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Abstract

Cardiometabolic diseases (CMDs) are associated with increased cancer risk; however, the role of healthy lifestyle factors
(LFs) in mitigating this risk remains unclear. Using data from 856 568 adults in the China Kadoorie Biobank (n = 461 047)
and the UK Biobank (n =395 521), we prospectively examined the associations of CMDs and cardiometabolic multimorbidity
(CMM) with subsequent cancer risk and evaluated the potential protective effects of five low-risk LFs: no tobacco smoking,
no excessive alcohol drinking, high physical activity, healthy dietary habits, and healthy body shape. We demonstrated that
individuals with CMDs, especially those with multimorbidity, faced a significantly higher risk of cancer in both cohorts.
Healthy LFs, particularly no tobacco smoking and high physical activity, were associated with a lower cancer risk following
CMD onset. Moreover, adopting at least four healthy lifestyles could prevent an estimated 11.50%—15.30% of cancer cases
among those with CMD. These findings highlight the importance of lifestyle interventions in cancer prevention, particularly
for those with preexisting cardiometabolic conditions.

1. Introduction

Cardiometabolic diseases (CMDs), including ischemic heart disease (IHD), stroke, and diabetes, have emerged as major
global public health burdens, with an estimated 510 million people affected worldwide in 2021, approximately 25% of whom
experience multimorbidity [1-3]. Accumulating evidence indicates that CMDs and cancer share common etiological
pathways, such as oxidative stress and chronic inflammation [4], with overlapping risk factors, including smoking, poor
dietary habits, and obesity, contributing to the development of both conditions [5—7]. Individuals with CMDs are at increased
risk of cancer, particularly those with multimorbidity, and face more complex treatment regimens and poorer prognoses,
resulting in substantial medical and economic burdens [8,9].

While much of the existing research has focused primarily on the incidence of CMDs among cancer survivors, limited
attention has been given to cancer risk following CMD onset, a phenomenon referred to as “reverse cardio-oncology” [10].
Lifestyle modifications have been shown to reduce the risk of both CMDs and cancer in the general population [11,12];
however, their effects across the progression from CMD to multimorbidity and ultimately cancer remain poorly understood.
More importantly, whether modifying shared risk factors can mitigate cancer risk after the onset of CMD or multimorbidity
requires further investigation.

Only one study in the Kailuan cohort explored how lifestyle factors (LFs) influence the progression from cardiovascular
disease (CVD) to cancer. The cancer-promoting effect of CVD was significantly attenuated in individuals with a normal body
mass index (BMI), suggesting that managing shared risk factors may reduce cancer risk after the onset of CVD [13]. However,
this study was limited by a relatively short follow-up period of 5.8 years, which may be insufficient to fully capture the long-
term cancer risk.

To address these gaps, the present study aims to examine the role of individual and combined LFs in the transition from
CMD to multimorbidity and ultimately cancer using data from two large cohort studies: the China Kadoorie Biobank (CKB)
and the UK Biobank (UKB).

2. Materials and methods
2.1. Study design

The CKB is a nationwide prospective cohort study in which 512 726 participants aged 30—79 years were recruited from
five urban areas and five rural areas in China between 2004 and 2008. The baseline data were collected through laptop-based
interviews and physical measurements. The study protocol was approved by the Ethics Review Committee of the Chinese
Center for Disease Control and Prevention, China (No. 005/2004) and the Oxford Tropical Research Ethics Committee,
University of Oxford, UK (No. 025-04). All participants provided written informed consent. Detailed information on the study
design and methods has been published elsewhere [14,15].

The UKB is a prospective cohort study with more than 500 000 participants aged 37—73 years who were enrolled between
2006 and 2010 across 22 centers in England, Scotland, and Wales. The UKB was approved by the North West Multi-Centre
Research Ethics Committee, the National Information Governance Board for Health and Social Care in England and Wales,
and the Community Health Index Advisory Group in Scotland. Participants provided written informed consent and underwent
baseline assessments, including data on sociodemographic characteristics, LFs, diet, anthropometry, and biological sample
collection [16].
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S1 in Appendix A).

2.2. Definition of healthy LFs

Five modifiable LFs were included in the analysis on the basis of their established associations with both CMDs and cancer:
smoking, alcohol intake, physical activity, dietary habits, and body shape (reflecting energy balance) [17—19]. Definitions of
healthy LFs were adapted to data availability in each cohort.

In the CKB, healthy LFs were defined as follows: no tobacco smoking or cessation for nonhealthy reasons; nonregular
drinkers or light-to-moderate drinkers (< 30 g-d™!' for men; < 15 g-d~! for women); being in the upper half of sex- and age-
specific (< 50, 50-59, and > 60 years) total physical activity levels; healthy dietary habits: scoring 4-5 for a healthy diet score
(range 0-5) based on daily consumption of vegetables and fruits, weekly fish intake, red meat consumption 1-6 days per
week, and preserved vegetable consumption < 4 days per week; and a BMI between 18.5 and 27.9 kg'm2 with a waist
circumference < 90 (men) or 85 cm (women). A healthy lifestyle score was derived on the basis of the number of healthy LFs
(range 0-5), with higher scores reflecting healthier lifestyles (Section S1.1 and Table S1 in Appendix A). In the UKB, the
definitions were similar, with minor adjustments to align with questionnaire differences and the characteristics of the
European population (Table S2 in Appendix A).

Covariates included age, sex, region, ethnicity, education, marital status, and household income, as well as personal and
family medical history. Detailed definitions of the covariates are provided in Section S1.2 in Appendix A.

2.3. Ascertainment of CMD and cancer

In the CKB, incident cases of CMD and cancer were identified through linkages to disease registries, mortality registries,
and the national health insurance claim database, supplemented by local residential records and annual active follow-up. All
events were coded according to the International Classification of Diseases, 10th Revision (ICD-10) by trained staff who were
blinded to the baseline information. In the UKB, incident cases were identified via linked hospital admission records with
primary diagnoses extracted from inpatient hospital data. Disease outcomes were classified on the basis of the ICD-9 and
ICD-10.

CMDs were defined as a composite of IHD, stroke, and diabetes. In this study, CMD status was defined as the first
occurrence of any of these conditions. Cardiometabolic multimorbidity (CMM) was defined as the presence of at least two of
these conditions. Cases of incident cancer were defined as the first occurrence of any primary cancer and were aggregated as
overall cancer. Detailed definitions of disease outcomes are provided in Table S3 in Appendix A.

2.4. Statistical analysis

In the CKB, participants were followed from enrollment until the first occurrence of cancer diagnosis, loss to follow-up,
death, or December 31, 2017, whichever occurred first. In the UKB, follow-up continued until the earliest cancer diagnosis,
loss to follow-up, death, or the study end date (December 31, 2020 for England; December 31, 2016 for Wales; and November
30, 2021 for Scotland).

We first examined the associations of CMD and CMM with the risk of overall cancer using Cox proportional hazards
regression models, treating CMD and CMM as time-dependent exposures. Hazard ratios (HRs) were adjusted for
sociodemographic characteristics, personal and family medical history, and LFs. Separate analyses were conducted for men
and women in both cohorts.

Next, we evaluated the differential effects of healthy LFs on CMD, CMM, and overall cancer. Cox regression models were
used to examine the association between individual or combined LFs and the incidence of these outcomes. The proportional
hazards assumption was tested using Schoenfeld residuals, and no violations were detected. Multicollinearity among the five
LFs was examined, and no substantial collinearity was observed. LFs were included simultaneously in the model, and the
number of healthy LFs was analyzed both as a categorical variable (reference: 0—1 healthy LFs) and as an ordinal variable to
estimate HRs per unit increase in LFs.

To explore temporal disease progression, we applied a multistate model, an extension of the competing risk framework, to
assess transitions between health states and estimate cause-specific HRs (Fig. 1): (D baseline healthy to CMD, @2 CMD to
CMM, 3 baseline healthy to cancer without interim CMD, @) CMD to cancer, and & CMM to cancer. Both cancer and
death were treated as absorbing states in the multistate model. Because the primary focus of this study was cancer occurrence,
only estimates for cancer-related transitions are presented. For participants transitioning between states on the same date, the
entry date of the prior state was calculated as the date of the latter state minus 0.5 days. Follow-up for transitions to the first
event ended at diagnosis, censoring, or death; for subsequent events, follow-up ended at the second event, censoring, or death.
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Fig. 1. Numbers (incidence rates) of participants transitioning from baseline to CMD, CMM, and cancer in the (a) CKB and (b) UKB cohorts.
PY: person-years.

To further examine the associations by CMD subtype (IHD, stroke, or diabetes), we constructed 11 transition paths (Fig.
S2 in Appendix A). Participants with multiple CMD diagnoses on the same date (CKB: n = 7612; UKB: n = 1176) were
excluded because of the inability to determine the temporal sequence of CMDs.

Population attributable fractions (PAFs) were estimated for each transition stage, representing the proportion of incident
cases of a specific disease that could be prevented within ten years if an unhealthy LF was replaced by a more favorable one.
PAFs were calculated using the “graphPAF” package based on a Cox proportional hazards regression model, which was
adjusted for age, sex, region, education, and other covariates [20]. All five LFs were mutually adjusted when the association
for the individual LF was examined. For combined LFs, we examined the impact of adherence to > 4 favorable LFs to estimate
the proportion of potentially preventable events (Section S1.3 in Appendix A).

Sensitivity analyses included (O varying time intervals (0.5, 1, and 3 years) to assign entry dates of prior states; @
excluding participants transitioning between states on the same date; 3 excluding events occurring within the first 0.5, 1,
and 2 years of follow-up; and @ adding a direct transition from baseline to CMM. Multistate analyses were stratified by
age, sex, residence area, family history of cancer or CMD, and hypertension.

All analyses were conducted using R (version 4.3.1), with multistate models implemented via the “mstate” package [21].
A two-tailed P < 0.05 was considered to indicate statistical significance unless otherwise specified.

3. Results
3.1. Study population characteristics
The study included 856 568 participants (CKB: 461 047; UKB: 395 521), with 59.0% and 55.1% of the participants being

women in the CKB and UKB cohorts, respectively. The baseline characteristics are presented in Tables S4 and S5 in Appendix
A. The number of events and incidence rates (IRs) for each transition are shown in Fig. 1. In the CKB cohort, the mean age
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539 (IR: 7161.32/100 000 PY's) progressed to CMM. A total of 26 197 incident cancer cases were identified, of which 3 549
(IR: 1127.63/100 000 PYs) occurred after CMD and 1 079 (IR: 1480.75/100 000 PYs) occurred after CMM (Fig. 1). In the
UKB cohort, 47 172 incident cancer cases were recorded over a median follow-up of 11.6 years (IQR: 10.8—-12.4 years), with
3417 (IR: 2172.42/100 000 PYs) occurring after CMD and 352 (IR: 2612.14/100 000 PY's) occurring after CMM (Fig. 1).

When stratified by CMD type in the CKB cohort, excluding 7612 with multiple concurrent CMDs, 26 554 had IHD, 52
281 had stroke, and 12 451 had diabetes, among whom 1210, 1799, and 540 subsequently developed cancer, respectively. In
the UKB cohort, 18 984 had IHD, 6940 had stroke, and 9973 had diabetes, with 1720, 590, and 1107 cancer cases occurring
during follow-up, respectively (Fig. S2).

In both cohorts, participants with CMD were older, had lower education and economic levels, and were more likely to have
a family history of CMD than those without CMD were. Compared with those without cancer, participants who developed
cancer after CMD onset were more likely to be older, have hypertension, and exhibit high-risk lifestyle behaviors (Tables S4
and S5).

3.2. Association of CMD with cancer incidence

The IRs and HRs for cancer are shown in Table 1. In the CKB cohort, 21 569 cancer cases were identified during 4 578
641 PYs of follow-up among participants without CMD (IR: 471.08/100 000 PY's). Among those diagnosed with CMD, 3549
cancer cases occurred over 314 732 PYs (IR: 1127.63/100 000 PY's), and 1079 cancer cases were observed among participants
with CMM over 72 868 PYs (IR: 1480.75/100 000 PYs). In the UKB cohort, 43 403 cancer cases were observed in participants
without CMD (IR: 1030.24/100 000 PYs), 3417 were observed in those with CMD (IR: 2172.42/100 000 PYs) and 352 were
observed in those with CMM (IR: 2612.14/100 000 PYs). Compared with women, men had higher cancer IRs in both the
CMD and CMM groups (Table S6 in Appendix A).

Table 1

HRs (95% confidence interval (CI)) for incident CMD and multimorbidity in relation to incident cancer risk.

Cohort Time-varying covariate Cases PYs IR HR (95% CI)* HR (95% CI)®
CKB

No CMD 215694 578 641471.08/100 000 PYs Reference Reference

CMD 3549 314732 1127.63/100 000 PYs2.21 (2.13-2.29) 1.58 (1.52-1.64)

CMM 1079 72868 1480.75/100 000 PYs2.86 (2.69-3.04) 1.70 (1.59-1.81)
UKB

No CMD 434034212 889 1 030.24/100 000 PYs Reference Reference

CMD 3417 157290 2172.42/100 000 PYs1.93 (1.87-2.00) 1.49 (1.43—-1.54)

CMM 352 13476 2612.14/100 000 PYs2.28 (2.05-2.53) 1.62 (1.46—1.80)
2 Unadjusted HRs.

b Adjusted for age, sex, region, education, marital status/ethnicity, household income, family history of CMD and cancer, prevalent hypertension,
and LFs (smoking, alcohol use, physical activity, dietary habits, and body shape).
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Multivariable-adjusted Cox regression models revealed that both CMD (HR (95% CI)cxp = 1.58 (1.52-1.64); HR (95%
CDuks = 1.49 (1.43-1.54)) and CMM (HR (95% CIDckps = 1.70 (1.59-1.81); HR (95% CI)yks = 1.62 (1.46-1.80)) were
significantly associated with an increased risk of future cancer (Table 1). In the CKB cohort, men had HRs (95% CI) of 1.54
(1.46—-1.62) for CMD and 1.53 (1.39-1.68) for CMM; women had corresponding HRs (95% CI) of 1.62 (1.53—1.70) and 1.87
(1.71-2.03), respectively. Similar results were obtained for the UKB cohort (Table S6).

3.3. Association of LFs with CMD progression and cancer risk

Cox regression models revealed that each of the five healthy LFs was associated with a reduced risk of both CMD and
CMM. Healthy body shape showed the strongest inverse association with CMD (HR (95% Cl)ckg = 0.74 (0.73-0.75); HR
(95% CI)yks = 0.63 (0.62-0.65)) and CMM (HR (95% CI)ckp = 0.63 (0.61-0.65); HR (95% CI)ykg = 0.47 (0.44-0.51)) in
both cohorts. All five LFs were inversely associated with cancer risk, with no tobacco smoking providing the greatest
protection (HR (95% CI)ckg = 0.75 (0.73-0.78); HR (95% CI)yxs = 0.75 (0.73-0.77)). Participants with all five healthy LFs
also had a lower risk than those with 0—1 healthy LFs did (Tables S7 and S8 in Appendix A).

3.4. Multistate analyses of LFs
Multistate analyses confirmed that transitions from a baseline healthy state to CMD or cancer were largely consistent with

the results of Cox regression analyses. Among participants with CMD, all five healthy LFs were significantly associated with
a reduced risk of progression to CMM in both cohorts, except for healthy dietary habits in the UKB cohort (Fig. 2).

CKB UKB
Healthy LF for transition Cases HR (95% ClI) Cases HR (95% ClI)
No tabacce smoking
Baseline—CMD 68462 0.88 (0.87-0.90) - 30526 063(061-0.64) =
CMD-—-CMM 16007 0.89 (0.86-0.93) - 3222 0.71(0.66-0.77) -
Baseline—cancer 13222 0.76 (0.73-0.79) - 37317 0.76 (0.74-0.78) -
CMD—cancer 2161 0.76 (0.69-0.83) —— 2700 0.72 (0.66-0.79) —-—
CMM-—cancer 690 0.69(0.58-0.81) -— 259 0.72(0.56-0.91) -
No excessive alcohol drinking
Baseline—~CMD 86671 0.98 (0.96-1.00) = 33465 0.85(0.82-0.88) -
CMD—CMM 19760 0.90 (0.86-0.94) - 3661 0.88(0.80-0.97) -
Baseline—cancer 17794 0.74 (0.72-0.77) - 39938 0.91(0.88-0.94) -
CMD—cancer 2926 0.77 (0.70-0.85) — 3080 0.98(0.87-1.10) —a—
CMM-—cancer 924  0.90 (0.75-1.09) —— 308 0.92(0.67-1.27) —_——
High physical activity
Baseline—CMD 49664 0.77 (0.76-0.78) = 19098 0.87(0.85-0.89) -
CMD-—CMM 10458 0.80 (0.88-0.92) . 2008 0.92(0.87-0.98) -
Baseline—cancer 11988 0.91 (0.89-0.94) - 24048  0.96(0.94-0.98) -
CMD—cancer 1726 0.93(0.87-1.00) —— 1722  0.92(0.86-0.99) —-—
CMM—cancer 479 0.97 (0.86-1.10) - 168  0.97(0.78-1.21) —
Healthy dietary habits
Baseline—~CMD 42139 0.91(0.89-0.92) - 12222  0.96 (0.93-0.98) -
CMD—CMM 9866 0.94 (0.91-0.96) - 1307 0.98(0.91-1.04) —.—
Baseline—cancer 9625 0.98 (0.95-1.01) - 15239 0.98(0.96-0.99) -
CMD—cancer 1552 0.96 (0.88-1.03) - 1098 0.98 (0.91-1.05) -
CMM-—cancer 507 1.08 (0.95-1.22) - 122 1.18 (0.94-1.48) -
Healthy body shape
Baseline—~CMD 62545 0.74 (0.73-0.75) . 10130 0.83(061-0.64) =
CMD—CMM 12637 0.79 (0.77-0.81) - 838 0.69(0.64-0.74) -
Baseline—cancer 155629 1.02 (0.99-1.05) - 16456  0.93(0.91-0.95) -
CMD-—cancer 2215 0.96 (0.90-1.03) —-— 850 0.84(0.77-0.91) —-—
CMM—cancer 574 094 (0.83-1.06) | A ‘ 71 1.01(0.78-1.32) R
06 08 10 12 14 06 08 1.0 12 14

Fig. 2. Associations of healthy LFs for transitions between health states. The value of “cases” refers to the number of cases within each transition
group with the corresponding exposure. Multivariable models in the CKB cohort were adjusted for age, sex, region, education, marital status,
household income, family history of CMD and cancer, and prevalent hypertension. In the UKB cohort, the models were adjusted for age, sex,
ethnicity, recruitment center, education, household income, family history of CMD and cancer, and prevalent hypertension. All the models were
mutually adjusted for the five LFs.
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(95% Chuyks = 0.72 (0.66-0.79)) and CMM (HR (95% CI)ckp = 0.69 (0.58-0.81); HR (95% CI)yxs=0.72 (0.56-0.91)) to
cancer in both cohorts. In addition to smoking, other LFs were associated with reduced cancer risk in specific subgroups. In
the CKB cohort, no excessive alcohol drinking (HR (95% CI) =0.77 (0.70-0.85)) and high physical activity (HR (95% CI) =
0.93 (0.87-1.00)) were associated with a lower risk of cancer among participants with CMD. In the UKB cohort, high physical
activity (HR (95% CI) = 0.92 (0.86—0.99)) and healthy body shape (HR (95% CI) = 0.84 (0.77-0.91)) were associated with a
reduced cancer risk in CMD patients. However, no other LFs were significantly associated with cancer risk in the participants
with CMM (Fig. 2).

When multiple LFs were combined, we observed a gradient in the associations, with a greater number of healthy LFs
correlated with a lower risk across all the transitions (Fig. 3). Compared with participants with 0—1 healthy LFs, those with
all five healthy LFs had consistently lower risks of transition from baseline (HR (95% CI)cxp = 0.69 (0.64-0.74); HR (95%
CDyks = 0.69 (0.66-0.73)), from CMD (HR (95% CI)ckp = 0.61 (0.52-0.73); HR (95% CI)yxg = 0.61 (0.51-0.74)), and from
CMM (HR (95% CI)ckp = 0.65 (0.48-0.89); HR (95% CI)ykg= 0.66 (0.33—1.31)) to overall cancer in both cohorts (Fig. 3).

Healthy LF for CKB §B
transition Cases HR (95% CI) Cases HR (95% CI)
Baseline—CMD
2 19689 0.81(0.79-0.83) - 10565 069 (0.67-0.72) -
3 34694 0.68 (0.66-0.70) = 13045 0.55(0.53-0.57) =
4 29073 0.56 (0.54-0.58) = 8158 0.45(0.43-0.47) =
5 8826 047 (0.46-0.49) - 1913 035(033-0.37) =
CMD—CMM
2 4910 0.86(0.81-0.91) = 1268 0.73 (0.66-0.81) =
3 7852 0.73(0.70-0.78) - 1434 0566 (0.60-0.73) —-—
4 6226 0.67 (0.63-0.70) - 743 0.54 (0.48-0.60) -
5 1798 0.58 (0.55-0.63) - 153 0.49(0.41-0.59) -—=—
Baseline—cancer
2 4322 0.88(0.83-0.94) - 10385 0.84 (0.81-0.88) -
3 7192 0.74 (0.70-0.79) - 15284  0.77 (0.73-0.80) -
4 6359 0.68 (0.64-0.72) - 11634 0.73 (0.69-0.76) -
5 2256 0.69 (0.64-0.74) - 3507 069 (0.66-0.73) -
CMD—cancer
2 800 0.83(0.73-0.95) —- 1004 0.81(0.72-0.91) —.—
3 1241 0.76 (0.67-0.86) = 1209 0.75(0.67-0.85) =
4 914 0.68 (0.59-0.78) —— 683  0.64 (0.57-0.73) -
5 264 0.61(0.52-0.73) — 152 0.61(0.51-0.74) ——
CMM—cancer
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Fig. 3. Associations of the number of healthy LFs for transitions between health states. The value of “cases” refers to the number of cases within
each transition group with the corresponding exposure. The covariates adjusted for in the CKB and UKB cohorts were consistent with those shown
in Fig. 2. In the analysis of healthy LFs as a categorical variable, participants with 0—1 healthy LFs were used as the reference group.

Additionally, the number of healthy LFs showed a stronger inverse association with transitions from baseline to CMD (HR
(95% CI)cks = 0.83 (0.83-0.84); HR (95% CI)yxs = 0.78 (0.78-0.79)) than to cancer (HR (95% CI)ckg = 0.90 (0.89-0.91);
HR (95% CIDygg = 0.92 (0.91-0.93)). However, comparable risk reductions per unit increase in the number of healthy LFs
were observed for transitions from CMD to CMM (HR (95% CI)cxg = 0.88 (0.87-0.89); HR (95% CI)yxg = 0.84 (0.82—-0.87))
and to cancer (HR (95% CI)ckp = 0.89 (0.87-0.92); HR (95% CI)yxs= 0.89 (0.86-0.91)) (Fig. 3).
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diabetes to CMM, respectively (Table S9 in Appendix A). In the UKB cohort, no tobacco smoking, no excessive alcohol
drinking, and having a healthy body shape were protective against CMM among participants with IHD, whereas only having
a healthy body shape or no tobacco smoking was protective among those with stroke or diabetes, respectively (Table S10 in
Appendix A).

For transitions from CMD subtypes to cancer, participants with IHD (HR (95% CI) =0.73 (0.62-0.85)) or stroke (HR (95%
CI) = 0.78 (0.69-0.89)) in the CKB cohort had a significantly lower risk associated with no tobacco smoking, whereas those
with stroke (HR (95% CI) = 0.72 (0.63-0.82)) or diabetes (HR (95% CI) = 0.67 (0.53—0.85)) had a significantly lower risk
associated with no excessive alcohol drinking (Table S9). In the UKB cohort, no tobacco smoking was significantly associated
with a reduced cancer risk among participants with IHD (HR (95% CI) = 0.74 (0.65-0.83)), stroke (HR (95% CI) = 0.73
(0.60-0.90)), or diabetes (HR (95% CI) = 0.68 (0.59-0.79)). Additionally, maintaining a healthy body shape was associated
with a lower risk of transitioning from IHD to cancer (HR (95% CI) = 0.86 (0.78-0.96)) (Table S10). We also observed
gradients in the associations between increasing numbers of healthy LFs and the transition from each of the three CMDs to
cancer in both cohorts (Tables S11 and S12 in Appendix A).

3.5. PAFs for healthy lifestyles

PAF analysis indicated that eliminating unhealthy LFs could mitigate the progression of CMD, suggesting that the observed
associations were causal. Among the individual LFs, maintaining a healthy body shape was associated with the largest
attributable fraction for transitions from CMD to CMM, with estimated PAFs (95% CI) of 7.52% (6.16%—8.58%) in the CKB
cohort and 24.20% (19.20%-28.90%) in the UKB cohort. Smoking was associated with substantial contributions to cancer
development among individuals with CMD and CMM. The estimated PAFs (95% CI) were 9.59% (6.67%—12.60%) and
11.80% (7.23%—17.40%) in the CKB cohort and 5.94% (4.34%—7.38%) and 7.39% (1.61%—12.60%) in the UKB cohort,
respectively (Fig. 4, Table S13 in Appendix A).

CKB UKB
No tabacco smoking 3.72%* 2.67%* No tabacco smoking 6.93%* 6.12%%*
No excessive alcohol drinking 0.29%* 1.05%* No excessive alcohol drinking 1.50%* [ 1.26%*
High physical activity 11.60%* 4.47%* High physical activity 6.35%* 3.85%*
» ) . . Baseline—~CMD o s . Baseline—~CMD
Healthy dietary habits 5.38% 2.99% B CMD_CMM Healthy dietary habits 2.97% 1.58% B CMD_CMM
Healthy body shape 9.98%* 7.52%* Healthy body shape 27.20%* 24.20%*
Healthy lifestyle=4  16.70%* 9.81%* Healthy lifestyle=4  24.20%* 20.30%*
30 20 10 O 10 20 30 30 20 10 O 10 20 30
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CKB UKB
No tabacco smoking ~ 9.59%* 11.80%* No tabacco smoking 5.94%* 7.39%*
No excessive alcohol drinking 4.05%* No excessive alcohol drinking 0.21%
High physical activity 3.36% High physical activity 3.77%*
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CMD-—scancer CMD-—cancer
0, 0 0,
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Healthy lifestyle 24 11.50%* 8.65%* Healthy lifestyle =24 15.30%* 1.67%
15 10 5 0 5 10 15 15 10 5 0 5 10 15
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()
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Fig. 4. PAFs of healthy lifestyles for transitions between health states. The covariates adjusted for in the CKB and UKB models were consistent
with those shown in Fig. 2. In analyses examining individual LFs, all five factors were mutually adjusted. * indicates statistical significance.

For combined LFs, adherence to > 4 healthy LFs was associated with estimated PAFs (95% CI) of 16.70% (16.00%—
17.40%) and 9.81% (8.00%—11.20%) for CMD and CMM cases in the CKB cohort, respectively, and 24.20% (23.00%—
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(Fig. 4).

3.6. Sensitivity and subgroup analyses

The robustness of our findings was confirmed through a series of sensitivity analyses. These included varying time
intervals; excluding participants who transitioned to different states on the same date; omitting events occurring within the
first 0.5, 1, and 2 years of follow-up; and considering a direct transition from baseline to CMM (Tables S14—S17 in Appendix
A).

In subgroup analyses, when participants with 0—1 healthy LFs served as the reference group, the protective effects of having
five healthy LFs against transitions to CMD and CMM were more pronounced among younger participants and women.
Conversely, during the transition to cancer, the protective effect was more evident among older participants and men (Tables
S18 and S19 in Appendix A).

4. Discussion

The present study, encompassing more than 0.8 million adults from two large-scale prospective cohorts, demonstrated that
individuals with CMDs had a significantly greater risk of cancer than those without CMDs did. Adopting healthy lifestyles
was associated with a reduced risk of cancer across various stages of CMD progression, including CMD to CMM. The five
healthy LFs played distinct, yet crucial, roles in mitigating the transition from CMD to cancer in both cohorts. Moreover, the
protective effect of LFs on cancer outcomes was more pronounced in older adults and men.

Our findings, in combination with those of prior research, indicate that the risk of cancer increases following the onset of
CMDs [6,22,23]. For instance, a UKB study of 436 990 participants reported that compared with individuals without diseases,
individuals with > 4 chronic diseases at baseline had double the risk of lung cancer (HR (95% CI) = 2.00 (1.70-2.35)),
although no clear association was observed for other cancers [23]. Similarly, a Danish cohort study of 26 222 men and 28 879
women demonstrated that atrial fibrillation (AF) was associated with a higher cancer incidence in both sexes [24]. Moreover,
compared with the general population, stroke survivors were found to experience higher cancer incidence [25]. In addition,
diabetes, which is linked to several solid malignancies, such as pancreatic, liver, colorectal, and breast cancers, was reported
in 8%—18% of cancer patients [26]. Overall, CMD patients exhibit increased cancer risk, albeit with variations across studies
and cancer types [6,27].

The role of healthy LFs in reducing cancer risk among individuals with CMD or multimorbidity remains underexplored.
Existing studies have focused primarily on specific CMD populations [28,29]. For instance, a study examining 92 239 diabetes
patients revealed that those who adhered to 4—5 healthy LFs had a lower cancer risk than those with 0—1 LFs did (HR (95%
CI) =0.73 (0.61-0.88)). Similarly, a study of 5127 CVD patients in the Atherosclerosis Risk in Communities (ARIC) cohort
reported that obesity was associated with an increased risk of obesity-related cancers among women [29]. However, these
studies are susceptible to reverse causality bias, as individuals with preexisting conditions may alter their lifestyle, thus
potentially masking true associations. Furthermore, limiting the analyses to individuals with baseline conditions may
introduce collider stratification bias, diluting the observed associations [30].

To mitigate these biases, we employed a multistate survival analysis model, treating cancer as an absorbing state, and
examined how healthy lifestyles influence cancer risk at various stages of CMD progression. Importantly, lifestyle data were
collected prior to disease diagnosis, thereby minimizing reverse causality bias. Our findings indicate that healthy lifestyles
reduce cancer risk across various stages of CMD progression, with the effect being more pronounced in CMD patients than
in healthy individuals who adhere to the same number of healthy LFs. These findings suggest that healthy lifestyles not only
directly influence cancer risk but also may reduce disease severity and immune compromise, providing additional protection
against cancer [31]. We also observed that healthy lifestyles had a particularly strong effect on cancer risk reduction in
individuals with diabetes compared with those with CVD, possibly reflecting the higher treatment rates for diabetes (49%) in
China than for hypertension (38.7%) and dyslipidemia (10.1%) [32]. However, underdiagnosis of certain CMDs, particularly
diabetes, may still exist, which could have led to underestimation of the associations studied. Given that the overall level of
ideal cardiovascular health in China remains low and varies substantially across populations [33,34], these variations in
lifestyle patterns likely contribute to the differing burdens of CMD and cancer. Our findings therefore highlight the critical
need for population-specific lifestyle interventions for disease prevention.

Among the individual LFs, no tobacco smoking, no excessive alcohol drinking, high physical activity, and healthy body
shape were consistently associated with reduced cancer risk in CMD patients, although these effects varied across different
populations. Previous studies have identified smoking as the primary risk factor for cancer incidence and mortality, with
nearly 20% of cancer cases attributed to cigarette smoking [35]. Our findings extend this evidence by suggesting that no
tobacco smoking may offer even stronger protection against cancer in CMD patients, particularly in those with
multimorbidity. While classification thresholds for alcohol consumption, physical activity, diet, BMI, and waist



X Zhu, Y. Han, Q. Sun, et al./Engineering x(2026)

circumference differ hetween the Chinece and Rritich onidelines _onr etndv inderscares the nnivercal imnortance nfliqutyle
mod )

In the sex-specific subgroup analysis, the protective effect of adopting a healthy lifestyle on reducing cancer incidence after
the onset of CMDs was more pronounced in men. This effect persisted even after the development of comorbidities, and the
pattern was consistent across both the Chinese and the UK populations. This may be attributed to the physiological differences
between men and women. For example, after the occurrence of CMD, androgens in men may amplify the tumor-promoting
effects of metabolic abnormalities through the androgen receptor (AR )/insulin-like growth factor-1 (IGF-1) pathway, thereby
increasing cancer risk [36]. A healthy lifestyle may partially counteract this effect. In addition, poorer self-management
literacy and reduced health care adherence among men may diminish the beneficial impact of lifestyle modifications [37].

To our knowledge, this is the first study to comprehensively analyze the impact of multiple LFs on cancer risk across
different stages of CMD progression. This study provides robust evidence for tailored cancer prevention strategies. Despite
the differences in sociodemographic characteristics between the two cohorts, the findings remain broadly generalizable. Key
strengths include the use of prediagnostic lifestyle data to minimize bias, the inclusion of diverse populations (urban and rural)
in the CKB cohort, and independent validation using the UKB cohort. The large sample size and extended follow-up period
(up to 15 years) facilitated a comprehensive examination of CMD-to-cancer transitions under a unified protocol.

However, this study has several limitations. First, lifestyle data were only collected at baseline and did not account for
changes during follow-up. Individuals diagnosed with CMD may subsequently adopt healthier dietary habits and increase
their physical activity levels following medical advice, which may lead to lower subsequent cancer risk. Hence, the true
associations could be underestimated [17]. Second, although medications commonly used for CMDs may influence cancer
risk [38], detailed treatment information during follow-up was not available for our analysis. Therefore, residual confounding
related to medication use cannot be completely excluded. Third, the relatively small number of cancer cases in certain
stratified analyses, particularly events following the onset of CMD, may have limited statistical power and reduced the
precision of certain estimates. In addition, the limited number of events precluded cancer type-specific analyses. Fourth,
increased health surveillance among CMD patients may have led to earlier cancer diagnosis, potentially overestimating the
association between CMD and cancer risk. Fifth, although the definitions of LFs differed slightly between the two cohorts,
the distributions and results within each cohort were generally consistent. In addition, differences in population characteristics,
disease spectrum, and outcome ascertainment between the CKB and UKB cohorts may have contributed to some
heterogeneity in risk estimates. Nevertheless, the generally consistent associations observed across two populations with
distinct health care and social environments support the robustness of our findings. Sixth, as this was an observational study,
causality cannot be inferred, and further research is warranted. Finally, as PAF estimates are population specific and rely on
several assumptions, caution is warranted when generalizing our findings to other populations or ethnic groups. Further
validation in diverse populations is still needed to confirm the applicability and effectiveness of related prevention strategies.

5. Conclusions

In conclusion, our findings from two large prospective cohorts highlight that CMD patients face a higher risk of future
cancer, and healthy lifestyles significantly reduce this risk across various stages of CMD progression. These results underscore
the importance of lifestyle interventions for cancer prevention, particularly in individuals with CMD. The incorporation of
lifestyle modifications into CMD management not only enhances cardiometabolic health but also offers a promising approach
for reducing cancer risk. Notably, by analyzing data from both Chinese and UK populations, our study demonstrates good
generalizability across diverse countries and ethnic groups. Further research is needed to explore specific cancer types,
elucidate the underlying biological mechanisms linking CMDs and cancer, and evaluate the effectiveness of targeted lifestyle
interventions in lowering cancer incidence among patients with CMD across different populations.
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