decreasing trend with age is observed
across age groups (Figure 1b), and non-significant
differences were noted across race (Figure 1c) and
gender (Figure 1d). There are known genetic poly
morphisms and differences in ontogenesis for enzyme
systems that contribute to ethylene oxide formation
(cytochrome P450 2E1) and metabolic clearance (glu
tathione-S-transferases, epoxide hydrolase) that may
help explain some of the differences in HEV levels in
demographic subgroups (London, Smart, and Daly
2000; Saghir, Khan, and McCoy 2012; Worhhoudt
et al., 1999; Yoshikawa et al. 2000).
For comparison purposes, Kirman and Hays (2017)
conducted a meta-analysis of data from the published
literature for HEV in human populations (exposed
and unexposed samples). As a result of this analysis,
a distribution for HEV burden was characterized
assuming a lognormal distribution from a total sample
of 661 nonsmokers and 379 smokers (Table 1). Similar
to the findings of Kirman and Hays (2017), HEV levels
reported by CDC (2019) are nearly an order of
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Table 2. Summary of HEV levels reported in laboratory animal control groups.
Species
Rat

Mouse

Strain
F344
F344
F344
SD
Lewis
B6C3F1
B6C3F1
CBA
CBA
CBA

n
5
7
21
3–8
3
5
7
5 (pooled samples)
Unspecified (pooled samples)
5 (pooled samples)

Mean (pmol/g Hb)a
42
50
440b
25
45
58
100
29
8.3–8.7
21.7

SD (pmol/g Hb)(CV)
18 (43%)
10 (20%)
458b
3 (12%)
8 (18%)
22 (38%)
10 (10%)
6.8c
0.2–0.4c
1.4c

Reference
Walker et al. (1993)
Walker et al. (2000)
Rusyn et al. (2005)
Eide et al. (1995)
Van Sittert et al. (2000)
Walker et al. (1993)
Walker et al. (2000)
Tornqvist et al. (1989)
Kautiainen et al. (1991)
Kautiainen et al. (1993)

a

Arithmetic mean
Values appear elevated compared to other data sets collected for the same species/strain, and were excluded from the pooled data set. CV not calculated.
Use of pooled samples is expected to underestimate interindividual variation. CV not calculated.

b
c

magnitude higher in smokers compared to nonsmo
kers (Table 1).
A comparison of the distribution of HEV levels
in unexposed control subjects (Kirman and Hays
2017) and in the U.S. nonsmokers from the Center
for Disease Control (CDC) (2019) data is provided
in Table 1 and Figure 2a. This comparison shows
the HEV distribution described by Kirman and
Hays (2017) based upon pooled control data tended
to underestimate the distribution in the U.S. as
characterized by Center for Disease Control
(CDC) (2019). The arithmetic mean HEV level

reported by Kirman and Hays (2017) was approxi
mately 70% of that calculated for the combined
Center for Disease Control (CDC) (2019) periods.
However, the coefficients of variation (CV) for
Kirman and Hays (2017) and Center for Disease
Control (CDC) (2019) are both large and similar
(70% and 80% respectively) indicating moderately
high variability in HEV levels in nonsmokers. The
difference in the two distributions may be
explained in part by variations in demographics,
which is expected to exhibit a greater degree of
variation with respect to age, race, and gender in

Figure 3. Comparison of Background HEV Distributions in Humans (Center for Disease Control (CDC) 2019), F344 Rats, and B6C3F1 Mice
(Walker et al. 1993, 2000).
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the more diverse CDC dataset. Geographical differ
ence may also play a role in the observed differ
ences, as the majority of studies used by Kirman
and Hays (2017) measured adducts in subjects out
side the U.S. (primarily Europe), whereas the
Center for Disease Control (CDC) (2019) data are
exclusively from within the U.S. In addition, some
difference may be attributable to differences in
analytical methods, which primarily relied upon
GC-MS (using EI or NCI ionization mode) in the
studies analyzed by Kirman and Hays (2017),
whereas Center for Disease Control (CDC) (2019)
relied upon HPLC-MS/MS (using APCI, positive
ion mode). The CDC measurements rely on one
analytical method performed by a single lab,
whereas the Kirman and Hays (2017) distribution
reflects data from publications from different inves
tigators using differing analytical methods. In con
trast, the distributions defined for smokers are
fairly similar between the pooled data of Kirman
and Hays (2017) and the U.S. population as char
acterized by Center for Disease Control (CDC)
(2019) (Table 1 and Figure 2b), with the former
dataset exhibiting greater kurtosis than the latter.
Both datasets demonstrate differences in HEV
levels between smokers and nonsmokers by
approximately an order of magnitude.
From this point forward, the Center for Disease
Control (CDC) (2019) dataset for HEV from both
sampling periods combined (Table 1) are

5

considered to be the best representative dataset
for characterizing HEV levels in the U.S. general
population, and are used to support additional
comparisons and analyses below. These HEV levels
in human blood may be converted to endogenous
equivalent (EE) levels of ethylene oxide based upon
the following equation between HEV adduct levels
and measured occupational exposures to ethylene
oxide adjusted to general population exposures
(Kirman and Hays 2017).
HEV ðpmol=gHbÞ ¼ 10:9 � ½EO; ppb continuous�
(1)
Using this linear relationship, the arithmetic mean
HEV level calculated for the U.S. general popula
tion from the Center for Disease Control (CDC)
(2019) data (31.4 pmol/g Hb) corresponds to an
equivalent air concentration of 2.9 ppb (Table 1).
Other datasets are also available for characterizing
the relationship between occupational exposures to
ethylene oxide in air and HEV level (Boogaard,
Rocchi, and van Sittert 1999; Brugnone et al. 1986;
Duus et al. 1989; Hagmar et al. 1991; Norpoth and
Bolt 1995; Törnqvist et al. 1986a), and are generally
consistent with the correlation defined in Equation
(1), within a factor of approximately 2. As discussed
in greater detail below, although the HEV levels in
blood are expressed as equivalent levels of exogen
ous ethylene oxide, these HEV levels in

Figure 4. Endogenous and Exogenous Pathways of Ethylene/Ethylene Oxide Exposure. *Exogenous chemical exposures, including
exposures to ethylene oxide (pathway 1), are also capable of increasing endogenous production of ethylene and ethylene oxide
indirectly via oxidative stress (pathway 2; see discussion of Marsden et al. 2009).
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nonsmokers are predominately attributed to endo
genous levels (see pathway contribution
discussion).

HEV levels in lab animals

The levels of HEV in unexposed lab animals have been
fairly well characterized in the published literature
(Table 2). In control rats, mean levels of HEV were
reported to range from 25 to 50 pmol/g Hb, excluding
the unexpectedly high value reported by Rusyn et al.
(2005), with some evidence to support the observation
of strain differences (Sprague-Dawley<Lewis~F344).
In control mice, mean levels of HEV were noted to
range from 8.3 to 100 pmol/g Hb, with evidence of
differences across strain (CBA<B6C3F1).
For the purposes of comparing HEV levels across
species, focus is placed here on the data collected in
F344 rats and B6C3F1 mice by Walker et al. (1993);
Walker et al. (2000), since these strains are typically
used in studies to support human health risk assess
ment (i.e. bases for unit risk derivation), and these
investigators characterized variation across individual
animals, rather than relied upon pooled samples.
Based on these data, pooled means and standard
deviations for F344 rats and B6C3F1 mice were calcu
lated to be 46.7 ± 13.7 (approximate CV 29%) pmol/g
Hb and 82.5 ± 16.1 (approximate CV 20%) pmol/g
Hb, respectively. Assuming HEV concentrations in
control rats and mice are lognormally distributed,
Table 3. Bacterial species in the human gastrointestinal tract.
Bacterium in Human
Large Intestines (Todar
2012)
Bacteroides fragilis
Bacteroides
melaninogenicus
Bacteroides oralis
Lactobacillus
Clostridium perfringens
Clostridium septicum
Clostridium tetani
Bifidobacterium bifidum
Staphylococcus aureus
Enterococcus faecalis
Escherichia coli
Salmonella enteritidis
Klebsiella sp.
Enterobacter sp.
Proteus mirabilis
Pseudomonas
aeruginosa
Peptostreptococcus sp.
Peptococcus sp.

Detection
Frequency
(%)
100
100

Ethylene Production Reported in
Bacteria Species (Fukuda, Ogawa,
and Tanase 1993; Mansouri and
Bunch 1989)
–
–

100
20–60
25–35
5–25
1–35
30–70
30–50
100
100
3–7
40–80
40–80
5–55
3–11

–
–
–
–
–
–
Y
–
Y
–
Y
Y
–
Y

Common
Common

–
–

“ – ” = no data were located in the published literature for this strain.

Table 4. HEV levels in control and germ-free CBA mice (Törnqvist
et al., 1986a)*.
HEV (pmol/g Hb)
Control Animals
36
41
43
29
26
29
28
23
26
20
25
23
25
25
Mean Values
29 ± 6.8

Germ-Free Animals
28
31
28
22
20
19
15
12
13
17
14
14
14
14

Difference
−22%
−24%
−35%
−24%
−23%
−34%
−46%
−48%
−50%
−15%
−44%
−39%
−44%
−44%

19 ± 6.3

−35 ± 11%

*Each row reflects a different replication, derivation, and/or analytical occa
sion based on pooled samples as reported by the study authors.

a graphical comparison of these distributions across
species is provided in Figure 3.
Because of species differences in erythrocyte life
times (humans approximate 120 days vs. rodents
approximate 60 days), the difference in estimated
circulating blood levels of ethylene oxide across
species is even greater than depicted in Figure 3
for HEV levels (i.e. distribution for ethylene oxide
in blood of humans would be shifted further to the
left when compared to distribution for ethylene
oxide in blood of rodents). The pattern observed
across species for background HEV levels is con
sistent with known biological and biochemical pro
cesses (see discussion of pathways below). For
example, the volume of gastrointestinal tract
expressed as a fraction of body weight, which is
expected to be proportionate to microbial contri
butions to HEV levels, is consistent with the
observed pattern across species where gastrointest
inal lumen volume in rodents > gastrointestinal
lumen volume in humans when expressed as
a fraction of body volume (Kirman et al. 2013,
2012). There is greater variety in the major taxa of
bacteria present in the human gastrointestinal tract
when compared to rats and mice (Hillman et al.
2017). With respect to systemic factors, the rate of
oxidative metabolism of ethylene to ethylene oxide
is consistent with this observed pattern (Vmax/Km
in rodents > Vmax/Km in humans) (Filser and
Klein 2018). Species differences in metabolic clear
ance of ethylene oxide are also apparent for both
the epoxide hydrolase pathway (Vmax/Km in
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Table 5. HEV levels in CBA mice fed diets with a differing fatty
acid composition (Tornqvist et al., 1989)*.
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Table 6. Summary of ambient air monitoring for ethylene oxide
(U.S. Environmental Protection Agency (USEPA) 2019a).

HEV (pmol/g Hb)

Site Mean

Sunflower Oil (~90%
unsaturated FAs)
32
27
–
28
21
23
31

Lard (~60% unsa
turated FAs)
17
12
–
23
14
6
13

Coconut Oil (~8% unsa
turated FAs)
15
6
6
–
12
5
9

Mean Values (pmol/g Hb)
27 ± 4.3

14 ± 5.6

8.8 ± 4.0

Each row reflects a different replication and/or derivation, pooled from 2–4
animals. “–” = samples were not analyzed or were contaminated.

humans > Vmax/Km in rodents) and for glu
tathione conjugation pathway (Vmax/Km in
rodents > Vmax/Km in humans) (Filser and Klein
2018).
The moderately higher variability for HEV levels
in humans (approximate CV 79%) reflects data
collected from a genetically heterogenous popula
tion sample with different diets, health conditions,
and potential exposures to ethylene oxide in air. In
contrast, less variation for HEV levels in rodents
(approximate CV 19–29%) reflects data from
a genetically homogenous population sample con
suming the same diet, where exogenous sources of
ethylene and ethylene oxide are expected to be
negligible under controlled lab conditions.

Pathways contributing to measured HEV levels

The HEV levels detected in blood discussed above
serve as measures of total exposure, which reflect
combined contributions of endogenous and exo
genous exposures pathways for ethylene oxide and
ethylene. These pathways are depicted in Figure 4
and discussed below.

Endogenous pathways for ethylene oxide
production

Endogenous production of ethylene and ethylene
oxide in lab animals and humans includes pathways
originating from gastrointestinal lumen (bacterial
pathways) and systemic pathways.

City, State
Smithland, KY
Chester, NJ
East Brunswick, NJ
Grayson lake, KY
Rural Mean±SD
Chicago, IL
Ashland, KY
Calvert City, KY
Dearborn, MI
Elizabeth, NJ
Bountiful, UT
Lacey, WA
Suburban Mean±SD
Phoenix, AZ
Phoenix, AZ
Northbrook, IL
St. Louis, MO
Camden, NJ
Seattle, WA
Grand Junction, CO
Urban Mean±SD
Overall Mean±SD

Setting
Rural
Rural
Rural
Rural

State
KY
NJ
NJ
KY

Suburban
Suburban
Suburban
Suburban
Suburban
Suburban
Suburban

IL
KY
KY
MI
NJ
UT
WA

Urban
Urban
Urban
Urban
Urban
Urban
Urban

AZ
AZ
IL
MO
NJ
WA
CO

ug/m3
0.31
0.36
0.30
0.19
0.29 ± 0.07
0.37
0.29
0.36
0.24
0.31
0.34
0.19
0.30 ± 0.06
0.40
0.35
0.29
0.27
0.35
0.19
0.26
0.30 ± 0.07
0.30 ± 0.06

ppb
0.17
0.20
0.17
0.10
0.16 ± 0.04
0.20
0.16
0.20
0.13
0.17
0.19
0.11
0.17 ± 0.04
0.22
0.19
0.16
0.15
0.19
0.10
0.14
0.17 ± 0.04
0.16 ± 0.04

Gastrointestinal lumen pathways (Bacterial)

Under normal conditions, bacteria are able to produce
ethylene from amino acids (methionine, glutamic
acid) and their metabolites (2-keto-4-methylthiobuty
ric acid or KMTB, 2-oxoglutarate or OG, 1-aminocy
clopropane-1-carboxylic acid or ACC) (Fukuda,
Ogawa, and Tanase 1993). The ability to produce
ethylene from methionine or KMTB was assessed in
14 species of bacteria (Mansouri and Bunch 1989).
Most bacterial species were able to generate ethylene
from KMTB, while only two (E. coli SPAO,
C. violaceum) were able to synthesize ethylene from
methionine. Production was also dependent on the
carbon/nitrogen source used in the growth medium
(glutamate, glucose+ammonia). A survey of 757 bac
terial species from soil found that 229 species
(approximately 30%) were capable of producing ethy
lene (Nagahama et al. 1992). Most of the producing
strains (225/229) were categorized as synthesizing
ethylene from methionine (via KMTB). A smaller
fraction of the producing species did so from other
source material. These include one species generating
ethylene from oxoglutarate, three species producing
ethylene from meat extract, and two species whose
source was not characterized. Induction of oxidative
stress in bacteria (via menadione and paraquat
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addition) increased ethylene synthesis by cells, but not
by cell-free extracts of E. coli (Mansouri and Bunch
1989). One additional species (P. aeruginosa) was able
to produce ethylene from KMTB only when coincubated with menadione or paraquat.
Some ethylene-producing bacteria are typically
found in the human gastrointestinal tract (Table 3),
although data were not located in the published
literature for a majority of the species present.
Ethylene produced in the gastrointestinal lumen
via bacterial pathways might be absorbed from the
intestinal tract into the body. Once absorbed, sys
temic ethylene may be metabolized to ethylene
oxide in tissues via enzymatic oxidation where it
might bind to hemoglobin to form HEV (Figure 4).
The gastrointestinal pathway has been well charac
terized in lab animals. In a series of experiments
Tornqvist et al. (1989) studied the levels of HEV in
both control and germ-free CBA mice. Germ-free
animals were found to exhibit HEV levels that were
on average approximately 35% lower than detected in
corresponding controls (Table 4), suggesting that bac
teria in the gastrointestinal lumen might serve as
a major contributing pathway to endogenous HEV
levels.

Systemic pathways

Fu, Zic, and Ozimy (1979) characterized the enzy
matic production of ethylene from methionine and
KMTB by Wistar rat liver extracts. Ethylene produc
tion by the extracts was reported to be oxygen depen
dent, and inhibited by sulfhydryl agents. In addition,
ethylene production was age-dependent, peaking at an

age of approximately 50 days. Lawrence and Cohen
(1985) characterized the synthesis of ethylene from
KMTB in Swiss-Webster mice. Injection of 1000 mg/
kg KMTB resulted in an 8.6-fold rise in ethylene
production above normal endogenous levels reported
in controls. Induction of lipid peroxidation (via car
bon tetrachloride dosing) prior to KMTB produced
a 13.9-fold elevation over endogenous levels or
approximately 1.6-fold increase over that observed
for KMTB alone. Pretreatment of mice in this study
with vitamin E (an inhibitor of lipid peroxidation) or
metyrapone (inhibitor of mixed function oxidase
activity) did not alter ethylene production by KMTB
alone or in combination with carbon tetrachloride.
For this reason, Lawrence and Cohen (1985) con
cluded that ethylene production from KMTB did not
appear to derive from free radicals generated during
lipid peroxidation. In vitro studies showed that oxida
tion of erythrocyte membranes resulted in the genera
tion of ethylene (Clemens and Remmer 1982; Einsele,
Clemens, and Remmer 1987).
Ethylene produced by these systemic pathways
might be metabolized to ethylene oxide in tissues
via enzymatic oxidation, and then bound to hemo
globin to form HEV (Figure 4). Törnqvist et al.
(1989a) examined the formation of HEV in CBA
mice fed diets differing in lipid source (sunflower
oil, lard, or coconut oil), which varied in their fatty
acid composition and carbon chain length. In mice
fed diets with sunflower oil (high in unsaturated
fatty acids) HEV levels were significantly higher
(approximately 2- to 3-fold) than in animals fed
diets with either lard or coconut oil (low in unsa
turated fatty acids) (Table 5). These data indicated

Table 7. Estimates of historical HEV means for U.S. population based on smoking pattern trends.
Smoking Intensity (% U.S. smokers)a
Year
1975
1980
1985
1990
1995
2000
2005
2010
2015
a

>24 cigarettes/ 15–24 cigarettes/ <15 cigarettes/
day
day
day
25.9
43
31.2
29.1
42.1
28.2
26.6
41.8
31.6
22.9
42.6
34.5
20.1
39
40.9
15.4
38.8
45.8
11.7
36.6
51.7
7.4
33.7
58.9
6.4
29.7
63.9

Estimated Mean HEV (pmol/g Hb)
Smoking Prevalence (%
U.S. population)a
37.1
33.2
30.1
25.5
24.7
23.3
20.9
19.3
15.1

U.S.
Smokersb
196–237
201–243
196–237
190–229
180–217
171–205
161–193
149–179
143–171

U.S. Population (smokers and nonsmokers
combined)c
92–108
88–102
81–93
72–82
68–77
64–72
58–65
54–60
48–52

ALA (2020)
HEV burden in smokers estimated from smoking intensity patterns, and an HEV added burden of 8.8–11 pmol/g Hb per cigarette/day (Bader, Lewalter, and
Angerer 1995; Wu et al. 2004).
c
Calculated as the weighted arithmetic mean for smokers and nonsmokers combined, based on historical prevalence of smoking, along with a mean HEV level of
31.4 pmol/g Hb for nonsmokers (endogenous and ambient air contributions assumed constant over time).
b
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that dietary fatty acids, presumably via their sys
temic metabolism, are an important contributor to
endogenous HEV levels.
Studies in which HEV levels have been charac
terized in animals after induction of lipid peroxida
tion may be used to assess the relative importance
of cellular macromolecule oxidation to background
HEV burden. HEV levels in animals administered
agents to induce lipid peroxidation (phenobarbital,
carbon tetrachloride, buthionine sulphoximine;
alone or in combination) were found to be mod
estly higher (4–14%) than HEV burdens in corre
sponding controls (Kautiainen et al. 1991).
Increased systemic inflammation and associated
lipid peroxidation were identified as endogenous
sources of ethylene production in humans
(Paardekooper et al. 2017). These data suggest
that induction of oxidative stress via chemical
exposures and/or disease states might increase
HEV levels. This represents an important aspect
of the mode of action for ethylene oxide, since
data in rats indicate that exogenous ethylene oxide
exposure (Pathway 1 in Figure 4) enhances produc
tion via the endogenous pathways (Pathway 2 in
Figure 4). This rise in endogenous production
might occur via an oxidative stress mechanism,
and perhaps surprisingly, the latter pathway might
predominate over the former pathway in its relative
contribution to total exposure in exposed rats (see
discussion of Marsden et al. 2009).
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The levels of HEV detected in human populations
may be influenced by exogenous sources of expo
sure, including (1) ethylene oxide in ambient air;
(2) ethylene in ambient air; and (3) other potential
pathways. Each of these pathways is discussed
below.

oxide measured in rural, suburban, or urban set
tings. Higher concentrations of ethylene oxide in
air may be detected near emission sources. For
example, recent data collected for ethylene oxide
concentrations air at multiple locations over
a 6-month period near two facilities that use or
make ethylene oxide reported weighted mean con
centrations of 0.33 ± 0.76 ppb (CV = 230%)
(Medline Industries Inc. sterilization facility in
Waukegan, IL) and 0.20 ± 0.55 ppb (CV = 270%)
(Vantage Specialty Chemicals Inc. facility in
Gurnee) (Lake County, 2020; raw data provided in
Attachment 1). Mean concentrations for both sites
are 1.3–2.1-fold higher than national ambient air
concentrations (0.16 ppb, Table 6). Ninety-five per
cent upper confidence limits of the mean were
calculated to be 0.43 ppb and 0.22 ppb, respectively,
assuming a lognormal distribution (ProUCL 5.1).
Non-point sources of ethylene oxide releases to
air have not been well characterized, but may
include both anthropogenic and natural sources.
Ethylene oxide was identified as a combustion pro
duct of hydrocarbons, particularly from n-pentane
as a fuel source (Barnard and Lee 1972). For this
reason, ethylene oxide may be released in automo
tive exhaust, as well as in exhaust from stationary
sources of hydrocarbon combustion. High concen
trations of ethylene oxide (25−75 ppm) were deter
mined in an approximate 60–80 ml headspace gas
phase of a 100 ml flask following the frying of
approximately 20 g of foods in 10–20 of soybean
oil (Lin et al. 2007). Although specific emission
factors are not available for ethylene oxide release
from wildfires as they are for ethylene (Urbanski,
Hao, and Baker 2009), the presence of both ethy
lene in tobacco smoke (Baren et al. 2004) and
ethylene oxide in tobacco smoke (based on
increased HEV levels; Figure 1) suggests wildfires
may serve as a source of ethylene oxide emissions.

Ethylene Oxide in Ambient Air

Ethylene in ambient air

U.S. Environmental Protection Agency (USEPA)
(2019a) summarized recent monitoring efforts
ethylene oxide in ambient air at rural, suburban,
and urban locations across the U.S. (Table 6). With
arithmetic mean values consistently at or near 0.16
ppb, there appears to be no meaningful difference
among ambient air concentrations of ethylene

As discussed above, ethylene is produced by bac
teria present in soil (Nagahama et al. 1992), and as
a plant hormone that signals leaf senescence and
fruit ripening, ethylene is also generated by plants
(Schaller 2012). Sawada and Totsuka (1986) esti
mated that 74% of global ethylene was released
from natural sources (terrestrial and aquatic

Exogenous pathways
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ecosystems), and 26% was released from the
anthropogenic sources (biomass burning, combus
tion of fossil fuels). Wildfires were identified as
a significant source of ethylene emissions
(Morgott 2015; Urbanski, Hao, and Baker 2009).
Health Canada (2016) recently characterized ambi
ent levels of ethylene in rural air and urban air as
displaying mean concentrations of 0.46 ug/m3 (0.40
ppb) and 1.7 ug/m3 (1.5 ppb), respectively. Morgott
(2015) reported that continuous personal monitor
ing at the community level, which is expected to
reflect exposures to both indoor and outdoor air, to
typically range from 3 to 4 ppb.
Other potential pathways

Two important sources of elevated exogenous
exposure to ethylene oxide in air (i.e. above ambi
ent levels) include (1) occupational exposures and
(2) tobacco smoke. Occupational exposures to
ethylene oxide are associated with specific indus
tries including hospital workers (Haufroid et al.
2007), sterilization workers (Bogen et al. 2019),
chemical manufacturing workers (Swaen et al.
2009; Teta, Benson, and Vitale 1993), and fruit
store workers exposed to plant-produced ethylene
(Tornqvist et al., 1989). An exposure reconstruc
tion of sterilization operators exposed to ethylene
oxide was recently conducted (Bogen et al. 2019).
Estimated historical exposures to ethylene oxide by
sterilization operators are many orders of magni
tude higher than those encountered today. These
reconstructed exposures suggest a strong decreas
ing trend in ethylene oxide concentrations in air
over time. Similarly, Teta, Benson, and Vitale
(1993) and Swaen et al. (2009) estimated exposures
to be approximately 70,000 ppb for the highest
exposed workers in 1925–1939, but 1 ppb for the
highest exposed workers in 1974–1988 at
a chemical manufacturing plant for ethylene
oxide. A diminishing trend in occupational expo
sures to ethylene oxide is also suggested more gen
erally, based upon historical changes in
occupational exposure limits for ethylene oxide,
which have fallen from 100,000 ppb (ACGIH TLVTWA in the 1940s-50s) to 1,000 ppb (current
OSHA PEL) over the past 70 years.
As noted above, tobacco smoke contains both
ethylene and ethylene oxide. Consistent with the

Center for Disease Control (CDC) (2019) data for
HEV levels in the U.S. population, tobacco smoke is
identified as the single largest source of ethylene
oxide exposure to the general population. In the
U.S., based on trends in smoking intensity and
prevalence, along with estimates of HEV level
increases per cigarette (Bader, Lewalter, and
Angerer 1995; Wu et al. 2004), tobacco-related
exposures to ethylene oxide have been decreasing
over time, as estimated in Table 7. The levels of
HEV estimated for smokers in this table are gen
erally consistent with the levels reported in
NHANES for collections around 2015 (i.e. esti
mated arithmetic mean HEV of 48–52 pmol/g Hb
falls between the arithmetic of 72.9 pmol/g Hb and
the geometric mean of 38.3 pmol/g Hb based upon
measured HEV data for 2014–5; CDC 2019).
With respect to dietary exposures to ethylene
oxide, although plant vegetation is an important
source of ethylene, particularly during fruit ripen
ing, Health Canada (2016) concluded that dietary
doses of ethylene from consumption of plant mate
rials are negligible.
Sources of variation in HEV measurements

Based on the CDC data (Center for Disease Control
(CDC) 2019), the coefficient of variation (CV cal
culated as the standard deviation divided by the
arithmetic mean) for nonsmokers was estimated
to be 79%, which is similar to the CV reported
from the meta-analysis of nonsmoker control sub
jects across multiple human studies (69%) (Kirman
and Hays 2017) (Table 1). There are multiple
sources of variation that may contribute to differ
ences in HEV measurements in human popula
tions. These include both general sources and
pathway-specific sources of variation, as described
below.
General sources of variation include intraindividual and inter-lab variation. Although HEV
is a stable cumulative biomarker of exposure to
ethylene oxide, which reflects exposures over sev
eral months (based upon erythrocyte half-life), it
does exhibit variation over time. In a single indivi
dual with no known exposure to ethylene oxide
who was repeatedly sampled over a 15-month per
iod, the HEV burden was observed to vary with
a mean and standard deviation of 22.4 and 3.6
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pmol/g Hb, respectively (Tornqvist and Kautiainen,
1993), suggesting that temporal (intra-individual)
variation is relatively small (CV = 16%). In a study
that examined the results of four different labs in
analyzing eight human hemoglobin samples
(Törnqvist et al. 1992), data demonstrated
a strong correlation, but with systematic differences
across labs contributing moderate variation
(CV = 28%). Erythrocyte lifespans may also vary
across individuals (e.g. mean = 126 days,
SD = 26 days (CV = 21%); Zhang et al. 2018), and
contribute to variation in measured HEV levels in
humans.
Several pathway-specific sources of variation
were identified for HEV formation. Gut microflora
is highly variable in humans and affected by diet
(e.g. probiotics, food consumption), geographic
location, medication (e.g. antibiotic use), disease
states, and other factors (e.g. age, gender, race). As
summarized in Table 3, although some ethyleneproducing bacteria are frequently found in humans
(e.g. E. coli), others are detected less frequently (e.g.
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S. aureus, Klebsiella, Enterobacter, P. aeruginosa).
In addition, because bacterial production of ethy
lene is dependent on the availability of precursor
and intermediate molecules (e.g. methionine,
KMTB), dietary variation in precursors might con
tribute to HEV variation, for example, meats, eggs,
and fish are excellent sources of methionine, and
KMTB is found in a number of food items such as
leeks, hickory nuts, brussel sprouts, and giant but
terbur (Petasites japonicus) (FOODB 2020).
Several sources of variation were identified for
endogenous, systemic pathways of HEV formation.
Ethylene oxide is detoxified in part by conjugation
with glutathione. Investigators noted that genetic
polymorphisms for the GST-T1 enzyme might affect
HEV burden (Fennell et al. 2000; Müller et al. 1998;
Thier et al. 1999; Yong et al. 2001). In a sample of 21
people (5 GST-T1-, 16 GST-T1+), mean and SD
values for HEV burden were calculated to be
116 ± 53 pmol/g Hb, 45 ± 11 pmol/g Hb, and
62 ± 40 pmol/g Hb, for the GST-T1- subgroup, GSTT1+ subgroup, and for the total sample combined,

Figure 5. Estimated Pathway Contribution to HEV Burden in the U.S. Population Via Endogenous and Exogenous (Ambient Air,
Smoking) Pathways. Equivalent air concentration for 2nd y-axis are based on the correlation described in Eq.1. Sys = systemic
production; GI = gastrointestinal production.
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respectively. These data indicate that GST-T1 poly
morphism may contribute markedly to variation in
HEV burden in human populations. Because
humans rely primarily on epoxide hydrolase for
ethylene oxide clearance, Filser and Klein (2018)
concluded that it seems doubtful the elevated HEV
levels resulted from differences in ethylene oxide
glutathione-mediated
metabolism
alone.
Alternatively, because GST-T1 polymorphism is
also associated with changes in lipid biomarkers
(Block et al. 2011; Maciel et al. 2009), it remains
possible that lipid metabolism or other endogenous
pathway factors indirectly affecting HEV formation
are impacted by GST-T1 polymorphism.
In addition to genetic factors, based upon studies in
mice, dietary lipid composition (i.e. consumption of
unsaturated vs. saturated fatty acids) might exert
a strong effect on HEV burden (Table 5; Tornqvist
et al., 1989). Fatty acid intake in the U.S. population is
highly variable (CV>100%), with average values
reported as follows: total saturated fat = 27 ± 28 g/
day; total mono-unsaturated fat = 30 ± 37 g/day; and
total polyunsaturated fat = 16 ± 19 g/day (for all ages,
both genders based on NHANES, 1999–2000; CDC,

2004). For these reasons, variation in dietary lipid
consumption is expected to contribute significantly
to differences in HEV measurements in human
populations.
With respect to sources of variation for exo
genous pathways, ambient air concentrations of
ethylene oxide and ethylene in air are expected to
exhibit some temporal and spatial variation in the
U.S (Table 6), with higher concentrations and
differences associated with locations near emis
sion sources. Spatial variation across sample loca
tions not associated with specific ethylene oxide
point sources exhibits a CV of approximately 20%
(Table 6). Higher variation (CV>200%) might
occur near emission sources (example IL site
data in Attachment 1). However, ambient air
concentrations of ethylene oxide are not expected
to be a major contributor to variability in mea
sured HEV levels for most individuals since mean
ambient levels of ethylene in air represent only
a small % of total exposure (see Section 4.1).
Overall, given the number of sources of variation
and their relative magnitudes, the variation in HEV
values reported for nonsmokers based upon the

Figure 6. Liver DNA Adducts Produced by Endogenous and Exogenous Pathways in Rats Exposed to Ethylene Oxide via i.p. Injection.
Columns indicate the mean value (n = 3), error bars indicate SE (adapted from Marsden et al. 2009).
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Center for Disease Control (CDC) (2019) data
(CV = 79%; Figure 2), and noted for pooled, control
subjects in Kirman and Hays (2017; CV = 69%) is
generally consistent with expectations. Variation of
HEV levels in smokers is numerically higher (93–
94%; Table 1) than for nonsmokers, which is consis
tent with consideration of contributions from
variation in smoking habits (e.g. intensity, frequency)
and content of tobacco products.

Risk assessment and risk management of
ethylene oxide

Risk assessment for carcinogenic chemicals such as
ethylene oxide relies on quantitative estimates of
cancer potency such as unit risk values, which
reflect the slope of the dose–response relationship
at low exposure levels where a high unit risk value
indicates a steep slope indicative of a potent carci
nogen. Recently, at least two regulatory agencies
conducted quantitative dose–response assessments
on the same cohort of exposed workers (NIOSH;
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Steenland, Stayner, and Deddens 2004) to derive
the cancer unit risk values for ethylene oxide, with
values that differ by several orders of magnitude
ranging from 0.0000041 per ppb (TCEQ, 2020) to
0.0091 per ppb (USEPA 2016, 2019b). Briefly,
USEPA’s unit risk value for ethylene oxide is
based upon elevated incidence/mortality for two
cancer types in exposed workers: (1) mortality
data for lymphoid cancer (a special category com
bining non-Hodgkin lymphoma, myeloma, and
lymphocytic leukemia); and (2) incidence data for
breast cancer (USEPA, 2016). U.S. Environmental
Protection Agency (USEPA) (2016) selected
a 2-slope model with an initial steep slope at low
exposures followed by a shallow slope at higher
exposures. U.S. Environmental Protection Agency
(USEPA) (2019b) also considered a range of possi
ble regulatory values based upon different dose–
response models. TCEQ (2020) also considered
the 2-slope model but ultimately selected the
more commonly used log-linear Cox-proportional
hazards model for lymphoid cancer mortality,

Figure 7. Total Extra Risk vs. Total Ethylene Oxide Internal Dose (HEV, pmol/g Hb) in Rats Exposed to Ethylene or Ethylene Oxide. X-axis
displayed on log-scale to clear depict the broad range of internal doses (4 orders of magnitude), and not to accentuate a nonlinear
dose-response relationship.
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which results in a shallower linear slope at the lower
exposures of interest than the 2-slope model.
Selecting an appropriate model to extrapolate
from the occupationally exposed workers to the
general population is especially challenging because
the upper percentiles of the NIOSH cohort were
exposed to high concentrations of ethylene oxide.
Exposures measured between 1979 and 1985 in the
NIOSH cohort ranged from 2,200 to 4,600 ppb
(Hornung et al. 1994), which is 4 orders of magni
tude higher than ambient concentrations recently
measured by USEPA (Table 6). Although
a regression model was developed to estimate expo
sures between 1938 and 1978, historical exposure
reconstruction predictions are inevitably uncertain.
The NIOSH regression model for exposure, vali
dated only with data collected after 1978 (i.e. pre1978 measurements are not available), predicted
that exposures were lowest in 1938 and rose to
peak levels in 1978. A recent analysis by Bogen
et al. (2019) yielded an exposure model that better
accounts for engineering/industrial hygiene factors
(E/IH). The E/IH-based model of Bogen et al.
(2019) was developed using historical data on ethy
lene oxide kill concentrations, residue levels in ster
ilized materials, post-wash concentrations in
a sterilization chamber, and information on sterili
zer operator practices prior to 1978. The E/IH
exposure more predicts a trend in ethylene oxide
exposures for the most highly exposed workers (e.g.
sterilizer operators) that are substantially higher
pre-1978 compared to post-1978. This prediction
is more realistic and consistent with the observa
tion made by NIOSH study authors that exposures
to ethylene oxide “were likely to have been higher . . .
.before installation of engineering controls, when the
OSHA standard was 50 ppm” (Steenland et al.
1991). Consequently, the USEPA calculations of
the unit risk value based upon NIOSH study have
a high level of uncertainty and potential for under
estimating pre-1978 exposures, which subsequently
results in an overestimation of cancer potency for
ethylene oxide.
Determining the magnitude of the unit risk
value (i.e. steepness of the slope for the dose–
response relationship) and the nature of the
dose–response relationship (i.e. linear vs. non
linear models) for low exposures to ethylene
oxide is complex and uncertain. Ultimately,

addressing these uncertainties requires a full con
sideration of the evidence for ethylene oxide
within a mode of action framework, which is
beyond the scope of this review. This section of
the review examines how endogenous levels
together with other biological data and evidence
may inform the shape of the dose–response curve
at lower exposure levels relevant to the general
population within the context of total exposure
to ethylene oxide. A number of important ques
tions arise when assessing and/or managing the
potential extra risks of ethylene oxide exposures,
including the following: What are the contribu
tions of endogenous and exogenous ethylene oxide
production to total exposure? How does exogenous
exposure to ethylene oxide affect total exposure?
What are the risks associated with endogenous
and low-level exogenous exposures? How can endo
genous levels (considering mean and variability)
inform selection of regulatory values for extra risk
to the general population? What are the benefits of
ethylene oxide use? How should risks associated
with total exposure be managed? Information to
address these important questions is discussed
below.
Contribution of endogenous and exogenous
pathways to total ethylene oxide exposure

Characterization of the relative importance of exo
genous and endogenous pathways in contributing
to background HEV burden measured in human
populations is key to understanding the health sig
nificance of exogenous exposure and risk manage
ment of ethylene oxide. The mean levels of ethylene
observed in personal community air samples of
approximately 3.5 ppb (Morgott 2015), while con
sidering a metabolic conversion rate of approxi
mately 1.25% (based upon PBPK simulations for
ethylene concentrations <1 ppm using the model of
Filser and Klein 2018) correspond to equivalent
concentrations of ethylene oxide in air of approxi
mately 0.04 ppb. Combined with the mean ambient
air concentration of 0.16 ppb in the U.S. (Table 6),
total ethylene oxide equivalents for ambient air in
the U.S. is estimated to be approximately 0.2 ppb
(0.16 ppb + 0.04 ppb). Using the correlation defined
in Equation (1) this air concentration corresponds
to an HEV level of 2.2 pmol/g Hb.
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For nonsmoking individuals, these results sug
gest that only a small % (2.2 out of 31.4 pmol/g Hb,
or approximately 7%) is associated with exogenous
pathways for ethylene and ethylene oxide, leaving
a majority (29.2 out of 31.4 pmol/g Hb, or approxi
mately 93%) associated with endogenous pathways
(Figure 5). Similarly for smoking individuals in the
U.S., ambient air contributes a small % of total
exposures (approximately 0.9% of mean HEV of
236 pmol/g Hb), while a moderate approximate
12% is associated with endogenous production,
and the vast majority of HEV adduct burden
approximately 87% is correlated with smoking
(Figure 5). At the population level (i.e. considering
US population as mix of smokers and nonsmokers),
ambient air contributes a small approximately 2.9%
of weighted mean HEV of 75.7 pmol/g Hb exposure
(Table 1), while a moderate approximate 39% is
associated with endogenous production, and the
majority of HEV adduct burden approximately
59% is correlated with smoking (Figure 5).

Table 8. Endogenous equivalent values for ethylene oxide cal
culated using HEV levels in nonsmokers (based on data from
Center for Disease Control (CDC) 2019).
Hemoglobin Adduct
Level (HEV pmol/g Hb)

Multiplier
or
Basis
Percentile Unadjusted Adjusted*
Multiples of
0.1
3.14
2.95
Adjusted Mean
0.25
7.85
7.37
(29.2 pmol/g
0.5
15.7
14.7
Hb)
1
31.4
29.5
2
62.8
58.9
3
94.2
88.4
Multiples of SD
0.1
2.48
2.48
(unadjusted;
0.25
6.20
6.20
24.8 pmol/g
0.5
12.4
12.4
Hb)
1
24.8
24.8
2
49.6
49.6
3
74.4
74.4
Adjusted
0.01
9.12
7.18
Percentiles for
0.05
13.4
11.5
Population
0.1
16.0
14.1
Sample
0.25
20.8
18.9
0.5
27.0
25.1
0.75
35.1
33.2
0.9
47.5
45.6
0.95
60.1
58.2
0.99
123
121

Endogenous
Equivalent
Concentration
in Air (ppb,
Continuous**
0.27
0.68
1.4
2.7
5.4
8.1
0.23
0.57
1.1
2.3
4.6
6.8
0.66
1.1
1.3
1.7
2.3
3.0
4.2
5.3
11

*To estimate HEV levels due to endogenous production, mean (31.4 pmol/g
Hb, Table 1) and percentile values for U.S. background HEV levels were
adjusted for the estimated contribution from exogenous pathway (~2.2
pmol/g Hb, see Section 4.1). No adjustments were made to multiples of SD.
**Calculated using Eq.1, values rounded to two significant figures.
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With respect to characterizing the relative
importance of the gastrointestinal tract and sys
temic pathway to endogenous pathways, no appar
ent data were located to address this issue
specifically in humans. However, in lab animals,
there appears to be sufficient information to pro
vide an initial characterization of their relative
importance. Based upon measurements of HEV in
germ-free vs. control mice (Table 4), approximately
35% of endogenous HEV production is associated
with gastrointestinal pathways, leaving the remain
der approximately 65% of total endogenous pro
duction correlated with systemic pathways.
Assuming these relative contributions also reflect
ethylene oxide production in humans, estimates of
the relative contribution of endogenous and exo
genous pathways in U.S. nonsmokers and smokers
are illustrated in Figure 5 (dashed line dividing the
light gray region in each column).
Effects of exogenous ethylene oxide exposure on
total exposure

While the direct effects of ethylene oxide on the
exogenous pathway for HEV formation are expected,
evidence in rats suggests that these exposures also
indirectly affect endogenous production pathways.
Marsden et al. (2009) exposed rats to a broad range
of C14-radiolabeled ethylene oxide doses
(0.0001–0.1 mg/kg, via single i.p. injections/day for
3 days) and measured the formation of DNA adducts
[i.e. N7-(2-hydroxyethyl)guanine or N7-HEG] in sev
eral tissues by two different methods: (1)
14
C-radiolabeled adducts (via liquid scintillation),
which reflect those formed by the exogenous pathway
(pathway 1 in Figure 4); and (2) unlabeled adducts
(via LC-MS/MS), which reflect those formed by the
endogenous pathway (i.e. systemic formation; path
way 2 in Figure 4). To put these i.p. doses in perspec
tive, the dose range used in this study corresponds to
equivalent inhalation exposures of approximately 0.
27–270 ppb in rats exposed for 6 hr/day [assuming
BW = 0.18 kg (USEPA, 1988), an inhalation rate of
0.2 m3/24 hr day (U.S. Environmental Protection
Agency (USEPA) 1988), and an inhalation absorption
fraction of 0.75 (Brugnone et al. 1986)]. Data for liver
adducts in exposed animals (adjusted for background)
are presented in Figure 6.
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Figure 8. Example Comparison of Site Concentrations (gray columns = mean; error bars = 95% UCL, assuming a lognormal distribution,
ProUCL 5.1) to Background Concentrations (green lines; solid = national, dashed = local), 1 × 10−5 Risk-Specific Concentrations (red
lines; solid = TCEQ unit risk basis, dashed = USEPA unit risk basis), and Endogenous Equivalent Levels (blue lines; solid = 1xCDC Mean,
dashed = 1xCDC SD). RSC = Risk-Specific Concentration, UR = Unit Risk.
Table 9. Unit risk values derived for ethylene oxide using epidemiology data.
1x10−5 Risk Specific Concentration (RSC)

Unit Risk

Agency
U.S. Environmental
Protection Agency
(USEPA) (2016)
TCEQ (2020)

per ug/m3 per ppb
0.005
0.0091

Basis
NIOSH workers (lymphoid and breast
cancer in male and female workers)

0.0000023 0.0000041 NIOSH workers (lymphoid cancer in
males)

Air
(ppb)
0.0011
2.4

Fraction of Mean
Endogenous
Exposurea
0.00041
0.91

Fraction of Standard
Deviation for Endogenous
Exposureb
0.00048
1.1

a

Mean endogenous exposure estimated to be 29.2 pmol/g Hb, equivalent to 2.7 ppb ethylene oxide in air (Table 8), based on CDC HEV arithmetic mean (31.4
pmol/g Hb; Table 1), adjusted for exogenous ambient air exposure (2.2 pmol/g Hb; Section 4.1)
SD for endogenous exposure assumed to be equivalent to SD for CDC HEV data (24.8 pmol/g Hb, Table 1), equivalent to 2.4 ppb ethylene oxide in air (Table 8).

b

There are several conclusions that might be sup
ported by these data. First, DNA adducts are
increased in a treatment-related manner, becoming
significant for adducts produced by the exogenous
pathway at doses of 0.005 mg/kg and higher, and
for adducts synthesized by the endogenous path
way at doses of 0.05 mg/kg and higher. Second, the
treatment-related effects of ethylene oxide on
adduct formation are far greater for the

endogenous pathway when compared to the exo
genous pathway (i.e. pathway 2 in Figure 4 ≫ path
way 1 in Figure 4). Because the route of exposure (i.
p. injection) used in this study effectively bypasses
ethylene oxide production via the gastrointestinal
tract, the elevated adduct number generated by the
endogenous pathway reflects modulation of endo
genous, systemic processes by ethylene oxide, pos
sibly by increasing the source of reactive oxygen
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species (ROS) via oxidative stress, as proposed by
Marsden et al. (2009). Finally, the relative impor
tance of the exogenous pathway rises as a function
of dose (<1% at the treatment group corresponding
to approximate 0.27 ppb, increasing to 23% at the
highest treatment corresponding to approximately
270 ppb), a trend that is presumed to continue up
to the tumorigenic exposure range in rats (10,000–
100,000 ppb)(Lynch et al. 1984; Snellings, Weil, and
Maronpot 1984). Depending upon the nature of
this trend at higher doses, adduct formation via
the exogenous pathway may predominate at
tumorigenic exposure levels.
Contribution of endogenous and low-level
exogenous ethylene oxide exposures to risk

In determining the magnitude of the unit risk value
for ethylene oxide (i.e. the steepness of the dose–
response slope) used to predict cancer risk in the
general population (e.g. at exposures well below
those experienced in the NIOSH cohort), it is
important to understand how observations at
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higher occupational concentrations need to be
extrapolated to lower exposures. Inferences for
low-exposure risk from available animal and
human datasets are discussed below.
Inference from animal data sets

Two hypotheses that relate to the precautionary
assumption of low-dose linearity adopted for endo
genously produced chemicals such as ethylene oxide
are as follows: (1) endogenous levels of ethylene oxide
contribute to background cancer risk; and (2) lowlevel exposures to ethylene oxide (e.g. endogenous
plus ambient exogenous exposures well below the
tumorigenic point of departure) result in increased
risk of cancer. HEV values, as a measure of total
ethylene oxide exposure, might be used to assess
these hypotheses by examining the data on the carci
nogenicity of ethylene oxide in rats, along with data
on the carcinogenicity of ethylene in rats. Cancer
bioassay data collected in rats exposed to 10,000–
100,000 ppb ethylene oxide showed significant eleva
tion in several cancer types, including mononuclear

Figure 9. Comparison of Ambient Background, 1 × 10−5 RSC, and Site-Related Air Concentrations to Total Exposure to Ethylene Oxide.
RSC = Risk-Specific Concentration, UR = Unit Risk, UCL = Upper Confidence Limit.
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cell leukemia, testicular peritoneal mesothelioma, and
brain tumors (Lynch et al. 1984; Snellings, Weil, and
Maronpot 1984). In contrast, cancer bioassay data
collected in rats for ethylene at 300, 1,000, and 3,000
ppm demonstrated no marked change in tumors of
any kind (Hamm, Guest, and Dent 1984). Levels of
HEV, which reflect total exposure to ethylene oxide
(via all pathways) were measured for rats exposed to
ethylene oxide or to ethylene under conditions similar
to those corresponding to the rat cancer bioassays
(Filser et al. 2013), as well as in unexposed control
animals (Walker et al. 1993, 2000).
Take together these data may be assembled to
characterize the dose–response relationship for ethy
lene oxide assessed in terms of HEV levels and extra
risk (summed across the three cancer types observed
in rats) (Figure 7). Combined, these data appear
inconsistent with an assumption of low-dose linearity
below a 10% point of departure, but cannot differ
entiate between alternative nonlinear dose–response
relationships (i.e. one with a decreasing slope with
diminishing dose vs. one with a threshold). Evidence
of low-dose nonlinearity in the cancer dose–response
relationship for ethylene oxide is supported by data
collected for ethylene. HEV levels measured in rats
resulting from ethylene exposure under conditions of
the cancer bioassay (Hamm, Guest, and Dent 1984)
(300–3,000 ppm) are well above background levels in
rats (i.e. approximately 50- to 160-fold higher than
endogenous levels based on HEV data of Walker et al.
2000), and yet these enhanced systemic exposures did
not result in an increased incidence of tumors. The
lack of an elevated tumor response in ethyleneexposed animals (Hamm, Guest, and Dent 1984) is
particularly robust given the study design (testing of
120 rats of each gender per treatment group, which is
more than twice the number of animals typically used
in cancer bioassays studies). If either of the low-dose
linear hypotheses described above were valid, then
a rise in risk would be observable in rats under con
ditions of the ethylene cancer bioassay (which
increased ethylene oxide exposure by more than two
orders of magnitude). Because an elevation in tumor
incidence was not detected under these conditions,
and thus neither hypothesis is supported.
While it is recognized that these data characterize
the dose–response relationship of ethylene oxide in
rats rather than humans, there is no mechanistic
rationale to suggest that the dose–response

relationship in Figure 7 is unique to rats. Although
some species differences in toxicokinetic factors are
noted, PBPK modeling indicating ethylene oxide
blood concentrations in rats, mice, and humans are
expected to be equivalent up to 200 ppm ethylene
oxide exposures (Fennell and Brown 2001). Further,
as an alkylating agent, the mode of action for ethy
lene oxide was proposed to involve genetic damage
via adduction to DNA, resulting in gene mutation
and chromosomal aberration (U.S. Environmental
Protection Agency (USEPA) 2016), processes that
are expected to be generally applicable across species.
Inference on risk at low concentrations of ethylene
oxide in humans

As noted above, ethylene oxide exposures in smo
kers are significantly higher than in nonsmokers
(Figure 1, Table 1), but are also lower than occupa
tional exposures to workers in the upper percentiles
of the NIOSH cohort. Thus, as representative of
intermediate exposures to ethylene oxide human
data from smoking populations may inform the
shape of the dose–response curve (i.e. steepness of
the slope) and provide some insight on potential
risks of lymphohematopoietic and breast cancer
from low-level exposures to ethylene oxide.
Neither the Surgeon General’s Report (2014) nor
the American Cancer Association (2020) correlated
any of the lymphoid cancers (non-Hodgkin’s lym
phoma, myeloma, lymphocytic leukemia) with
smoking. These findings reflect the weight of evi
dence collected over 50 years since the 1st Surgeon
General’s report on smoking, and stand in contrast
to findings for cancer types in which the weight of
evidence for a causal relationship with smoking is
sufficient (e.g. lung, liver, colorectal cancers). In
addition, there is no clear relationship with breast
cancer based on the General’s (2014), which con
cludes “evidence is suggestive but not sufficient to infer
a causal relationship between tobacco smoke and
breast cancer.” These data suggest that the cancer
potency for ethylene oxide for lymphoid and breast
cancers at lower exposures is low, and does not
support the use of a steep exposure–response
model at lower exposures. In a recent example,
a cross-sectional study of Jain (2020) relied upon
NHANES/CDC data to assess the potential associa
tions between ethylene oxide (i.e. using the same
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HEV depicted in Figure 1) and prevalence of selfreported physician diagnosis of cancers in general
(n = 3,593), and of breast cancer for females
(n = 1,919). These data reported in Jain (2020) are
collected across the range of ethylene oxide expo
sures for smokers and nonsmokers. Jain (2020) con
cluded that for the general US population, levels of
ethylene oxide were not found to be associated with
cancers including breast cancer in females (p-values
for regression slopes: 0.34 for males and females
combined; 0.52 for females only). The results of
this limited study suggest that ethylene oxide expo
sures as measured by HEV levels in nonsmokers and
smokers are not associated with an observable
increase in self-reported cancer prevalence, includ
ing for cancer types used to estimate the cancer
potency of ethylene oxide by USEPA.
Assuming a genotoxic mode of action for ethylene
oxide, the magnitude of the unit risk value for ethy
lene oxide (i.e. steepness of the slope at low expo
sures) is dependent upon the type of genetic damage
produced by exposure, and may be moderated at low
exposures by overlapping biological defenses.
A thorough review of the mechanistic data within
a mode of action framework is beyond the scope of
this review, but there are some mechanistic data
available that lend support to a nonlinear dose–
response relationship for ethylene oxide, and include
the following observations: (1) evidence showing
that ethylene oxide-induced DNA damage is readily
repairable in humans (Tates et al. 1995); (2) consid
eration that for cancer endpoints dependent on the
reciprocal translocations by chemical alkylators (e.g.
leukemia), cancer response is expected to be propor
tionate to the square of the dose (Preston et al. 1995);
and (3) evidence in human cells exposed to ethylene
oxide that a certain level of promutagenic adducts
must be attained before mutations become detect
able above background (Tompkins et al. 2009).
Empirically, there are two pieces of evidence that
are important to understanding low-dose risk: (1)
absence of clear association for cancers of interest in
smokers exposed to up to an order of magnitude
higher ethylene oxide exposures than endogenous
levels; and (2) positive results for some cancers in
only the highest exposed workers (Steenland,
Stayner, and Deddens 2004) whose exposures are
up to many orders of magnitude higher than endo
genous levels. Taken together combined evidence
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provides a dose–response pattern for humans that
appears consistent with that observed in ethyleneand ethylene oxide-exposed rats in Figure 7.

Managing ethylene oxide risks

Information regarding endogenous equivalent
values (Kirman and Hays 2017; as updated with
the NHANES HEV data), risk-specific concentra
tions (using unit risk values from USEPA and
TCEQ), potential health benefits, and their applica
tion to an example site-specific data for ethylene
oxide are discussed below.

Endogenous equivalent levels

Kirman and Hays (2017) proposed endogenous
equivalent concentrations in air (action levels) for
ethylene oxide based on a consideration of its endo
genous production. Endogenous action levels reflect
air concentrations of ethylene oxide that are equiva
lent to the levels that are produced endogenously.
The endogenous action levels are recalculated here
for ethylene oxide in Table 8, with two important
changes: (1) mean HEV values from CDC for non
smokers in the U.S. (31.4 pmol/g Hb; Table 1) were
used as the basis, instead of relying upon pooled data
for unexposed control subjects used in Kirman and
Hays (2017); and (2) background levels of HEV were
adjusted for contributions from exogenous exposure
pathways (2.2 pmol/g Hb), instead of assuming that
contributions from exogenous exposures were neg
ligible. By analogy to characterizations of back
ground metals in soil (USEPA, 2002), there are
several options for identifying what concentration
constitutes a “substantial difference” from back
ground to warrant additional attention/action.
These options include (1) multiples of the mean
background (exogenous) level; (2) multiples of the
standard deviation for background levels; and (3)
percentiles for the distribution of background levels
(Table 8). These endogenous equivalent values are
intended to help risk managers in search of a more
pragmatic, science-based approach to managing the
potential risks from ethylene oxide exposure. For
example, the mean and SD endogenous equivalent
levels are used as a basis of comparing to site-specific
data below (see Figure 8).
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Risk-specific concentrations

As described previously, state and federal agencies
within the U.S. have conducted assessments to esti
mate the cancer potency of ethylene oxide (Table
9). Although both assessments are derived from the
same epidemiology study, their values differ by
several orders of magnitude owing to different
approaches and decisions made at multiple steps
in the derivation process, with the primary differ
ence being the selection of different dose–response
models. Using USEPA’s and TCEQ’s inhalation
unit risk value, air concentrations corresponding
to 1 × 10−5 extra cancer risk can be calculated as
0.0011 and 2.4 ppb, respectively, with the former
being three orders of magnitude below ambient
concentrations of ethylene oxide in air (Table 6),
and the latter nearly equivalent to ambient air
concentrations.

Public health benefits considerations

Health care-associated infections (i.e. infections
resulting from treatment for another condition;
HAIs) are of great importance to public health.
A survey of 199 hospitals reported the prevalence
of HAIs in 2015 to be approximately 3.2%, which
was lower than the 4% noted from a similar survey
conducted in 2011 (Magill et al., 2018). Sterilization
of medical equipment and health-care products is
essential to ensuring that the prevalence of HAIs
remains as low as possible. Ethylene oxide is used
to sterilize health-care products (e.g. drapes, gowns),
implantable medical devices (e.g. bare metal stents,
heart valves, vessel closure devices, etc.), and materi
als used during implantation procedures (e.g. cathe
ters, guidewires, etc.) (Lambert et al., 2011). Ethylene
oxide is an effective sterilizing agent against a wide
variety of bacteria (e.g. E. coli, E. faecalis,
P. aeruginosa, M. chelonei, B. stearothermophilus,
B. subtilis, B. circulans, S. aureus, M. terrae,
B. atrophaeus, G. stearothermophilus, C. difficile),
viruses (herpes, vaccinia, parainfluenza, polio), and
fungi (e.g. A. flavus, A. niger, A. fumigatus,
A. versicolor, N. fischeri, E. chevalieri,
P. chrysogenum, C. globosum, Ulocladium) (Ries
et al., 1996; Alfa et al., 1996; Rakotonirainy et al.,
2003; Rutala et al., 2020; Shintani, et al., 2017).

Ethylene oxide is particularly useful for sterilizing
devices made from materials that are sensitive to
heat, moisture, and/or radiolytic stress, for which
alternative sterilization methods (e.g. autoclave,
radiation) are incompatible (Shintani et al., 2017).
Because ethylene oxide is compatible with a wide
variety of materials, it is used to sterilize combination
products where devices, drugs, and/or biologics are
contained within a single product/packet (Lambert
et al., 2011). Careful aeration of sterilized devices is
needed to ensure that residual ethylene oxide con
centrations are safe for use (Shintani et al., 2017).
Changes in ethylene oxide regulation due to the
approximate 50-fold change in cancer potency esti
mate (USEPA, 2019) have affected operations at
sterilization facilities in the U.S., which in turn
affect the supply of medical devices. Shortages of
sterilized medical devices might pose a threat to
public health by delaying or disrupting critical
care for patients, and is of even greater importance
given the sterilization demands of hospitals as they
manage the Covid-19 pandemic.
Example application to site-specific data for
ethylene oxide

Considering the exogenous pathway in isolation,
a comparison of site-specific air concentrations,
using the data for the Illinois sites mentioned above
(Medline, Vantage; Attachment 1), to background
levels (local and national), 1 × 10−5 risk-specific
concentrations (RSCs based on USEPA and TCEQ
unit risk values), and endogenous equivalent levels is
provided in Figure 8. For both sites, mean concen
trations of ethylene oxide in air in the vicinity of the
facility are within a factor of 2 to background
national ambient air concentrations. Mean concen
trations of ethylene oxide in air at both sites are
below the 1 × 10−5 RSC calculated using TCEQ’s
unit risk value, but are well above the corresponding
RSC calculated using USEPA’s unit risk value (which
is also the case for local and national background
concentrations). Both site mean concentrations fall
approximately an order of magnitude below the
endogenous equivalent concentrations based upon
either the mean or SD for HEV levels in the
U.S. population or that experienced by the 50th
percentile of the U.S. nonsmoking population.
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Based upon the comparison in Figure 8 and on the
information provided in this paper, the authors sug
gest that a risk manager might opt to use endogenous
equivalent levels in at least two possible ways: (1)
conclude that site-related exposures to ethylene
oxide are negligible when compared to the magni
tude and variation of endogenous exposures, and
therefore no action is required to reduce siterelated exposures; or (2) determine that site-related
exposures to ethylene oxide are better managed
using the unit risk from TCEQ (shallow linear
slope assumption) rather than the unit risk from
USEPA (steep linear slope assumption), since its
predictions of risk fall within a more biologically
plausible range when compared to magnitude and
variation of endogenous exposures.
Potential risks from ethylene oxide are expected
to be related to total exposure (i.e. from exogenous
and endogenous pathways combined). When the
exposures via the exogenous pathway are viewed
within the context of total exposure to ethylene
oxide in nonsmoking individuals, smoking indivi
duals, and to a mixed population of smokers and
nonsmokers (medium gray region of the columns
in Figure 9), it may be concluded that the exogen
ous exposure pathway in the vicinity of these facil
ities is not an important contributor. Comparison
of the total exposures for different exogenous expo
sures (ambient levels, 1 × 10−5 RSCs, site-related
concentrations based on Medline IL site) in Figure
9 might be used to support a conclusion that siterelated exposures do not contribute to
a “substantial difference” from background total
exposure that would warrant additional attention/
action. That is, the column heights for each of the
three exogenous exposure options are essentially
the same, particularly when the variation in the
endogenous and tobacco smoke pathways (error
bars = SD in Figure 9) are taken into consideration.
Since the increased prevalence of cancer was not
observed with the elevated exposures to ethylene
oxide from smoking (dark gray regions in Figure 9)
(Jain 2020), and since the exogenous pathway
(medium gray regions in Figure 9) is not an impor
tant contributor to total exposure in most cases,
managing the potential risks from the exogenous
pathway by investing resources to reduce ambient
or site-related air concentrations of ethylene oxide
to 1 × 10−5 RSC levels are not expected to result in
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a meaningful change to public health for nonsmok
ing individuals, smoking individuals, or a mixed
population of smokers and nonsmokers.
Discussion and conclusions

This review is intended to provide a better under
standing of issues associated with total exposures to
ethylene oxide from endogenous and exogenous
pathways. Based upon information available in the
published literature, a number of general conclu
sions may be supported for ethylene oxide.
(1) HEV is a useful biomarker exposure that
reflects total exposure to ethylene oxide
from all pathways (endogenous and exogen
ous combined) for the several months prior
to sampling.
(2) HEV is detectable in nearly all samples col
lected in the U.S. population (Center for
Disease Control (CDC) 2019), indicating
that all individuals have some level of expo
sure to ethylene oxide via endogenous and/
or exogenous pathways.
(3) For nonsmokers, endogenous exposures to
ethylene oxide serve as the largest contribu
tor to total exposure:
● Endogenous exposures to ethylene oxide
result from multiple pathways, including
those associated with the gastrointestinal
lumen
(bacterial)
and
systemic
production.
● There is considerable variation in mea
sured HEV levels in the U.S. population,
and this variation is generally consistent
with the current understanding of varia
tion in underlying factors and pathways
for endogenous production.
● Species differences in endogenous expo
sures to ethylene oxide are observed, with
humans generally experiencing lower
endogenous exposures than experienced
by laboratory animals (with some species
and strain differences noted).
(4) Some human populations (e.g. workers in
specific industries, smokers) experience ele
vated exposures to ethylene oxide compared
to the general population of nonsmokers.
However, exposure trends in workers have
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(5)

(6)

(7)

(8)

been decreasing over time in the U.S. due to
better industry hygiene, engineering con
trols, and changes in occupational exposure
limits. Similarly, tobacco-related exposures
to ethylene oxide have also been decreasing
over time due to changes in smoking habits
in the U.S.
● Although diminishing over time, smoking
remains the largest single source of ethy
lene oxide exposure to smoking indivi
duals, and to the U.S. population
considered as a whole (mix of smokers
and nonsmokers).
Exogenous exposure to ethylene oxide also
indirectly affects endogenous production
pathways possibly via an oxidative stress
mechanism, and the latter pathway might
be more important than the former pathway
in contributing to total exposure.
Risk associated with low-level environmental
exposures (i.e. well below the point of depar
ture estimated from dose–response model
ing for cancer effects) is highly uncertain,
and may be considerably lower than that
estimated using USEPA’s unit risk value
(steep linear slope assumption), based on
data collected in rats, on human experience
with smoking, and on the unit risk for ethy
lene oxide derived by TCEQ (shallow linear
slope assumption).
Risk management of ethylene oxide expo
sures is challenging, and has important pub
lic health implications.
● RSC values based on USEPA’s unit risk
value (U.S. Environmental Protection
Agency (USEPA) 2016) are negligible
compared to endogenous production and
its variation in contributing to total
exposure.
● Ambient air concentrations of ethylene
oxide are generally small compared to
endogenous production in their contribu
tion to total exposure.
● Use of ethylene oxide as a sterilizing agent
provides a benefit to public health in redu
cing HAIs.
Endogenous equivalent action levels provide
a means for risk management decisions to be
considered within the context of total

exposure to ethylene oxide, so that the health
impact of exogenous exposure pathways can
be considered.
Although ethylene oxide is a well-studied chemical,
substantial sources of uncertainty remain with
respect to assessing potential risk to exposed
human populations. Data needs for improving our
understanding of ethylene oxide exposures and
potential risks are identified below.
●

●

●

Endogenous Exposure Pathways – The bacteria
present in the human gastrointestinal tract has
been characterized (Table 3), but data on the
ethylene production status of many of these
strains were not located. A more complete
characterization of ethylene production by
human gut bacteria is needed. In addition,
a better understanding of the relative contribu
tion of gastrointestinal tract vs. systemic endo
genous pathways in humans would be useful
(e.g. studies of HEV levels measured in
humans following long-term antibiotic use,
total parenteral nutrition).
Exogenous Exposure Pathways – Recent mon
itoring efforts suggest ethylene oxide levels in
air are widespread, and are generally consistent
across rural, sub-urban, and urban locations
(Table 6; U.S. Environmental Protection
Agency (USEPA) 2019a). Better information
is needed to understand the sources of ethylene
oxide detected in ambient air, as well as for
characterizing temporal and spatial variation
in measured concentrations.
Mode of Action – Although low-dose linearity
is assumed for genotoxic agents as a matter of
policy, there exists some empirical and
mechanistic evidence for ethylene oxide that
lends support for nonlinear dose–response
relationship. In addition, data in rats
(Marsden et al. 2009) indicate that exogenous
exposure to ethylene oxide increases its pro
duction by endogenous pathways. Full consid
eration of the available evidence within a mode
of action framework would be useful to sup
port low-dose extrapolation assumptions.
Additional mechanistic studies are needed to
help inform low-dose extrapolations assump
tions (e.g. characterization of the dose–
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●

●

response relationship for key events in the
proposed mode of action and relative contri
bution of endogenous and exogenous path
ways following inhalation exposures to
ethylene and ethylene oxide in B6C3F1 mice
and F334 rats).
Cancer Potency Estimate – USEPA recently
derived unit risk value for ethylene oxide is
approximately 50-fold higher than the pre
vious derived unit risk value. This unit risk
value could be reconciled with a number of
data sets and analyses.
1. Recent exposure reconstruction efforts
which indicate that historical worker expo
sures may have been considerably higher
than estimated for USEPA unit risk values
(Bogen et al. 2019). In addition, the unit risk
value should be assessed in terms of total
exposures to workers, rather than relying
solely on the characterization of the exogen
ous pathway, and include three compo
nents: (A) endogenous production; (B)
exogenous occupational exposure; and (C)
exogenous exposures from smoking, for
which historical exposures are expected to
be larger than current exposures due to
changes in smoking habits (Table 7);
2. The combined concentration-response data
for ethylene and ethylene oxide (Figure 9)
indicate that the default assumption of lowdose linearity may be invalid for this
chemical;
3. Epidemiology data for smokers, as a subset
of the population with moderate exposure
levels to ethylene oxide, provide an inde
pendent dataset which should be used to
inform USEPA’s unit risk value and its lowdose assumptions.
Risk-Benefit Analysis – Because the use of ethy
lene oxide as a sterilizing agent provides a benefit
to public health in reducing HAIs, a risk-benefit
analysis would be useful in quantifying the net
effects of any changes ethylene oxide use and
release as a result of the USEPA’s revised unit
risk value. A draft case study of the “health-risk
tradeoff” associated with managing ethylene oxi
des public health benefits and risks has been
developed (ARA, 2020; Frasier 2020), serves as
a good starting point for such an analysis.
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From a public health standpoint, the potential
health effects of ethylene oxide are best managed
by carefully considering total exposures to human
populations, and the relative contributions of
underlying pathways. With smoking identified as
the single largest source of ethylene oxide exposure
to the U.S. population (Figure 5), efforts to reduce
total exposures to ethylene oxide are best focused
on maintaining the decreasing trends for tobacco
use in the U.S. population (Table 7). Although diet
ary factors such as fatty acid consumption may
exert a significant effect on total exposure to ethy
lene oxide, changes in fatty acid intakes cannot be
recommended since the health benefits of consum
ing unsaturated fats over saturated fats are well
recognized (USDA, 2010), and far outweigh any
theoretical risks associated with increased endogen
ous ethylene oxide production. Similarly, attempts
to reduce endogenous ethylene oxide production
via management of gastrointestinal bacteria popu
lations (e.g. reduction of ethylene-generating
strains) is strongly not advised given the potential
unforeseen consequences of gut biome manipula
tion and the potential impact this can have on
human health. Exogenous ethylene oxide/ethylene
exposure is identified as a relatively small contribu
tor to total exposure. Because exogenous exposures
represent only a small component of total exposure
to ethylene, risk management efforts that rely on
risk-based concentrations using USEPA’s unit risk
value are not expected to produce a meaningful
impact on total exposure. For this reason, such
approaches are not expected to produce
a meaningful benefit to public health (i.e. reduced
cancer risk). In contrast, to the extent that reliance
on risk-specific concentrations for ethylene oxide
results in reduced availability of sterilized medical
equipment, this practice has the potential to cause
a net detriment to public health (e.g. increased rate
of HAIs). The updated endogenous equivalent
levels for ethylene oxide provided herein enables
risk managers to place decisions within the context
of total exposure, so that risk management deci
sions are informed.
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