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OBJECTIVE

To evaluate the association of a healthy lifestyle, involving seven low-risk factors
mentioned in diabetes management guidelines (no current smoking, moderate
alcohol consumption, regular physical activity, healthy diet, less sedentary behav-
ior, adequate sleep duration, and appropriate social connection), with all-cause
and cause-specific mortality among individuals with type 2 diabetes.

RESEARCH DESIGN AND METHODS

This study included 13,366 participants with baseline type 2 diabetes from the
UK Biobank free of cardiovascular disease (CVD) and cancer. Lifestyle information
was collected through a baseline questionnaire.

RESULTS

During a median follow-up of 11.7 years, 1,561 deaths were documented, with 625
from cancer, 370 from CVD, 115 from respiratory disease, 81 from digestive disease,
and 74 from neurodegenerative disease. In multivariate-adjusted model, each life-
style factor was significantly associated with all-cause mortality, and hazard ratios
associated with the lifestyle score (scoring 6–7 vs. 0–2 unless specified) were 0.42
(95% CI 0.34, 0.52) for all-cause mortality, 0.57 (0.41, 0.80) for cancer mortality, 0.35
(0.22, 0.56) for CVD mortality, 0.26 (0.10, 0.63) for respiratory mortality, and 0.28
(0.14, 0.53) for digestive mortality (scoring 5–7 vs. 0–2). In the population-attributable
risk analysis, 29.4% (95% CI 17.9%, 40.9%) of deaths were attributable to a poor life-
style (scoring 0–5). The association between a healthy lifestyle and all-cause mortality
was consistent, irrespective of factors reflecting diabetes severity (diabetes duration,
glycemic control, diabetes-relatedmicrovascular disease, and diabetes medication).

CONCLUSIONS

A healthy lifestyle was associated with a lower risk of all-cause mortality and
mortality due to CVD, cancer, respiratory disease, and digestive disease among
individuals with type 2 diabetes.

In 2019, the number of individuals with diabetes has reached nearly half a billion
worldwide (1). The global economic burden of diabetes and its complications would
substantially increase to $2.5 trillion by 2030 (2).
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The foundational role of lifestyle
management in diabetes care has been
emphasized by the American Diabetes
Association (ADA). However, studies have
focused on a limited selection of lifestyle
factors, leaving emerging factors such as
sleep, sedentary behavior, and social
engagement out of the lifestyle scores for
the mortality risk of individuals with dia-
betes (3–5). As most studies regarding
the relationship between lifestyle and
mortality have focused on all-cause mor-
tality, evidence on cause-specific mortality
is limited, especially on noncancer, non-
vascular causes (6). These causes warrant
more investigations, since they account
for nearly half of the deaths among indi-
viduals with diabetes—a proportion still
on the rise (7). Moreover, evidence on
whether and to what extent patients
with different severity of diabetes could
benefit from a healthy lifestyle is also lim-
ited (8). To fill the knowledge gap, we
examined the association of adherence to
a healthy lifestyle, defined following the
prevailing guidelines on diabetes care,
with all-cause and cause-specific mortality
among individuals with type 2 diabetes in
a large prospective cohort study. Further-
more, we investigated the potential modi-
fication by factors related to diabetes
severity, such as diabetes duration, gly-
cemic control, diabetes-related micro-
vascular disease, and diabetes medi-
cation use.

RESEARCH DESIGN AND METHODS

Study Populations
The UK Biobank is a large, population-
based prospective cohort, consisting
of >500,000 participants aged 40–69
years when recruited in 2006–2010.
Participants completed a touchscreen
questionnaire and a verbal interview,
took physical measurements, and pro-
vided biological samples in 1 of 22
assessment centers throughout England,
Scotland, and Wales (9). The UK Biobank
received ethics approval from the North
West Multicenter Research Ethics Com-
mittee (reference no. 16/NW/0274). All
participants provided written informed
consent for the study.

Participants with diabetes at baseline
were identified through integration of
multiple data sources. Medical history
and medication information were self-
reported in a touchscreen questionnaire
or during a verbal interview conducted

by trained staff at the baseline assess-
ment. The identification of prevalent
diabetes based on self-reported data
has previously been described (10). The
date and cause of hospital admissions
were obtained from record linkage to
Health Episode Statistics (England and
Wales) and the Scottish Morbidity
Records (Scotland) (see https://content.
digital.nhs.uk/services). Type 2 diabetes
identified through hospital inpatient
records was classified based on ICD-9
codes 250.00, 250.10, 250.20, and
250.90 or ICD-10 code E11. Participants
who had self-reported or hospital diag-
noses of type 2 diabetes were identified
as diagnosed patients. Undiagnosed
patients were identified, according to
the ADA criteria, based on random glu-
cose level $11.1 mmol/L or glycated
hemoglobin (HbA1c) level $48 mmol/
mol (6.5%) (11). After exclusion of those
with diagnosed type 1 diabetes, missing
or implausible values of exposures, or
existing cardiovascular disease (CVD) or
cancer at baseline, 13,366 participants
with type 2 diabetes were included in
the final analysis (Supplementary Figs.
1 and 2).

Assessment of Lifestyle Factors
All lifestyle information was self-reported
at baseline (2006–2010). In the current
study, we considered 7 modifiable beh-
avioral factors, including 4 conventional
factors (smoking, physical activity, alco-
hol consumption, and diet) and 3 emerg-
ing factors (sleep duration, sedentary
behavior, and social connection), to gen-
erate a lifestyle score. Details of the
assessment of each lifestyle factor can
be found in Supplementary Material. No
current smoking was classified as low
risk. Regular physical activity was defined
as at least 150 min/week of moderate
activity or 75 min/week of vigorous
activity (or an equivalent combination).
Low-risk alcohol consumption was def-
ined as moderate drinking (no more
than one drink/day for women and two
drinks/day for men; one drink is mea-
sured as 8 g ethanol in the U.K. [12]) on
a relatively regular frequency. Parti-
cipants who reported no drinking or
drinking on special occasions only were
regarded as nonregular drinkers. For
diet, a low risk level was defined as an
adequate intake of at least one-half of
10 food groups recommended as dietary

priorities for cardiometabolic health: inc-
reased consumption of fruits, vegetables,
whole grains, fish, dairy, and vegetable
oils and reduced consumption of refined
grains, processed/unprocessed meats,
and sugar-sweetened beverages (13,14).
Given the established J-shaped associa-
tion between total daily sleep duration
and mortality (15), adequate sleep dura-
tion (7–8 h/day) was classified as low
risk. According to a previous study (16),
we used television watching as the proxy
for total leisure sedentary behavior and
defined a low risk level as <4 h/day.
Information on the number in the
household, frequency of friend/family
visits, and participation in leisure/social
activity was used to evaluate the social
connection level (17). A low risk level
was defined as not socially isolated. For
each factor, a low risk level was assigned
1 point and otherwise 0 points. The life-
style score was constructed as the sum
of all seven factors, ranging from 0 to 7,
with a higher score indicating better
adherence to an overall healthy lifestyle.
For avoidance of extreme groups with
limited cases, the lifestyle score was sub-
sequently categorized into five groups
(0–2, 3, 4, 5, and 6–7). Given that weight
change is considered one of the typical
symptoms during diabetes progression
and is affected by medical treatment (8),
BMI at baseline may not serve as a proxy
for weight management, especially among
participants with different stages of diabe-
tes as in the current study.

Ascertainment of Outcomes
Date and cause of death were obtained
from death certificates held within the
National Health Service Information
Centre (England and Wales) and the
National Health Service Central Register
Scotland (Scotland). Detailed informa-
tion about the linkage procedure is
available from https://content.digital.nhs.
uk/services. Person-time was calculated
from baseline to the occurrence of study
outcomes or the end of follow-up (28
February 2021)—whichever came first.
The outcomes of this study were all-cause
and cause-specific mortality (cancer, CVD,
respiratory disease, neurodegenerative dis-
ease, digestive disease, and other causes)
based on the ICD-10 code (Supplementary
Table 1).
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Assessment of Covariates
Possible confounding factors included
sociodemographic factors, i.e., age,
sex, ethnicity, education, employment,
Townsend deprivation index, and family
history of diabetes; health conditions,
i.e., BMI, waist-to-hip ratio (WHR), and
prevalent diseases (neurodegenerative
disease, digestive disease, respiratory
disease, depression, hypertension, and
hyperlipemia); and related factors of
diabetes severity, i.e., diabetes duration,
diabetes-related microvascular disease,
HbA1c level, and diabetes medication
use. Information on age, sex, ethnicity,
education, employment, family history,
and medication use was collected
through questionnaires or verbal inter-
views at baseline. Townsend deprivation
index, a composite measure of depriva-
tion based on unemployment, non–car
ownership, non–home ownership, and
household overcrowding, was calculated
with national census data and assigned
with use of postal codes, with a lower
score indicating a higher area level of
socioeconomic status (18). Nurses con-
ducted physical measurements and col-
lected data on height, weight, and waist
and hip circumference at baseline. BMI
was calculated as weight in kilograms
divided by the square of height in
meters and classified into three catego-
ries based on the World Health Organi-
zation’s criteria: underweight/normal
(<25 kg/m2), overweight (25 to <30
kg/m2), and obese ($30 kg/m2). WHR
was calculated as waist circumference
in centimeters divided by hip circumfer-
ence in centimeters and classified into a
high or low category with 0.85 for
women and 0.90 for men as the cutoff
value (19). Information on prevalent dis-
eases was obtained through self-
reported and hospital inpatient records
(Supplementary Table 2). HbA1c level
was measured by the UK Biobank with
high-performance liquid chromatogra-
phy using the VARIANT II TURBO ana-
lyzer (Bio-Rad Laboratories). According
to the ADA guideline, baseline HbA1c
levels were categorized into two groups:
<53 or $53 mmol/mol (7.0%) (20). Dia-
betes duration was calculated as the
years between the first occurrence of
diabetes and baseline assessment for
diagnosed patients and assigned as 0
years for undiagnosed patients.

Statistical Analyses
For variables with a missing rate of
>5% (i.e., HbA1c level), missing data
were coded as an independent cate-
gory; otherwise, missing data were
imputed as median values for continu-
ous variables or mode values for cate-
gorical variables. Detailed information
on missing covariates can be found in
Supplementary Table 3. Variables of
baseline characteristics are shown as n
(%) if categorical, mean (SD) if normally
distributed, and median [interquartile
range] if nonnormally distributed. The
distribution of baseline characteristics
by categories of lifestyle score was com-
pared using a x2 test, ANOVA, and a
Kruskal-Wallis test, respectively. How-
ever, it should be noted that these tests
would be significant even for small dif-
ferences, given the large sample size.

Cox proportional hazards models
were applied to examine the associa-
tions of each lifestyle factor and the
overall lifestyle score with all-cause and
cause-specific mortality risk. The results
were reported as hazard ratios (HRs)
with 95% CIs. We assigned a median
value to each lifestyle score category to
test the linear trend. Three multivariable-
adjusted models were constructed to
account for potential confounding: model
1, adjustment for age (years), sex
(women or men), ethnicity (White British
or other), education (college/university
degree or other), Townsend deprivation
index (quintiles), employment (currently
employed or not), and family history of
diabetes (yes or no); model 2, additional
adjustment for BMI (<25.0, 25.0–29.9, or
$30 kg/m2), WHR (high or low), and
prevalent diseases (yes or no) based on
model 1; model 3, further adjustment for
diabetes duration (<1, 1–5, 5–10, or
$10 years), HbA1c level (<53 or $53
mmol/mol [7.0%]), diabetes-related mic-
rovascular disease (yes or no), and diabe-
tes medication use (oral antidiabetes
drug only, insulin, or neither) based on
model 2. For analyses on individual life-
style factors, all lifestyle factors were
simultaneously adjusted. Besides, we
examined the association of single and
combined emerging low-risk lifestyle fac-
tors with all-cause mortality risk among
participants with different adherence to
the conventional low-risk lifestyle factors.
The HRs with 95% CIs between the com-
bination of emerging and conventional
low-risk factors (nine categories with 0–1

emerging and 0–1 conventional low-risk
factor as reference) and all-cause mortal-
ity were also calculated. The proportional
hazards assumption was examined by a
likelihood ratio test comparing models
with and without a time-dependent expo-
sure that was constructed using the time-
transform functionality, and we found no
significant violation of the assumption. To
examine the proportion of all-cause mor-
tality in the study population that theo-
retically would not have occurred if all
participants had adhered to 6–7 low-risk
lifestyle factors, we used the R package
AF to calculate the population-attribut-
able risk (PAR) under the assumption of
a causal relationship between life-
style and mortality risk (21,22).

Analyses were performed with strati-
fication by age at diabetes diagnosis
(#55 or >55 years), sex (women or
men), ethnicity (White British or other),
Townsend deprivation index (tertiles),
education (college/university degree or
other), employment (currently employed
or not), BMI (underweight/normal, over-
weight, or obese), WHR (low or high),
diabetes duration (<1, 1–5, 5–10, or
$10 years), HbA1c level (<53 or $53
mmol/mol [7.0%]), diabetes-related mic-
rovascular disease (yes or no), and diabe-
tes medication use (oral antidiabetes drug
only, insulin, or neither). Statistical signifi-
cance of interactions with lifestyle was
tested by a likelihood ratio test with com-
parison of models with and without cross
product terms between the stratifying
variables and the lifestyle score.

Several sensitivity analyses were con-
ducted to test the robustness of our
results: First, we used multiple imputa-
tions with chained equations to assign
missing values of exposure or covariates
to test the influence of missing values
(23). Second, we excluded participants
with a history of the corresponding dis-
ease at baseline when examining the
association between lifestyle score and
risk of mortality from neurodegenera-
tive disease, respiratory disease, or
digestive disease to minimize the reverse
causation. Third, we used the competing
risk proportional subdistribution hazards
regression model for cause-specific
mortality analysis to account for the pres-
ence of competing events. Fourth, partici-
pants with undiagnosed diabetes were
excluded in case lifestyle might change
drastically due to the awareness of diabe-
tes. Fifth, we constructed a weighted
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lifestyle score (Supplementary Material)
considering the varying magnitudes of
association between each lifestyle factor
and mortality risk. Sixth, BMI was
included in the lifestyle score with 18.5–
25 kg/m2 defined as the low risk level.
Seventh, the low risk level for alcohol con-
sumption was redefined as no heavy
drinking. Eighth, we stratified by self-re-
ported health status or excluded partici-
pants with poor self-reported health to
reduce the influence of undiagnosed dis-
eases or poor health on lifestyle behav-
iors. Finally, we excluded participants who
died within the first 2 or 4 years after
recruitment to reduce potential reverse
causation. All statistical analyses were per-
formed with R, version 3.6.0. A two-sided
P < 0.05 was considered statistically sig-
nificant. We used Bonferroni correction to
account for multiple testing in the cau-
se-specific analysis and stratified analysis.

RESULTS

Population Characteristics
Baseline characteristics of the study
population were shown in Table 1. Of
the 13,366 participants with type 2 dia-
betes at baseline (median age 61.0
years, 35.7% women), the proportion of
those scoring 0–2, 3, 4, 5, and 6–7 was
12.2%, 22.0%, 31.0%, 23.9%, and 10.8%,
respectively. Participants with a lower
lifestyle score were younger, less edu-
cated, more socioeconomically deprived,
and more likely to be women, have
higher HbA1c levels, and take diabetes
medication. Comorbidities and higher
BMI were more prevalent among those
with poor adherence to low-risk lifestyle
factors. Participants excluded from the
current analysis were older, less edu-
cated, less likely to be employed, more
socioeconomically deprived, more likely
to be women, on diabetes medication,
and to have comorbidities, and less likely
to be White British and have a family his-
tory of diabetes (Supplementary Table 3).

Association of Individual and
Combined Lifestyle Factors With
All-Cause Mortality
During a median follow-up of 11.7 years
(interquartile range 11.0, 12.6), 1,561
all-cause deaths were documented. As
shown in Table 2, each lifestyle factor
was significantly associated with all-
cause mortality. Adoption of 3 emerging
low-risk factors, compared with scoring

0–1, was associated with 37% (HR 0.63
[95% CI 0.51, 0.78]), 24% (0.76 [0.61,
0.94]), and 35% (0.65 [0.47, 0.88]) lower
mortality risk for participants adhering
to #1, 2, and 3 conventional low-risk
lifestyle factors, respectively (Supple-
mentary Table 4 and Supplementary
Fig. 3). When all 7 lifestyle factors were
combined, HR for participants scoring 3,
4, 5, and 6–7, as compared with those
scoring 0–2, was 0.72 (0.62, 0.83), 0.58
(0.50, 0.67), 0.50 (0.43, 0.59), and 0.42
(0.34, 0.52) (P for trend <0.001). For
each 1-point increase, HR was 0.81
(0.78, 0.84). For participants with rela-
tively poor adherence to a healthy life-
style (scoring 0–5), the PAR of all-cause
mortality was 29.4% (95% CI 17.9%,
40.9%) at median follow-up time. Esti-
mates of the PAR by the duration of fol-
low-up and the PARs for individual
factors can be found in Supplementary
Fig. 4 and Supplementary Table 5.

Association of Lifestyle Score With
Cause-Specific Mortality
During the follow-up, we documented
625 cancer deaths, 370 CVD deaths,
115 respiratory disease deaths, 81
digestive disease deaths, 74 neurode-
generative disease deaths, and 296
deaths from causes other than those
listed above. The lifestyle score was
inversely associated with the risk of
mortality from cancer, CVD, respiratory
disease, digestive disease, and other
causes (all P for trend <0.001), while
the association with neurodegenerative
disease mortality risk was not significant
(Table 3). In comparisons of participants
with higher overall lifestyle score (5–7
for analysis on digestive disease mortal-
ity and 6–7 for others) with those scor-
ing 0–2, the multivariate-adjusted HR
was 0.57 (95% CI 0.41, 0.80) for cancer
mortality, 0.35 (0.22, 0.56) for CVD mor-
tality, 0.26 (0.10, 0.63) for respiratory
disease mortality, 0.28 (0.14, 0.53) for
digestive disease mortality, and 0.35
(0.21, 0.60) for other mortality.

Subgroup Analyses
Consistent results were observed in
analyses with stratification by sex, eth-
nicity, Townsend deprivation index, edu-
cation, BMI category, WHR category,
diabetes duration, HbA1c level, diabe-
tes-related microvascular disease, and
diabetes medication use (Fig. 1 and
Supplementary Table 6). The association

between lifestyle score and all-cause
mortality risk turned out to be stronger
among participants with earlier diabetes
onset and those who were not emp-
loyed at baseline (P for interaction =
0.02 for both) but became nonsignifi-
cant for both after Bonferroni corr-
ection.

Sensitivity Analyses
In sensitivity analyses, the results were
not materially changed when missing
values of covariates and exposure were
estimated with use of multiple imputa-
tions with chained equations (Supple-
mentary Table 7 and Supplementary
Table 8), when participants with a his-
tory of the corresponding disease at
baseline were excluded (Supplementary
Table 9), when the competing risk of
cause-specific mortality was taken into
account (Supplementary Table 10),
when analyses were restricted to
patients diagnosed with type 2 diabetes
(Supplementary Table 11), when the
weighted lifestyle score was applied
(Supplementary Table 12), when BMI
was included in the lifestyle score
(Supplementary Table 13), when the
low risk level of alcohol consumption
was redefined as no heavy drinking
(Supplementary Table 14), with stratifi-
cation by self-reported health status or
exclusion of participants with poor self-
reported health (Supplementary Table
15 and Supplementary Table 16), and
when deaths occurred within the first 2
or 4 years after recruitment were exc-
luded (Supplementary Table 17).

CONCLUSIONS

In this prospective cohort study among
participants with type 2 diabetes at
baseline, we found that a healthy life-
style defined by 7 low-risk lifestyle fac-
tors was significantly associated with a
lower risk of all-cause mortality and
mortality from cancer, CVD, respiratory
disease, and digestive disease. Among
participants with varying adherence to
the conventional low-risk lifestyle fac-
tors, a significant, inverse association
was observed between adopting the
emerging low-risk factors and all-cause
mortality risk. The association between
lifestyle and all-cause mortality was
independent of other potential con-
founders, including those related to dia-
betes severity.
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Our findings on all-cause mortality
and CVD mortality are consistent
with a recent meta-analysis of eight
observational studies (6), in which the
pooled HR was 0.44 (95% CI 0.33, 0.60)

for all-cause mortality and 0.51 (0.30,
0.86) for CVD mortality in comparisons
of extreme healthy lifestyle score groups.
Meanwhile, an inverse association bet-
ween a healthy lifestyle and cancer

mortality was detected when three exist-
ing studies were pooled (HR 0.69 [95%
CI 0.47, 1.00]) (24–26), which is similar
to the finding in the current study. Our
study adds new evidence to this field

Table 2—HR (95% CI) of all-cause mortality according to individual and combined lifestyle factors

No. of cases/person-years*

HR (95% CI)†

Model 1 Model 2 Model 3

Smoking
Current 252/16,070 1 1 1
Previous 759/64,558 0.70 (0.60, 0.81) 0.69 (0.59, 0.80) 0.68 (0.59, 0.79)
Never 550/72,940 0.56 (0.48, 0.65) 0.56 (0.48, 0.65) 0.55 (0.48, 0.65)

Alcohol consumption

Never 285/22,781 1.37 (1.17, 1.59) 1.35 (1.16, 1.58) 1.32 (1.13, 1.54)
On special occasions only 297/28,974 1.14 (0.98, 1.32) 1.12 (0.97, 1.31) 1.08 (0.93, 1.26)
Regular, ≤16 g/day‡ 400/50,600 0.83 (0.73, 0.95) 0.84 (0.73, 0.96) 0.83 (0.72, 0.94)
Regular, >16 g/day‡ 579/51,214 1 1 1

Diet

<5 recommended components 1,257/121,039 1 1 1
≥5 recommended components 304/32,529 0.87 (0.77, 0.99) 0.87 (0.77, 0.99) 0.88 (0.77, 0.99)

Physical activity§

Irregular 828/74,415 1 1 1
Regular 733/79,154 0.83 (0.75, 0.91) 0.85 (0.76, 0.94) 0.86 (0.77, 0.95)

Sleep duration, h/day

≤6 443/41,212 1.17 (1.04, 1.32) 1.15 (1.03, 1.30) 1.14 (1.02, 1.28)
7–8 890/95,335 1 1 1
≥9 228/17,021 1.18 (1.02, 1.37) 1.15 (0.99, 1.33) 1.15 (0.99, 1.34)

Television watching time, h/day

0 40/3,333 1.14 (0.82, 1.57) 1.17 (0.85, 1.61) 1.18 (0.86, 1.63)
0.5–4 757/88,688 0.87 (0.79, 0.97) 0.90 (0.81, 1.00) 0.90 (0.81, 1.00)jj
≥4 764/61,547 1 1 1

Social connection

Isolated 279/19,070 1 1 1
Moderately active 673/62,752 0.80 (0.69, 0.92) 0.80 (0.70, 0.92) 0.78 (0.67, 0.90)
Active 609/71,746 0.64 (0.55, 0.75) 0.65 (0.56, 0.75) 0.63 (0.54, 0.74)

Overall lifestyle¶

0–2 308/18,245 1 1 1
3 400/33,792 0.71 (0.61, 0.82) 0.71 (0.61, 0.83) 0.72 (0.62, 0.83)
4 436/47,722 0.55 (0.48, 0.64) 0.57 (0.49, 0.66) 0.58 (0.50, 0.67)
5 299/37,006 0.48 (0.41, 0.56) 0.50 (0.42, 0.59) 0.50 (0.43, 0.59)
6–7 118/16,803 0.39 (0.32, 0.49) 0.42 (0.34, 0.52) 0.42 (0.34, 0.52)
P for trend <0.001 <0.001 <0.001
Per score point 0.80 (0.76, 0.83) 0.81 (0.77, 0.84) 0.81 (0.78, 0.84)

PAR, %# 32.06 (20.98, 43.15) 29.91 (18.45, 41.36) 29.39 (17.90, 40.89)

*Due to rounding, the sum of person-years may not be exactly the same. †HRs were calculated in Cox proportional hazards model: model 1,
adjustment for age (years), sex (women or men), ethnicity (White British or other), education (college/university degree or other), Townsend
deprivation index (quintiles), employment (currently employed or not), and family history of diabetes (yes or no); model 2, further adjustment
for BMI (<25.0, 25.0–29.9, or $30 kg/m2), WHR (#0.85/0.90 or >0.85/0.90 for women/men, respectively), and prevalent diseases (yes or
no) based on model 1; model 3, further adjustment for diabetes duration (<1, 1–5, 5–10, or $10 years), HbA1c level (<53 or $53
mmol/mol [7.0%]), diabetes-related microvascular disease (yes or no), and diabetes medication use (oral antidiabetes drug only, insulin, or
neither) based on model 2. Lifestyle factors were simultaneously adjusted for analyses on the association of each individual lifestyle factor
with all-cause mortality risk. ‡Refers to participants who reported drinking frequency $1–3 times/month. §Regular physical activity was
defined as $150 min/week of moderate activity, or $75 min/week ofvigorous activity, or an equivalent combination. jjP = 0.047. ¶Low-risk
lifestyle factors: no current smoking, regular physical activity ($150 min/week of moderate activity or $75 min/week of vigorous activity, or
an equivalent combination), healthy diet (adequate intake of at least one-half of 10 recommended food groups), moderate alcohol consump-
tion (no more than 1 drink/day for women and 2 drinks/day for men on a relatively regular frequency), adequate sleep duration (7–8 h/day),
less television watching time (<4 h/day), and appropriate social connection (not isolated). #The percentage of all-cause mortality theoretically
attributable to nonadherence to 6 or 7 low-risk lifestyle factors among participants included in the current study. PAR at the median follow-
up time of the study population was reported.
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that a higher healthy lifestyle score is
associated with a lower risk of mortality
from respiratory disease and digestive
disease. Previous investigations sug-
gested the potential benefits of a
healthy lifestyle on lowering the risk of
neurodegeneration (27,28), which has
also been observed in the current study
(Supplementary Table 18), while the evi-
dence on mortality due to neurodegener-
ative disease is limited. We specifically
investigated the role of a healthy lifestyle
on the risk of neurodegenerative disease
mortality and reported a null association.
The lack of relationship could be explained
by the nature of the neurodegenerative
disease, namely, not being a life-threaten-
ing disease such as heart disease or
stroke. In addition, our study included

relatively young participants with an aver-
age age of 59.2 years, while neurodegen-
erative disease (e.g., Alzheimer disease) is
more prevalent in the elderly. We hypoth-
esized that a longer follow-up time, when
our middle-aged participants reach older
ages, could have shown a significant rela-
tionship between a healthy lifestyle and
neurodegenerative disease mortality.

Previous studies mostly include four
well-characterized modifiable factors
(smoking, alcohol consumption, phys-
ical activity, and diet) to define an
overall healthy lifestyle, and emer-
ging lifestyle factors, such as sleep,
sedentary behavior, and social con-
nection, have rarely been taken into
account (6,29). It is known that inad-
equate sleep duration is associated

with glycemic control among patients
with diabetes (30), and a recent study
reported a J-shaped relationship between
sleep duration and all-cause and cause-
specific mortality risk (31). Several clinical
trials have demonstrated the benefits of
interrupting prolonged sitting on glycemic
control, which would, directly and indi-
rectly, affect the long-term health of
patients with diabetes (32,33). Besides,
in a cross-sectional study among patients
with type 2 diabetes, investigators obs-
erved that a smaller social network size
was associated with macrovascular com-
plications (34). Our findings support pre-
vious studies by showing independent
associations of these emerging lifestyle
factors with all-cause mortality risks,
especially within a varying level of adher-
ence to conventional lifestyle factors, and
call for further investigations to explore
novel lifestyle factors that may further
facilitate the long-term survival of
patients with diabetes.

In our study, nearly one-third of all-
cause deaths in this population with
type 2 diabetes could be attributed to a
lack of adherence to 6 or 7 low-risk life-
style factors, which is lower than that in
the general population (35). One possi-
ble explanation is the greater adherence
to an overall low-risk lifestyle in the cur-
rent population and higher cutoffs in
calculation of the PAR (10.8% of partici-
pants with 6–7 low-risk lifestyle factors
vs. 89.2% with #5 in our population;
1.3% of participants with 5 low-risk life-
style factors vs. 98.7% with #4 in the
study of the general population). Another
reason might be the smaller effect size in
this group, which might be due to a
larger contribution of nonlifestyle factors
to mortality among patients, such as dia-
betes severity.

In the current study, we observed a
consistent, inverse association between
lifestyle score and all-cause mortality
risk irrespective of factors reflecting the
diabetes severity, including years lived
with diabetes, glycemic control, the
prevalence of diabetes-related micro-
vascular disease, and diabetes medica-
tion use. Intervention studies have
highlighted the potential benefits of life-
style modification: for individuals in the
early stage of diabetes, the lifestyle
intervention could potentially delay the
need for antihyperglycemic drug ther-
apy or induce partial remission of type
2 diabetes (36,37); for those in the

Figure 1—Association between lifestyle score and all-cause mortality risk stratified by potential
risk factors. HRs (95% CIs) were calculated in Cox proportional hazards model after adjusting
for age (years), sex (women or men), ethnicity (White British or other), education (college/uni-
versity degree or other), Townsend deprivation index (quintiles), employment (currently
employed or not), family history of diabetes (yes or no), BMI (underweight/normal,
<25.0 kg/m2; overweight, 25.0–29.9 kg/m2; or obese, $30 kg/m2), WHR (low, #0.85/0.90, or
high, >0.85/0.90, for women/men, respectively), prevalent diseases (yes or no), diabetes dura-
tion (<1, 1–5, 5–10, or $10 years), HbA1c level (<53 or $53 mmol/mol [7.0%]), diabetes-
related microvascular disease (yes or no), and diabetes medication use (oral antidiabetes drug
only, insulin, or neither). The strata variable was not included in the model when stratifying by
itself. All P values for interaction were nonsignificant after Bonferroni correction. OAD, oral
antidiabetes drug.
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more advanced stage, it could poten-
tially improve glycemic control and
avoid pharmacological intensification
(38). In addition, we observed a stron-
ger inverse association between lifestyle
score and all-cause mortality risk among
participants who were not employed at
baseline or those with earlier-onset dia-
betes, though the interactions were not
statistically significant after Bonferroni
correction. Given that 80.1% of unem-
ployed participants were retired (n =
5,641), a possible explanation might be
the increased flexibility of lifestyle
choices while being out of the labor
market and the intensification of some
lifestyle factors after retirement. For
example, retired participants who are
socially isolated might be more severely
isolated than their employed counter-
parts. Besides, individuals with an early
onset of diabetes might be less likely to
have intensive management of risk fac-
tors when diagnosed compared with
those with later onset, leading to a
stronger effect of individual lifestyle
modification (39).

The strengths of our study include
the large sample size and rich data
resources, which enabled detailed anal-
yses on mortality from multiple causes
and stratification according to potential
risk factors. Several limitations also war-
rant comments. First, participants in the
UK Biobank were primarily Caucasians,
limiting the generalizability of findings
to other ethnic groups. Second, individ-
uals with type 2 diabetes who were
excluded from the analysis were more
likely to be less educated, less emp-
loyed, and more likely to live in areas
with lower socioeconomic levels. Given
that the association between an
unhealthy lifestyle and mortality risk
became stronger with increasing levels
of socioeconomic deprivation (40), the
influence of adherence to an overall
healthy lifestyle might be underesti-
mated. However, the results remained
similar after imputation of missing expo-
sures and covariates. Third, lifestyle fac-
tors were measured only at baseline,
and lifestyle changes could not be cap-
tured. Nevertheless, the results remained
consistent after exclusion of undiagnosed
patients for whom we assumed that the
lifestyle might change drastically due to
the awareness of diabetes. Fourth, a life-
style score with the assignment of the
same weights to each lifestyle factor

might function to ignore the varying mag-
nitudes of associations between individual
factors and mortality risk. However, we
generated a weighted lifestyle score
based on our study population and
observed similar results. Fifth, lifestyle
behaviors could be influenced by undiag-
nosed diseases or poor health at baseline.
Although no significant interaction was
detected with stratification by self-rated
health status and the results were similar
after exclusion of those with poor self-
rated health and exclusion of deaths that
occurred within the first 2 or 4 years of
follow-up, the possibility of reverse causa-
tion cannot be eliminated. Finally, due to
the nature of the observational study,
residual confounding was inevitable and
we cannot derive causality between life-
style modification and mortality in
patients with type 2 diabetes, which war-
rants more well-conducted interventional
studies to verify.

In conclusion, adherence to a healthy
lifestyle is consistently associated with
lower risks of all-cause and cause-
specific mortality among individuals
with varying diabetes severity. Further-
more, our study supports independent
roles of additional lifestyle factors, such
as sleep, social connection, and seden-
tary behaviors, that have been included
in diabetes management guidelines.
These findings highlight that a wide
range of lifestyle strategies could be
adopted to facilitate the long-term sur-
vival of patients. Further studies are
needed to explore the potential bene-
fits of other behaviors within this popu-
lation to align with their personal
preferences and medical requirements.
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