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Aims This systematic review aims to evaluate the effects of smoking cessation or switching to exclusive electronic
cigarette (EC) use on vascular function in adult smokers, using prospective evidence from clinical studies.

Methods A comprehensive literature search was conducted in PubMed, Scopus, Web of Science, and Embase on 13

and results October 2025. Eligible studies included randomized controlled trials (RCTs), quasi-experimental designs, and
prospective cohort studies reporting quantitative or narrative data on vascular outcomes [i.e. pulse wave vel-
ocity (PWV), augmentation index (Alx), and flow-mediated dilation (FMD)], after smoking cessation or switching
to ECs. Risk of bias was assessed using the Joanna Briggs Institute tools. Results were synthesized qualitatively.
Certainty of the evidence was determined using Grading of Recommendations, Assessment, Development, and
Evaluation (GRADE). Twenty-three studies involving a total of 11 702 participants were included: 14 cohort
studies, 5 quasi-experimental, and 4 RCTs. Overall, smoking cessation was consistently associated with im-
provements in PWV, Alx, and FMD, with some effects observable within 1 month and sustained up to 24
months. The overall certainty of evidence was very low, except for a moderate level of certainty derived
from RCTs investigating FMD. Improvements were seen across different cessation methods, including pharma-
cotherapy and ECs. RCTs on ECs reported significant improvements in FMD irrespective of nicotine content,
suggesting that combustion rather than nicotine may be the primary driver of vascular impairment.
Sensitivity analyses excluding lower-quality RCTs confirmed the primary findings.

Conclusion Smoking cessation appears to improve vascular function, as reflected by early favourable changes in endothelial
and arterial stiffness markers; however, the overall certainty varies from moderate to very low, according to the
outcome. These findings are consistent with the biological plausibility of cardiovascular benefit from sustained
smoking abstinence.

Lay summary Most studies reported that quitting smoking improved vascular function; however, the certainty of the overall
evidence was very low, except for moderate certainty in RCTs assessing FMD.

« This systematic review found signals of improvement in how blood vessels function after smoking cessation,
such as better elasticity and reduced stiffness, which are important for heart health. However, these findings
come mainly from observational and non-randomized studies.

« The use of e-cigarettes as a smoking cessation aid was also linked to possible improvements in vascular func-
tion, but the available evidence is limited, and the long-term effects remain uncertain.
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« Overall, while the results are encouraging, more robust and long-term studies are needed to confirm these
early observations.
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Despite global efforts, tobacco smoking remains a leading cause
of preventable death, responsible for over 7 million deaths an-
nually.! Chronic smoking substantially harms the cardiovascular
system by promoting atherosclerosis, impairing vascular func-
tion, and increasing the risk of cardiovascular disease (CVD)
and sudden cardiac death.? Consequently, smoking cessation
is a cornerstone of CVD prevention, with clinical guidelines
strongly recommending it to reduce cardiovascular risk.® Its ef-
fectiveness improves when behavioural counselling is combined
with pharmacological therapies such as varenicline,* cytisine,’
bupropion,® or nicotine replacement therapy (NRT).”

In recent years, electronic cigarettes (ECs) have emerged as a
popular cessation aid, with systematic reviews supporting their
effectiveness.® Regulatory bodies, including the US FDA and UK
NICE, have recognized ECs as a less harmful alternative to com-
bustible cigarettes for smokers unable or unwilling to quit.”"1°

The cardiovascular benefits of cessation can be tracked non-
invasively long before clinical events by measuring vascular bio-
markers such as arterial stiffness and endothelial function.
Carotid-femoral pulse wave velocity (PWV) is considered the

diovascular outcomes; a 1 m/s increase corresponds to a 14%
higher risk of events and a 15% higher risk of cardiovascular mor-
tality.X The augmentation index (Alx), another marker of systemic
stiffness and wave reflection, also predicts subclinical atheroscler-
osis and future events, with reductions from >30 to <20% asso-
ciated with lower cardiovascular risk.2*?”  Endothelial
dysfunction, assessed by brachial flow-mediated dilation (FMD),
represents an early event in atherosclerosis. Impaired FMD is a ro-
bust predictor of cardiovascular events, with a 1% absolute in-
crease associated with an 8-12% lower risk, while a one
standard deviation decrease doubles cardiovascular risk.181?
Given the strong prognostic value of vascular biomarkers, it is
crucial to investigate how these parameters improve following
smoking cessation, as tobacco smoking remains one of the
most important modifiable risk factors for CVD. Non-invasive
measures such as PWV, Alx, and FMD provide a sensitive win-
dow into the earliest vascular changes, allowing benefits of ces-
sation to be captured long before the onset of clinical events.
Understanding the extent and timing of these improvements is
key for assessing the cardiovascular advantages of quitting.
Thus, the aim of this systematic review is to synthesize evidence
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from prospective studies on the impact of stopping smoking,
with or without cessation aids (including ECs), on vascular health.

Materials and methods

This review was conducted in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) 2020 guidelines (see Supplementary material online,
Appendix S1). The protocol was registered in PROSPERO
(CRD420251016878) and has been accepted for publication
in a peer-reviewed journal.?°

Research question

Population (P): adults (>18 years) who are regular smokers, with
or without established cardiovascular risk factors (e.g. diabetes,
hypertension, dyslipidaemia, and rheumatoid arthritis).

Intervention (I): smoking cessation achieved through any
pharmacological aid or through exclusive switching to ECs.

Comparison (C): continued smoking or baseline (pre-
cessation) values in within-subject designs.

Outcome (O): changes in vascular function indicators, includ-
ing PWV, Alx, and FMD.

Study design (S): prospective clinical studies [i.e. randomized
clinical trials (RCTs), non-randomized interventional (known as
quasi-experimental) studies, and prospective cohort studies].

Regular smokers were defined according to the criteria
adopted in the primary studies. Although definitions varied
slightly across studies, regular smokers generally referred to par-
ticipants with established daily smoking habits, most commonly
reporting a consumption of >10 cigarettes per day and, where
biochemical verification was available, an exhaled carbon mon-
oxide level >10 ppm.

Search strategy
A comprehensive literature search was conducted on 13
October 2025, using the PubMed, Scopus, Web of Science,
and Embase databases. Search strategies were tailored to each
database, and the full search strings are presented in
Supplementary material online, Appendix S2. To identify add-
itional relevant studies, two reviewers (G.R.M.L.R. and R.P.)
also screened the reference lists of all included articles. In add-
ition, medical experts were consulted to minimize the risk of
omitting recent or unpublished relevant literature. Relevant
grey literature was also considered by reviewing the websites
of leading medical and public health organizations in the fields
of cardiovascular health and smoking cessation, including the
World Heart Federation, American Heart Association,
European Society of Cardiology, World Health Organization
(WHO), and Centers for Disease Control and Prevention.

The search was performed without any restriction on publica-
tion date, and only articles published in English were considered.

Study selection

Studies were eligible for inclusion if they investigated the impact
of smoking cessation or switching to EC use on vascular function
outcomes (e.g. PWV, Alx, and FMD), in adult populations (>18
years) classified as regular smokers. Eligible designs included
RCTs, quasi-experimental, and prospective cohort studies.
Studies involving populations with established cardiovascular

risk factors were also included. Studies had to report either
quantitative or narrative data on vascular outcomes following
smoking cessation. To ensure interpretability, we included
only studies where exclusive use (e.g. of ECs) could be clearly
distinguished from persistent dual use (defined as the concur-
rent use of ECs and combustible cigarettes). Where outcomes
were stratified by biochemical verification (e.g. CO levels), sub-
groups were considered separately.

Exclusion criteria comprised preclinical studies, retrospective
cohorts, cross-sectional studies, case reports or series,
non-peer-reviewed publications, and trials with fewer than 30
participants without a justified sample size.?* Studies lasting
<1 week or involving smokeless tobacco products (e.g. snus)
were also excluded. These thresholds were adopted to reduce
the inclusion of very small or ultra-short studies, which are
more prone to imprecision, lack of representativeness, and lim-
ited clinical interpretability.

A detailed description of the inclusion/exclusion criteria is
provided in the protocol.

Two independent reviewers screened titles and abstracts
using EndNote (Version 21, Clarivate) to remove duplicates
and manage records. Articles judged potentially eligible, or those
for which relevance could not be excluded based on title and ab-
stract, were retrieved in full text and independently assessed for
eligibility. Discrepancies were resolved through discussion and
consensus. Only studies meeting all predefined inclusion criteria
were retained for the final synthesis.

Data extraction

Data extraction was carried out using a standardized form as
specified in the published protocol. Key study characteristics
were collected, including bibliographic details, study design,
population descriptors, exposure and comparator definitions,
follow-up duration, and outcome measures. Findings related
to the impact of smoking cessation on vascular outcomes
were extracted quantitatively where available or summarized
narratively. Study limitations and conclusions were also noted.

Data synthesis

Given the substantial heterogeneity observed across the in-
cluded studies, in terms of study design, patient populations,
outcome definitions, and length of follow-up, a meta-analysis
was not considered appropriate. Instead, we systematically ta-
bulated the key characteristics and findings of each study and
conducted a structured narrative synthesis. This approach al-
lowed us to integrate the evidence in a transparent way, while
highlighting patterns and differences across studies without
producing potentially misleading pooled estimates. Vascular
outcomes were categorized by type (i.e. PWV, Alx, and FMD)
to facilitate interpretation across studies.

Risk of bias (quality) assessment

The risk of bias for each included study was independently as-
sessed by two reviewers (G.RM.LR. and G.G.) using the
Joanna Briggs Institute (JBI) critical appraisal tools, selecting
the checklist appropriate to each study design (https://jbi.
global/critical-appraisal-tools). Full details on the tools and ap-
praisal criteria are available in the protocol. Disagreements
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were resolved through discussion or, when needed, by consult-
ing a third reviewer (R.P.).

Results of the risk of bias assessment are presented in graphic
format, accompanied by a narrative synthesis grouped by study
design. To explore the influence of methodological quality on
the overall findings, a sensitivity analysis was conducted by ex-
cluding studies with equal to or more than three domains rated
as ‘no’ on the JBI checklist. The risk of bias assessment was used
toinform the interpretation of the findings and to highlight areas
of greater methodological strength or concern across the in-
cluded evidence.

Certainty of the evidence

The Grading of Recommendations, Assessment, Development,
and Evaluations (GRADE) approach was applied by two inde-
pendent reviewers (G.R.M.L.R. and R.P.) to assess the certainty
of evidence for the three main outcomes (i.e. PWV, Alx, and
FMD), for which more than one study was available.
According to the GRADE framework, RCTs start as high-
certainty evidence, whereas observational studies start as low-
certainty evidence. The assessment considered the following
domains: risk of bias, inconsistency, indirectness, imprecision,
and publication bias. The certainty of evidence was downgraded
if relevant limitations were identified in one or more of these do-
mains. Because no meta-analysis was performed and the data
were synthesized narratively, we followed the guidance pro-
posed by Murad et al.?? to apply the GRADE approach in the
context of narrative evidence synthesis.

Results

The results of the literature search are summarized in Figure 1
(PRISMA flow diagram). Full-text publications excluded during
the eligibility assessment, along with reasons for exclusion, are
detailed in Supplementary material online, Appendix S3.
Finally, 23 eligible studies were identified. No relevant grey lit-
erature was identified during the search process.

General characteristics
The general characteristics of the included studies are reported
in Table 1.

Most studies were cohort studies (n = 14), with other types
being quasi-experimental (n =5) or RCTs (n =4). Across all in-
cluded studies, a total of 11 702 participants were enrolled.
The sample size was variable, ranging from 60 to 6597 partici-
pants. The follow-up period ranged from 1 month to a maximum
of 84 months.

Included studies cover a diverse range of countries, including
the USA, Italy, China, Greece, Japan, Portugal, Canada, Israel,
and Brazil. Notably, four of the nine studies investigating FMD
were from Japan.

Population characteristics were also variable. Eight out of 12
studies investigating PWV included women, ranging from 26 to
100% female. Seven out of nine Alx studies included women,
with female representation ranging from 27 to 56%. All FMD
studies included a female population, ranging from 26 to 65%
female. Average populations across all studies range from 26
to 64 years. Ten studies included populations with CV risk fac-
tors such as dyslipidaemia, hypertension, and diabetes.

In total, 12 studies used pharmacotherapy as an intervention/
smoking cessation therapy, nine studies used NRT, and four
studies used ECs. Most of the included studies biologically veri-
fied smoking abstinence, using measures such as exhaled carbon
monoxide or urinary cotinine levels. No included study was
funded by the tobacco industry.

Vascular outcomes

The included studies found that PWV, Alx, and FMD generally
demonstrated improvement in vascular function following
smoking cessation using NRT, pharmacotherapy (i.e. vareni-
cline/bupropion/cytisinicline), or EC use.

Pulse wave velocity

Multiple studies have assessed the impact of smoking cessation
on arterial stiffness, as shown in Table 1. We found significant
heterogeneity in study design, comparators, PWV type
(carotid—femoral, aorto-radial, brachial-ankle), follow-up dur-
ation, cessation aids/devices, and reporting measures of arterial
stiffness.

However, the vast majority of studies demonstrate reduced
arterial stiffness (denoted by a negative value or a smaller posi-
tive value) after smoking cessation, often detectable by 1 month
and sustained up to 36 months.

Treatment effects vary by aid. One head-to-head study fa-
voured varenicline over NRT by 0.3m/s at 3 months.?® In
Zhang et al.**, a 24-month comparison was conducted between
participants with cardiovascular risk factors (i.e. hypertension,
hyperlipidaemia, or diabetes mellitus) and healthy volunteers.
Within each group, individuals were either current smokers or
engaged in smoking cessation treatment with varenicline or bu-
propion. In the smoking cessation group, PWV decreased by
1.2 m/s in healthy volunteers and by 0.8 m/s in participants
with cardiovascular comorbidities, suggesting larger improve-
ments in healthy population. An earlier shorter follow-up (6
months) study using NRT by the same researchers* found a re-
duction in PWV of —0.49 m/s in healthy volunteers and of
—0.20 m/s in those with CV comorbidities.

Three studies used ECs as the smoking cessation too
Two reported early and significant improvements in PWV when
cigarette smokers switched to EC (—0.5m/s at 1 month?>;
—0.8 m/s at 12 months>2) while a third study?” showed a numer-
ically (but not statistically significant) increase of +0.2 m/s in EC
users compared with cigarette smokers at 1 month. Notably, sub-
jects who dual-used ECs and tobacco cigarettes exhibited PWV
changes similar to those who continued to smoke (0.3 m/s).

Interestingly, although not in the scope of this review, this
study found that a single acute exposure to EC of up to 7 min
resulted in a lesser extent of vascular stiffness than a compar-
able period with a tobacco cigarette, in chronic tobacco smo-
kers. The difficulty with single-exposure studies is that there is
often too much ‘noise’ in a single time point, single exposure
to be able to extrapolate results to long-term effects.*®

Finally, a 2025 pilot study using the novel agent cytisinicline
also demonstrated a rapid 1-month improvement in PWV
from 10.36 £ 2.37 t0 8.69 £ 1.94 m/s (P = 0.019) in the cytisini-
cline group and no change in the continued smoking control
group (9.87 +1.96 m/s-10.02 + 2.23 m/s; P =0.822).28

| 25,27,32
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Figure 1 Flow chart of the review process.

In summary, there is a significant, early, and clinically relevant
improvement in arterial stiffness as measured by PWV. The ben-
efits are seen in studies that have used a variety of smoking ces-
sation methods including varenicline and EC.

Augmentation index
Similar issues with regard to the wide heterogeneity of studies
of PWV were also encountered with Alx. One study by
Cooper et al.?® that studied Alx change over 84 months in smok-
ing cessation compared with healthy volunteers and smokers
found an attenuated worsening in Alx over time after quitting
smoking. The magnitude of benefit seen was approximately
4% lower Alx in the smoking cessation cohort compared with
smokers. All other studies that met the criteria for this system-
atic review had a relatively short duration of follow-up from 1
to 24 months. This is reflected in the magnitude of Alx change
seen. There are advantages and disadvantages to this shorter
duration as numerous factors such as age, vasoactive medica-
tions, heart rate/physical fitness, and exercise can also affect
Alx.*” Unlike PWV, there was no advantage seen with vareni-
cline over NRT in the study by lkonomidis et al.2%; however,
Alx decreased among participants who achieved smoking cessa-
tion, suggesting that improvements were primarily related to ab-
stinence from smoking rather than to the specific cessation
pharmacotherapy.

Importantly, all studies showed a benefit in the smoking ces-
sation arm in terms of reduced Alx (less stiffness) but the mag-
nitude of Alx reduction varied significantly (Table 1) from <1%

over 6 months***° to a benefit of 12% reduction in Alx.2¢ As
would be expected in studies with a continued smoking
arm,?736:37:39.:42:44.45 A |y deteriorated but this was more marked
in those with comorbidities.***°

In summary, while all studies reported a reduction in Alx fol-
lowing smoking cessation, the magnitude of improvement var-
ied considerably. This heterogeneity likely reflects differences
in follow-up duration, participant characteristics, and concomi-
tant factors influencing arterial stiffness. Despite these varia-
tions, the overall trend supports a beneficial effect of
cessation on Alx.

Flow-mediated dilation

Multiple interventional studies reported changes in FMD fol-
lowing smoking cessation with pharmacological aids. Two
RCTs specifically evaluated the effect of switching from com-
bustible cigarettes to ECs. A study by George et al.%’ reported
that chronic smokers who switched to ECs for 1 month showed
a clinically significant improvement in FMD, irrespective of
whether the EC contained nicotine or not. Klonizakis et al.%° re-
ported that over a 6-month period, FMD improved in partici-
pants who switched to either nicotine-containing or
nicotine-free ECs, and a similar improvement was also observed
in the NRT group of the same trial.

In studies where varenicline was used as cessation therapy,
Okuyama et al.®> and Kobayashi et al.®* both reported an im-
provement in endothelial function after 5 months, although
the former found benefits only in flow-mediated total dilation
(FMTD), an index that incorporates low-flow-mediated
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Table 2 Summary of findings

Smoking cessation (with or without cessation aids, including exclusive e-cigarette use)

Population: adults (>18 years) who are regular smokers, with or without established cardiovascular risk factors

Intervention: smoking cessation
Comparison: continuous smoking

Pulse wave velocity  Most studies showed a reduction in arterial

(PWV)

Augmentation index
(Alx) smoking cessation

Flow-mediated
dilation (FMD) with improvements in FMD across the

included studies

stiffness (PWV) following smoking cessation

All studies reported a reduction in Alx following

Smoking cessation was consistently associated

Number of participants
Studies

2293
10 non-randomized (3
quasi-experimental, 7 cohort)

Very low®?

eO00O

(Due to serious risk of bias and
very serious imprecision)

Very low®

OO0

(Due to study design and serious
risk of bias)

188 Very low*?
1RCT =100l0)
(Due to serious risk of bias and
very serious imprecision)
7171 Very low®
8 non-randomized (2 OO0
quasi-experimental, 6 cohort) (Due to study design and serious
risk of bias)
3RCTs Moderate?
1866 @)
(Due to serious risk of bias)
520 Very low®
6 non-randomized (1 OO0
quasi-experimental, 5 cohort)  (Due to study design and serious
risk of bias)

3Serious risk of bias across studies because of unclear or inadequate randomization, blinding, and allocation concealment.

bVery serious risk of imprecision because of N of participants <400 and small or no effect (downgraded two levels).

“Serious risk of bias across studies because of insufficient strategies to control confounders or address incomplete follow-up in cohort studies.
9dSerious risk of bias across studies because of unclear or inadequate randomization, blinding, allocation concealment, and incomplete follow-up.

constriction into the FMD measurement,*® whereas no signifi-
cant change was found in standard FMD. Umeda et al.*° re-
ported a statistically insignificant increase in FMD during
varenicline use, but the improvement was statistically significant
after completion of the varenicline treatment. For NRT, studies
by Moreira et al.>® and Fukumoto et al.?* found that FMD im-
proved at 3- and 4-month follow-ups, respectively. The former
study was performed in people living with HIV/AIDS, a condi-
tion that is known to adversely affect endothelial function due
to sustained viral replication, viral protein expression, chronic in-
flammation, and oxidative stress.*’The 12-month RCT by
Johnson et al.??, which included five intervention arms and a pla-
cebo, found an overall improvement in FMD among all participants
who achieved sustained abstinence, irrespective of the assigned
treatment group. A recent pilot study using the novel agent cytisi-
nicline demonstrated much larger gains in FMD compared with
other interventions. lkonomidis et al. demonstrated an improve-
ment in FMD from 7.51 + 1.26% to 11.03 + 2.27% (P <0.001) with-
in a month of smoking cessation (control 7.36 + 1.69% to 8.01 +
1.25%; P=0.140).28

In summary, smoking cessation was consistently associated
with improvements in FMD across intervention types, including
ECs, NRT, and varenicline. Although the extent of improvement
varied across studies and populations, the overall evidence sup-
ports a positive effect of cessation on endothelial function.

Other indices

There were three studies that met the inclusion criteria but as-
sessed vascular function indices other than those mentioned
above. Nielson et al.3* also investigated vascular compliance
and viscoelasticity. They found the former but not the latter, im-
proved with smoking cessation, in young women. In addition to
Alx, Xue et al.*? also assessed reactive hyperaemia-peripheral
arterial tonometry (RH-PAT) which assesses vascular function
in the peripheral circulation at 12 months. At 12 months of
follow-up, both endothelial function (RH-PAT and Aix) improved
in participants who abstained from smoking (P < 0.001), while
the above parameters deteriorated in continued smokers (P <
0.05). Lastly, van den Berkmortel et al.** investigated the impact
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of smoking cessation on vessel wall intima-media thickness
(IMT) in an observational study over 2 years and found that al-
though IMT is thickened in chronic smokers, no difference in
IMT progression could be shown after 2 years of smoking cessa-
tion when compared with results in persistent smokers and in
non-smokers. Except for improvements in the IMT of the right
common carotid artery, no significant differences in IMT pro-
gression elsewhere were seen between groups. The authors ac-
knowledge that ageing over 2 years could have affected
vascular compliance and that the risk reduction is more likely
due to haemostatic or endothelial factors. They concluded
‘smoking cessation should be recommended as it reduces car-
diovascular risk rapidly after smoking cessation’.

Risk of bias assessment

The risk of bias assessment is presented in Supplementary
material online, Appendices S4-Sé, with studies grouped accord-
ing to their design: RCTs, quasi-experimental studies, and cohort
studies.

RCTs

Most RCTs demonstrated acceptable methodological quality
across several domains, although some recurrent sources of
bias were observed (see Supplementary material online,
Appendix S4). Issues related to randomization and allocation
(D1-D3) were noted in all studies, with procedures for random
sequence generation and allocation concealment often inad-
equately described or entirely absent.

Blinding of participants and personnel (D4-D5) was generally
not feasible due to the nature of the interventions.?4° For in-
stance, in a study by Klonizakis et al.%°, those delivering the
intervention were blinded only with respect to participants’ allo-
cation to the two EC groups, as the NRT group received support
through the stop-smoking service. In a study by George et al.?>,
randomization was applied exclusively to the comparison be-
tween nicotine-containing and nicotine-free EC groups; alloca-
tion to the smoking group was not randomized, as assigning
participants who wished to quit smoking to continue smoking
was considered ethically inappropriate.

Nevertheless, outcome assessment domains (D7-D9) were
generally well addressed. Most studies used standardized and
objective instruments to measure outcomes, and outcome as-
sessors were blinded to group allocation, thereby minimizing
the risk of detection bias despite the lack of participant blinding.

Attrition bias (D10) emerged in one study,?’ where loss to
follow-up was neither adequately reported nor analytically ac-
counted for.

Quasi-experimental studies

The quasi-experimental studies were generally well conducted
across all assessed domains (see Supplementary material
online, Appendix S5). Temporal sequencing between interven-
tion and outcome (D1) was clearly established in all cases, and
all studies incorporated appropriate comparison groups and en-
sured similarity between participants across groups (D2-D4).
Outcome measurement domains (D5-D7) were also well ad-
dressed: all studies applied pre-/post-assessments using con-
sistent procedures and validated tools, and outcomes were
measured in a reliable way. The only identified limitation relates

to participant retention (D8) in a study by Yu-Jie et al.*3, where

follow-up was incomplete and not adequately described or ana-
lytically addressed.

Cohort studies
Most cohort studies included in the review exhibited a generally
acceptable methodological profile, with participants typically re-
cruited from comparable populations and exposure status
(smoking vs. cessation) defined using consistent criteria (see
Supplementary material online, Appendix S6). In five cohort stud-
ies, domain D1 was marked as not applicable, as these were
single-cohort designs evaluating within-group changes before
and after smoking cessation.3¢%74%4445 |n two studies, expos-
ure was not considered measured in a valid and reliable way,
as smoking cessation was self-reported and not biochemically
verified (e.g. no cotinine or CO levels were assessed), introdu-
cing a potential risk of misclassification due to inaccurate report-
ing of smoking behaviour.2%32

While confounding factors were often identified, they were
not analytically controlled. Some studies relied solely on base-
line comparability without employing multivariable adjustment,
which limits causal inference.28:36-37:39-41 Gtrategies to address
incomplete follow-up were largely absent, with dropouts either
not reported or excluded from the final analysis without further
consideration.?33%87:384041 Einally in all studies, the domain
assessing whether participants were free of the outcome at
baseline was marked as not applicable, as the outcome of inter-
est was defined as change over time in vascular function rather
than the occurrence of a categorical event.

Sensitivity analysis

A sensitivity analysis was conducted for the RCTs by excluding
studies with multiple methodological limitations as defined in
the Materials and methods.242° The remaining trials confirmed
the primary findings, showing consistent results for FMD?>2?
and PWV.?°

Certainty of the evidence

The results of the grading are reported in Table 2. Each outcome
included a mix of study designs, with a limited number of RCTs
and a predominance of non-randomized studies. Therefore, the
certainty of evidence was assessed separately by study design.
For non-randomized studies, the certainty started from a low le-
vel and was further downgraded to very low due to a serious risk
of bias, mainly related to inadequate control of confounders and
incomplete follow-up. For RCTs, the certainty started from a
high level but was downgraded for risk of bias and imprecision,
as most trials were small and characterized by unclear random-
ization, blinding, or allocation procedures. The certainty for
RCTs assessing FMD was rated as moderate. A detailed assess-
ment and justification for each GRADE domain and outcome are
provided in Supplementary material online, Appendix S7.

Discussion

This systematic review synthesized prospective evidence on the
effects of quitting smoking or switching to exclusive EC use on
prognostically important markers of vascular health. Across all
three evaluated outcomes (i.e. PWV, Alx, and FMD), the
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available prospective studies suggest early improvements in
vascular function following smoking cessation. However, the
quality of evidence was rated as very low, with moderate cer-
tainty for RCTs on FMD. These findings are consistent with pro-
posed mechanistic pathways underlying the reduction in
cardiovascular risk observed after smoking cessation and sug-
gest that early vascular markers may be informative for explora-
tory regulatory and harm-reduction research, pending
confirmation in larger and longer-term studies.

The improvement in endothelial function, reflected by in-
creased FMD, appears to be one of the earliest benefits.
Studies consistently reported significant FMD recovery within
1-12 months of cessation.?82?-33 This rapid response is biologic-
ally plausible, as the endothelium is directly exposed to the thou-
sands of circulating toxins in cigarette smoke which acutely
impair nitric oxide bioavailability. Removing this toxic insult al-
lows for the restoration of normal endothelial signalling. The
magnitude of FMD improvement observed falls within a range
that, in other clinical contexts, has been associated with a lower
risk of future cardiovascular events for each 1% absolute in-
crease in FMD, particularly among patients with established dis-
ease but also in asymptomatic populations.*?>°

Similarly, measures of arterial stiffness exhibited consistent
improvement. Reductions in PWV were reported as early as 1
month and were sustained over follow-up periods of up to 2
years. The PWV reductions observed, such as the approximately
—0.77 to —1.2 m/s decrease over 24 months reported by Zhang
et al.**, are particularly noteworthy. This magnitude of change
falls within a range that has been associated with a reduction
in cardiovascular mortality risk (~15%) in previous epidemio-
logical studies.*? Differences in PWV responses between
healthy participants and those with comorbidities may reflect
higher baseline arterial stiffness in higher-risk populations, as
well as the influence of comorbidity-related factors such as sys-
temic inflammation, renal impairment, and concomitant medica-
tions, which can independently affect PWV and the reliability of
its measurement.

The magnitude of Alx reduction varied considerably across
the included studies. For instance, reductions were modest in
some cohorts, such as the <1% change observed in healthy vo-
lunteers in the studies by Zhang et al.***>, while others reported
more substantial improvements of 9.2%%” and 12.5%.%¢
Interestingly, this heterogeneity is not simply related to the
follow-up duration; the shorter-term Zhang et al.*® study re-
ported a greater Alx reduction in its comorbidity cohort than
the longer-term study.** These data suggest that variability in
patient profiles and in the type of cessation therapy employed
(e.g. NRT vs. varenicline, cytisinicline, or bupropion) may have
contributed to the heterogeneity of the observed results.
Furthermore, many included studies did not adjust for key cov-
ariates such as medication use, diet, physical activity, or post-
cessation weight gain. The unmeasured confounders may partly
explain the observed improvements in vascular parameters.

A crucial and novel aspect of this review is the evidence re-
garding switching to ECs, although it is based on a small number
of studies. The available RCTs are consistent in the case of FMD,
with measurable improvements reported in two studies.?>°
These observations are consistent with the hypothesis that
combustion-derived toxicants, rather than nicotine per se, may
play a central role in smoking-related vascular impairment, as

suggested by experimental work on human endothelium®*°?

and epidemiological studies on oral Swedish snus (i.e. snus has
a high content of nicotine, but does not require combustion to
deliver nicotine).>®>* Our results differ from those of a recent
systematic review suggesting that EC use increases arterial stiff-
ness.>> However, that analysis included three studies which
measured the acute effects of ECs immediately post-use®¢~>8
and only one study measuring both acute and chronic effects,
which was also included herein.2” The prognostic value of arter-
ial stiffness measurements applies only when assessments are
conducted under strict resting conditions, with participants re-
fraining from stimulant intake for several hours beforehand.!*
All acute-effect studies involve the administration of a stimulant
(i.e. nicotine). There is no evidence that changes observed in
these conditions have any prognostic value.’” In fact, factors
that are not associated with increased long-term cardiovascular
risk, such as caffeine intake and NRTs, can acutely increase ar-
terial stiffness.®°-*2 Accordingly, non-nicotine ECs were not as-
sociated with acute adverse effects on arterial function in one
previous study.’® In contrast, smoking cessation with the use
of NRTs has been associated with improvement in arterial func-
tion when measured at rest, even within 1 month and while still
using NRTs.%? Our findings are in agreement with a recent co-
hort study which showed that in smokers who underwent a per-
cutaneous coronary intervention, smoking cessation or
reduction with the use of ECs leads to the same reduction in fu-
ture major cardiac adverse events as cessation without the use
of any alternative product.®®

Analysis of vascular endpoints across the studies included in
our review suggests that switching from combustible cigarettes
to ECs yields improvements that, in the limited available studies,
fall within a similar range to those reported with standard smok-
ing cessation pharmacotherapies, without implying equivalence
in effectiveness. Within the current evidence, reductions in
PWYV (three studies) and Aix (one study), as well as gains in
FMD (two studies), fall within a similar range to those reported
in pharmacological cessation trials, supporting the hypothesis
that the primary driver of benefit is the removal of combustion
products rather than the specific cessation modality. Both the
studies of George et al.2° and Ikonomidis et al.?” suggest that vas-
cular benefits following EC use can emerge within a timeframe
similar to that observed with pharmacotherapy-based cessation.
However, further studies are needed to confirm these findings
and better characterize the duration and extent of vascular im-
provements associated with switching to ECs, given the limited
number of long-term EC-specific trials currently available and
the heterogeneity derived from product and protocol use.

Although only one included study?’ provided data on dual
use, its findings indicate that this behaviour should not be inter-
preted as being associated with significant vascular improve-
ment. Yet, in that study, dual users exhibited a numerically
favourable, albeit not clinically significant, change in PWV com-
pared with exclusive EC users. This apparent paradox reflects
the heterogeneity of dual use: ‘strong switchers’ vs. ‘light
switchers’ differ substantially in cigarette reduction and toxicant
exposure.* Previous studies document biomarker reductions
among dual users®>®® indicating that, under some patterns,
dual use can yield partial harm reduction, a plausible explanation
for our PWV findings. In any case, dual use—although it may re-
present a transitional phase from smoking to exclusive
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e-cigarette use—should be avoided, with public health efforts
directed towards achieving sustained smoking cessation.

The findings of this review, demonstrating a reversal of sub-
clinical vascular damage, align with large-scale epidemiological
data showing that smoking cessation leads to a substantial re-
duction in clinical cardiovascular events®”-¢® although the rate
of risk reduction varies between studies.®*~”2 Our review is con-
sistent with mechanistic hypotheses (i.e. the recovery of the ar-
terial function) proposed to explain these clinical observations.

Studies with 30 or fewer participants were excluded due to
concerns regarding imprecision and limited representative-
ness.?! However, the exclusion of four studies with small sample
sizes”377% did not alter the overall findings of the review. The re-
sults reported were consistent with the main body of evidence,
supporting the robustness of the observed associations.

The overall quality of evidence was rated as very low, mainly
due to the predominance of observational studies and methodo-
logical limitations such as incomplete follow-up and inadequate
control of confounding factors. When considering RCTs separ-
ately, the certainty was also rated as very low for most outcomes,
reflecting the small number and limited sample size of the avail-
able trials, except for FMD, for which the certainty of evidence
was moderate. Across all study designs, smoking cessation was
consistently associated with beneficial vascular effects, although
the magnitude of improvement varied, likely reflecting differ-
ences in populations, interventions, and study designs.

This review’s strengths include its focus on prospective studies
and the use of objective, prognostically validated vascular out-
comes that were measured in resting conditions. Blinding of par-
ticipants to interventions like ECs vs. continued smoking is often
not feasible, but the use of objective, blinded assessment using
instrument-based outcomes mitigates the risk of detection
bias. The sensitivity analysis, which confirmed the primary find-
ings for FMD and PWYV after excluding lower-quality trials, fur-
ther strengthens our conclusions. In addition, the review is
based on a rigorous methodology, with a priori registration on
PROSPERO and protocol publication in a peer-reviewed jour-
nal.2° Despite the strengths, there are some limitations in this
review that need to be considered when interpreting the find-
ings. First, the marked clinical and methodological heterogeneity
across the included studies prevented quantitative synthesis and
led us to adopt a qualitative approach. This heterogeneity was
present in multiple domains. (i) Populations: the included studies
encompassed healthy young volunteers,?> middle-aged indivi-
duals with comorbidities,***° and specific clinical populations
such as people living with HIV,3® with
substantial variation in sex composition across cohorts. The dif-
ferences in vascular physiology and smoking-related cardiovascu-
lar risk are well documented between sexes, and such variability
may have contributed to some of the heterogeneity observed
across studies. (i) Interventions: a wide variety of cessation aids
were used, including different forms of NRT, varenicline, bupro-
pion, cytisinicline and various types of ECs, making direct quanti-
tative comparisons difficult. (iii) Outcome measures: although the
three main outcomes were consistently assessed, the specific
methodologies differed (e.g. brachial-ankle vs. carotid—femoral
PWYV), and these differences may influence the results. In add-
ition, differences in cessation endpoint definitions (e.g. point
prevalence abstinence vs. continuous) contributed to the ob-
served heterogeneity.

Second, the methodological quality of the included studies
varied, as detailed in the risk of bias assessment. Several RCTs
did not adequately describe randomization or allocation con-
cealment procedures. Some of the cohort studies relied on self-
reported smoking cessation without biochemical verification
(e.g. cotinine or CO levels), which introduces a risk of misclassi-
fication bias. Furthermore, many of these studies did not analyt-
ically control for potential confounding variables, such as
concurrent changes in diet, physical activity, or medication
use, which may also influence vascular health. Third, the follow-
up duration of many included studies was relatively short. While
benefits were seen as early as 1 month,2>27-28 most studies had
follow-up periods of 1 year or less. Arterial stiffening and ath-
erosclerosis are chronic processes that develop over decades.
Although these studies demonstrate early functional vascular
improvement, they do not capture the long-term trajectory of
vascular repair or sustained risk reduction, which requires longer
follow-up. Fourth, as with many systematic reviews, this analysis
is potentially subject to publication bias, where studies with stat-
istically significant or ‘positive’ results are more likely to be pub-
lished than those with null findings. We also restricted our search
to articles published in English, which may have led to the omis-
sion of relevant studies published in other languages. Yet, the
comprehensive search strategies adopted help to mitigate this
risk. Finally, with specific reference to EC studies, the evidence in-
cluded in this review does not fully capture the wide diversity of
EC devices, nicotine concentrations, and flavouring agents cur-
rently available on the market. EC technology has evolved rapidly
over the past decade, with substantial differences between early-
generation products, pod-based systems, and more advanced de-
vices in terms of nicotine delivery, aerosol composition, and user
experience. As a result, the findings should be interpreted with
caution when extrapolating to newer products, as their pharma-
cokinetic profiles and potential vascular effects may differ.

In conclusion, this systematic review shows that smoking cessa-
tion is associated with favourable changes in vascular health mar-
kers (i.e. PWV, Alx, and FMD). The certainty of the evidence
ranges from moderate to very low across outcomes, yet the over-
all pattern consistently supports beneficial vascular effects follow-
ing cessation. When considering RCTs separately, the certainty of
evidence was very low for most outcomes due to the small num-
ber and limited size of available studies, but moderate for FMD.
These findings suggest early functional improvements in endothe-
lial function and arterial stiffness markers, offering a plausible
mechanistic explanation for the reduction in cardiovascular risk
observed after quitting smoking. While current evidence supports
possible short-term improvements in vascular function with ex-
clusive EC use compared with continued smoking, these findings
remain highly uncertain due to the limited number of studies and
substantial variability in device types, nicotine formulations, and
study designs. The potential vascular benefits of EC use as a harm-
reduction strategy should therefore be interpreted with caution
and confirmed in adequately powered randomized trials.

There is a critical need for standardized and reproducible vas-
cular health markers capable of detecting subtle functional
changes. Such biomarkers would not only advance mechanistic
research but also provide valuable tools for regulatory assess-
ment of smoking cessation and harm-reduction products’” .
By capturing early subclinical effects, they could help clarify
the impact of smoking cessation or switching to electronic
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cigarettes on cardiovascular risk. Large, well-designed, long-
term prospective studies are essential to validate these early
findings and to inform future clinical practice, regulatory frame-
works, and public health policies.

Supplementary material

Supplementary material is available at European Journal of
Preventive Cardiology.
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