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Background:  Prenatal ethylene oxide exposure may have adverse 
effects on fetal development. We examined the relationships between 
ethylene oxide hemoglobin (Hb) adduct levels and offspring’s size at 
birth in a prospective European mother–child study.
Methods:  This study included 1106 singletons from the NewGeneris 
project (2006–2010) with ethylene oxide Hb adducts measured in 
cord blood. We examined the relationships between adduct lev-
els and offspring’s size at birth among all infants and separately 
among infants of nonsmokers, using linear regression models for 
birth weight and birth head circumference and logarithmic binomial 
regression models for small for gestational age. We examined poten-
tial interactions between CYP2E1 single nucleotide polymorphisms 
in cord blood and the effects of ethylene oxide Hb adduct levels on 
offspring birth size.

Results:  Higher quartiles of adduct levels as a measure of exposure 
were associated with decreasing birth weight and head circumference 
in the overall population. Compared to infants in the lowest quartile, 
those in the highest quartile exhibited lower birth weight (−70.73 g, 
95% confidence interval = −141.16, −0.30) and reduced head cir-
cumference (−0.30 cm, 95% confidence interval = −0.58, −0.02). We 
observed similar, albeit less pronounced, patterns among infants of 
nonsmokers. There was no evidence of an association between eth-
ylene oxide Hb adducts and risk of small for gestational age, nor 
consistent evidence of an interaction with CYP2E1 polymorphisms 
on the association between EO Hb adduct levels and offspring’s size 
at birth.
Conclusion:  Results suggest that higher ethylene oxide Hb adduct 
levels in cord blood are associated with a reduction in offspring birth 
size.
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Ethylene oxide (EO) is a volatile and reactive chemical sub-
stance known for its mutagenic and carcinogenic proper-

ties, as demonstrated by numerous in vitro and in vivo studies 
conducted in both animals and humans.1,2 The International 
Agency for Research on Cancer determined that EO is car-
cinogenic to humans (group 1).3 This determination was based 
on the available evidence among experimental animal studies, 
strong mechanistic evidence, and limited evidence in human 
epidemiologic studies.4–6

Prenatal exposure to EO may have adverse effects on 
health. Some reproductive outcomes have been associated 
with occupational EO exposure, including miscarriage and 
pregnancy loss in nurses with high exposure to EO at any 
stage of pregnancy compared to women with low occupa-
tional exposure during pregnancy.7,8 Animal studies also sug-
gest adverse effects of EO on intrauterine growth as indicated 
by findings of decreased offspring body weight following 
intermittent exposure of maternal rats to EO vapor9; however, 
research in human populations is limited.

Exposure to EO can occur through either exoge-
nous or endogenous means9 and also occurs via ethylene 
that is metabolized to EO. Exogenous exposure primarily 
stems from any of a range of sources. In the general popu-
lation, exposure occurs via the inhalation of tobacco smoke 
containing both EO and ethylene10,11 or indoor air pollu-
tion from various household products, including cleaning 
agents, air fresheners, or personal care items. Exposure may 
also occur in a variety of occupational settings, including 
the healthcare industry where workers may encounter EO 
exposure during the sterilization of medical equipment or in 
the chemical industry, as the chemical is used in chemical 
industries for the production of ethylene glycol, nonionic 
surfactants, and other derivatives. Population environmen-
tal exposure can also occur in proximity to chemical plants 
that emit EO,12–14 as a result of emissions of ethylene from 
certain chemical plants, or from formation in combustion; 
for example, ethylene is found in automobile exhaust and is 
also emitted from natural sources.15 EO also occurs as a con-
taminant in food.16 Endogenously, EO originates from inter-
nally produced ethylene.17,18 Ethylene and EO are derived 
from lipid peroxidation, oxidation of free methionine, heme 
oxidation from hemoglobin (Hb), and the metabolism of 
intestinal bacteria.

The metabolism of ethylene and EO in humans involves 
both phase I and phase II reactions.19 In phase I, cytochrome 
P450 enzymes, primarily cytochrome P450 2E120 (CYP2E1), 
convert ethylene to EO, which is electrophilic and can react 

with Hb and DNA.21 In phase II, conjugation of EO with 
glutathione occurs facilitated by glutathione-S-transferase 
(mainly GSTT1), as well as hydrolysis facilitated with epox-
ide hydrolase, leading to the formation of metabolites that are 
excreted in urine.22 The reaction product (adduct) from EO to 
N-terminal valine in Hb, HOEtVal, can be used to monitor 
doses in blood from EO over a broad range of exposure levels, 
in the same way that Hb adducts have been used as a biomarker 
of exposure for other electrophilic chemicals or metabolites, 
to be used in risk assessment as an indicator of the internal 
dose or effective dose.2,23,24 In addition, the biomarker has been 
used to demonstrate that the general population is exposed to 
ethylene or EO, to a large part from endogenous sources.18

Considerable variation in EO Hb adduct levels 
exists in the general population, as has been shown in the 
US-based National Health and Nutrition Examination Survey 
(NHANES) study,25 which reflects heterogeneity in endog-
enous and exogenous pathways via exposure to ambient air 
pollution and/or tobacco smoke among others.26 Within the 
general population, higher adduct levels have been found 
among nonsmoking adults living closer to facilities emitting 
EO in the United States as compared with those living further 
away,27 and higher levels have also been found in cord blood 
samples from infants of smokers as compared to infants of 
nonsmokers.28

Concentrations of Hb adducts have demonstrated a 
linear correlation with EO exposure within the range of 
0–200 ppm in inhaled air with EO DNA adducts and EO Hb 
adducts, which have been widely used as a biomarker of expo-
sure in previous studies. EO Hb adducts in cord blood can 
be used as a biomarker in studies examining biologic mech-
anisms of EO exposure and birth outcomes.28,29 The average 
life span of red blood cells in adults is around 120 days30,31; 
therefore, EO Hb adducts in cord blood samples likely repre-
sent the average exposure during approximately the latter part 
of the second trimester and the third trimester of pregnancy.

Our study focuses on EO Hb adducts in cord blood mea-
sured in a European population32 and their potential associa-
tions with birth weight, birth head circumference, and small 
for gestational age (SGA), which are outcomes reflecting 
intrauterine growth. Intrauterine growth restriction is a strong 
predictor of perinatal survival of the child and has been linked 
to adverse effects later in life.33–37 We also incorporated data 
on several single nucleotide polymorphisms (SNPs) in the 
CYP2E1 locus to determine possible interactions of these 
SNPs with the associations between EO Hb levels and birth 
outcomes.

METHODS

Study Population
Data for this study were from the NewGeneris proj-

ect (www.newgeneris.org),32 which aimed to study selected 
genotoxic exposures from diet and the environment during 
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pregnancy on child health through measurement of different 
biomarkers in cord blood. During 2006–2010, pregnant women 
were enrolled in 11 maternity units within Copenhagen, 
Denmark; Heraklion Greece; Oslo and Akershus, Norway 
(including participants enrolled in the Mother, father and 
child cohort study [MoBa]38); Barcelona, Spain; and Bradford, 
United Kingdom. Mothers were enrolled during pregnancy 
and/or around birth, and a total of 1108 singleton births had 
corresponding data on EO Hb adducts in cord blood. Of 
these, two participants withdrew consent before analyses were 
completed, resulting in a final population of 1,106 who were 
included in the present analyses. Detailed information on spe-
cific eligibility criteria applied in each of the 11 units is avail-
able elsewhere.39 Ethical approval was obtained from the local 
committees and all participating mothers gave their written 
informed consent.

We collected demographic, health, and lifestyle factors 
through detailed questionnaires. We obtained information on 
birth weight, birth head circumference, gestational age, sex, 
and mode of delivery from maternity records. Gestational age 
for participants in Denmark, Greece, and Spain was based on 
the interval between the last menstrual period and delivery date 
or ultrasound-based estimated date of conception in case the 
two results were discordant by 7 days or more. In Norway and 
the United Kingdom, gestational age was based on ultrasound- 
based estimation. We defined SGA cases as infants who 
weighed less than the 10th percentile of the cohort-specific 
reference (mean birth weight for all SGA children: 2838 g), 
stratified by completed week of gestation and sex.

Blood Collection and Ethylene Oxide 
Hemoglobin Adducts Analysis

Study staff collected 30 ml of cord blood after the deliv-
ery and 40 ml of maternal peripheral blood on the day of the 
delivery. We isolated red blood cells from cord blood and 
maternal blood and washed samples twice before shipping 
them to Stockholm, Sweden. We measured Hb adducts, deter-
mined by the “adduct FIRE procedure” (fluorescein isothio-
cyanate R (adducts) Edman) (using 250 µl samples). In brief, 
adducted N-terminal valines were detached using the Edman 
reagent fluoresceine-5-isothiocyanate. The detached analytes 
were purified by solid phase extraction and analyzed by liquid 
chromatography–tandem mass spectrometry.28,40 Deuterium-
labeled internal standards were used for quantification and 
three control blood samples were included in each batch of 
analysis (24 samples/batch). The method, in combination 
with the used standards, allows for specific analysis of EO 
adducts to N-terminal valine in Hb, here described as “EO Hb 
adducts.”

The limit of quantification was evaluated for each sam-
ple and set to a peak height response of 10 times to noise. A 
limit of quantification of processed samples below 1 pmol/g 
Hb could be achieved for the analysis of EO Hb adducts 
but varied with the status of the HPLC column and mass 

spectrometer. In total, we analyzed 192 maternal blood and 
1151 cord blood samples. A total of 35 maternal and 28 cord 
blood results did not fulfill the quality criteria for quantifica-
tion and were not included in the final data set with results on 
levels of EO Hb adducts.

Candidate Gene Analysis: CYP2E1
Genomic DNA was isolated from 900 cord blood sam-

ples and was used for genome-wide genotyping with the 
Illumina HumanCytoSNP-12 v1 (Illumina Inc., Hayward, CA) 
array according to the manufacturer’s protocols. Genotype 
calling was done using Illumina GenomeStudio 2010. Quality 
control of the data was done following standard parameters 
with the PLINK tool (https://zzz.bwh.harvard.edu/plink/). 
Samples with genotype call rate <98.5% were filtered out. Sex 
consistency and relatedness was checked. SNPs with minor 
allele frequency <1% or not in Hardy Weinberg equilibrium 
(P value < 10−6) were filtered out. The final database consisted 
of 249,968 SNPs and 649 samples with exposure and outcome 
measures. From the genome-wide association studies dataset, 
15 CYP2E1 SNPs were selected either because (1) they were 
in ±10 kb from the CYP2E1 gene coordinates or (2) they were 
CYP2E1 expression quantitative trait locus (eQTLs) accord-
ing to GTEx project (https://gtexportal.org) (eTable 1; http://
links.lww.com/EDE/C156).

Statistical Analysis
We computed descriptive statistics to provide an over-

view of the demographic data and birth outcomes. We also 
described EO Hb adduct levels based on the characteristics of 
the study population. In addition, we calculated the prevalence 
of SGA, taking into consideration weight, sex, and gestational 
age at birth.

We modeled cord blood EO Hb adduct levels on a con-
tinuous scale, with effects estimated per 10 pmol/g Hb incre-
ments, and categorized them according to quartiles of the 
distribution. To assess the association between levels of EO 
Hb adducts with continuous birth weight and continuous birth 
head circumference, we constructed linear regression mod-
els. All models were adjusted for country and gestational age 
(continuous, in completed weeks). These models included n 
= 1,094 and n = 998, which had complete data on adjustment 
data and birth weight and adjustment data and head circumfer-
ence, respectively. In further adjusted models, we also consid-
ered adjustment for additional potential confounders, selected 
a priori after reviewing prior literature and considering similar 
covariates as included in a previous analysis of acrylamide 
hemoglobin adducts and birth outcomes in the same study 
population,39 including child sex, maternal smoking habit 
toward the end of pregnancy (yes, no), parity (0, ≥1), mater-
nal age (continuous, years), prepregnancy body mass index 
(BMI) (continuous BMI, kg/m²), maternal ethnicity (White 
European, non-White European), and maternal education 
(low, middle, high) as a marker of socioeconomic position. 
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These further adjusted models included fewer participants 
than in the primary models (n = 914 and n = 875 for the birth 
weight and head circumference models, respectively) due to 
missingness of some of the additional adjustment variables 
(Figure 1). Models were run among the entire population and 
separately among nonsmoking mothers. In a sensitivity anal-
ysis, we additionally adjusted all models for passive smoking 
status. Given passive smoking status was missing for some 
participants (10%), these analyses were restricted to those 
with complete data on this variable, comparing associations 
adjusted with and without this variable. In an additional sensi-
tivity analysis, we removed child sex from models.

We also used logarithmic binomial regression models to 
determine the risk ratios (RR) and 95% confidence intervals (CIs) 
for SGA. We examined effect estimates adjusted by country and 
also effect estimates adjusted for the additional aforementioned a 
priori potential confounders. Estimates were again given for the 
whole cohort and separately for infants of nonsmoking mothers.

In addition to estimating pooled associations adjusted 
for country, we estimated country-specific associations 
between EO Hb adducts and birth weight and head circumfer-
ence, visually presenting results so that differences between 
countries for effect estimates could be seen.

Finally, we tested the interaction of the 15 CYP2E1 SNPs 
with the exposure–outcome relationships between EO Hb adducts 
and birth weight and head circumference, adjusting for gestational 
age, country, and the four genome-wide association studies prin-
cipal components, which we found separated European versus 
non-European ancestries and subgroups within European ances-
tries. We provide estimates among the population of European 
ancestry mothers and additionally provide estimates among 

nonsmoking European ancestry mothers. SNPs were treated 
under an additive genetic model. In total, data from 649 partic-
ipants were included in the CYP2E1 analysis for birth weight 
and 605 in the analysis for head circumference. Multiple-testing 
correction was applied considering all the SNPs tested using the 
Bonferroni method. All statistical analyses were conducted using 
Stata S.E. version 16.0 (StataCorp, College Station, TX).

RESULTS

General Sociodemographic and Adduct Results
In this study, we analyzed EO Hb adducts in 1106 cord 

blood samples. The mothers’ average age was 31 (25th per-
centile–75th percentile [Q1–Q3]: 28–34) years. Among them, 
382 (36%) were first-time mothers (nulliparous), 906 (83%) 
identified as White European, 129 (12%) smoked at the end 
of their pregnancies, 356 (36%) reported exposure to second- 
hand smoke, and 618 (56%) had vaginal deliveries. The 
median birth weight of offspring in the full population was 
3394 (Q1–Q3: 3,090–3,714) g and for nonsmokers 3430 (Q1–
Q3: 3,120–3,740) g. Meanwhile, the median head circumfer-
ence of offspring regardless of maternal smoking status was 
35 (Q1–Q3: 34–36) cm. The median gestational age was 39 
weeks (Q1–Q3: 38–40), as shown in Table 1. The median EO 
adduct level was 9 (Q1–Q3: 7–15) pmol/g of Hb for all sam-
ples of cord blood and 16 (Q1–Q3: 8–25) pmol/g for maternal 
blood (n = 146 available pairs with data on maternal blood 
levels in addition to cord blood levels), with a positive cor-
relation between the two values (correlation 0.94), as shown 
in Figure 2. Median cord Hb adduct levels were higher among 
smoking mothers (25, Q1–Q3: 14–41 pmol/g, n = 129; not 

FIGURE 1.  Flow chart for the number of participants included in each specified analysis.
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shown) compared with nonsmoking mothers (9, Q1–Q3: 6–13 
pmol/g, n = 951). In addition, among those reporting expo-
sures to second-hand smoke (passive smoking), median EO 
cord blood Hb adducts were slightly higher in both nonsmok-
ers (9, Q1–Q3: 6–13 pmol/g, n=271) and smokers (27, Q1–
Q3: 15–46 pmol/g, n = 85).

We also described EO Hb adduct levels based on study 
characteristics, with some suggested variability based on 
country of birth, smoking status, and maternal age among 
the entire population, while few differences remained among 
the nonsmoking participants (eTable 2; http://links.lww.com/
EDE/C156).

Ethylene Oxide Cord Blood Hemoglobin 
Adduct Levels and Birth Weight

Higher levels of EO Hb adducts in cord blood were 
associated with a decrease in birth weight (Table 2). In the 
primary model, the mean birth weight was 3.30 g lower (95% 
CI = 5.11, −1.48) with each 10 pmol/g Hb increase in EO Hb 
adduct cord blood levels after adjusting for country of birth 
and gestational age in the total population, and 3.00 g lower 
(95% CI = −6.95, 0.94) among the nonsmokers, and the curve 
of relationship had a linear shape (Figure 3). The estimated 
difference in mean birth weight for infants in the highest ver-
sus lowest quartile of EO cord blood Hb adduct levels after 

TABLE 1.  Characteristics of the Study Population and Stratified by Smoking Status

Variablesa All (N = 1,106) Nonsmokers (n = 951)

n %b Median (Q1–Q3) n %b Median (Q1–Q3)

Country of birth

 � Greece 246 22% 184 20%

 � Spain 225 20% 185 19%

 � Norway 231 21% 225 24%

 � United Kingdom 187 17% 154 16%

 � Denmark 217 20% 203 21%

Smoking at end of pregnancy 129 12% - - -

Maternal passive smoking exposure 356 36% 271 31%

Maternal ethnicity

 � White European 906 83% 771 81%

 � Non-White European 187 17% 179 19%

Maternal age (years) 31 (28–34) 31 (28–35)

Prepregnancy BMI (kg/m2)

 � <18.5 43 4% 35 4%

 � 18.5–25 616 63% 556 64%

 � ≥25–30 204 21% 180 21%

 � ≥30 110 11% 91 11%

Maternal education

 � High 348 36% 333 39%

 � Middle 373 39% 328 38%

 � Low 242 25% 197 23%

Nulliparous 382 36% 347 37%

Birth weight (g) 3,394 (3,090–3,714) 3,430 (3,120–3,740)

 � Low birth weight (<2500 g) 18 2% 11 1%

Small for gestational age 70 8% 57 7%

Delivery type

 � Vaginal 618 56% 550 58%

 � C-section 479 44% 399 42%

Gestational age (weeks) 39 (38–40) 39 (38–40)

Preterm delivery (≤37 completed weeks) 39 4% 33 3%

Head circumference (cm) 35 (34–36) 35 (34–36)

Offspring body length (cm) 51 (50–52) 51 (50–52)

EO Hb adducts (pmol/g)

 � Cord blood 9 (7–15) 9 (6–13)

 � Maternal blood (n=146) 16 (8–25) 13 (8–21)

aThe following variables had some amount of missing data: smoking at end of pregnancy (n = 26, 2%), maternal passive smoking (n = 116, 10%), maternal ethnicity (n = 11, 1%), 
maternal age (n = 12, 1%), maternal education (n = 143, 13%), mode of delivery (n = 9, <1%), sex of child (n = 8, <1%), maternal BMI (n = 133, 12%), birthweight (n = 9, <1%), small 
for gestational age (n = 222, 20%), parity (n = 42, 4%), gestational age (n = 9, <1%), birth head circumference (n = 106, 10%), birth length (n = 261, 24%), and maternal EO Hb adducts 
were only available for n = 146 (13%) of the population.

bCalculated from nonmissing values.
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adjusting for gestational age and country was −70.73 g (95% 
CI = −141.16, −0.30) in the full population and −22.72 g (95% 
CI = −102.39, 56.94) among the nonsmoker group (Table 2).

In analyses further adjusted for additional maternal char-
acteristics and sex, results remained similar, although 95% CIs 
were wider. Only the estimate between continuous EO Hb cord 
blood adduct levels and birth weight among the whole population 
remained different with an estimated change of −2.61 g (95% CI 
= −5.00, −0.21) per 10 pmol/g Hb increase in EO cord blood Hb 
adduct levels. Estimates also remained stable when we adjusted 
for passive smoking (eTable 3; http://links.lww.com/EDE/C156).

Results from country-specific estimates showed some 
variability (eFigure 1; http://links.lww.com/EDE/C156). 
Among nonsmokers a reduction in mean birth weight among 
those with higher exposure to EO Hb adducts (per 10 pmol/g) 
was observed in four countries while an increase in mean birth 
weight was observed in the subset from Norway.

Ethylene Oxide Cord Blood Hemoglobin 
Adduct Levels and Small for Gestational Age

There was no evidence of an association between EO 
Hb adduct levels and risk of SGA in the whole population 
(RR = 1.00, 95% CI = 0.99, 1.02) based on 884 observations 
and 70 SGA births and for infants of nonsmokers (RR = 0.97, 
95% CI = 0.92, 1.02), based on 772 observations and 57 SGA 
births (Table 3).

Ethylene Oxide Cord Blood Hemoglobin 
Adduct Levels and Head Circumference at Birth

The median head circumference measurement at birth 
was 35 (Q1–Q3: 34–36). The estimated difference in head 

circumference for infants in the highest versus lowest quar-
tile of EO Hb adduct levels after applying the primary adjust-
ment for gestational age and country was −0.30 (95% CI = 
−0.58, −0.02) cm for all participants (Table 4). Increasing EO 
Hb adduct levels were also associated with decreasing head 
circumference among nonsmokers in a linear dose-response 
manner (Figure 4). Effect estimates remained stable when 
adjusting for passive smoking (eTable 4; http://links.lww.com/
EDE/C156).

The country-specific estimates showed slight variability 
(eFigure 2; http://links.lww.com/EDE/C156). Among non-
smokers, a reduction in head circumference among those with 
higher exposure to EO Hb adducts was again observed in four 
countries, while the estimate was null for those in Norway.

We conducted sensitivity analyses that removed child 
sex from the further adjusted models and found that results 
remained similar to those presented in the primary models 
(eTable 5; http://links.lww.com/EDE/C156).

Candidate Gene Analysis: CYP2E1
In the analyses examining interactions between the 

CYP2E1 SNPs and the exposure-outcome relationships 
between EO Hb adducts and birth weight and head circum-
ference, we did not find evidence of any interaction among 
European ancestry mothers (eTable 6; http://links.lww.com/
EDE/C156). In analyses among nonsmoking European ances-
try mothers, the SNP rs6537616 modified the estimated effect 
of ethylene Hb adducts on birth weight; this sequence acts 
as an expression quantitative trait locus for CYP2E1 in some 
tissues (eTable 7; http://links.lww.com/EDE/C156). In partic-
ular, in the individuals bearing 0 copies of the A allele (GG), 

FIGURE 2.  Association between ethylene oxide hemoglobin adducts in cord and maternal blood (n = 146).
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the estimated effect of EO Hb adducts on birth weight was 
3.66 g (95% CI = −6.15, 13.47), for those with one copy (AG) 
the effect was −9.55 g (95% CI = −16.90, −2.19), and for those 
with two copies (AA) the estimate was −22.75 g (95% CI = 
−39.02, −6.49).

DISCUSSION
In our study, we examined birth outcomes related to 

EO Hb adducts in cord blood from a multicenter European 
population. We found that increasing levels of EO Hb adducts 
in cord blood were associated with decreasing birth weight 
and head circumference. We observed similar findings among 
nonsmoking mothers that remained after adjustment for pas-
sive smoking.

Prior studies examining EO exposure in relation to 
adverse birth outcomes have not examined EO Hb adducts 
in cord blood. In addition, prior studies focused on popula-
tions with high occupational exposures, such as dental assis-
tants41 and nurses,8,42 finding that women exposed to higher 
occupational EO exposure during pregnancy were at greater 
risk of spontaneous abortions and preterm birth as compared 
with those with lower occupational exposure to EO sterilizing 

agents. Our results provide complementary evidence support-
ing the hypothesis that increased concentrations of Hb adducts 
in cord blood are linked with decreasing birth weight and head 
circumference in infants born to women who are likely to have 
no or very little occupational exposure to EO.

A strength of the present study is that we measured Hb 
adduct levels in cord blood that reflect exposure to EO. External 
exposure to EO is short term and difficult to assess. However, 
using Hb adducts as a biomarker results in a measure of the 
internal dose of or exposure to EO that reflects any endogenous 
formation and external exposure.43 The Hb adducts provide a 
quantitative estimation of internal dose that is highly sensitive 
and able to detect endogenous processes and low levels of expo-
sure to EO that results in Hb adducts in the cord blood. In addi-
tion, this method integrates endogenous processes and exposures 
over the approximate 4-month lifespan of the erythrocytes. These 
aspects enhance the validity of our findings, allowing for more 
robust conclusions regarding the relationship between EO expo-
sure and reproductive outcomes.

Mechanisms through which EO and EO Hb 
adduct-forming exposures or processes would impair intra-
uterine growth are not fully understood, but multiple known 

TABLE 2.  Prenatal Exposure to Ethylene Oxide (EO) Hemoglobin Adducts in Cord Blood, and Associations With Birth Weight 
for the Whole Population and Separately Among Nonsmokers

Birth Weight Median EO Hb adduct level (±SD) (pmol/g) Coefficienta 95% CI Lower 95% CI Upper

Primary adjustedb

 � All (N = 1,094)

  �  Change per 10 pmol/g Hb −3.30 −5.11 −1.48

  �  Quartile 1 (lowest) 5 ± 1

  �  Quartile 2 8 ± 1 38.45 −31.59 108.50

  �  Quartile 3 12 ± 1 −20.15 −90.64 50.34

  �  Quartile 4 (highest) 28 ± 21 −70.73 −141.16 −0.30

 � Nonsmokers (n = 948)

  �  Change per 10 pmol/g Hb −3.00 −6.95 0.94

  �  Quartile 1 (lowest) 5 ± 1

  �  Quartile 2 8 ± 1 27.26 −43.65 98.17

  �  Quartile 3 11 ± 1 −3.06 −74.79 68.67

  �  Quartile 4 (highest) 19 ± 8 −22.72 −102.39 56.94

Further adjustedc

 � All (n = 914)

  �  Change per 10 pmol/g Hb −2.61 −5.00 −0.21

  �  Quartile 1 (lowest) 5 ± 1

  �  Quartile 2 8 ± 1 32.70 −40.29 105.69

  �  Quartile 3 12 ± 1 −46.50 −120.78 27.77

  �  Quartile 4 (highest) 26 ± 19 −26.00 −105.34 53.34

 � Nonsmokers (n = 815)

  �  Change per 10 pmol/g Hb −3.76 −7.89 0.38

  �  Quartile 1 (lowest) 5 ± 1

  �  Quartile 2 7 ± 1 22.53 −51.03 96.09

  �  Quartile 3 11 ± 1 −34.66 −109.65 40.33

  �  Quartile 4 (highest) 19 ± 8 −25.88 −108.45 56.68

aBeta coefficient interpreted as change in grams per 10 pmol/g increase in EO cord blood Hb adduct levels.
bAdjustment for country and gestational age.
cAdjustment for country, gestational age, sex, maternal smoking, maternal age, prepregnancy BMI, maternal ethnicity, and maternal education.
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biologic mechanisms align with the findings of this study. 
First, EO has electrophilic reactivity and is recognized as a 
carcinogen.4,5,44 EO is an alkylating agent; alkylating agents 
have shown potent teratogenic effects in several animal spe-
cies45 and are also mutagenic.46,47 EO can alter DNA bases, 
indicating the plausibility of subtle to clinically significant 
adverse effects on multiple body organs and functions during 
crucial stages of intrauterine development and growth. 
Second, tobacco smoking, both active and passive, the main 
source of exogenous exposure, has a negative impact on birth 
weight. While smoking is a major contributor to exogenous 
ethylene or EO exposure,48 we found consistent associations 
between EO exposure and birth outcomes among nonsmokers, 

associations that remained stable when adjusting for mater-
nal exposure to passive smoking during pregnancy based on 
self-reported data. This suggests that babies with higher lev-
els of EO Hb adduct exposure are more likely to have lower 
birth weight, irrespective of smoking status of the mothers.

Several limitations should be considered. While the use 
of EO Hb adducts is probably the most valid way to measure 
exposure that is reflective of both endogenous and exoge-
nous pathways, it should be noted that endogenous levels are 
inherently influenced by metabolic processes, making them 
an imperfect measurement of exogenous exposure. We were 
not able to identify the numerous external sources of EO or 
ethylene exposure (e.g., occupational, food products), except 

FIGURE 3.  Generalized additive model plots for ethylene oxide hemoglobin adducts and birth weight adjusted for gestational 
age, child sex, and country. In the y-axis is the β coefficient for birth weight and in the x-axis is the level of ethylene oxide hemo-
globin adducts (n = 1094 for all participants, n = 948 for nonsmokers).

TABLE 3.  Prenatal Exposure to Ethylene Oxide Hemoglobin Adducts in Cord Blood, and Associations With Small for Gesta-
tional Age for the Whole Population and Separately Among Nonsmokers

Small for Gestational Age n Risk Ratioa 95% CI Lower 95% CI Upper

Primary adjustedb

 � All 884 1.00 0.99 1.02

 � Nonsmokers 772 0.97 0.92 1.02

Further adjustedc

 � All 785 0.99 0.98 1.01

 � Nonsmokers 699 0.98 0.93 1.02

aRisk ratios are interpreted per 10 pmol/g increase in EO Hb adduct level.
bAdjustment for country and gestational age.
cAdjustment for country, gestational age, sex, maternal smoking, maternal age, prepregnancy BMI, maternal ethnicity, and maternal education.
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for smoking, in the present study. It is noteworthy that the 
metabolism of EO exhibits substantial interindividual vari-
ability, underscoring the importance of endogenous expo-
sure sources. These differences could be due to variation in 
other external exposures, modifying factors such as health 
status of the mother, the placenta and the child, maternal 
lifestyle (e.g., sleep, diet, and household products), maternal 
external exposure to environmental and occupational EO Hb 
adduct-forming exposures, and birth-related factors. In addi-
tion polymorphisms of genes that are central to conversion 
of ethylene into EO by CYP2E1, and detoxification of EO by 
phase II metabolism, for example, by glutathione-S-transferase  
theta 1 gene (GSTT1) mediated conjugation, could result in 
different individual susceptibility to the same EO exposure.49 
Our joint evaluation of EO adduct levels and CYP2E1 SNPs 
did not show evidence of any interactions, but we could not 
test the GSTT1 deletion through the array used in the study. 
It was not within the scope of our study to evaluate the multi-
ple potential maternal, pregnancy, placental, child, and birth- 
related factors that could influence the biologic pathways such 
as lipid peroxidation, which contributes to EO Hb adduct 

formation in cord blood. Furthermore, we only included preg-
nancies resulting in liveborn births, therefore we were unable 
to study the effects on early and late fetal loss. Finally, results 
were not fully homogeneous between countries. This could, in 
part, be explained by country-specific differences in the ambi-
ent air quality, diet and smoking habits, or other unmeasured 
factors.

Although there are multiple factors that can contribute 
to the formation of EO Hb adducts in cord blood, a portion 
of these cord blood adduct levels reflects external exposures. 
Exposure to ethylene or EO in the general population is of 
growing concern. Risk assessments have so far focused on 
cancer risk of occupationally exposed populations.50 Our 
study is based on a population of pregnant women and new-
born infants recruited from the general population, rather than 
a specific population with known high occupational exposure 
levels. The findings of our study provide new evidence of 
an association between EO Hb adduct-forming exposures 
or processes in cord blood and offspring weight and head 
circumference at birth that may have long-lasting effects. 
Reduced head circumference has been linked to delayed 

TABLE 4.  Prenatal Exposure to Ethylene Oxide Hemoglobin Adducts in Cord Blood, and Associations With Birth Head Circum-
ference for the Whole Population and Separately Among Nonsmokers

Birth Head Circumference
Median EO Hb Adduct Level (±SD)

(pmol/g) Coefficient 95% CI Lower 95% CI Upper

Primary adjusteda

 � All (n = 998)

  �  Change per 10 pmol/g Hbb −0.01 −0.02 0.00

  �  Quartile 1 (lowest) 5 ± 1

  �  Quartile 2 8 ± 1 −0.06 −0.35 0.22

  �  Quartile 3 12 ± 1 −0.20 −0.48 0.08

  �  Quartile 4 (highest) 29 ± 20 −0.30 −0.58 −0.02

Nonsmokers (n = 868)

  �  Change per 10 pmol/g Hbb −0.01 −0.03 0.00

  �  Quartile 1 (lowest) 5 ± 1

  �  Quartile 2 8 ± 1 −0.07 −0.36 0.22

  �  Quartile 3 11 ± 1 −0.16 −0.45 0.13

  �  Quartile 4 (highest) 19 ± 9 −0.22 −0.55 0.11

Further adjustedc

 � All (n = 875)

  �  Change per 10 pmol/g Hbb 0.00 −0.01 0.01

  �  Quartile 1 (lowest) 5 ± 1

  �  Quartile 2 8 ± 1 −0.02 −0.32 0.27

  �  Quartile 3 12 ± 1 −0.19 −0.49 0.10

  �  Quartile 4 (highest) 26 ± 18 −0.12 −0.44 0.20

 � Nonsmokers (n = 781)

  �  Change per 10 pmol/g Hbb −0.01 −0.03 0.01

  �  Quartile 1 (lowest) 5 ± 1

  �  Quartile 2 8 ± 1 −0.03 −0.34 0.27

  �  Quartile 3 11 ± 1 −0.17 −0.48 0.14

  �  Quartile 4 (highest) 19 ± 8 −0.15 −0.49 0.19

aAdjustment for country and gestational age.
bBeta coefficient interpreted as change in cm per 10 pmol/g increase in EO Hb adduct level.
cAdjustment for country, gestational age, sex, maternal smoking, maternal age, prepregnancy BMI, maternal ethnicity, and maternal education.
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neurodevelopment,36 and reduced birth weight increases the 
risk of cardiovascular disease, type 2 diabetes, and osteopo-
rosis.37 The precise measurement of biomarkers can inform 
risk assessment processes, aiding regulatory bodies in setting 
exposure limits or guidelines for EO and safeguarding public 
health. Further studies are needed in order to identify and 
reduce external exposure levels, both occupational and non-
occupational, which contribute to the formation of EO Hb 
adducts.
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