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Cardiovascular-kidney-metabolic syndrome =z

modifies smoking-related risk for cardiovascular
diseases: findings from an observational cohort
study in UK Biobank

Xinhui Liu'*3, Heng Zhang*', Hongkai Li*®" and Fuzhong Xue*®”"

Abstract

Background The present study aims to investigate the association of smoking behaviors and cardiovascular-kidney-
metabolic (CKM) syndrome with incident cardiovascular disease (CVD), and to evaluate whether the cardiovascular
benefits of smoking cessation vary across different CKM conditions.

Methods This study included 242,636 white European participants from the UK Biobank who were classified as CKM
syndrome Stages O to 3 and free of CVD at baseline. Covariates adjusted Cox proportional hazards models were
employed to evaluate the associations of CKM syndrome with the risks of total CVD, stroke, coronary heart disease
(CHD), major adverse cardiovascular events (MACE), and 13 CVD subtypes. The impact of smoking behavior across dif-
ferent CKM stages and the joint effect of smoking and CKM syndrome on CVD risk were also evaluated. To investigate
the potential effect modification by CKM syndrome, we examined the multiplicative scale by interaction terms in Cox
models, and quantified the additive scale using statistics such as the relative excess risk due to interaction (RERI).

Results The risk of total CVD, stroke, and CHD increased progressively with advancing CKM stages, with Stage 3
associated with hazard ratios (HRs) of 3.38 (95% CI: 3.05-3.74), 3.01 (2.49-3.64), and 3.65 (3.25-4.10), respectively (P

for trend < 0.001). The time required to reduce CVD risk to a level not significantly different from that of never smok-
ers tends to be longer for individuals with advancing CKM stage: smokers at Stages 0-1 achieved this after approxi-
mately 10 years of cessation, whereas those at Stages 2-3 required more than 25 years. Compared with never smokers
at CKM Stage 0, current smokers at CKM Stage 3 had substantially higher risk of total CVD (HR=4.14, 95% CI- 3.54-4.83)
and several subtypes, particularly abdominal aortic aneurysm (HR=17.68, 95% CI. 6.33-49.43) and peripheral vascular
disease (HR=10.53,95% CI: 6.79-16.34). CKM syndrome appeared to act as a positive additive effect modifier in smok-
ing-related risk of total CVD (RERI=0.20, 95% (/- 0.05-0.32), as well as several CVD subtypes, suggesting that the com-
bined effect of smoking and CKM progression exceeds the sum of their individual effects.

Conclusions Our finding emphasizes the importance of smoking cessation among individuals with advanced CKM
syndrome, as they face heightened CVD risk. However, compared to those at earlier CKM stages, the short-term

*Correspondence:

Heng Zhang

zhangheng@sdfmu.edu.cn

Hongkai Li

lihongkaiyouxiang@163.com

Fuzhong Xue

xuefzh@sdu.edu.cn

Full list of author information is available at the end of the article

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12889-025-22865-3&domain=pdf

Liu et al. BMC Public Health (2025) 25:1609

Page 2 of 16

benefits of smoking cessation may be less pronounced in this population. Interventions that combine smoking cessa-
tion promotion with CKM syndrome management may yield greater reductions in the risk of several CVD outcomes.

Keywords Cardiovascular-kidney-metabolic syndrome, Smoking cessation, Cardiovascular disease, Effect

modification

Background
Tobacco smoking remains one of the well-recognized
and preventable contributors that substantially increases
the risk of cardiovascular disease (CVD), contributing to
a substantial global disease burden and high mortality
rates [1-5]. Notably, smoking-attributed CVD risk is fur-
ther elevated among individuals experiencing additional
health conditions, including diabetes [6, 7], chronic kid-
ney disease (CKD) [8], and metabolic syndrome (MetS)
[9], compared with never smokers without such condi-
tions. Evidence from large-scale observational studies [3,
10] has shown that smoking cessation can substantially
reduce the deleterious cardiovascular effects associated
with smoking, and it is strongly recommended in clini-
cal guidelines for CVD prevention [11]. However, the
relatively low success rates of smoking cessation highlight
that investigating the harmful effects of smoking on CVD
remains a critical task requiring ongoing attention. More-
over, the benefits of smoking cessation have also been
shown to vary across different health conditions [12, 13].
Although the interplay between smoking behaviors and
individual health conditions has been explored in previ-
ous studies, evidence remains limited on the association
between smoking status and CVD risk across varying lev-
els of overall health status.
Cardiovascular-kidney-metabolic (CKM) syndrome
is a multifactorial condition encompassing metabolic
risk factors, CKD, and CVD [1]. Recently, the Ameri-
can Heart Association (AHA) presidential advisory
[14] classified the CKM syndrome into five progressive
stages (0 to 4), emphasizing that the CVD risk increases
with advancing stage [15]. This classification framework
provides a clearer understanding of individuals’ overall
health status. Individuals in stages prior to CKM Stage
4 (before the onset of clinical CVD) comprise the pre-
dominant proportion of the population [16]. Among this
group, the potential benefits of smoking cessation may
differ between early and later stages of CKM syndrome.
Elucidating the independent and joint contributions
of smoking and CKM syndrome to CVD risk, as well as
exploring whether CKM syndrome modifies the effect
of smoking behaviors, are of great significance for the
precise development and implementation of smoking
prevention and cessation strategies in different popula-
tions. Notably, integrating smoking prevention and ces-
sation with effective management of CKM syndrome

may lead to greater gains in CVD prevention. Further-
more, smoking-related CVD risk and the potential ben-
efit from reversal of CKM progression may vary across
specific CVD subtypes [1, 17], yet this remains poorly
characterized.

To address these gaps, we constructed a population-
based retrospective cohort using data from the UK
Biobank to investigate the independent and joint effects
of smoking behavior and CKM syndrome on a compre-
hensive range of cardiovascular outcomes, including
total CVD, stroke, coronary heart disease (CHD), major
adverse cardiovascular events (MACE), and 13 specific
CVD subtypes. We further examined whether CKM syn-
drome modifies the association between smoking and
incident CVD. This cohort study aims to inform targeted
strategies for smoking prevention and cessation among
populations with different CKM health conditions.

Methods
Study population
The UK biobank recruited more than 500,000 individu-
als aged 40 to 69 years between 2006 and 2010, most
of whom were of white European ancestry [18]. This
research has been approved by the North West Multi-
center Research Ethical Committee, and each enrolled
participant signed the informed consent form prior to
participation. Baseline assessments were conducted
across 22 assessment centers including data collection
through touchscreen questionnaires, physical measures,
sample assays, a wide range of health-related outcomes,
etc. Further details have been described elsewhere [18].
We analyzed data from the UK biobank study, accessed
through application 98273. Data from 502,370 partici-
pants were available at the time of this study. To mini-
mize heterogeneity introduced by different ethnic groups
in the cohort study, we included only 472,675 individu-
als of white European ancestry. After further excluding
122,678 participants with missing data on any key vari-
ables (including smoking status) required for the defini-
tion of CKM syndrome, 448 individuals failed to define
the baseline CKM syndrome stage, 35,626 individuals
diagnosed with CVD, any of its 13 subtypes, or CKM syn-
drome Stage 4 at baseline, and 71,287 missing key covari-
ates, a total of 242,636 participants were finally included
in the subsequent analyses (Fig. 1). The definitions of
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UK Biobank dataset \

(N = 502,370)

Totally excluded: N = 259,734
29,695 non-white individuals;
122,678 + 448 fail to define baseline CKM stage;
35,626 with CVD or at CKM stage 4 at baseline;
71,287 with missing data on alcohol, income,
employment, sleep or education
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o Number of CKM conditions (0 to 3 of subclinical CVD, KD, MD);
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CVD / MD + both KD and subclinical CVD)
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Analyses performed

1. Individual effect of smoking behavior and CKM syndrome on CVD

2. Effect of smoking on incident CVD within subgroup by CKM syndrome

|

3. Joint effect of CKM syndrome and smoking on CVD

CKM Stage 0-1

| CKM Stage 2-3

ezl

N
,

4. Effect modification by CKM syndrome on smoking-CVD association

CKM syndrome
CKMxSmoking

Smoking

Fig. 1 Overview of study population, variables, and analytical framework. Abbreviations: N, sample size; CKM, cardiovascular-kidney-metabolic;
CVD, cardiovascular disease; KD, kidney diseases; MD, metabolic disorders, CHD, coronary heart disease; MACE, major adverse cardiovascular events

baseline CVD and the covariates used to define baseline
CKM syndrome stage are detailed below.

Definition of CKM syndrome stage

The AHA presidential advisory [14] established a frame-
work for defining the progression of CKM syndrome
along a continuum of increasing cardiometabolic and
renal burden: Stage 0 is defined as the absence of CKM
related risk factors, including excess and/or dysfunctional
adiposity, metabolic risk factors (hypertriglyceridemia,
hypertension, MetS, and diabetes), and CKD. Individuals
presenting only with excess and/or dysfunctional adipos-
ity are classified as Stage 1. When metabolic risk factors
and/or moderate- to high-risk CKD are present, individ-
uals are considered to be in Stage 2. Building upon the
preceding stages, those with a predicted 10-year CVD
risk >20% or the presence of very high-risk CKD without
established clinical CVD (including coronary heart dis-
ease (CAD), heart failure (HF), stroke, peripheral artery
disease (PAD) and atrial fibrillation (AF)) are categorized
as Stage 3. Finally, Stage 4 reflects individuals with clini-
cal CVD in combination with ongoing CKM risk factors.
The baseline covariates used for classifying participants
into CKM syndrome stages are described in Supplemen-
tal Method 1 and Table S1. These include age, smoking
status (current vs. non—current), waist circumference,
body mass index (BMI), blood pressure, lipid profile,

glycated hemoglobin, estimated glomerular filtration
rate (eGFR) [19-21], urinary albumin-to-creatinine ratio
(UACR) [22], history of clinical CVD, and use of relevant
medications. The full definitions of CKM conditions and
stages [23—27] are provided in Supplemental Table S2-54.

Smoking traits

We focused on smoking traits including smoking status
(never, former and current) as well as years since quitting
for former smokers. Both smoking traits were assessed
with questions from the touchscreen questionnaire
on smoking lifestyle during the initial assessment visit
(2006-2010). Specifically, all participants were classi-
fied as current, former, and never smokers based on two
questions: “Do you smoke tobacco now?” and “In the past,
how often have you smoked tobacco?. For those individu-
als who had stopped smoking, years since quitting were
derived by subtracting the age at smoking cessation from
baseline age. Additional details are available in Supple-
mental Table S5.

Diagnosis of CVDs

We assessed first record diagnosis of total CVD, or one
of its two major subtypes: CHD and stroke, as the pri-
mary outcome. Diagnostic information was obtained
from hospital inpatient records (Field ID 41270), and out-
comes were defined using International Classification of
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Diseases, 10 th Revision (ICD-10) codes as follows: (1)
total CVD: 120-125, 160-164, and 169; (2) CHD: 120-125;
(3) stroke: 160-164, 169 [28]. In addition, we considered
MACE and 13 CVD subtypes, including cerebrovascu-
lar diseases (e.g., ischemic stroke (IS)), aortic aneurysms,
thrombotic diseases, and other CVDs such as AF, HF,
and peripheral vascular disease (PVD). MACE was based
on the earliest of the listed events: non-fatal myocardial
infarction (ICD-10: 121-123, 124.1, 125.2), non-fatal stroke
(ICD-10: 160, 161, 163, 164), or cardiovascular death (ICD-
10: 120-125, 160-164, Field ID 40001). Definition of CVD
subtypes was based on ICD-9, ICD-10, and self-report
health conditions (Field ID 41270, 41271, and 20002)
[29]. The date of each CVD subtype was extracted from
Field ID 41280, 41281, and 20008. More details regard-
ing the definition of each CVD subtype are provided in
Supplemental Table S6. Furthermore, we verified the vital
and dropout status of each participant. For each CVD
subtype, the latest date among the date of first diagnosis,
death (Field ID 40000), loss to follow-up (Field ID 191),
and censoring (defined as October 31, 2022, the latest
diagnosis date for ICD 10 in Field ID 41280) was used to
calculate the follow-up time.

Assessment of covariates

Consistent with previous smoking-related studies [3],
we predefined a set of baseline covariates for adjustment
prior to the statistical analysis process in order to fully
consider the potential confounders between the expo-
sure and outcome. These covariates included age, sex,
employment status (working, unemployed, retired, and
other) [30], income levels (level 1 to 4), education (< 10
and >10 years) [31], physical activity (PA) (low, mod-
erate, and high) [30, 32], diet (total fruit and vegetable
intake <5 and >5 portions/day) [30], healthy sleep score
(0 to 5) [33], alcohol consumption (never and consumer),
BMI, systolic blood pressure (SBP), total cholesterol
(TC), diabetes mellitus, the use of antihypertensive and
statin/other cholesterol-lowering medication. Additional
information on the definition of covariates was provided
in Supplemental Method 2 and Table S7. Missing covari-
ate data were treated as missing without imputation.

Statistical analysis

Statistics of baseline covariates in the whole population
were presented according to the four CKM stages and
smoking status, respectively. For continuous variables,
Shapiro—Wilk test was applied to examine whether they
followed a normal distribution, then these variables were
summarized using mean with standard deviation (SD)
or median with interquartile range (IQR), and compared
across groups using analysis of variances (ANOVA)
or the Kruskal-Wallis H test, respectively. Categorical
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variables were reported as frequencies (percentages) and
compared using the x* test.

We used multivariable Cox proportional hazard
regression to estimate the hazard ratios (HRs) and 95%
confidence intervals (CIs) for the association between
different stages of CKM syndrome and CVD risk. The
proportional hazard assumption was assessed and veri-
fied based on Schoenfeld residuals. Each covariate-
adjusted Cox regression accounted for age, sex, lifestyle
(smoking, alcohol use, PA, diet, and sleep) and socio-
economic (employment, income, and education) factors.
We evaluated linear trends by modeling CKM stage as
ordinal. Then the association between smoking behavior
(never smokers, former smokers with >25, 15 to 24, 10 to
14, 5 to 9, <5 years since quitting, and current smokers)
and CVD risk was estimated via Cox regression, strati-
fied by CKM stages and adjusted for baseline covariates.
Fully adjusted HRs were calculated for each category
compared with never smokers, to determine the duration
required for CVD risk in former smokers to reach a level
that is not significantly different from that of never smok-
ers. Additionally, CVD risk was compared with that of
current smokers to assess the years needed for smoking
cessation to lead to a significant risk reduction.

To assess the joint effect of CKM syndrome and
smoking status on incident CVD, we performed Cox
regression, controlling for demographic, lifestyle, and
socioeconomic covariates. HRs were estimated for each
stratum of CKM syndrome stage and smoking status,
with never smokers at CKM Stage 0 serving as the refer-
ence category. We assessed the effect modification on the
multiplicative scale by adding a multiplicative interaction
term between continuous CKM syndrome and smoking
traits in the Cox models, or performing a likelihood ratio
test comparing models with and without a cross-product
term when both variables were treated as categorized.
Additionally, we calculated the relative excess risk due to
interaction (RERI) to quantify effect modification on the
additive scale. The additional additive interaction statis-
tics, including the attributable proportion (AP) and syn-
ergy index (S), were also calculated to further assess the
interaction detected by the RERI [34]. The presence of
additive interaction is suggested when RERI >0, AP >0,
or S> 1. To be noted, previous studies [34, 35] have indi-
cated that the multiplicative interaction is less relevant as
a basis for mechanistic inference.

A series of additional analyses were undertaken to
confirm the consistency of the findings. Firstly, we
examined the associations between the number of CKM
conditions (subclinical CVD, kidney diseases (KD), and
metabolic disorders (MD)) and CVD risk. Secondly, we
assessed the relationship between different MD-related
multimorbidity (MD +KD, MD +subclinical CVD,
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and MD +both KD and subclinical CVD) and CVD
risks, using individuals with MD only as the reference
group [23]. Thirdly, we explored the temporal pattern
and extent of cardiovascular risk decline after quitting
smoking, following the approach used in previous stud-
ies [3, 10]. Years since quitting were treated as a con-
tinuous variable, with durations exceeding 25 years set
to 26 (range: 0-26). A Cox model with restricted cubic
splines (five knots) was employed to capture potential
nonlinear association with the log hazard of CVD. Two
analyses were performed: (1) comparing former and
current smokers (assigning a value of 0 for years since
quitting) to never smokers (for whom years since quit-
ting was set to 50, significantly larger than all former
smokers [3, 10]); and (2) comparing former smokers
to current smokers. Fourthly, the main analyses were
repeated in the multiple imputation dataset. Fifthly, we
assessed the joint and interaction effects of smoking
and CKM syndrome within subgroups based on age or
sex.

We conducted all analyses in R software (version
4.4.1), considering two-sided P values less than 0.05
as statistically significant. Bonferroni correction was
applied to control for the inflation of false positives due
to multiple pairwise testing, using a corrected thresh-
old a= 0.05/number of pairwise comparisons. We
noted that Bonferroni correction might be over-con-
servative as the tests are not completely independent of
one another. This study adhered to the Strengthening
the Reporting of Observational Studies in Epidemiol-
ogy (STROBE) guidelines throughout the analysis and
reporting process (Supplemental Table S8).

Results

Baseline characteristics

Table 1 and Supplemental Table S9 show the baseline
characteristics of the study population. Of 242,636 par-
ticipants, the median age was 57 years (IQR: 49-62),
with 45.3% being male. At baseline, 9.7%, 6.0%, 82.8%,
and 1.5% of participants were categorized as CKM
Stage 0, 1, 2, and 3, respectively. Participants with
higher stage of CKM syndrome were more likely to
be older, male, and smokers, they tend to have lower
income, education years, physical activity level, fruit/
vegetable intake, and healthy sleep scores.

Former smokers accounted for 34.9% of the study pop-
ulation, while current smokers comprised 10.3%. Smok-
ing rate progressively increased from 38.3% in CKM
Stage 0 to 69.8% in Stage 3. The median (IQR) quitting
years for former smokers with CKM Stage 0 to 3 were 18
(8-27), 15 (6-25), 20 (8-29), and 22 (10-32), respectively.
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Incidence of CVDs in each smoking status and according

to CKM stages

In total, 20,984 individuals experienced CVD events
over a follow-up period of 13.6 years, with 5,080 cases
of stroke and 16,840 cases of CHD. Notably, there were
substantially higher CVD incidents in CKM Stages 2-3
than that in Stages 0-1 (P< 0.001 for the comparison
between two groups). CAD and AF were two of the
most common CVD subtypes, particularly among ever
smokers and individuals in CKM Stages 2 to 3 (Supple-
mental Figure S1).

Impact of CKM syndrome on incident CVD and its subtypes
A progressively increasing risk of total CVD, stroke,
CHD, MACE, as well as all 13 CVD subtypes was
exhibited by CKM stages (P for trend <0.05) (Fig. 2).
Compared with Stage 0, the adjusted HRs for total CVD
were 1.14 (95% CI 1.01-1.28) for Stage 1, 2.08 (95% CI
1.93-2.25) for Stage 2, and 3.38 (95% CI 3.05-3.74) for
Stage 3. In addition, individuals with Stage 3 had sig-
nificantly increased risks of CHD (HR= 3.65, 95% CI
3.25-4.10), stroke (HR= 3.01, 95% CI 2.49-3.64), and
MACE (HR= 4.41, 95% CI 3.66-5.31) in the follow-
ing years, compared with those at Stage 0. After Bon-
ferroni correction, the risk for 11 of 13 CVD subtypes
remained significantly elevated for individuals at CKM
syndrome Stage 3, including aortic valve stenosis (HR=
6.09, 95% CI 4.31-8.60), HF (HR= 4.59, 95% CI 3.80-
5.55), IS (HR= 3.91, 95% CI 3.11-4.93), CAD (HR=
3.84, 95% CI 3.39-4.34), and PVD (HR= 3.34, 95% CI
2.47-4.52). These findings were further supported by
the results based on the imputed dataset (Supplemental
Figure S2).

The relationships in relation to the number of CKM
conditions and CVD risk (Supplemental Figure S3)
were mostly similar to the analysis for CKM stages.
Compared with individuals without any CKM condi-
tion, those with an increased number of CKM condi-
tions faced an elevated risk for all 13 CVD subtypes
(P for trend <0.05). Moreover, the comorbidity status
of MD in combination with KD, subclinical CVD, or
both exhibited higher risks of total CVD, stroke, CHD,
MACE, IS, transient ischemic attack, CAD, aortic valve
stenosis, AF, HF, and PVD, compared with those with
MD only (Supplemental Figure S4). Elevated risks of
abdominal aortic aneurysm, deep vein thrombosis,
and pulmonary embolism were observed only among
individuals with MD combined with KD or subclinical
CVD, whereas subarachnoid hemorrhage and thoracic
aortic aneurysm were significantly associated only with
the combination of MD and KD.
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Table 1 Baseline characteristics of study participants enrolled in UK Biobank according to CKM syndrome stages
Characteristics CKM syndrome Pvalue
CKM Stage 0 CKM Stage 1 CKM Stage 2 CKM Stage 3
(N=23,430) (N=14,588) (N=200,995) (N=3,623)
Age, years, median (IQR) 51.00 (45.00, 58.00) 51.00 (45.00, 58.00) 58.00 (50.00, 63.00) 66.00 (63.00, 68.00) < 0.001
Sex, No. (%)
Male 5541 (23.6) 4203 (28.8) 97,460 (48.5) 2818 (77.8) <0.001
Female 17,889 (76.4) 10,385 (71.2) 103,535 (51.5) 805 (22.2)
Alcohol, No. (%)
Never 1256 (5.4) 757 (5.2) 11,599 (5.8) 374(10.3) < 0.001
Drinker 22,174 (94.6) 13,831(94.8) 189,396 (94.2) 3249 (89.7)
Physical activity level, No. (%)
Low 4300 (184) 3274 (22.4) 47,731 (23.7) 1099 (30.3) < 0.001
Moderate 12,222 (52.2) 7295 (50.0) 97,132 (48.3) 1591 (43.9)
High 6908 (29.5) 4019 (27.6) 56,132 (27.9) 933 (25.8)
Income, No. (%)
Level 1 3136 (13.4) 2155(14.8) 1,885 (20.8) 1505 (41.5) < 0.001
Level 2 4739 (20.2) 3160 (21.7) 51,775 (25.8) 1149 (31.7)
Level 3 6558 (28.0) 4301 (29.5) 54,373 (27.1) 614 (16.9)
Level 4 8997 (38.4) 4972 (34.1) 52,962 (26.3) 355(9.8)
Employment, No. (%)
Working 17,956 (76.6) 11,179 (76.6) 123,589 (61.5) 968 (26.7) < 0.001
Unemployed 268 (1.1) 196 (1.3) 2822 (1.4) 40(1.1)
Retired 3551(15.2) 2383 (16.3) 64,304 (32.0) 2467 (68.1)
Other 1655 (7.1) 830 (5.7) 10,280 (5.1) 148 (4.1)
Education, No. (%)
< 10 years 4995 (21.3) 3858 (26.4) 63,678 (31.7) 1723 (47.6) < 0.001
> 10 years 18,435 (78.7) 10,730 (73.6) 137,317 (68.3) 1900 (52.4)
Diet, No. (%)
< 5 portions/day 18,306 (78.1) 11,470 (78.6) 158,213 (78.7) 2847 (78.6) 0.232
> 5 portions/day 5124(21.9) 3118 (21.4) 42,782 (21.3) 776 (21.4)
Healthy sleep score, No. (%)
0 20(0.1) 25(0.2) 441(0.2) 14 (0.4) < 0.001
1 540 (2.3) 543 (3.7) 9426 (4.7) 256 (7.1)
2 3297 (14.1) 2801 (19.2) 42,856 (21.3) 923 (25.5)
3 8468 (36.1) 5561 (38.1) 77,525 (38.6) 1378 (38.0)
4 8632 (36.8) 4464 (30.6) 57,731 (28.7) 872 (24.1)
5 2473 (10.6) 1194 (8.2) 13,016 (6.5) 180 (5.0)
Smoking status, No. (%)
Never smoker 14,459 (61.7) 8262 (56.6) 109,182 (54.3) 1093 (30.2) < 0.001
Former smoker 6693 (28.6) 4843 (33.2) 71,716 (35.7) 1390 (38.4)
Current smoker 2278 (9.7) 1483 (10.2) 20,097 (10.0) 1140 (31.5)
Years since quitting (among former smokers), No. (%)
>25 1208 (33.3) 877 (28.9) 18,102 (37.8) 503 (46. ) < 0.001
15t0 24 1010 (27.9) 768 (25.3) 11,994 (25.0) 267 (24.6
10to 14 439 (12.1) 378 (12.5) 5320 (11.1) 100 (9. )
5t09 455 (12.6) 449 (14.8) 6172 (12.9) 111(10.2)
<5 512 (14.1) 559 (18.4) 6348 (13.2) 106 (9.8)

Continuous variables were presented as mean (SD) or median (IQR), based on the result of normality assessment using the Shapiro-Wilk test. Categorical variables

were presented as No. (%). Years since quitting was reported only among former smokers

Abbreviations: N sample size, P P value, No. number of subjects, % percentage, SD standard deviation, QR interquartile range, CVD cardiovascular disease, CKM

cardiovascular-kidney-metabolic
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Outcome Exposure Case/Control HR(95% CI) P-trend I
Ischemic stroke CKM Stage 0 114/23316 Ref. <0.001 ]

CKM Stage 1 97/14491 1.26(0.96, 1.65) -

CKM Stage 2 3243/197752 1.97(1.63, 2.38)** -

CKM Stage 3 248/3375 3.91(3.11, 4.93)** ——
Transient ischemic attack CKM Stage 0 77/23353 Ref. <0.001 ]

CKM Stage 1 64/14524 1.27(0.91, 1.77) -

CKM Stage 2 1556/199439 1.51(1.20, 1.91)** -

CKM Stage 3 85/3538 2.53(1.83, 3.49)** ——
Intracerebral hemorrhage CKM Stage 0 34/23396 Ref. 0.003 ]

CKM Stage 1 16/14572 0.71(0.39, 1.29) -

CKM Stage 2 656/200339 1.41(1.00, 2.01) -

CKM Stage 3 29/3594 1.80(1.07, 3.02)* ——
Subarachnoid hemorrhage CKM Stage 0 30/23400 Ref. 0.037 ]

CKM Stage 1 18/14570 0.98(0.54, 1.75) -

CKM Stage 2 403/200592 1.48(1.02, 2.17)* -

CKM Stage 3 6/3617 0.93(0.38, 2.29) -
Abdominal aortic aneurysm CKM Stage 0 18/23412 Ref. <0.001 ]

CKM Stage 1 10/14578 0.76(0.35, 1.66) -

CKM Stage 2 798/200197 2.04(1.28, 3.26)* ——

CKM Stage 3 91/3532 2.51(1.50, 4.20)** —a—
Thoracic aortic aneurysm CKM Stage 0 11/23419 Ref. <0.001 ]

CKM Stage 1 15/14573 2.05(0.94, 4.47) ——

CKM Stage 2 449/200546 2.87(1.57, 5.25)* —a—

CKM Stage 3 17/3606 3.02(1.39, 6.59)** —_—
Deep vein thrombosis CKM Stage 0 74/23356 Ref. <0.001 ]

CKM Stage 1 89/14499 1.81(1.33, 2.47)** -

CKM Stage 2 1559/199436 1.70(1.34, 2.15)** -

CKM Stage 3 77/3546 2.87(2.06, 4.01)* ——
Pulmonary embolism CKM Stage 0 148/23282 Ref. <0.001 ]

CKM Stage 1 141/14447 1.44(1.14,1.81)** -

CKM Stage 2 3073/197922 1.66(1.40, 1.96)** -

CKM Stage 3 122/3501 2.18(1.70, 2.79)* -
Coronary artery disease CKM Stage 0 409/23021 Ref. <0.001 ]

CKM Stage 1 335/14253 1.20(1.04, 1.39)** =

CKM Stage 2 13595/187400 2.38(2.16, 2.63)** -

CKM Stage 3 759/2864 3.84(3.39, 4.34)* -
Aortic valve stenosis CKM Stage 0 42/23388 Ref. <0.001 ]

CKM Stage 1 42/14546 1.45(0.94, 2.22) ——

CKM Stage 2 1850/199145 2.66(1.95, 3.61)* —-—

CKM Stage 3 183/3440 6.09(4.31, 8.60)* — .
Atrial fibrillation CKM Stage 0 587/22843 Ref. <0.001 u

CKM Stage 1 462/14126 1.16(1.03, 1.31)* ]

CKM Stage 2 12268/188727 1.35(1.24, 1.47)** ]

CKM Stage 3 711/2912 2.06(1.84, 2.31)* -
Heart failure CKM Stage 0 154/23276 Ref. <0.001 |

CKM Stage 1 130/14458 1.22(0.97, 1.54) -

CKM Stage 2 4953/196042 2.05(1.74, 2.40)* -

CKM Stage 3 465/3158 4.59(3.80, 5.55)** —a—
Peripheral vascular disease CKM Stage 0 61/23369 Ref. <0.001 ]

CKM Stage 1 32/14556 0.75(0.49, 1.15) -

CKM Stage 2 1444/199551 1.48(1.14, 1.91)** -

CKM Stage 3 188/3435 3.34(2.47, 4.52)* ——
MACE CKM Stage 0 168/23262 Ref. <0.001 [ ]

CKM Stage 1 125/14463 1.08(0.86, 1.37) -

CKM Stage 2 5949/195046 2.45(2.10, 2.86)** -

CKM Stage 3 423/3200 4.41(3.66, 5.31)* ——
Stroke CKM Stage 0 193/23237 Ref. <0.001 |

CKM Stage 1 136/14452 1.06(0.85, 1.31) -

CKM Stage 2 4461/196534 1.68(1.45, 1.94)** -

CKM Stage 3 290/3333 3.01(2.49, 3.64)* —-—
Coronary heart disease CKM Stage 0 491/22939 Ref. <0.001 ]

CKM Stage 1 398/14190 1.19(1.05, 1.36)** =»

CKM Stage 2 15139/185856 2.27(2.07, 2.49)* -

CKM Stage 3 812/2811 3.65(3.25, 4.10)** -
All cardiovascular disease CKM Stage 0 671/22759 Ref. <0.001 ]

CKM Stage 1 516/14072 1.14(1.01, 1.28)* ]

CKM Stage 2 18788/182207 2.08(1.93, 2.25)* =

CKM Stage 3 1009/2614 3.38(3.05, 3.74)* —— I—I— R

011 2 3 4 5 6 7

Hazard Ratio (95% CI)
Fig. 2 Association between different stages of CKM syndrome and CVD risk. All models adjusted for age, sex, employment status, income levels,
education, physical activity, diet, healthy sleep score, smoking status and alcohol consumption. Abbreviations: HR, hazard ratio; C/, confidence
interval; P, P value; Ref, reference group for each outcome; MACE, major adverse cardiovascular events; CKM, cardiovascular-kidney-metabolic. Note:
* indicates statistical significance at a= 0.05; ** indicates statistical significance after Bonferroni correction (a= 0.05/3)
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Association of smoking behavior with incident CVD

by CKM syndrome stages

Figure 3 presents the adjusted HRs for the effect of smok-
ing behavior on CVD events, both in the overall popula-
tion (CKM Stages 0 to 3) and within categories by CKM
syndrome stage. In the overall population, compared
with never smoking, higher-risk smoking behaviors were
associated with greater risks of total CVD, stroke, CHD,
MACE, and 13 CVD subtypes. However, the association
for transient ischemic attack did not remain statistically
significant after Bonferroni correction (Fig. 3(A)). For
major CVD outcomes, current smokers (HR= 1.75, 95%
CI 1.61-1.90) and individuals who had quit smoking for
less than 5 years (HR= 1.38, 95% CI 1.19-1.61) exhibited
a markedly elevated risk of stroke, whereas no significant
risk increase was observed among those who had quit for
more than 5 years after Bonferroni correction. However,
former smokers still exhibited significantly elevated risks
for CHD and total CVD compared with never smok-
ers, even after more than 25 years of smoking cessation.
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Compared with current smokers, smoking cessation
demonstrated an immediate protective role in reducing
the risk of various cardiovascular events, including IS,
CAD, HE, PVD, and MACE (Fig. 3(B)). Even among those
who had quit smoking for less than 5 years, the risk was
reduced by 21% for stroke and 17% for CHD, respectively.
Similar results were obtained when years since quitting
were treated as a continuous variable (Fig. 4(A)-(C)).
According to the statistical description results, CVD
incidence was substantially higher among individuals
at CKM Stages 2—-3 compared with those at Stages 0-1
(P< 0.001 for the comparison between the two groups).
To increase statistical power given the limited number
of participants in each subgroup categorized by years
since quitting, we merged CKM Stages 0 and 1, as well
as Stages 2 and 3 into two respective groups. As shown
in Fig. 3(C), in the CKM Stage 0-1 subgroup, it takes
around 10 years of smoking cessation for the risk of total
CVD and CHD to reach a level that is not significantly
different from that of never smokers. In contrast, this
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Fig. 3 Association between smoking behavior and incident CVD in the overall population and CKM syndrome subgroups. Multivariable Cox model

in the overall population adjusted for age, sex, employment status, income
consumption, body mass index, systolic blood pressure, total cholesterol, d
lowering medication, and model in subgroups adjusted for age, sex, emplo
sleep score, and alcohol consumption. Abbreviations: Ref,, reference group

levels, education, physical activity, diet, healthy sleep score, alcohol
iabetes mellitus, the use of antihypertensive and statin/cholesterol
yment status, income levels, education, physical activity, diet, healthy
for each CVD type; P, P value; CVD, cardiovascular disease; CKM, Cardi

ovascular-kidney-metabolic; MACE, major adverse cardiovascular events. Note: * indicates statistical significance at a= 0.05; ** indicates statistical

significance after Bonferroni correction (a= 0.05/6)
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Fig. 4 Incident CVD risk by years of smoking before quitting stratified by CKM syndrome stages. Restricted cubic splines with five knots were
employed to capture potential nonlinear associations with the log hazard of CVD. Models in the overall population were adjusted for age, sex,
employment status, income levels, education, physical activity, diet, healthy sleep score, alcohol consumption, body mass index, systolic blood
pressure, total cholesterol, diabetes mellitus, the use of antihypertensive and statin/cholesterol lowering medication. Models in subgroups were
adjusted for the same covariates, excluding diabetes and medication use. Abbreviations: HR, hazard ratio; CVD, cardiovascular disease; CKM, cardiov

ascular-kidney-metabolic

period extended to more than 25 years in the CKM Stage
2-3 group (Fig. 3(D)), suggesting that the protective
effect of smoking cessation on CVD may take longer to
manifest in individuals with advanced CKM syndrome.
However, when using current smokers as the refer-
ence group, individuals in the CKM Stages 2—3 showed
a significant reduction in CVD risk even after <5 years
of smoking cessation, whereas those in the Stage 0-1
required a longer cessation period (around 15 years)
to observe a significant benefit (Fig. 3(E), (F)). Analy-
ses treating years since quitting as a continuous vari-
able (Fig. 4) revealed similar patterns. The associations
between smoking behavior and major CVD outcomes
within each CKM stage (presented in Supplemental

Table S10, S11 and Figure S5) were broadly consistent
with the main results, although the statistical power may

be insufficient to reach significance due to the limited
sample size.

Joint effect of smoking and CKM syndrome on incident
CVD and its subtypes

As shown in Table 2 and Supplemental Table S12, com-
pared with never smokers at CKM Stage 0, current smok-
ers at CKM Stage 3 face a 4.14 times higher risk of total
CVD over the next decade (95% CI 3.54—4.83). Moreo-
ver, they experience significant increases in the risk of
several CVD subtypes, including a 17.68-fold higher risk
of abdominal aortic aneurysm, a 10.53-fold higher risk



Page 10 of 16

(2025) 25:1609

Liu et al. BMC Public Health

ql000> (cev'elL’1)sL¢C SS¥71/8¢ (99'1'82°0) ¥L'L €081/07 (#S'1'82°0) L S0¢8/LS | abe1s D

(89°0°€L°0)L¥0 21000 > 580 1000 > (8T '600) 66C Lece/Ly (671 '65°0) 880 9599/L¢ 494 SLEVL/Y8 0 9be1s WD
IOVIN

(P€91'6£9) €501 6¥01/16 (658 Cve) TS LCEL/€9 (£99'6£7) 66°C 6S01/¥¢ ¢ abes WD

(#6'8 '80%) ¥0'9 £1961/0CY (leerl) e 08012/9¢€9 rSLLL0)vO'L 76/801/88¢ z abers Wy

q€000 (co'syl) € €L1/01L (651 'S€0) SL°0 ¥E8Y/6 (871 '6€0) 940 6v¢8/cl L 9be1s WD

(T'/80TrL 289¢°0 L0l 1000 > (9r9'66'1) 6G°€ 65CC/61 (86'L '95°0) SO'L 8/99/S1 Jod cEvyl/Le 096e1s WD
95e3s|p Jejndsen |esaydiiad

(C8'99%) 819 666/171 (682 '65%) 109 90¢CL/¥8L (L€8'E€LY) LT9 £56/0%1 ¢ abes WD

(6/%'860)8L€ 90v61/169 (STE€'907) 65T 85569/8G1¢ (957'79'1) ¥0'C 8/0L01/%01¢ z 9bers Wy

ql000 > (85 '88'L) ¥6'C LSY1/9C (961 'S6'0) 9€'L L6/Y/9% (1£71'980) LT ¥0¢8/8S | abe1s D

(85°0'V00°0)LED /510 760 1000 > 9T 'v0'L) 591 §sce/ec (88'L '¥6°0) C€'L 6£99/¥S Jod 8evL/LL 096e1s YD
2In|lej 1eaH

(901 '6L€) ¥E9 7601/9% €Tl U YL elLeL/LL (ceeL'sey) g £€01/09 ¢ abers WD

(66'G'1¥T) S8°€ €0661/761 (SISO Le€ (980//%58 (66€'£1) 19T 08€801/208 z 9be1s D

ql00 (So2'8T’l) 10°€E AUV L/L (L1'€'98°0) €91 L28Y/91 (9T'9L0) i1 Eve8/61 L 9be1s WD

(€80'81°0-)8€0 2800 980 1000 > (65 ¥80) 96'L Lzee/t (S1'T'SS0)80L 0899/¢L Jod JAS 4 4Vidd 0 abe1s WD
SISOUDIS 9A|PA DILIOY

WSS'LLE) LSY €C6/L1C (#0'9'CT¥) SO'S #801/90¢ (#S9'8v ) L'S £58/9¢C € abe1s WD

(197 's¥'e) 66'€ 06¢81/L081 (L€€'S5D) €6C 1£099/5%9S (£8T'110 ST 6£0€01L/€v719 7 9be1s WD

ql000 > (£8T'sSL) LT cEvL/LS (1g'LoLl) sl 6l/V/VCL (ss'Lcol) 9Tl 018/091 L 9be1s WD

(L¥'0%00)2C0 21000 > 880 1000 > (l6T'ss 1) 9Tt S617/€8 (F'L'680)ClL G/S9/8L1 IEN LSy 1/80¢ 036e15 YD
95e3s|p A1a1ie A1euoiod)

(Ev'6y '€€9) 89/ L S601/SY (€89 '9¢€) 6776 7Sel/9¢ (eszL'zTl) Lo €80L/01 ¢ abeis WD

(LT15'807/) SO°6L £5861/0t¢C (£8%1 900 ¥S'S 9€€1£/08¢€ (€99°1610) 9t'C #00601/821 7 9beis WD

qC8L0 (86'£C'¥'1)9T9 08¥71/¢ (C59'€€0) o L 0¥8/¢ (1€9'6£°0) 851 85¢8/Y L 9be1s WMD)

(SSSTLI16LT 2(80°0 €80 1000 > (9s¥e‘Tle) 6E0L 0/¢t/8 (S¥'6'SL0) L9C £899/9 EEN Sy L/y 03be1s YD
wisAINaUe JIJIoe. [PUILIOPQY

(€08'LY) VLS #501/98 (6€£6°1LT) T8¢ clel/8L (C6'2 %0%) 99°S 6001/¥8 ¢ abeis WD

(95 '59°0) L€ 0S961/Ly (68T LL1)€CT 00v0L/91€L (£5T'eS1) 861 ¢0/L01/08%L ¢ abe1s WD

q£000 (867'8L°0) €51 e/yL/0l (681 '6£°0) €L cL8y/le (cz90l) €51 90¢8/95 L a6e1s XD

(85°0'0'0)ZE0 27650 €0l 1000 > (65T '¥80) /7L €9¢T/S1 (S8'1'€80) vT'L ¥599/6€ EEN 66£¥71/09 0 9be1s AN
0115 JIWBYDS|

(1D %S6) 5143y d 4H (1D %S6) Y4H |os3uod/ase) (1D %S6) YH |osyuod/ase) (1D %S6) YH |oJ3uod/ase)
uoldeIAU|
uondeIdUI IARIPPY puaiy oy d S19)OWs Juain) S13)OwWs J3W.I04 ENITINEYEIN]

UOIIDRISIU] ULDYIUBIS Y1M SWODIN0 JAD UO SWOIPUAS IABD PUB SN1RIS BUOWS JO S109442 JUIOf ¢ djqeL



Page 11 of 16

(2025) 25:1609

Liu et al. BMC Public Health

syes} Bupjows pue (g 03 0 96e1S) SWOIPUAS YD YHM ‘WY 19NP0Id-SS01D DY} INOYIM pue Yim sjapow buriedwod 153} onjes pooy || e buisn paen|eas ‘a|eds aaized|

sa|qeleA K1eulq olul (€-g 96e1S 'SA | -0 96e1S) SWOIPUAS YD PUE (I9HOWS-UOU ‘SA J3XOWS) shiels bupjows pawiojsuesl Aq palejndjed |43y ,

s3|qelieA [ed1106331ed se Pajeal) (193OWS JUBLIND JIWI0) 49ASU)
[INW 3y} UO UOIBIYIPOW 15343 IO} 3N[eAd ¢

s|apow uolssaibal

X0D) 31 Ul (S9|GeLIeA [BUIPIO SB P31ea1} Y104 sHesl Buiyows pue abels SWoIpuAs YD USaMISC WS} uondeIdlul dAied|diynw e buipnpul Aq pajen|eas ‘ajeds aA3ed)diln SY3 U0 UOIIEDYIPOW 103443 1oy anjend ,

SIUDAS JB|NDSBAOIP.IRD 3SISAPE Jofew FDv ‘©dA} AD Ydes 1oy dnolb souaiaa1
43y “2110qeI2W-A3UPD}-12[NISRAOIPIRD JA/)D ‘3SBSSIP JR[NJSBAOIPIRD (7/D ‘UOIIDRIDIUI O} ANP MSI SSIIXD SAIIR|DI [HFY ‘ON|BA d 4 ‘|eAISIUI DDUSPYUOD [ ‘Of1el pIezey Y ‘s9sed JO Jaquinu asp) ‘azis 3|dwes 230} N :SUOIDIARIGQY

uondwnsuod joyodje pue ‘2103s daa|s AYijeay 131p ‘Al1AnDe [edisAyd ‘uonednpa ‘s|aAd| wodul ‘snels Juswkojdwa ‘xas ‘abe 10) paisnipe sppow ||y

(€8r vSe) viy S€8/50€ (TLv'1s€) L0V S001/58¢€ (1¥'S'86°€) ¥O'¥ viL/61E € 3bRISIABD

(82€'10°€) LE€E Y9LL/ESHT (5£T'TC0) v 000%9/91/L (L€T'IE ) ELT  €95001/6198 T abeis WD

ql000> (rre'Lc1)sol L1¥1/99 roLorl)sel Syol/861 @eL'l)8L 0108/757 L 3beis D

(C€0's00)C0  £l000> €60 1000 > (8zT'6v 1) ¥8'L sol/eLl (eL'60)SLL £8%9/90C JEN L01¥1/2se  09beIs AND
9SP3SIP Je[NDSEAOIPIED ||

(F1'S'65€) €1 S06/5€C 96107 vL ¥ 2901/8c¢ 65 vL'Y) ¥6r vr8/eve  €9beIsIAND

(8l 'lTeE)99¢ 8C181/6961 (€lre'eva)oLe S9%59/1529 (897'607) LET €97201/6169 7 abeis WD

ql000> (SST'erl) L6l LTy1/95 8L vTL) LSL £89%/951 Orinct 9/08/981 L 96e1s D

(EE€0'L0009L0  lO00> 060 1000 > (85791 €0 (81T/16 (V'L ¥60) SL'L K59/ Ly L 19y 90zyl/esc  09bRIS D
95835|p 14eaYy AIeuoiod

(FTs'e) 96€ €voL/L6 (€£€'21018¢ L6T1/€6 (8€'5'60°€) 807 €66/00L € 3bes WD

(le€'610) 69C 00561/£6S @|Lz'v) 6Ll €1669/£081 (¢e'l'LE1) 651 LZ1£01/190C ¢ abeis WD

qC000 (60C'690) 'L 697 L/v1 (S'L'eL0)€0°L L61Y/9% (55°1'980)91L'L 9818/9/ | abe1s WD

(¢S0'800)LE0 600 SO'L 1000 > (66'1'18°0) LT'L ssee/ee (L¥'1'6£0)80'L 7€99/19 JEN 0SerL/60L  03bels WD
9)0NS

(908 '79%) 1'9 LLot/ezl (€6'2'59Y) L0'9 ceel/89l (158'98'Y) v¥'9 £96/921 € 3beIs D

(£59'T) TS 95061/1¥01 (55€'67°7) 58T GLE69/17ET (60€ 0 61T §19901/495C 7 dbeis WyD

(1D %56) >1434 d 4H (1> %S6)4H  |onuod/ase) (1D %S6)4H  |osu0d/3se) (1D %S6) 4H  |osu0d/3se)
uoljdesayul
uolldes)ul ANIPPY puai} joy 4 SIOoWS JudLIN) S19)OWS JIdW04 SIDH)OWS JIDABN

(panunuod) zajqel



Liu et al. BMC Public Health (2025) 25:1609

of PVD, a 6.34-fold higher risk of aortic valve stenosis,
a 6.18-fold higher risk of HF, and a 6.1-fold higher risk
of MACE. The combined effect of smoking and CKM
progression was associated with significant increased
risk of total CVD, CHD, stroke, MACE, and 8 CVD
subtypes (P for trend <0.05). In addition, the protective
effect of smoking cessation on CVD appeared at lower
CKM stages, where former smokers showed risk levels
approaching those of never smokers at CKM Stage 0.
Results based on the imputed dataset were similar (Sup-
plemental Table S13). Subgroup analyses revealed signifi-
cant linear trends of increasing total CVD risk with more
severe smoking status and higher CKM stages among
females and individuals aged over 60 years (Supplemental
Table S14).

The modifying effect of CKM syndrome on the relationship
of smoking with incident CVD

The analysis of the modifying effect of CKM syndrome in
relation to smoking and incident CVD is displayed in the
right panel in Table 2 and Supplemental Table S12. We
found a significant positive effect modification of CKM
syndrome on the additive scale for total CVD, CHD,
stroke, MACE, as well as 5 CVD subtypes, including IS,
abdominal aortic aneurysm, CAD, HF, and PVD, across
categories of smoking status. These effect modifications
remained stable in the additional analyses using the
imputed dataset and in subgroup analyses (Supplemen-
tal Table S13 and S14), except for IS and HF, where the
effect estimates were directionally consistent but did not
reach statistical significance. The positive effect modifi-
cation on additive scale for aortic valve stenosis and AF
was significant only in the imputed dataset, perhaps due
to increased statistical power. These findings indicate
that, for several CVD outcomes, the risk among smok-
ers at CKM Stages 2—3 exceeds the sum of the individual
effects of CKM syndrome and smoking. The additional
additive interaction statistics (AP and S) further support
these findings (Supplemental Table S15). In contrast, we
found consistent negative modifying effect on the mul-
tiplicative scale by CKM syndrome in the relationship
between smoking status and total CVD, CHD, MACE,
and CAD across all analysis and modeling approaches
(Table 2, Supplemental Table S12 to S14), indicating that
the HRs for these CVD outcomes among smokers at
CKM Stages 2—-3 were lower than expected compared to
those at CKM syndrome Stages 0—1. Significant multipli-
cative interaction was observed for aortic valve stenosis
only in the main dataset, and for HF only in the imputed
dataset. We found no consistent evidence that CKM syn-
drome modifies the effect of smoking behavior on other
CVD subtypes.
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Discussion

Using data from UK Biobank, this cohort study systemat-
ically explored the relationships between smoking behav-
ior, CKM syndrome, and a broad range of cardiovascular
outcomes. Our main findings included four key points.
First, individuals with more advanced CKM stages faced
progressively greater CVD risk, with those at Stage 3
exhibiting consistently higher risk for 11 of 13 CVD sub-
types in the following years compared to those at Stage
0. Second, the protective effect of smoking cessation took
a longer period to manifest in individuals with higher
CKM stages. It elapsed around 10 years for former smok-
ers at CKM Stage 0—1 and more than 25 years for those
at CKM Stage 2-3 to reach a CVD risk level that was not
significantly different from never smokers. Third, CKM
syndrome seemed to be a (positive and addictive) effect
modifier on the association between smoking status and
total CVD, stroke, as well as 3 CVD subtypes. This sug-
gests that smokers with advanced CKM syndrome stages
face a higher CVD risk compared to the risk observed
when smoking and CKM syndrome are considered sepa-
rately. Therefore, maintaining smoking cessation is par-
ticularly important for individuals in later CKM stages to
lower the probability of developing CVD over the coming
years. Finally, the simultaneous implementation of smok-
ing cessation and CKM stage reversal may yield greater
benefits for CVDs, especially for abdominal aortic aneu-
rysm and PVD.

Although the damaging impact of cigarette smoking on
CVDs has been a frequently discussed topic, recent stud-
ies continue to focus on further elucidating the impact
of smoking as well as the benefits of smoking cessation
in populations with different health conditions, aiming
to guide the development of precise smoking prevention
and cessation strategies for more effective prevention of
CVD events. For instance, smokers with diabetes faced
a substantially higher CVD risk than smokers without
diabetes, with a significant multiplicative interaction
observed [6]. A positive additive interaction between
tobacco use and abdominal obesity on CVD risk was
identified in a prospective cohort study based on the Chi-
nese population [36]. Smoking was also found to have a
positive additive interaction with metabolic syndrome in
previous studies [9, 37]. High BMI combined with smok-
ing has been shown to significantly increase the CVD
risk, although no statistically significant interaction was
detected [38]. However, conditions such as diabetes and
metabolic syndrome often co-exist, exploring the asso-
ciation between smoking behavior and CVD risk in single
health conditions may not provide sufficiently valuable
evidence for personalized guidance.

The concept of CKM syndrome formally proposed by
the AHA presidential advisory offered the possibility of
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a comprehensive assessment of metabolic conditions,
chronic kidney disease, and the state of the cardiovascu-
lar system [39] through different CKM stages (Stages 0 to
4). Among this predominantly middle-aged and elderly
cohort comprising individuals across CKM stages 0 to
3, we found that only 15.7% of the participants were at
CKM stage 0 or 1, individuals with more advanced stages
comprised the majority of the population. In addition, the
proportion of men increased progressively with advanc-
ing CKM stage, reaching 77.8% at Stage 3. These pat-
terns were consistent with findings from previous studies
[16, 40, 41]. For populations with different CKM condi-
tions, targeted smoking cessation strategies are particu-
larly essential, as those with severe CKM conditions may
gain greater benefits from quitting. The CVD subtypes
requiring attention may also differ across these groups.
Additionally, the time period needed to mitigate smok-
ing’s effect on incident CVD may differ depending on the
overall health status of individual. Therefore, this study
examined how smoking behavior relates to incident CVD
across subgroups at different stages of CKM syndrome,
the potential effect modification role of CKM syndrome
was also explored. According to our current knowledge,
this study offers the first comprehensive prospective eval-
uation of the underlying relationship between smoking
behavior, CKM conditions, and CVD risks.

In this study, we consider individuals with different
CKM conditions and systematically assessed the inde-
pendent and combined effects of smoking and CKM
syndrome on CVD risk. Both additive and multiplicative
interactions between smoking and CKM conditions were
evaluated. We found that although the joint effect was
smaller than expected on the multiplicative scale (nega-
tive interaction), the additive impact of smoking on CVD
risk was greater in population at advanced CKM stages
(Stage 2—-3) compared to those with better CKM condi-
tions. It is worth noting that it is not rare that the esti-
mates of additive and multiplicative interactions are in
opposite directions, as observed in the study of Timpka
et al. [35]. And additive interaction is more suitable for
assessing the public health significance and the cumula-
tive impact of risk factors on disease risk. Several biologi-
cal underpinnings for this finding may include chronic
inflammation, endothelial dysfunction, and oxidative
stress which are common to both smoking and CKM
syndrome [42].

To reduce the harmful effects of smoking on CVD,
smoking cessation has been widely recommended by
guidelines. In recent years, numerous studies evalu-
ated the effectiveness of smoking cessation on CVD
outcomes in different populations [3, 10, 43, 44]. For
instance, in a population from Framingham Heart Study
with an average age of 42.2 (SD, 11.8) years, former
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smokers have a significantly higher CVD risk (includ-
ing myocardial infarction, stroke, HF and CVD death)
until 15 years after cessation [3]. Then using cohort from
Korean National Health Insurance Service database
with a mean age of 45.8 (SD, 14.7) years, the CVD risk
of former light smokers (less than 8 pack-years) aligns
with that of never smokers within 10 years, while it takes
more than 25 years for the risk of former heavy smokers
to reach a comparable level [10]. Our findings from the
entire population revealed different patterns for these
two major CVDs: the time period elapsed after smok-
ing cessation to eliminate the statistical difference in risk
between former and never smokers was longer for car-
diovascular diseases (more than 25 years) than for cer-
ebrovascular diseases (around 15 years). When stratified
by CKM stages, the protective effect of smoking cessa-
tion on total CVDs was diminished in populations with
advanced CKM stages (over 25 years) compared to those
in the early stages (around 10 years). Possible reasons
may include the higher baseline CVD risk for individuals
with advanced CKM stages, or the synergistic interaction
between smoking and CKM on CVD risk. Although this
is the case, encouraging smoking cessation in individuals
with advanced CKM stages remains a crucial measure to
reduce CVD incidence.

In addition to encouraging smoking cessation, our
results also suggested that it may yield more pronounced
benefits in reducing the risk of several CVD subtypes by
simultaneously controlling CKM-related risk factors to
reverse CKM stages. For individuals with a stable CKM
stage, the change of smoking behaviors shows the great-
est influence on the risks of abdominal aortic aneurysm
and peripheral vascular disease, consistent with the
results in a previous Mendelian randomization study
from UK Biobank [17]. The mechanisms of smoking on
abdominal aortic aneurysm may include that smoking
destruct the lamellar elastin matrix of the arterial media
by promoting the production and upregulation of matrix
metalloproteinases and exacerbating chronic inflamma-
tory infiltration [45-48]. In addition, smoking affects
lipid metabolism and distribution, inducing phenotypic
changes and dysfunction of macrophages, endothelial
cells and smooth muscle cells, all of which are crucial
to the pathogenesis of atherosclerosis and contribute to
the primary pathological basis of peripheral vascular dis-
ease [49-52]. Results of smoking on other CVD subtypes
were also broadly aligned with prior studies on coronary
artery disease [53], aortic valve stenosis [54], heart fail-
ure [55], etc. Moreover, the reversal of CKM stages was
associated with a substantial reduction in the risk of sev-
eral CVDs, particularly aortic valve stenosis. This was
also in line with previous research exploring the effect of
CKM-related risk factors, including lipid, SBP, and BMI,
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on the risk of aortic valve stenosis [56]. The combined
improvement of both smoking and CKM conditions
yields the greatest benefit in reducing the risk of several
CVD subtypes such as abdominal aortic aneurysm and
PVD, which can also be supported by existing research
[57]. Therefore, prevention strategies to reduce CVD risk
through smoking cessation and CKM control should be
further refined and tailored based on individual overall
health conditions, with particular attention to CVD sub-
types most significantly affected by both factors.

Our study has several limitations. Firstly, baseline
blood glucose measurements in the UK Biobank were
not strictly measured in a fasting state, and the fasting
time variable was not available in our application. As a
result, the definition of prediabetes and metabolic syn-
drome relied solely on glycosylated hemoglobin, fol-
lowing previous literatures [24—27]. Secondly, when
the population was further classified into subgroups
based on both smoking behavior and CKM stage, the
case number in several subgroups decreased substan-
tially, especially for analyses focusing on CVD subtypes.
This reduction may have led to insufficient statistical
power to detect some significant associations. Thirdly,
all smoking traits were derived from baseline self-
reported questionnaires, we cannot rule out the pos-
sibility of measurement error or misclassification.
Fourthly, although this study employed multivariate
adjustment based on a preselected set of covariates to
account for potential confounders between smoking
and CVDs, residual confounding may still exist. So,
the association in this study should be interpreted with
caution when inferring causality. Fifthly, the inclusion
of only white participants from the UK Biobank in this
study constrains the extent to which our results can be
extrapolated to other ethnic populations. Future studies
involving diverse ethnic groups are warranted. Sixthly,
considering that individuals from the UK Biobank tend
to be healthier and exhibit greater health conscious-
ness compared to the broader population, our findings
may be subjected to volunteer selection bias, poten-
tially affecting their generalizability. Finally, this study
focused on the association between baseline smoking
and CKM status with future CVD risk. Further investi-
gations are needed to examine how changes in smoking
behavior or CKM status affect CVD outcomes.

Conclusions

Our findings suggested that individuals with advanced
CKM syndrome may require a longer duration of smok-
ing cessation for their CVD risk to become not signifi-
cantly different from that of never smokers. However,
promoting smoking cessation is more important in
this group, as smokers in the advanced stages of CKM
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syndrome face a higher CVD risk due to the additive
effect modification of the smoking-CVD association by
CKM syndrome. Simultaneously improvement of CKM
conditions and smoking cessation may gain more ben-
efits in reducing the CVD risk.
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