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Abstract

Aims/hypothesis A healthy lifestyle has been widely recommended for the prevention and management of type 2 diabetes.

However, no systematic review has summarised the relationship between combined lifestyle factors (including, but not limited to,

smoking, alcohol drinking, physical activity, diet and being overweight or obese) and incident type 2 diabetes and risk of health

outcomes among diabetic individuals.

Methods EMBASE and PubMedwere searched up to April 2019without language restrictions. References included in articles in

relevant publications were also screened. Cohort studies investigating the combined associations of at least three lifestyle factors

with incident type 2 diabetes and health outcomes among diabetic individuals were included. Reviewers were paired and

independently screened studies, extracted data and evaluated study quality. Random-effects models were used to calculate

summary HRs. Heterogeneity and publication bias tests were also conducted.

Results Compared with participants considered to have the least-healthy lifestyle, those with the healthiest lifestyle had a 75%

lower risk of incident diabetes (HR 0.25 [95% CI 0.18, 0.35]; 14 studies with approximately 1 million participants). The

associations were largely consistent and significant among individuals from different socioeconomic backgrounds and baseline

characteristics. Among individuals with type 2 diabetes (10 studies with 34,385 participants), the HRs (95%CIs) were 0.44 (0.33,

0.60) for all-cause death, 0.51 (0.30, 0.86) for cardiovascular death, 0.69 (0.47, 1.00) for cancer death and 0.48 (0.37, 0.63) for

incident cardiovascular disease when comparing the healthiest lifestyle with the least-healthy lifestyle.

Conclusions/interpretation Adoption of a healthy lifestyle is associated with substantial risk reduction in type 2 diabetes and

long-term adverse outcomes among diabetic individuals. Tackling multiple risk factors, instead of concentrating on one certain

lifestyle factor, should be the cornerstone for reducing the global burden of type 2 diabetes.
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Abbreviations

CVD Cardiovascular disease

IQR Interquartile range

LS7 Life’s Simple 7

NOS Newcastle–Ottawa Scale

Introduction

As one of the four major non-communicable diseases, type 2

diabetes has become a major public health challenge in both

developed and developing countries. The most recent Global

Burden of Disease Study estimated that there were over half a

billion individuals with type 2 diabetes in 2017 globally and

each year 22 million new cases were documented [1].

Diabetes complications, particularly cardiovascular disease

(CVD), are the leading cause of morbidity and mortality

among individuals with type 2 diabetes [2, 3]. Therefore, pre-

vention of type 2 diabetes and its long-term adverse outcomes

is urgently needed to meet the Sustainable Development Goal

target [4].

Strong evidence indicates that adopting a healthy lifestyle

(i.e. maintaining a healthy body weight, following a healthy

diet, exercising daily for at least 30 min, avoiding smoking

and avoiding harmful alcohol drinking) is a ‘best buy’ inter-

vention for prevention and management of type 2 diabetes [3,

5]. Several large randomised controlled trials have found that

lifestyle intervention was effective for the prevention of type 2

diabetes [6–9]. However, these trials were conducted in indi-

viduals with impaired glucose tolerance or impaired fasting

glucose and the interventions were restricted to increasing

physical activity level, adhering to a healthy diet and main-

taining a healthy body weight. In addition, compared with

observational studies, the numbers of participants in these

trials were small and the follow-up durations were short.

Hence, evidence from large prospective observational studies

is still needed to examine the relationship between combined

lifestyle factors and incident type 2 diabetes and its long-term

outcomes; this is essential for making health policies and es-

tablishing clinical guidelines. Accordingly, we conducted this

systematic review and meta-analysis to thoroughly evaluate

the relationship between combined lifestyle factors and inci-

dent type 2 diabetes, as well as mortality and morbidity
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outcomes in diabetic individuals. Stratified analyses were also

conducted to examine whether the associations were consis-

tent across different characteristics of the participants.

Methods

This systematic review was registered on PROSPERO

(CRD42018109642) and conducted according to the Meta-

analysis Of Observational Studies in Epidemiology guideline

[10].

Data sources and searches PubMed and EMBASE were

searched for studies investigating the relationship between

combined lifestyle factors and incident type 2 diabetes, as well

as the risk of total and cause-specific mortality, incident CVD

or its subtypes and cancer or site-specific cancer in diabetic

individuals from database inception to 26 April 2019 by YbZ

and JC. The details of the search terms are shown in the elec-

tronic supplementary material (ESM) Tables 1, 2. In brief, the

search terms included the Medical Subject Heading terms and

related exploded versions as well as keywords in titles or

abstracts related to the following themes: ‘diabetes’, ‘cardio-

vascular disease’, ‘cancer’, ‘mortality’, ‘combined’, ‘lifestyle’

and ‘cohort studies’. The search themes were then combined

using the Boolean operator ‘or’ for the four health outcomes

(diabetes, CVD, cancer and mortality) and then combined

with other themes using ‘and’. No language restriction was

applied. In addition, reference lists of the included studies and

relevant reviews were searched to identify further

publications.

Study selection Prospective cohort studies were included if

the study reported the relations of combined lifestyle factors

with pre-determined outcomes. The lifestyle factors included

but were not limited to smoking, alcohol drinking, physical

activity and/or sedentary behaviour, diet, being overweight

and/or obese and sleep duration and/or quality. Some studies

additionally included metabolic factors, such as blood pres-

sure, blood glucose and blood lipid levels, in the Life’s Simple

7 (LS7) score defined by the American Heart Association and

were also included in our main analysis. There were twomajor

score systems: simple score, giving equal weight to each be-

havioural factor (e.g. most studies assigned ‘1’ or ‘0’ to indi-

viduals with or without a certain behaviour) [11] and LS7

score [12, 13] (ESM Table 3). We did not restrict the charac-

teristics of the participants in the main analysis and studies

with samples from a specific occupational group were also

included.

Studies were excluded if theymet the following criteria: (1)

the study was unrelated to the exposures or pre-defined out-

comes; (2) the study was from a different publication type

(such as protocol, review, cross-sectional study, case–control

study or animal experiment) or was not from a peer-reviewed

publication (such as meeting abstract, editorial or commen-

tary); (3) the study focused on a single lifestyle factor or com-

binations of only two lifestyle factors (we assumed that two

factors could not reflect the overall lifestyle); (4) the study had

less than 1 year of follow-up; (5) the study was a formulation

or validation of prediction models; (6) duplicate publications

or duplicate reporting from the same cohort studies; (7) the

study investigated the association between combined lifestyle

factors and mortality, incident CVD or incident cancer in par-

ticipants without diabetes and (8) the study did not have nec-

essary or sufficient data. We did not include conference ab-

stracts in our analysis, but for a conference abstract that re-

ported the associations between combined lifestyle factors and

certain outcomes of interest, we searched online and also

contacted the authors to inquire whether the full text had been

published in peer-reviewed journals or accepted but not pub-

lished online yet. This procedure ensured that we did not miss

any potential eligible studies.

YbZ screened all the citations and another group of inves-

tigators, including LX, AC, YgZ, JW, HL and JC, also inde-

pendently performed the study selection. Divergences were

resolved by consensus or by consulting with the senior inves-

tigator (AP). The consistency of study selection before full-

text reading between reviewers was 99.92% (62 divergences

among 82,208 citations, mostly due to different understand-

ings of the included lifestyle factors).

Data extraction and quality assessmentYbZ extracted all data

and evaluated the quality of literature independently. Another

group of investigators, including LX, AC, YgZ, JW, HL and

JC, also independently performed data extraction and quality

assessment. Divergences were resolved by consensus or by

consulting with the senior investigator (AP).

The following information was extracted using standardised

tables: title, first author, publication year, cohort name, country,

study duration and mean/median follow-up duration, sample

size, outcome definition and attainment, the definitions of the

healthy lifestyle factors and the characteristics of the participants,

including age (mean/median and range), sex composition, race

and ethnicity, education level and health status. For articles with

insufficient data or unclear information, the corresponding au-

thors were contacted (at least two attempts were made).

The Newcastle–Ottawa Scale (NOS) was used to evaluate

the study quality [14], which focused on the selection of the

study groups (four scores), the comparability of the groups

(two scores) and the ascertainment of outcome (three scores).

Data synthesis and analysisMeta-analyses were performed by

Stata software (version 14.0; StataCorp, College Station, TX,

USA). HR was commonly used as the effect size in the

original studies and was thus used in the pooled estimate.

RR was used in some studies and was considered to be
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interchangeable with HR. The OR was transformed into RR

using the following formula: RR =OR/[(1 − P0) + (P0 ×OR)],

where P0 is the risk of an event in the non-exposed group [15].

The healthy lifestyle scores were constructed in multiple ways

(different numbers or combinations of lifestyle factors and

different weights for certain lifestyle factors) in various studies

but were generally re-classified into three, four or five groups

based on the distribution of the score in the study population.

We pooled the HRs comparing participants in the highest

score group with those in the lowest score group to represent

the risk estimate comparing the healthiest vs least-healthy life-

style. Random-effects models were used for data syntheses to

allow heterogeneity from different study populations and

score systems among different studies and the weights were

equal to the inverse variance of each study’s effect estimation.

Forest plots were used to visualise the effect sizes and 95%

CIs across studies.

Heterogeneity across studies was assessed by I
2 statistic

(ranging from 0% to 100%), with a small value indicating less

heterogeneity [16]. Pre-specified stratified analyses were con-

ducted according to the study characteristics (such as study

location, mean/median follow-up duration and different com-

binations of lifestyle factors) and population characteristics

(age group, sex, race and ethnicity and education level). The

p values for difference between subgroups were also tested

using meta-regression [16].

Publication bias was assessed by Begg andMazumdar rank

correlation test, Egger’s test and the fail-safe N statistic. If

significant publication bias was indicated, Duval and

Tweedie’s trim and fill method was used to generate the ‘un-

biased’ estimates by adding hypothesised studies to make the

funnel plot symmetrical [16].

Results

Study selection and characteristics Based on the search strat-

egy, 82,208 unique citations were identified and 82,169 arti-

cles were excluded after screening for the titles and abstracts

according to the inclusion/exclusion criteria. Through manual

inspections of the full text, 13 studies were excluded (see ESM

Table 4). Finally, 16 studies [11, 12, 17–30] (among which,

two studies [18, 29] were only used for stratified analyses)

with 1,116,248 participants were included for meta-analyses

of incident type 2 diabetes and ten studies [31–40] with

34,385 diabetic individuals were included for meta-analyses

of mortality and incident CVD. No study investigated the

association between combined lifestyle factors and incident

cancer among diabetic individuals. The detailed procedure is

shown in Fig. 1.

The characteristics of the eligible studies on incident type 2

diabetes are shown in Table 1 and ESM Table 5. Among 14

studies used for the main analysis, six were from the USA,

three from Asia, three from Europe and two from Oceania; 12

were from high-income countries. One study reported results

for men and women separately [11] and 13 studies reported

results in men and women together (among which, four stud-

ies [23, 24, 26, 30] also conducted stratified analyses accord-

ing to sex). The mean baseline age ranged from 38.0 years to

72.7 years (median 50.7, interquartile range [IQR] 10.3 years).

The sample size ranged from 1639 to 461,211. The

mean/median follow-up duration ranged from 2.7 years to

20.8 years and the median (IQR) was 7.8 (3.2) years. The

NOS scores of these studies were all ≥5 (ESM Table 6).

The characteristics of the eligible studies on mortality and

CVD risk among individuals with type 2 diabetes are shown

in Table 1 and ESM Table 7. Three studies were from the

USA, two were from Asia and four were from Europe; all

studies were conducted in high-income countries or regions.

Besides, one study [32] was a global study across several

continents. The mean baseline age ranged from 45.8 years to

69.0 years (median 61.9 years, IQR 5.6 years). The sample

size ranged from 592 to 11,527. The mean/median follow-up

duration ranged from 4.0 years to 20.6 years. The NOS scores

of these studies were all ≥7 (ESM Table 6).

Association of combined lifestyle factors with incident type 2

diabetes Fourteen studies (970,170 participants and 45,969

cases) reported results comparing participants with the health-

iest vs least-healthy lifestyles for incident type 2 diabetes and

the pooled HR (95% CI) was 0.25 (0.18, 0.35; I2 = 95.9%;

Fig. 2).

The associations remained in all stratified analyses and no

between-group differences were found (Fig. 3). Begg and

Mazumdar rank correlation test, Egger’s test and the classic

fail-safeN statistics indicated a small possibility of publication

bias (ESM Table 8 and ESM Fig. 1).

Associations of combined lifestyle factors with mortality risk

and incident CVD among diabetic individuals Figure 4 shows

the associations between combined lifestyle factors and mor-

tality risk and incident CVD among diabetic individuals.

Compared with individuals with the least-healthy lifestyle,

those with the healthiest lifestyle had a 56% lower risk of

all-cause mortality (HR 0.44 [95% CI 0.33, 0.60]; I2 =

74.1%; seven studies), 49% lower risk of CVD mortality

(HR 0.51 [95% CI 0.30, 0.86]; I2 = 70.5%; four studies),

31% lower risk of cancer mortality (HR 0.69 [95% CI 0.47,

1.00]; I2 = 0.0%; three studies) and 52% lower risk of incident

CVD (HR 0.48 [95% CI 0.37, 0.63]; I2 = 0.0%; three studies).

Discussion

In this systematic review and meta-analysis of prospective

cohort studies, the combination of multiple healthy lifestyle

Diabetologia (2020) 63:21–3324



factors was associated with a substantially lower risk of inci-

dent type 2 diabetes. Compared with individuals with the

least-healthy lifestyle, those with the healthiest lifestyle would

have a 75% lower risk of incident type 2 diabetes. The asso-

ciations were consistent among populations from different

socioeconomic backgrounds and baseline characteristics.

Moreover, adopting a healthy lifestyle was associated with a

56%, 49%, 31% and 52% lower risk of all-cause mortality,

CVD mortality, cancer mortality and incident CVD among

diabetic individuals.

To the best of our knowledge, our study is the first system-

atic review and meta-analysis investigating the association

between combined lifestyle factors and incident type 2 diabe-

tes. The result was consistent with those from several

randomised controlled trials. The Da Qing Diabetes

Prevention Outcome Study [41] recruited 577 Chinese adults

with impaired glucose tolerance, among which 438 received

dietary inventions, exercise interventions or both for 6 years.

The participants who received lifestyle interventions had a

43% lower incidence of type 2 diabetes over 20 years. The

Diabetes Prevention Program [8] in the USA enrolled 3234

overweight individuals with impaired glucose tolerance, of

which 1079 received intensive lifestyle interventions through

a healthy diet (low-energy, low-fat) and moderate physical

activity aimed at reducing body weight by 7%. After a mean

of 2.8 years of follow-up, the lifestyle intervention group had a

58% lower incidence of type 2 diabetes. The Finnish Diabetes

Prevention Study [9] was conducted in 522 obese individuals

with impaired glucose tolerance, ofwhich 265 received 4 years

of intensive lifestyle counselling for reducing body weight by

5% through a healthy diet (low-energy, low-saturated fat,

high-fibre) and daily moderate physical activity. The partici-

pants who received the intervention displayed a 43% reduc-

tion in risk of type 2 diabetes. Incorporating those results with

some other small randomised controlled trials, a meta-analysis

found that lifestyle modification was associated with an RR

(95% CI) of 0.61 (0.54, 0.68) at the end of the active inter-

vention [7]. However, these trials were conducted in relatively

small samples from high-risk populations and the interven-

tions only focused on diet, physical activity and body weight.

This might explain why our results seemed stronger, indicat-

ing that longitudinal prospective cohort studies in the general

population are essential for comprehensively understanding

the association between lifestyle and incident type 2 diabetes.

Apart from overall lifestyle pattern, the association be-

tween an individual’s healthy lifestyle factors and incident

type 2 diabetes has been well established and adopted by

the WHO and numerous authorities and organisations

[42–44]. Previous studies found that a high level of physi-

cal activity was associated with a 35% lower risk of type 2

diabetes [45]. A healthy diet, no matter which diet score

was adopted, was associated with 13–21% lower risk of

82,846 articles identified through

database searches

32,193 PubMed

50,653 EMBASE

82,208 titles and abstracts screened

642 duplicates removed

39 full-text articles screened

13 excluded

11 did not report HR or RR or OR comparing the  

healthiest lifestyle with the least-healthy lifestyle

1 investigated the relationship of the change of 

lifestyle, instead of the baseline lifestyle, with 

the risk of T2D

1 duplicate reporting from the same cohort studies

26 studies included in analyses

16 incident T2D (2 only provided data for stratified analyses)

10 risk of mortality and CVD among diabetic individuals

4 articles identified from relevant 

publications

82,169 excluded

79,610 unrelated to the exposures or pre-decided 

outcomes

788 non-eligible publication types or not peer-

reviewed publications 

1501 focused on an individual lifestyle factor or 

combinations of only two lifestyle factors 

144 not prospective observational studies with 

more than 1 year of follow-up

126 formulation or validation of prediction models

Fig. 1 Flowchart of study

selection. T2D, type 2 diabetes
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type 2 diabetes [46]. Besides, current smokers suffered a

37% higher risk of type 2 diabetes compared with never

smokers [47]. It was also reported that moderate drinking

(10–14 g alcohol per day) was associated with an 18%

lower risk of type 2 diabetes compared with abstainers

[48]. The strongest association was observed between body

weight and incident type 2 diabetes: overweight and obese

individuals displayed a 133% and 510% higher risk of type

2 diabetes, respectively, compared with their normal-

weight counterparts [49]. Our stratified analyses also

showed that the HR was 0.37 when BMI was not included

in the lifestyle score compared with 0.21 when it was in-

cluded, although the comparison was not statistically sig-

nificant. Although body weight plays a dominant role in the

risk of type 2 diabetes, its individual association with inci-

dent type 2 diabetes was weaker than that of combined

lifestyle factors. In addition, it is well-known that lifestyle

behaviours, such as physical activity, diet quality and sleep

pattern, are associated with body weight [50]. Besides, sev-

eral studies reported that each additional healthy lifestyle

factor was associated with 11–61% lower risk of incident

type 2 diabetes [11, 17, 18, 21, 23, 24, 27]. Hence, encour-

aging the population to adopt an overall healthy lifestyle is

necessary for the prevention of type 2 diabetes.

The associations between combined lifestyle factors and inci-

dent type 2 diabetes were largely consistent across different age

groups, sexes, geographical regions, economic levels, races and

ethnicities and education levels, which may have important pub-

lic health implications. People from different socioeconomic

backgrounds may perceive and choose healthy lifestyles differ-

ently since socioeconomic factors are important determinants of

lifestyle behaviours. For instance, individuals with higher educa-

tion levels are less likely to smoke [51] and low-income popula-

tions consumemore unhealthy foods because of low accessibility

and high prices of healthy foods [52]. The number of diabetic

individuals was large in non-high-income countries, whereas the

majority of health expenditure for diabetes was in high-income

countries [53, 54]. In addition, the implementation of health pol-

icies, such as tobacco control, avoidance of harmful use of alco-

hol and improvement of food quality, varied between different

countries and regions [55]. Hence, each country or region should

formulate policies tailored to the preference of local population or

public health practice, in order to accelerate the progressions of

meeting Sustainable Development Goal target 3.4 [4]. However,

although most studies adjusted for some of these socioeconomic

factors, few studies fully adjusted for them. Considering that

socioeconomic factors could be upstream determinants of life-

style, there might be some residual confounding not being ad-

justed for in the original studies.

Another public health issue is whether healthy lifestyles

play an equally important role in preventing type 2 diabetes

among high-risk populations and the general population. A

0.
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7

0.
1
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0
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0

Study Comparison HR (95% CI) Weight, %

Dow et al (2019) [17] 3.5–4 vs 0–2 points 0.30 (0.17, 0.52) 6.13

Ford et al (2009) [19] 4 vs 0 points 0.07 (0.05, 0.12) 6.54

Fretts et al (2014) [12] a 4–7 vs 0–1 points 0.14 (0.07, 0.26) 5.57

Joosten et al (2010) (teetotallers) [20] b 3–4 vs 0–1 points 0.26 (0.16, 0.42) 6.32

Joseph et al (2016) [21] 4–6 vs 0–1 points 0.25 (0.18, 0.35) 6.88

Joseph et al (2017) [22] 8–11 vs 0–3 points 0.71 (0.49, 1.03) 6.76

Li et al (2015) [23] c 4–5 vs 0–1 points 0.14 (0.12, 0.16) 7.30

Liu et al (2016) [24] a Q5 vs Q1 0.41 (0.32, 0.50) 7.17

Long et al (2015) [25] 6 vs 0–1 points 0.27 (0.18, 0.40) 6.66

Lv et al (2017) [26] d 4–6 vs 0 points 0.16 (0.14, 0.19) 7.28

Mozaffarian et al (2009) [27] e 3–4 vs 0 points 0.32 (0.21, 0.47) 6.66

Nguyen et al (2017) [28] a 6 vs 0 points 0.18 (0.10, 0.32) 6.12

Reis et al (2011) (men) [11] a 4 vs 0 points 0.49 (0.45, 0.55) 7.35

Reis et al (2011) (women) [11] a 4 vs 0 points 0.35 (0.27, 0.44) 7.12

Tatsumi et al (2013) [30] 7 vs 1–2 points 0.31 (0.18, 0.53) 6.16

Overall (I2=95.9%, p<0.001) Highest vs lowest 0.25 (0.18, 0.35) 100.00

Fig. 2 Association of combined lifestyle factors with incident diabetes.

The forest plot shows the HRs (circles) and 95% CIs comparing people

with the healthiest (highest score group) vs least-healthy (lowest score

group) lifestyles for incident diabetes. The diamond represents the pooled

HR. aThe ORs were reported in these studies and were transformed into

RRs, which were then used in the pooled analysis. bThe study included

teetotallers and alcohol consumers; however, only the results for teetotal-

lers were reported. cThe data were provided by the authors. dThere were

only 1243 participants and eight cases in the group with the highest score

(individuals with 5 or 6 healthy lifestyle factors, i.e. points). Hence, we

pooled this group with the second-highest score group (individuals with 4

points) using a fixed-effect model. eThere were only 244 participants with

unknown case numbers in the highest score group (individuals with 4

points). Hence, we pooled this group with the second-highest score group

(individuals with 3 points) using a fixed-effect model
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large study involving 207,479 participants from the USA

found that the associations between combined lifestyle factors

and incident type 2 diabetes were consistent among normal-

weight, overweight and obese individuals [11] and in partici-

pants with and without a family history of diabetes. However,

another study conducted in 3252 African-Americans found

that the association was stronger in non-obese participants

and normoglycaemic participants, compared with obese

participants and those with impaired fasting glucose/elevated

HbA1c (5.7–6.4%), respectively, although the sample size was

relatively small [22]. Hence, more evidence is needed to an-

swer the question of whether the associations between com-

bined lifestyle factors and incident type 2 diabetes are equiv-

alent in high-risk and low-risk populations; this could facili-

tate decisions made about what is pivotal for interventions in

different populations.

Subgroups Studies Participants Cases HR (95% CI) p I2

Continent p between-group=0.59 

America 6 372,395 30,998 0.30 (0.18, 0.50) <0.001 97.3

Asia 3 502,745 10,749 0.27 (0.13, 0.55) <0.001 96.0

Europe 3 59,216 3235 0.17 (0.07, 0.40) <0.001 91.4

Oceania 2 35,814 987 0.23 (0.14, 0.38) <0.001 36.4

High-income country p between-group=0.99

Yes 12 474,636 35,884 0.25 (0.17, 0.37) <0.001 95.6

No 2 495,534 10,085 0.25 (0.10, 0.63) <0.001 97.9

Ethnicity a p between-group=0.33

African-American 2 4545 >560 b 0.52 (0.26, 1.06) 0.073 70.3

American Indian 1 1639 210 0.14 (0.07, 0.28) <0.001 NA

Asian 4 503,421 >10,749 b 0.23 (0.12, 0.43) <0.001 94.2

White 9 460,565 >33,863 b 0.24 (0.16, 0.37) <0.001 96.2

Follow-up p between-group=0.62

<10 years 10 804,843 33,549 0.27 (0.18, 0.39) <0.001 95.5

≥10 years 4 165,327 12,420 0.22 (0.14, 0.34) <0.001 83.7

Average age c p between-group=0.18

≥60 years old 5 >222,282 b 24,203 0.34 (0.23, 0.49) <0.001 93.3

<60 years old 11 >598,304 b 21,766 0.23 (0.15, 0.33) <0.001 93.2

Sex p between-group=0.73

Men 5 350,939 17,194 0.31 (0.20, 0.50) <0.001 95.1

Women 5 509,079 23,264 0.24 (0.14, 0.42) <0.001 94.0

Both 9 110,152 0.24 (0.15, 0.37) <0.001 88.3

Proportion of high school graduates p between-group=0.45

<80% 8 595,447 14,644 0.22 (0.15, 0.33) <0.001 91.3

≥80% 4 365,873 30,451 0.33 (0.18, 0.62) 0.001 98.2

Missing 2 8850 874 0.22 (0.10, 0.47) <0.001 67.4

Score d p between-group=0.56

Simple score 6 418,824 31,276 0.22 (0.13, 0.39) <0.001 97.6

LS7 score 4 43,978 2,590 0.34 (0.20, 0.59) <0.001 90.9

Others 4 506,784 12,035 0.24 (0.16, 0.36) <0.001 77.2

Factors included in score e p between-group=0.11

All five factors 4 650,336 22,963 0.19 (0.14, 0.25) <0.001 80.2

Alcohol drinking excluded 9 250,882 15,584 0.24 (0.15, 0.36) <0.001 90.6

Body weight excluded 3 215,614 18,897 0.44 (0.33, 0.59) <0.001 80.4

Indicators p between-group=0.46

HR or RR 10 697,157 25,847 0.23 (0.17, 0.33) <0.001 91.7

OR 4 273,013 20,122 0.32 (0.24, 0.44) <0.001 86.2
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Fig. 3 Association of combined lifestyle factors with incident type 2

diabetes in different subgroups. The forest plot shows the HRs (circles)

and 95% CIs comparing people with the healthiest (highest score group)

vs least-healthy (lowest score group) lifestyles.aJoseph et al [21] reported

results in African-American, Asian and white ethnicity. bSome studies did

not report the number of participants and cases in stratified analyses. cLi

et al [23] and Liu et al [24] reported results of stratified analyses according

to age groups. dEffoe et al [18] investigated the association between LS7

and risk of incident type 2 diabetes in the Jackson Heart Study, whereas

the lifestyle score presented in Joseph et al [22] gave more weight to

sleeping. Thus, Effoe et al [18] was used in the stratified analysis. eFive

commonly used factors, including alcohol drinking, body weight, diet,

physical activity and smoking, were considered. However, all studies

included physical activity in scores, and only Nguyen et al [28] did not

include diet or smoking, and so we have not shown a ‘Diet and smoking

excluded’ category. Joseph et al [22] did not include alcohol drinking or

BMI. The Li et al [23] and Shan et al [29] studies were conducted in the

Nurses’ Health Study and Nurses’ Health Study II; however, the Li et al

[23] study included all five factors, whereas the Shan et al [29] study did

not include alcohol drinking. Thus, these two studies were both included

in this stratified analysis in the ‘All five factors’ and ‘Alcohol drinking

excluded’ categories, respectively. NA, not available
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Our study also raised the important clinical issue of wheth-

er a healthy lifestyle also confers significant benefits for the

management of type 2 diabetes. We found that compared with

diabetic individuals with the least-healthy lifestyle, those with

the healthiest lifestyle displayed a 31–56% lower risk of all-

cause and cause-specific mortality and 52% lower risk of in-

cident CVD, supporting the recommendations from WHO

[44], ADA [56] and some other organisations [43] that life-

style modification should be the cornerstone for the manage-

ment of diabetes. Our results were consistent with the Look

AHEAD (Action for Health in Diabetes) trial, a randomised

controlled trial conducted in 4734 overweight/obese individ-

uals with type 2 diabetes, in which it was reported that achiev-

ing 10% body weight reduction by a healthy low-energy, low-

fat diet and increasing physical activity level during the 4 years

of intervention could reduce the risk of primary CVD out-

comes by 20% (HR 0.80 [95% CI 0.65, 0.99]) [57]. In addi-

tion, diabetic microvascular complications also need to be

considered. Several studies suggest that body weight [58],

physical activity [59], diet [60], alcohol drinking [61] and

smoking [62] are independently associated with microvascu-

lar complications among diabetic individuals. However, no

prospective cohort study has investigated the association be-

tween combined lifestyle factors and diabetic microvascular

complications, thus we could not summarise the evidence.

Previous randomised controlled trials found that intensive life-

style intervention could reduce the risk of microvascular com-

plications among individuals with impaired glucose tolerance

or impaired fasting glucose [6, 63]. However, considering the

aforementioned limitations of randomised controlled trials,

large prospective observational studies are urgently warranted

for elucidating the associations between combined lifestyle

factors and diabetic microvascular complications.

Our study is the first systematic review and meta-analysis

to summarise the relationship between combined lifestyle fac-

tors and incident type 2 diabetes as well as the risk of mortality

and incident CVD among diabetic individuals. We followed

the standard procedures of the Meta-analysis Of

Observational Studies in Epidemiology guideline and includ-

ed 26 studies with over 1 million participants in the meta-

analysis. We had sufficient power to perform many stratified

analyses and the results were largely consistent. However,

several limitations should also be acknowledged. First, most

studies were conducted in high-income countries and partici-

pants were mostly of white ethnicity, thus more evidence from

other populations is still needed. Second, the definitions and

combinations of healthy lifestyle factors varied across studies

and this could generate potential heterogeneity. However, the

differences among subgroups were not significant. Third, lim-

ited studies were available for mortality and incident CVD

Study Comparison HR (95% CI) Weight, %

All-cause mortality 

Bonaccio et al (2019) [31] 3–4 vs 0–1 points 0.62 (0.46, 0.85) 17.69

Dunkler et al (2016) [32] a 3.5–5 vs 0–1 points 0.39 (0.30, 0.51) 18.56

Lin et al (2012) [33] 4 vs 0–1 points 0.29 (0.17, 0.49) 13.03

Mancini et al (2019) [36] 6–7 vs 0–1 points 0.13 (0.05, 0.40) 6.15

Nöthlings et al (2010) [37] 3–5 vs 0 points 0.37 (0.20, 0.69) 11.41

Odegaard et al (2011) [38] b 4–5 vs 0 points 0.70 (0.53, 0.91) 18.43

Patel et al (2018) [39] 4–5 vs 0–1 points 0.56 (0.36, 0.88) 14.73

Overall (I2=74.1%, p=0.001) Highest vs lowest 0.44 (0.33, 0.60) 100.00

CVD mortality

Bonaccio et al (2019) [31] 3–4 vs 0–1 points 0.70 (0.42, 1.16) 28.32

Lin et al (2012) [33] 4 vs 0–1 points 0.24 (0.07, 0.83) 12.11

Liu et al (2018) [34] 3–5 vs 0 points 0.32 (0.20, 0.52) 29.19

Odegaard et al (2011) [38] b 4–5 vs 0 points 0.79 (0.51, 1.22) 30.39

Overall (I2=70.5%, p=0.017) Highest vs lowest 0.51 (0.30, 0.86) 100.00

Cancer mortality

Bonaccio et al (2019) [31] 3–4 vs 0–1 points 0.66 (0.39, 1.10) 51.70

Lin et al (2012) [33] 4 vs 0–1 points 0.76 (0.23, 2.56) 9.45

Odegaard et al (2011) [38] b 4–5 vs 0 points 0.71 (0.39, 1.29) 38.85

Overall (I2=0.0%, p=0.97) Highest vs lowest 0.69 (0.47, 1.00) 100.00

Incident CVD

Liu et al (2018) [34] 3–5 vs 0 points 0.50 (0.38, 0.65) 94.80

Long et al (2014) [35] 3–4 vs 0 points 0.24 (0.06, 0.98) 3.44

Zhang et al (2011) [40] 5 vs 0–1 points 0.27 (0.04, 2.05) 1.76

Overall (I2=0.0%, p=0.51) Highest vs lowest 0.48 (0.37, 0.63) 100.00
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Fig. 4 Associations of combined

lifestyle factors with mortality

risk and incident CVD among

diabetic individuals. The forest

plot shows the HRs (circles) and

95% CIs comparing people with

the healthiest (highest score

group) vs least-healthy (lowest

score group) lifestyles for

mortality and CVD risk in

diabetic individuals. The diamond

represents the pooled HR. aThe

OR was reported in the study and

was transformed into RR, which

was then used in the pooled

analysis. bThe study used

mortality data up to the end of

2009. We accessed the data and

updated the analysis using

mortality data up to the end of

2016
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risk in diabetic individuals, which restricted us from

conducting further stratified analyses. Last, type 2 diabetes is

now increasingly seen in adolescents and young adults [64]

and more studies are needed to prospectively investigate the

role of combined lifestyle factors in the development of type 2

diabetes in this population.

In conclusion, adopting a healthy lifestyle is associated

with a substantially lower risk of type 2 diabetes and risk of

mortality and incident CVD among individuals with diabetes.

The results were generally consistent among participants from

different socioeconomic backgrounds and baseline character-

istics. Given that the proportion of individuals with the health-

iest lifestyle was low in most populations, promotion of an

overall healthy lifestyle, instead of tackling one particular life-

style factor, should be a public health priority for all countries.

At the individual level, people are encouraged to maintain

optimal weight, avoid smoking and heavy drinking, adopt a

healthy diet and increase physical activity levels. At the pop-

ulation level, governments and organisations should incorpo-

rate encouragement of healthy lifestyles into all health-related

policies and guidelines and should facilitate the environmental

change needed to make healthy lifestyle choices accessible,

affordable and sustainable. Our study also suggests that future

studies should focus on the associations between combined

lifestyle factors and microvascular complications and long-

term outcomes among diabetic individuals, to provide impor-

tant evidence for diabetes management.
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