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To the Editor,

Volatile organic compounds (VOCs) such as benzene, toluene, ethylbenzene, xylenes, 

and styrene (BTEXS) and trihalomethanes are carbon-containing chemicals that readily 

evaporate at room temperature [1]. VOCs are ubiquitous mainly in indoor environments, 

but also outdoors, and are commonly found in cigarettes, degreasers, solvents, detergents, 

deodorizers, paints, furniture, pesticides, and personal care products [1]. Additionally, 

trihalomethanes travel into the air when showering with chlorinated water or washing dishes 

[1]. Due to inhalation being the main route of exposure to VOCs, these chemicals have 

raised concerns for respiratory health [2]. In in vitro and animal experimental studies, VOCs 

such as chlorobenzene, styrene, and xylene have been shown to trigger inflammation in 

lung epithelial cell lines [3]. Other VOCs, such as benzene have been reported to cause 

airway inflammation and irritation by reacting with mucous membrane epithelium to cause 

immunoglobulin (Ig) E responses [2]. Yet, epidemiological studies on the respiratory effects 

of VOCs in general populations have produced conflicting results [2]. Moreover, VOCs 

associated with either non-reversible or reversible airflow obstruction are unknown, and 

the association of trihalomethanes with impaired lung function has not been previously 
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studied. Therefore, our objective was to assess the association of several blood VOCs with 

non-reversible and reversible airflow obstruction among U.S. adults.

Methods

We analyzed data on 5,988 adult participants in the 2007–2012 National Health and 

Nutrition Examination Surveys (NHANES) aged ≥20 years old who had blood VOC 

and spirometry measurements. NHANES methodology are detailed elsewhere [4] and a 

university-based IRB determined this study as not human subjects research.

Blood VOCs were analyzed using headspace solid-phase microextraction/gas 

chromatography/isotope dilution mass spectrometry and samples with levels below the 

limit of detection (LOD) were imputed and replaced with LOD/√2 [5]. Of the 41 blood 

VOCs included in NHANES, our analysis included the ones with a detection frequency 

≥10%. Spirometry was performed on participants by trained technicians following a pretest 

screening questionnaire to determine medical safety. Each participant underwent five to 

eight maneuvers that were considered acceptable and reproducible based on American 

Thoracic Society (ATS) criteria [6]. Airflow obstruction was defined as pre-bronchodilator 

forced expiratory volume in 1 second (FEV1) to forced vital capacity (FVC) ratio <70% and 

was further classified as reversible (post-bronchodilator FEV1/FVC ≥70%) or non-reversible 

(post-bronchodilator FEV1/FVC <0.70) as per the Global Initiative for Chronic Obstructive 

Lung Disease (GOLD) criteria [7,8].

Logistic regression was used to estimate the odds ratio (OR) and 95% CI for the association 

of the chemicals with airflow obstruction. Using multinomial logistic regression, we further 

assessed the association of VOCs with non-reversible and reversible airflow obstruction 

compared to no airway obstruction. The models were adjusted for age, poverty income ratio 

(PIR), body mass index (BMI), and log-transformed pack-years of cigarette smoking as 

continuous variables, and sex, race/ethnicity, past and current cigarette smoking, exposure 

to environmental tobacco smoke (living with a household member who smoked combustible 

tobacco products inside the home), and work or leisure physical activity (none, moderate, 

and vigorous) as categorical variables. The PIR was used as a proxy for socioeconomic 

status; it is a ratio of family income to poverty estimated using guidelines and adjusted for 

family size, year and state [4]. To examine whether the association of VOCs with airflow 

obstruction differed with smoking status, we tested smoking for effect modification on a 

multiplicative scale by including an interaction term in the models. The analyses were 

performed in SAS (Version 9.4; SAS Institute, Cary, NC), accounting for the NHANES 

sampling weights and complex survey design to generate nationally representative estimates. 

P-values <0.05 were considered statistically significant in all analyses.

Results

Our analysis included 5,988 participants with a median age of 55.1 years old; 69.1% 

were non-Hispanic White, 11.0% were non-Hispanic Black, 7.8% were Mexican American, 

and 12.1% were of ‘other’ race/ethnicity. Half were female (51.0%); had a high PIR >3 

(50.6%); 21.3% and 22.4% were current or former smokers, respectively; 31.3% had a 

Mendy et al. Page 2

Eur Respir J. Author manuscript; available in PMC 2023 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



normal BMI; and airflow obstruction prevalence was 14.0%. The detection frequencies 

of BTEXS chemicals, in decreasing order, were toluene (92.7%), m-/p-xylene (84.4%), 

1,4-dichlorobenzene (52.1%), o-xylene (45.1%), styrene (42.2%), ethylbenzene (39.1%), 

and benzene (31.5%). The levels of trihalomethanes in decreasing order were chloroform 

(86.0%), bromodichloromethane (70.0%), dibromochloromethane (53.2%), methyl tert-butyl 

ether (MTBE) (26.0%), and bromoform (23.9%) (Figure 1A).

The odds of airflow obstruction were 20% to 82% higher with blood detection of styrene 

(OR: 1.82, 95% CI: 1.23–2.68), o-xylene (OR: 1.43, 95% CI: 1.07–1.89), bromoform 

(OR: 1.41, 95% CI: 1.06–1.88), and dibromochloromethane (OR: 1.20, 95% CI: 1.01–

1.41) after accounting for covariates. Airflow obstruction odds were also 20% to 50% 

higher with a 10-fold increase in blood m-/p-xylene (OR: 1.50, 95% CI: 1.17–1.93) 

and bromodichloromethane (OR: 1.20, 95% CI: 1.01–1.41). The associations of toluene 

and o-xylene with airflow obstruction differed with smoking status (Pinteraction=0.002 and 

Pinteraction=0.02 respectively). Both chemicals were associated with airflow obstruction only 

in current smokers (OR: 3.50, 95% CI: 1.56–7.85 for toluene and OR: 3.52, 95% CI: 1.46–

8.49 for o-xylene), but not in never or former smokers.

Blood detections of o-xylene (OR: 2.02, 95% CI: 1.22–3.34) and dibromochloromethane 

(OR: 2.12, 95% CI: 1.39–3.25) as well as 10-fold increases in blood m-/p-xylene (OR: 

1.88, 95% CI: 1.20–2.94) and bromodichloromethane (OR:1.62, 95% CI: 1.09–2.42) 

were associated with non-reversible airflow obstruction. Blood detection of styrene was 

associated with reversible airflow obstruction (OR: 2.36, 95% CI: 1.32–4.22) (Figure 1B).

Discussion

Using representative samples of the U.S. adult population, we found that blood xylenes, 

bromodichloromethane, and dibromochloromethane were associated with non-reversible 

airflow obstruction, while blood styrene was associated with reversible airflow obstruction. 

Blood toluene and o-xylene were associated with airflow obstruction only in current 

smokers.

Our study is the first to identify VOCs associated with non-reversible versus reversible 

airflow obstruction, and the first on trihalomethanes and lung function in a general 

population. It is also the first to report an association of styrene with adverse respiratory 

function in non-occupational settings. Prior evidence on xylene and impaired lung function 

in a general population was limited to one study showing that urinary xylene metabolites 

may be linked to reduced FEV1, FEV1/FVC, and mid-expiratory flow in older adults [9]. 

Consistent with the present study’s findings, exposure to styrene can cause irritation, trigger 

interferon γ production, and promote allergic sensitization by increasing antigen-presenting 

activity leading to IgE production, eosinophilic inflammation, and airway hyperreactivity 

[10]. Xylene has been shown to cause cellular apoptosis in bronchus-associated lymphoid 

and lung tissues in both young and adult Sprague-Dawley rats by activating caspase-3 

[11]. This can cause epithelial apoptosis, elastolytic activity in bronchoalveolar lavage, and 

emphysema, a phenotype of chronic obstructive pulmonary disease [12]. The mechanisms 

by which the trihalomethanes bromodichloromethane and dibromochloromethane may be 

Mendy et al. Page 3

Eur Respir J. Author manuscript; available in PMC 2023 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



associated with non-reversible airflow obstruction is unclear. Blood trihalomethanes have 

been reported to be associated with oxidative stress, and this could be a possible pathway 

between exposure and impaired lung function [13]. In the U.S., a recent NHANES analysis 

identified dibromochloromethane as potentially associated with asthma in adolescents [14].

The main limitation of this analysis was the cross-sectional design which precludes 

assessing temporality between VOC exposure and airflow obstruction. Other limitations 

included the measurement of VOCs in a single blood sample and the analysis of certain 

VOCs as binary variables comparing chemical detection versus non-detection, due to their 

low detection frequency. The strengths of the study include the large sample size, blood 

VOCs measurements which capture both indoor and outdoor exposure, individual level 

blood VOCs assessment by the Centers for Disease Control and Prevention with rigorous 

quality control and quality assurance procedures, spirometry testing, and the analysis 

adjusted for several important covariates, which minimized residual confounding.

In conclusion, xylenes, bromodichloromethane, and dibromochloromethane exposure 

may be associated with non-reversible airflow obstruction, whereas blood styrene may 

be associated with reversible airflow obstruction. Additionally, toluene and o-xylene 

exposure may be associated with impaired lung function in smokers. However, the 

associations reported in this study are cross-sectional and should be confirmed by 

prospective investigations with repeated exposure measures. Future studies to understand 

their underlying mechanisms and studies to examine whether reducing VOC exposure 

can help prevent the VOC-associated airflow obstruction are warranted. If the observed 

associations are causal, measures to reduce exposure to xylenes, bromodichloromethane, 

dibromochloromethane, and styrene may improve or prevent airflow obstruction.
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Figure 1: 
Detection frequency and levels of blood VOCs (A) and forest plot for the association of 

VOCs with reversible and non-reversible airflow obstruction (B).

** P < 0.01 *** P < 0.001

(a) Detection of chemical (b) Log10-transformed concentrations of chemical

Abbreviations: VOC, volatile organic compound; MTBE, methyl-tert-butyl ether.

Models adjusted for age, poverty income ratio, body mass index, and log-transformed pack-

years of cigarette smoking used as continuous variables, and sex, race/ethnicity, past and 

current smoking status, and exposure to environmental tobacco smoke used as categorical 

variables.
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