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Degree of Blood Pressure Control and 
Incident Diabetes Mellitus in Chinese Adults 
With Hypertension
Yuanyuan Zhang, MD; Jing Nie, MD; Yan Zhang, MD; Jianping Li, MD; Min Liang, MD; Guobao Wang, MD; 
Jianwei Tian, MD; Chengzhang Liu, MS; Binyan Wang, PhD; Yimin Cui, MD; Xiaobin Wang , MD;  
Yong Huo, MD; Xiping Xu, MD; Fan Fan Hou, MD*; Xianhui Qin , MD*

BACKGROUND: The association between blood pressure (BP) control and incident diabetes mellitus remains unknown. We aim 
to investigate the association between degree of time-averaged on-treatment systolic blood pressure (SBP) control and inci-
dent diabetes mellitus in hypertensive adults.

METHODS AND RESULTS: A total of 14 978 adults with hypertension without diabetes mellitus at baseline were included from the 
CSPPT (China Stroke Primary Prevention Trial). Participants were randomized double-masked to daily enalapril 10 mg and 
folic acid 0.8 mg or enalapril 10 mg alone. BP measurements were taken every 3 months after randomization. The primary 
outcome was incident diabetes mellitus, defined as physician-diagnosed diabetes mellitus, or use of glucose-lowering drugs 
during follow-up, or fasting glucose ≥126 mg/dL at the exit visit. Over a median of 4.5 years, a significantly higher risk of in-
cident diabetes mellitus was found in participants with time-averaged on-treatment SBP 130 to <140 mm Hg (10.3% versus 
7.4%; odds ratio [OR], 1.37; 95% CI, 1.15‒1.64), compared with those with SBP 120 to <130 mm Hg. Moreover, the risk of 
incident diabetes mellitus increased by 24% (OR, 1.24; 95% CI, 1.00‒1.53) and the incidence of regression to normal fasting 
glucose (<100 mg/dL) decreased by 29% (OR, 0.71; 95% CI, 0.57‒0.89) in participants with intermediate BP control (SBP/dias-
tolic blood pressure, 130 to <140 and/or 80 to <90 mm Hg), compared with those with a tight BP control of <130/<80 mm Hg. 
Similar results were found when the time-averaged BP were calculated using the BP measurements during the first 6- or 24-
month treatment period, or in the analysis using propensity scores.

CONCLUSIONS: In this non-diabetic, hypertensive population, SBP control in the range of 120 to <130 mm Hg, compared with 
the 130 to <140 mm Hg, was associated with a lower risk of incident diabetes mellitus.

Key Words: degree of blood pressure control ■ hypertension ■ incident diabetes mellitus ■ regression to normal fasting glucose ■ 
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According to data from the International Diabetes 
Federation, the global prevalence of diabetes mel-
litus in adults was estimated to be 8.8% in 2015 

and is predicted to rise to 10.4% by 2040.1 Diabetes 
mellitus can lead to several health complications, in-
cluding cardiovascular diseases, renal dysfunction, 
amputation, and vision problems.2 Therefore, primary 

prevention of diabetes mellitus is critically important to 
reduce population burden of diabetes mellitus and its 
serious consequences.

Hypertension is a well-established major modifi-
able risk factor for cardiovascular diseases, periph-
eral artery disease, and renal diseases.2,3 Although 
hypertension is common in patients with type 2 
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diabetes mellitus,4 its role in the development of dia-
betes mellitus is uncertain. Several longitudinal stud-
ies showed that subjects with baseline hypertension 
or even prehypertension had a higher risk of develop-
ing diabetes mellitus than normotensive subjects.5–9 
However, only 2 previous small hospital-based stud-
ies10,11 in Italy and Japan, respectively, have evaluated 
the effect of blood pressure (BP) control (systolic BP 
[SBP]/diastolic BP [DBP] <140/90 mm Hg) on the risk 
of incident diabetes mellitus in treated hypertensive 
patients, and reported conflicting findings. Therefore, 
to date, what constitutes optimal SBP and DBP tar-
get with regards to future risk of diseases remains 
uncertain.

Our current report was motivated by the limited data 
about the degree of BP control and incident diabetes 
mellitus, and an exceptional opportunity to address 
this question in a large, randomized controlled trial with 
regular antihypertensive treatments, BP measurements 

and diabetes mellitus status reports. Specifically, using 
data from CSPPT (China Stroke Primary Prevention 
Trial),12 we sought to determine whether degree of BP 
control was associated with the development of inci-
dent diabetes mellitus, among hypertensive patients 
without diabetes mellitus, myocardial infarction, and 
stroke at baseline.

METHODS
Our article adheres to the American Heart Association 
Journals’ implementation of the Transparency and 
Openness Promotion Guidelines. The parent study 
(the CSPPT) and the current study were approved by 
the Ethics Committee of the Institute of Biomedicine, 
Anhui Medical University, Hefei, China (FWA as-
surance number: FWA00001263). All participants 
provided written informed consent. The data, ana-
lytic methods, and study materials that support the 
findings of this study will be available from the cor-
responding authors on request, after the request is 
submitted and formally reviewed and approved by 
the Ethics Committee of the Institute of Biomedicine, 
Anhui Medical University.

Study Participants and Design
All participants were part of the CSPPT (Clini​caltr​ials.
gov identifier: NCT00794885). Detailed methods and 
primary results of the CSPPT have been reported pre-
viously.12–15 Briefly, the CSPPT was a large, multi-site, 
randomized, double-masked, and actively-controlled 
trial with a total of 20  702 participants, conducted 
from May 19, 2008 to August 24, 2013 in 32 com-
munities in China. Eligible participants were men and 
women aged 45 to 75 years who had hypertension, 
defined as seated, resting SBP ≥140 mm Hg or DBP 
≥90  mm  Hg at both the screening and the recruit-
ment visit, or who were on antihypertensive medi-
cations. The major exclusion criteria included history 
of physician-diagnosed stroke, myocardial infarction, 
heart failure, post-coronary revascularization, and/or 
congenital heart disease.

The CSPPT consisted of 3 stages: screening and 
recruitment, a run-in treatment period, and a random-
ized treatment period. During the screening period, 
community residents are screened by trained investi-
gators for hypertension and medical history, disease 
diagnosis, and current treatment, according to the 
inclusion and exclusion criteria of the Run-in Period. 
Before any particular study procedure is performed, 
each participant is asked to provide written informed 
consent.

The present study is a post-hoc analysis of the CSPPT 
on 14 978 hypertensive participants with complete data 
on fasting glucose at baseline and at the exit visit (unless 

CLINICAL PERSPECTIVE

What Is New?
•	 This is the first and largest study to investigate 

the association between degree of systolic 
blood pressure/diastolic blood pressure control 
and risk of incident diabetes mellitus in patients 
with hypertension without baseline diabetes 
mellitus.

•	 It demonstrated that in hypertensive population, 
systolic blood pressure control in the range of 
120 to <130 mm Hg, compared with the 130 to 
<140 mm Hg, was associated with a lower risk 
of incident diabetes mellitus.

What Are the Clinical Implications?
•	 To date, what constitutes optimal blood pres-

sure target with regards to future risk of meta-
bolic diseases remains uncertain. This study 
represents one step towards filling these critical 
knowledge gaps.

•	 If further confirmed, our findings would have 
important implications for clinical practice and 
guidelines. Our results support the adoption of 
a tight systolic blood pressure goal in general 
patients with hypertension for preventing inci-
dent diabetes mellitus.

Nonstandard Abbreviations and Acronyms

CSPPT	 China Stroke Primary Prevention Trial
FG	 fasting glucose
OR	 odds ratio
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having physician-diagnosed diabetes mellitus or use of 
glucose-lowering drugs during the follow-up), as well as 
who were free of diabetes mellitus (physician-diagnosed 
diabetes mellitus or using glucose-lowering drugs or 
fasting glucose (FG) was ≥126 mg/dL) at baseline. The 
flow of the participants is presented in Figure S1.

Intervention and Follow-Up
During the run-in period, all eligible participants were 
given an enalapril 10 mg tablet for 3 weeks. In the 
double-masked treatment period, eligible partici-
pants are randomly assigned, in a 1:1 ratio, to one 
of two treatment groups using random permuted 
blocks stratified by methylenetetrahydrofolate reduc-
tase (MTHFR) C677T genotypes (CC, CT, or TT): a 
daily oral dose of one tablet containing 10 mg enal-
april and 0.8  mg folic acid (the enalapril-folic acid 
group), or a daily oral dose of one tablet containing 
10 mg enalapril only (the enalapril group). Both types 
of tablets were concealed in a single-capsule formu-
lation and were identical in appearance, size, color, 
and taste. All study investigators and participants 
were masked to the randomization procedure and 
the treatment assignments.

The dosage of the study drugs is fixed during the trial. 
During the run-in and double-masked treatment period, 
if blood pressure was not adequately controlled, other 
classes of antihypertensive medications could be pre-
scribed concomitantly, according to a pre-specified al-
gorithm: Step 1: (1) enalapril or enalapril–folic acid tablet 
daily+nitrendipine (10 mg, twice a day); or (2) enalapril 
or enalapril–folic acid tablet daily+hydrochlorothiazide 
(25  mg) daily; Step 2: enalapril or enalapril–folic acid 
tablet daily+nitrendipine (10  mg, twice a day)+hydro-
chlorothiazide (25 mg) daily. In Step 1, nitrendipine was 
the preferred choice. Alpha-blockers, beta-blockers, an-
giotensin receptor blockers, and other angiotensin-con-
verting enzyme inhibitors were not recommended. 
Blood pressure control within a normal range (SBP 
<140 mm Hg and DBP <90 mm Hg) was not mandatory.

Participants were followed up every 3 months. At 
each follow-up visit, BP was measured; study drug 
compliance, concomitant medication use, adverse 
events and possible endpoint events were docu-
mented by trained research staff and physicians. At 
the exit visit, final blood samples were collected and 
assessed.

BP Measurements and Time-Averaged 
On-Treatment BP
After the patients had taken the antihypertensive drugs 
and breakfast, seated BP measurements were ob-
tained by trained research staff after the patients had 
rested for 10  minutes using a mercury manometer 
(Yuwell-Jiangsu Yuyue medical equipment & supply 

Co., Ltd), following the standard method and with ap-
propriately sized cuffs (12-cm wide and 23-cm long; 
15-cm wide and 30-cm long; or 18-cm wide and 
36-cm long). Triplicate measurements on the same 
arm were taken, with at least 2 minutes between read-
ings. The mean SBP and DBP of the 3 independent 
measures were used in analysis.

BP measurements were taken at baseline, ran-
domization and every 3  months thereafter. Time-
averaged on-treatment SBP or DBP was calculated 
for each participant using all post baseline results up 
to the last visit before the date of study outcome, or 
at the exit visit among those without study outcome 
(number of BP measurements during the treatment: 
median, 16; interquartile range, 12–18). We grouped 
participants into time-averaged on-treatment SBP 
and DBP categories, which indicate average BP 
control status during the treatment period. In the 
sensitivity analyses, we also calculated time-aver-
aged on-treatment SBP or DBP using 2 alternative 
methods: (1) using the BP measurements from the 
randomization visit to the 6-month visit (number of 
BP measurements during the period: median, 3; in-
terquartile range, 2–3); (2) using the measurements 
from the randomization visit to the 24-month visit 
(number of BP measurements during the period: me-
dian, 8; interquartile range, 7–9). In addition, SD of 
BP were used as visit-to-visit variability parameters 
and were determined using BP measurements from 
the randomization visit to the last visit before the date 
of study outcome or to the exit visit among those 
without study outcome.

Laboratory Assays
Fasting serum glucose, lipids and creatinine lev-
els were measured using automatic clinical analyz-
ers (Beckman Coulter) at the core laboratory of the 
National Clinical Research Center for Kidney Disease, 
Nanfang Hospital, Guangzhou, China.

Study Outcomes
The primary outcome was incident diabetes mellitus, 
defined as physician-diagnosed diabetes mellitus or 
use of glucose-lowering drugs during follow-up, or 
new onset FG ≥126 mg/dL at the exit visit.

The secondary outcomes included: (1) incident im-
paired fasting glucose (IFG), defined as FG <100 mg/
dL at baseline, while FG ≥100 and <126 mg/dL at the 
exit visit. The analysis of incident IFG included subjects 
with baseline FG <100  mg/dL and without incident 
diabetes mellitus during follow-up; (2) physician-diag-
nosed diabetes mellitus or use of glucose-lowering 
drugs during follow-up; and (3) regression to normal 
FG levels, defined as FG ≥100 and <126  mg/dL at 
baseline, FG <100 mg/dL at the exit visit. The analysis 
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of regression to normal FG levels included subjects 
with baseline FG ≥100 and <126 mg/dL, and without 
physician-diagnosed diabetes mellitus or use of glu-
cose-lowering drugs during follow-up.

Statistical Analysis
Baseline characteristics are presented as mean±SDs 
or medians (25th percentile, 75th percentile) for con-
tinuous variables and proportions for categorical 
variables. Differences in baseline characteristics by 
time-averaged on-treatment SBP categories (<120, 
120 to <130, 130 to <140, and ≥140  mm  Hg) were 
compared using ANOVA tests, signed-rank tests, or 
Chi-square tests, accordingly.

In the CSPPT, at each follow-up visit (every 3 months), 
physician-diagnosed diabetes mellitus or use of glu-
cose-lowering drugs were documented by trained re-
search staff and physicians. However, serum FG was 
only measured at baseline and the exit visit. Moreover, 
among the 1628 incident diabetes mellitus (primary out-
come) in our current study, only 167 were those with 
physician-diagnosed diabetes mellitus or the use of 
glucose-lowering drugs during follow-up (secondary 
outcome 2). Therefore, the relationship of time-aver-
aged on-treatment SBP, DBP, or SBP/DBP levels with 
incident diabetes mellitus (primary outcome), incident 
IFG (secondary outcome 1), physician-diagnosed dia-
betes mellitus or use of glucose-lowering drugs during 
follow-up (secondary outcome 2), and regression to 
normal FG levels (secondary outcome 3) were eval-
uated using multivariable logistic regression models 
(primary outcome, and secondary outcome 1 and 3), 
and Cox proportional hazard regression models (sec-
ondary outcome 2), respectively, without and with ad-
justment for age, sex, study center, body mass index 
(BMI), smoking, family history of diabetes mellitus, SBP, 
DBP, FG, total cholesterol, triglycerides, creatinine, fo-
late, and the use of antihypertensive drugs at baseline, 
as well as use of calcium channel blockers or diuret-
ics during the treatment period. In Cox proportional 
hazards regression models, time at risk was from the 
randomization of the study to the date of the second-
ary outcome 2, death, lost to follow-up, or the exit visit 
among those without secondary outcome 2. The pro-
portional hazards assumption was checked using sta-
tistical tests based on the scaled Schoenfeld residuals. 
Furthermore, possible modifications on the association 
between time-averaged on-treatment SBP and incident 
diabetes mellitus were also evaluated by stratified anal-
yses and interaction testing on pertinent cardiovascular 
diseases risk factors. In addition, we explored the as-
sociation between time-averaged on-treatment BP and 
incident diabetes mellitus using thin plate regression 
splines in generalized additive models implemented by 
the R package mgcv.

Propensity Score Analysis

As additional sensitivity analyses, we further evalu-
ated our results in the analysis using propensity score 
matching method. A non-parsimonious propensity 
score using variables that might affect BP control or 
incident diabetes mellitus was developed to predict 
the likelihood a participant would be in the different 
degree of time-averaged on-treatment SBP (130–
140 or 120–130  mm  Hg) control. Participants were 
matched 1:1 based on propensity scores. An auto-
mated balance optimization method using the func-
tion Match (in package Matching) in R and a caliper of 
0.2 were used for matching. Standardized differences 
of post-matched participant characteristics ≤10% be-
tween the 2 groups was considered to be balanced.

A 2-tailed P<0.05 was considered to be statistically 
significant in all analyses. R software (version 3.5.2, 
http://www.R-proje​ct.org) was used for all statistical 
analyses.

RESULTS
Characteristics of Study Participants
As shown in the flowchart (Figure  S1), a total of 
14 978 participants without diabetes mellitus at base-
line were included in the final analysis. The baseline 
characteristics were similar between participants in-
cluded and those not-included in the current study 
(Table S1).

Baseline characteristics of the study participants 
by time-averaged on-treatment SBP categories (SBP 
<120, 120 to <130, 130 to <140, and ≥140 mm Hg) are 
presented in Table 1. Participants with higher time-av-
eraged on-treatment SBP were older, had higher BMI, 
total cholesterol, FG, and lower folate levels, and were 
more likely to smoke and consume alcohol at baseline. 
These characteristics were also more frequent among 
participants with incident diabetes mellitus (Table S2).

In addition, participants with higher time-aver-
aged on-treatment SBP had a higher frequency use 
of CCBs or diuretics during the treatment period 
(Table S3). Moreover, participants with incident diabe-
tes mellitus had higher prevalence of taking CCBs or 
diuretics during treatment period, as compared with 
those without incident diabetes mellitus (Table S4).

Time-Averaged On-Treatment SBP and 
Incident Diabetes Mellitus
During a median follow-up duration of 4.5 years (inter-
quartile range, 4.2–4.7), incident diabetes mellitus oc-
curred in 1628 (10.9%) participants.

The relationship of time-averaged on-treatment 
SBP with the risk of incident diabetes mellitus was 
presented in Figure 1A. Compared with participants 

http://www.R-project.org
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with time-averaged on-treatment SBP in the range 
of 120 to <130 mm Hg (tight SBP control), the risk of 
incident diabetes mellitus was significantly increased 
in participants with SBP in the range of 130 to 
<140 mm Hg (intermediate SBP control) (10.3% ver-
sus 7.4%; odds ratio [OR], 1.37; 95% CI, 1.15‒1.64); 
and SBP ≥140 mm Hg (13.0% versus 7.4%; OR, 1.67; 
95% CI, 1.39‒2.00). Participants with time-averaged 
on-treatment SBP <120 mm Hg also had a small in-
creased risk of incident diabetes mellitus but not sta-
tistically significant (8.7% versus 7.4%; OR, 1.25; 95% 
CI, 0.78‒1.99) (Table 2).

Moreover, further adjustment for the concomitant 
use of beta-blockers, lipid-lowering drugs, and anti-
platelet drugs during the treatment period (Table S5); 
the treatment (enalapril or enalapril-folic acid) compli-
ance during the treatment period (Table S6); change in 
BMI (BMI at the exit minus that at baseline) (Table S7); 
averaged BMI (BMI at the exit plus that at baseline di-
vided by 2) (Table S8); or visit-to-visit variability in BP 
during the treatment period (Table S9) did not substan-
tially change the results.

Time-Averaged On-Treatment SBP During 
the First 6- or 24-Month Treatment Period 
and the Subsequent Incident Diabetes 
Mellitus
When the time-averaged on-treatment BP were calcu-
lated using the BP measurements from the randomi-
zation visit to the 6- or 24-month visit, compared with 
participants with time-averaged on-treatment SBP 120 
to <130 mm Hg, the risk of subsequent incident dia-
betes mellitus in those with SBP 130 to <140 mm Hg 
was increased by 23% (OR, 1.23; 95% CI, 1.01‒1.49) 
(Table  S10) and 28% (OR, 1.28; 95% CI, 1.05‒1.56) 
(Table S11), respectively.

Time-Averaged On-Treatment DBP and 
Incident Diabetes Mellitus
We observed an approximately linear relationship of 
time-averaged on-treatment DBP and the risk of inci-
dent diabetes mellitus (P for trend=0.003; Figure 1B, 
Table 2).

Table 1.  Baseline Characteristics of the Study Population by Time-Averaged On-Treatment SBP Categories*

Variables

Time-Averaged On-Treatment SBP Categories, mm Hg

P Value<120 120 to <130 130 to <140 ≥140

No. 263 2658 5878 6179

Age, y 58.1±7.4 58.8±7.2 59.7±7.4 60.9±7.4 <0.001

Men, n (%) 99 (37.6) 1042 (39.2) 2500 (42.5) 2469 (40.0) 0.005

Body mass index, kg/m2 24.6±3.5 24.6±3.5 24.8±3.6 25.1±3.7 <0.001

Current smoking, n (%) 43 (16.3) 543 (20.4) 1432 (24.4) 1517 (24.6) <0.001

Current alcohol drinking, n (%) 39 (14.9) 581 (21.9) 1481 (25.2) 1482 (24.0) <0.001

Family history of diabetes mellitus, n (%) 13 (4.9) 89 (3.4) 244 (4.2) 207 (3.4) 0.056

Enalapril group, n (%) 139 (52.9) 1332 (50.1) 2907 (49.5%) 3124 (50.6) 0.514

BP, mm Hg

SBP at baseline 147.6±16.1 156.0±16.3 163.6±17.1 175.6±21.2 <0.001

DBP at baseline 90.2±10.5 92.1±10.7 93.5±11.2 96.0±12.7 <0.001

Time-averaged on-treatment SBP 117.1±2.7 126.3±2.7 135.1±2.8 148.6±7.7 <0.001

Time-averaged on-treatment DBP 76.4±4.8 79.4±5.6 81.9±6.2 85.4±7.9 <0.001

Laboratory results, mmol/L

Total cholesterol 5.3±1.1 5.4±1.1 5.5±1.1 5.5±1.2 <0.001

Triglycerides 1.4 (1.0–1.2) 1.4 (1.0–1.9) 1.4 (1.0–1.9) 1.4 (1.0–1.2) <0.001

Fasting glucose, mg/dL 95.2±11.7 95.6±12.0 96.9±12.4 97.9±12.6 <0.001

Creatinine, μmol/L 66.4±16.7 65.2±15.7 66.2±16.1 65.7±17.2 0.056

Folate, ng/mL 8.1 (5.8–10.4) 8.2 (5.6–10.7) 8.0 (5.6–10.3) 7.9 (5.5–10.3) 0.003

Medication use, n (%)

Antihypertensive drugs 122 (46.4) 1205 (45.3) 2602 (44.3) 2959 (47.9) <0.001

Lipid-lowering drugs 1 (0.4) 28 (1.1) 44 (0.7) 40 (0.6) 0.202

Antiplatelet drugs 10 (3.8) 74 (2.8) 174 (3.0) 191 (3.1) 0.749

BP indicates blood pressure; DBP, diastolic blood pressure; and SBP, systolic blood pressure.
*Continuous variables are presented as mean±SDs or medians (25th percentile–75th percentile). Categorical variables are presented as n (%).
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Combined Time-Averaged On-Treatment 
SBP and DBP and Incident Diabetes 
Mellitus
Compared with those with time-averaged on-treatment 
SBP <130 and DBP <80 mm Hg (tight BP control), the 
risk of incident diabetes mellitus was increased by 24% 
in participants with time-averaged on-treatment SBP 
130 to <140 and/or DBP 80 to <90 mm Hg (9.8% ver-
sus 7.8%; intermediate BP control; OR, 1.24; 95% CI, 
1.00‒1.53) (Table 2).

Subgroup Analyses by Potential Effect 
Modifiers
The similar results were found in participants without 
(Table S12) or with (Table S13) the concomitant use of 
diuretics during the treatment period.

Moreover, none of the other variables, includ-
ing sex, age (<65 versus ≥65 years), BMI (<20, 20 to 
<25, ≥25  kg/m2), waist circumference (<90 versus 
≥90 cm); SBP (<160 versus ≥160 mm Hg), FG (<100 
versus ≥100  mg/mL), total cholesterol (<6.2 versus 
≥6.2 mmol/L); triglycerides (<1.7 versus ≥1.7 mmol/L), 
current smoking (no versus yes), current alcohol 
drinking (no versus yes), and family history of dia-
betes mellitus (yes versus no) at baseline, treatment 
group (enalapril versus enalapril+folic acid), as well as 
the CCBs usage (no versus yes) during the treatment 

period, significantly modified the association between 
time-averaged on-treatment SBP (130 to <140 versus 
120 to <130 mm Hg) and the risk of incident diabetes 
mellitus (all P-interactions>0.05) (Figure 2).

Propensity Score Analysis
After propensity score matching, 4966 participants (2483 
in each group) were included in the analysis for time-av-
eraged on-treatment SBP (120 to <130 mm Hg versus 
130 to <140 mm Hg) and incident diabetes mellitus as-
sociation. Candidate variables used in the development 
of the propensity score have been listed in Table S14. 
All the post-matched participant characteristics were 
highly balanced (Table S14, Figure S2). Consistently, a 
significantly higher risk of incident diabetes mellitus was 
found in participants with time-averaged on-treatment 
SBP 130 to <140 mm Hg (versus <120 to <130 mm Hg; 
10.2% versus 7.4%; OR, 1.43; 95% CI, 1.17‒1.75). Further 
adjustments for the matching variables did not substan-
tially change the results (Table 3).

Secondary Outcomes
We found the similar trends for the incident IFG 
(secondary outcome 1) (Table  S15), and physician-
diagnosed diabetes mellitus or use of glucose-low-
ering drugs during follow-up (secondary outcome 2) 
(Table S16).

Figure 1.  Association between time-averaged on-treatment systolic blood pressure (A) or 
diastolic blood pressure (B) and incident diabetes mellitus in patients with hypertension.*
DBP indicates diastolic blood pressure; OR, odds ratio; and SBP, systolic blood pressure. *Adjusted for 
age, sex, study center, body mass index , smoking, family history of diabetes mellitus, systolic blood 
pressure, diastolic blood pressure, fasting glucose, total cholesterol, triglycerides, creatinine, folate, and 
the use of antihypertensive drugs at baseline, as well as use of calcium channel blockers or diuretics 
during the treatment period.
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Moreover, compared with those with time-averaged 
on-treatment SBP <130 and DBP <80  mm  Hg (tight 
BP control), the incidence of regression to normal FG 
levels (<100 mg/dL) among those with IFG at baseline 
was decreased by 29% in participants with time-aver-
aged on-treatment SBP 130 to <140 and/or DBP 80 
to <90 mm Hg (intermediate BP control; 24.7% versus 
33.6%; OR, 0.71; 95% CI, 0.57‒0.89) (Table S17).

DISCUSSION
Our study has yielded novel findings. It demon-
strated that in a hypertensive population, SBP con-
trol in the range of 120 to <130 mm Hg, compared 
with the 130 to <140 mm Hg, was associated with 
a lower risk of incident diabetes mellitus. This asso-
ciation remained after adjusting for comprehensive 
covariables, including age, sex, BP, BMI, smoking, 
family diabetes mellitus history, lipids, FG, creatinine 
at baseline, and use of CCBs and diuretics during 
treatment period. The results were consistent when 
the time-averaged on-treatment BP were calculated 
using the BP measurements across the treatment 
period, during the first 6- or 24-month treatment 
period, or in the propensity scores analysis. The re-
sults were also robust in subgroup analyses.

Moreover, we found that achieving the 2017 
American College of Cardiology/American Heart 
Association Blood Pressure Guideline,16 and the 2018 
European Society of Cardiology and European Society 

of Hypertension Guidelines-recommended BP control 
goal of <130/<80 mm Hg (for most well-tolerated pa-
tients)17 was associated with a significant, decreased 
risk of incident diabetes mellitus (2.0% absolute risk 
reduction); and a significant, increased incidence of 
regression to normal FG levels among those with IFG 
at baseline (8.9% absolute incidence increase) than 
the prior US guideline goals of <140/<90  mm  Hg.18 
Diabetes mellitus is a serious, costly disease, which 
has become a worldwide public health problem.19,20 
Treatment of diabetes mellitus usually could not re-
store normoglycemia, and prevent all the adverse.21,22 
Therefore, more effective strategy for primary preven-
tion of diabetes mellitus is of great clinical and public 
health importance. However, to date, the optimal SBP 
and DBP control levels for future risk of diabetes melli-
tus remains uncertain. This study represents one step 
towards filling these critical knowledge gaps.

Previous prospective studies10,11 on the association 
of BP control and the risk of incident diabetes mel-
litus yielded conflicting findings because of relatively 
small sample size and methodology limitations. In a 
community hospital-based study of 1754 treated hy-
pertensive patients, Izzo et al10 found that uncontrolled 
blood pressure (SBP >140 and/or DBP >90 mm Hg) 
was associated with a 2-fold increased risk of incident 
diabetes mellitus. However, this study was limited in 
that only the last available blood pressure measure-
ment was used to classify controlled and uncontrolled 
patients. A single occasion blood pressure measure-
ment may be influenced by prior conditions, such as 

Table 2.  Association Between Time-Averaged On-Treatment Blood Pressure and Incident Diabetes Mellitus

BP, mm Hg n No. of Events (%)

Crude Model Adjusted Model*

OR (95% CI) P Value OR (95% CI) P Value

Time-averaged on-treatment SBP

<120 263 23 (8.7) 1.20 (0.76‒1.88) 0.435 1.25 (0.78‒1.99) 0.358

120 to <130 2658 197 (7.4) Ref. Ref.

130 to <140 5878 606 (10.3) 1.44 (1.21‒1.70) <0.001 1.37 (1.15‒1.64) <0.001

≥140 6179 802 (13.0) 1.86 (1.58‒2.19) <0.001 1.67 (1.39‒2.00) <0.001

Time-averaged on-treatment DBP

<70 491 42 (8.6) 0.80 (0.57‒1.11) 0.172 0.76 (0.53‒1.07) 0.117

70 to <80 4788 504 (10.5) Ref. Ref.

80 to <90 7434 814 (10.9) 1.05 (0.93‒1.18) 0.461 1.13 (0.98‒1.30) 0.090

≥90 2265 268 (11.8) 1.14 (0.97‒1.34) 0.101 1.30 (1.06‒1.61) 0.012

P for trend 0.031 0.003

Time-averaged on-treatment SBP/DBP

<130 and <80 1603 125 (7.8) Ref. Ref.

130 to <140 and/or 80 to <90 6618 651 (9.8) 1.29 (1.06‒1.58) 0.012 1.24 (1.00‒1.53) 0.047

≥140 and/or ≥90 6757 852 (12.6) 1.71 (1.40‒2.08) <0.001 1.54 (1.24‒1.92) <0.001

BP indicates blood pressure; DBP, diastolic blood pressure; OR, odds ratio; and SBP, systolic blood pressure.
*Adjusted for age, sex, study center, body mass index, smoking, family history of diabetes mellitus, systolic blood pressure, diastolic blood pressure, fasting 

glucose, total cholesterol, triglycerides, creatinine, folate, and the use of antihypertensive drugs at baseline, as well as use of calcium channel blockers or 
diuretics during the treatment period.



J Am Heart Assoc. 2020;9:e017015. DOI: 10.1161/JAHA.120.017015� 8

Zhang et al� Blood Pressure Control and Incident Diabetes Mellitus

the timing of medication administration. Furthermore, 
the study lacked information on important baseline 
characteristics, such as waist circumference and fam-
ily history of diabetes mellitus. Another hospital-based 
study of 694 treated hypertensive patients11 reported 
that neither SBP (≥140 versus <140 mm Hg; HR, 0.99; 
95% CI, 0.56‒1.76) nor DBP (≥90 versus <90 mm Hg; 
HR, 1.75; 95% CI, 0.90‒3.39) were associated with the 

development of type 2 diabetes mellitus. Of note, this 
study only had baseline treated BP levels.

Our study has multiple strengths. It includes a large 
sample size, a long-term follow-up with regular BP 
measurements every 3 months using standard meth-
ods, incident diabetes mellitus based on both fasting 
serum glucose at the baseline and the exit visit, and 
physician diagnosis/glucose lowering medication use 

Figure 2.  Association between time-averaged on-treatment systolic blood pressure (120 to <130 
vs 130 to <140 mm Hg) and incident diabetes mellitus in various subgroups.*†

BMI indicates body mass index; CCB, calcium channel blockers; FG, fasting glucose; OR, odds ratio; 
and SBP, systolic blood pressure. *Adjusted for age, sex, study center, body mass index, smoking, 
family history of diabetes mellitus, systolic blood pressure, diastolic blood pressure, fasting glucose, 
total cholesterol, triglycerides, creatinine, folate, and the use of antihypertensive drugs at baseline, as 
well as use of calcium channel blockers or diuretics during the treatment period, if not be stratified. †The 
reference was time-averaged on-treatment systolic blood pressure 120 to <130 mm Hg.

Table 3.  Association Between Time-Averaged On-Treatment Systolic Blood Pressure (120 to <130 vs 130 to <140 mm Hg) 
and Incident Diabetes Mellitus in the Propensity Score Matching Analysis

Time-Averaged On-
Treatment SBP, mm Hg n No. of Events (%)

Crude Model Adjusted Model*

OR (95% CI) P Value OR (95% CI) P Value

120 to <130 2483 183 (7.4) Ref. Ref.

130 to <140 2483 254 (10.2) 1.43 (1.17‒1.75) <0.001 1.45 (1.19‒1.78) <0.001

OR indicates odds ratio; and SBP, systolic blood pressure.
*Adjusted for age, sex, study center, body mass index, smoking, family history of diabetes mellitus, systolic blood pressure, diastolic blood pressure, fasting 

glucose, total cholesterol, triglycerides, creatinine, folate, and the use of antihypertensive drugs at baseline, as well as use of calcium channel blockers or 
diuretics during the treatment period.



J Am Heart Assoc. 2020;9:e017015. DOI: 10.1161/JAHA.120.017015� 9

Zhang et al� Blood Pressure Control and Incident Diabetes Mellitus

during the treatment period, adjustments for a com-
prehensive range of covariables/confounders, and 
multiple sensitivity analyses and subgroup analyses to 
ensure the robustness of the study findings. In contrast 
to the 2 previous studies, our study first showed that 
SBP control in the range of 120 to <130 mm Hg, com-
pared with the 130 to <140 mm Hg, were associated 
with the lowest risk of incident diabetes mellitus. Our 
findings are clinically meaningful in term of the mag-
nitude of risk reduction of incident diabetes mellitus 
(≈25%).

The biological mechanisms underlying BP control 
and diabetes mellitus is not completely clear. One pos-
sibility is that hypertension and diabetes mellitus may 
share some common pathogenic pathways. For exam-
ple, hypertension is a major determinant of endothe-
lial dysfunction.23 Several studies have shown that the 
reduced endothelium dependent vasodilatation may 
lead to diminished capillary recruitment, and therefore 
limit insulin delivery to metabolically active, insulin-sen-
sitive muscle tissue.24–26 Also, the altered endothelial 
permeability could impair the insulin delivery to inter-
stitial space.24 The interstitial insulin levels have been 
reported to be a rate-limiting step for insulin effective-
ness.27 Moreover, previous studies have found that 
antihypertensive treatment significantly improved the 
endothelial function.28 Therefore, we hypothesize that 
optimal BP control may result in a stronger improve-
ment in endothelial function, which may increase cap-
illary dilation and microvascular perfusion, and lead to 
a reduction in diabetes mellitus risk (Figure S3). More 
studies are needed to confirm our results and further 
examine the underlying mechanisms.

Our study has some limitations. First, although this 
study adjusted a broad array of covariates in the re-
gression models, it cannot exclude residual confound-
ing from unmeasured factors. Second, subjects of this 
study were participants of the CSPPT. In the CSPPT, 
there was a strict inclusion and exclusion criteria. 
Therefore, findings of the current study may possibly 
be affected by selection bias. Moreover, this study 
was conducted in a Chinese hypertensive population 
without baseline diabetes mellitus. Caution is needed 
to generalize to other populations with different char-
acteristics. Third, although the self-reported diabetes 
mellitus was documented based on the physicians’ di-
agnoses and the use of glucose-lowering drugs during 
the treatment period every 3  months in the CSPPT, 
serum FG was only assessed at the baseline and the 
exit visits. Moreover, although our definition of diabetes 
mellitus was similar to that of previous studies,29,30 we 
did not measure glycated hemoglobin A1c, postprandial 
glucose, or perform glucose tolerance tests. Fourth, 
besides the current alcohol drinking status, cumulative 
dosage was not collected in the CSPPT. Therefore, 
the possible effect of excessive drinking could not be 

evaluated in our current study. Moreover, in the CSPPT, 
BMI was only measured at baseline and the exit visit. 
As such, we could not evaluate the possibly modifying 
of time-averaged BMI on the study outcomes. Fifth, 
this study observed a non-significant higher risk of inci-
dent diabetes mellitus in those with on-treatment SBP 
<120 mm Hg, compared with those with SBP 120 to 
<130 mm Hg. Because of small sample size (diabetes 
mellitus events=23) in this group with treatment SBP 
<120 mm Hg, the analysis was under-powered. Finally, 
this was just a post hoc analysis of a randomized 
trial, the ability to make causal inferences was limited. 
Moreover, although similar findings were found for all 
the secondary outcomes (incident IFG; physician-diag-
nosed diabetes mellitus or the use of glucose-lower-
ing drugs during follow-up; and regression to normal 
FG levels) and the sensitivity analyses using BP mea-
surement during the first 6 months or during the first 
24  months, actual onset date of the most diabetes 
mellitus was difficult to define, time-averaged on-treat-
ment BP values after actual onset of diabetes mellitus 
may have been used as a predictor in the analysis for 
some participants. Therefore, the causal relationship 
is not clearly. In addition, considering the relatively at-
tenuated ORs in the sensitivity analyses with shorter 
time windows (using BP measurement during the first 
6 months or during the first 24 months), maybe our cur-
rent results were pulled by those with longer follow-up. 
Overall, our study served as hypothesis-generating; all 
findings need to be further investigated and confirmed 
in future related randomized trials.

In summary, this is the first and largest study to in-
vestigate the association between degree of SBP/DBP 
control and the risk of incident diabetes mellitus in pa-
tients with hypertension without baseline diabetes mel-
litus. It revealed that in a hypertensive population, SBP 
control in the range of 120 to <130 mm Hg, compared 
with the 130 to <140 mm Hg, was associated with a 
lower risk of incident diabetes mellitus. If further con-
firmed, our findings would have important implications 
for clinical practice and guidelines. Our results support 
the adoption of a tight SBP goal in general hyperten-
sive patients for preventing incident diabetes mellitus.
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Table S1. Characteristics of the included and excluded population* 

*Continuous variables are presented as Mean ± SDs or medians (25th percentile, 75th percentile) 
Categorical variables are presented as n (%). 

BP, blood pressure; DBP, diastolic blood pressure; HDL-C, high-density lipoprotein; 

MTHFR, methylenetetrahydrofolate reductase; SD, standard deviation; SBP, systolic 

blood pressure; tHcy, total homocysteine.  

Variables Included population Non-included population 

N 16953 3749 

Age, y 60.0 ± 7.4 59.8 ± 8.1 

Male, No. (%) 6827 (40.3) 1670 (44.5) 

Body mass index, kg/m2 25.0 ± 3.7 24.5 ± 3.8 

Current smoking, No. (%) 3882 (22.9) 987 (26.3) 

Current alcohol drinking, No. (%) 3999 (23.6) 961 (25.6) 

Family history of diabetes, No. (%) 750 (4.4) 143 (3.8) 

Enalapril group, No. (%) 8504 (50.2) 1850 (49.3) 

BP, mmHg 

SBP at baseline  167.2 ± 20.4 165.3 ± 20.1 

DBP at baseline  94.2 ± 11.9 93.8 ± 12.0 

Time-averaged on-treatment SBP   139.0 ± 10.6 141.4 ± 12.3 

Time-averaged on-treatment DBP  82.7 ± 7.2 84.2 ± 8.3 

Laboratory results 

Total cholesterol, mmol/L 5.5 ± 1.2 5.5 ± 1.2 

Triglycerides, mmol/L 1.4 (1.1, 2.0) 1.4 (1.1, 1.9) 

Fasting glucose, mg/dL 105.0 ± 30.9 101.3 ± 28.3 

Creatinine, μmol/L 65.6 ± 17.1 67.9 ± 28.0 

Folate, ng/mL 8.0 (5.6, 10.4) 8.3 (5.7, 11.0) 

Medication use, No. (%) 

Antihypertensive drugs  7953 (46.9) 1583 (42.2) 

Lipid lowering drugs  145 (0.9) 21 (0.6) 

Antiplatelet drugs  522 (3.1) 85 (2.3) 



Table S2. Characteristics of participants with or without incident diabetes*

*Continuous variables are presented as Mean ± SDs or medians (25th percentile, 75th percentile) 
Categorical variables are presented as n (%).   

BP, blood pressure; DBP, diastolic blood pressure; HDL-C, high-density lipoprotein 

cholesterol; MTHFR, methylenetetrahydrofolate reductase; SD, standard deviation; SBP, 

systolic blood pressure; tHcy, total homocysteine.  

Variables 
Participants with 

incident diabetes 

Participants without 

incident diabetes  
P value 

N 1628 13350 

Age, y 60.4 ± 7.4 60.0 ± 7.4 0.020 

Male, No. (%) 658 (40.4) 5452 (40.8) 0.744 

Body mass index, kg/m2 25.9 ± 3.9 24.8 ± 3.6 <0.001 

Current smoking, No. (%) 389 (23.9) 3146 (23.6) 0.361 

Current alcohol drinking, No. (%) 371 (22.8) 3212 (24.1) 0.106 

Family history of diabetes, No. (%) 89 (5.5) 464 (3.5) <0.001 

Enalapril group, No. (%) 802 (49.3) 6700 (50.2) 0.481 

BP, mmHg 

SBP at baseline  168.1 ± 21.1 166.8 ± 20.3 0.013 

DBP at baseline  94.5 ± 11.8 94.2 ± 11.9 0.298 

Time-averaged on-treatment SBP   141.0 ± 11.1 138.5 ± 10.4 <0.001 

Time-averaged on-treatment DBP  83.2 ± 7.5 82.8 ± 7.2 0.034 

Laboratory results 

Total cholesterol, mmol/L 5.5 ± 1.2 5.5 ± 1.1 0.063 

Triglycerides, mmol/L 1.6 (1.1, 2.2) 1.4 (1.0, 1.9) <0.001 

Fasting glucose, mg/dL 104.3 ± 13.1 96.2 ± 12.1 <0.001 

Creatinine, μmol/L 64.4 ± 15.2 66.0 ± 16.6 <0.001 

Folate, ng/mL 7.7 (5.5, 10.0) 8.0 (5.6, 10.4) 0.005 

Medication use, No. (%) 

Antihypertensive drugs  846 (52.0) 6042 (45.3) <0.001 

Lipid lowering drugs  12 (0.7) 101 (0.8) 0.932 

Antiplatelet drugs  49 (3.0) 400 (3.0) 0.976 



Table S3. Concomitant medication usage during the treatment period by time-averaged 

on-treatment systolic blood pressure (SBP) categories*  

*Regular concomitant medication usage was defined as 180 or more cumulative days of taking 

the drug of interest.  

Medication, No. (%) 
Time-averaged on-treatment SBP Categories, mm Hg 

P value 
<120 120 to <130 130 to <140 ≥140 

N 263 2658 5878 6179 

Anti-hypertension drugs 

Calcium channel blockers 103 (39.2) 1677 (63.1) 4843 (82.4) 5652 (91.5) <0.001 

Diuretics  47 (17.9) 822 (30.9) 2797 (47.6) 4175 (67.6) <0.001 

Beta-blockers 0 (0.0) 6 (0.2) 17 (0.3) 14 (0.2) 0.746 

Lipid-lowering drugs 0 (0.0) 3 (0.1) 11 (0.2) 7 (0.1) 0.625 

Antiplatelet drugs 1 (0.4) 14 (0.5) 54 (0.9) 46 (0.7) 0.226 



Table S4. Concomitant medication usage during the treatment period in participants with 

or without the development of incident diabetes*  

*Regular concomitant medication usage was defined as 180 or more cumulative days of taking 

the drug of interest.  

Medication, No. (%) 
Participants with incident 

diabetes   

Participants without 

incident diabetes 
P value 

N 1628 13350 

Anti-hypertension drugs 

Calcium channel blockers 1369 (84.1) 10906 (81.7) 0.018 

Diuretics  898 (55.2) 6943 (52.0) 0.016 

Beta-blockers 3 (0.2) 34 (0.3) 0.589 

Lipid-lowering drugs 4 (0.2) 17 (0.1) 0.228 

Antiplatelet drugs 10 (0.6) 105(0.8) 0.452 



Table S5. Association between time-averaged on-treatment blood pressure (BP) and 

incident diabetes, with further adjustment for the use of beta blockers, lipid-lowering 

drugs or antiplatelet drugs during the treatment period  

*Adjusted for age, sex, study center, body mass index (BMI), smoking, family history of 

diabetes, SBP, DBP, fasting glucose (FG), total cholesterol (TC), triglycerides (TG), creatinine, 

folate and the use of antihypertensive drugs at baseline, as well as use of calcium channel 

blockers (CCB), diuretics, beta blockers, lipid-lowering drugs or antiplatelet drugs during the 

treatment period.  

DBP, diastolic blood pressure; SBP, systolic blood pressure.  

BP, mmHg N 
No. of 

events (%) 

Crude Model Adjusted Model*

OR (95%CI) P value OR (95%CI) P value 

Time-averaged on-treatment SBP 

<120 263 23 (8.7) 1.20 (0.76, 1.88) 0.435 1.24 (0.78, 1.99) 0.360 

120 to <130 2658 197 (7.4) ref. ref. 

130 to <140 5878 606 (10.3) 1.44 (1.21, 1.70) <0.001 1.37 (1.15, 1.64) <0.001 

≥140 6179 802 (13.0) 1.86 (1.58, 2.19) <0.001 1.67 (1.39, 2.01) <0.001 

Time-averaged on-treatment DBP 

<70 491 42 (8.6) 0.80 (0.57, 1.11) 0.172 0.76 (0.53, 1.07) 0.115 

70 to <80 4788 504 (10.5) ref. ref. 

80 to <90 7434 814 (10.9) 1.05 (0.93, 1.18) 0.461 1.13 (0.98, 1.30) 0.088 

≥90 2265 268 (11.8) 1.14 (0.97, 1.34) 0.101 1.31 (1.06, 1.61) 0.012 

Time-averaged on-treatment SBP/DBP 

<130 and <80 1603 125 (7.8) ref. ref. 

130 to <140 and/or 

80 to <90 
6618 651 (9.8) 1.29 (1.06, 1.58) 0.012 1.24 (1.01, 1.54) 0.044 

≥140 and/or ≥90 6757 852 (12.6) 1.71 (1.40, 2.08) <0.001 1.54 (1.24, 1.92) <0.001 



Table S6. Association between time-averaged on-treatment blood pressure (BP) and 

incident diabetes, with further adjustment for the treatment (enalapril or enalapril-folic 

acid) compliance during the treatment period  

*Adjusted for age, sex, study center, body mass index (BMI), smoking, family history of 

diabetes, SBP, DBP, fasting glucose (FG), total cholesterol (TC), triglycerides (TG), creatinine, 

folate and the use of antihypertensive drugs at baseline, as well as use of calcium channel 

blockers (CCB), diuretics or treatment (enalapril or enalapril-folic acid) compliance during the 

treatment period.  

 DBP, diastolic blood pressure; SBP, systolic blood pressure.  

BP, mmHg N 
No. of 

events (%) 

Crude Model Adjusted Model*

OR (95%CI) P value OR (95%CI) P value 

Time-averaged on-treatment SBP 

<120 263 23 (8.7) 1.20 (0.76, 1.88) 0.435 1.26 (0.79, 2.01) 0.335 

120 to <130 2658 197 (7.4) ref. ref. 

130 to <140 5878 606 (10.3) 1.44 (1.21, 1.70) <0.001 1.35 (1.13, 1.62) <0.001 

≥140 6179 802 (13.0) 1.86 (1.58, 2.19) <0.001 1.61 (1.33, 1.94) <0.001 

Time-averaged on-treatment DBP 

<70 491 42 (8.6) 0.80 (0.57, 1.11) 0.172 0.76 (0.54, 1.08) 0.124 

70 to <80 4788 504 (10.5) ref. ref. 

80 to <90 7434 814 (10.9) 1.05 (0.93, 1.18) 0.461 1.10 (0.96, 1.27) 0.165 

≥90 2265 268 (11.8) 1.14 (0.97, 1.34) 0.101 1.23 (1.00, 1.52) 0.053 

Time-averaged on-treatment SBP/DBP 

<130 and <80 1603 125 (7.8) ref. ref. 

130 to <140 and/or 

80 to <90 
6618 651 (9.8) 1.29 (1.06, 1.58) 0.012 1.22 (0.99, 1.51) 0.065 

≥140 and/or ≥90 6757 852 (12.6) 1.71 (1.40, 2.08) <0.001 1.48 (1.18, 1.84) <0.001 



Table S7. Association between time-averaged on-treatment blood pressure (BP) and 

incident diabetes with further adjustment for change in BMI (BMI at the exit minus that 

at baseline)  

*Adjusted for age, sex, study center, body mass index (BMI), smoking, family history of 

diabetes, SBP, DBP, fasting glucose (FG), total cholesterol (TC), triglycerides (TG), creatinine, 

folate and the use of antihypertensive drugs at baseline, as well as use of calcium channel 

blockers (CCB) or diuretics during the treatment period and change in BMI.  

DBP, diastolic blood pressure; SBP, systolic blood pressure.  

BP, mmHg N 
No. of 

events (%) 

Crude Model Adjusted Model*

OR (95%CI) P value OR (95%CI) P value 

Time-averaged on-treatment SBP 

<120 263 23 (8.7) 1.20 (0.76, 1.88) 0.435 1.23 (0.76, 1.99) 0.395 

120 to <130 2658 197 (7.4) ref. ref. 

130 to <140 5878 606 (10.3) 1.44 (1.21, 1.70) <0.001 1.35 (1.12, 1.61) 0.001 

≥140 6179 802 (13.0) 1.86 (1.58, 2.19) <0.001 1.60 (1.32, 1.93) <0.001 

Time-averaged on-treatment DBP 

<70 491 42 (8.6) 0.80 (0.57, 1.11) 0.172 0.77 (0.54, 1.10) 0.150 

70 to <80 4788 504 (10.5) ref. ref. 

80 to <90 7434 814 (10.9) 1.05 (0.93, 1.18) 0.461 1.12 (0.97, 1.29) 0.114 

≥90 2265 268 (11.8) 1.14 (0.97, 1.34) 0.101 1.23 (0.99, 1.52) 0.057 

Time-averaged on-treatment SBP/DBP 

<130 and <80 1603 125 (7.8) ref. ref. 

130 to <140 and/or 

80 to <90 
6618 651 (9.8) 1.29 (1.06, 1.58) 0.012 1.25 (1.01, 1.56) 0.044 

≥140 and/or ≥90 6757 852 (12.6) 1.71 (1.40, 2.08) <0.001 1.51 (1.21, 1.90) <0.001 



Table S8. Association between time-averaged on-treatment blood pressure (BP) and 

incident diabetes with further adjustment for averaged BMI (BMI at the exit plus that at 

baseline divided by 2)  

*Adjusted for age, sex, study center, body mass index (BMI), smoking, family history of 

diabetes, SBP, DBP, fasting glucose (FG), total cholesterol (TC), triglycerides (TG), creatinine, 

folate and the use of antihypertensive drugs at baseline, as well as use of calcium channel 

blockers (CCB) or diuretics during the treatment period and averaged BMI.  

DBP, diastolic blood pressure; SBP, systolic blood pressure. 

BP, mmHg N 
No. of 

events (%) 

Crude Model Adjusted Model* 

OR (95%CI) 
P 

value 
OR (95%CI) 

P 

value 

Time-averaged on-treatment SBP 

<120 263 23 (8.7) 1.20 (0.76, 1.88) 0.435 1.23 (0.76, 1.99) 0.395 

120 to <130 2658 197 (7.4) ref. ref. 

130 to <140 5878 606 (10.3) 1.44 (1.21, 1.70) <0.001 1.35 (1.12, 1.61) 0.001 

≥140 6179 802 (13.0) 1.86 (1.58, 2.19) <0.001 1.60 (1.32, 1.93) <0.001 

Time-averaged on-treatment DBP 

<70 491 42 (8.6) 0.80 (0.57, 1.11) 0.172 0.77 (0.54, 1.10) 0.150 

70 to <80 4788 504 (10.5) ref. ref. 

80 to <90 7434 814 (10.9) 1.05 (0.93, 1.18) 0.461 1.12 (0.97, 1.29) 0.114 

≥90 2265 268 (11.8) 1.14 (0.97, 1.34) 0.101 1.23 (0.99, 1.52) 0.057 

Time-averaged on-treatment SBP/DBP 

<130 and <80 1603 125 (7.8) ref. ref. 

130 to <140 and/or 

80 to <90 
6618 651 (9.8) 1.29 (1.06, 1.58) 0.012 1.25 (1.01, 1.56) 0.044 

≥140 and/or ≥90 6757 852 (12.6) 1.71 (1.40, 2.08) <0.001 1.51 (1.21, 1.90) <0.001 



Table S9. Association between time-averaged on-treatment blood pressure (BP) 
and incident diabetes with further adjustment for visit-to-visit variability (VVV) in 
blood pressure (BP) during the treatment period 

*Adjusted for age, sex, study center, body mass index (BMI), smoking, family history of 

diabetes, SBP, DBP, fasting glucose (FG), total cholesterol (TC), triglycerides (TG), creatinine, 

folate and the use of antihypertensive drugs at baseline, as well as use of calcium channel 

blockers (CCB) or diuretics during the treatment period and VVV in SBP, VVV in DBP.  

DBP, diastolic blood pressure; SBP, systolic blood pressure.  

BP, mmHg N 
No. of 

events (%) 

Crude Model Adjusted Model* 

OR (95%CI) P value OR (95%CI) P value 

Time-averaged on-treatment SBP 

<120 263 23 (8.7) 1.20 (0.76, 1.88) 0.435 1.24 (0.78, 1.98) 0.368 

120 to <130 2658 197 (7.4) ref. ref. 

130 to <140 5878 606 (10.3) 1.44 (1.21, 1.70) <0.001 1.37 (1.15, 1.64) <0.001 

≥140 6179 802 (13.0) 1.86 (1.58, 2.19) <0.001 1.66 (1.38, 2.00) <0.001 

Time-averaged on-treatment DBP 

<70 491 42 (8.6) 0.80 (0.57, 1.11) 0.172 0.75 (0.53, 1.07) 0.109 

70 to <80 4788 504 (10.5) ref. ref. 

80 to <90 7434 814 (10.9) 1.05 (0.93, 1.18) 0.461 1.13 (0.98, 1.30) 0.088 

≥90 2265 268 (11.8) 1.14 (0.97, 1.34) 0.101 1.27 (1.03, 1.57) 0.025 

Time-averaged on-treatment SBP/DBP 

<130 and <80 1603 125 (7.8) ref. ref. 

130 to <140 and/or 

80 to <90 
6618 651 (9.8) 1.29 (1.06, 1.58) 0.012 1.24 (1.01, 1.54) 0.043 

≥140 and/or ≥90 6757 852 (12.6) 1.71 (1.40, 2.08) <0.001 1.53 (1.23, 1.91) <0.001 



Table S10. Association between time-averaged on-treatment blood pressure (BP) during 

the first 6-month treatment period and the subsequent incident diabetes  

*Adjusted for age, sex, study center, body mass index (BMI), smoking, family history of 

diabetes, SBP, DBP, fasting glucose (FG), total cholesterol (TC), triglycerides (TG), creatinine, 

folate and the use of antihypertensive drugs at baseline, as well as use of calcium channel 

blockers (CCB) or diuretics during the treatment period.  

DBP, diastolic blood pressure; SBP, systolic blood pressure.  

BP, mmHg N 
No. of 

events (%) 

Crude Model Adjusted Model*

OR (95%CI) P value OR (95%CI) P value 

Time-averaged on-treatment SBP 

<120 565 47 (8.3) 1.04 (0.74, 1.47) 0.800 1.10 (0.77, 1.57) 0.591 

120 to <130 2065 165 (8.0) ref. ref. 

130 to <140 4073 410 (10.1) 1.29 (1.07, 1.56) 0.009 1.23 (1.01, 1.49) 0.044 

≥140 8249 988 (12.0) 1.57 (1.32, 1.86) <0.001 1.41 (1.16, 1.70) <0.001 

Time-averaged on-treatment DBP 

<70 440 43 (9.8) 0.94 (0.67, 1.31) 0.721 0.96 (0.67, 1.36) 0.805 

70 to <80 3614 373 (10.3) ref. ref. 

80 to <90 6958 746 (10.7) 1.04 (0.92, 1.19) 0.526 1.05 (0.91, 1.21) 0.495 

≥90 3940 448 (11.4) 1.11 (0.96, 1.29) 0.143 1.15 (0.96, 1.37) 0.131 

Time-averaged on-treatment SBP/DBP 

<130 and <80 1460 119 (8.2) ref. ref. 

130 to <140 

and/or 80 to <90 
4512 445 (9.9) 1.23 (1.00, 1.52) 0.052 1.18 (0.94, 1.47) 0.151 

≥140 and/or ≥90 8980 1046 (11.7) 1.49 (1.22, 1.81) <0.001 1.32 (1.06, 1.63) 0.013 



Table S11. Association between time-averaged on-treatment blood pressure (BP) during 

the first 24-month treatment period and the subsequent incident diabetes  

*Adjusted for age, sex, study center, body mass index (BMI), smoking, family history of 

diabetes, SBP, DBP, fasting glucose (FG), total cholesterol (TC), triglycerides (TG), creatinine, 

folate and the use of antihypertensive drugs at baseline, as well as use of calcium channel 

blockers (CCB) or diuretics during the treatment period.  

 DBP, diastolic blood pressure; SBP, systolic blood pressure.  

BP, mmHg N 
No. of 

events (%) 

Crude Model Adjusted Model*

OR (95%CI) P value OR (95%CI) P value 

Time-averaged on-treatment SBP 

<120 275 25 (9.1) 1.27 (0.82, 1.97) 0.291 1.34 (0.85, 2.12) 0.210 

120 to <130 2176 159 (7.3) ref. ref. 

130 to <140 4979 486 (9.8) 1.37 (1.14, 1.65) <0.001 1.28 (1.05, 1.56) 0.013 

≥140 7490 902 (12.0) 1.74 (1.46, 2.07) <0.001 1.54 (1.26, 1.87) <0.001 

Time-averaged on-treatment DBP 

<70 411 37 (9.0) 0.87 (0.61, 1.24) 0.449 0.88 (0.61, 1.28) 0.510 

70 to <80 4076 415 (10.2) ref. ref. 

80 to <90 7394 772 (10.4) 1.03 (0.91, 1.17) 0.663 1.06 (0.92, 1.22) 0.428 

≥90 3039 348 (11.5) 1.14 (0.98, 1.33) 0.087 1.24 (1.02, 1.51) 0.035 

Time-averaged on-treatment SBP/DBP 

<130 and <80 1296 92 (7.1) ref. ref. 

130 to <140 and/or 

80 to <90 
5482 533 (9.7) 1.41 (1.12, 1.77) 0.004 1.31 (1.03, 1.67) 0.027 

≥140 and/or ≥90 8142 947 (11.6) 1.72 (1.38, 2.15) <0.001 1.51 (1.18, 1.93) 0.001 



Table S12. Association between time-averaged on-treatment blood pressure (BP) and 

incident diabetes in participants without the use of diuretics during the treatment period 

*Adjusted for age, sex, study center, body mass index (BMI), smoking, family history of 

diabetes, SBP, DBP, fasting glucose (FG), total cholesterol (TC), triglycerides (TG), creatinine, 

folate and the use of antihypertensive drugs at baseline, as well as use of calcium channel 

blockers (CCB) during the treatment period.  

DBP, diastolic blood pressure; SBP, systolic blood pressure.  

BP, mm Hg N 
No. of 

events (%) 

Crude Model Adjusted Model*

OR (95%CI) P value OR (95%CI) P value 

Time-averaged on-treatment SBP 

<120 216 18 (8.3) 1.10 (0.66, 1.84) 0.712 1.14 (0.67, 1.94) 0.624 

120 to <130 1836 140 (7.6) ref. ref. 

130 to <140 3081 311 (10.1) 1.36 (1.10, 1.68) 0.004 1.31 (1.05, 1.63) 0.018 

≥140 2004 261 (13.0) 1.81 (1.46, 2.25) <0.001 1.66 (1.31, 2.11) <0.001 

Time-averaged on-treatment DBP 

<70 304 29 (9.5) 0.95 (0.63, 1.42) 0.796 0.91 (0.59, 1.40) 0.662 

70 to <80 2808 281 (10.0) ref. ref. 

80 to <90 3382 344 (10.2) 1.02 (0.86, 1.20) 0.831 1.11 (0.91, 1.35) 0.316 

≥90 643 76 (11.8) 1.21 (0.92, 1.58) 0.174 1.38 (1.00, 1.92) 0.054 

Time-averaged on-treatment SBP/DBP 

<130 and <80 1252 102 (8.2) ref. ref. 

130 to <140 and /or 

80-<90 
3674 349 (9.5) 1.18 (0.94, 1.49) 0.152 1.14 (0.89, 1.46) 0.301 

≥140 and/or ≥90 2211 279 (12.6) 1.63 (1.28, 2.07) <0.001 1.50 (1.15, 1.95) 0.003 



Table S13. Association between time-averaged on-treatment blood pressure (BP) and 

incident diabetes in participants with the use of diuretics during the treatment period†  

*Adjusted for age, sex, study center, body mass index (BMI), smoking, family history of 

diabetes, SBP, DBP, fasting glucose (FG), total cholesterol (TC), triglycerides (TG), creatinine, 

folate and the use of antihypertensive drugs at baseline, as well as use of calcium channel 

blockers (CCB) during the treatment period. 
†

There was no significant interaction between diuretics usage (no vs. yes) and time-averaged 

on-treatment SBP (130-<140 vs. 120-<130mmHg) on incident diabetes(P-interaction=0.323). 

DBP, diastolic blood pressure; SBP, systolic blood pressure.  

BP, mm Hg N 
No. of 

events (%) 

Crude Model Adjusted Model* 

OR (95%CI) P value OR (95%CI) P value 

Time-averaged on-treatment SBP 

<120 47 5 (10.6) 1.60 (0.61, 4.20) 0.342 1.54 (0.57, 4.20) 0.396 

120 to <130 822 57 (6.9) ref. ref. 

130 to <140 2797 295 (10.6) 1.58 (1.18, 2.13) 0.002 1.50 (1.10, 2.04) 0.010 

≥140 4175 541 (13.0) 2.00 (1.50, 2.65) <0.001 1.73 (1.28, 2.35) <0.001 

Time-averaged on-treatment DBP 

<70 187 213 (7.0) 0.59 (0.33, 1.05) 0.074 0.56 (0.31, 1.03) 0.061 

70 to <80 1980 223 (11.3) ref. ref. 

80 to <90 4052 470 (11.6) 1.03 (0.87, 1.22) 0.700 1.13 (0.93, 1.38) 0.220 

≥90 1622 192 (11.8) 1.06 (0.86, 1.30) 0.591 1.28 (0.97, 1.68) 0.083 

Time-averaged on-treatment SBP/DBP 

<130 and <80 351 23 (6.6) ref. ref. 

130 to <140 and /or 

80-<90 
2944 302 (10.3) 1.63 (1.05, 2.53) 0.029 1.59 (1.00, 2.51) 0.049 

≥140 and/or ≥90 4546 573 (12.6) 2.06 (1.34, 3.17) 0.001 1.84 (1.16, 2.91) 0.009 



Table S14. Post-matched participant characteristics according to propensity scores * 

Variables 

Time-averaged on-treatment SBP 

Categories, mmHg  
Standardized 

Difference, % 
120 to <130 130 to <140 

N 2483 2483 

Age, y 58.97 ± 7.22 59.07 ± 7.31 1.4 

Male, No. (%) 994 (40) 1003 (40.4) 0.7 

Body mass index (mean ± SD) 24.55 ± 3.51 24.57 ± 3.52 0.4 

Current smoking, No. (%) 529 (21.3) 546 (22.0) 1.7 

Current alcohol drinking, No. (%) 563 (22.7) 572 (23.0) 0.9 

Family history of diabetes, No. (%) 84 (3.4) 87 (3.5) 0.7 

Enalapril group, No. (%) 1241 (50.0) 1270 (51.1) 2.3 

BP, mmHg 

SBP at baseline  157.32 ± 15.70 156.93 ± 15.20 2.5 

DBP at baseline 92.38 ± 10.69 91.98 ± 10.70 3.7 

Laboratory results, mmol/L 

Total cholesterol  5.44 ± 1.12 5.44 ± 1.15 0.5 

HDL-C 1.36 ± 0.36 1.36 ± 0.37 0.7 

Triglycerides  1.57 ± 0.84 1.57 ± 0.83 0.6 

Fasting glucose, mg/dL  95.61 ± 12.07 95.87 ± 12.27 2.1 

Creatinine, μmol/L 65.37 ± 15.84 65.65 ± 16.94 1.7 

Folate, ng/mL  8.72 ± 4.03 8.63 ± 4.02 2.3 

tHcy, μmol/L 14.18 ± 8.34 14.17 ± 8.94 0.1 

Medication use, No. (%) 

Antihypertensive drugs at baseline 1079 (43.5) 1116 (44.9) 3.0 

Lipid lowering drugs at baseline 22 (0.9) 30 (1.2) 3.2 

Antiplatelet drugs at baseline 68 (2.7) 76 (3.1) 1.9 

CCB during the treatment period 1647 (66.3) 1631 (65.7) 1.4 

Diuretics during the treatment period 790 (31.8) 841 (33.9) 4.4 

*Variables are presented as Mean ± SD or n (%). 

BP, blood pressure; CCB, Calcium channel blockers; DBP, diastolic blood pressure; 

HDL-C, high-density lipoprotein cholesterol; SBP, systolic blood pressure; tHcy, total 

homocysteine.  



Table S15. Association between time-averaged on-treatment blood pressure (BP) and 

incident impaired fasting glucose*  

*Subjects with baseline FG<100 mg/dL and without incident diabetes during follow-up were 

included in the analysis. 
†

Adjusted for age, sex, study center, body mass index (BMI), smoking, family history of 

diabetes, SBP, DBP, fasting glucose (FG), total cholesterol (TC), triglycerides (TG), creatinine, 

folate and the use of antihypertensive drugs at baseline, as well as use of calcium channel 

blockers (CCB) or diuretics during the treatment period. 

DBP, diastolic blood pressure; SBP, systolic blood pressure. 

BP, mmHg N 
No. of 

events (%) 

Crude Model Adjusted Model† 

OR (95%CI) P value OR (95%CI) P value 

Time-averaged on-treatment SBP 

<120 170 60 (35.3) 0.92 (0.66, 1.29) 0.640 0.94 (0.66, 1.32) 0.701 

120 to <130 1649 612 (37.1) ref. ref. 

130 to <140 3349 1416 (42.3) 1.24 (1.10, 1.40) <0.001 1.17 (1.03, 1.33) 0.019 

≥140 3299 1466 (44.4) 1.36 (1.20, 1.53) <0.001 1.19 (1.04, 1.37) 0.012 

Time-averaged on-treatment DBP 

<70 301 113 (37.5) 0.79 (0.62, 1.02) 0.066 0.77 (0.60, 1.00) 0.050 

70 to <80 2780 1197 (43.1) ref. ref. 

80 to <90 4146 1712 (41.3) 0.93 (0.84, 1.03) 0.145 0.98 (0.87, 1.10) 0.690 

≥90 1240 532 (42.9) 0.99 (0.87, 1.14) 0.927 1.07 (0.89, 1.27) 0.483 

Time-averaged on-treatment SBP/DBP 

<130 and <80 1002 377 (37.6) ref. ref. 

130 to <140 and/or 

80 to <90 
3814 1568 (41.1) 1.16 (1.00, 1.34) 0.045 1.12 (0.96, 1.30) 0.159 

≥140 and/or ≥90 3651 1609 (44.1) 1.31 (1.13, 1.51) <0.001 1.18 (1.01, 1.39) 0.043 



Table S16. Association between time-averaged on-treatment blood pressure (BP) and 

physician-diagnosed diabetes or use of glucose-lowering drugs during follow-up†  

*Adjusted for age, sex, study center, body mass index (BMI), smoking, family history of 

diabetes, SBP, DBP, fasting glucose (FG), total cholesterol (TC), triglycerides (TG), creatinine, 

folate and the use of antihypertensive drugs at baseline, as well as use of calcium channel 

blockers (CCB) or diuretics during the treatment period. 

†The proportional hazards’ assumption was checked using global statistical tests based on the 

scaled Schoenfeld residuals in each model. No clear evidence was found against the 

proportional hazards’ assumption in the model for time-averaged on-treatment SBP (P 

=0.154), time-averaged on-treatment DBP (P=0.070) and time-averaged on-treatment 

SBP/DBP (P =0.140).  

DBP, diastolic blood pressure; SBP, systolic blood pressure.  

BP, mm Hg N 

No. of 

events 

(%) 

Crude Model Adjusted Model*

HR (95%CI) P value HR (95%CI) P value 

Time-averaged on-treatment SBP 

<130 2921 22 (0.8) ref. ref. 

130 to <140 5878 56 (1.0) 1.26 (0.77, 2.07) 0.354 1.47 (0.88, 2.45) 0.143 

≥140 6179 89 (1.4) 1.95 (1.22, 3.10) 0.005 2.34 (1.39, 3.93) 0.001 

Time-averaged on-treatment DBP 

<80 5279 55 (1.0) ref. ref. 

80 to <90 7434 76 (1.0) 1.01 (0.71, 1.43) 0.951 1.25 (0.84, 1.87) 0.270 

≥90 2265 36 (1.6) 1.64 (1.08, 2.51) 0.021 2.67 (1.52, 4.69) <0.001 

Time-averaged on-treatment SBP/DBP 

<130 and <80 1603 12 (0.8) ref. ref. 

130 to <140 and/or 80 

to <90 
6618 61 (0.9) 1.25 (0.67, 2.32) 0.477 1.43 (0.74, 2.74) 0.285 

≥140 and/or ≥90 6757 94 (1.4) 1.93 (1.06, 3.53) 0.031 2.40 (1.24, 4.65) 0.009 



Table S17. Association between time-averaged on-treatment blood pressure (BP) and 

regression to normal fasting glucose (FG) levels (<100mg/dL)*  

*

Subjects with baseline FG≥100 and <126 mg/dL, and without physician-diagnosed diabetes, 

or use of glucose-lowering drugs during follow-up were included. 
†

Adjusted for age, sex, study center, body mass index (BMI), smoking, family history of 

diabetes, SBP, DBP, fasting glucose (FG), total cholesterol (TC), triglycerides (TG), creatinine, 

folate and the use of antihypertensive drugs at baseline, as well as use of calcium channel 

or diuretics during the treatment period.  

Abbreviations: DBP, diastolic blood pressure; SBP, systolic blood pressure. 

BP, mm Hg N 
No. of 

events (%) 

Crude Model Adjusted Model† 

OR (95%CI) P value OR (95%CI) P value 

Time-averaged on-treatment SBP 

<130 990 311 (31.4) ref. ref. 

130 to <140 2275 543 (23.9) 0.68 (0.58, 0.81) <0.001 0.76 (0.63, 0.90) 0.002 

≥140 2555 548 (21.4) 0.60 (0.51, 0.70) <0.001 0.69 (0.57, 0.84) <0.001 

Time-averaged on-treatment DBP 

<70 168 43 (25.6) 1.01 (0.70, 1.45) 0.954 1.15 (0.78, 1.69) 0.493 

70 to <80 1776 451 (25.4) ref. ref. 

80 to <90 2973 693 (23.3) 0.89 (0.78, 1.02) 0.104 0.81 (0.69, 0.95) 0.009 

≥90 903 215 (23.8) 0.92 (0.76, 1.11) 0.370 0.77 (0.61, 0.99) 0.038 

Time-averaged on-treatment SBP/DBP 

<130 and <80 530 178 (33.6) ref. ref. 

130 to <140 and/or 

80 to <90 
2526 623 (24.7) 0.65 (0.53, 0.79) <0.001 0.71 (0.57, 0.89) 0.002 

≥140 and/or ≥90 2764 601 (21.7) 0.55 (0.45, 0.67) <0.001 0.64 (0.51, 0.81) <0.001 



CSPPT, China Stroke Primary Prevention Trial; FG, fasting glucose. 

20,702 participants in 

CSPPT  

Excluded n=3,749 

Missing fasting glucose at baseline, 

n=375;  

Missing fasting glucose at exit visit 

(unless physician-diagnosed diabetes or 

use of glucose-lowering drugs during the 

follow-up), n=3,374  

Incident diabetes 

n=1,628 (10.9%) 

14,978 participants in final 

analysis  

No incident diabetes 

n=13,350 (89.1%)  

Excluded n=1,975 

With diabetes (physician-diagnosed 

diabetes or using glucose-lowering drugs 

or fasting glucose (FG) was ≥126.0 mg/dL) 

at baseline, n=1975 

16,953 participants in this 

analysis  

Figure S1. Flow chart of the study participants.  



Figure S2. Standardized differences of participant characteristics before and after 

matched according to propensity scores by the degree of time-averaged on-

treatment SBP (120-<130 vs. 130-<140 mmHg) control.  



Figure S3. Tight blood pressure control and the risk of incident diabetes. 

Tight blood pressure control 

Better improvement of 

endothelial function  

Capillary dilatation and 

recruitment  

Reduced vascular 

resistance  

Increased microvascular perfusion 

Increased insulin diffusion and 

tissue exposure  

Decreased incident diabetes 
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