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Summary eClinicalMedicine
Background Substitution of noncombustible tobacco products for cigarettes could improve respiratory symptoms. 2025;79: 102951
We hypothesized that complete cigarette-to-e-cigarette switching would improve respiratory symptoms compared to ~ "ublished Online 19

continued smokin December 2024
& https://doi.org/10.

1016/j.eclinm.2024.
Methods Longitudinal analysis of data from waves 2-6 (W2-W6; 2014-2021) of the Population Assessment of 155q5;

Tobacco and Health (PATH) Study, an observational cohort study that surveyed 5653 US adults >18 years without
COPD/chronic bronchitis/emphysema. We compiled 14,947 two-wave (1-2 year) observations with persons who
smoked cigarettes at baseline and compared the relation between functionally important respiratory symptoms
and switching to exclusive e-cigarette use or quitting tobacco versus continued cigarette use (reference). A 9-point
wheezing/nighttime cough index was dichotomized based on index scores of >2 or >3, previously associated with
poorer functional health. Multivariable models assessed how changes in cigarette use predicted worsening/
improvement of symptoms.

Findings Among those with an index score <2, 3.5% switched to e-cigarettes, and 11.1% quit all tobacco. Functionally
important respiratory symptoms worsened (>2 at follow-up) in 15.4%, 10.0% and 10.1% of those who continued
cigarettes, switched to e-cigarettes, and quit, respectively. Adjusted relative risk (RR) for respiratory symptom
worsening was 0.69 (95% confidence interval (CI), 0.52, 0.91) for e-cigarette switching and 0.73 (95% CI, 0.54,
0.97) for quitting. Of persons with index score >2, 2.8% switched to e-cigarettes, and 6.7% quit. Respiratory
symptoms improved (<2 at follow-up) in 27.7%, 45.8% and 42.1% of those who continued cigarettes, switched to
e-cigarettes, and quit, respectively. The RR for improving was 1.31 (95% CI, 1.05, 1.64) for e-cigarette switching
and 1.36 (95% CI, 1.15, 1.62) for quitting. The RRs for exclusive e-cigarette use with a cutoff of >3 for respiratory
symptom worsening and improvement were not significant (0.74 [0.53, 1.05] and 1.20 [0.95, 1.51] respectively) but
were significant in an unweighted analysis that included partial data for individuals lost to follow-up
(0.74 [0.57, 0.95] and 1.21 [1.06, 1.39] respectively).

Interpretation Switching completely from past 30-day use of cigarettes to e-cigarettes had short-term beneficial
associations with functionally important respiratory symptoms similar to quitting tobacco completely.
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Research in context

Evidence before this study

Many observational studies have found an association
between e-cigarette use and an increased risk for respiratory
symptoms compared to no tobacco use (Glantz SA et al.,
2024). Because many persons who use e-cigarettes also
currently or previously smoked combusted cigarettes, it is
difficult to disentangle respiratory effects of each product.
Moreover, comparing risks with persons who have never used
tobacco provides little information for the group most likely
to benefit from e-cigarette use: persons who smoke
cigarettes, the focus of our study. We compare change in
functionally important respiratory wheezing/cough
symptoms for those who continued cigarette use with those
who switched completely to e-cigarettes, and those who quit
tobacco completely.

Introduction

Cigarette smoking has long been associated with respi-
ratory symptoms.' People who smoke with preserved
pulmonary function experience respiratory symptom
exacerbations, limitation of activity,” missed income
from work,’” and increased hospitalization risk.*

Respiratory symptoms were a key predictor of forced
expiratory volume in 1 s and forced vital capacity decline
among young adults in a large prospective study.’ Quitting
smoking is associated with diminution of symptoms?;
however, many who smoke cigarettes are unwilling/un-
able to completely stop smoking.” For those individuals, it
is important to know whether switching completely to a
lower exposure tobacco product (i.e., without smoke con-
stituents) would affect respiratory symptoms.*

Many studies have examined the association between
e-cigarette use and respiratory outcomes, often showing
increased risk for respiratory symptoms when compared
to no tobacco use.” Longitudinal studies that considered
cigarette smoking as a reference category are less com-
mon but have found that persons who used both ciga-
rettes and e-cigarettes had similar risk for respiratory
symptoms compared to persons who exclusively smoke
cigarettes, but that exclusive e-cigarette use was associ-
ated with lower risk.'”'* Moreover, a recent meta-analysis
of studies of asthma and asthma symptoms found that
the pooled relative risk for e-cigarette compared to ciga-
rette use was 0.84 (0.75, 0.95), suggesting a possible
harm reduction role for e-cigarettes in this condition.”

We analyzed longitudinal short term (two-wave)
changes for persons who smoked cigarettes from Waves
2-6 (W2-W6; 2014-2021) of the Population Assessment

Added value of this study

The findings suggest that switching completely from past 30-
day use of cigarettes to e-cigarettes had short-term beneficial
associations with functionally important respiratory
symptoms similar to quitting tobacco completely.

Implications of all the available evidence

The findings demonstrate a short-term health benefit of
improved respiratory symptoms for switching completely
from cigarettes to e-cigarettes for adults who smoke. Further
research can determine how switching to e-cigarettes affects
long term respiratory outcomes.

of Tobacco and Health (PATH) Study to determine how
complete cigarette-to-e-cigarette ~switching affected
wheezing and cough symptoms previously shown to be
associated with asthma and functional outcomes (func-
tionally important respiratory symptoms),”* compared to
continued cigarette smoking or complete cessation of
tobacco products. Our prespecified hypotheses apply to
persons who smoke cigarettes regardless of other to-
bacco products used and include: 1a) among persons
with low symptom burden, risk of worsening respiratory
symptoms will be lower among those who transition to
exclusive e-cigarette use compared to those who
continue smoking; 1b) risk of worsening symptoms will
be similar to those who quit smoking entirely; and
2) among persons with high symptom burden, risk of
respiratory symptom improvement will be higher than
for those who continue smoking.

Methods

Study design, setting, participants, and attrition
The PATH Study is a longitudinal study that collects
data on tobacco use behaviors and tobacco-related health
outcomes. It was created to inform FDA’s regulatory
activities under the Family Smoking Prevention
and Tobacco Control Act. Recruitment for Wave 1
(W1, 2013-2014) of the PATH Study employed stratified
address-based, area-probability sampling with over-
sampling of adults who use tobacco, young adults, and
Black adults. Audio computer-assisted self-interviews
collected data for tobacco use and health outcomes. This
secondary data analysis utilized W1 — W6 of the adult
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Restricted Use Files (https://doi.org/10.3886/ICPSR
36231.v21). PATH Study design and methods are
reported elsewhere.'* ¢

The survey sample included PATH respondents who
completed all 6 survey waves, excluding adults who by
W5 reported a diagnosis of COPD, chronic bronchitis,
or emphysema. Respiratory symptoms were reported
starting in Wave 2. We created an analytic dataset that
included up to 4 two-wave observations for each indi-
vidual: W2 - W3, W3 - W4, W4 - W5, and W5 — W6
(N = 14,947 total observations, Fig. 1). Individuals would
be included in a two-wave observation if they used
cigarettes (regardless of other tobacco products used) in
the past 30 days at the baseline wave for that observation
period; and either continued to use cigarettes, switched
completely to e-cigarettes, or quit tobacco entirely at the
follow up wave (items and response categories listed in
eTable 1). Any other tobacco transition (e.g., from
cigarette smoking to exclusive cigar use) was excluded.
Also excluded were observations with missing data for
covariates or respiratory outcomes (missing data
rate = 21.7%). Missing data on sex, race, Hispanic
ethnicity, and education were imputed as described in
the PATH Study Restricted Use Files User Guide
(http://doi.org/10.3886/Series606); these are suggested
variables for use with weights and do not figure into our
missingness calculations. Supplemental eFig. 1 is a flow
diagram that shows the N’s for missing data on respi-
ratory outcomes and covariates. eTable 2 gives N’s for
respondents and observations for each of the two-wave
observation periods.

The primary analysis applied the Wave 6 all-waves
weights to derive US population estimates that
account for the complex sample design and loss to
follow-up; therefore, observations were not included for
those who used cigarettes but did not participate in all
six waves. The weighted response rates for W2-W6
adult interview were as follows: W2: 83.2%; W3: 78.4%;
W4: 73.5%; W5: 69.4%; W6: 57.5%; a non-response bias
analysis report was published online.”

PATH Study Survey Wave

1 2 3 4 5 6
203 Ly

3,462 observations 354

3,658 observations
4->5

4,081 observations 556

3,746 observations
14,947 total 2-wave observations

Fig. 1: Derivation of 2-wave observations for the study sample.
Individuals were included in a longitudinal 2-wave observation if
they used cigarettes (regardless of other tobacco product use) in the
past 30 days at the baseline wave for that observation period;
and either continued to use cigarettes, switched completely to
e-cigarettes, or quit tobacco entirely at the follow up wave.
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Also shown in eTable 2 are number of observations
that included transition to exclusive e-cigarette use,
N = 551, or 4% of the 14,947 observations. We antici-
pated that transitions to exclusive e-cigarette use would
be rare, so we also planned an unweighted sensitivity
analysis that also included data from individuals who
were lost to follow up. eTable 2 also gives N’s for re-
spondents, and observations for each of the two-wave
observation periods for the unweighted sample.
Adding these data increased the total number of
observations to 22,376 and the number of transitions to
exclusive e-cigarette use from 551 to 817 (eFig. 2 shows
a flow diagram for the unweighted sample).

Participant-reported outcomes

Functionally important respiratory symptoms

The PATH Study utilized seven wheezing/cough ques-
tions from the International Study of Allergies and
Asthma in Childhood; for example, “Have you had
wheezing or whistling in the chest in the past
12 months?”** Responses were used to create a respi-
ratory symptom index (range O [none] to 9 [worst]),
previously validated in the PATH Study adult sample
based on its internal consistency, test-retest reliability,
and its association with self-reported physician diag-
nosis of asthma (see eTable 1 for all items).” We
considered but chose not to focus on asthma diagnosis
because our primary focus was respiratory symptoms,
an outcome that may get better or worse from year-to-
year in response to a change from cigarette smoking
to exclusive e-cigarette use. In contrast, asthma is a
chronic condition and generally does not resolve the
year after. In addition, a previous study found no asso-
ciations between tobacco use and prevalent or incident
diagnosis of asthma in this dataset.”

Respondents with cut-off values of >2 had signifi-
cantly higher risk for physical limitations, fatigue, and
poorer perception of health assessed by items from the
Patient Reported Outcomes Measurement Information
System (PROMIS; physical question bank).” Primary
analyses were performed for worsening (defined as the
index score crossing the threshold from <2 to >2) and
improvement (defined as the index score crossing the
threshold from >2 to <2) of functionally important
respiratory symptoms. A sensitivity analysis was run to
assess our results with the higher symptom burden
cut-off of 3.

Exposures

Tobacco product use

Included in the baseline of each two-wave observation
period were respondents who had used cigarettes in the
past 30 days, regardless of other product(s) used.
Previous research in the PATH Study has shown that
the association between cigarette smoking and func-
tionally important respiratory symptoms was indepen-
dent of which other tobacco products were used in
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combination with cigarettes." Our research focus was
on individuals who switched completely to past 30-day
e-cigarette use at follow-up, comparing respiratory out-
comes with those who continued cigarette use (regard-
less of other product(s) used) and those who quit all
tobacco product use (no tobacco product use within the
past 30 days).

Covariates

Covariates included variables associated with both
tobacco exposure and functionally important respiratory
symptoms. Sociodemographic variables included age,
sex, race/ethnicity, education, and income, since low
socioeconomic status is associated with tobacco use*
and poorer lung function.”” Medical conditions that
can also cause respiratory symptoms include ever diag-
nosis of asthma, congestive heart failure, heart attack,
diabetes, any cancer, overweight/obesity, and use of
certain antihypertensives that may cause cough or
bronchospasm (e.g., angiotensin receptor blockers and
angio-converting enzyme (ACE) inhibitors) or bron-
chospasm (beta blockers). Other exposures measured at
baseline included pack-years of cigarette smoking,
second-hand smoke exposure (number of hours in the
past 7 days exposed to others who were smoking), and
past 30-day cannabis use. See eTable 1 for more details.
Because of coronavirus infection risk, data collection for
W6 began with telephone interviews only. As conditions
improved in certain parts of the country, the PATH
Study began in-person interviews with participants on
May 7, 2021. All in-person contacts with participants
were conducted in compliance with local and state re-
strictions for COVID-19 mitigation. Wave 6 data were
collected with a mix of telephone and in-person in-
terviews. Because W6 data were collected with a mix of
telephone and in-person interviews, we included W6 data
collection mode to account for differential reporting.

Statistical analysis

Missing data analysis

We used weights to address attrition from the sample.
However, they did not address loss due to missing data
on one or more survey items. To address that, we
examined missingness percentage by sociodemo-
graphics, cigarette exposure, and functionally important
respiratory symptoms, in order to determine if there
were large differences that might limit the generaliz-
ability of our findings.

Analytical approach

All main analyses were weighted using the W6 longi-
tudinal full-sample and replicate weights. Variances
were estimated using the Balanced Repeated Replication
method” with Fay’s adjustment set to 0.3 to increase
estimate stability.** For all covariates in the analysis, we
entered the baseline value for each observation period
excepting sex, race/ethnicity, education and income, for

which we entered values from the first available wave.
Pack-years of cigarette smoking and second-hand smoke
exposure were Winsorized at the 95th and 99th per-
centiles, respectively, to address outliers.”

We reported the proportion with functionally impor-
tant respiratory symptoms for Wave 2 of the W2 — W3
analytic sample. We then examined the associations be-
tween changes in cigarette use over any two-wave period
to either continued cigarette use, switching to exclusive e-
cigarette, or quitting tobacco altogether at follow-up and
worsening or improvement of functionally important
respiratory symptoms using longitudinal multivariable
generalized estimating equations to produce population-
averaged estimates. Generalized estimating equations
analysis also allows for inclusion of multiple observations
for an individual over time by considering interdepen-
dence among observations contributed by the same in-
dividuals, using an unstructured correlation matrix.”*?*
We used a Poisson model with a log link and an offset
term for wave years to estimate risk ratios. Statistical
analyses were performed using Stata survey data pro-
cedures (version 17) and statistical significance is based
on a two-sided test with p < 0.05.

Sensitivity analyses

We re-ran a sensitivity analysis using a higher cut-off
level (index score >3) for functionally important respira-
tory symptoms in which we 1) tested the robustness of
the findings, and 2) conducted an unweighted analysis on
all participants who contributed one or more observations
(preplanned analyses). We conducted several additional
sensitivity analyses on the primary data analysis (func-
tionally important respiratory symptom index threshold
of two) to support our findings: 3) We tested whether
persons who used both cigarettes and e-cigarettes (dual
product use) had similar risk as those who continued to
smoke cigarettes; 4) We tested whether the results
changed when we used those who continued stable
cigarette use (individuals for whom daily cigarette use
varied by < 2 cigarettes per day across the two waves) as a
reference category; 5) To address whether we over-
adjusted for conditions (mediators) caused by cigarette
smoking, we reran the primary analysis after excluding
the following covariates: congestive heart failure, heart
attack, diabetes, cancer; and regular use of beta blockers,
angiotensin receptor blockers, and ACE inhibitors; 6) To
address whether inclusion of follow-up values for time-
varying covariates could affect respiratory symptoms,
we reran the analysis with follow-up values for the
following variables: past 30-day marijuana use, and past
7-day second-hand smoke exposure; ever diagnosis of
heart attack, congestive heart failure, or cancer; and reg-
ular use of ACE inhibitors.

Ethics statement

All adult respondents provided informed consent. The
study was conducted by Westat and approved by
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the Westat Institutional Review Board and guided by the
ethical principles regarding research involving human
subjects as presented in the report by the National
Commission for the Protection of Human Subjects in
Biomedical and Behavioral Research, universally recog-
nized as The Belmont Report—April 18, 1979.

Role of the funding source

Representatives from the National Institute on Drug
Abuse, National Institutes of Health and the Center for
Tobacco Products, U.S. Food and Drug Administration
contributed to the design and conduct of the study;
interpretation of the data; preparation, review, or
approval of the manuscript; and decision to submit the
manuscript for publication.

Results

Sample description and change in tobacco status
Table 1 reports the proportion at Wave 2 with high
versus low symptom burden for functionally important
respiratory symptoms and covariates for persons in the
W2 — W3 observation period. Risk factors associated
with higher symptom burden included age, race,
education, obesity, asthma, cardiac disease, diabetes,
cancer, use of ACE inhibitors, past 30-day cannabis use,
higher cigarette pack-years and second-hand smoke
exposure.

As shown in eTable 3, individuals with missing data
were significantly older, had lower incomes, had more
medical conditions (obesity, heart attack, and diabetes),
were more likely to have used cannabis, and had
much higher mean pack-years of cigarette smoking
(11.9 versus 15.6 in the analytic compared to the
nonanalytic sample) and higher rates for functionally
important respiratory symptoms (26.9 versus 43.5 in the
analytic and nonanalytic samples respectively).

Most observations (86.7%) resulted in continued
cigarette smoking, 3.7% included switching completely
to e-cigarettes, and 9.6% included quitting tobacco
altogether at follow-up (N = 14,947 observations;
eTable 2). More than half of those who switched
completely to e-cigarettes used them daily; the 25th
percentile of e-cigarette use was 18 of 30 days per month
(data not shown in tables/figures).

Respiratory symptom worsening among persons
with low symptom burden at baseline

Among 10,133 observations with low symptom burden
(index score <2) at baseline, 85.3% continued cigarettes,
3.5% switched to e-cigarettes, and 11.1% quit tobacco.
Functionally important respiratory symptoms worsened
(index score >2) in 14.6% overall; shown in Fig. 2 Panel
A, symptoms worsened in 15.4% (95% confidence in-
terval [CI] 14.3, 16.5) of observations with continued
cigarette use, compared to 10.0% (7.8, 12.8) for e-ciga-
rette switching, and 10.1% (7.5, 13.5) for quitting

www.thelancet.com Vol 79 January, 2025

tobacco entirely. Compared to continued -cigarette
smoking, adjusted relative risk (RR) for respiratory
symptom worsening was 0.69 (0.52, 0.91) for e-cigarette
switching and 0.73 (0.54, 0.97) for quitting tobacco
(Table 2). eTable 4 shows results for all covariates in this
model.

Respiratory symptom improvement among persons
with high symptom burden at baseline

Among 4813 observations with high respiratory symp-
tom burden (index score >2) at baseline, 90.4%
continued cigarettes, 2.8% switched to e-cigarettes, and
6.7% quit tobacco. Functionally important respiratory
symptoms improved (index score <2) in 29.2% overall;
shown in Fig. 2 Panel B, symptoms improved in 27.7%
(26.2, 29.2) of observations with continued cigarette use,
compared to 45.8% (36.1, 55.9) for e-cigarette switching,
and 42.1% (34.7, 49.9) for quitting tobacco entirely.
Compared to continued cigarette smoking, RR for res-
piratory symptom improvement was 1.31 (1.05, 1.64) for
e-cigarette switching and 1.36 (1.15, 1.62) for quitting
tobacco (Table 2). eTable 4 shows results for all
covariates in this model.

Sensitivity analyses

Panel 1 of Table 3 shows that the pattern of results did
not change when the analysis was repeated at a higher
functionally important respiratory symptom index score
of 3. Compared to a threshold cut-off of 2, fewer (10.8%
overall) had respiratory symptom worsening and more
(40.2%) had symptom improvement. The RRs
comparing exclusive e-cigarette use with continued
cigarette use were 0.74 (0.53, 1.05) and 1.20 (0.95, 1.51)
for respiratory symptom worsening and improvement,
respectively, but were not statistically significant.
Conducting an unweighted analysis (not nationally
representative) did not change the pattern of results, and
the relative risks for exclusive use of e-cigarettes
were statistically significant: 0.74 (0.57, 0.95) and 1.21
(1.06, 1.39) for respiratory symptom worsening and
improvement respectively (Panel 2, Table 3).

Whereas 3.3% (95% CI 3.0, 3.7) switched completely
to e-cigarettes, a significantly larger percentage
(4.5% [4.1, 5.0)) transitioned to dual product use (past 30
day use of cigarettes and e-cigarettes). When we selected
those who transitioned to dual use as a third comparison
category in the weighted sample, their RRs were not
significantly different from those who continued
smoking cigarettes (functionally important respiratory
symptom worsening 1.14 [0.92, 1.41]; improvement
1.06 [0.88, 1.29] (see Panel 3a in eTable 5). When those
who transitioned to dual use were treated as the refer-
ence category, people who completely switched to
e-cigarettes had significantly better outcomes for respi-
ratory symptom worsening (0.61 [0.43, 0.86]) but not for
improvement (1.24 [0.93, 1.65]; Row 3b in eTable 5).
When we restricted the comparison group to those
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Covariate Functionally important respiratory symptom burden at Wave 2°
Low (index <2) High (index 2+) p-value
N = 2504 N - 958 (chi-squared)
Weighted % 95% Cl Weighted % 95% Cl
Age
18-24 77.9 75.1, 80.4 221 19.6, 24.9 0.003
25-39 72.4 697, 75.0 27.6 25.0, 303
40-54 69.2 65.5, 72.7 30.8 273, 345
55+ 75.7 715,79.4 24.3 20.6, 28.5
Sex
Female 719 69.4, 74.2 28.1 25.8, 30.6 0.152
Male 741 72.0,76.2 25.9 23.8, 28.0
Race/ethnicity
Non-Hispanic White 69.5 67.5, 71.4 30.5 28.6, 32.5 <0.001
Non-Hispanic Black 79.6 75.5, 83.1 20.4 16.9, 24.5
Non-Hispanic Other 75.5 67.2, 82.2 24.5 17.8, 32.8
Hispanic 817 77.4, 85.4 183 14.6, 22.6
Education
<High School/GED 714 67.8, 74.7 28.6 253, 32.2 0.020
High School Graduate 734 70.1, 76.5 26.6 23.5, 29.9
Some college/Associates degree 715 68.7, 74.1 285 25.9, 313
Bachelor's degree 80.4 75.9, 84.3 19.6 15.7, 24.1
Advanced degree 79.5 683, 87.4 20.5 12.6, 317
Income
<$25,000 70.9 68.7, 73.0 29.1 27.0, 313 0.066
$25,000-$74,999 73.6 70.1, 76.8 26.4 23.2, 299
$75,000+ 77.6 727, 81.9 22.4 18.1, 27.3
Not reported 76.6 68.7, 83.1 234 16.9, 31.3
Weight category <0.001
Underweight 77.2 68.0, 84.4 22.8 15.6, 32.0
Normal 78.4 757, 81.0 21.6 19.0, 243
Overweight 74.0 710, 76.8 26.0 23.2, 29.0
Class 1 obese 65.4 60.4, 70.1 34.6 29.9, 39.6
Class 2+ obese 64.6 59.2, 69.6 35.4 30.4, 40.8
Lifetime diagnosis of
Asthma 413 35.1, 47.8 58.7 52.2, 64.9 <0.001
Congestive heart failure 44.1 25.7, 64.3 55.9 35.7, 743 0.001
Heart attack 48.6 333, 64.2 514 35.8, 66.7 0.001
Diabetes 61.4 55.5, 66.9 38.6 33.1, 445 <0.001
Cancer 62.2 53.0, 70.6 37.8 29.4, 47.0 0.007
Regular medication use, past 12 months
Ace inhibitors 54.8 45.8, 63.6 45.2 36.4, 54.2 <0.001
Beta blockers 65.7 56.8, 73.6 343 26.4, 43.2 0.055
Angiotensin receptor blockers 66.2 493, 79.8 33.8 20.2, 50.7 0.329
Other exposures
Past month cannabis use 66.9 63.9, 69.7 331 30.3, 36.1 <0.001
Cigarette pack years (mean) 10.2 9.6, 10.8 15.7 14.7, 16.6 <0.001
Past 7 days SHS exposure in hours (mean) 12.5 11.5, 13.4 19.7 17.9, 21.5 <0.001
Cl, Confidence interval; GED, General Education Development; SHS, Secondhand smoke. *Percents are weighted using the PATH Study Wave 6 all-waves longitudinal
weights for the Wave 1 Cohort (RO6_A_A0IWGT and 100 replicate weights). To be included in the analysis, respondents must have participated in all 6 waves. This table
does not include respondents who entered the sample after W2, although those respondents were eligible for inclusion in subsequent analyses (see eTable 2). *Functionally-
important respiratory symptoms assessment determined whether individuals had low or high symptom burden based on whether their index score was <2 or >2.
Table 1: Selected sociodemographic, medical history, and tobacco exposure characteristics by persons who smoked cigarettes in the past 30 days and
by functionally important respiratory symptom burden at Wave 2 (2014/15) of the PATH Study.”
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Fig. 2: Longitudinal analysis showing weighted percent of ob-
servations from persons with low respiratory symptom burden
at baseline whose symptoms worsened at follow-up (Panel A)
and percent of observations from persons who smoked
cigarettes with high respiratory symptom burden at baseline
whose symptoms improved (Panel B), by tobacco use status at
follow-up. Error bars represent 95% confidence intervals. All persons
smoked cigarettes at the beginning of each observation period. Panel
A: All had low symptom burden (<2) at baseline (N = 10,134); figure
illustrates the percent with high symptom burden (>2) at follow-up,
by follow-up tobacco status. Panel B: All had high symptom burden
(>2) at baseline (N = 4813); figure illustrates the percent with low
symptom burden (<2) at follow-up, by follow-up tobacco status.

whose use of cigarettes was stable (within +2 cigarettes/
day) between baseline and follow-up, the estimate for
e-cigarettes in the respiratory symptom worsening and
improvement models changed little, from 0.69 to 0.76
(0.57, 1.01) and 1.31 to 1.28 (1.00, 1.62), respectively
(Panel 4, eTable 5).

When we removed covariates that could be on the
causal pathway from tobacco use to respiratory symp-
toms, the RRs for e-cigarettes changed little, RR = 0.66
(0.51, 0.87) and RR =1.32 (1.06, 1.64) for the symptoms
worsening and improvement models respectively (Panel
5, eTable 5). Finally, when we substituted follow-up
status for time-varying covariates the estimates
changed little, RR = 0.70 (0.51, 0.96) and RR = 1.31
(1.03, 1.67) for the symptoms worsening and
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improvement models respectively. However, in this set
of models, the RR for quitting all tobacco in the analysis
for persons with low symptom burden lost statistical
significance (0.76 [0.56, 1.03]; Panel 6, eTable 5).

Discussion

In this sample of US adults who smoked cigarettes,
switching to exclusive e-cigarette use reduced risk for
worsening of functionally important respiratory symp-
toms and raised the chances that those with symptoms
would improve over 1-2 years, compared to continuing
to use cigarettes; risks were similar to those who quit
tobacco completely. In contrast, persons who switched
from cigarettes to dual use did not benefit and may be at
added risk for asthma symptoms compared to those
who only smoke cigarettes according to a recent meta-
analysis.”” The strength of the association for symptom
worsening was attenuated by about 17% at a higher cut-
off level for our criterion for functionally important
respiratory symptoms, and the association for symptom
improvement was attenuated by about one-third, raising
questions about the robustness of these findings at even
higher symptom thresholds. The findings withstood
sensitivity checks, including choice of reference group
and unweighted analysis that allowed for the inclusion
of those with partial data who were lost to follow-up.
Finally, the findings are consistent with a recently
published meta-analysis which found lower risk for
asthma/asthma symptoms in exclusive e-cigarette users
compared to persons who smoke cigarettes.'

Most published studies of e-cigarette use and respi-
ratory symptoms have compared e-cigarette use against
never use of tobacco and have found e-cigarette use to be
associated with a modest increased risk of respiratory
symptoms.* Treating those who never used tobacco as
the reference category provides information helpful for
persons who do not use tobacco about possible risks
associated with e-cigarettes, but not for persons who
smoke cigarettes, who may benefit from switching to
e-cigarettes. We could find few longitudinal population
studies that addressed switching from cigarettes to
exclusive e-cigarette use and asthma outcomes. Another
longitudinal analysis of PATH Study data focused on
incidence of wheeze or nighttime cough (two of the
items in our functionally important respiratory symp-
toms index) also found that tobacco transition from dual
use to exclusive use of e-cigarettes was associated with a
decreased risk for both symptoms.' Our study used an
index that included all of the PATH Study questions
assessing wheezing and nighttime cough, validated by
its association with asthma and functional limitations—
walking limitations, fatigue, and poor perception of
health,"” — allowing us to examine symptom worsening
and improvement across two respiratory symptom
severity levels.
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Change in cigarette use at follow-up Change in functionally important respiratory symptoms

Symptoms worsen (10,134 observations)
Index <2 at baseline — Index >2 at follow-up

Symptoms improve (N = 4813 observations)
Index >2 at baseline — Index<2 at follow-up

Obs® Worsen %"° Obs®

Relative 95% p-value Improve %° Relative 95% p-value
risk? confidence risk? confidence
interval interval
Continues using cigarettes 8610 15.4 Ref 4347 27.7 Ref
Stopped smoking cigarettes® and
Uses e-cigarettes only 398 10.0 0.69 0.52, 0.91 0.009 153 45.8 131 1.05, 1.64 0.016
Uses no tobacco product 1126 10.1 0.73 0.54, 0.97 0.029 313 421 136 1.15, 1.62 0.001

2Table 2 presents results only for the tobacco predictor. Please see eTable 4 for results for the covariates. "Number of observations from adult respondents without chronic obstructive pulmonary disease,
chronic bronchitis, or emphysema, who smoked cigarettes in the past 30 days at the baseline wave and had Wave 6 (W6) longitudinal (all-wave) weights. Wave pairs for the longitudinal analysis include:
W2-W3 (2014/15-2015/16), W3-W4 (2015/16-2016/17), W4-WS5 (2016/17-2018/19), W5-W6 (2018/19-2021), with the first wave in the pair defined as the baseline wave and the second wave in the pair
as follow-up. “Symptom worsening is defined by moving from a symptom score <2 to a score > 2 (low symptom burden at baseline to high symptom burden at follow-up). Symptom improvement is
defined by moving from a symptom score of > 2 to <2 (high symptom burden at baseline to low symptom burden at follow-up). %Al adjusted risk ratios include the variables in Table 2: age (continuous),
sex, race/ethnicity, education, income, self-reports for asthma, body mass index, heart attack, congestive heart failure, diabetes, cancer, and regular use of beta blockers, angiotensin receptor blockers, or
angiotensin converting enzyme inhibitors, second-hand smoke exposure, cigarette pack years, and past month cannabis use. Analyses also adjusted for W6 data collection protocol (in-person or
telephone), as well as data collection wave. Model used is Poisson regression with a log link to estimate risk ratios. *Stopped smoking cigarettes is defined as not smoking cigarettes within the past 30 days
at the follow-up wave.

Table 2: Longitudinal change in functionally important respiratory symptoms (using an index threshold of 2) by tobacco use status at follow-up among persons who smoked
cigarettes in the past 30 days at baseline, PATH Study Waves 2-6 (2014-2021).”

The present study adds to the published literature by
finding an association between switching from ciga-
rettes to exclusive e-cigarette use and respiratory symp-
tom improvement among individuals with high
respiratory symptom burden at baseline, raising the

question of whether e-cigarettes could be considered as
an alternative option for individuals who persistently
smoke cigarettes and have respiratory symptoms. While
the limitations of this observational research preclude
the recommendation of using e-cigarettes for harm

Change in cigarette use at F/U Change in functionally important respiratory symptoms (threshold of 3) p-value
Symptoms worsen (11,746 observations for p-value  Symptoms improve (3201 observations for
weighted & 17,553 for unweighted analysis) weighted & 4823 for unweighted analysis)
Index <3 at baseline — Index >3 at follow-up Index >3 at baseline — Index<3 at follow-up
Obs® Worsen %°  Relative risk"  95% confidence Obs® Improve %°  Relative risk  95% confidence
interval interval
1. Weighted analysis®
Continues using cigarettes 10,049 114 Ref Ref Ref 2908 387 Ref Ref Ref
Stopped smoking cigarettes® and
Uses e-cigarettes only 460 7.8 0.74 0.53, 1.05 0.089 91 56.7 1.20 0.95, 1.51 0.125
Uses no tobacco product 1237 6.6 0.66 0.48, 0.92 0.014 202 54.0 1.26 1.07, 1.48 0.007
2. Unweighted analysis
Continues using cigarettes 15,017  11.8 Ref Ref Ref 4399 403 Ref Ref Ref
Stopped smoking cigarettes and
Uses e-cigarettes only 680 8.1 0.74 0.57, 0.95 0.018 137 60.6 1.21 1.06, 1.39 0.006
Uses no tobacco product 1856 6.3 0.61 0.51, 0.73 <0.001 287 57.5 1.28 1.16, 1.41 <0.001

“Number of observations from adult respondents without chronic obstructive pulmonary disease, chronic bronchitis, or emphysema, who smoked cigarettes in the past 30 days at the baseline wave and
had Wave 6 longitudinal (all-wave) weights. Wave pairs include: W2-W3 (2014/15-2015/16), W3-W4 (2015/16-2016/17), W4-W5 (2016/17-2018/19), W5-W6 (2018/19-2021), with the first wave in the
pair defined as the baseline wave and the second wave in the pair as follow-up. ®Symptom worsening is defined by moving from a symptom score <3 to a score > 3 (low symptom burden at baseline to
high symptom burden at follow-up). Symptom improvement is defined by moving from a symptom score of > 3 to <3 (high symptom burden at baseline to low symptom burden at follow-up). “All
adjusted relative risks (RR) include the variables in Table 2: table, age (continuous), sex, race/ethnicity, education, income, self-reports for asthma, body mass index, heart attack, congestive heart failure,
diabetes, cancer, and regular use of beta blockers, angiotensin receptor blockers, or angiotensin converting enzyme inhibitors, second-hand smoke exposure, cigarette pack years, and past month cannabis
use. Analyses also adjusted for Wave 6 data collection protocol (in-person or telephone), as well as data collection wave. Model used is Poisson regression with a log link to estimate risk ratios. “The
weighted analysis used the Wave 6 PATH Study longitudinal (all-waves) weights and includes only individuals who participated in Waves 2 through 6. “Stopped smoking cigarettes is defined as not
smoking cigarettes within the past 30 days at the follow-up wave. ‘The unweighted sensitivity analysis includes data from all individuals who had valid baseline and follow-up data for at least one wave
pair, regardless of whether they were successfully followed up to Wave 6.

Table 3: Preplanned Sensitivity Analysis of longitudinal change in functionally important respiratory symptoms (using an index threshold of 3) by tobacco use status at follow-up,
persons who smoked cigarettes in the past 30 days at baseline for the observation (obs) period, Population Assessment of Tobacco and Health (PATH) Study Waves 2-6
(2014-2021).
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reduction in people who smoke cigarettes, the present
study provides evidence to support randomized
controlled trials of e-cigarettes to confirm or refute the
associations reported herein. Although it is not clear
how long follow-up periods should be for these trials,
our findings suggest that symptom resolution could be
expected over the course of a year, consistent with a
randomized trial of e-cigarettes (compared to nicotine
replacement therapy) for smoking cessation that found
decreases in phlegm, cough, wheezing, and shortness of
breath at the end of one year.”

This study has many strengths, including its longi-
tudinal design; use of an index of respiratory symptoms
validated against functional outcomes; adjustment for
smoking history, cannabis use, and several diseases and
treatments known to be associated with respiratory
symptoms; and multiple sensitivity tests confirming the
robustness of the associations we reported in the context
of symptom severity, choice of the reference category,
and potential bias due to loss to follow-up.

There are also a number of limitations. Due to the
differences between our analytic sample and the non-
analytic sample, our results may be biased in two
ways. First, we may be underestimating the impact of
complete switching from cigarettes to e-cigarettes, since
those with higher rates of functionally important respi-
ratory symptoms and other medical conditions, who
may have the greatest response to switching, are
missing and not included in our models. On the other
hand, their high disease burden may make it so that
changes in smoking status would not have as appre-
ciable impact on respiratory symptoms. Additional
research should explore whether disease or smoking
history modifies the impact of complete e-cigarette
switching. Assessments allowed for wave-to-wave cate-
gorical changes in behavior and symptoms but could not
speak to how smoking history might modify the
response or dose response. This is a prospective study,
so exposures likely preceded changes in respiratory
status; however, we cannot be certain that changes in
tobacco use preceded changes in respiratory symptoms.
There is a possibility that symptom development in low
symptom burden individuals prompted a change in to-
bacco use. We think it highly unlikely that a high
symptom burden individual would be prompted to
change their tobacco use upon resolution of their
symptoms, so that switching to e-cigarette use predicts
both symptom transitions provides reassurance.

We can speak to only short-term changes in cigarette
smoking behavior; some will relapse to cigarette smok-
ing, and only sustained quitting can confer disease
prevention-level harm reduction. We offer no biological
explanation for the findings; future studies could assess
biological endpoints and mediators. As with any obser-
vational study, there may be unmeasured confounders
of the associations we reported, unmeasured use of
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other tobacco products, omitted details of cigarette
smoking history, and disease processes not accounted
for. Randomized trials of e-cigarette switching for
persons who smoke cigarettes would be the best way to
address whether unmeasured confounding was an issue
in this study.

E-cigarettes are a relatively new tobacco product
class; their widespread distribution and use has had
public health benefits and risks.***' Whether e-cigarettes
represent a net health benefit or harm depends on the
population of focus. Its adoption of use by large
numbers of adolescents remains a serious health
concern, exposing millions of youth to the neuro-
cognitive effects and addicting properties of nicotine.*
For those who smoke cigarettes, especially those
40 years and older who are at highest risk of developing
smoking related diseases, the public health utility of the
e-cigarette relates to its ability to replace the cigarette.
Unfortunately, the majority of persons who smoke
cigarettes and begin using e-cigarettes continue to
smoke,'** which continues to negatively impact their
health, and also suggests limitations in the ability of the
e-cigarette to replace the cigarette for these individuals.
The findings in the present study support e-cigarette
switching by suggesting that persons able to switch
completely from cigarettes to e-cigarettes have similar
risk for respiratory symptom onset and resolution to
those who quit tobacco altogether. Further research
could determine whether the e-cigarette represents a
lower harm option for individuals with respiratory
symptoms who cannot quit smoking cigarettes.
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