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Abstract 

Background  Type 2 diabetes (T2D) is a global epidemic that reduces life expectancy. Evidence is limited on the ben‑
efits of achieving multiple guideline-recommended targets and cross-country differences. This study aimed to quan‑
tify the associations of risk factor control with mortality and life expectancy among individuals with T2D using nation‑
wide cohorts from China, the USA, and the UK.

Methods  We included 46,351 adults with T2D at baseline from China Chronic Disease and Risk Factors Surveil‑
lance (CCDRFS; 2013, follow-up until 2021), USA National Health and Nutrition Examination Survey (USA NHANES; 
1999–2018, follow-up until 2019), and UK Biobank (2006–2010, follow-up until 2022). Patients with T2D were matched 
to controls without T2D using propensity score matching based on key demographic factors. Cox regression esti‑
mated mortality associated with lifestyle and metabolic factors outside target ranges [physical inactivity, smoking, 
unhealthy diet, elevated hemoglobin A1c (HbA1c), dyslipidemia, high blood pressure].

Results  Only a small proportion of participants achieved ≥ 5 combined targets: 16.0% in CCDRFS, 9.9% in USA 
NHANES, and 6.8% in UK Biobank. During 470,369 person-years of follow-up, 7650 deaths (16.5%) occurred 
among individuals with T2D, and 9349 deaths (10.2%) occurred among controls over 965,249 person-years. At age 
50, individuals with ≤ 1 risk factor outside the target lived 6–9 years longer than those with ≥ 5, and their life expec‑
tancy was comparable to that of controls without T2D. The association was independent of genetic predisposition 
to shorter lifespan in the UK Biobank. Additionally, individuals with T2D who failed to achieve optimal metabolic con‑
trol but maintained a healthy lifestyle had a longer life expectancy compared with those who achieved optimal meta‑
bolic control but had an unhealthy lifestyle across all cohorts, with life expectancy gains ranging from 1.5 to 3.4 years 
depending on sex and cohort. Among individuals with T2D, healthy lifestyle behaviors (physical activity, non-smoking, 
a healthy diet) and HbA1c control contributed most to gains in life expectancy. Variations in multiple risk factor con‑
trol and their associations with all-cause mortality were observed across different population subgroups.
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Background
Type 2 diabetes (T2D) continues to be a global public 
health issue [1]. In 2025, the estimated number of indi-
viduals living with diabetes was approximately 589 mil-
lion worldwide, and China and the USA have become 
the epicenters of the diabetes epidemic [2, 3]. On aver-
age, diabetes will reduce life expectancy in people aged 
40–60  years by 4–10  years and independently increase 
the risk of death from cardiovascular disease (CVD), 
renal disease, and cancer by 1.3–3.0-fold [4]. Given the 
persistently increased prevalence of T2D, it is imperative 
to take measures for prevention and treatment, thereby 
extending the life expectancy of people with T2D.

Integrated multifactorial prevention, combining phar-
macologic management of cardiovascular risk factors 
with behavioral modification, has been associated with 
lower risks of CVD, cancer, and mortality in people with 
T2D [5, 6]. However, nationwide data on achieving the 
control targets for metabolic and lifestyle factors rec-
ommended by diabetes guidelines are relatively limited 
[7–10]. There is increasing interest in understanding 
the association of multiple risk factor control with life 
expectancy. Nonetheless, it is still unclear to what extent 
achieving guideline-recommended targets can reduce the 
excess risk of death and the loss of life-years in individu-
als with T2D. Importantly, there are non-negligible dif-
ferences between the Chinese, European, and the USA 
populations in terms of environmental exposures, meta-
bolic health, and social determinants, including access 
to preventative therapies. Whether the magnitude of 
the associations varies across countries also needs to 
be clarified to inform tailored interventions and health 
policies. Furthermore, whether multiple risk factor con-
trol could offset the risk of premature mortality in those 
with increased genetic susceptibility is also not well 
understood.

In addition, despite recent advancements in medical 
treatments of T2D (e.g., new oral hypoglycemic agents), 
which offer significant benefits in improving cardio-
metabolic risk factors and reducing disease outcomes, 
there remains considerable residual risk of macrovascu-
lar and microvascular disease [6, 11]. As the pandemic of 
unhealthy diet and physical inactivity continues to esca-
late worldwide [12], it is essential to consider the role of 
a healthy lifestyle in reducing health risks. However, most 

people with T2D tend to focus predominantly on phar-
macological therapies to address clinical risk factors, with 
less attention paid to lifestyle behaviors [13, 14]. Thus, 
whether adopting a healthy lifestyle can compensate for 
suboptimal metabolic control or provide additional lon-
gevity benefits among those who have already achieved 
recommended metabolic targets remains unclear.

To fill these knowledge gaps, we used data from 3 
nationwide cohorts from China, the USA, and the UK, 
and examined the excess mortality risk and life-years 
lost in individuals with T2D according to the number of 
cardiovascular risk factors outside evidence-based target 
ranges, compared with people without T2D. Addition-
ally, we investigated the associations of lifestyle behav-
iors with mortality and life expectancy in people with 
T2D who had different degrees of metabolic risk factor 
control.

Methods
Study design and population
Three large prospective and nationwide cohorts were 
used in this study: 1) the China Chronic Disease and Risk 
Factors Surveillance (CCDRFS; participants enrolled 
in June 2013 to May 2014, follow-up until 2021); 2) 10 
cycles of USA National Health and Nutrition Examina-
tion Survey (NHANES; participants enrolled between 
1999 and 2018, follow-up until 2019); and 3) UK Biobank 
(participants recruited between March 2006 and July 
2010, follow-up until 2022). Detailed study designs for 
these cohorts are provided in the Additional file 1: Meth-
ods. The CCDRFS, USA NHANES, and UK Biobank were 
approved by the ethical review committees of the Chi-
nese Center for Disease Control and Prevention (CDC) 
and other participating institutes, the USA National 
Center for Health Statistics Research Ethics Review 
Board, and UK National Health Service (NHS) National 
Research Ethics Service, respectively. Written informed 
consent was obtained from all adult participants.

For the present analyses, we included adults and 
excluded participants who were pregnant at baseline, 
withdrew from the study, or had incomplete data on 
modifiable risk factors (Additional file  2: Fig. S1). Each 
patient with prevalent T2D was matched with 2 con-
trols without T2D using propensity score matching 
with the nearest neighbor method, in order to minimize 

Conclusions  Achievement of guideline targets for multiple risk factors was low among individuals with T2D in China, 
the USA, and the UK. Comprehensive management of multiple risk factors, particularly lifestyle factors, was associated 
with a substantial reduction in the life expectancy gap between those with and without T2D, underscoring the impor‑
tance of guideline-based care and individualized management.
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confounding and to ensure comparability between 
groups. Definitions of T2D in each cohort followed the 
American Diabetes Association (ADA) criteria [15], as 
detailed in the Additional file  1: Methods. The match-
ing criteria included age, sex, and residence area in 
the CCDRFS; age, sex, race, and survey cycles in USA 
NHANES; and age, sex, and race in UK Biobank. Our 
final analytical sample included 46,351 patients with 
T2D (17,423 from CCDRFS, 5752 from USA NHANES, 
and 23,176 from the UK Biobank), and 91,645 controls 
without T2D (34,799 from CCDRFS, 10,506 from USA 
NHANES, and 46,340 from the UK Biobank) (Additional 
file  2: Fig. S1). The slight discrepancies in the expected 
matching ratios were attributed to the internal optimiza-
tion algorithm of the “MatchIt” R package used [16].

Definition of achievement of guideline‑recommended 
targets
We selected 3 clinical and 3 lifestyle targets based on interna-
tional diabetes management guidelines and strong epidemio-
logical evidence linking them to mortality and cardiovascular 
outcomes in people with T2D [5, 17–19]. The clinical targets 
were hemoglobin A1c (HbA1c) < 7.0%, systolic blood pres-
sure < 140 mmHg or < 130 mmHg in the presence of CVD, 
and triglycerides (TG) < 1.7  mmol/L and high-density lipo-
protein-cholesterol (HDL-C) ≥ 1.29  mmol/L for women, 
or ≥ 1.03  mmol/L for men [17, 18], given that TG/HDL-C 
abnormalities are more characteristic of T2D [20]. In a sen-
sitivity analysis, individualized HbA1c targets were used to 
define glycemic targets (Additional file  1: Methods), and 
low-density lipoprotein-cholesterol levels (< 2.6  mmol/L) 
were used to determine lipid targets. The 3 lifestyle targets 
included never smoking, regular physical activity, and a 
healthy diet. Regular physical activity was defined as compli-
ance with current global health guidelines for physical activ-
ity (≥ 150 min of physical activity per week) [21]. According 
to a previous CCDRFS study, a healthy diet was defined as 
intake of fruits and vegetables ≥ 400  g on average per day 
and intake of red meat ≤ 100 g on average per day [22]. In 
the USA NHANES, dietary quality was derived from 24-h 
dietary recalls and evaluated using the healthy eating index 
(HEI)-2010 scores [23]. A healthy diet was defined as the 
HEI in the top third of the distribution. In the UK Biobank, 
we utilized the dietary index developed by Rutten-Jacobs 
et  al. [24], aligning with specific dietary targets recom-
mended by the American Heart Association. A healthy diet 
was defined as meeting the recommended amount of at least 
5 of the food items. Detailed information on the assessment 
of these risk factors is provided in Additional file 1: Methods.

We assigned 1 point for each risk factor variable out-
side the target range and 0 points for each risk factor 
variable within the target range. The unweighted risk 
score was determined by adding up the scores of the 6 

aforementioned risk factors and then stratifying as opti-
mal (0–1), suboptimal (2–4), and poor (5–6) risk fac-
tor control. The weighted score was also generated by 
using the β coefficients of each risk factor with mortal-
ity obtained from Cox proportional hazard models. To 
ensure similar proportions of participants in each cate-
gory when classifying the weighted risk score, the thresh-
olds for the weighted score were determined based on the 
corresponding percentile distribution of the unweighted 
score.

Assessments of deaths
Deaths from CVD were defined as International Clas-
sification of Diseases, 10th Revision (ICD-10) codes I00 
to I09, I11, I13, I20 to I51, and I60 to I69. In CCDRFS, 
deaths were ascertained by linkage to China’s Disease 
Surveillance Points System through December 31, 2021. 
In the USA NHANES, deaths were obtained by linkage 
to the National Death Index through December 31, 2019. 
In the UK Biobank, deaths were obtained through death 
certificates held within the NHS Information Center 
(England and Wales) and the NHS Central Register 
(Scotland) to December 20, 2022.

Statistical analysis
The analysis in CCDRFS and USA NHANES considered 
sample weights, strata, and primary sampling units to 
produce accurate national estimates. Sample charac-
teristics are presented as mean ± SEM in CCDRFS and 
USA NHANES and mean ± standard deviation (SD) in 
UK Biobank for normally distributed continuous varia-
bles, and as median (interquartile range) for continuous 
variables not following a normal distribution. Categori-
cal variables are presented as n (%). Person-time was 
calculated as the interval between baseline and the date 
of death, or censoring, whichever occurred first. The 
Cox proportional hazards regression model was used 
to estimate hazard ratios (HRs) and 95% confidence 
intervals (CIs). Schoenfeld residuals were used to test 
the proportional hazards assumption, and no violation 
was observed. For the main analysis, we estimated CVD 
and all-cause mortality risk and life expectancy among 
participants with T2D, according to the number of risk 
factors outside the target range, as compared with the 
controls without T2D. The models were adjusted for 
age (continuous, years), sex (males or females), race 
(White or non-White) (except for CCDRFS due to all 
participants being of a single racial/ethnic group), area 
of residence (urban or rural) (only in CCDRFS due 
to urban–rural health disparities arising from rapid 
urbanization in China), education, economic status, 
diabetes duration (continuous, years) (not available 
in CCDRFS), history of CVD (yes or no) and cancer 
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(yes or no). Because the definitions and availability of 
education and economic status varied by cohort, we 
applied cohort-specific definitions. Education level was 
categorized into 3 groups in each cohort, harmonized 
to represent low, medium, and high educational attain-
ment; economic status was represented by household 
income in the CCDRFS, the poverty-income ratio in the 
USA NHANES, and the Townsend deprivation index 
in the UK Biobank. To test the robustness of our find-
ings, we conducted several sensitivity analyses. First, 
we used the full non-T2D population as an alternative 
reference group. Second, to reduce the potential impact 
of reverse causation, we excluded participants who died 
within the first 2 years of follow-up. Third, we assessed 
the associations of a weighted risk score with mortal-
ity and life expectancy. Fourth, we further adjusted 
for major medication use (i.e., diabetes medications, 
antihypertensive drugs, and lipid-lowering drugs). 
Stratified analyses were conducted by age at diagno-
sis (≤ 50  years or > 50  years), diabetes medication use 
(none, pills only, or insulin in USA NHANES and UK 
Biobank; yes or no in CCDRFS), presence of complica-
tions (yes or no), and socioeconomic status (SES) (low 
or high). We further evaluated the association of life-
style risk factors with all-cause mortality and life expec-
tancy, stratifying by the degree of metabolic risk factor 
control (i.e., whether individuals have attained optimal 
levels of all 3 metabolic risk factors or not).

Assuming that the observed association is causal, we 
calculated the population-attributable fraction (PAF), 
which quantifies the percentage of mortality in the 
population that is attributable to a specific risk factor. 
Adjusted PAF was calculated with the standard formula 
[25]: PAF = Pd ×

HRadj−1

HRadj
 ; where Pd is the proportion of 

cases exposed to the risk factor, HRadj is the adjusted 
HR, estimated by the multivariable Cox proportional 
hazards regression model. Details of the methods used 
to estimate life expectancy are provided in the Addi-
tional file  1: Methods [26–28]. By applying Arriaga’s 
decomposition method [29], we estimated the cause-
specific contributions (CVD and non-CVD) to the life 
expectancy difference between participants with 0–1 
risk factors and those with 5–6 risk factors among 
patients with T2D. For genetic analysis, a short lifes-
pan-genetic risk score (GRS) was calculated [30]. We 
examined the association of risk factor control and life 
expectancy stratified by the GRS. Further details for 
genetic analysis are provided in the Additional file  1: 
Methods. Missing data (all missing values < 5%) were 
coded as a missing indicator category for categorical 
variables and median values for continuous variables.

All statistical analyses were conducted using SAS 
version 9.4 (SAS Institute Inc., Cary, NC, USA) and 
R software version 4.2.1 (R Foundation for Statistical 
Computing, Vienna, Austria). All statistical tests were 
two-sided, and P < 0.05 was considered statistically 
significant. Monte Carlo simulation (parametric boot-
strapping) with 1000 runs was used to calculate the CIs 
of the life expectancy estimation.

Results
Study participants
Baseline characteristics of participants from CCDRFS, 
USA NHANES, and UK Biobank are shown in Table 1. 
The CCDRFS cohort comprised 17,423 people with 
T2D and 34,799 controls without T2D (Table  1). The 
mean age of people with T2D was (52.4 ± 0.6) years, and 
46.1% were male. The USA NHANES cohort comprised 
5752 people with T2D and 10,506 controls without 
T2D. The mean age (mean ± SEM) of people with T2D 
was (58.9 ± 0.3) years, and 50.8% were male. The UK 
Biobank cohort comprised 23,176 people with T2D and 
46,340 controls without T2D. The mean age of people 
with T2D was (59.4 ± 7.3) years, and 63.9% were male. 
In CCDRFS, 16.0% (weighted proportion; unweighted: 
2758/17,423) of patients achieved ≥ 5 targets; the cor-
responding proportions were 9.9% (weighted pro-
portion; unweighted: 511/5752) in USA NHANES 
and 6.8% (unweighted proportion; 1568/23,176) in 
UK Biobank (Additional file  2: Fig. S2). For lifestyle 
targets, 15.4% (weighted proportion; unweighted: 
3158/17,423) of patients in the CCDRFS achieved all 
3 targets, while the proportions were 9.0% (weighted 
proportion; unweighted: 495/5752) in USA NHANES 
and 6.2% (unweighted proportion; 1429/23,176) in UK 
Biobank (Additional file 2: Fig. S3). For 3 clinical meta-
bolic targets, the proportions were 16.1% (weighted 
proportion; unweighted: 2489/17,423) in CCDRFS, 
13.8% (weighted proportion; unweighted: 747/5752) 
in USA NHANES, and 10.0% (unweighted proportion; 
2318/23,176) in UK Biobank (Additional file  2: Fig. 
S3). In the USA NHANES and UK Biobank, partici-
pants with higher SES had better control of metabolic 
and lifestyle risk factors (P < 0.001) (Additional file  2: 
Table  S1). Between-cohort comparisons revealed that 
patients with T2D in CCDRFS were more likely to be 
physically active and never smokers and to meet HbA1c 
and lipid targets, but had a lower educational level. In 
the USA NHANES, a higher proportion of patients met 
blood pressure targets. Across all cohorts, participants 
with more risk factors outside target ranges tended to 
be older, male, and have CVD at baseline (Table 1).
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Combined modifiable risk factors and outcomes
Across the 3 cohorts, during 470,369 person-years of 
follow-up, 7650 deaths (16.5%) occurred among 46,351 
individuals with T2D, and 9349 deaths (10.2%) occurred 
among 91,645 controls over 965,249 person-years. In 
the CCDRFS cohort, over a maximum follow-up dura-
tion of 9.4 years, 2076 individuals with T2D (11.9%) and 
2974 controls (8.5%) died. In the USA NHANES cohort, 
during a maximum follow-up period of up to 20.8 years, 
there were 1614 deaths among participants with T2D 
(28.1%) and 2342 deaths among controls (22.3%). In the 
UK Biobank, after a maximum follow-up of 13.3  years, 
3960 deaths occurred among individuals with T2D 
(17.1%), compared to 4033 deaths among controls (8.7%). 
Table  2 shows the adjusted HRs for CVD and all-cause 
mortality associated with the number of risk factors out-
side evidence-based target levels at baseline in patients 
with T2D compared with controls without T2D. Patients 
with T2D who had ≥ 5 risk factors outside the target 
range had more than twice the risk of all-cause mortal-
ity compared with controls without T2D, with HRs (95% 
CIs) of 2.12 (1.62–2.77) in CCDRFS, 2.31 (2.00–2.68) in 
USA NHANES, and 2.36 (2.21–2.54) in UK Biobank. By 
contrast, patients with T2D who had ≤ 1 risk factor out-
side the target range showed no significant difference 

in mortality risk compared with controls (CCDRFS: 
HR = 0.99, 95% CI 0.77–1.27; USA NHANES: HR = 0.83, 
95% CI 0.63–1.09; UK Biobank: HR = 1.15, 95% CI 0.98–
1.36). Similar results were also observed for CVD mortal-
ity, except in the UK Biobank study, where T2D patients 
with ≤ 1 risk factor still had a higher risk of CVD mortal-
ity than the control group [HR = 1.84 (95% CI 1.40–2.41)].

These associations were robust across multiple sensi-
tivity analyses (Additional file  2: Tables S2-S6). Specifi-
cally, after excluding participants who died during the 
first 2  years, the HRs for all-cause mortality comparing 
individuals with ≥ 5 risk factors outside target ranges vs. 
controls ranged from 2.15 to 2.37 across cohorts (Addi-
tional file  2: Table  S2). Similar results were observed 
when using weighted risk scores (HRs 2.20–2.48) (Addi-
tional file  2: Table  S3), applying individualized glyce-
mic and lipid targets (HRs 2.12–2.43) (Additional file 2: 
Table S4), using all individuals without T2D as the refer-
ence group (HRs 2.07–2.36) (Additional file 2: Table S5), 
or further adjusting for major medication use (HRs 1.84–
2.04) (Additional file  2: Table  S6). By contrast, patients 
with T2D who had ≤ 1 risk factor outside the target range 
generally showed no significant difference in all-cause 
mortality compared with controls across most sensi-
tivity analyses, including exclusion of participants who 

Table 2  Adjusted hazard ratios (HRs) for CVD mortality and life expectancy at age 50, according to the number of risk factor variables 
outside target ranges, among patients with T2D, as compared with controls without T2D

The HRs were adjusted for age, sex, race (not adjusted in CCDRFS), residence area (adjusted in CCDRFS only), education level, economic status, history of CVD and 
cancer, and diabetes duration (not adjusted in CCDRFS). T2D type 2 diabetes, CVD cardiovascular disease, CCDRFS China Chronic Disease and Risk Factors Surveillance, 
NHANES National Health and Nutrition Examination Survey

Cohorts Subgroups Person-year CVD mortality All-cause mortality Life expectancy [years (95% CI)]

Death (n) HR (95% CI) Death (n) HR (95% CI) Male Female

CCDRFS

Matched controls 303,972 1365 Reference 2974 Reference 28.5 (28.5–28.6) 33.1 (33.1–33.2)

People with T2D

  ≤ 1 risk factor 24,078 80 0.85 (0.55–1.30) 212 0.99 (0.77–1.27) 28.6 (28.1–29.0) 33.2 (32.7–33.6)

 2–4 risk factors 117,105 756 1.46 (1.23–1.89) 1669 1.53 (1.35–1.73) 25.0 (24.8–25.2) 29.6 (29.4–29.7)

  ≥ 5 risk factors 8232 106 2.38 (1.64–3.45) 195 2.12 (1.62–2.77) 22.4 (21.8–22.8) 27.0 (26.5–27.4)

USA NHANES

Matched controls 91,502 743 Reference 2342 Reference 32.0 (31.9–32.0) 35.2 (35.1–35.2)

People with T2D

  ≤ 1 risk factor 3724 25 1.04 (0.63–1.71) 66 0.83 (0.63–1.09) 33.9 (33.4–34.2) 36.8 (36.3–37.1)

 2–4 risk factors 34,534 396 1.60 (1.38–1.87) 1147 1.46 (1.33–1.60) 28.3 (28.2–28.4) 31.8 (31.7–31.9)

  ≥ 5 risk factors 7700 141 2.63 (2.11–3.28) 401 2.31 (2.00–2.68) 23.8 (23.6–24.0) 27.6 (27.4–27.9)

UK Biobank

Matched controls 569,775 884 Reference 4033 Reference 32.6 (32.6–32.7) 35.0 (35.0–35.1)

People with T2D

  ≤ 1 risk factor 19,098 49 1.84 (1.40–2.41) 150 1.15 (0.98–1.36) 31.4 (31.1–31.6) 33.9 (33.7–34.1)

 2–4 risk factors 206,628 849 2.28 (2.08–2.51) 2773 1.71 (1.63–1.80) 27.9 (27.8–28.0) 30.7 (30.5–30.8)

  ≥ 5 risk factors 49,270 377 3.39 (2.97–3.87) 1037 2.36 (2.21–2.54) 25.1 (25.0–25.2) 28.0 (27.9–28.1)
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died during the first 2 years (HRs 0.85–1.17) (Additional 
file 2: Table S2), use of weighted risk scores (HRs 0.88–
0.98) (Additional file  2: Table  S3), individualized glyce-
mic and lipid targets (HRs 0.88–1.20) (Additional file 2: 
Table  S4), alternative reference group (HRs 0.83–1.16) 
(Additional file 2: Table S5), or additional adjustment for 
major medication use (HRs 0.82–1.01) (Additional file 2: 
Table  S6). Some heterogeneity in the associations was 
observed when analyses were stratified by age at diagno-
sis, diabetes medication, presence of complications, and 
SES, although tests for interaction did not reach statisti-
cal significance in most stratified analyses (Additional 
file 2: Table S7). Among individuals treated with insulin, 
a higher number of risk factors outside the target range 
tended to be associated with greater mortality risk, and 
a statistically significant interaction was observed in 
the UK Biobank (Pinteraction = 0.01). Specifically, the HRs 
(95% CIs) for all-cause mortality comparing individu-
als with ≥ 5 risk factors outside target ranges vs. controls 

were 3.15 (2.74–3.63) in the insulin-treated group, 2.23 
(2.00–2.48) in the group using pills, and 1.98 (1.75–2.24) 
in the untreated group (Additional file 2: Table S7).

We calculated the PAF to estimate the percentage of 
mortality in the study population that theoretically would 
not have occurred if all individuals had been in the low-
risk category (≤ 1 risk factor outside the target range). 
The PAFs for all-cause mortality were 51.5% (95% CI 
27.4–68.0) in CCDRFS, 60.0% (95% CI 43.8–71.9) in USA 
NHANES, and 50.2% (95% CI 40.8–58.0) in UK Biobank. 
For CVD mortality, the PAFs were 61.4% (95% CI 33.7–
77.5), 57.2% (95% CI 21.5–77.4), and 51.3% (95% CI 37.0–
63.3), respectively.

In all 3 cohorts, individuals with T2D having ≥ 5 risk 
factors outside the target range had a life expectancy 
of 6.1–8.2  years less at age 50, compared with controls 
without T2D (Fig.  1). The differences in life expectancy 
for people with T2D having ≤ 1 risk factor outside the 
target range were between 1.2 and 1.9  years compared 

Fig. 1  Estimated years of life lost according to the number of risk factor variables outside the target range among patients with T2D, as compared 
with controls without T2D. The HRs applied to estimate life expectancy were adjusted for age, sex, race (not adjusted in CCDRFS), residence area 
(adjusted in CCDRFS only), education level, economic status, history of CVD and cancer, and diabetes duration (not adjusted in CCDRFS). T2D 
type 2 diabetes, CVD cardiovascular disease, CCDRFS China Chronic Disease and Risk Factors Surveillance, NHANES National Health and Nutrition 
Examination Survey
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with controls without T2D. When comparing with peo-
ple with T2D who had ≥ 5 risk factors, people with T2D 
who had ≤ 1 risk factor had 6, 9, and 6  years longer life 
expectancy on average in CCDRFS, USA NHANES, and 
UK Biobank, respectively (Fig. 1). On average, 60%, 30%, 
and 30% of the gained life expectancy at age 50  years 
from having ≤ 1 risk factor were attributable to reduced 
CVD deaths among people with T2D, in CCDRFS, USA 
NHANES, and UK Biobank, respectively (Additional 
file 2: Fig. S4). The life expectancy at age 50 years is also 
shown in Table 2.

Lifestyle risk factors, metabolic risk factors, and outcomes
Adopting a healthier lifestyle (having 2–3 low-risk life-
style factors) was associated with lower risk of CVD 
and all-cause mortality and longer life expectancy, even 
among patients who had optimal levels of all 3 metabolic 
risk factors. Specifically, the multivariable-adjusted HRs 
(95% CIs) ranged from 0.28 (0.14–0.57) to 0.62 (0.38–
1.03) for CVD mortality and from 0.53 (0.35–0.80) to 
0.79 (0.67–0.93) for all-cause mortality, resulting in an 
estimated 3.1–6.2 years longer life expectancy (Table 3). 
In addition, when optimal metabolic risk factor control 
cannot be achieved, adopting a healthier lifestyle was 

Table 3  Adjusted hazard ratios (HRs) for CVD mortality and life expectancy at age 50, according to the number of low-risk lifestyle 
factors, among patients with T2D, stratified by metabolic risk factor control*

*The term “optimal metabolic risk factor control” refers to individuals who have achieved optimal levels of all three metabolic risk factors, namely blood glucose, 
blood pressure, and lipid levels. Conversely, “suboptimal risk factor control” is defined as individuals who have not achieved optimal levels of all these metabolic risk 
factors. HRs were adjusted for age, sex, race (not adjusted in CCDRFS), residence area (adjusted in CCDRFS only), education level, economic status, history of CVD and 
cancer, and diabetes duration (not adjusted in CCDRFS). T2D type 2 diabetes, CVD cardiovascular disease, CCDRFS China Chronic Disease and Risk Factors Surveillance, 
NHANES National Health and Nutrition Examination Survey

Cohorts Subgroups Person-year CVD mortality All-cause mortality Life expectancy [years (95% CI)]

Death (n) HR (95% CI) Death (n) HR (95% CI) Male Female

CCDRFS

Optimal metabolic risk factor control

 0–1 low-risk lifestyle 
factors

7622 45 Reference 119 Reference 23.4 (22.6–24.0) 26.3 (26.9–28.3)

 2–3 low-risk lifestyle 
factors

13,879 38 0.28 (0.14–0.57) 121 0.53 (0.35–0.80) 29.0 (26.2–31.8) 33.4 (30.6–36.2)

Suboptimal metabolic risk factor control

 0–1 low-risk lifestyle 
factors

39,947 346 Reference 762 Reference 24.0 (22.7–25.2) 28.4 (26.9–29.7)

 2–3 low-risk lifestyle 
factors

87,968 513 0.79 (0.61–1.01) 1074 0.72 (0.60–0.86) 26.0 (24.7–27.9) 30.5 (28.0–32.6)

USA NHANES

Optimal metabolic risk factor control

 0–1 low-risk lifestyle 
factors

2428 50 Reference 96 Reference 26.0 (23.7–28.3) 29.5 (27.3–31.5)

 2–3 low-risk lifestyle 
factors

1966 19 0.43 (0.21–0.87) 47 0.54 (0.38–0.76) 32.2 (29.2–34.9) 35.1 (32.6–37.6)

Suboptimal metabolic risk factor control

 0–1 low-risk lifestyle 
factors

25,774 334 Reference 1050 Reference 25.2 (24.5–25.9) 28.8 (28.1–29.5)

 2–3 low-risk lifestyle 
factors

15,789 159 0.77 (0.61–0.97) 421 0.67 (0.58–0.78) 29.4 (29.0–29.7) 32.6 (32.3–32.9)

UK Biobank

Optimal metabolic risk factor control

 0–1 low-risk lifestyle 
factors

15,412 53 Reference 189 Reference 28.4 (28.2–28.6) 31.2 (31.0–31.3)

 2–3 low-risk lifestyle 
factors

12,505 23 0.62 (0.38–1.03) 94 0.79 (0.67–0.93) 31.7 (31.5–31.9) 34.3 (34.1–34.4)

Suboptimal metabolic risk factor control

 0–1 low-risk lifestyle 
factors

157,328 873 Reference 2733 Reference 26.7 (26.6–26.7) 29.5 (29.4–29.5)

 2–3 low-risk lifestyle 
factors

89,750 326 0.74 (0.65–0.84) 944 0.65 (0.60–0.71) 30.0 (29.5–30.5) 32.7 (32.2–33.1)
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also associated with lower mortality risk and longer life 
expectancy, with HRs (95% CIs) ranging from 0.74 (0.65–
0.84) to 0.79 (0.61–1.01) for CVD mortality and from 
0.65 (0.60–0.71) to 0.72 (0.60–0.86) for all-cause mor-
tality, and 2.0–4.2 years longer life expectancy (Table 3). 
Notably, individuals with T2D who failed to achieve 
optimal metabolic control but maintained a healthy life-
style had a longer life expectancy compared with those 
who achieved optimal metabolic control but had an 
unhealthy lifestyle across all cohorts, with life expectancy 
gains ranging from 1.5 to 3.4 years depending on sex and 
cohort (Table 3).

Individual modifiable risk factors and outcomes
The associations between individual risk factors and 
life expectancy are presented in Additional file  2: 
Table  S8. Among patients with T2D, achieving targets 
for never smoking, regular physical activity, healthy 
diet, and glucose control was associated with gains in 
life expectancy of 1.2–2.9, 2.6–4.1, 0.7–2.0, and 1.9–
3.5 years, respectively. In contrast, achieving target lev-
els for blood pressure and blood lipids was associated 
with smaller or uncertain gains (ranging from –0.1 to 
0.9 years).

Modifiable risk factors, GRSs, and outcomes
For genetic analysis among participants with T2D in 
the UK Biobank, according to Model 2, the adjusted 
HR of all-cause mortality risk for the high genetic risk 
group was 1.06 (95% CI 1.01–1.13) compared with 
those in the low genetic risk group (Additional file  2: 
Table S9). Better risk factor control at age 50 years was 
associated with longer life expectancy in both low and 
high genetic risk groups (Additional file  2: Fig. S5). 
No significant multiplicative and additive interactions 
between risk factor control and genetic susceptibility 
to a short lifespan were found (Pinteraction > 0.05). It was 
estimated that, compared with people with T2D hav-
ing ≥ 5 risk factors, those having ≤ 1 risk factor gained 
6.3–6.6 life-years in the low genetic risk group and 5.6–
5.9 life-years in the high genetic risk group (Additional 
file 2: Fig. S5).

Discussion
Leveraging 3 nationwide cohorts from China, the USA, 
and the UK, we estimated the associations of 6 car-
diovascular risk factors at target with mortality risk 
and life expectancy in people with T2D. We found 
that the life expectancy of people with T2D was com-
parable to those without T2D of similar age, sex, and 
race, if most risk factors were under control, including 
smoking, physical activity, diet, blood glucose, blood 

pressure, and blood lipids. Additionally, adherence 
to a healthy lifestyle was associated with lower mor-
tality risk and longer life expectancy, irrespective of 
whether target levels of HbA1c, blood pressure, and 
lipids were achieved. The association was independent 
of genetic predisposition to shorter lifespan in the UK 
Biobank. Moreover, variations in multiple risk factor 
control and their associations with all-cause mortality 
were observed across different population subgroups, 
highlighting that individualized approaches based on 
patients’ profiles may further improve health outcomes 
in people with T2D.

Evidence from clinical trials on the effects of multifac-
torial interventions for patients with T2D remains incon-
clusive. For instance, in the Steno-2 Study among 160 
patients with T2D and microalbuminuria, behavior mod-
ification (i.e., improvements in diet quality and physical 
activity) together with use of medications (i.e., antihyper-
tensive drugs and aspirin) led to a significant reduction 
in CVD events [31] and a 7.9-year gain in life expectancy 
after 7.8 years of follow-up [9]. The Look AHEAD trial, 
involving 5145 adults with T2D, reported significant 
improvements in body weight, HbA1c, blood pressure, 
and HDL-C after 4 years of follow-up [32, 33] but showed 
no significant reduction in CVD and all-cause mortal-
ity after an intensive lifestyle intervention (i.e., calorie 
restriction and increased physical activity) [34]. For these 
intervention studies among people with diabetes, incon-
sistent findings may be at least partly attributable to fac-
tors such as limited intervention or follow-up duration, 
or minimal differences in lifestyle modification between 
groups. Most observational studies have focused on life-
style behaviors, with limited data assessing the combined 
impact of multiple risk factor modifications on survival 
in people with diabetes. One study using the United 
Kingdom Prospective Diabetes Study Outcomes Model 
projected that control of major risk factors (smoking, 
blood pressure, HbA1c, and total cholesterol: HDL-C 
ratio) could extend life expectancy by up to 21  years in 
people with diabetes [8]. Another analysis of UK Biobank 
data by using the area under the survival curve to calcu-
late residual life expectancy found that adherence to mul-
tiple healthy lifestyle factors (non-smoking, healthy diet, 
optimal BMI, physical activity, and control of HbA1c, 
blood pressure, and total cholesterol) was associated with 
an approximately 6-year gain in life expectancy among 
people with diabetes [10]. Variations in these estimates 
are likely due to differences in risk factor definitions, par-
ticipant characteristics, study designs (observational vs. 
interventional), and statistical methods used to estimate 
life expectancy.

In the present study, we conducted an analysis of the 
associations of modifiable factors with mortality and 
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life expectancy using the life table method based on 
data from 3 large nationwide cohorts and contempo-
rary national-level mortality rates [26–28]. This study 
provides novel evidence quantifying the association 
between multiple risk factor control and life expectancy 
in the Chinese population with T2D. We found that the 
estimated life expectancy at age 50  years for individu-
als with ≤ 1 risk factor outside the target range was, on 
average, 6  years longer than that of those with ≥ 5 risk 
factors outside the target range in China. Similar esti-
mates were observed in the USA NHANES and UK 
Biobank, with corresponding values of approximately 9 
and 6 years, respectively. The modest differences in effect 
sizes across cohorts may be explained by variations in 
genetic background, dietary habits, lifestyle factors, dis-
ease burden patterns, and healthcare systems [35, 36]. 
Differences in data collection methods and study designs 
across the cohorts from different countries may also con-
tribute to these observed variations. Despite these dif-
ferences, the consistent finding that multiple controlled 
risk factors are associated with substantially longer life 
expectancy underscores the importance of attaining the 
current guideline-recommended target levels of risk fac-
tors in people with T2D. This observed association may 
be mediated by common biological pathways, including 
improved endothelial function, reduced oxidative stress, 
attenuation of chronic low-grade inflammation, and pre-
served cardiomyocyte function, that contribute to lower 
cardiovascular mortality in T2D [37].

Additionally, in people with T2D, a healthy lifestyle 
was associated with a 21–47% lower mortality risk and 
3.1–6.2  years longer life expectancy, even with optimal 
metabolic risk factor control. When optimal control was 
not achieved, a healthy lifestyle still conferred a 28–35% 
lower risk and 2.0–4.2 years longer life expectancy. Our 
findings highlight the significance of prioritizing lifestyle 
modifications among individuals with T2D, in addition 
to controlling clinical risk factors, which will often rely 
significantly on pharmacological agents. By modifying 
behavioral factors, multiple risks that commonly accom-
pany diabetes (e.g., those related to cardiovascular and 
psychological factors) can be comprehensively reduced 
[38]. Despite these findings, lifestyle modifications are 
frequently overlooked in clinical practice for a variety of 
reasons, such as time constraints and lack of training [14, 
39]. For example, national data from the USA indicated 
that only 56.3% of patients with diabetes seen by a clini-
cian in 2010 received physical activity counseling [40]. 
Changing the built environment to promote smoking 
cessation, regular physical activity, and healthier dietary 
patterns will be key to ensuring more widespread and 
equitable access to addressing these lifestyle-related fac-
tors. Given the well-established cardiovascular benefits 

of novel antidiabetic agents, such as glucagon-like pep-
tide-1 receptor agonists, future studies are warranted to 
assess whether these therapies can modify the effects of 
comprehensive risk factor control on mortality in T2D.

When examining the risk factors individually, we 
consistently found that the top factors associated with 
greater life expectancy were healthy lifestyle behaviors 
and controlled HbA1c levels in people with T2D. The 
potential years of life gained were smaller when achieving 
target levels for blood pressure or blood lipids. Similarly, 
a previous study in people with T2D also showed that 
blood pressure and blood lipids had generally smaller 
effects on mortality compared with smoking, physical 
activity, and HbA1c [5]. The associations of blood lipids 
and blood pressure with mortality risk can be complex, 
especially in people with diabetes, with growing stud-
ies suggesting a U-shaped relationship [41–43]. How-
ever, strong evidence supports the use of statins [44] 
and certain antihypertensive drugs [37] for primary and 
secondary CVD prevention in people with T2D, and the 
U-shaped pattern should not discourage their use.

Consistent with previous studies [45, 46], we found 
cardiovascular risk factor control generally remained 
poor across cohorts. The low rates of lifestyle and meta-
bolic target achievement among individuals with T2D 
likely reflect a combination of behavioral, healthcare, and 
structural barriers. These include an obesogenic environ-
ment, poor adherence to healthy behaviors, rising obe-
sity prevalence, low awareness of diabetes, and barriers 
related to healthcare access [47]. Additionally, broader 
contextual factors, such as aging populations, urbaniza-
tion, psychosocial stress, and environmental pollution, 
may further hinder effective risk factor control [47]. We 
also noted that lower SES was associated with poorer risk 
factor control, particularly in the UK and USA cohorts. 
Comprehensive actions are needed to address both indi-
vidual behaviors and system-level support to improve 
diabetes management and extend longevity, particularly 
by reducing SES-related disparities and incorporating 
personalized treatment strategies tailored to individual 
metabolic profiles, genetic background, and demograph-
ics to enhance intervention effectiveness.

The strengths of our study included using 3 prospec-
tive cohorts from different countries with various races/
ethnicities. These cohorts were selected for their national 
representativeness (CCDRFS and USA NHANES) or 
nationwide coverage (UK Biobank), rigorous study 
designs, and large sample sizes. The results were largely 
consistent in these 3 cohorts, indicating the generaliza-
bility of our findings. The current study also had potential 
limitations. First, lifestyle behaviors were self-reported 
and may, in turn, lead to misclassification, although it 
would be generally expected to bias the associations 
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towards the null in a prospectively designed study. Sec-
ond, the lack of repeated measurements limits our ability 
to account for long-term patterns or changes in lifestyle 
and metabolic factors, and future studies with repeated 
assessments are needed. Third, aligned with the previ-
ous study [6], we matched the T2D and non-T2D groups 
on age, sex, and race, which are major drivers of mortal-
ity outcomes. While this matching enhances compara-
bility, it may potentially limit the generalizability of the 
findings; however, sensitivity analyses using the general 
population as a reference group yielded similar results. 
Fourth, while both the CCDRFS and USA NHANES are 
nationally representative, the UK Biobank is restricted 
to adults aged 40–69 years at baseline, and selection bias 
may be present. Fifth, we did not include lifestyle factors 
other than smoking, physical activity, and diet due to 
inconsistent evidence and insufficient data on other fac-
tors, such as alcohol and obesity. Future studies incorpo-
rating other detailed lifestyle data are warranted. Finally, 
because of the observational nature of the studies, resid-
ual and unmeasured confounding cannot be fully ruled 
out, and causal relationships cannot be established.

Conclusions
Based on 3 nationwide cohorts from China, the USA, and 
the UK, this study provides evidence that life-years lost in 
T2D could be substantially reduced through comprehen-
sive risk factor control. Moreover, individuals with T2D 
who met most lifestyle and metabolic targets exhibit a life 
expectancy comparable to those without T2D. In addi-
tion, given that the overall risk factor management was 
poor, achieving further longevity gains will require more 
intensive and comprehensive management in patients 
with T2D, including both optimized medical interven-
tions and prioritized lifestyle modifications. Variations 
in multiple risk factor control and their associations with 
all-cause mortality across population subgroups fur-
ther suggest that individualized approaches could help 
improve survival.
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