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Abstract

Background To investigate the association between cigarette smoking, smoking cessation and the trajectory of
cardiometabolic multimorbidity (CMM), and further to examine the association of age at smoking initiation and
smoking cessation with CMM.

Methods This study included 298,984 UK Biobank participants without cardiometabolic diseases (CMDs) (including
type 2 diabetes, coronary heart diseases, stroke, and hypertension) at baseline. Smoking status was categorized

into former, current, and never smokers, with age at smoking initiation and smoking cessation as a proxy for current
and former smokers. The multi-state model was performed to evaluate the association between cigarette smoking,

smoking cessation and CMM.

Results During a median follow-up of 13.2 years, 59,193 participants developed first cardiometabolic disease (FCMD),
14,090 further developed CMM, and 16,487 died. Compared to former smokers, current smokers had higher risk at all
transitions, with hazard ratio (95% confidence interval)=1.59 (1.55~1.63) vs. 1.18 (1.16 ~ 1.21) (P=1.48 x 10~ ""8) from
health to FCMD, 140 (1.33 ~1.47) vs. 1.09 (1.05~1.14) (P=1.50x 10~ '®) from FCMD to CMM, and 2.87 (2.72 ~3.03)

vs. 1.38 (1.32~1.45) (P<0.001) from health, 2.16 (1.98 ~2.35) vs. 1.25 (1.16 ~ 1.34) (P=1.18x 10~ *) from FCMD, 2.02
(1.79~228) vs.1.22 (1.09~1.35) (P=3.93x 10" ") from CMM to death; whereas quitting smoking reduced the risk
attributed to cigarette smoking by approximately 76.5% across all transitions. Reduced risks of smoking cessation
were also identified when age at quitting smoking was used as a proxy for former smokers.

Conclusions Cigarette smoking was associated with a higher risk of CMM across all transitions; however, smoking
cessation, especially before the age of 35, was associated with a significant decrease in CMM risk attributed to
cigarette smoking.
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Background

Cigarette smoking is a major behavioral risk factor with
a leading attributable health burden worldwide, and is
a long-standing challenge for public health [1, 2]. Exist-
ing studies have well-documented the strong association
between cigarette smoking and the occurrence of many
diseases, including lung cancer, cardiovascular disease,
and chronic respiratory disease [2—4]. Cigarette smok-
ing is also the major cause of premature death around the
world, accounting for more than 5 million or 12% of all-
cause deaths annually [5, 6].

Fortunately, epidemiological studies have demon-
strated that smoking cessation is significantly associ-
ated with a reduced risk of disease incidence and death
[7-10]. For instance, cigarette smoking can directly dam-
age heart, with the more people smoking the worse their
heart function; however, the function of heart can be
restored or even reversed to some extent after quitting
smoking [4]. Cigarette smoking is significantly related to
an increased risk of type II diabetes (T2D), but the risk
may decrease to the level of never smokers after 10 years
of smoking cessation [11]. Cigarette smoking also sub-
stantially increases the risk of coronary heart diseases
(CHD) [7], but the risk of CHD would be halved after one
year of quitting smoking [3], and the risk would even fall
significantly to the level of never smokers after 15 years
of smoking cessation [12]. Similar risk reductions are also
observed for patients of stroke and hypertension when
stopping smoking [13, 14].

Further, previous studies have discovered that, com-
pared to never smokers, both former and current smok-
ers had a significantly higher risk of multimorbidity,
all-cause mortality, and multimorbidity-related mortality
[15, 16]. Studies have shown that approximately half of
regular smokers who start smoking before age 18 will die
of tobacco-related diseases, losing an average of 10 years
of life unless they quit smoking permanently [17-19]. In
contrast, quitting smoking before the age of 30 was an
important health behavior, helping increase life expec-
tancy by 8-9 years [20].

With the rising proportion of aging people globally, the
prevalence of cardiometabolic multimorbidity (CMM),
defined as the co-occurrence of at least two cardiometa-
bolic diseases (CMDs) (including T2D, CHD, stroke, and
hypertension in our study) [21, 22] has been increasing
rapidly [21, 23]. CMM is becoming a global health burden
due to its association with reduced quality of life, greater
use of healthcare resources, and higher risk of disability
and death [24, 25]. It has been shown that, compared
to individual CMDs, the accumulation of CMM mul-
tiply elevates the risk of death and significantly reduces
life expectancy [21, 26], the aging population makes this
issue much worse [21, 22].
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Although there is already compelling evidence that
cigarette smoking is closely associated with the develop-
ment of individual CMDs, to our knowledge, few exist-
ing studies to date have independently investigated the
association of cigarette smoking and smoking cessation
with CMM. Investigations of the association between age
at smoking initiation and smoking cessation and CMM
are even more lacking, and disease trajectories have not
been examined. To fill in these knowledge gaps, we here
analyzed the large-scale prospective UK Biobank cohort
data (N=298,984) [27] to evaluate the effects of ciga-
rette smoking and smoking cessation on the trajectory
of CMM, including the transition from no CMD to first
cardiometabolic disease (FCMD) and then to CMM and
further to death.

Methods

Study participants

We conducted our analyses in the UK Biobank, a large-
scale population-based prospective study with approxi-
mately half a million participants aged 40-69 vyears,
which collected an unprecedented amount of biological
and medical data resource since 2006 [27]. In this study,
we filtered out participants who met any of the below
criteria at recruitment: (i) withdrew from the survey; (ii)
missed data on smoking status; (iii) had type I diabetes or
gestational diabetes; (iv) suffered from any CMDs before
recruitment. Afterwards, 298,984 participants with-
out any CMDs at the time of recruitment were initially
included.

Outcome identification

Following previous studies [21, 28, 29], CMM was
defined as co-occurrence of at least two of the four
focused CMDs (ie., T2D, CHD, stroke, and hyperten-
sion). In the UK Biobank, participants’ data were col-
lected from self-reported diseases diagnosed by doctors
and hospital inpatient records. The diagnoses were coded
according to the International Classification of Diseases,
9th Revision (ICD-9) and 10th Revision (ICD-10), and
the Office of Population Censuses and Surveys Classifica-
tion of Interventions and Procedures, version 4 (OPCS-
4) (Table S1). The date of occurring CMM was the
earliest date of occurrence for any of the four CMDs. The
incident cases of all-cause death were identified through
linking to national death registries.

Assessment of cigarette smoking and smoking cessation

Detailed information regarding cigarette smoking and
smoking cessation was obtained from touch screen ques-
tionnaires [27]. Participants were categorized according
to smoking status and amount smoked (Table S2). Specif-
ically, in terms of smoking status defined in prior studies
[30, 31], participants were considered as never smokers if
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they had not smoked at least 100 cigarettes in their life-
time. Participants who had smoked at least 100 cigarettes
in their lifetime were treated as ever smokers, with those
who had quit smoking before recruitment considered as
former smokers, and those who had not quit smoking
deemed as current smokers.

Furthermore, the baseline pack-years of smoking were
calculated as the average number of cigarettes smoked
per day, which can be treated as continuous and categori-
cal variables (all participants were categorized as “None’,
“Up to 10’ “Between 11 and 20’, “Between 21 and 30’
and“More than 30”) [32, 33]. Then, former smokers were
classified into various groups regarding age at quitting
smoking [30] and current smokers were classified into
various groups regarding age at starting smoking (see
below) [18], and both the two types of smoking behaviors
were analyzed to evaluate the association between smok-
ing cessation and CMM.

Measurement of potential covariates

Several sociodemographic characteristics and lifestyle
factors were included as covariates to adjust for their
potential influences, including age, sex, race, education
levels, household income [34], body mass index (BMI),
alcohol consumption, physical activity levels [35], systolic
blood pressure (SBP), and healthy diet score [36]. Treat-
ment details of some covariates were further described in
the Supplementary File. Missing values of covariates were
imputed by the method of multivariate imputation by
chained equations via the R MICE package [37].

Statistical analysis

Association of cigarette smoking, smoking cessation with
CMM

Cox proportional hazards regression was applied to
investigate the associations of cigarette smoking and
smoking cessation with CMM. Schoenfeld’s residuals
were applied to test the proportional hazards assumption

(A)

B

N =298,984

5,9193 (20.4%) 14,090 (23.8%)

CMM
N=14,090

10,204 (3.4%)

4,303 (7.2%) 1,980 (14.1%)

Death
N=16,487

(B)

N=293,881 |
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of Cox model [38], but no violations were observed. We
employed the multi-state model to assess the effects of
cigarette smoking and smoking cessation on the tempo-
ral disease progression from baseline to FCMD, CMM, or
death [39]. The multi-state model was a powerful exten-
sion of the competing risk model for exploring the influ-
ence of certain factors on different stages of the process.
We constructed five transitions and referred them to as
pattern A (Fig. 1A): (i) from baseline to FCMD; (ii) from
FCMD to CMM; (iii) from baseline to death; (iv) from
FCMD to death from any cause; (v) from CMM to death
from any cause.

At each transition stage, the covariates mentioned
above were incorporated into the model, with hazard
ratio (HR) and its 95% confidence interval (CI) reported.
When modeling the transition to FCMD, the follow-up
time was calculated from the date of recruitment to the
date of diagnosis of FCMD, the date of death, or the end
of the follow-up (31 Dec, 2021), whichever occurred first.
When modeling the transition to CMM, the follow-up
time was calculated from the date of the subsequent sec-
ond event, the date of death, or the end of the follow-up
(31 Dec, 2021), whichever came first.

To further evaluate the association between cigarette
smoking, smoking cessation and CMM, we initially uti-
lized age at starting smoking (<18 years or >18 years)
as a proxy for current smoker, and conducted the above
analyses. Subsequently, we employed age at quitting
smoking (<35 years, 35-44 years, 45-54 years, or 255
years) as a proxy for former smoker [30] and replicated
the analyses. Additionally, we divided former and current
smokers into low pack-years (<20) and high pack-years
(=20) and extended the above analyses [40].

Association of cigarette smoking, smoking cessation with
four FCMDs

We also employed the multi-state model with the same
setting to estimate the effects of cigarette smoking and

CMD

Baseline

1,428 (15.9%)

q Hypertension
=40,968

10,204 (3.4%)

Fig. 1 (A) Numbers (percentages) of participants in transition pattern A from baseline to FCMD, CMM, and death. (B) Numbers (percentages) of partici-
pants in transition pattern B from baseline to one of T2D, CHD, stroke, and hypertension, then to CMM, and subsequently to death. CMDs include T2D,
CHD, stroke, and hypertension. CMM is defined as the co-occurrence of at least two of the above-mentioned diseases. T2D: type Il diabetes, CHD: coronary
heart diseases, FCMD: first cardiometabolic disease, CMM: cardiometabolic multimorbidity
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smoking cessation on different pathways from baseline
health to CMM or to death. We here divided CMM into
four individual CMDs (i.e., T2D, CHD, stroke, and hyper-
tension), resulting in a total of fourteen transition stages
which were referred to as pattern B (Fig. 1B). In this pat-
tern, to obtain more affluent information about the asso-
ciation of smoking cessation with individual CMDs, and
to produce statistically reliable estimates with a sufficient
number of cases during each transition, former smokers
were only categorized into two groups in terms of quit-
ting smoking before and after the age of 45 years [30].
Furthermore, if a participant was diagnosed with at least
two of CMDs on the same date, we could not ascertain
the temporal sequence of disease occurrences and thus
excluded them here, leaving 293,881 participants.

Subgroup analyses stratified by covariates

To evaluate the robustness and potential variation of
our findings, we performed several subgroup analyses.
Briefly, we repeated the analyses in sub-studies stratified
by sex (male or female), income (<£31,000 or 2£31,000)
[34], TDI (less or larger than the median), alcohol con-
sumption (drinker or non-drinker), physical activity level
(low, moderate, or high), healthy diet score (0-2 or 3-5),
and BMI (<25, 25-30, or >30 kg/m?).

Further, we carried out sensitivity analyses only in
white participants, and excluded cases/deaths that
occurred within two years prior to follow-up and partici-
pants who quit smoking within two years before and after
recruitment to reduce possible reverse causality [41, 42].
We also excluded smokers who stopped smoking due to
illness/disease and those who quit smoking due to physi-
cian recommendation (filed 6157) to avoid reverse cau-
sality [30].

Estimation of attributable fractions and population-
attributable fractions

To further quantify the associations between cigarette
smoking and smoking cessation with CMM, we esti-
mated the attributable fraction percent (AF%) and popu-
lation-attributable fraction percent (PAF%).

HR -1 P(HR — 1
R =1 j00%. pary — — LR = 1)

AF% = I By
4 HR PHR — 1) + 1

x 100%

where P, indicates the proportion of ever smokers (both
former and current smokers) obtained from the expo-
sure-specific UK Biobank dataset, and the HR is the risk
estimate of ever smokers vs. never smokers.

The percentage of increased risk of CMM incidence
and death avoided by quitting smoking (compared with
continuing to smoke) was estimated by (HR*-HRP)/(HR®-
1), where HR? is the risk of current vs. never smokers and
HR? is the risk of former vs. never smokers [30].
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All statistical analyses were performed under the R
software computing environment (version 4.3.1), and a
two-sided P<0.05 was considered statistically significant.

Results

Participant characteristics

There were a total of 298,984 participants without any
CMD at recruitment. The summary information of all
included participants under different conditions was
described in Table 1. Particularly, among current smok-
ers, the average age was 53.618.1 years; among them,
50.4% were males and the average age was 53.6+8.1
years, and 49.6% were females and the average age was
53.61+7.9 years. Among former smokers, the average
age of quitting smoking was 38.5+11.4 years; among
them, 47.4% males quit smoking, with an average age
of quitting smoking was 38.5+11.4 years, and females
accounted for 52.6% of former smokers, with an average
age of 38.5+11.3 years.

Among all analyzed participants, during a median
follow-up of 13.2 years, 59,193 participants developed a
CMD, 8,040 participants occurred T2D, 16,185 suffered
from CHD, 4,965 had stroke, and 45,883 had hyperten-
sion (Figure S1). Among participants with FCMD, 14,090
further developed CMM. A total of 16,487 deaths were
reported during the follow-up. The remaining 239,791
participants without any CMDs were treated as controls.
In comparison to participants without any CMDs, those
with one CMD or CMM trended to be older, males, have
higher BMI, and SBP. Furthermore, they have lower edu-
cation levels, household income, physical activity level,
and health diet scores, or be active smokers and drinkers
and have an older age at quitting smoking.

Association of smoking status with FCMD, CMM and all-
cause death

After adjusting for available covariates and using never
smokers as the reference, we discovered that current
smokers were significantly associated with a higher risk
of developing FCMD, CMM, and all-cause death (pattern
A) (Table 2). Meanwhile, compared to current smokers,
we observed a significantly reduced risk at different tran-
sition stages after smoking cessation. Specifically, former
smokers not only had a reduced risk of transition from
baseline to FCMD (HR [95% CI]=1.59 [1.55~1.63] vs.
1.18 [1.16 ~1.21], P=1.48x10" "3, here, the effect modi-
fication was tested via the Z-statistic [43], and the Pvalue
was obtained by looking up the Z-score on a standard
normal distribution), but also had a lower risk of tran-
sition from FCMD to CMM (1.40 [1.33~1.47] vs. 1.09
(1.05~1.14], P=1.50x10""%) (Table 2). For the transi-
tion from other stages to death, quitting smoking was
also significantly related to a smaller risk from baseline
(2.87 [2.72~3.03] vs. 1.38 [1.32~1.45], P<0.001), FCMD
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Table 1 Summary information of all included participants in the UK Biobank cohort under different statuses

covariates withoutFCMD  T2D CHD stroke hypertension  CMM
(N=239,791) (N=8,040) (N=16,185) (N=4,965) (N=45,883) (N=14,090)

Smoking status (%)

Never 162,898 (67.9) 4,305 (53.5) 8,770 (54.2) 2,759 (55.6) 26,964 (58.8) 7407 (52.6)

Former 53,988 (22.5) 2,365 (29.4) 4,821 (29.8) 1,395 (28.1) 13,260 (28.9) 4,357 (30.9)

Current 22,638 (94) 1,355 (16.9) 2,576 (15.9) 803 (16.2) 5,605 (12.2) 2,306 (16.4)
Age at starting smoking, years (SD) 174144 17.0+£49 17.1+46 174+46 17.2+46 171147
Age at starting smoking (%)

<18 9,633 (4.0) 479 (6.0) 964 (6.0) 341 (6.9) 2,252 (4.9) 876 (6.2)

>18 13,050 (5.4) 876 (10.9) 1,612 (10.0) 462 (9.3) 3,353 (7.3) 1,430 (10.1)
Age at quitting smoking, years (SD) 383+11.7 42.7+126 418+13.0 42.5+46 4151127 426+129
Age at quitting smoking (%)

<35 22,921 (9.6) 682 (8.5) 1,594 (9.8) 433(8.7) 4,401 (9.6) 1,302 (9.2)

35-44 16,112 (6.7) 626 (7.8) 1,268 (7.8) 387(7.8) 3,698 (8.1) 1,211 (8.6)

45-54 10,017 (4.2) 609 (7.6) 1,124 (6.9) 308 (6.2) 2,995 (6.5) 1,044 (7.4)

>55 4,938 (2.1) 448 (5.6) 817 (5.0) 267 (54) 2,166 (4.7) 800 (5.7)
Pack-years (SD) 19.2+16.1 273+214 2564203 2644212 245+19.7 270+21.1
Age, years (SD) 543480 575+79 591473 60.2+7.2 588+75 596+72
BMI, kg/m2 (SD) 263+4.2 30.7+55 276144 270+45 282+49 288+5.1
TDI (SD) -1.5+3.0 -04+34 -1.2+32 -1.2+32 -1.1+32 -09+33
SBP. mmHg (SD) 1320+164 141.9+18.2 140.8+18.2 1423+£193 147.8+19.0 146.3+189
Male (%) 96,536 (40.3) 4,184 (52.0) 9,596 (59.3) 2,622 (52.8) 21,400 (46.7) 8,040 (57.1)
Race (%)

Non-white 12,054 (5.0) 979 (12.2) 745 (4.6) 183 (3.7) 2,565 (5.6) 919 (6.5)

white 227,737 (95.0) 7,061 (87.8) 15,440 (95.4) 4,782 (96.3) 43,318 (94.4) 13,171 (93.5)
Qualifications (%)

without college 118,995 (49.6) 3,987 (49.6) 7,811 (483) 2,355 (47.4) 22,646 (49.4) 6,758 (48.0)

with college 90,182 (37.6) 1,751 (21.8) 4,362 (27.0) 1,537 (31.0) 11,894 (25.9) 3,304 (23.4)
Alcohol consumption (%)

Daily or almost daily 46,410 (19.4) 1,144 (14.2) 3,366 (20.8) 1,166 (23.5) 9,631 (21.0) 2,835(20.1)

Three or four times a week 57,094 (23.8) 1,319 (16.4) 3,348 (20.7) 1,000 (20.1) 9,500 (20.7) 2,706 (19.2)

Once or twice a week 64,477 (26.9) 1,958 (24.4) 4,102 (25.3) 1,222 (24.6) 11,295 (24.6) 3,430 (24.3)

One to three times a month 28234 (11.8) 1,029 (12.8) 1,737 (10.7) 477 (9.6) 5011(10.9) 1,489 (10.6)

Special occasions only 25,900 (10.8) 1,420(17.7) 2,088 (12.9) 625 (12.6) 6,022 (13.1) 2,012 (143)

Never 17,511 (7.3) 1,160 (14.4) 7(94) 468 (9.4) 4,345 (9.5) 2,835(20.1)
Household income (%)

<£31,000 84,244 (35.1) 4,028 (50.1) 7479 (46.2) 2421 (48.8) 21,123 (46.0) 6,942 (49.3)

> £31,000 126,187 (52.6) 2,524 (31.4) 6,118 (37.8) 1,719 (34.6) 16,738 (36.5) 4,577 (32.5)
Physical activity (%)

low 34,474 (14.4) 1,499 (18.6) 2,426 (15.0) 694 (14.0) 6,908 (15.1) 2,198 (15.6)

moderate 80,062 (33.4) 2,314 (28.8) 4,953 (30.6) 1,481 (29.8) 14,065 (30.7) 4,156 (29.5)

high 81,616 (34.0) 2,077 (25.8) 5,242 (324) 1,693 (34.1) 13,694 (29.8) 4,221 (30.0)
Health diet score (%)

0 1,445 (0.6) 79 (1.0) 125 (0.8) 36(0.7) 336 (0.7) 124(0.9)

1 12,428 (5.2) 583 (7.3) 958 (5.9) 262 (5.3) 2,405 (5.2) 870 (6.2)

2 39,125(16.3) 1,529 (19.0) 2,933 (18.1) 795 (16.0) 7,804 (17.0) 2,564 (18.2)

3 67,721 (28.2) 2,327 (28.9) 4,574 (28.3) 1,464 (29.5) 13,202 (28.8) 4,024 (28.6)

4 60,243 (25.1) 1,705 (21.2) 3,765 (23.3) 1,228 (24.7) 11,227 (24.5) 3,250 (23.1)

5 24,438 (10.2) 523 (6.5) 1,384 (8.6) 436 (8.8) 4,057 (8.8) 1,070 (7.6)

Note: BMI: body mass index, SBP: systolic blood pressure, T2D: type Il diabetes, CHD: coronary heart diseases, FCMD: first cardiometabolic disease, CMM:
cardiometabolic multimorbidity, sd: standard deviation
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Table 2 Association of smoking status with FCMD, CMM and all-cause death
Association smoking status All participants Pack-years (< 20) Pack-years (=20)
HR (95% Cl) P HR (95% Cl) P HR (95% Cl) P

Baseline = FCMD Never 1 [Reference] - 1 [Reference] - 1 [Reference] -

Former 118(1.16~121)  674x107% 109(1.06~1.12)  205x10°"2  132(128~135) 461x10°%

Current 159(155~163) 387x10°%"  137(131~143) 558x10°%  174(169~179)  1.92x107 %8
FCMD —» CMM Never 1 [Reference] - 1 [Reference] - 1 [Reference] -

Former 1.09(1.05~1.14)  709x10°° 1.04(099~1.10) 0082 1.15(1.09~120)  7.53x1078

Current 140(133~147)  336x10°Y 131(121~143)  306x107""  145(137~153) 254x10° %
Baseline — Death Never 1 [Reference] - 1 [Reference] - 1 [Reference] -

Former 138(132~145  836x10°*% 1.14(1.07~121)  205x107° 182(1.71~193)  799x10~%

Current 287 (272~303) <0001 219(200~239) 7.12x107%  337(3.17~358) <0001
FCMD — Death Never 1 [Reference] - 1 [Reference] - 1 [Reference] -

Former 125(1.16~1.34)  229x107° 1.07(098~1.18)  0.147 146 (133~159)  165x107'

Current 216(198~235) 3.03x107%° 174(150~202) 404x107"  236(2.15~260) 6.72x1077°
CMM — Death Never 1 [Reference] - 1 [Reference] - 1 [Reference] -

Former 122(1.09~135  387x107* 1.07(093~1.23) 0366 139(1.22~1.58)  490x107/

Current 202(1.79~228) 1.02x107%° 169(136~210) 1.75x107°  212(1.85~242) 159x107%

Note: Never: never smokers, Former: former smokers, Current: current smokers, FCMD: first cardiometabolic disease, CMM: cardiometabolic multimorbidity

Table 3 Association of smoking initiation with FCMD, CMM and all-cause death

Association smoking status All participants Pack-years (<20) Pack-years (=20)
HR (95% Cl) P HR (95% Cl) P HR (95% Cl) P
Baseline —» FCMD ~ Never 1 [Reference] - 1 [Reference] - 1 [Reference] -
>18 147 (141~152)  336x107% 132(124~139)  375x1072"  161(163~1.70) 4.73x107"
<18 170(1.64~175)  696x10721®  145(136~154) 183x10°%*  180(1.83~187) 700x107%"
FCMD - CMM Never 1 [Reference] - 1 [Reference] - 1 [Reference] -
>18 136(127~146) 132x107" 131(1.18~146)  932x107/ 141 (143~154)  827x107 "
<18 143(135~152)  159x10°% 132(1.17~148)  520x10°°  147(143~157)  4.10x107%°
Baseline — Death Never 1 [Reference] - 1 [Reference] - 1 [Reference] -
>18 255Q236~276) 297x107'  206(1.83~231) 385x107%*  312(3.13~344) 197x10°'"°
<18 314(294~336)  255x107%°°  229(202~261) 1.76x107°  356(353~3.82)  9.22x107%°
FCMD — Death Never 1 [Reference] - 1 [Reference] - 1 [Reference] -
>18 201(1.78~227)  588x107%° 156 (127~191)  254x107°  235(233~272) 330x107°
<18 226 (203~251)  681x10°% 198(161~244) 110x1071%  237(233~266) 129x10°°
CMM — Death Never 1 [Reference] - 1 [Reference] - 1 [Reference] -
>18 197(167~233)  849x107' 175(133~230) 700x107°  208(203~252) 884x10™ '
<18 201 (1.73~234)  354x107°  141(1.00~197) 0048 215(Q213~252)  141x107?

Note: Never: never smokers, FCMD: first cardiometabolic disease, CMM: cardiometabolic multimorbidity

(2.16 [1.98 ~2.35] vs. 1.25 [1.16 ~1.34], P=1.18x10~%),
and CMM (2.02 [1.79~2.28] vs. 1.22 [1.09~1.35],
P=3.93x10"") (Table 2). On average, smoking cessation
could reduce the risk attributed to cigarette smoking by
approximately 76.5% across all transition stages in pat-
tern A.

Furthermore, similar results were observed in the
low and high pack-years group, and the high pack-years
group exhibited a greater risk of transition from base-
line to FCMD, CMM and all-cause death (Table S3). On
average, current smokers and former smokers in the high
pack-years group had a higher risk of transition than
those in the low pack-years group, respectively.

Association of cigarette smoking with FCMD, CMM and
all-cause death

Association of age at smoking initiation with FCMD, CMM
and all-cause death

Table 3 showed the association between age at smoking
initiation and the risk for FCMD, CMM and all-cause
death. Compared to never smokers, the risk of transi-
tion from baseline to FCMD, from FCMD to CMM, and
from baseline and FCMD to all-cause death increased
with earlier age at smoking initiation. The HR (95% CI) of
transition from baseline to FCMD was 1.70 (1.64~ 1.75),
from FCMD to CMM was 1.43 (1.35~1.52), from base-
line, FCMD and CMM to death was 3.14 (2.94~3.36),
2.26 (2.03~2.51) or 2.01 (1.73~2.34) for those started
smoking<18 years. Moreover, the analyses grouped by
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pack-years revealed similar findings, highlighting a nota-
bly elevated risk of transition from baseline to FCMD,
CMM, and all-cause mortality among the high pack-
years group (Table 3).

Association of pack-years of smoking with FCMD, CMM and
all-cause death

Relative to never smoking, increased smoking also sig-
nificantly elevated the risk of FCMD, CMM, and all-
cause death (Table 4). Taking the transition from baseline
to FCMD as an example, the HR (95% CI) for indi-
viduals who smoked more than 30 pack-years was 1.53
(1.49 ~1.57); however, the HR was only 1.06 (1.03~1.09)
for those who smoked up to 10 pack-years. Compared to
individuals who smoked more than 30 pack-years, those
who smoked up to 10 pack-years could have an approxi-
mately 90.2% lower risk attributed to cigarette smoking.
In addition, the risk of FCMD, CMM and all-cause death
increased by an average of 11.0% for every 10 units of
pack-years of smoking (Table 4).
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Association of age at smoking cessation with FCMD, CMM,

and all-cause death

The above associations remained substantial when using
age at quitting smoking as a proxy for former smok-
ers in pattern A (Fig. 2). Compared to current smokers,
we discovered that all the risks of transition from base-
line to FCMD, from FCMD to CMM, and from base-
line and FCMD to all-cause death in general reduced
progressively when the age at quitting became younger.
In contrast, current smokers had the higher risk at each
transition. Taking the transition from baseline to FCMD
as an example, the HR (95% CI) for current smokers
was 1.59 (1.55~1.63); however, the HR was only 1.10
(1.07~1.14) for quitting smoking before age 35 years,
1.15 (1.11~1.18) for quitting smoking at ages 35 to 44
years, 1.28 (1.24~1.33) for quitting smoking at ages 45
to 54 years, and 1.32 (1.27~1.37) for quitting smoking
at 55 years or more. Quitting smoking at age<35 years
was linked with a reduction of about 98.8% of the risk
attributed to cigarette smoking, even quitting smoking

Table 4 Association of pack-years of smoking with the risk of FCMD, CMM and all-cause death

Association Pack-years of smoking All participants
HR (95% Cl) P
Baseline - FCMD None 1 [Reference] -
Upto 10 1.06 (1.03~1.09) 282x107*
Between 11 and 20 1.19(1.16~1.22) 267x107%
Between 21 and 30 135(1.31~1.39) 124%10-"°
More than 30 153 (149~1.57) 140x107217
HR per 10 units 1.08 (1.08~1.08) 142x107%
FCMD - CMM None 1 [Reference] -
Upto 10 1.04 (097 ~1.11) 0.254
Between 11 and 20 1.14 (1.07 ~1.20) 883x107°
Between 21 and 30 1.19(1.12~1.26) 188x1078
More than 30 129 (1.23~1.35) 3.12x107%
HR per 10 units 1.05 (1.05~1.05) 437%x107°
Baseline — Death None 1 [Reference] -
Upto 10 1.09(1.01~1.18) 0.022
Between 11 and 20 140 (1.31~1.50) 885x107%
Between 21 and 30 1.85(1.72~1.98) 146x107%
More than 30 272(.57~287) 1.88x 107
HR per 10 units 1.18(1.18~1.18) 472x107%
FCMD — Death None 1 [Reference] -
Upto 10 1.03(091~1.17) 0622
Between 11 and 20 124 (1.11~1.38) 1.02%x1074
Between 21 and 30 137(1.23~1.53) 275%1078
More than 30 1.98 (1.83~2.15) 2.17%x107°
HR per 10 units 1.13(1.13~1.13) 139%x10°%
CMM — Death None 1 [Reference] -
Upto 10 1.12(0.93~1.36) 0228
Between 11 and 20 1.10(0.93~1.29) 0.270
Between 21 and 30 143 (1.23~168) 562x107°
More than 30 1.78 (1.59~1.99) 348x10°%
HR per 10 units 111 (1.11~1.11) 760%107°

Note: FCMD: first cardiometabolic disease, CMM: cardiometabolic multimorbidity
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Fig. 2 Forest diagram representing the association of cigarette smoking, smoking cessation with FCMD, CMM, and all-cause death by various ages at
quitting smoking, compared to never and current smokers in pattern A. Never: never smokers, Current: current smokers, FCMD: first cardiometabolic
disease, CMM: cardiometabolic multimorbidity
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at age>55 years was also attributed to an approximately
48.5% decrease in risk in pattern A.

Furthermore, we grouped participants by pack-years,
and analyzed those who quit smoking before and after
age 45 in two groups. We also found similar results to
those described above, and the high pack-years group
showed a higher risk in pattern A (Table S3).

Association of age at smoking initiation and smoking
cessation with individual FCMD

In the analysis of individual FCMDs (pattern B), we dis-
covered similar association patterns for age at smoking
initiation except for the transition from T2D to CMM
and death, CHD to CMM, and CMM to death (Table S4).
Taking the transition from hypertension to CMM as an
example, the HR (95% CI) for participants starting smok-
ing <18 years was 1.61 (1.48 ~ 1.74), whereas the HR (95%
CI) was 1.46 (1.33~1.61) for those starting smoking<18
years.

We also observed similar association patterns for age
at smoking cessation except for the transition from T2D
to CMM (Table S5). Taking the transition from hyperten-
sion to CMM as an example, the HR (95% CI) for current
smokers was 1.46 (1.39 ~ 1.54), whereas the HR (95% CI)
was 1.14 (1.08 ~ 1.21) for quitting smoking age at 45 years
or more, and only 1.07 (1.02 ~1.13) for quitting smoking
before age 45 years. Quitting smoking at age before 45
years could reduce the risk related to cigarette smoking
by about 85.1% when transiting from baseline to hyper-
tension, CMM and Death.

Subgroup and sensitive analyses

In the subgroup analyses conducted at different levels
of a given covariate, we observed that the risk of transi-
tions related to current smoking was generally similar,
with current smokers having the higher risk at all the
five transition stages in pattern A and at all the fourteen
transition stages in pattern B (Figures S2-S8). In contrast,
former smokers were connected with a decreased risk
of transition compared to current smokers regardless of
the level of covariates (Figures S2-S8). Particularly, the
associations of cigarette smoking and smoking cessation
with CMM were generally consistent between males and
females. Interestingly, however, the risk reduction from
smoking cessation appeared to be more pronounced for
females compared to males (on average 79.0% in females
vs. 66.8% in males) (Table S6 and Figure S4).

In the sensitivity analyses with only white partici-
pants, almost all the results remained relatively robust
when smokers who quit smoking due to illness/disease
and those who stopped smoking due to physician rec-
ommendation were excluded (Figure S9), and nearly
all the associations were still significant when partici-
pants with CMD events occurring within the first two
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years of follow-up, and participants with smoking cessa-
tion within two years before and after recruitment were
removed (Figure S10).

Attributable risk and population attributable risk of FCMD,
CMM and all-cause death

The AF% and PAF% results were shown in Table S7.
Compared to never smokers, among ever smokers, an
estimated 22.3% of cases from baseline to FCMD, 42.8%
of cases from FCMD to CMM, 33.9% of deaths from
baseline, 16.8% of deaths from FCMD, and 32.8% of
deaths from CMM were attributable to cigarette smok-
ing. Among the general population, if people quit smok-
ing, the disease or death transition states would not occur
for 8.9% of the population from baseline to FCMD, 20.3%
from FCMD to CMM, 14.9% from baseline to death, 6.4%
from FCMD to death from any cause, and 14.2% from
CMM to death from any cause.

In particular, there seemed to be only a very small dif-
ference in AF% or PAF% between male and female partic-
ipants, but we observed generally higher AF% and PAF%
in males, which may be due to the effects of smoking and
differences in smoking prevalence. For example, about
26.4% of cases from baseline to CHD were attributable
to cigarette smoking among females, but this estimate
was 36.2% among males. Among the general population,
approximately 16.1% of deaths from stroke were attribut-
able to cigarette smoking among females, whereas this
estimate was 19.6% among males. Overall, our findings
indicate that cigarette smoking is associated with a high
risk for all transition stages of CMM in both males and
females.

Discussion

Summary of our study

In this study, we have leveraged the large prospective
UK Biobank cohort to examine the association of ciga-
rette smoking and smoking cessation with the trajectory
of CMM, from onset, progression, to death. We dem-
onstrated that cigarette smoking substantially increased
the risk of all transition stages, especially when the age
of initiation was before 18 years; however, smoking ces-
sation could reduce even eliminate such a risk, and could
still play a substantial role in decreasing the risk of CMD-
specific transition. When considering age at smoking
initiation and smoking cessation, we discovered that the
earlier people quit smoking, the more substantial the
risk reduction. Importantly, we revealed that the risk of
disease or condition stage transition for former smokers
would reduce to almost the same level as for never smok-
ers when the age of smoking cessation was less than 35
years.
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Comparison to previous studies

The effects of cigarette smoking and smoking cessation
on certain transitions in CMM were largely in agree-
ment with those observed in prior studies [7, 13, 14],
which however only reported the association of cigarette
smoking and smoking cessation with one single disease
stage of CMM, and failed to assess the effects of ciga-
rette smoking and cessation on different transition stages
throughout the CMM process. For example, many stud-
ies showed an association between smoking cessation
and a reduced incidence of individual CMDs [7, 13, 14],
consistent with the decreased risk of transition from
baseline to FCMD uncovered in our study. In addition,
several studies reported an association between cigarette
smoking and an increase in incident FCMD and all-cause
mortality [30, 44—46]. Previous studies also indicated
an increased risk of CMM due to cigarette smoking in
patients with hypertension [42]. In the present work, the
multi-state model was applied to account for the transi-
tion through different disease stages, which is commonly
employed to explore the role of risk factors in the pro-
gression of CMM, including lifestyle, clinical and behav-
ioral factors [15, 41]. Therefore, this model is well-suited
for our research application.

After considering age at quitting smoking used as a
proxy for former smokers in the multi-stage model, the
results showed the dose-response relationships between
age at quitting smoking and different transition stages
of the CMM, which is also consistent with the findings
in previous studies that examined only a single stage
of CMM [12, 30]. Specifically, the risks of from base-
line to FCMD, from FCMD to CMM, from baseline to
death, from FCMD to death, and from CMM to death all
reduced as the age at quitting smoking became younger.
Particularly, we discovered that the risk of cigarette
smoking on CMM was decreased almost to the level of
never smokers when stopping smoking before the age of
35 years.

Finally, again with the help of the multi-stage model,
we demonstrated that the harms of cigarette smoking
and the benefits of smoking cessation persisted after the
diagnosis of FCMD and that smoking cessation could
reduce the risk of FCMD to CMM or further to death.
Similar results were consistently observed for the four
specific CMDs.

Public health implications of our findings
Our findings have significant public health implications.
First, as the earlier smoking initiation, the greater the risk
for CMM at different transition stages. Therefore, reduc-
ing the accessibility of cigarettes is one of the most effec-
tive ways to prevent adolescents from smoking [47].
Second, smoking cessation plays a role in reducing
the risk of CMM at different transition stages, and a
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dose-response relationship between age at quitting smok-
ing and CMM was found, suggesting that earlier smoking
cessation should be specifically emphasized when design-
ing smoking-relevant health protection strategies.

The global phenomenon of population ageing is consis-
tently related to an increased burden of chronic diseases
(especially CMDs) and an increase in disability-adjusted
life years [48], and smoking cessation (especially at a
young age) is associated with a substantial reduction in
the risk of CMM, which has an important role in extend-
ing healthy life expectancy in old age and reducing the
socioeconomic burden of population ageing.

Our study also helps us identify the profound benefits
of smoking cessation; by utilizing the multi-stage model,
we found that the effects of smoking cessation persisted
even after the diagnosis of CMD. Therefore, active smok-
ing cessation counseling is needed for patients with CMD
to reduce the risk of transition from FCMD to CMM
and/or death.

Strengths of this study

Our study has several strengths. First, the major strength
is the use of the multi-state model rather than a conven-
tional Cox model, which allows us to assess the associa-
tions of cigarette smoking and smoking cessation with
CMM at different transition stages [28, 39, 41]. Second,
the large sample size of the UK Biobank cohort provides
substantial power, allowing us to further investigate
all transitions of specific individual CMDs, and obtain
a deeper insight into the association between smok-
ing cessation and CMM [49, 50]. Third, the UK Biobank
included the detailed information of smoking behaviors
such as smoking status, age at smoking initiation, age at
smoking cessation and pack-years of smoking. Finally,
the prospective analysis guarantees a clear temporal
sequence between cigarette smoking, smoking cessation
and CMM during distinct transition stages, thus reduc-
ing potential inverse confounding [41].

Limitations of this study
Some limitations of this study should be mentioned.
First, the information on cigarette smoking and smok-
ing cessation was self-reported and collected retrospec-
tively, which may be subject to recall bias and social
desirability bias [42, 51]. Due to social desirability bias,
people tend to over-report socially desirable behaviors
and underreport undesirable behaviors [52]. This is likely
to cause some participants who were current smokers to
be wrongly categorized as former or never smokers. The
effect of quitting smoking may also be underestimated.
Second, we used information on cigarette smoking,
smoking cessation, and covariates at baseline, which
likely changed over time during the follow-up [21]. Some
participants possibly modified their lifestyles after the
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diagnosis of FCMD, such as quitting smoking, increas-
ing exercise, and eating a healthier diet. These potential
improvements in health behaviors after FCMD diagnosis
were likely to result in an underestimation of observed
associations [42]. However, it has been shown that, in
the absence of intervention, most people were unlikely to
change these behaviors after a newly diagnosed condition
[53, 54].

Finally, the UK Biobank cohort includes mainly white
people from developed regions [55], which may affect the
generalization of results to other populations especially
to non-white people in low/middle-income countries or
regions, which likely present different disease spectrums,
lifestyles, and behavioral habits [48, 56, 57].

Conclusions

Cigarette smoking was associated with a higher risk of
CMM across all transitions; however, smoking cessa-
tion, especially before the age of 35, was associated with
a significant decrease in CMM risk attributed to cigarette
smoking.
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