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Abstract

Background Chronic respiratory diseases (CRDs) are the third leading cause of death worldwide. Data of the
associations between specific volatile organic compounds (VOCs), a major component of air pollution and tobacco
smoke, and subsequent CRD mortality in the general population are scarce.

Methods In a case-cohort analysis within the population-based Golestan cohort study (n=50045, aged 40-75 years,
58% women, enrollment: 2004-2008, northeastern Iran), we included all participants who died from CRD during
follow-up through 2018 (n=242) as cases and stratified them into 16 strata defined by age, sex, residence, and
tobacco smoking. Subcohort participants (n=610) were randomly selected from all eligible cohort participants in
each stratum, and sampling fractions were calculated. Baseline urine samples were used to measure 20 VOCs using
ultra high-performance liquid chromatography coupled with electrospray ionization tandem mass spectrometry.
After excluding participants with previous history of CRDs, we used stratified Cox regression models weighted by the
inverse sampling fractions (i.e. inverse probability weighting) adjusted for potential confounders, including urinary
cotinine and pack-years of smoking, to calculate hazard ratios (HR) for the associations between biomarker tertiles and
CRD mortality.

Results Data from 545 non-case, sub-cohort participants and 149 cases (69.1% chronic obstructive pulmonary
disease, 13.4% asthma, 17.5% other CRDs) were assessed in this study. During a follow-up of 10.5 years, associations
[2nd and 3rd vs. 1st tertiles, HR (95% confidence interval), p for trend] were observed between metabolites of acrolein
[1.56 (0.64,3.79),3.53 (1.53,8.16), 0.002] and styrene/ethylbenzene [1.17 (0.53,2.60), 3.24 (1.37,7.66), 0.005] and CRD
mortality, which persisted after excluding the first four years of follow-up.

Conclusion Our findings support prior research suggesting respiratory toxicity of VOCs. Further investigation and
monitoring of these compounds, especially acrolein and styrene/ethylbenzene, as CRD risk factors, are recommended.
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Introduction

Chronic respiratory diseases (CRDs) are among the main
causes of premature mortality and morbidity worldwide
[1]. With 4.0 million deaths and 455 million prevalent
cases in 2019, they constituted the third leading cause of
death globally [2]. While chronic obstructive pulmonary
disease is the main contributor to mortality from CRDs,
asthma has the highest prevalence [2]. However, CRDs
have received little attention from healthcare providers
and policymakers compared with other noncommunica-
ble diseases such as cardiovascular diseases and cancers
[3, 4]. This is while a substantial proportion of the disease
burden is preventable by eliminating exposure to tobacco
smoke and air pollution [1, 2].

Complex mixtures of volatile organic compounds
(VOCs) comprise one of the major groups of toxic chem-
icals in tobacco smoke. They also stem from a myriad of
human-produced sources such as fossil fuels, solvents,
adhesives, cleaning agents, pesticides, cosmetics, and
cooking fumes [5, 6]. Because of their high volatility
and broad production, VOCs are widely present in the
environment and can potentially cause health effects,
especially in the respiratory system as the main route of
exposure [6, 7].

Detection of individual VOCs associated with CRDs
is critical for biomonitoring and prevention of diseases,
however, such studies are limited because of several
constraints. Epidemiological studies on the respiratory
effects of VOCs have mainly focused on specific occupa-
tional settings with high levels of VOCs and limited gen-
eralizability [8, 9]. Another limitation is measurements of
exposure and outcome at the same time in case-control
or cross-sectional designs, without adequate consider-
ation of exposure-outcome temporality [8, 10, 11]. For
example, some respiratory diseases may influence the
respiratory absorption of certain toxicants, potentially
introducing bias into exposure measures. Longitudi-
nal studies that measure exposure to VOCs at baseline,
ideally at multiple time points, and subsequently assess
outcomes during follow-up would be essential to evalu-
ate the temporality of this relationship [8, 10]. A com-
mon method of exposure assessment is the measurement
or estimation of environmental VOCs, while the mea-
surement of the internal dose through biomarkers is the
preferred approach since it considers all types of VOC
sources as well as individual variations in absorption and
metabolism [11]. Urinary mercapturic acid metabolites
of VOCs are standard biomarkers for biomonitoring of
VOC exposure and provide accurate data because of the
relatively long physiological half-lives and high specific-
ity [6]. Nevertheless, few prospective cohort studies have

examined the association of VOC exposure with sub-
sequent respiratory disease incidence, progression, or
death; as only a limited number of cohort studies have
urine samples available for such analyses [12].

Here we evaluate the associations of 20 urinary VOC
biomarkers (Table 1) with CRD mortality in the Golestan
Cohort Study (GCS). The GCS is one of the few prospec-
tive cohorts with long follow-up and baseline urine sam-
ples available from the general population. We conducted
this study using a collaboration between the U.S. Food
and Drug Administration, Center for Tobacco Products,
the Division of Laboratory Sciences of the National Cen-
ter for Environmental Health at the Centers for Disease
Control and Prevention (CDC), and the Division of Can-
cer Epidemiology and Genetics at the National Cancer
Institute.

Methods

Study design

This study is a case-cohort analysis within the popu-
lation-based GCS. The GCS enrolled 50,045 partici-
pants, 58% women, aged 40—75 years, between 2004 and
2008, from Gonbad City (2=10,032) and 326 villages
(n=40,013) in Golestan Province, northeastern Iran. The
study was designed to investigate risk factors for chronic
diseases, with an emphasis on esophageal cancer because
of its high incidence in the study area. The participation
rate of cohort was 73.2% (80.6% women and 65.2% men).
Details of the GCS have been described previously [13].
For this case-cohort analysis, the eligible cases were all
participants who died from CRDs up until January 1,
2018 (n=242) who were stratified into 16 strata defined
by age (<55, 255 years), sex (male, female), place of resi-
dence (rural, urban), and current smoking status (yes,
no). As the reference sub-cohort, we selected random
samples of 610 individuals in the same 16 strata, from
among all cohort participants with available urine sam-
ples (n=47,155), regardless of their outcome during the
follow-up (TableS1). Table S2 shows baseline characteris-
tics of the subcohort and all cohort participants.

Urinary biomarker assays

A spot urine sample was collected from all participants
at the baseline cohort. Twenty VOC biomarkers were
measured by the Division of Laboratory Sciences of the
National Center for Environmental Health (NCEH) at
the CDC, Atlanta, GA (Table 1), using ultra high-perfor-
mance liquid chromatography coupled with electrospray
ionization tandem mass spectrometry [6]. The limit of
detection (LOD) for these VOC biomarkers ranged from
0.5 to 13 ng/mL (Table S3). We included masked vials
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Table 1 List of urinary biomarkers and their parent volatile organic compounds

Full name of biomarker

Abbreviations

Parent compound

2-Methylhippuric acid 2MHA

3- and 4-Methylhippuric acid 3&4MHA
2-Carbamoylethyl mercapturic acid 2CaEMA
2-Carbamoyl-2-hydroxy-ethyl mercapturic acid 2CaHEMA
1-Cyano-2-hydroxyethyl mercapturic acid 1CyHEMA
2-Cyanoethyl mercapturic acid 2CyEMA
2-Hydroxyethyl mercapturic acid 2HEMA
2-Carboxyethyl mercapturic acid 2CoEMA
3-Hydroxypropyl mercapturic acid 3HPMA
Benzyl mercapturic acid BzMA
Mandelic acid MADA
Phenylglyoxylic acid PhGA
Phenyl mercapturic acid PhMA
2-Hydroxypropyl mercapturic acid 2HPMA
Methylcarbamoyl mercapturic acid MCaMA
3,4-Dihydroxybutyl mercapturic acid 34HBMA
4-Hydroxy-2-buten-1-yl mercapturic acid 4HBeMA
3-Hydroxy-1-methylpropyl mercapturic acid 3HMPMA
4-Hydroxy-2-methyl-2-buten-1-yl mercapturic acid 4HMBeMA
2-Thioxothiazolidine-4-carboxylic acid TTCA

o-Xylene

m- and p-Xylene

Acrylamide

Acrylamide

Acrylonitrile

Acrylonitrile

1,2-Dibromoethane; Vinyl chloride; Ethylene oxide, Acrylonitrile
Acrolein

Acrolein

Toluene; Benzyl alcohol

Styrene, ethylbenzene

Styrene, ethylbenzene

Benzene

Propylene oxide

N, N-Dimethylformamide; Methyl-isocyanate
1,3 Butadiene

1,3 Butadiene

Crotonaldehyde

Isoprene

Carbon-disulfide

containing pooled quality control samples randomly
placed in the batches sent to the laboratory, and we used
these samples to calculate assay coefficients of variation
(CV). All the assays had CVs below 15%, except for the
4HMBeMA biomarker which had a CV of 17% (Table
S3). We also measured urinary cotinine concentrations
using a modified version of isotope dilution high-per-
formance liquid chromatography/atmospheric pressure
chemical ionization tandem mass spectrometry [14]. The
LOD for cotinine was 0.03 ng/mL. Urine creatinine was
measured using a commercial automated, colorimetric
enzymatic (creatinase) method implemented on a Roche/
Hitachi cobas 6000 Analyzer.

Covariate assessment

Demographics and medical history data were collected
by trained interviewers at enrollment. Detailed data of
tobacco use were collected. Tobacco use was defined as
active use of tobacco at least once a week for six months.
Former tobacco users included those who quit more
than one year before cohort enrolment. The amount of
smoking (pack-year) was calculated by multiplying ciga-
rette packs (20 cigarettes in a pack) per day by years of
smoking. Data of nass (the local chewing tobacco) con-
sumption was also recorded. There was excellent agree-
ment between high urinary cotinine concentration and
self-reported current tobacco use (kappa=0.91+0.08)
[15]. The history of previous CRDs were recorded using
this question: “has a doctor ever diagnosed you with a
chronic obstructive pulmonary disease (asthma/chronic
bronchitis/emphysema)?” A wealth score was calculated

from appliance ownership, using multiple correspon-
dence analysis [16]. Physical activity was calculated based
on metabolic equivalents (METs.min/week). The body-
mass index (BMI, kg/m?) was calculated using standard
measured weight and height.

Follow-up and outcome ascertainment

All participants are followed annually by phone calls or
home visits. In the case of death, two internists deter-
mine the cause of death independently based on all rele-
vant medical documents and the result of verbal autopsy,
if necessary [17]. In case of disagreement, a third senior
internist reviews all documents and the two initial diag-
noses to make the final diagnosis. For the present study,
causes of death other than CRDs were censored at date
of death. Those who were still alive at the end of follow-
up (January 1, 2018) or were lost to follow-up for other
reasons were censored at the date of their last follow-up.
We considered CRD mortality based on the International
Classification of Diseases (ICD-10), ] codes, including
chronic obstructive pulmonary diseases (J40-J44) and
asthma (J45).

Statistical methods

Participants with urine creatinine values outside the
plausible range of 10-370 mg/dL or technical problems
in urinary biomarker assays were excluded (n=14). We
also excluded participants with a history of CRD at base-
line (n =140), as baseline CRDs can reduce VOC absorp-
tion through the lung and lead to biased estimates (Table
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S4). Finally, the data from 545 non-case, sub-cohort par-
ticipants and 149 cases were included in this study.
Biomarkers with below the LOD concentrations were
replaced using multiple imputation via interval regres-
sion to keep the imputed values below the LOD. The
biomarker concentrations were divided by urinary creati-
nine to adjust for urinary dilution (direct creatinine cor-
rection). Geometric means (GM) and corresponding 95%
confidence intervals (95% CI) of creatinine-corrected
biomarkers were calculated, and their natural logarithms
were compared using independent t tests. Using strati-
fied Cox proportional hazards models, based on the 16
strata of cases and non-cases (Table S1), we calculated
hazard ratios (95% Cls) for the association between VOC
biomarkers (tertiles of the creatinine-corrected biomark-
ers) with CRD death, according to the Barlow method for
analyzing the case-cohort design [18]. For these analyses,
the participants in all strata were weighted by the inverse
of the sampling fractions (inverse probability weighting).
We used age as the time metric in this study. By using
stratified Cox regression, individuals in each stratum are
compared with similar individuals with regards to age
group, sex, place of residence and current smoking. We
excluded biomarkers with more than 50% below the LOD
concentrations (2CaHEMA, 1CyHEMA, and TTCA)
from these analyses. The Cox models were adjusted for
age (continuous), ethnicity (Turkmen/non-Turkmen),
marital status (married/non-married), years of schooling
(0, <5, >5 years), BMI (< 18.5, 18.5-24.9, 25-29.9, > 30 kg/
m?) physical activity (tertiles), wealth score (tertiles), nass
use (never/ past/current), creatinine-corrected cotinine,
pack-years of smoking, and history of cardiovascular
events (myocardial infarction or stroke). The underlying
covariates were determined a priori, based on a com-
prehensive literature review. We calculated P-values for
trends using medians of biomarker concentrations in
each tertile and used multiple comparisons correction
with Benjamini and Hochberg’s method to false discov-
ery rate control [19]. Multiplicative interactions were
evaluated between the tertiles of biomarkers and smok-
ing status, by including interaction terms in the regres-
sion models. The proportionality of hazards was verified
using Schoenfeld’s global test. In a sensitivity analysis, we
used non-creatinine-corrected biomarker concentrations
and included creatinine as a covariate in the models to re-
evaluate our findings with another common method of
urinary biomarker studies as opposed to direct creatinine
correction. In another sensitivity analysis, we excluded
the first four years of follow-up (ie., n=63 individuals
who died from any cause in the first four years of follow-
up including 37 cases who died from CRDs) to decrease
the reverse causality bias due to the long-term pattern
of CRD development. There were no missing values for
VOC biomarkers in our study, except for 2CaHEMA and
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MADA in one urine sample. Physical activity levels were
missing in 13 cases and 23 non-cases, so we used sepa-
rate missing indicators to keep them in the models. All
statistical analyses were conducted with the Stata statisti-
cal software, version 17 (StataCorp, College Station, TX).

Results

The participants had a total of 6704 person-years of fol-
low-up, with a median (25th —75th percentiles) of 10.5
(8.1-11.2) years. The mean (SD) age at baseline was 58.0
(9.5) years and 251 (36.2%) were women. The mean (SD)
of age at death was 67.3 (10.2) in CRD cases. Among 149
cases who died from respiratory disease, 103 (69.1%) died
from chronic obstructive pulmonary disease, 20 (13.4%)
from asthma, and 26 (17.4%) from others/unspecified
respiratory diseases. The cases compared with non-
cases were more likely to have a low BMI, less formal
schooling, lower wealth scores, and less physical activ-
ity (Table 2). In both cases and non-cases, individuals in
the smoking subgroups were more likely to have a lower
BMI than participants of the non-smoking subgroups.
Medians (25th — 75th percentiles) of pack-years of ciga-
rette smoking were 23.0 (15.0-42.5) and 16.0 (4.3-31.0),
respectively, in cases and non-cases who reported ciga-
rette smoking.

Table 3 shows the GMs of biomarkers in cases and
non-cases. The concentrations of 2CyEMA, 2CoEMA,
MADA, and MCaMA were higher in cases who died
from CRDs compared to non-cases. The GMs of nearly
all biomarkers in participants who smoked tobacco were
higher than those who did not smoke (Table S5). Table S6
presents the correlations between creatinine-corrected
VOC biomarkers in the subcohort. Most biomarkers
derived from a common parent compound were highly
correlated (e.g., acrylamide, acrylonitrile, and acrolein
metabolites, with Pearson coefficients ranging from 0.75
to 0.93).

Table 4 shows associations between VOC biomarker
concentrations and CRD mortality in adjusted mod-
els. There was a significant association between the
highest tertile (vs. the lowest tertile) of acrolein bio-
marker 2CoEMA, (HR=3.53; 95%CIL: 1.53,8.16, p for
trend=0.0017) and CRD mortality. The styrene/ethyl-
benzene biomarker MADA was also significantly asso-
ciated with CRD mortality (HR 3rd vs. 1st tertile =3.24;
95%CI: 1.37,7.66, p for trend=0.0045). Including inter-
action terms between tertiles of these biomarkers and
smoking status did not change the results. Table 5 shows
that in both sensitivity analyses, the associations of these
acrolein and styrene/ethylbenzene biomarkers with CRD
mortality remained significant after using creatinine
adjustment in the model instead of direct creatinine cor-
rection, and after excluding the first four years of follow-
up. When we used creatinine adjustment in the model,



Nalini et al. Respiratory Research (2025) 26:88 Page 5 of 9

Table 2 Baseline characteristics of the cases and non-cases by smoking subgroups

Variables Cases Non-cases
All Smoking Non-smoking All Smoking Non-smoking
(n=149) (n=45) (n=104) (n=545) (n=185) (n=360)
Age (years) 60.41 (9.40) 60.51 (7.71) 60.36 (10.08) 57.38 (9.46) 56.60 (9.80) 57.79 (9.27)
Sex, women 52 (34.90) 2 (4.44) 50 (48.08) 199 (36.51) 19(10.27) 180 (50.00)
Residence, rural 117 (78.52) 31 (68.89) 86 (82.69) 404 (74.13) 133(71.89) 271 (75.28)
Ethnicity, Turkmen 105 (70.47) 36 (80.00) 69 (66.35) 377 (69.17) 133 (71.89) 244 (67.78)
Marital status, married 120 (80.54) 41 (91.11) 79 (75.96) 469 (86.06) 172 (92.97) 297 (82.50)
Previous cardiovascular events 18 (12.08) 3(6.67) 5(14.42) 44 (8.07) 17 (9.19) 27 (7.50)
Body-mass index (kg/m2) <185 (27 52) 19 (42.22) (21 15) 49 (8.99) 30(16.22) 19 (5.28)
18.5-24.9 5(50.34) 23(51.11) 2(50.00) 235(43.12) 92 (49.73) 143 (39.72)
25-29.9 (9 40) 3(6.67) ( 0.58) 160 (29.36) 44 (23.78) 116 (32.22)
>30 9(12.75) 0 9(18.27) 01 (18.53) 19(10.27) 82 (22.78)
Education No 118(79.19) 30 (66.67) 88 (84.62) 374 (68.62) 109 (58.92) 265 (73.61)
<5 years 8(12.08) 8(17.78) 10 (9.62) 92 (16.88) 39(21.08) 53(14.72)
>5 years 3(8.72) 7 (15.56) 6(5.77) 79 (14.50) 37 (20.00) 42 (11.67)
Wealth score Tst terile 2 (48.32) 25 (55.56) 47 (45.19) 223 (40.92) 74 (40.00) 149 (41.39)
2nd tertile (3242 ) 9(20.00) 39(37.50) 46 (26.79) 51(27.57) 95 (26.39)
3rd tertile 29 (19.46) 11 (24.44) 8(17.31) 176 (32.29) 60 (32.43) 116 (32.22)
Physical activity Tst terile 8(52.35) 23(51.11) 55(52.88) 183 (33.58) 45 (24.32) 138 (38.33)
2nd tertile 23 (15.44) 4(8.89) 9(18.27) 154 (28.26) 50(27.03) 104 (28.89)
3rd tertile 5(23.49) 15 (33.33) 20(19.23) 185 (32.94) 82 (44.32) 103 (28.61)
unknown 3(8.72) 3(6.67) 0(9.62) 23(4.22) 8(4.32) 15 (4.17)
Nass use Never users 111 (74.50) 36 (80.00) 75(72.12) 483 (88.62) 160 (86.49) 323(89.72)
Past users 9 (6.04) 1(2.22) 8(7.69) 15 (2.75) 5(2.70) 10 (2.78)
Current users 29 (19.46) 8(17.78) 21(20.19) 47 (8.62) 20(10.81) 27 (7.50)
Data are mean (SD) or n (%)
Table 3 Geometric means and 95% confidence intervals of volatile organic compound biomarkers (ug/g creatinine)

Cases (n=149) Non-cases (n=545)
2MHA 112.48(90.70,139.49) 109.26(99.05,120.52)
3&4MHA 499.88(407.61,613.04) 446.69(404.77,492.96)
2CaEMA 79.94(65.85,97.04) 76.35(70.48,82.72)
2CaHEMA 9.30(7.58,11.41) 8.86(7.98,9.84)
1CyHEMA 4.03(2.91,5.59) 3.35(2.87,3.91)
2CyEMA 9.50(6.48,13.93) 6.14(5.03,7.49)*
2HEMA 1.88(1.54,2.29) 1.92(1.73,2.13)
2CoEMA 134.20(115.96,155.31) 11.12(103.65,119.13)*
3HPMA 391.88(314.55,488.23) 34443( 14.30,377.44)
BzMA 6.50(5.43,7.78) 5.68(5.27,6.13)
MADA 335.14(298.69,376.03) 258.65(244.60,273.50)*
PhGA 77.48(61.66,97.37) 95.13(86.43,104.69)
PhMA 1.09(0.91,1.30) 1.03(0.94,1.12)
2HPMA 30.04(25.58,35.29) 31.40(29.06,33.92)
MCaMA 230.76(193.59,275.07) 178.84(163.54,195.57)*
34HBMA 351.15(312.46,394.63) 338.54(322.27,355.63)
4HBeMA 9.52(7.51,12.06) 8.94(8.13,9.83)
3HMPMA 377.51(307.52,463.42) 350.47(319.80,384.08)
4HMBeMA 6.29(4.76,8.31) 5.62(4.96,6.37)
TTCA 8.01(6.40,10.03) 6.90(6.09,7.82)

*p <0.05. Abbreviations are defined in Table 1
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Table 4 Associations of volatile organic compound biomarker tertiles and chronic respiratory disease mortality in the Golestan cohort

study
2nd vs. 1% tertile 3rd vs. 1st tertile P for trend Corrected reference P values*

2MHA 1.10(0.56,2.17) 1.44(0.70,2.96) 0.3020 0.0265
3&4MHA 1.20(0.53,2.74) 149(0.71,3.14) 0.3000 0.0235
2CaEMA 0.85(0.40,1.79) 0.75(0.30,1.90) 0.6072 0.0441
2CyEMA 1.02(0.49,2.11) 1.43(0.48,4.28) 04726 0.0324
2HEMA 0.34(0.15,0.76) 0.60(0.27,1.32) 0.6783 0.0471
2CoEMA 1.56(0.64,3.79) 3.53(1.53,8.16) 0.0017t 0.0029
3HPMA 0.83(0.38,1.83) 3. 08(0 92,10.35) 0.0444 0.0088
BzMA 0.72(0.35,1.47) 11(0.54,2.28) 0.5238 0.0353
MADA 1.17(0.53,2.60) 3. 24( .37,7.66) 0.0045t 0.0059
PhGA 042(0.19,0.93) 0.64(0.33,1.24) 0.2840 0.0206
PhMA 0.54(0.26,1.13) 0.75(0.38,1.46) 0.5853 0.0412
2HPMA 0.55(0.26,1.17) 1.30(0.63,2.70) 0.3659 0.0294
MCaMA 0. 97(0 48,1.93) 1.98(0.79,4.95) 0.1080 0.0118
34HBMA 01(0.46,2.20) 1.16(0.51,2.66) 0.7035 0.0500
4HBeMA 0. 62(0 27,1.39) 1 36(0 51,3.65) 0.2495 0.0176
3HMPMA 0.66(0.31,1.43) 21(043,343) 0.5250 0.0382
4HMBeMA 1.17(0.55,2.47) 1 .87(0.69,5,1 2) 0.2435 0.0147

Data are hazard ratios (95% confidence intervals), stratified by age groups, sex, residence, and smoking status, and adjusted for age (years), ethnicity, marital status,
education, wealth score, body-mass index, nass use, physical activity, cotinine-creatinine ratio, pack-years of smoking, and history of previous cardiovascular events.
The first tertiles were the reference categories. *P value of 0.05 with a false discovery rate control (i.e., 0.05x(the unadjusted p-value rank/the total number of
biomarker comparisons)). tSignificant associations with a false discovery rate control. Abbreviations are defined in Table 1

Table 5 Sensitivity analyses for the associations of volatile organic compound biomarkers and chronic respiratory disease mortality in
the Golestan cohort study

2MHA
384MHA
2CaEMA
2CyEMA
2HEMA
2CoEMA
3HPMA
BzMA
MADA
PhGA
PhMA
2HPMA
MCaMA
34HBMA
4HBeMA
3HMPMA
4HMBeMA

Based on adjusted models for creatinine* Excluding the first 4 years of the follow-up
(149 cases and 545 non-cases) (112 cases and 519 non-cases)
2nd vs. 1! tertile 3rd vs. 1st tertile 2nd vs. 1! tertile 3rd vs. 1st tertile
1.52(0.76,3.05) 1.36(0.64,2.88) 0.87(0.37,2.04) 1.43(0.62,3.31)
130( .64,2.60) 1.08(0.51,2.31) 1.09(0.39,3.07) 1.39(0.58,3.32)
21(0.52,2.83) 0.80(0.27,2.37) 0. 79(0 34,1.85) 0.75(0.26,2.12)
1 36(0 59,3.16) 1.99(0.59,6.73) 11(0.49,2.51) 1.45(0.45,4.74)
0.54(0.25,1.17) 0.64(0.28,1.46) 41(0.18,0.95) 0.44(0.17,1.10)
1.43(0.61,3.33) 3.96(1.34,11.67) 1 OZ(O 39,2.68) 2.85(1.16,7.01)
1.04(0.41,2.65) 3.58(1.12,11.50) 91(0.37,2.22) 2.27(0.56,9.16)
0.70(0.33,1.47) 1.28(0.57,2.88) 0. 92(0 40,2.10) 0.94(041,2.14)
1.72(0.69,4.27) 5.97(1.99,17.92) 61(0.60,4.33) 3.82(1.29,11.29)
0. 36(0 17,0.78) 0.47(0.18,1.23) 040( 15,1.01) 0.59(0.28,1.24)
51(0.23,1.10) 0.90(0.39,2.08) 51(0.21,1.22) 0.50(0.23,1.12)
0. 93(0 43,2.04) 1.42(0.60,3.35) 0. 48( 19,1.22) 1.17(0.51,2.68)
1.45(0.65,3.26) 1.76(0.66,4.72) 1.12(0.50,2.51) 2.20(0.85,5.72)
0.89(0.38,2.13) 0.87(0.25,2.99) 0.77(0.29,2.06) 1.11(0.42,2.89)
0.65(0.25,1.65) 2.33(0.70,7.74) 0.63(0.25,1.58) 1.08(0.37,3.12)
096(0 41,2.25) 1.95(0.61,6.17) 0.62(0.26,1.49) 0.97(0.31,2.99)
11(0.42,2.89) 2.55(0.65,9.95) 1.26(0.53,2.99) 1.77(0.57,5.56)

Data are hazard ratios (95% confidence intervals), stratified by age groups, sex, residence, and smoking status, and adjusted for age (years), ethnicity, marital status,
education, wealth score, body-mass index, nass use, physical activity, cotinine-creatinine ratio, pack-years of smoking, and history of previous cardiovascular
events. The first tertiles were the reference categories. *Using non-creatinine-corrected biomarkers in the models with creatinine as an independent covariate.
Abbreviations are defined in Table 1

as opposed to direct creatinine correction, the highest Discussion
tertile of another acrolein biomarker, 3HPMA, showed In this population-based case-cohort analysis, we found
a significant association with CRD death (HR=3.58; that biomarkers of acrolein and styrene/ethylbenzene

95%CI: 1.12,11.50).

were strongly associated with mortality from CRDs.
These associations were independent of tobacco smoking
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intensity and duration, indicating the importance of non-
tobacco sources of these VOCs in CRDs. Our findings
persisted after excluding the first four years of the follow-
up to show the stability of associations over time.

A previous history of CRDs may affect the concentra-
tions of urinary VOC biomarkers. Because inhalation is
the main route of VOC exposure, the absorption of some
VOCs might be limited during the more advanced stages
of disease progression. Either pathologic changes of respi-
ratory system or modification of the patients’ behaviors
during the chronic course of the disease may play a role
in this observation. This can lead to reverse causation,
showing biased “protective” associations between VOC
biomarkers and respiratory diseases. The bias particularly
poses as a limitation for cross-sectional and case-control
studies assessing inhaled toxicants and respiratory dis-
eases. For example, in a case-control study of the asso-
ciation between urinary VOC biomarkers and childhood
asthma, the concentration of a styrene/ethylbenzene
metabolite in asthmatic patients was significantly lower
than healthy controls, and in the final regression model,
after adjustment for age, gender, and BMI, the metabo-
lite showed a protective association with the outcome
[20]. Likewise, in a cross-sectional study to evaluate VOC
exposures and the risk of chronic obstructive pulmonary
disease in a random sample of the U.S. population, the
blood concentrations of several VOCs tended to be lower
in cases than healthy controls [21]. While reverse causal-
ity is an important limitation of these study designs, in
our prospective cohort, we addressed this limitation by
excluding individuals with a history of CRD and through
sensitivity analyses of starting follow up 4 years after the
baseline to further assess any potential bias.

Acrolein is a reactive unsaturated aldehyde with nega-
tive impacts on health (a probable human carcinogen)
[22]. In the general population, the most important
sources of acrolein exposure are tobacco smoke and over-
heated cooking oils. Biomass combustion and vehicle
exhaust are other important sources [22]. Many stud-
ies in animal models have shown that acrolein is a seri-
ous threat to the respiratory system, however, limited
epidemiologic studies are available about its respiratory
effect [23]. Previous theoretical methods to provide a
hazard prioritization for chemical constituents of ciga-
rette smoke indicated that for respiratory diseases, acro-
lein outweighed all other constituents [24, 25]. Our
results showed that acrolein biomarkers, especially
2CoEMA, were associated with subsequent CRD mor-
tality in the general population. This association per-
sisted after excluding the first four years of follow-up. In
line with our results, some studies showed the associa-
tion of urinary acrolein metabolites with a reduced lung
function [11, 26] or respiratory disease [20]. In a study,
forced expiratory volume in the first second (FEV1)%
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predicted, an indicator of the severity of airflow obstruc-
tion, was associated with urinary metabolites of acrolein
in the U.S. adults [11]. A Chinese population-based adult
cohort indicated an inverse relationship between acrolein
exposure and pulmonary function tests cross-sectionally
and during 3 years of follow-up. This relationship was
aggravated/mediated by oxidative DNA damage, inflam-
mation, and pulmonary epithelium injury that are asso-
ciated with the onset and development of pulmonary
diseases [26].

The styrene/ethylbenzene metabolite, MADA, in our
study, had a strong and consistent association with CRD
mortality, which was observed even after excluding the
first four years of follow-up. Styrene is a high production
volume chemical used in the manufacturing of reinforced
plastics and synthetic rubbers [27, 28]. Ethylbenzene is
almost exclusively used as an intermediate for styrene
production [29]. The main routes of styrene exposure in
the general population are inhalation of ambient air and
cigarette smoke. Exposure by ingestion, e.g., microplas-
tics in the aquatic environment or food packaging mate-
rials, may also significantly contribute to total exposure
[27, 28]. Exposure to styrene is suspected to be related
to adverse health outcomes, particularly neurologic dis-
orders and cancers, and IARC has classified styrene as a
probable human carcinogen [30]. However, according to
the available evidence, chronic respiratory toxicity is not
considered a known major concern for styrene exposure
in human studies [7, 27]. Results of occupational studies
about CRDs induced by styrene exposure are not con-
clusive [31]. For example, a study of boat-building work-
ers reported a twofold increase in CRD mortality related
to potentially high levels of environmental styrene [32].
However, a cohort study of 22,785 synthetic rubber
industry employees (1943-2009) found that environ-
mental styrene exposure was not related to non-malig-
nant respiratory disease mortality [33]. A study showed
that the healthy worker survivor bias—healthier workers
stay employed longer—can strongly affect the results of
styrene exposure health consequences in occupational
cohorts [34]. Some studies from the National Health
and Nutrition Examination Survey (NHANES), among
the U.S. general population, evaluated the association of
VOC exposures with spirometry-measured pulmonary
function tests (i.e., FEV1 to forced vital capacity (FVC)
ratio and FEV1% predicted).'*!"*> Among them, two
studies found reduced pulmonary functions associated
with styrene exposure [11, 35]. However, the changes in
pulmonary function tests observed in these cross-sec-
tional studies may have been transient or reversible [35].
Our longitudinal study, for the first time, found an asso-
ciation between the urinary metabolite of styrene and
CRD mortality in the general population.



Nalini et al. Respiratory Research (2025) 26:88

Some strengths of this study included using data from
a general population-based cohort with a high partici-
pation rate and long-term follow-up, excluding partici-
pants with chronic respiratory diseases at baseline and
in sensitivity analyses, highly reliable urinary VOC mea-
surements by the CDC with rigorous quality control and
quality assurance procedures, the hard outcome con-
firmed by a team of expert physicians, and the availabil-
ity of several important covariates to minimize residual
confounding. In this study design, all cases were included
in 16 strata, while subcohort participants were randomly
selected for each stratum. Weighted hazard ratios (HRs)
were calculated as if the entire cohort had been used.
This is an efficient way to reduce biomarker measure-
ment costs while preserving the generalizability to the
entire cohort and the temporal relationship between the
exposure and the outcome [36]. Although tobacco smok-
ing is the predominant risk factor for death due to CRDs,
the association of an individual VOC with an outcome
can be strongly affected by many other constituents in
tobacco smoke. In this study to account for these con-
stituents we stratified by smoking status and adjusted for
urinary cotinine and pack-years of smoking. Cotinine is
a specific nicotine metabolite and a well- known quanti-
tative indicator of recent tobacco consumption. Urinary
cotinine is a sensitive medium for the detection of even
low-level exposure to tobacco smoke (e.g., second hand)
as well as other nicotine-containing products [37].

Nevertheless, our study has some limitations. Urinary
biomarkers were only measured in a single-spot urine
sample, so potential changes in environmental sources
and within individual variability in the uptake and metab-
olism of VOCs during the follow-up can bias our associa-
tions. However, using data of two urine sample taken 5
years apart from the same GCS participants, we previ-
ously found that many tobacco VOC biomarkers could
be useful for exposure assessment in longitudinal stud-
ies, especially in the presence of strong sources of expo-
sures such as tobacco smoking. Data of passive smoking
were not collected in the GCS; however, the models were
adjusted for urinary cotinine levels to diminish this limi-
tation. The relatively small number of cases was another
limitation that prevented us from conducting subgroup
analysis. Although sources of parent VOCs may be dif-
ferent between the GCS and other populations; it cannot
affect the direct associations observed between the uri-
nary VOC biomarker concentrations and the outcome.
Thus, the associations are applicable to other populations
that are exposed to these compounds. Furthermore, we
previously showed that the concentrations of VOC bio-
markers were almost similar between general popula-
tions of the U.S. adult and GCS.

We found strong evidence for the role of VOC expo-
sure in CRD mortality. Our study showed that the urinary
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metabolites of acrolein and styrene/ethylbenzene, mea-
sured in samples collected many years before the out-
come, were associated with respiratory death among the
general population independent of tobacco smoking.
These results highlight the importance of controlling
the exposure to the main sources of acrolein (burning
organic materials) and styrene/ethylbenzene (i.e., plastics
and synthetic rubbers), in addition to tobacco smoking.
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