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Abstract

Background and aims—We quantified the effects of smoking and smoking cessation on
carotid artery atherosclerosis and wall thickness in two unique cohorts of smokers making a quit
attempt.

Methods—Our primary analysis included 726 smokers making a quit attempt in a randomized
clinical trial with long-term follow-up. Our secondary analysis included 889 smokers making a
quit attempt in a subsequent trial. Participants underwent carotid artery ultrasonography at
baseline and up to 3 subsequent visits. Primary outcomes were changes in carotid plaque score and
intima media-thickness (IMT). We calculated a smoking burden score (SBS) that reflected the
number of visits in which participants reported smoking after the quit attempt. Multivariable
regression examined relations between SBS and carotid artery outcomes with adjustments for
cardiovascular disease risk factors.

Results—In the primary analysis, participants were mean (standard deviation) 46.1 (10.3) years
old (57.9% female) and smoked 21.1 (8.9) cigarettes per day (CPD). After a median of 7 years,
lower SBS predicted less increase in carotid plague score (X2=13.0, p=0.012). SBS independently
predicted change in carotid plaque score (p=0.007; SBS 0 vs4) as did baseline CPD (p=0.024) and
age (p<0.0001). SBS did not affect carotid IMT change. In the secondary analysis, increasing SBS
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was associated with increased likelihood of new plaques over 3 years among participants that
smoked =15 CPD, (X2=6.51, p=0.011).

Conclusions—Smoking cessation is associated with less progression of carotid plaque, but not
IMT. Salutary associations of smoking cessation with carotid plaque progression are related to
degree of abstinence.
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Introduction

Cigarette smoking is a powerful risk factor for atherosclerosis and atherosclerotic
cardiovascular disease (ASCVD) events.1~# Smoking cessation at any age is one of the most
important health interventions for reducing risks of ASCVD, cancer, and mortality.3-5.6-8
Most of the data regarding the benefits of smoking cessation on ASCVD risk have come
from observational cohorts that did not include detailed information on smoking heaviness
and time since quitting, so those studies were not able to quantify the timing and magnitude
of the effects of smoking cessation on atherosclerosis burden.>-8 Furthermore, today’s
smokers smoke fewer cigarettes per day (CPD) and have different comorbidities: they weigh
more than smokers from three or more decades ago, use more lipid-lowering and
antihypertensive medications, and may gain more weight after a successful quit attempt,

which may mask or reduce the effects of smoking and smoking cessation on atherosclerosis.
9,10,11

The purpose of this study was to quantify the effects of continued smoking and smoking
cessation on carotid artery atherosclerosis and intima-media thickness (IMT), independent of
ASCVD risk factors and therapies, in two unique cohorts of contemporary smokers making
a quit attempt.

Materials and methods

The data that support the findings of this study are available from the corresponding author
upon reasonable request.12.13 These studies were approved the University of Wisconsin
Health Sciences Institutional Review Board; all participants provided written informed
consent.

Design and participants

The Wisconsin Smokers Health Study (WSHS-1, clinicaltrials.gov registration
NCT00332644) was a randomized, double-blind, placebo-controlled trial that evaluated the
efficacy of five smoking cessation pharmacotherapies and the natural history of continued
smoking and smoking cessation on ASCVD risk and other health outcomes; its methods
have been reported previously.12:14-17 The Wisconsin Smokers Health Study (WSHS-2,
clinicaltrials.gov registration number NCT01553084) was a subsequent randomized trial that
evaluated the efficacy of three smoking cessation pharmacotherapies and also evaluated the
natural history of continued smoking and smoking cessation on ASCVD risk and other
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health outcomes; its methods also have been reported previously.1318 WSHS-1 recruited
1504 current smokers, of which 791 also participated in WSHS-2. WSHS-2 comprised 2346
smokers, the 791 from WSHS-1 and 1555 new recruits.

Our primary analysis was performed on participants in WSHS-1 from their baseline visit
(January 2005-June 2007) through the baseline visit of WSHS-2 (May 2012-January 2014).
This included 726 participants with complete smoking status and carotid ultrasound data
over a median of 7 years (range 5-9 years). Our secondary analysis was performed on the
889 participants in WSHS-2 with complete smoking status and carotid ultrasound data from
the baseline visit through study completion (May 2012—October 2016; 3 years of follow-up
each).

Study procedures

In both studies, the baseline visit included assessment of sociodemographic variables,
smoking status/history, medication use, physical and laboratory measurements, and carotid
ultrasonography to measure intima-media thickness (a measure of arterial injury) and carotid
plaques score (a measure of atherosclerosis burden). Participants also received smoking
cessation counseling. Each participant was characterized as abstinent at year 1, 2, and 3
visits after their target quit day if they reported no smoking in the preceding year and had
biochemical verification of abstinence (expired carbon monoxide <6 ppm).1° Repeat tests
were performed at year 3. Study details for WSHS-1 and WSHS-2 are in prior reports.12:13
Enrollment and participant flow are shown in Figure 1.

Carotid ultrasonography

Digital images of the right and left common carotid, bifurcation, and internal carotid artery
segments were obtained from 3 angles by sonographers certified to perform the imaging
protocol using one of two identical ultrasound systems with a high-resolution linear array
transducer (CV70, L10-5 transducer, Siemens Medical Solutions, Mountain View, WA)
(Supplemental Figure 1).16:20.21 A| studies used the same imaging preset (dynamic range 70
dB, grayscale map L, depth 4.0 cm). Longitudinal and cross-sectional images of all
segments were evaluated for the presence or absence of plaques defined as focal wall
thickness =1.5 mm or 50% thicker than neighboring wall thickness. The carotid plaque score
(0-12) was defined as the number of carotid artery segments that contained plaque (/.e., near
and far walls of the right and left common, bifurcation, and internal segments). For carotid
plaque score, intra-reader reproducibility was excellent (kappa=0.83, 95% confidence
interval [C1] 0.70-0.96).20 The mean far wall IMT of the distal 1 cm of each common
carotid artery was measured in triplicate from 3 complementary angles at the time of the
ECG R-wave by a single reader, blinded to smoking status and other participant
characteristics, using a semi-automated border detection program (Arterial Health Package
software, Siemens Medical Solutions, Malvern, PA). For IMT measurement reproducibility,
the intra-class correlation coefficient was excellent at 0.99.20

Statistical analysis

Analyses were conducted using SAS/STAT statistical software (version 13.2, SAS Institute,
Cary, NC). For each participant, a smoking burden score (SBS) was computed based on
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yearly exhaled carbon monoxide-confirmed abstinence as well as daily (year 1) or monthly
(years 2 and 3) reports of smoking assessed at multiple visits and phone follow-ups via
timeline follow-back methods.22 When a smokers’ smoking status changed within year 1,
we counted them as abstinent (smoking status=0) if self-reported smoking was <120 days
and they had carbon monoxide-confirmed abstinence at year 1, otherwise year 1 smoking
status=1 (smoking). In years 2 and 3, if a participant smoked <4 months and carbon
monoxide-confirmed abstinence at the year’s end indicated abstinence, their smoking
status=0 for that year; otherwise smoking status=1. Each participant’s SBS was computed as
the sum of 0 or 1 scores for each year. For the primary analyses, the SBS ranged from 0 to 4;
for the secondary WSHS-2 analyses, it ranged from 0 to 3.

For the primary analyses, the outcome variables were changes in carotid plaque score and
IMT defined as final year minus baseline year. The distribution of carotid plaque change
scores was right-skewed and ranged from —1 to 7. Carotid plague change scores were
evaluated in four ordered categories: 0=no increase in plaque number; 1=increase of 1;
2=increase of 2; and 3=increase of =3 plaques. The carotid plaque change score outcome
was analyzed in a series of ordinal logistic regression models (SAS Proc Logistic;
cumulative logit model). For carotid IMT, the change score was distributed normally with a
range from —0.460 to 0.809 mm and was analyzed using linear regression (SAS Proc GLM).

Categorical variables included SBS, sex (0O=female; 1=male), race (O=non-White; 1=White),
study site (0=Milwaukee; 1=Madison), diabetes diagnosis, and three variables for use of
antihypertensive, lipid-lowering, and diabetes medications. Each medication use variable
was coded as 0=no use at any visit (reference category); 1=use at one visit, 2=use at two
visits; and 3=use at all three visits. Continuous variables included age, baseline CPD, and
changes (final year minus baseline year) for the following variables: high-density lipoprotein
cholesterol (HDL-C), triglycerides, low-density lipoprotein cholesterol (LDL-C), systolic
blood pressure, hemoglobin A;C, and weight. In addition, the interaction of SBS and
baseline CPD was tested.

Our sequential modeling strategy started with a univariable model that tested the influence
of SBS on changes in each carotid plaque score and IMT (model 0). Next (model 1), we
added age, sex, race, and site to model 0. Site was dropped from further modeling since its
estimate was not statistically significant (p <0.05). Model 2 added HDL-C, triglycerides,
LDL-C, and systolic blood pressure to model 1. Model 3 added antihypertensive and lipid-
lowering medication use; model 4 added a diagnosis of diabetes mellitus, hemoglobin A;C,
and use of antiglycemic medication; model 5 added weight gain from the baseline visit to
the final year; and model 6 added baseline CPD and the interaction of CPD*SBS. We then
created a distilled multivariable model using the Hosmer and Lemeshow best-fitting model
strategy. For the secondary analyses, we also performed an a posteriori analysis that
evaluated the joint effect of SBS and baseline CPD (median split, <15 vs= 15) on the binary
change in carotid plaque score using a Chi-Square test.
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Participant characteristics (Table 1)

Key characteristics of participants in the primary analysis sample were very similar to the
full WSHS-1 sample with the exception of age (46.1 vs. 44.7 years) and use of
antihypertensive medications (6.0% vs. 4.9%). Participants in the primary analysis were
57.9% female, 83.7% White, and weighed a mean (standard deviation) of 84.1 (20.1) kg.
They smoked about 21.1 (8.9) CPD for 30.0 (19.7) pack-years. Distributions of carotid
plaque scores and their changes are showed in Supplemental Figure 2.

Baseline associates of carotid plaque score and IMT in the primary analysis

Baseline associations of carotid plaque score are showed in Supplemental Table 1. The
strongest associations for plaque scores were with age and pack-years. Baseline associations
of carotid IMT are in showed Supplemental Table 2. The strongest associations for carotid
IMT also were with age and pack-years.

Longitudinal smoking burden scores and weight changes in the primary analysis

Among the 726 participants, 135 (18.6%) had an SBS=0 (/.e., abstinent at each visit after
baseline); 61 (8.4%) had an SBS=1; 54 (7.4%) had an SBS=2; 132 (18.2%) had an SBS=3;
and 344 (47.4%) had an SBS=4 (/.e., smoked at each visit). Weight gain decreased by
increasing levels of SBS: 8.7 (8.7) kg for SBS=0; 7.7 (10.2) kg for SBS=1; 2.6 (9.3) kg for
SBS=2; 4.9 (10.8) kg for SBS=3; and 0.62 (10.6) kg for SBS=4.

Longitudinal changes in carotid plaque score in the primary analysis

The mean change in carotid plaque score was 1.03 (1.25). Distributions of changes in carotid
plaque scores by SBS are shown in Figure 2. The SBS predicted change in carotid plaque
score (X2=13.0, p=0.011). Additional univariate predictors of changes in carotid plaque
score were age, use of blood pressure medication, and change in weight (p <0.01 for each)
as well as sex, use of lipid-lowering medication, and use of antiglycemic medication (o
<0.05) but not race, study site, or changes in lipids, blood pressures, or hemoglobin A;C. In
the best-fitting multivariable model, SBS was a statistically significant, independent
predictor of change in carotid plaque score (p=0.007). Comparisons of individual SBS
scores revealed significant differences between SBS score 0 vs. 2 (OR=0.544,
95%C1=0.297-0.998) and between SBS score 0 vs. 4 (OR=0.522, 95%CI1=0.354-0.770), but
not for SBS score 3 vs. 0 (OR=0.854, 95%CI=0.531-1.375). Other significant multivariable
predictors were baseline CPD (per 5 CPD; OR=1.098, 95%CI=1.014-1.188, p=0.024) and
age (per 5 years; OR=1.394, 95%CI=1.295-1.504, p <0.001) (Figure 3).

Longitudinal changes in carotid IMT in the primary analysis

The mean change in carotid IMT was 0.093 (0.094) mm. SBS did not predict change in
carotid IMT (p=0.940) in any models. No significant pairwise differences were identified
between changes in carotid IMT and any SBS score (all p>0.96) (Figure 4).
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Secondary analysis

Participants in the secondary analysis smoked fewer cigarettes than those in the primary
analysis (16.6 [8.3] vs. 21.1 [8.9] CPD, respectively) for fewer pack-years (25.6 [17.7] vs.
30.0 [19.7]). They were older (50.2 [11.4] vs. 46.1 [10.3] years), had higher HDL-C levels
(50.1 [17.4] vs. 42.3 [14.0]), and were much more likely to use lipid-lowering medications
(20.6% vs. 5.1%). 143 (16.1%) had SBS=0; 52 (5.9%) had SBS=1; 89 (10.0%) had BS=2;
and 605 (68.1%) had SBS=3. Participants who were abstinent for the three years (SBS=0)
gained an average of 6.3 (9.6) kg compared to participants with SBS score >0: 4.9 (9.4) kg
for SBS=1; 3.0 (7.3) kg for SBS=2; and 0.6 kg (7.6) for SBS=3. Consistent with the primary
analysis, the strongest associations of carotid plaque scores and IMT were with age and
pack-years (Supplemental Tables 2 and 3).

The mean change in carotid plaque score in the secondary analysis sample was 0.64 (0.99),
which was much lower than in the primary analysis. In the overall sample, SBS did not
predict change in carotid plaque score (p=0.251). However, because participants in the
secondary analysis sample had much less smoking exposure than those in the primary
sample, we conducted additional analyses to determine whether change in plaque score
differed as a function of smoking heaviness using a median split analysis. Indeed, among
heavier smokers (= the median of 15 CPD), a linear increase in SBS was associated with an
increased likelihood of new plaques across scores of 0 (34.1%) to 3 (47.2%) (X2 6.51,
p=0.011), but not among those who smoked <15 CPD at baseline.

The mean change in carotid IMT in the secondary analysis was 0.063 (0.080) mm, which
also was much lower than in the primary analysis. SBS did not predict change in carotid
IMT (p=0.242); baseline smoking heaviness did not modify this relation.

Discussion

We studied the longitudinal relations of smoking burden with carotid artery plaque and IMT
progression in two prospective studies of the effects of smoking and smoking cessation in
daily smokers. Strengths of our analysis include its prospective longitudinal design, rigorous
methods for serially quantifying cigarette smoking exposure over several years,
contemporary smoker cohorts, and rigorous ultrasound methods that included using the
same ultrasound instrumentation and scanning protocol at both sites and the same reader for
all studies. Our major finding was that smoking cessation was associated with less
progression of carotid plaque, but not IMT. The effects of smoking cessation on carotid
atherosclerosis were related to the degree of abstinence and persisted after adjusting for
baseline smoking heaviness and ASCVD risk factors. This association was not affected
significantly by potential confounders such as weight gain or changes in medications.

We had intended for the primary analysis to cover the time period from the first visit of
WSHS-1 through the final visit of WSHS-2, but because of attrition, only a very small
number of participants were continuously abstinent from the first to last assessable study
visits. Therefore, we chose the next longest observation period for our primary analysis
(from the first visit in WSHS-1 through the first visit in WSHS-2). Because the WSHS-1 and
WSHS-2 study populations differed substantially on important patient characteristics such as
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CPD (higher in WSHS-1), smoking pack-years (higher in WSHS-1), and age (higher in
WSHS-2) and because duration of follow-up was shorter in WSHS-2, we performed a
secondary analysis limited to participants in that study.

In the primary analysis, greater burden of continued smoking was associated with increased
progression of carotid plaque, indicating atherosclerosis progression and increased ASCVD
risk.20.22.23 The best-fitting multivariable model showed that smoking burden predicted
carotid plague progression, as did baseline smoking heaviness and increasing age. Smoking
burden was not related to carotid IMT progression. These findings demonstrate that smoking
cessation reduces progression of atherosclerosis and ASCVD risk in contemporary smokers,
despite weight gain.

That carotid IMT progression was unrelated to smoking cessation may reflect the stronger
influence of weight on wall thickness than on plaque formation.1%16:24.27 |ndeed, other
investigators have demonstrated that body mass is a key determinant of arterial and left
ventricular wall thickness, but not atherosclerosis, consistent with the observation that
carotid IMT in plaque-free arterial segments like the common carotid artery represents a
multifactorial arterial injury rather than atherosclerosis.28:27 In an earlier report from
WSHS-1 with shorter follow-up, we showed that early changes in carotid IMT after a quit
attempt were related to weight gain.16 Also, in a previous report from WSHS-2, we
demonstrated that reductions in common carotid artery echogenicity among successful
quitters also was related to weight gain.18 These findings emphasize that carotid artery IMT
and carotid plague cannot be used interchangeably or referred to as “atherosclerosis”.2>

Participants in the secondary analysis smoked fewer CPD for fewer pack-years and had a
shorter follow-up period, which likely is why we did not detect a significant association
between SBS and change in carotid plaque score in that analysis. However, we identified a
significant relation between CPD and likelihood of new plaque formation in participants
who smoked = 15 CPD at baseline. This finding suggests that smoking cessation can affect
plaque formation in a relatively short 3-year timeframe among heavier smokers. Although
several cross-sectional studies have demonstrated that current and former smoking is
associated with increased carotid IMT and plague burden,1520.28.29 those studies typically
analyzed relations of smoking status variables that spanned lifetime exposure at a single
time point. The current study suggests that the effects of cessation on new plaque formation
can occur fairly rapidly.

Our study is novel because it prospectively followed two cohorts of contemporary cigarette
smokers with detailed assessments of smoking habits, comorbidities, and use of medications
from the time they made a quit attempt and we characterized the influences of smoking
cessation versus continued smoking on two arterial measures. Baseline smoking heaviness
was associated with carotid plaque score at baseline and carotid plaque progression over a
median of seven years. Our longitudinal index of smoking burden independently predicted
greater progression of carotid atherosclerosis, demonstrating the harm of continued smoking
and the benefit of smoking cessation on atherosclerosis and ASCVD risk. It is especially
important that in our primary analysis, the benefit of smoking cessation on progression of
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atherosclerosis was not mitigated by weight gain during follow-up, which was greater
among those who smoked less.

The major limitation of our study was drop out, as it is common among participants in
smoking cessation studies, presumably due to those who did not quit smoking.30:31 Our
conclusions are based on smokers with repeated follow-up and may not be generalizable to
those who did not attend subsequent visits, however, participants in this analyses were very
representative of the total WSHS-1 and WSHS-2 populations. Because this study focused on
current smokers, it did not have a non-smoking control arm and we cannot exclude the
effects of confounding variables. Smokers in our analyses all made a quit attempt, so our
findings may not be generalizable to smokers unwilling to try to quit, although smokers
wanting to quit tend to smoke more and cessation might yield even greater benefits on
atherosclerosis burden. The WSHS-2 study had a relatively short follow-up period of 3 years
and high prevalence of lipid-lowering therapy; it is possible that stronger relations between
SBS and the carotid outcomes would have been found with longer follow-up and that use of
lipid-lowering therapy may have reduced our sensitivity to identify changes. “Ever” of other
nicotine-containing products and combustibles at the baseline visits of WSHS-1 and
WSHS-2 was low (Supplemental Table 4), however, subsequent use of e-cigarettes and other
nicotine-containing products in WSHS-2 was not ascertained. Comparisons of individual
SBS scores revealed significant differences for plaque change scores for SBS 0 vs. 2 and
SBS 0 vs. 4, but not for score 0 vs. 3. We cannot fully explain this observation. Those with
an SBS of 3 had somewhat lower plaque scores at the WSHS-1 baseline visit than did the
other SBS groups; this difference carried over to WSHS-2 baseline visit, such that those with
SBS=3 also had lower plaque scores at that visit. We speculate that fortuitous baseline
differences in vulnerability to plaque formation caused the SBS=3 group to behave
differently than the other SBS groups.

Conclusion

Smoking cessation is associated with less progression of carotid plaque, but not IMT. The
salutary associations of smoking cessation with carotid plaque progression are related to the
degree of abstinence and persist after adjusting for baseline smoking heaviness and ASCVD
risk factors. The association between smoking cessation and reduced atherosclerosis
progression is not affected significantly by potential confounders such as weight gain,
changes in other ASCVD risk factors, and medication use. Longitudinal changes in carotid
plaque burden better reflect the influence of smoking cessation on arterial protection than do
changes in carotid IMT.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

We studied the longitudinal relations of smoking burden with carotid artery
plaque and IMT progression in two prospective studies of the effects of
smoking and smoking cessation in daily smokers.

Strengths of our analysis include its prospective longitudinal design, rigorous
methods for serially quantifying cigarette smoking exposure over several
years, contemporary smoker cohorts, and rigorous ultrasound methods that
included using the same ultrasound instrumentation and scanning protocol at
both sites and the same reader for all studies.

Our major finding was that smoking cessation was associated with less
progression of carotid plaque, but not IMT.

The effects of smoking cessation on carotid atherosclerosis are related to
degree of abstinence and persist after adjusting for baseline smoking
heaviness and ASCVD risk factors.

This association was not affected significantly by potential confounders such
as weight gain or changes in medications
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Figure 1.
Participant flow diagram.

WSHS=Wisconsin Smokers Health Study
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Figure 2.

Changes in carotid plagque scores by smoking burden score in the primary analysis.
SBS=smoking burden score; WSHS=Wisconsin Smokers Health Study
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Figure 3.
Odds Ratios and 95% confidence intervals for predictors of changes in carotid plague score

in the best-fitting multivariable model (primary analysis).
Age per 5 years; cigarettes per day is in 5 per day. SBS=smoking burden score.
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Changes in carotid intima-media thickness by smoking burden score (primary analysis).
IMT=intima-media thickness
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