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ARTICLE INFO ABSTRACT
Keywords: Significance: Determining if tobacco-related biomarkers of exposure (BOE) are associated with respiratory
Nicotine symptoms is an important public health tool that can be used to evaluate the potential harm of different tobacco
Biomarkers roducts

. p .
Cigarette

Methods: Adult data from people who exclusively smoked cigarettes (N = 2,438) in Waves 1-4 (2013-2017) of
the Population Assessment of Tobacco and Health Study were stacked to examine associations between baseline
and follow-up within wave pairs (W1-W2, W2-W3, W3-W4). Weighted generalized estimating equation models
were used to evaluate associations between biomarkers of nicotine, tobacco-specific nitrosamines, acrolein,
acrylonitrile, cadmium, and lead at baseline/follow-up and respiratory symptom(s) (wWheezing/whistling in the
chest, wheezing during exercise, and/or dry cough in the past 12 months) at follow-up.

Resuits: Higher acrolein metabolite (CEMA) levels at follow-up were associated with increased odds of respiratory
symptoms at follow-up for people who exclusively smoked cigarettes (aOR = 1.34; 95% CI = 1.06, 1.70),
including when limited to those without a diagnosed respiratory disease (aOR = 1.46; 95% CI = 1.12, 1.90) and
those who smoked daily (aOR = 1.40; 95% CI = 1.06, 1.84). Higher cadmium levels at baseline (while con-
trolling for follow-up levels) were associated with reduced odds of respiratory symptoms at follow-up (aOR =
0.80; 95% CI = 0.65, 0.98) among people who exclusively smoked cigarettes without a respiratory disease. There
were no significant associations between baseline/follow-up BOE and follow-up respiratory symptoms for people
who smoked cigarettes non-daily.

Conclusions: This research supports measuring biomarkers of acrolein, such as CEMA, as a potential intermediate
measurement for increased respiratory symptom development. Measuring these biomarkers could help alleviate
the clinical burden of respiratory disease.

Public health

1. Introduction harmful constituents (HPHCs).(US Food and Drug Administration,
2012) Some of these constituents (e.g., acrolein) are classified as res-

Measuring biomarkers from urine or other biological matrices allows piratory toxicants, and others (e.g., NNAL) are associated with devel-
epidemiological research to biochemically verify tobacco product use opment of lung cancer.(Vineis et al., 2004; Hecht, 2003) Cigarette
(Edwards et al., 2021) and estimate exposure to harmful or potentially smoking is associated with respiratory disease onset (i.e., Chronic
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Obstructive Pulmonary Disease [COPD](Paulin et al., 2022), asthma(US
Department of Health and Human Services, 2014) and increased respi-
ratory symptoms in the absence of respiratory disease, including
wheezing and dry cough.(Sargent et al., 2022; Li et al., 2020; Tanski
et al., 2022) Disease onset can take decades to develop after exposure to
toxicants. Understanding associations between biomarkers of nicotine/
tobacco exposure (BOE) and respiratory symptoms provides an impor-
tant intermediate measure.

Much of the research surrounding BOE and respiratory symptoms
has focused on how second-hand smoke (SHS) exposure impacts respi-
ratory disease or symptom development, with a particular focus on
youth.(Wang et al., 2020; Spanier et al., 2011) Among a cohort of 367
infants, serum cotinine at birth was a better predictor of wheezing two
years later than maternal self-reported cigarette smoking,(Spanier et al.,
2011) highlighting the relationship between BOE and respiratory
symptoms.(Dai and Khan, 2020) However, research among people who
smoke cigarettes has focused more on biomarkers of respiratory symp-
toms (i.e., exhaled nitric oxide(Malinovschi et al., 2006) and/or Clara
cell protein in nasal lavage fluid(Van Miert et al., 2011) or inflammation
(i.e., sputum analysis(Hatsukami et al., 2006) and not BOE. Continued
research exploring whether BOE are associated with respiratory symp-
toms is an important public health tool that can be used to evaluate the
potential harm of different tobacco products before onset of symptoms
occurs.

This analysis draws upon data from the Population Assessment of
Tobacco and Health (PATH) Study to assess the relationship between
BOE (measured at baseline and follow-up) and respiratory symptom(s)
at follow-up over three 1-year periods among adults who exclusively
smoked cigarettes from 2014 to 2017 (Waves [W] 1-4). By stacking
longitudinal wave pairs (W1-W2, W2-W3, W3-W4), we account for
changes in tobacco product use over the 4-year period. Seven BOE were
included, including compounds classified as respiratory toxicants, those
associated with development of lung cancer, and measures of nicotine
intake.(US Food and Drug Administration, 2012).

2. Methods
2.1. Study design and sample

Data were selected from W1-W4 of the PATH Study, a national
longitudinal cohort survey of U.S. youth and adults.(Hyland et al., 2017)
Survey data were collected in participants’ households using computer-
assisted self-interviews administered in English or Spanish, as appro-
priate. Survey and biospecimen data were collected from adults in
2013-2014 (W1), 2014-2015 (W2), 2015-2016 (W3), and 2016-2017
(W4). All adult W1 interview respondents were asked to provide urine
samples, and a stratified probability sample of 11,522 respondents was
analyzed and asked for urine in subsequent waves. Among these par-
ticipants (W1 Biomarker Core), 9,012 provided urine specimens for
analysis at W2, 7,673 provided them at W3, and 6,712 provided them at
W4. Analyses were restricted to adults aged 18 or older from the W1
Biomarker Core who participated in W1-W4 surveys, provided urine
samples for biomarker analysis in W1-W4, and identified as an exclusive
current established cigarette smoker in W1, W2, and/or W3 (N = 2,438).
Exclusive current established cigarette smoking was defined as having
smoked > 100 cigarettes in lifetime, currently smoking every day or
some days, and not currently using (every day or some days) e-ciga-
rettes, cigars (cigarillos, filtered cigars, and traditional cigars), pipes,
waterpipes/hookahs, smokeless tobacco, or snus.

2.2. Measures

2.2.1. Biomarkers of nicotine/tobacco exposure (BOE)

Urine samples from W1-W4 were analyzed for relevant BOE
including nicotine and its metabolites(Feng et al., 2021) (e.g., cotinine,
TNE2), tobacco specific nitrosamines (TSNAs),(Xia et al., 2021) volatile
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organic compounds (VOCs),(De Jesus et al., 2020) and metals([20]) at
the Centers for Disease Control and Prevention (CDC) laboratories. BOE
included in this analysis: total nicotine equivalents-2 (TNE2); TSNAs 4-
(Methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) and N’-Nitro-
sonornicotine (NNN); VOCs acrolein (CEMA) and acrylonitrile (CYMA);
and metals cadmium and lead. TNE2 was calculated as the molar sum of
the imputed cotinine and trans-3'-hydroxycotinine values from urine.
The percent of samples for BOE that were below the limit of detection
(LOD) were as follows: CEMA (0.23%), CYMA (0.60%), TNE2 (0.10%),
NNAL (0.64%), NNN (16.70%), cadmium (5.33%), and lead (0.14%).
Any result value below the LOD was imputed with a standard value of
LOD/square root of 2.(United States Department of Health and Human
Services, 2022).

2.2.2. Participant characteristics

Baseline sociodemographic characteristics were assessed at W1-W3
and included age, sex, race, ethnicity, and highest level of education
completed (see Table 1). At W1, missing data on age, sex, race, and
ethnicity were imputed.(United States Department of Health and
Human Services, 2022) Age was included as a continuous variable.
Additional participant characteristics also were assessed at baseline
(W1, W2, or W3): SHS exposure (anyone who lives with you now smokes
cigarettes, cigars, cigarillos, or filtered cigars; yes/no), household rule
on the use of combustible tobacco products (not allowed/allowed in
some places/allowed in all places), pack-years,(Sargent et al., 2022) past
30-day (P30D) cannabis use (yes/no), cigarettes smoked per month (per
30D), and P30D use of menthol cigarettes (yes/no). Pack-years were
winsorized by reassigning values from the 99th percentile to the top and
bottom 1% of values to reduce undue influence of outliers.(Rivest,
1994).

2.2.3. Respiratory disease and symptoms

Diagnosed respiratory disease(s) at baseline (W1, W2, or W3) was
defined as ever having been diagnosed with emphysema, asthma, COPD,
chronic bronchitis, and/or another respiratory disease (yes/no). Respi-
ratory symptom(s) at follow-up (W2, W3, W4) were assessed as past 12-
month wheezing and/or whistling in the chest, wheezing during exer-
cise, and/or dry cough (yes/no). A single dichotomous outcome variable
was created for any respiratory symptoms versus no symptoms.

2.3. Statistical Analyses

All BOE values were standardized for creatinine and natural log-
transformed prior to analysis. Generalized estimating equation (GEE)
models were used to evaluate associations between BOE (measured at
baseline and follow-up) and respiratory symptom(s) at follow-up over
three one-year periods (W1-W2, W2-W3, W3-W4). GEE logistic re-
gressions specified unstructured covariance and within-person correla-
tion matrices, and the binomial distribution of the dependent variable
was specified using the logit link function. Analyses using the W1-W4
Restricted Use Files and Biomarker Restricted Use Files were weighted
using the W4 “all-waves” urine weights, which included full-sample and
100 replicate weights, to produce nationally representative estimates.
(United States Department of Health and Human Services, 2022) Vari-
ances were computed using the balanced repeated replication method
with Fay’s adjustment set to 0.3. All analyses were conducted using
Stata/MP 17.0 (https://www.stata.com/statamp/).

GEEs were conducted among all adults who exclusively smoked
cigarettes (N = 2,438) and separately among adults who exclusively
smoked cigarettes without a diagnosed respiratory disease (N = 1,863)
at baseline. In supplemental materials, we further stratified the results to
adults who exclusively smoked cigarettes daily (N = 2,110) and adults
who exclusively smoked cigarettes nondaily (N = 498) at baseline. All
models were adjusted for age, sex, race, ethnicity, education, SHS
exposure, household rule on the use of combustible tobacco products,
pack-years, and P30D cannabis use. In models that did not exclude
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Table 1

Respiratory symptom(s), biomarkers of nicotine/tobacco exposure (BOE), soci-
odemographic characteristics, health conditions, and tobacco-related charac-
teristics of adults who exclusively smoke cigarettes in Waves 1-4 of the PATH

Study.

Adults who Exclusively

Smoke Cigarettes

Adults who Exclusively

Smoke Cigarettes

without Respiratory

Disease(s)
Weighted 95% CI Weighted 95% CI
M or % M or %
Baseline respiratory 55.34 51.98, 46.51 42.57,
symptom(s) 58.64 50.49
Follow-up respiratory 52.57 49.99, 45.54 42.60,
symptom(s) 55.14 48.52
BOE
Baseline TNE2 (nmol/mg 0.35 0.33, 0.32 0.30,
creau) 0.37 0.34
Baseline NNAL (pg/mg 2.36 2.24, 2.22 2.09,
creau) 2.48 2.38
Baseline NNN (pg/mg 0.11 0.10, 0.10 0.10,
creau) 0.11 0.11
Baseline CEMA (ng/mg 2.80 2.72, 2.75 2.61,
creau) 2.92 2.89
Baseline CYMA (ng/ml 1.36 1.31, 1.31 1.23,
creau) 1.43 1.38
Baseline Cadmium (pg/ 2.69 2.55, 2.45 2.33,
mg creau) 2.82 2.58
Baseline Lead (pg/mg 4.47 4.34, 4.38 4.25,
creau) 4.56 4.56
Follow-up TNE2 (nmol/ 0.27 0.25, 0.25 0.23,
mg creau) 0.29 0.28
Follow-up NNAL (pg/mg 2.03 1.91, 1.91 1.78,
creau) 2.16 2.05
Follow-up NNN (pg/mg 0.09 0.09, 0.09 0.08,
creau) 0.10 0.10
Follow-up CEMA (ng/mg 2.69 2.61, 2.64 2.53,
creau) 2.80 2.75
Follow-up CYMA (ng/ml 1.15 1.08, 1.09 1.02,
creau) 1.22 1.17
Follow-up Cadmium (pg/ 2.85 2.69, 2.63 2.48,
mg creau) 3.00 2.77
Follow-up Lead (pg/mg 4.30 4.17, 4.25 4.09,
creau) 4.43 4.38
Sociodemographics
Age (years) 41.76 41.05, 40.78 39.97,
42.48 41.59
Sex
Male 44.97 42.44, 47.82 44.86,
47.53 50.81
Female 55.03 52.47, 52.18 49.19,
57.56 55.14
Race
White 79.46 77.43, 79.04 76.60,
81.25 82.30
Black 14.10 12.37, 15.08 12.97,
16.02 17.47
Asian 1.55 1.15, 1.73 1.24,
2.10 2.42
Other (includes 2 + 4.89 4.24, 4.14 3.53,
races) 5.64 4.84
Ethnicity
Non-Hispanic 89.46 88.01, 90.95 89.88,
90.76 91.91
Hispanic 10.54 9.24, 9.05 8.09,
11.99 10.12
Educational attainment
Less than high school, 25.29 23.30, 24.84 22.61,
some high school (no 27.40 27.22
diploma), or GED
High school graduate- 29.53 27.15, 30.12 27.35,
diploma 32.03 33.03
Some college (no degree) 35.21 32.67, 33.93 30.96,
or associate degree 37.84 37.04
Bachelor’s degree 8.09 7.16, 9.16 8.02,
9.14 10.44
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Table 1 (continued)

Adults who Exclusively ~ Adults who Exclusively

Smoke Cigarettes Smoke Cigarettes
without Respiratory
Disease(s)

Weighted 95% CI Weighted 95% CI

M or % M or %
Advanced degree 1.87 1.49, 1.95 1.50,
2.34 2.53
Health Conditions
Diagnosed respiratory 24.37 22.27, - -
disease(s) 26.60
Asthma 14.24 12.41, - -
16.29
COPD 6.75 5.60, - -
8.10
Emphysema 3.84 2.84, - -
5.17
Chronic bronchitis 8.13 6.85, - -
9.63
Other 4.16 3.44, - -
5.03
Tobacco-related
Characteristics
Secondhand smoke 61.86 59.39, 59.85 56.94,
exposure 64.27 62.70
Household rule on use of
combustible tobacco
products
Not allowed 54.74 52.16, 57.54 54.52,
57.30 60.49
Allowed in some places 26.37 24.01, 25.05 22.34,
28.87 27.97
Allowed in all places 18.89 17.14, 17.41 15.43,
20.77 19.59
Pack years 19.33 18.07, 16.40 15.40,
20.59 17.40
P30D cannabis use 18.01 16.98, 24.35 21.61,
19.03 27.33
Cigarettes per month (30D) 456.39 402.87, 416.55 396.22,
509.92 436.87
P30D menthol cigarette use 38.47 36.02, 40.93 37.99,
40.99 43.93

M = Geometric mean; CI = confidence interval; P30D = past 30 day; COPD =
chronic obstructive pulmonary disease; Creau = creatinine. Notes: Geometric means
and percentages are based on weighted data using Wave 4 “all-waves” urine
weights; All BOEs were creatinine-standardized and natural log-transformed
prior to analysis.

participants with a diagnosed respiratory disease, it was included as a
covariate.

3. Results

Table 1 shows descriptive statistics for respiratory symptoms, BOE,
and participant characteristics for all adults who exclusively smoked
cigarettes and those without a diagnosed respiratory disease at baseline.
Supplemental Table 1 shows the same outcomes for adults who exclu-
sively smoked cigarettes stratified by daily and non-daily smoking at
baseline.

3.1. Adults who exclusively smoked cigarettes

GEE outcomes in Table 2 show that regardless of baseline respiratory
symptoms, higher levels of CEMA at follow-up (while controlling for
baseline levels) were associated with increased odds of respiratory
symptom(s) at follow-up (aOR = 1.34; 95% CI = 1.06, 1.70).

Having a diagnosed respiratory disease (aOR = 2.89; 95% CI = 2.21,
3.78), living in a household where combustible products are allowed in
some (aOR = 1.41; 95% CI = 1.03, 1.93) or all (aOR = 1.38; 95% CI =
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Table 2
Correlates of respiratory symptoms at follow-up (Waves 2-4) among adults who exclusively smoke cigarettes at baseline (Waves 1-3) of the PATH Study.
Adults who Exclusively Smoke Cigarettes Adults who Exclusively Smoke Cigarettes without Respiratory
Disease(s)
n = 4,478 observations n = 3,361 observations
n = 2,438 participants n = 1,863 participants
Respiratory Symptom(s) at Follow-up Respiratory Symptom(s) at Follow-up
Yes No Yes No
Factors Weighted 95% CI Weighted 95% CI aOR 95% Weighted 95% CI Weighted 95% CI aOR 95%
M or % M or % CI M or % M or % CI
BOE
Baseline TNE2 (nmol/mg 0.43 0.40, 0.28 0.25, 1.07 0.94, 0.40 0.37, 0.27 0.24, 1.06 0.92,
creau) 0.45 0.30 1.23 0.43 0.30 1.23
Baseline NNAL (pg/mg 2.71 2.55, 2.03 1.86, 1.03 0.83, 2.55 2.36, 1.99 1.80, 0.95 0.78,
creau) 2.88 2.20 1.27 2.77 2.20 1.16
Baseline NNN (pg/mg 0.12 0.11, 0.09 0.09, 0.90 0.79, 0.11 0.10, 0.10 0.09, 0.89 0.77,
creau) 0.13 0.11 1.03 0.12 0.11 1.04
Baseline CEMA (ng/mg 3.00 2.86, 2.61 2.48, 0.88 0.72, 2.94 2.75, 2.59 2.44, 0.84 0.67,
creau) 3.16 2.77 1.08 3.13 2.75 1.06
Baseline CYMA (ng/ml 1.58 1.51, 1.16 1.07, 1.07 0.89, 1.55 1.45, 1.13 1.04, 1.19 0.97,
creau) 1.68 1.26 1.27 1.67 1.23 1.47
Baseline Cadmium (pg/mg 2.91 2.69, 2.45 2.29, 0.88 0.73, 2.53 2.33, 2.41 2.22, 0.80 0.65,
creau) 3.12 2.61 1.05 2.74 2.55 0.98
Baseline Lead (pg/mg 4.65 4.47, 4.25 4.09, 1.05 0.91, 4.65 4.43, 4.21 4.01, 1.18 0.99,
creau) 4.84 4.43 1.22 4.89 4.38 1.39
Follow-up TNE2 (nmol/mg 0.34 0.31, 0.21 0.18, 0.99 0.91, 0.32 0.29, 0.20 0.18, 1.00 0.91,
creau) 0.38 0.34 1.08 0.36 0.23 1.10
Follow-up NNAL (pg/mg 2.41 2.24, 1.68 1.52, 0.95  0.83, 2.29 2.09, 1.65 1.47, 0.94  0.80,
creau) 2.61 1.84 1.09 2.50 1.82 1.11
Follow-up NNN (pg/mg 0.10 0.09, 0.08 0.08, 0.93 0.82, 0.10 0.09, 0.08 0.08, 0.95 0.81,
creau) 0.11 0.09 1.05 0.11 0.09 1.11
Follow-up CEMA (ng/mg 2.97 2.83, 2.44 2.32, 1.34 1.06, 2.94 2.77, 2.39 2.25, 1.46 1.12,
creau) 3.13 2.56 1.70 3.13 2.53 1.90
Follow-up CYMA (ng/ml 1.38 1.28, 0.94 0.87, 1.11 0.96, 1.35 1.22, 0.92 0.84, 1.10 0.93,
creau) 1.49 1.03 1.28 1.49 1.01 1.29
Follow-up Cadmium (pg/ 3.09 2.88, 2.58 2.41, 1.01 0.82, 2.74 2.53, 2.53 2.33, 1.02 0.82,
mg creau) 3.31 2.77 1.25 2.94 2.74 1.27
Follow-up Lead (pg/mg 4.47 4.30, 4.09 3.89, 1.04 0.87, 4.43 4.21, 4.09 3.85, 1.01 0.82,
creau) 4.70 4.30 1.25 4.70 4.30 1.24
Sociodemographics
Age (years) 42.62 41.61, 40.82 39.82, 1.00 0.98, 41.02 39.82, 40.59 39.48, 0.99 0.98,
43.63 41.82 1.01 42.21 41.70 1.01
Sex
Male 42.60 39.23, 47.60 43.83, - - 45.78 41.67, 40.59 39.48, - -
46.05 51.40 49.95 41.70
Female 57.40 53.95, 52.40 48.60, 1.13 0.89, 54.22 50.05, 50.47 46.26, 1.22 0.93,
60.77 56.17 1.44 58.33 54.67 1.61
Race
White 82.32 80.02, 76.29 72.86, - - 82.61 79.90, 76.06 72.18, - -
84.42 79.41 85.02 79.55
Black 11.23 9.50, 17.28 14.32, 0.63 0.45, 11.83 9.75, 17.81 14.49, 0.57 0.39,
13.23 20.70 0.89 14.28 21.70 0.82
Asian 0.91 0.53, 2.27 1.57, 0.72 0.25, 1.03 0.05, 2.32 1.56, 0.76 0.28,
1.54 3.27 2.09 1.94 3.43 2.11
Other (includes 2 + races) 5.54 4.53, 4.17 3.41, 1.35 0.95, 4.54 3.66, 3.81 3.02, 1.32 0.87,
6.76 5.08 1.92 5.62 4.79 2.00
Ethnicity
Non-Hispanic 90.06 87.80, 88.80 86.90, - - 92.59 91.17, 89.58 87.95, - -
91.94 90.46 93.79 91.01
Hispanic 9.94 8.06, 11.20 9.54, 0.85 0.63, 7.41 6.21, 10.42 8.99, 0.79 0.55,
12.20 13.10 1.13 8.83 12.05 1.12
Educational attainment
Less than high school, some  27.72 24.78, 22.61 20.09, - - 27.84 24.36, 22.34 19.58, - -
high school (no diploma), 30.87 25.35 31.61 25.36
or GED
High school graduate- 26.83 23.96, 32.53 28.78, 0.70 0.52, 26.40 23.11, 33.24 29.10, 0.68 0.50,
diploma 29.91 36.52 0.96 29.98 37.62 0.93
Some college (no degree) 37.03 33.54, 33.20 29.56, 0.93 0.74, 35.59 31.31, 32.55 28.51, 0.95 0.73,
or associate degree 40.66 37.05 1.18 40.12 36.85 1.24
Bachelor’s degree 6.82 5.67, 9.50 8.05, 0.92 0.67, 8.45 6.93, 9.75 8.16, 1.01 0.70,
8.18 11.18 1.27 10.26 11.62 1.46
Advanced degree 1.60 1.13, 217 1.60, 0.70 0.37, 1.72 1.12, 2.14 1.54, 0.73 0.36,
2.24 2.93 1.33 2.63 2.96 1.47

(continued on next page)
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Table 2 (continued)
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Adults who Exclusively Smoke Cigarettes

Adults who Exclusively Smoke Cigarettes without Respiratory
Disease(s)

n = 4,478 observations

n = 3,361 observations

n = 2,438 participants

n = 1,863 participants

Respiratory Symptom(s) at Follow-up

Respiratory Symptom(s) at Follow-up

Yes No Yes No
Factors Weighted 95% CI Weighted 95% CI aOR 95% Weighted 95% CI Weighted 95% CI aOR 95%
M or % M or % CI M or % M or % CI
Other Participant
Characteristics
Diagnosed respiratory 34.48 31.17, 13.16 11.23, 2.89 221, - - - - - -
disease(s) 37.95 15.37 3.78
Secondhand smoke exposure 62.45 59.03, 61.23 57.60, 0.85 0.69, 59.47 55.25, 60.17 56.12, 0.82 0.64,
65.71 64.75 1.06 63.55 64.10 1.05
Household rule on use of
combustible tobacco
products
Not allowed 49.86 46.37, 60.15 56.35, - 52.39 48.13, 61.84 57.65, - -
53.35 63.83 56.61 65.86
Allowed in some places 28.67 25.40, 23.82 20.53, 1.41 1.03, 27.52 23.52, 22.99 19.44, 1.54 1.07,
32.18 27.45 1.93 31.91 26.97 2.22
Allowed in all places 21.47 18.97, 16.03 13.69, 1.38  1.03, 20.10 17.13, 15.17 12.63, 1.59 1.15,
24.19 18.69 1.85 23.43 18.12 2.20
Pack years 20.73 19.18, 14.99 13.71, 1.02 1.01, 18.69 17.26, 14.49 13.09, 1.02 1.01,
22.28 16.28 1.03 20.13 15.88 1.03
P30D cannabis use 24.88 22.04, 22.85 19.21, 1.09 0.75, 26.06 22.52, 22.93 18.94, 1.08  0.70,
27.96 26.94 1.58 29.93 27.48 1.65

M = Geometric mean; BOE = biomarker of nicotine/tobacco exposure; aOR = adjusted odds ratio; CI = confidence interval; P30D = past 30 day; Creau = creatinine.
Notes: Geometric means, percentages, and aORs are based on weighted data using Wave 4 “all-waves” urine weights; All BOEs were creatinine-standardized and natural
log-transformed prior to analysis; Diagnosed respiratory disease was a composite (yes/no) variable that included being diagnosed with asthma, emphysema, chronic
obstructive pulmonary disease (COPD), chronic bronchitis and/or other at baseline; Respiratory symptoms was a composite (yes/no) variable that included wheezing/
whistling in the chest, wheezing due to exercise, and/or dry mouth in the past 12 months at follow-up; Bolded values denote statistical significance, p < 0.05.

1.03, 1.85) places (vs not allowed), and more pack-years (aOR = 1.02;
95% CI = 1.01, 1.03) at baseline were associated with increased odds of
respiratory symptoms at follow-up. Compared to those who identified as
White, those who identified as Black were less likely to have respiratory
symptoms (aOR = 0.63; 95% CI = 0.45, 0.89). Finally, compared to
participants who had attained less than a high school diploma, some
high school (no diploma), or a GED, participants who were high school
graduates (diploma) were less likely to have any respiratory symptoms
(aOR = 0.70; 95% CI = 0.52, 0.96).

Supplemental Table 2 includes GEE outcomes for adults who
exclusively smoked cigarettes stratified by daily and non-daily use at
baseline. For daily use, outcomes are consistent with adults who
exclusively smoked cigarettes in Table 2. For non-daily use, there were
no significant associations between BOE and respiratory symptoms.

3.2. Adults who exclusively smoked cigarettes without a diagnosed
respiratory disease

GEE outcomes displayed in Table 2 suggest that regardless of base-
line respiratory symptoms, higher levels of CEMA at follow-up (while
controlling for baseline levels) were associated with increased odds of
respiratory symptoms at follow-up (aOR = 1.46; 95% CI = 1.12, 1.90).
In contrast, higher levels of cadmium at baseline (while controlling for
follow-up levels) were associated with reduced odds of respiratory
symptoms at follow-up (aOR = 0.80; 95% CI = 0.65, 0.98).

Several baseline participant characteristics were significantly asso-
ciated with having respiratory symptoms at follow-up; including more
pack-years (aOR = 1.02; 95% CI = 1.01, 1.03) and living in a household
where combustible products are allowed in some (aOR = 1.54; 95% CI
= 1.07, 2.22) or all (aOR = 1.59; 95% CI = 1.15, 2.20) places (vs not
allowed). Compared to those who identify as White, those who identify
as Black were less likely to have respiratory symptoms (aOR = 0.57; 95%
CI = 0.39, 0.82). Finally, compared to participants who had less than a

high school diploma, some high school (no diploma), or a GED, partic-
ipants who were high school graduates (diploma) were less likely to
have respiratory symptoms (aOR = 0.68; 95% CI = 0.50, 0.93).

4. Discussion

Research utilizing the PATH Study biomarker data has focused on
characterizing exposure to different classes of toxicants among different
types of tobacco product users, including people who smoke cigarettes.
(Feng et al., 2021; Goniewicz et al., 2018; Chang et al., 2019; Cheng
et al., 2020; Travers et al., 2020; Smith et al., 2021; De Jesus et al., 2020;
Xia et al., 2020; Wang et al., 2019) The current study expanded upon
this work by assessing the relationship between BOE and respiratory
symptoms in adults who exclusively smoke cigarettes, after controlling
for important covariates, including pack years and cannabis use, across
multiple time points.(Sargent et al., 2022; Tanski et al., 2022) One
consistent finding in our models was that people who identified as Black
were less likely to have respiratory symptoms at follow-up compared to
those who identified as White, which is also seen in clinical populations
looking at airway obstruction among those with COPD.(Sood et al.,
2022) Household rules that allow smoking (vs households that have
smoking bans) are associated with more established smoking patterns
among young adults (i.e., smoking > 5 cigarettes per day)(Clark et al.,
2006) and more cigarettes smoked in the home among adults.(Hennessy
et al., 2014) These associations may help explain some of the association
seen here between household rules and respiratory symptoms among
adults who smoke cigarettes. Lastly, this analysis expands previous
research exploring the relationship between current smoking and res-
piratory symptoms,(Sargent et al., 2022; Li et al., 2020; Tanski et al.,
2022) by identifying that exposure over one-year to acrolein (measured
by CEMA) was associated with increased respiratory symptoms among
adults who exclusively smoke cigarettes, including those who smoke
daily and those without respiratory disease(s).



K.C. Edwards et al.

Specific VOCs, like acrolein (CEMA), are well-known respiratory
toxicants, mostly based on environmental assessments of air pollution.
(Clark et al., 2006; Hennessy et al., 2014; Tagiyeva and Sheikh, 2014)
Although VOCs are present throughout the environment, tobacco smoke
is one primary source of exposure(De Jesus et al., 2020) and continued
research on the relationship with respiratory symptoms and subsequent
disease development is warranted, especially in light of the lack of as-
sociation found between acrolein exposure and respiratory symptoms
among adults who exclusively smoke cigarettes non-daily.

Levels of acrolein are higher in people who smoke cigarettes
compared to people who do not use tobacco, people who use e-ciga-
rettes, and people who use smokeless tobacco,(De Jesus et al., 2020) yet
few studies have explored the relationship between VOCs and respira-
tory symptoms. One study evaluated the association between BOE and
respiratory outcomes (i.e., wheezing, nighttime cough) among people
who use e-cigarettes.(Dai and Khan, 2020) Among people who use e-
cigarettes in combination with other product(s) (polytobacco use, which
included those who also used cigarettes or other combustible products)
NNAL, nicotine metabolites, PAHs, and VOCs were higher at baseline for
those who reported respiratory symptoms at follow-up compared to
those who did not.(Dai and Khan, 2020) Our findings support the rela-
tionship between VOC exposure (e.g., CEMA) and subsequent respira-
tory symptoms, though we did not find significant associations for other
BOE. This finding may be due to differences in measurement; this study
accounted for changes between baseline and follow-up BOE levels,
whereas the earlier study only looked at baseline BOE.

Strengths of this study include the use of longitudinal data from a
nationally representative U.S. sample and measurement of BOE at
baseline and follow-up to account for changes in exposure over time.
Limitations of the study include self-reported outcomes, and the
inability to assess the role of PAHs exposure (also respiratory toxicants)
(US Food and Drug Administration, 2012) because these data were not
available. Further, because our respiratory symptoms outcome was
dichotomized, this analysis was limited in detail on the relationship to
other variables. Future research should explore the relationships be-
tween BOE and respiratory symptoms among people who use other types
of tobacco products. Overall, this research provides evidence in support
of measuring biomarkers of acrolein, such as CEMA, as a potential in-
termediate measurement for increased respiratory symptom develop-
ment. Measuring these biomarkers could help alleviate the personal and
clinical burden of respiratory disease.
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