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Abstract

Objectives To examine whether adherence to a healthy lifestyle affects cancer incidence, cancer-related
comorbidities, and survival among cancer patients.

Methods We analyzed 400,714 participants in the UK Biobank who were free of cancer and major noncommunicable
diseases (NCDs)—including atherosclerotic cardiovascular disease (ASCVD), type 2 diabetes (T2D), chronic

obstructive pulmonary disease (COPD), and chronic kidney disease (CKD)—at baseline and remained cancer-free for
at least 180 days post-enrollment. A Healthy Lifestyle Index (HLI) was constructed based on six lifestyle factors and
categorized into low, intermediate, and high levels. Multivariable Cox regression was used to estimate associations
between HLI levels and the risks of cancer and cancer-related comorbidities, defined as the co-occurrence of cancer
and at least one NCD. Kaplan-Meier methods were used to assess survival outcomes among cancer patients, stratified
by comorbidity status and HLI.

Results Over a median follow-up of 13.8 years, 53,380 (13.3%) participants developed cancer, with 16,188 (4.0%)
having cancer-related comorbidities. Compared to the low HLI group, participants with a high HLI had a significantly
lower risk of cancer (HR=0.92, 95% Cl 0.90-0.94) and cancer-related comorbidities (HR=0.51, 95% C| 0.49-0.53).
Subgroup analyses showed marked reductions in comorbidity risk for multiple cancer types. Higher HLI was also
associated with better survival, regardless of comorbidity status.

Conclusions Adherence to a healthy lifestyle is associated with reduced cancer risk, fewer comorbidities, and
improved survival outcomes, underscoring the value of lifestyle interventions in cancer prevention and survivorship
care.
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Introduction

Cancer persists as a leading contributor to global disease
burden, with GLOBOCAN 2022 reporting 19.96 million
new cases and 9.74 million deaths globally [1]. Despite
notable advances in screening and treatment, the global
cancer burden continues to grow, particularly in aging
populations. Given that a substantial proportion of can-
cers are attributable to modifiable behavioral factors,
primary prevention through lifestyle interventions has
become a pressing public health priority [2].

A substantial body of evidence supports the protec-
tive role of healthy lifestyle behaviors—including smok-
ing cessation [3], balanced dietary intake [4], favorable
body weight [5], regular physical activity [6], and low-risk
alcohol consumption [7]—in reducing the incidence of
several common cancers. Simultaneously, these inter-
dependent lifestyle dimensions collectively regulate
systemic inflammation, insulin signaling, and immune
surveillance pathways, thereby exerting pleiotropic
effects on cancer-related noncommunicable diseases
(NCDs) such as atherosclerotic cardiovascular disease
(ASCVD) and type 2 diabetes (T2D) [8]. These NCDs
frequently share biological pathways with cancer and are
increasingly prevalent in cancer-prone populations.

The co-occurrence of cancer and NCDs—termed
cancer-related comorbidity—is particularly common in
middle-aged and older adults [9]. Predominant among
these are ASCVD, T2D [10], chronic obstructive pulmo-
nary disease (COPD), and chronic kidney disease (CKD),
collectively creating complex clinical scenarios which not
only exacerbates therapeutic complexity [11] but also
amplifies mortality risks [12]. From a prevention per-
spective, understanding how lifestyle behaviors influence
the dual burden of cancer and comorbidity is crucial for
early intervention and health system planning.

Existing studies have made substantial progress in
understanding specific cancer-NCD dyads. Evidence
from the United States population has established
ASCVD as a significant prognostic factor in cancer
[13], and previous studies have characterized diabetes-
associated hyperinsulinemia as a driver of hepatic car-
cinogenesis [14-16]. However, this prevailing “single
comorbidity” paradigm fails to address the clinical reality
where 27.2% of patients exhibit more than two chronic
conditions [17]. Current evidence remains fragmented
across three critical dimensions: first, most prior studies
focus on individual cancers or single comorbidities, fail-
ing to capture the complex interplay between cancer and
clustered comorbidity; second, the clustering patterns of
comorbidities remain poorly characterized across het-
erogeneous cancer populations; third, while healthy life-
style indices have been linked to favorable outcomes in
general and cardiometabolic populations, their impact on
the incidence of cancer and cancer-related comorbidities
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in large-scale, population-based cohorts is poorly under-
stood. Critically, the role of cumulative lifestyle patterns
in preventing both cancer and its associated comorbidi-
ties—particularly in middle-aged and older adults—has
yet to be systematically evaluated.

To address these evidence gaps, this study leverages
the UK Biobank cohort with longitudinal follow-up. Our
objectives are to: (1) assess the associations between
Healthy Lifestyle Index (HLI) categories and the inci-
dence of cancer and cancer-related comorbidities; (2)
characterize specific patterns of cancer-related comor-
bidities across HLI categories; and (3) describe survival
outcomes among cancer patients according to comor-
bidity status and lifestyle categories. These findings may
inform targeted strategies for cancer prevention and
healthy aging in the context of increasing comorbidity.

Methods

Study design and participants

Data for this study were sourced from the UK Biobank, a
population-based prospective cohort encompassing over
500,000 participants recruited between 2006 and 2010
across 22 assessment centers in England, Scotland, and
Wales. The UK Biobank cohort provides comprehensive
health-related data including but not limited to genetic,
lifestyle, and clinical parameters. Full methodological
details are available through peer-reviewed publications
[18] and the official portal [19].

Eligible participants aged 37-73 years at enrollment
provided written informed consent. We implemented
rigorous exclusion criteria: (1) participants withdraw-
ing consent; (2) those with incomplete baseline data; (3)
pre-existing diagnoses of ASCVD, COPD, CKD, T2D
at or before baseline; (4) cancer diagnoses at or before
baseline, or within 180 days following the baseline
assessment.

Epidemiological data collection and process

Data on demographic information and lifestyle fac-
tors were collected at baseline through a combination
of touchscreen questionnaires, in-person interviews,
and linkage to national census records. Key covariates
included age, sex, and socioeconomic status (SES). Age
groups are defined based on quartiles of the age distribu-
tion within the study population. SES was assessed using
the Townsend Deprivation Index, a composite measure
of area-level socioeconomic deprivation calculated for
each participant at baseline. This index was derived from
the national census data at the output-area level, whereby
participants’ residential postcodes were mapped to cor-
responding output areas to assign deprivation scores. The
Townsend Deprivation Index quantifies relative depriva-
tion based on four census-derived variables: unemploy-
ment, non-car ownership, household overcrowding,
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and non-homeownership, with higher scores indicating
greater socioeconomic disadvantage (Supplementary
Table 1).

HLI derivation

The primary exposure was HLI categories assessed at
baseline. The HLI integrated five modifiable lifestyle fac-
tors into a composite score (range: 0—6), reflecting adher-
ence to cancer prevention guidelines from the World
Cancer Research Fund (WCRF) and World Health Orga-
nization (WHO) [20, 21]. Dietary intake was assessed
through four components: fruit and vegetable consump-
tion (<3 servings/day: 0; 3—-5: 0.25;>5: 0.5), whole grains
(<2 servings/week: 0; 2-5.5: 0.25;>5.5: 0.5), red meat (>4
servings/week: 0; 2—4: 0.25;<2: 0.5), and processed meat
(>4 servings/week: 0; 2—4: 0.25;<2: 0.5). Metabolic fac-
tors included Body Mass Index (BMI, 18.5-24.9 kg/m?*
0.5; 25-29.9: 0.25; > 29.9: 0) and sex-specific waist circum-
ference (females: < 80 cm: 0.5; 80—88 cm: 0.25;>88 cm: 0;
males: <94 cm: 0.5; 94—102 cm: 0.25;>102 cm: 0). Addi-
tional components comprised physical activity (<75 min/
week: 0; 75-150: 0.5;>150: 1), smoking status (never: 1;
former: 0.5; current: 0), and alcohol intake (abstinence:
1; moderate [< 14 g/day females/ <28 g males]: 0.5; exces-
sive: 0). The HLI total score was calculated by summing
all component scores, with higher values indicating
greater adherence to preventive lifestyles, and missing
data were excluded from aggregation (Supplementary
Table 2).

Outcomes

The primary outcomes were the incidence of cancer and
cancer-related comorbidities. Cancer was defined as the
first diagnosis of any malignant tumor during follow-up.
Cancer-related comorbidity was defined as the co-occur-
rence of cancer and at least one major NCD, including
ASCVD, T2D, COPD, or CKD, irrespective of the tempo-
ral sequence of diagnoses.

Among participants who developed cancer, further
classification was performed based on comorbidity status
throughout the follow-up period. Individuals who were
never diagnosed with any of the specified NCDs during
follow-up were categorized as the cancer without comor-
bidity group, whereas those who were diagnosed with
at least one NCD at any time before or after the cancer
diagnosis were categorized as the cancer-related comor-
bidity group. The cancer-related comorbidity group is a
subset of all cancer cases and was used to characterize
the burden of comorbidity among cancer patients. For
participants with cancer-related comorbidities, the event
date was defined as the later of the cancer or NCD diag-
nosis dates. Person-time for incidence rate calculations
was accrued from baseline to the earliest occurrence
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of outcome of interest, death, or the end of follow-up
(March 1, 2023), whichever came first.

Secondary outcomes included the specific types of can-
cer and their comorbidity with other NCDs, as well as the
survival outcomes among cancer patients. Survival analy-
ses were limited to participants diagnosed with cancer
during follow-up. Follow-up for survival was measured
from the date of cancer diagnosis for individuals in the
cancer without comorbidity group, and from the latest of
the cancer or NCD diagnosis dates for individuals in the
cancer-related comorbidity group, until death or censor-
ing at the study endpoint.

Cancer diagnoses were identified using ICD-9 and
ICD-10 codes obtained from national cancer registries
and hospital inpatient records. NCD diagnoses were
ascertained based on ICD codes and validated using self-
reported questionnaires and clinical records (Supple-
mentary Tables 3 and 4). Deaths were identified through
linkage to national death registries.

Statistical analysis

Baseline characteristics of the study population were
evaluated using descriptive statistics. Age was presented
as medians with interquartile ranges (IQRs), and categor-
ical variables were reported as counts and percentages.

To characterize comorbidity patterns among cancer
patients across HLI categories, cancer comorbidity net-
works were constructed. Degree centrality between spe-
cific cancer types and major NCDs (including ASCVD,
T2D, COPD, and CKD) was calculated for each HLI
group.

To estimate the incidence of cancer and cancer-related
comorbidities, incidence rates were calculated per
100,000 person-years based on accumulated person-time
during follow-up. Multivariable Cox proportional haz-
ards models were used to estimate hazard ratios (HRs)
and 95% confidence intervals (CIs) for the associations
between HLI categories and the risks of incident cancer,
overall cancer-related comorbidities, and specific comor-
bidity patterns, adjusting for potential confounders
including age, sex, and socioeconomic status. To evaluate
survival outcomes among cancer patients, Kaplan—Meier
survival curves were plotted by comorbidity status and
HLI categories.

Cancer comorbidity networks were visualized using
Cytoscape software (version 3.10.3). All other statistical
analyses were performed using R software (version 4.4.1,
R foundation, www.r-project.org, Vienna, Austria).

Power analysis

Based on preliminary analyses and descriptive data from
the UK Biobank, the distribution of the study population
across HLI categories was approximately 35% for low
HLI, 35% for intermediate HLI, and 30% for high HLL
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We estimated that more than 12,000, 18,000, and 20,000
primary outcome events—defined as incident cancer or
cancer-related comorbidities—could be observed in the
low, intermediate, and high HLI groups, respectively.
Assuming a two-sided alpha level of 0.05 and using the
low HLI group as the reference, the number of events
provides 80.4% power to detect an HR smaller than
0.968 (or greater than 1.033) for the intermediate versus
low HLI comparison, and 80.2% power to detect an HR
smaller than 0.969 (or greater than 1.032) for the high
versus low HLI comparison. These detectable hazard
ratios are conservative and fall below thresholds typically
considered clinically meaningful in observational studies,
ensuring adequate power to detect relevant effects.

Results

The UK Biobank initially enrolled a total of 502,369 par-
ticipants. After the exclusion of 158 individuals who
withdrew informed consent, additional exclusions were
made for participants with pre-existing NCDs at base-
line, including 8,805 with COPD, 6,359 with CKD, 32,905
with ASCVD, and 16,953 with T2D. Furthermore, 36,475
participants diagnosed with cancer within 180 days
post-baseline were excluded. Consequently, the analysis
included 400,714 participants (Supplementary Fig. 1).

Table 1 Characteristics of the study population

Characteristics All Low HLI Intermedi-  High HLI
partici- (n=149,360) ate HLI (n=108,962)
pants (n=142,392)

Age atenroll-  56.0 56.0 56.0 56.0

ment, median  (49.0-  (49.0-62.0) (49.0-62.0) (49.0-62.0)

(IQR), y 62.0)

Sex, %

Female 225,105 80,281 (53.8) 79,350(55.7) 65474 (60.1)
(56.2)

Male 175609 69,079 (46.2) 63,042 (44.3) 43,488(39.9)
(43.8)

Socioeconomic status, %

Lowest quin- 80,133 25,043 (16.8) 29,550 (20.8) 25,540 (23.5)

tile (Q1) (20.0)

Middle quin- 240,034 85981 (57.7) 86,638 (60.9) 67,415 (61.9)

tiles (Q2~Q4)  (60.0)

Highest quin- 80,039 38,110 (25.6) 26,037 (18.3) 15,892 (14.6)

tiles (Q5) (20.0)

Outcome, %

Cancer 53,380 20,821 (5.2) 18,813 (4.7) 13,746 (3.4)

patients (13.3)

Cancer 37,192 12,765(32)  13,574(34) 10853 (2.7)

without (9.3)

comorbidity

Cancer with 16,188 8056 (2.0) 5239(1.3) 2893 (0.7)

comorbidity (4.0)

Non-cancer 347,334 128,539 123,579 95,216 (23.8)

controls (86.7) (32.1) (30.8)

BMI Body-mass index; HLI Healthy lifestyle index
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In the study population, the median age (IQR) was
56 (49-62) years, and 225,105 (56.2%) were female. Eli-
gible participants were categorized into low (37.3%,
n=149,360), intermediate (35.5%, n=142,392), and high
(27.2%, n=108,962) HLI groups. Compared with the
intermediate and high HLI groups, the low HLI group
had a higher proportion of male participants (46.2%,
n=69,079) and individuals in the highest socioeco-
nomic category (25.6%, n=38,110). Additionally, the
proportions of participants who developed cancer (5.2%,
n=20,821) and cancer-related comorbidities (2.0%,
n=_8,056) were highest in the low HLI group (Table 1).
After a median follow-up of 13.80 years, a total of 53,380
(13.3%) participants were diagnosed with cancer, includ-
ing 37,192 cases (9.3%) without comorbidities and 16,188
cases (4.0%) with cancer-related comorbidities (Table 1).
Among patients aged <50 years, the majority of incident
cancer cases were without any NCD comorbidity (85.9%,
n=>5,487). However, with increasing age, the proportion
of cancer patients who had one or more major NCDs
rose steadily, reaching 40.5% in those aged > 62 years. In
addition, male patients exhibited a higher cancer-comor-
bidity burden (35.5%, n=9,551) than female patients
(25.1%, n=6,637). Notably, within each age and sex sub-
group, the proportion of cancer-related comorbidity was
highest among individuals with low HLI (Fig. 1A; Supple-
mentary Tables 5 and 6).

To further explore the composition of cancer-related
comorbidities, we analyzed specific NCD comorbid-
ity patterns. Among all patients with cancer-related
comorbidities, coexistence with a single NCD was most
common, accounting for 75.7% of all cancer-related
comorbidity cases. The most frequent pattern was can-
cer co-occurring with ASCVD alone (43.7%, n=7,071).
The proportion of cancer-related comorbidities declined
sharply as the number of coexisting NCDs increased,
with the proportion decreasing by 55.6% and 71.5%
for two and three or more NCDs, respectively, com-
pared to those with a single NCD. In patients with mul-
tiple comorbidities, the leading comorbidity patterns
included Cancer+ASCVD +CKD (6.7%, n=1,078) and
Cancer+ ASCVD + CKD +T2D (1.4%, n=221). Across
all HLI categories, older age and male sex were consis-
tently associated with a higher burden of cancer-related
comorbidities. The highest proportion of multiple NCD
comorbidities was observed among male patients aged
over 62 years. Within each age and sex category, the low
HLI group demonstrated a higher proportion of cancer-
related comorbidities compared to the intermediate and
high HLI groups (Fig. 1B; Supplementary Tables 7 and 8).

Co-occurrence patterns between specific cancer types
and NCDs across HLI categories were further exam-
ined. Network analyses revealed that lung and colorec-
tal cancers emerged as the most frequently observed
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Fig. 1 Patterns of cancer (A) and cancer-related comorbidity (B) across sex groups, age groups and Healthy Lifestyle Index (HLI) categories

malignancies involved in comorbidity, while ASCVD
remained the predominant comorbid condition across
all HLI categories. Low HLI groups exhibited dense
cancer-NCD interconnectivity, particularly in lung

cancer-ASCVD clusters (degree centrality =430, Fig. 2A).
As lifestyle adherence improved in the intermediate
HLI group, the comorbidity network began to disperse,
though a notable link persisted between colorectal cancer
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Fig. 2 Comparison of comorbidity patterns between specific cancer types and other NCDs by high (A), intermediate (B), and low (C) Healthy Lifestyle
Index (HLI) categories

and ASCVD (degree centrality =276, Fig. 2B). In the high
HLI group (Fig. 2C), the network was further fragmented,
reflecting attenuated co-occurrence patterns between
cancers and NCDs. Nevertheless, lung cancer, colorec-
tal cancer, and ASCVD consistently remained central
nodes in the network structure. Degree centrality values
of comorbidity patterns between cancer and other NCDs
across various HLI categories are detailed in Supplemen-
tary Table 9.

The pathways of cancer with comorbidity revealed
that ASCVD plays a significant role in the early stages of
disease progression as cancer develops into a comorbid
state. The most common pathways of cancer with a single
NCD are Cancer - ASCVD and ASCVD — Cancer. The
pathways involving cancer with two NCDs include Can-
cer->ASCVD - CKD and Cancer—ASCVD— COPD.
Specifically, the time from the first disease to the emer-
gence of cancer with comorbidity ranged from 2.49 to
5.65 years, while the time from cancer with comorbidity
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to death varied between 0.57 and 1.81 years (Supplemen-
tary Table 10).

A clear inverse gradient was observed across HLI cat-
egories in relation to the risk of developing cancer and
cancer-related comorbidities. After adjusting for age,
sex, and socioeconomic status, participants in the high
HLI group had a significantly lower risk of incident can-
cer compared to those in the low HLI group (HR=0.92,
95% CI: 0.90-0.94), while the intermediate HLI group
also showed a modest reduction in risk (HR=0.94, 95%
CI: 0.92-0.96). When examining cancer-related comor-
bidities, a stronger protective association with healthy
lifestyle emerged. Compared to the low HLI group, the
risk of developing any cancer-related comorbidity was
reduced by nearly half in the high HLI group (HR=0.51,
95% CI: 0.49-0.53). Notably, the protective effect of life-
style adherence strengthened as the number of coexist-
ing NCDs increased. Among cancer patients with one
NCD, the HR for the high HLI group was 0.62 (95% CI:
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0.59-0.65), and this declined progressively to 0.29 (95%
CIL: 0.26-0.32) for two NCDs, 0.17 (95% CI: 0.12-0.22)
for three, and 0.11 (95% CI: 0.04—0.30) for four NCDs.
The intermediate HLI group also demonstrated reduced
risks across all strata, although to a lesser extent than the
high HLI group (Fig. 3).

Subgroup analyses for the incidence of cancer-related
comorbidity focused on several common cancer types
(Supplementary Fig. 2). Consistent inverse associations
were observed in the high HLI group for the incidence
of cancer with comorbidities. Significant reductions in
risk were noted for head and neck cancer (HR=0.60,
95% CI: 0.39-0.92), esophageal cancer (HR=0.42, 95%
CI: 0.28-0.63), gastric cancer (HR=0.60, 95% CI: 0.36—
0.98), colorectal cancer (HR=0.70, 95% CI: 0.59-0.82),
and renal cancer (HR=0.68, 95% CI: 0.52-0.90), when
compared to the low HLI group. The most pronounced
associations were observed for liver cancer with comor-
bidity (HR=0.25, 95% CI: 0.12-0.51) and lung cancer
with comorbidity (HR=0.26, 95% CI: 0.20—-0.33).
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We further investigated survival outcomes among
cancer patients using Kaplan—Meier methods. Survival
curves revealed marked differences in the rate of survival
decline across both comorbidity status and HLI catego-
ries. Specifically, patients with cancer-related comorbidi-
ties exhibited the most pronounced decline in survival
over time, whereas those with cancer alone maintained
comparatively higher survival probabilities. Among
cancer patients, survival declined progressively with an
increasing number of coexisting NCDs. Notably, regard-
less of comorbidity status, cancer patients in the high
HLI group had higher survival probabilities than those in
the low HLI group within each corresponding subgroup
(Fig. 4; Supplementary Fig. 3-13).

Discussion

In this longitudinal cohort study utilizing UK Bio-
bank data, over 400,000 participants were followed to
explore whether adherence to a healthy lifestyle influ-
ences the incidence of cancer, the presence of cancer-
related comorbidities, and survival outcomes among

Incidence

Hazard Ratio

Cases (per 100,000 (95% CI)
person-year)

Outcome: Cancer H

Low HLI 20821 1073.60 + 1.00 [Reference]

Intermediate HLI 18813 1012.29 - 0.94 (0.92, 0.96)

High HLI 13746  963.67 L] i 0.92 (0.90, 0.94)
Outcome: Cancer with 1 NCD comorbidity i

Low HLI 5633 278.64 L] 1.00 [Reference]

Intermediate HLI 4154 213.14 - E 0.77 (0.74, 0.80)

High HLI 2461 163.91 - i 0.62 (0.59, 0.65)
Outcome: Cancer with 2 NCD comorbidities i

Low HLI 1939 95.91 + 1.00 [Reference]

Intermediate HLI 933 47.87 ] i 0.51(0.47, 0.55)

High HLI 380 25.31 HH E 0.29 (0.26, 0.32)
Outcome: Cancer with 3 NCD comorbidities i

Low HLI 429 21.22 ¥ 1.00 [Reference]

Intermediate HLI 139 7.13 ——— E 0.34 (0.28, 0.41)

High HLI 48 3.20 = | 0.17 (0.12, 0.22)
Outcome: Cancer with 4 NCD comorbidities E

Low HLI 55 2.72 + 1.00 [Reference]

Intermediate HLI 13 0.67 — 1 0.25 (0.14, 0.46)

High HLI 4 0.27 —— i 0.11 (0.04, 0.30)
Outcome: Cancer with any NCD comorbidities :

Low HLI 8056 398.49 l‘r 1.00 [Reference]

Intermediate HLI 5239 268.81 = i 0.68 (0.65, 0.70)

High HLI 2893  192.69 = i 0.51 (0.49, 0.53)

6 0!2 O!4 oﬁe 0!8 1| 1!2

Fig. 3 Adjusted associations between Healthy Lifestyle Index (HLI) categories and the incidence of cancer and cancer-related comorbidities. Derived
from Cox regression model with the adjustment of age, sex and socioeconomic status; the incidence rate represents the number of new cases occurring

per 100,000 person-years
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Disease Group, HLI Group

= Cancer without comorbidity + High HLI

=~ Cancer without comorbidity + Intermediate HLI
Cancer without comorbidity + Low HLI

= Cancer with single comorbidity + High HLI

= Cancer with single comorbidity + Intermediate HLI
Cancer with single comorbidity + Low HLI

= Cancer with multiple comorbidity + High HLI

= Cancer with multiple comorbidity + Intermediate HLI
Cancer with multiple comorbidity + Low HLI

Fig.4 Overall survival of cancer patients according to comorbidity status and Healthy Lifestyle Index (HLI) categories

cancer patients. Our findings indicate that adherence
to a healthy lifestyle significantly reduces the incidence
of cancer, particularly for those with comorbidities, and
notably improves survival among cancer patients. Our
study underscores the critical role of promoting healthy
lifestyles in preventing cancer and its related comorbidi-
ties, providing a robust scientific foundation for clinical
practice and public health strategies.

Assessment of healthy lifestyles typically involves
a combination of factors such as diet, alcohol intake,
physical activity, BMI, waist circumference, and smok-
ing status. In this study, we introduced the HLI to inte-
grate these multiple behavioral factors, and to more
accurately differentiate lifestyle levels across different
populations. Rather than examining individual com-
ponents separately, the HLI enabled a holistic evalua-
tion of lifestyle patterns. Our findings demonstrate that
individuals in the low HLI group accounted for a greater
proportion of incident cancer cases, particularly those
with cancer-related comorbidities, suggesting that com-
prehensive lifestyle adherence may help mitigate the
cumulative pathophysiological burden associated with
multimorbidity. This is consistent with mechanistic
evidence linking chronic hyperinsulinemia from obe-
sity and tobacco-induced DNA damage to both cancer

development and cardiometabolic dysfunction [22, 23].
The predictive value of HLI highlights the importance of
comprehensive lifestyle interventions, especially in popu-
lations at elevated risk for comorbid disease [24].

While numerous studies have extensively observed the
pattern of comorbidity among various NCDs [25-27], the
specific comorbidity profiles in cancer patients remain
underexplored. Network analysis unveiled ASCVD as the
central comorbidity across all HLI categories, highlight-
ing a profound interplay between ASCVD and cancer
progression. These findings align with the recent obser-
vations reported by Luka et al. in 2024 and therefore
further underscore the critical role of ASCVD in the con-
text of cancer-related comorbidities [28]. However, HLI
stratification exposed divergent topological patterns: low
HLI groups exhibited dense lung cancer-ASCVD clus-
ters, whereas high HLI networks fragmented into weaker
colorectal cancer-ASCVD linkages, indicating a poten-
tial mitigating role of healthy lifestyle adherence in the
interplay of high-prevalence diseases [29]. Beneficial life-
style factors, such as a balanced diet and regular physical
activity, may attenuate disease synergies by reducing sys-
temic inflammation and improving metabolic function,
thereby lowering comorbidity risks [30]. Age-stratified
analyses further revealed that comorbidity multiplicity
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increased disproportionately among low HLI patients
aged > 62 years, highlighting lifestyle’s role in mitigating
age-related pathophysiological accumulation [31].

Furthermore, although some studies have reported the
role of healthy lifestyle in patients with specific types of
cancer, the impact of lifestyle adherence on the risk of
incident cancer and cancer-related comorbidities in the
broader population has not been widely explored. In this
study, we observed a clear inverse association between
HLI levels and the incidence of both cancer and cancer-
related comorbidities. Notably, the risk reduction was
particularly pronounced among individuals with mul-
tiple coexisting NCDs, suggesting a threshold effect in
which lifestyle optimization disproportionately benefits
high-comorbidity subgroups. This observation aligns
with the “multiple-hit” hypothesis, wherein smoking
and alcohol intake contribute directly to oncogenesis
via genetic mutations, while physical inactivity and poor
diet promote tumorigenesis through metabolic dys-
regulation and inflammatory signaling pathways (e.g.,
PISK/AKT/mTOR), as well as through remodeling of
the tumor microenvironment via cumulative metabolic
stress [32]. Subgroup analyses further revealed that high
HLI were strongly associated with reduced risk of lung
and liver cancers with comorbidities. These effects may
be mediated by mechanisms such as reduced exposure to
tobacco-derived carcinogens through smoking cessation,
and improved oxidative stress defenses via dietary and
metabolic regulation [33].

During the study follow-up, an absolute survival
difference of approximately 10%-20% was observed
between high- and low-HLI groups in cancer patients,
highlighting the underutilized therapeutic potential
of lifestyle interventions. Notably, comorbidity bur-
den amplified lifestyle-related survival disparities: can-
cer patients with multiple comorbidities in the low HLI
group exhibited significantly higher mortality rates than
matched high HLI counterparts. These findings under-
score synergistic exacerbation effect in cancer patients
with multiple NCDs—wherein metabolic dysregulation
(e.g., obesity-associated insulin resistance [16, 34]) and
chronic inflammation (e.g., smoking-induced pulmonary
microenvironment imbalance [35]) may synergistically
accelerate tumor progression, while integrated lifestyle
interventions (smoking cessation, weight management,
and dietary optimization) could concurrently improve
comorbidity control and enhance antitumor immune
responses [21, 36, 37].

To further reduce the incidence of cancer, the presence
of cancer-related comorbidities, and improve survival
outcomes among cancer patients, it is imperative to inte-
grate healthy lifestyle management into cancer survivor-
ship care, particularly for cancer patients with ASCVD,
to disrupt shared pathological pathways through targeted
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lifestyle optimization [38]. Concurrently, multimodal
interventions combining metabolic regulators (e.g., exer-
cise-metformin synergy) and policy-driven reductions in
obesogenic environmental exposures could amplify ther-
apeutic efficacy [39, 40]. By aligning clinical protocols
with community-level prevention, healthcare systems
may mitigate comorbidity-related mortality through pop-
ulation-level lifestyle modification strategies.

Strengths of this study include the use of large-scale,
long-term prospective cohort data, which provide robust
evidence regarding the relationship between healthy life-
styles and the risk of cancer and cancer-related comor-
bidities. However, several limitations should be noted.
Firstly, the lifestyle data in this study were based on self-
reports from participants, which may introduce recall
bias. Secondly, although adjustments were made for
potential confounders using multiple statistical meth-
ods, residual confounding from unmeasured factors
(e.g., medication adherence, environmental exposures
and genetic predisposition) and potential survival bias
in long-term follow-up warrant consideration. Thirdly,
the lifestyle factors were assessed only at baseline, and
changes in lifestyle behaviors during the follow-up period
were not captured, which may lead to an underestimation
of the effects of lifestyle on cancer and comorbidity out-
comes. Fourthly, the generalizability of the results may be
constrained by the geographic and cultural context of the
sample.

Future research should consider employing more
robust study designs, such as intervention trials or ran-
domized controlled trials, and replicating the study
across diverse countries and cultural contexts to mitigate
the effects of confounding factors and strengthen causal
inference. Additionally, it would be valuable for future
studies to incorporate repeated assessments of lifestyle
factors throughout the follow-up period and explore the
interactions between these factors in greater depth, to
better understand how they may synergistically influence
health outcomes.

Maintaining a healthy lifestyle was associated with
a lower risk of developing cancer and cancer-related
comorbidities, as well as improved overall survival. These
findings underscore the critical role of lifestyle interven-
tions in preventing the onset of cancer and reducing its
associated comorbidity burden, and in enhancing life
expectancy, particularly in the elderly population.

Conclusions

Adherence to a healthy lifestyle significantly reduces
the risk of cancer and cancer-related comorbidities, and
improves overall survival. These findings highlight both
the preventive and prognostic value of lifestyle modifi-
cation, reinforcing its importance in early intervention
strategies to support healthy aging.
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