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Background: Ethylene oxide (EtO), a highly reactive organic compound with extensive industrial applications, poses significant health risks. The association between EtO exposure and stroke was not well established. This study examined the association between EtO exposure and stroke among US adults using data from the 2013–2018 National Health and Nutrition Examination Survey (NHANES).

Methods: We used appropriately weighted multifactorial logistic regression models to analyze the data and validated the findings with smoothed curve fitting. Stratified analysis and interaction assessments were performed to evaluate the robustness of the findings.

Results: The study included 5,071 participants, balanced between men and women, with a stroke prevalence of 4.1%. Higher EtO levels were associated with rising rates of stroke (OR = 1.23, 95% CI: 1.06–1.42). Individuals in the top 25% group displayed a stroke prevalence 1.6 times higher than those in the bottom 25% group (OR = 1.60, 95%CI: 1.03–2.48). Stratified analysis demonstrated a significant positive association between EtO and stroke in individuals under 50 years (OR = 1.94, 95%CI: 1.38–2.72), while no significant association was found in those aged 50 and above (OR = 0.97, 95%CI: 0.83–1.14).

Conclusion: This study identified a significant association between EtO exposure and stroke occurrence in young adults in the United States.
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Introduction

Stroke ranked among the leading causes of death globally, affecting millions each year through progressive blood vessel blockages that disrupted neurological function (Kuriakose and Xiao, 2020). It was the second most common cause of death worldwide, following ischemic heart disease, and the third leading cause of death and disability (2021; Owolabi et al., 2022). As the population aged, the prevalence of stroke continued to rise (Roth et al., 2020). Stroke imposed a significant global public health burden, with economic losses exceeding $721 billion, or 0.66% of the global Gross Domestic Product (GDP) (2022). Therefore, preventing and managing stroke risk factors were crucial.

Increasing evidence indicated that environmental pollution may be associated with the onset and progression of stroke (Verhoeven et al., 2021; Tian et al., 2022; Poulsen et al., 2023; Ranta et al., 2023). Ethylene oxide (EtO) was a highly active organic compound with extensive industrial applications, posing significant hazards to human health. EtO was widely used in the manufacture of various synthetic products (Lynch et al., 2022) such as ethylene glycol, synthetic detergents, emulsifiers, nonionic surfactants, antifreeze, plasticizers, lubricants, pesticides, and more (Kirman et al., 2021). Additionally, EtO was a broad-spectrum, high-efficiency bactericidal disinfectant, commonly employed in medical disinfection and industrial sterilization (Mendes et al., 2007). It was found in textiles, leather, precision instruments, biological products, medical instruments, rubber products, and various gas fumigation disinfection processes. Moreover, it was prevalent in our living environment, present in polluted air, automobile exhaust, and tobacco smoke (Bono et al., 2002). EtO could be absorbed through the respiratory tract and skin, distributed to various tissues and organs throughout the body, and caused harm (Filser and Klein, 2018).

Previous studies on EtO have primarily focused on its carcinogenicity. Numerous investigations unequivocally established EtO’s carcinogenic properties (O'Kelley et al., 2023), particularly its link to lympho-hematopoietic cancer and breast cancer (Jinot et al., 2018; Marsh et al., 2019). As a result, the International Agency for Research on Cancer (IARC) classified EtO as a Group 1 human carcinogen (Vincent et al., 2019). In recent years, the COVID-19 pandemic significantly increased the general population’s exposure to EtO through sterilized medical protective equipment. This prompted scholars to explore the potential effects of chronic EtO exposure on public health (Jain, 2020; Huang et al., 2023; Wu et al., 2024).

Emerging evidence indicated that chronic EtO exposure was significantly associated with various risk factors for vascular diseases, such as hypertension (Ningtao et al., 2022), diabetes (Jingyu et al., 2021), hyperlipidemia (Xu et al., 2022), and smokers (Brandon et al., 2021). Additionally, recent studies showed that EtO exposure may impair cardiovascular health by inducing oxidative stress and inflammatory responses (Oluwatobi et al., 2021), damaging endothelial cells (Mahmood et al., 2021), and increasing vascular stiffness (Viviane and Peter, 2021). These findings suggested that EtO may also be involved in cerebrovascular diseases such as stroke. Considering the growing concern about environmental pollution’s impact on public health and the lack of studies on EtO’s association with stroke, this study aimed to explore the potential correlation between EtO exposure and stroke risk using data from the National Health and Nutrition Examination Survey (NHANES). This research strived to offer new insights into the environmental risk factors for stroke and contribute to the development of policies to mitigate these risks.



Materials and methods


Study population

The study analyzed data from the National Health and Nutrition Examination Survey (NHANES), conducted by the Centers for Disease Control and Prevention (CDC) among non-institutionalized U.S. residents (Borrud et al., 2014). Initiated in 1999, this survey collects nationally representative data using a scientifically rigorous methodology, including demographic information, health examination data, and interview reports. Data from the 2013–2018 cycles, encompassing 29,400 participants, were included. After excluding 24,313 subjects with missing or unknown data on hemoglobin adducts of ethylene oxide (HbEtO) and stroke, and 16 participants with missing covariates, the final dataset comprised 5,071 adults. Figure 1 depicts the detailed screening process. The National Center for Health Statistics (NCHS) Ethics Review Committee approved this study, and all participants provided written informed consent.
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FIGURE 1
 Flowchart of the sample selection from NHANES 2013–2018.




Definition of research variables


Measurement of ethylene oxide

EtO is challenging to detect due to its short biological half-life of approximately 42 min (Filser, 1992). However, EtO reacts with valine in hemoglobin to form HbEtO, which has a half-life of about 4 months and serves as an effective biomarker for EtO exposure (Song et al., 2023). Therefore, this study measured EtO levels by detecting HbEtO. Blood samples were collected from fasting participants and analyzed at the National Center for Environmental Health (NCEH) using high performance liquid chromatography–tandem mass spectrometry (HPLC-MS/MS). The results were expressed as pmol adduct per gram of hemoglobin, and the procedure adhered to NCEH quality control standards. The EtO level was used as our exposure variable.



Assessment of stroke

The diagnosis of stroke was determined through self-reported responses in a personal interview using the NHANES medical conditions questionnaire. Participants were queried about whether a physician or other healthcare practitioner had ever diagnosed them with a stroke. Individuals who responded affirmatively were categorized as having experienced a stroke. This result was used as the outcome variable.



Covariates

Covariates included gender, age, race/ethnicity, education level, marital status, body mass index (BMI, kg/m2), low-density lipoprotein cholesterol (LDL-C, mmol/L). Categorize race as Mexican American, Non-Hispanic Black, Non-Hispanic White, Other Hispanic, and Other Races. Categorized educational attainment as below high school, high school diploma, or above high school diploma. Categorized marital status as married or living with a partner, or living alone. Pre-existing conditions (hypertension, diabetes, and cancer) were determined based on a questionnaire asking whether the condition was notified. The calculation of body mass index (BMI) involved dividing an individual’s weight by the square of their height. For comprehensive testing principles and procedures, please refer to the NHANES website at https://www.cdc.gov/nchs/nhanes/.




Statistical analysis

All statistical procedures were completed using EmpowerStats1 and R 3.4.3 software.2 Since HbEtO data were skewed, they were ln-transformed and grouped into quartiles for analysis. The mean ± standard deviation (SD) was used to represent continuous variables, while ratios were employed to represent categorical variables. The Kruskal-Wallis rank sum test assessed differences in continuous variables, while the chi-square test assessed differences in categorical variables. Multiple logistic regression analyses were used to examine the relationship between EtO exposure and stroke, employing three models: Model 1 (crude model), Model 2 (adjusted for main demographic variables), and Model 3 (further adjusted for education, marital status, BMI, LDL-C, hypertension, diabetes, and cancer history). The association was validated using smoothed curve fitting. Subgroup analysis and interaction testing provided insights into the association across demographic categories. p values below 0.05 were considered statistically significant.




Results


Baseline characteristics of participants

Figure 1 presents a flowchart illustrating the process of screening participants. The study included 5,071 participants, averaging 50.03 ± 17.46 years in age. Of these, 2,494 were older than 50, with a near-even gender split of 49.22% male and 50.78% female. Participants were grouped into quartiles based on their ln-transformed HbEtO levels (quartile 1: 1.76–2.76; quartile 2: 2.77–3.09; quartile 3: 3.10–3.77; quartile 4: 3.78–7.29). The overall prevalence of stroke was 4.1%, with the highest prevalence in quartile 3 at 4.65%, but the differences between the groups were not statistically significant (p = 0.439). There were significant differences between quartiles of ln-HbEtO in terms of age, gender, race, education level, marital status, diabetes, cancer, and BMI (all p < 0.05). Table 1 provides detailed information on the baseline characteristics of the participants.



TABLE 1 Basic characteristics of participants by hemoglobin adducts of ethylene oxide levels among U.S. adults.
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Association between hemoglobin adducts of ethylene oxide and stroke

The results of the multifactor regression analysis for the three models are presented in Table 2. In the unadjusted crude model 1, the association between HbEtO and stroke was not significant (OR: 1.12, 95% CI: 0.99–1.27). However, model 2, which adjusted for demographic variables including age, gender, and race, showed a significant positive correlation between HbEtO and stroke (OR: 1.27, 95% CI: 1.11–1.45). This positive association remained significant in model 3, which further adjusted for all covariates. Each 1-unit increase in ln-HbEtO was associated with a 23% increased risk of stroke (OR: 1.23, 95% CI: 1.06–1.42). When ln-HbEtO was divided into quartiles, the risk of stroke in the highest quartile in the fully adjusted model was 1.6 times that of participants in the lowest quartile (OR: 1.60, 95% CI: 1.03–2.48). To elucidate the correlation between HbEtO and stroke, we plotted a smoothed curve fit (Figure 2), which graphically depicted the positive association.



TABLE 2 Multiple logistic regression associations of ln-transformed HbEtO with stroke.
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FIGURE 2
 The relationship between ln-transformed ethylene oxide and stroke. The solid red line represents the smooth curve fit between variables. Blue bands represent the 95% of confidence interval from the fit.




Subgroup analysis

To explore the consistency of the relationship between HbEtO and stroke across different populations and identify potential population-specific parameters, we performed subgroup analysis and interaction assessments (Table 3). We found inconsistent associations when stratified by age. The positive correlation between HbEtO and stroke was significant in the 20–50 age group (OR: 1.94, 95% CI: 1.38–2.72) but not in the over 50 age group (OR: 0.97, 95% CI: 0.83–1.14). Additionally, no significant interactions were detected in other stratified analyses, indicating that the association between HbEtO and stroke was independent of gender, education level, marital status, BMI, hypertension, diabetes, and cancer (all P for interaction >0.05).



TABLE 3 Subgroup analysis of the association between ln-transformed HbEtO and stroke.
[image: Table3]




Discussion

In our cross-sectional study involving 5,071 individuals representative of the general U.S. population, we found a positive association between EtO and stroke. This association persisted across all subgroup analyses except for age, suggesting the results’ reliability. This finding provided new evidence linking environmental pollutants to stroke occurrence.

Notably, this study was the first to report a positive correlation between EtO exposure and stroke. Ethylene oxide is known to pose significant risks to human health. Historically, research has primarily focused on its carcinogenicity (Thier and Bolt, 2000; Jones et al., 2023), often highlighting the hazards associated with occupational exposure (Sheikh, 1984; Park, 2020). Recent studies have also established a strong association between EtO and cardiovascular diseases in the general U.S. population. Research showed that EtO negatively impacted the cardiovascular system, influencing blood pressure (Ningtao et al., 2022) and contributing to systemic inflammation and altered blood lipid levels (Xu et al., 2022). These findings align with previous studies suggesting that long-term EtO exposure increased cardiovascular disease risk (Guowei et al., 2021). A recent large-sample cross-sectional study, which combined various indicators including sleep duration, diet, body mass index, blood glucose, blood pressure, lipids, and smoking status, using Cox regression and linear regression models, found a significant association between EtO exposure and adverse cardiovascular outcomes (Ruijie et al., 2023). Collectively, these studies indicated that ethylene oxide, in addition to being a known carcinogen, may increase the risk of cardiovascular diseases through multiple mechanisms.

The impact of environmental pollution on stroke has gained significant attention recently, with growing evidence linking pollution to cerebrovascular diseases (Tian et al., 2022). Suggestions from a meta-analysis (de Bont et al., 2022) that included 56 publications suggested that short-term exposure to PM2.5, PM10, and NOx was correlated with an increased prevalence of stroke, and that prolonged exposure was correlated with an elevated likelihood of stroke mortality, particularly among older individuals, individuals with heart conditions, and individuals with higher body weight. As the population ages, preventing and controlling environmental factors related to stroke becomes critical. Given the significant association between cardiovascular disease and EtO exposure, our study utilized nationally representative data from the NHANES database to investigate the potential correlation between cerebrovascular disease (stroke) and EtO exposure, aiming to understand its impact on the central nervous system better.

In this investigation, higher ln-HbEtO levels were associated with a higher stroke rate, as determined by a fully adjusted logistic regression model. Our subgroup analysis revealed that the positive relationship between EtO levels and stroke remained significant for U.S. adults younger than 50 years, while no association was found in those over 50. This suggests a noteworthy correlation between EtO levels and stroke among younger individuals.

The biological mechanisms linking EtO exposure to stroke were unclear, and it may be involved in the mechanisms of stroke through multiple pathways. Studies on animals have demonstrated that prolonged exposure to EtO can trigger oxidative stress (Somade et al., 2021), enhance lipid peroxidation, and disrupt the glutathione redox cycle (Katoh et al., 1988). This results in the overproduction of reactive oxygen species, activation of inflammatory pathways (Xu et al., 2022), and upregulation of inflammatory cytokines (Guowei et al., 2021), leading to vascular endothelial cell damage and the development of atherosclerotic plaques (Rocha and Libby, 2009). Additionally, EtO exposure caused endothelial dysfunction (Adedara and Farombi, 2010), which manifests as impaired endothelium-dependent vasodilation and reduced endothelial cell proliferation. This disruption of vascular tone and increased vascular stiffness interfered with the normal systolic-diastolic response of cerebral blood vessels (Mahmood et al., 2021), impairing cerebral vascular autoregulation and elevating stroke risk. Furthermore, EtO exposure has been associated with increased platelet aggregation and a tendency for thrombosis by influencing platelet activation and coagulation factor expression, which may also contribute to an increased risk of stroke (Yixuan et al., 2024).

There was no uniform definition of young stroke. Based on previous studies, young stroke was generally defined as stroke occurring in adults younger than 50 years (Ekker et al., 2018). Studies have shown a higher proportion of unexplained strokes in young adults compared to older adults (Maaijwee et al., 2014). This suggests that the etiology of young stroke was more complex. The results of our subgroup analysis suggested that a more significant positive association between ethylene oxide and stroke in young may have several seemingly plausible explanations. First, the age of 20–50 years was a period of more frequent occupational and social activities, and there may be more exposure to environmental pollutants such as automobile exhaust and industrial emissions, which increased the chance of dermal contact and respiratory inhalation of EtO, leading to increased exposure to EtO in the body, making the correlation with stroke more significant. Second, the metabolic functions of the liver and kidneys were robust in young adulthood, and the increased amount of reactive oxygen species and free radicals generated during the metabolism and clearance of ethylene oxide may lead to organ degeneration and increased oxidative damage (Filser and Klein, 2018). It has been shown that increased chronic oxidative stress was a deleterious factor contributing to the development of insulin resistance, dyslipidemia, and other stroke risk factors (Tangvarasittichai, 2015), which indirectly contributed to the increased prevalence of stroke. In addition, aging was a physiological process that continues over time (Dziechciaż and Filip, 2014), and some studies have shown that significant vascular aging features including aortic elastin fiber breaks and collagen deposition were observed in older individuals (Zhang et al., 2023), and that there were differences in the sensitivity of vascular endothelial cells at different ages, and that young adults were more sensitive to oxidative stress, inflammatory responses, and cytotoxic effects induced by ethylene oxide (Lynch et al., 1984). Therefore, the relationship between ethylene oxide and stroke was more prominent. Simultaneously, there were more risk factors for stroke in the elderly population, so that the role of EtO may be relatively masked. Further research is necessary to validate the findings of this study and to clarify the specific biological pathways involved.

This study has limitations. First, we were unable to determine a causal relationship between EtO exposure and stroke because it was a cross-sectional study, and longitudinal cohort studies are required for further validation. Second, there were limitations in the EtO biomarkers used, necessitating the development of more accurate measures. Third, despite including covariates and validating models with stratified analyses, we could not completely eliminate all confounding factors. Additionally, the reliance on self-reported data for stroke inclusion criteria in the NHANES database, without differentiation of stroke subtypes, limited our ability to accurately assess the subtypes of stroke. Despite these limitations, our investigation possesses notable advantages. We employed a large sample size of the general U.S. population sample, which was highly representative. Meanwhile, because of our extensive sample size, we had the opportunity to conduct subgroup analyses of various factors while controlling for many important confounders to ensure the reliability of our results.



Conclusion

Our study conclusively shows a positive association between EtO levels and the incidence of young stroke in the general adult population in the United States. This finding provides a new perspective on environmental risk factors for young stroke, supporting the need for environmental policies to reduce pollutants and raising awareness about the health risks of environmental pollution among young adults.

Future research should explore the potential impact of reducing EtO exposure on stroke incidence and how other environmental and lifestyle factors may interact with EtO exposure to influence stroke risk. These directions will provide important insights for the development of effective stroke prevention strategies.
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