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Hypertension, Arterial Stiffness, and Diabetes: a
Prospective Cohort Study

Xue Tian;" Yingting Zuo®;" Shuohua Chen®, Yijun Zhang, Xiaoli Zhang, Qin Xu, Shouling Wu®, Anxin Wang

BACKGROUND: Whether the combination of different blood pressure and arterial stiffness (AS) status is independently
associated with diabetes has not been fully investigated so far. This study aimed at investigating the status of hypertension
and AS in determining diabetes.

METHODS: This prospective cohort study included 11 156 participants from the Kailuan study. AS was measured by brachial-ankle
pulse wave velocity. We compared the risk of diabetes between individuals with ideal vascular function (defined as normotension
with normal AS), normotension with elevated AS, hypertension with normal AS, and hypertension with elevated AS.

RESULTS: After a median follow-up of 6.16 years, diabetes occurred in 768 participants. Compared with ideal vascular function
group, the highest risk of diabetes was observed in hypertension with elevated AS group (hazard ratio, 2.42 [95% ClI, 1.93-
3.03)), followed by normotension with elevated AS group (hazard ratio, 2.11 [95% Cl, 1.68-2.66]), hypertension with normal
AS group exhibited the lowest risk of diabetes (hazard ratio, 1.48 [95% Cl, 1.08-2.02]). Multiple sensitivity and subgroup
analyses yielded similar results. Furthermore, the additional of AS to a conventional model including traditional risk factors
had a higher incremental effect on the predictive value for diabetes than the addition of hypertension (the C statistics was
0.707 versus 0.695; the integrated discrimination improvement was 0.65% versus 0.28%; net reclassification improvement
was 40.48% versus 34.59%).

CONCLUSIONS: Diabetes is associated with not only hypertension but also AS. Additionally, AS shows a better
predictive ability than hypertension in predicting diabetes. (Hypertension. 2022;79:1499-1508. DOI: 10.1161/
HYPERTENSIONAHA.122.19256.) e Supplemental Material
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with high morbidity and disability. The World Health

Organization estimated that the prevalence of diabe-
tes in adults was 9.3% in 2019. Due to the aging popula-
tion and unhealthy lifestyles, the prevalence of diabetes
tends to continue to rise worldwide, which is estimated
to reach 10.9% by 2045." Diabetes can mediate mul-
tiple organ damage, leading to cardiovascular events,
kidney disease, and cerebrovascular complications.?™
Therefore, early identification of individuals at high-risk

Diabetes is an important global public health problem

of developing diabetes is of clinical importance, for early
risk assessment and intervention can help prevent the
onset and slow the progress of diabetes.

Hypertension and diabetes frequently coexist in
the same individuals.® The 2 diseases have etiological
aspects in common, such as obesity, inflammation, oxida-
tive stress, insulin resistance, and factors associated with
increased microvascular and macrovascular impairment.®
Studies have demonstrated that hypertensive subjects
were at higher risk of developing diabetes than the
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NOVELTY AND RELEVANCE

What Is New?

This prospective study found that diabetes is associated
with not only hypertension but also arterial stiffness, addi-
tionally, arterial stiffness shows a better predictive ability
than hypertension in predicting diabetes.

Individuals with the isolated systolic, isolated diastolic,
high systolic and diastolic, controlled and uncontrolled
hypertensives, the combination of hypertension and ele-
vated arterial stiffness showed a higher risk of diabetes
than other groups.

What Is Relevant?

Our present findings emphasized the importance of
hypertension status and elevated arterial stiffness in the
development of diabetes. Combination control of hyper-
tension and AS may help reduce the risk of diabetes.

Clinical/pathophysiological implications?

In a community-based population, we found that the risk
of diabetes was significantly associated with elevated
arterial stiffness measured by brachial-ankle pulse wave
velocity as well as hypertension. In addition, AS per-
formed better than hypertension in predicting diabetes,
which provided novel insight into future preventive strate-
gies against diabetes.

Nonstandard Abbreviations and Acronyms

AS arterial stiffness

baPWV  brachial-ankle pulse wave velocity

BP blood pressure

cfPWV carotid femoral pulse wave velocity

FBG fasting blood glucose

HDL-C high-density lipoprotein cholesterol

HR hazard ratio

hs-CRP  high-sensitivity C-reactive protein

HTAS hypertension and elevated arterial
stiffness

IVF ideal vascular function

LDL-C low-density lipoprotein cholesterol

normotensive subjects.”® Therefore, hypertension may be
considered as the greatest provoking factors for incident
diabetes. Arterial stiffness (AS), a common finding in
patients with hypertension, is also reported to be associ-
ated with the risk of insulin resistance and diabetes.®'2
Path analysis showed that brachia-ankle pulse wave
velocity (baPWV), a widely used method for assessing
AS,"® appeared to precede the increase in fasting blood
glucose (FBG)."? These results indicate that both hyper-
tension and AS may predict the risk of diabetes.
Furthermore, a study extending the findings showed
the presence of hypertensive target organ damage (such
as carotid atherosclerosis) increased the risk of diabetes,
indicating that preclinical diabetes may be attributable to
hypertension and the vascular damage.'* AS has been
reported as a better index than blood pressure (BP) in
predicting adverse clinical events.'®'® However, whether
AS was better than BP in predicting diabetes has not
been investigated up to now. Therefore, we performed the
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current study to investigate the status of hypertension and
AS (measured by baPWV) in determining future risk of dia-
betes based on a community-based population in China.

RESEARCH DESIGN AND METHODS

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Study Design and Population

We used data from the Kailuan study, which is an ongoing pro-
spective study conducted in Tangshan, China. The details of the
study have been described elsewhere.'®?° Participants aged
>18 years were included in the first survey from the Kailuan
community and were followed up biennially. Since the third sur-
vey in 2010, participants who consented to join nested stud-
ies on vascular health received a measurement of baPWV to
assess the health status of artery wall. In the present study, a
total of 22310 participants with at least 1 survey from 2010 to
2014 were included, after excluding 9306 participants without
synchronized data, 1848 participants with previous prediabetes
or diabetes, a total of 11 156 participants were enrolled in the
final analysis (Figure S1). The study was performed according
to the guidelines of the Helsinki Declaration and was approved
by the Ethics Committee of Kailuan General Hospital (approval
number: 2006-05) and Beijing Tiantan Hospital (approval num-
ber: 2010-014-01). All the participants agreed to take part in
the study and provided written informed consent.

BP Measurement

BP was measured in the left upper arm using a calibrated mer-
cury sphygmomanometer in a sitting position. At least 2 BP
measurements were taken after 5 minutes of rest. BP was then
measured again if the difference between the two measure-
ments was =6 mmHg, then the average value was taken. Mean
arterial pressure was calculated as 1/3 systolic BP + 2/3
diastolic BP. Hypertension was defined as systolic BP 2140
mmHg or diastolic BP >90 mmHg, any use of the antihyper-
tensive drug, or a self-reported history of hypertension.

Hypertension. 2022;79:1499-1508. DOI: 10.1161/HYPERTENSIONAHA.122.19256
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BaPWV Measurement

BaPWV was measured by a BP-203 RPE Il networked AS
detection device (Omron Health Medical [China], Co, LTD), as
detailed elsewhere.'22'22 Participants of the baPWV subcohort
received repeated measurements following same standards.
The procedure was performed by specially trained nurses from
7 to 9 am on the examination day, following the manufacture’s
recommendations. After being seated for at least 5 minutes
in a room with the temperature controlled between 22°C and
25 °C, participants in thin clothes were asked to lie down on the
examination couch in a supine position and remain quiet dur-
ing the measurement. Cuffs were wrapped on both arms and
ankles. The lower edges of the arm cuffs were positioned 2 to
3 cm above the transverse striation of the cubital fossa, while
the lower edges of the ankle cuffs were positioned 1 to 2 cm
above the superior aspect of the medial malleolus. One heart
sound detector was placed at the left edge of the sternum.
Measurements were repeated twice for each at a 5-minute
interval, with the second data considered the final value. The
maximum of left and right sides of baPWV was used for analy-
sis. The normal range of baPWV was defined as <1400 cm/s,
and elevated AS was defined as baPWV >1400 cm/s.!22324

Definition of Diabetes

Fasting blood samples (8=10 hours) of 5 mL were taken from
the antecubital vein on an empty stomach from 7 to 9 am. The
supernatant was centrifuged at room temperature and mea-
sured within 4 hours. FBG was measured using the hexoki-
nase/glucose-6-phosphate dehydrogenase method (Mind
Bioengineering Co. Ltd, Shanghai, China) with an upper limit of
detection of 30.07 mmol/L.% Diabetes was defined as either
FBG >7.0 mmol/L, self-report of a physician diagnosis, or self-
report use of antidiabetic medication. The primary outcomes of
the current study was incident diabetes during the follow-up
period among those without history of diabetes.

Covariate Measurement

Information on birth date, sex, smoking status, alcohol con-
sumption, and past medical history (hypertension, diabetes,
dyslipidemia, antihypertensive, hypoglycemic, and lipid-lowering
medications, etc) were collected via a structural questionnaire.
Smoking and drinking status were stratified into 2 levels: cur-
rent and never or former. Heart rate, height, weight, and waist
circumference were measured by trained nurses and body
mass index was calculated as weight in kilograms divided by
height in meters squared. Concentrations of total cholesterol,
triglyceride, LDL-C (low-density lipoprotein cholesterol), HDL-C
(high-density lipoprotein cholesterol), serum uric acid, and hs-
CRP (high-sensitivity C-reactive protein) were measured by
auto analyzer (Hitachi 747, Hitachi, Tokyo, Japan). Estimated
glomerular filtration rate was calculated by the Chronic Kidney
Disease Epidemiology Collaboration creatinine equation.?®

Statistical Analysis

The participants were divided into 4 groups, according to their
hypertension (BP =140 mmHg systolic or 290 mmHg dia-
stolic or usage of antihypertensive medication) and AS sta-
tus: (1) ideal vascular function (IVF) group: normotension and
baPWV <1400 cm/s; (2) normotension with elevated AS group:

Hypertension. 2022;79:1499-1508. DOI: 10.1161/HYPERTENSIONAHA.122.19256

Hypertension, Arterial Stiffness, and Diabetes

normotension and baPWV >1400 cm/s; (3) hypertension and
normal AS group: hypertension and baPWV<1400 cm/s; (4)
hypertension and elevated AS (HTAS) group: hypertension and
baPWV >1400 cm/s. Continuous variables with normal and
skewed distributions were described as the mean=SD and the
medians with interquartile ranges, respectively, whereas cate-
gorical variables were described as frequencies and percent-
ages. One-way ANOVA, Kruskal-Wallis test, and y? test were
used to compare the differences in characteristics across base-
line groups. Person-years was calculated from baseline to the
first occurrence of diabetes, mortality, or the end of the study
(December 31, 2017), whichever came first. The incidence rate
of diabetes was calculated by dividing the number of incident
cases by the total follow-up duration (person-years).

Time-to-event data were analyzed by the Kaplan-Meier
estimator, with the difference between groups compared
by the log-rank test. Cox proportional hazard regression
models were used to compare the risk of incident diabetes
across groups. Hazard ratios (HRs) with 95% Cls were cal-
culated, with IVF group as the reference group. The propor-
tional hazard assumptions were evaluated by visualization of
Schoenfeld residuals, and no potential violation was observed.
Three models were constructed step-by-step. Model 1 was
unadjusted; model 2 was adjusted for age, sex, body mass
index, heart rate, smoking status, and alcohol consumption;
model 3 was further adjusted for dyslipidemia, total choles-
terol, LDL-C, HDL-C, serum uric acid, hs-CRP, and estimated
glomerular filtration rate. Additionally, considering baPWV is
dependent on distending pressure of the artery, we added
another 2 analyses by adjusted for mean arterial pressure
(model 4) and DBP (model 5), separately.

Several sensitivity analyses were performed to test the
robustness of the findings. First, hypertension was redefined
as BP 2130/80 mmHg or by the usage of antihypertensive
medications. Second, AS was defined used an age- and sex-
specific cut point of baPWV according to a previous report
about the normal and reference values of baPWV based on the
healthy individuals of the Kailuan cohort (Table S1).27 Third, to
explore the potential impact of reverse causality, we repeated
the primary analysis using a 1-year lag period by excluding
participants who developed diabetes within the first 1 year of
follow-up. Fourth, the competing risk model with nondiabetes
death being regarding as a competing risk event was applied.
Fifth, the primary analysis was repeated by refining diabetes as
the presence of new diabetes in 2 consecutive examinations
during the follow-up period. Finally, AS was classified into three
categories according to baPWV values: baPWV <1400 cm/s
indicated normal AS, 1400 to 1800 indicated moderate AS,
and 21800 cm/s indicated severe AS. Then participants were
divided into 6 groups according to hypertension and AS status.

To explore the contribution of AS to hypertension, using
systolic BP <140 mmHg and DBP <90 mmHg as a cutoff
point, subgroup analyses were performed in the hypertensive
controlled group and the uncontrolled group, and the effect of
isolated systolic, isolated diastolic, high systolic and diastolic
hypertension were performed as well. In each subgroup, individ-
uals in the IVF group were taken as reference. Additionally, we
used C statistics, integrated discrimination improvement, and
net reclassification index to compare the incremental predictive
value of hypertension, AS and their combined effect beyond
other conventional risk factors.
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All analyses were performed using SAS version 9.4 (SAS
Institute, Cary, NC). All the statistical tests were 2-sided, and
<0.05 was considered statistical significance.

RESULTS

Baseline Characteristics

A total of 11 166 participants were enrolled in this study.
A comparison of the differences between included and
excluded participants due to missing information was
presented in Table S2. Most baseline characteristics
were balanced between the 2 groups, except for age,
sex, the proportion of current smokers and drinkers. The
baseline characteristics across the 4 groups are pre-
sented in Table 1. Participants in the HTAS group tended
to be older, men, more obese with higher body mass
index, have a higher heart rate, more current smokers
and drinkers. Likewise, significant differences in biologi-
cal parameters were observed among the groups, partici-
pants in the HTAS group had a high level of FBG, total
cholesterol, LDL-C, serum uric acid, and hsCRP, and a
lower level of HDL-C and estimated glomerular filtration
rate than other groups.

Risk of Diabetes in Groups by baPWV and
Hypertension Status

During a median follow-up of 6.16 years (interquartile
range: 5.02-7.00), 768 (6.88%) diabetes were identified.
Participants in the HTAS group experienced a higher risk
of diabetes than participants of other groups during the
follow-up period (F<0.0001 for log rank, Figure 1). After
adjusted for potential variables, when comparing with I[VF
group, participants in the HTAS had the highest risk of
diabetes (HR, 2.42 [95% CI, 1.93-3.03]), followed by
participants in the normotension with elevated AS group
(HR, 2.11 [95% CI, 1.64-2.61]), the lowest risk of dia-
betes was observed in the hypertension and normal AS
group (HR, 1.48 [95% ClI, 1.08-2.02]). The results did
not change materially after adjusted for mean arterial
pressure or DBP (Table 2).

Sensitivity analysis using 130/80 mmHg or antihy-
pertensive medication as another definition of hyper-
tension, and using age- and sex-specific cutoff points
of AS yielded similar results in the crude model, after
adjusting for potential confounders, only the individu-
als in the HTAS group exerted a higher risk of diabe-
tes (Figure 2, Tables S3 and S4). Sensitivity analyses
by excluding incident diabetes within the first follow-
up (n=79), with competing risk model yielded similar
results, and redefining diabetes as the presence of
new diabetes in 2 consecutive examinations (Figure 2,
Tables Sb through S7). In sensitivity analysis classify-
ing participants into 6 groups, the highest risk of dia-
betes was observed for participants with hypertension
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and severe AS had (adjusted HR, 321 [95% CI,
2.46-4.19]), followed by those with normotension and
severe AS (adjusted HR, 2.78 [95% CI, 1.96-3.95)),
the lowest risk of incident diabetes was observed for
those with hypertension and normal AS (adjusted HR,
1.48 [95% CI, 1.08-2.02]; Table S8).

Subgroup Analysis

As presented in Figure 3, the analysis of isolated systolic
hypertension, isolated diastolic hypertension, individuals
with high systolic and diastolic hypertension, controlled,
and uncontrolled hypertension showed that the risk of
diabetes (HR [95% CI] was 1.95 [1.26-3.02], 2.21
[1.60-3.06], 2.24 [1.72-292], 2,67 [1.92-3.45], and
2.35 [95% CI, 1.77-3.12], respectively) in the HTAS
group was elevated significantly. For the individuals of
isolated systolic hypertension, high systolic and diastolic
hypertension, and controlled, the difference of IVF and
HTNAS did not reach statistical significance.

Incremental Predictive Value of AS and
Hypertension

We compared the predictive value of hypertension and
AS (Table 3). The C statistics by the conventional model
significantly improve with the addition of AS (from 0.690
to 0.707, P=0.0003) but not significantly improve with
addition of hypertension (P=0.0807). The discrimina-
tory power and risk reclassification of AS appeared
to be substantial better than hypertension, the inte-
grated discrimination improvement for hypertension
was 0.28% (95% ClI, 0.02%-0.40%; A<0.0001) and
0.65% (95% Cl, 0.47%-0.84%; £<0.0001), the corre-
sponding net reclassification index was 34.59% (95%
Cl, 27.31%—41.87%; P<0.0001) and 40.48% (95% C],
33.46%-4750%; R<0.0001). Moreover, the addition of
the combined effect of hypertension and AS can signifi-
cantly further improve the C statistics, the discriminatory
power and risk reclassification. Additionally, we also com-
pared the hypertension versus AS, the results showed
that shows the C statistics by the conventional model
with hypertension significantly improved by the conven-
tional model with AS (from 0.695 to 0.707, P~=0.0010),
the discriminatory power and risk reclassification was
also substantially better, the integrated discrimination
improvement was 0.48% (R<0.0001) and the net reclas-
sification index was 40.03% (A<0.0001). This results
provided strong evidence on the conclusion that AS had
a higher incremental effect on the predictive value of dia-
betes versus hypertension.

DISCUSSION

Our prospective study found that compared with indi-
viduals with IVF, those with increased AS were at a

Hypertension. 2022;79:1499-1508. DOI: 10.1161/HYPERTENSIONAHA.122.19256
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Table 1. Baseline Characteristics of the Study Population
Characteristics IVF NTAS HTNAS HTAS P value g
Participants, n (%) 4399 (39.40) 2706 (24.23) 839 (7.51) 3212 (28.86) =D
Age, y 45.37+8.04 55.32+11.86 48.76+7.62 5758+12.05 <0.0001 ;
Men, n (%) 1529 (34.76) 1748 (64.60) 597 (71.16) 2516 (78.09) <0.0001 :::
Body mass index, kg/m? 23.87+3.20 24.56+3.22 26.31£3.47 25.87+3.33 <0.0001 ¢-I=2|
Systolic blood pressure, mmHg 113.19+11.42 122.08+10.02 137.48+£12.66 148.70+15.68 <0.0001 m
Diastolic blood pressure, mmHg 75.10£7.30 78.48+6.42 93.23%7.01 93.23+9.93 <0.0001
Heart rate, bpm 71.33+8.76 72.86+9.84 72.47+9.37 74.48+11.13 <0.0001
baPWV, cm/s 1215.33+116.41 1641.35+£251.74 1287.99+£88.52 1802.12+£350.59 <0.0001
Current smoker, n (%) 794 (18.05) 820 (30.30) 292 (34.80) 1158 (35.94) <0.0001
Current drinker, n (%) 905 (20.57) 842 (31.12) 349 (41.60) 1263 (39.20) <0.0001
Dyslipidemia, n (%) 158 (3.59) 172 (6.36) 81 (9.65) 316 (9.81) <0.0001
Antihypertensive therapy, n (%) 0 (0.00) 0 (0.00) 101 (12.05) 923 (28.73) <0.0001
Fasting blood glucose, mmol/L 5.031£0.55 5.2010.60 5.25+0.62 5.32+0.62 <0.0001
Total cholesterol, mmol/L 4.80+1.50 5.07+1.28 5.05+3.23 5.17+1.59 <0.0001
Triglyceride, mmol/L 1.04 (0.74-1.51) 1.30 (0.94-1.89) 1.35 (0.97-2.06) 1.43 (1.04-2.14) <0.0001
LDL-C, mmol/L 2.39+0.71 2.69+0.76 2.564+0.71 2.70+0.91 <0.0001
HDL-C, mmol/L 1.61+0.51 1.55%+0.47 1.57+0.45 1.55+0.44 <0.0001
Serum uric acid, ymol/L 262.95+77.78 291.47+87.74 286.31+89.13 309.45+£97.09 <0.0001
Hs-CRP, mg/L 1.63+3.20 2.17+4.38 1.62+2.15 2.4916.67 <0.0001
eGFR, mL/min/1.73 m? 97.33+18.78 92.33+20 93.94+22.95 88.82+18.85 <0.0001

Continuous variables were expressed as mean+SD or median with interquartiles, categorical variables were expressed as frequency with proportion. baPWV indicates
brachial-ankle pulse wave velocity; eGFR, estimated glomerular filtration rate; HDL-C, high-density lipoprotein cholesterol; hs-CRP, high sensitivity C-reactive protein;
HTAS, hypertension with elevated arterial stiffness; HTNAS, hypertension with normal arterial stiffness; IVF, ideal vascular function; LDL-C, low-density lipoprotein cho-
lesterol; and NTAS, normotension with elevated arterial stiffness.

There is no consensus on the associations of AS
and hypertension with the risk of diabetes. Some stud-
ies showed a positive association between AS and dia-
betes,® 2 demonstrating that PWV of prediabetic and
diabetic patients is higher than that of population with
normal FBG, and even nondiabetic individuals with nor-
mal glucose tolerance test and insulin resistance still
had stiff aorta.22-3° Nevertheless, some studies failed to
demonstrated a significant association. A Brazilian study

higher risk in reaching diabetes. Hypertension status
amplified these association after a comprehensive
adjustment of cardiovascular risk factors. Further
analysis showed the conventional risk factors with the
addition of AS had a higher predictive value than with
the addition of hypertension, indicating AS may be
superior to BP in determining future risk of diabetes.
The results were robust in multiple sensitivity and sub-
group analyses.

IVF NTAS HTNAS HTAS 207

@

Logrank p < 0.0001

Cumulative incidence (%)
(=]
1

Incidence rate (per 1000 person-yeras)
=

— T T T 5
0 2 4 6
Time(Years)
IVF 4399 4372 4005 2041
NTAS 2706 2639 2236 1470
HTNAS 839 825 738 532 o4
HTAS 3222 3115 2757 1945 WVF NTAS HTNAS HTAS

Figure 1. Cumulative incidence of diabetes by hypertension and arterial stiffness status.
HTAS indicates hypertension with elevated arterial stiffness; HTNAS, hypertension with normal arterial stiffness; IVF, ideal vascular function; and
NTAS, normotension with elevated arterial stiffness.
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Table 2. Association of Different Hypertension and Arterial Stiffness Status With Risk of Diabetes

Outcomes IVF NTAS HTNAS HTAS P for trend

Cases/total (%) 138/4399, (3.14) 208/2706 (7.69) 61/839 (7.27) 361/3212 (11.20)

Person-years 25412.31 15405.48 4988.25 18745.57

Incidence rate, per 1000-person years | 5.43 (4.60-6.42) 13.50 (11.80-15.40) 12.20 (9.50-15.70) 19.20 (17.830-21.30)
Model 1 Reference 2.44(1.97-3.03) 2.23(1.65-3.02) 3.47(2.85-4.23) <0.0001
Model 2 Reference 2.15(1.71-2.70) 1.52(1.11-2.07) 2.48(1.98-3.09) <0.0001
Model 3 Reference 2.11(1.68-2.66) 1.48(1.08-2.02) 2.42(1.93-3.03) <0.0001
Model 4 Reference 2.06(1.63-2.60) 1.35(1.02-1.92) 2.16(1.61-2.91) <0.0001
Model 5 Reference 2.06(1.63-2.60) 1.34(1.02-1.91) 2.17(1.63-2.89) <0.0001

HTA indicates hypertension with elevated arterial stiffness; HTNAS, hypertension with normal arterial stiffness; IVF, ideal vascular function; and NTAS, normotension

with elevated arterial stiffness;

Model 1: unadjusted; model 2: adjusted for age, sex, body mass index, heart rate, smoking status, and alcohol consumption; model 3: further adjusted for dyslipidemia,
total cholesterol, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, serum uric acid, high sensitivity C-reactive protein, and estimated glomerular
filtration rate; model 4 was further adjusted for mean arterial pressure; and model 5 was further adjusted for diastolic blood pressure.

found that differences in PWV progression after a b-year
follow-up in a subset of diabetics compared with non-
diabetics were not significant3' The inconclusive results
were also observed for hypertension, most studies, but
not all showed that participants with elevated BP were
at higher risk of developing diabetes after adjusting for
some covariates.??3 Our findings added evidence on the
literatures, supporting the hypothesis that AS and hyper-
tension were associated with an increasing risk of dia-
betes. This was supported by the China Stroke Primary
Prevention Trial, which presented a significant positive
association between baPWV and the risk of new-onset
diabetes in hypertensive patients.®

Several previous studies have reported that AS is
superior to BP in predicting future cognitive decline, end
organ damage, and cardiovascular events.''” AS was
measured with different methods in these studies. Some
used an invasive method, which is difficult to be applied
to clinical practice.’” Some studies used a more com-
plex noninvasive measurement method, namely carotid
femoral pulse wave velocity (cfPWV). Although cfPWV
is served as a gold standard technique to measure AS, it
requires experienced operators and cannot explore the
repeatability of measurement results, intraobserver and
interobserver differences.'® In contrast, baPWV uses
brachial cuff-based waveform analysis, can simplify the
procedure and provide better reproducibility, making it
more popular in some regions. Moreover, evidence has
shown that the predictive value of baPWV is similar to
that of cfPWV for predicting clinical outcomes.'® Using
baPWV as the measuring method, our study found that
elevated AS may be superior to high BP in determining
diabetes, suggesting that AS is an important determinant
in health life span.

The associations between AS and BP has been
largely documented. A post hoc analysis of a cross-sec-
tional multicenter study showed that systolic BP was sig-
nificantly associated with AS in patients with diabetes.3®
Another Japanese study showed longitudinal increase of
AS appears to be associated with longitudinal elevation
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of BP to the hypertension range.® Here, we reported that
compared with individuals with IVF, those with increased
AS have a higher risk of diabetes, and the individuals
with a combination of hypertension and increased AS
were at the highest risk in all analyses. Furthermore, a
cross-lagged analysis investigated the causal relation-
ship between AS and hypertension and showed that AS
played a decisive role in the pathogenesis of hyperten-
sion.?! Elevated BP may be the consequence of elevated
AS, these may explained our finding that AS was a better
predictor than BP in predicting diabetes.

Biological evidence suggests that aging exerts func-
tional and structural influences on large elastic arteries,
aging is also associated with oxidative stress and sys-
tematic inflammatory.2' These mechanisms may contrib-
ute to the development of AS, hypertension, as well as
diabetes. In our study, we used age- and sex-specific cut-
off point of AS measured by baPWV to investigate the
association of AS and hypertension with risk of diabe-
tes, the results were consistent with the primary analysis,
indicating that the pathway from AS or hypertension to
diabetes did not significantly modified by aging.

Studies have proposed several preventive strategies
for AS. Studies have suggested that, compared with
[B-receptor blockers and diuretics, antihypertensive medi-
cations can lower AS, early counter pulsation or central
arterial pressure, such as angiotensin-converting enzyme
inhibitors, angiotensin receptor blockers and calcium
channel blockers, could lower risk of diabetes. Use of
these types of drugs in hypertensive population may bring
additional beneficial effect for antidiabetes at the same
time of preventing AS and lowering BP3" Apart from
that, lifestyle modification, such as smoking cessation,*®
weight loss,*® and physical exercise,*® has been shown
to exert a modulatory effect on AS. Early detection and
possible slowing of the vascular stiffening process with
pharmacological agents and lifestyle interventions may
reduce the associated risks for diabetes. However, there
is still not a paradigm for the best protective prescrip-
tions for vascular function. Although there are studies
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Figure 2. Sensitivity analyses for the association of hypertension and arterial stiffness status with diabetes.

Sensitivity analysis 1 was using 130/80 mmHg as cutoff point to redefine hypertension. Sensitivity analysis 2 was using an age- and sex-
specific cutoff point to redefine arterial stiffness status. Sensitivity analysis 3 was performed by excluding participants who developed diabetes
cases within the first 1 y of follow-up. Sensitivity analysis 4 was performed using competing risk model by taking nondiabetes related death

as competing risk event rather than censoring. Model 1: unadjusted; model 2: adjusted for age, sex, body mass index, heart rate, smoking
status, and alcohol consumption; model 3: further adjusted for dyslipidemia, total cholesterol, low-density lipoprotein cholesterol, high-density
lipoprotein cholesterol, serum uric acid, high sensitivity C-reactive protein, and estimated glomerular filtration rate. HTAS indicates hypertension
with elevated arterial stiffness; HTNAS, hypertension with normal arterial stiffness; IVF, ideal vascular function; NTAS, normotension with

elevated arterial stiffness.

implying that chronic inflammation and increased oxida-
tive stress are associated with increased AS*' there is
little evidence on treatment specifically aimed to alleviate
AS, which may be a result of too much emphasis on risk
rather than on protection. Future researches are needed
to explore protective prescriptions for vascular function.
The exact mechanisms underlying the relationship of
baPWV with risk of diabetes remain to be elucidated.
Some previously proposed potential mechanisms are
outlined here. First, AS could lead to increased arterial
pulse pressure and pulsatile shear, resulting in endothe-
lial dysfunction and metabolic dysregulation.*> Second,
AS could cause damage to capillary diastolic dysfunction,
shrinkage, or sparse distribution, which then lead to the
damage of low-resistance organs, such as pancreas.'?
Then the endothelial dysfunction and impaired endo-
thelium-dependent vasodilation may exacerbate insulin
resistance by limiting the delivery of glucose to key target

Hypertension. 2022;79:1499-1508. DOI: 10.1161/HYPERTENSIONAHA.122.19256

tissues, which precede the occurrence of diabetes.*? In
addition, AS and diabetes may share the same genetic
background. A Mendelian randomization study showed
that genetically determined decrease in insulin secre-
tion was association with AS.** More studies are needed
to confirm our findings, and to further investigating the
underlying mechanisms involved in this association.

This study has several limitations. First, because we
did not assess oral glucose tolerance test and hemo-
globin Alc level, there might be un-diagnosed diabetes
patients included at baseline in our study group. How-
ever, we excluded participants diagnosed with diabe-
tes <1 years to avoid misclassification at baseline and
increase specificity of diabetes diagnosis, and performed
another sensitivity analysis by redefining diabetes as the
presence of new diabetes in 2 consecutive examina-
tions, the results did not change materially. Second, we
used baPWV as measurement of AS instead of cfPWV.
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Figure 3. Association of arterial stiffness status combined with isolated systolic, isolated diastolic, high systolic and diastolic,

controlled and uncontrolled hypertension with diabetes.

In each subgroup analysis, participants with IVF were taken as reference. Model 1: unadjusted; model 2: adjusted for age, sex, body mass
index, heart rate, smoking status, and alcohol consumption; model 3: further adjusted for dyslipidemia, total cholesterol, low-density lipoprotein
cholesterol, high-density lipoprotein cholesterol, serum uric acid, high sensitivity C-reactive protein, and estimated glomerular filtration rate.
HTAS indicates hypertension with elevated arterial stiffness; HTNAS, hypertension with normal arterial stiffness; IVF, ideal vascular function; and

NTAS, normotension with elevated arterial stiffness.

Although cfPWV was the golden standard, baPWV
is reported to be well associated with cfPWV, and the
American Heart Association had included baPWV in the
recommended criteria for evaluating AS. Third, we did
not analyze the effect of antihypertensive agents on AS,
considering there was a meta-analysis reporting that the
antihypertensive agents have no effect on reducing AS*;
such analysis may provide further insight into clinical
practice. Finally, hypertension and AS were determined
based on a single measurement of baPWV and BR, thus
prone to some misclassification bias respect to hyperten-
sion and AS status.

In conclusion, our community-based population
study showed that the risk of diabetes was associated
with not only hypertension, but also AS. Individuals
with the combination of HTAS exerted the highest risk,
which hold true in isolated systolic, isolated diastolic,
high systolic and diastolic, controlled and uncontrolled

hypertensives. In addition, AS performed better than
hypertension in predicting diabetes, which provided
novel insight into future preventive strategies against
diabetes.

PERSPECTIVES

Whether the combination of different BP and AS status
is independently associated with diabetes has not been
fully investigated so far. Using data from the Kailuan
study, we found that the risk of diabetes was associated
with not only hypertension, but also AS. Participants with
increased AS and hypertension exerted the highest risk
of diabetes, which holds true in hold true in isolated sys-
tolic, isolated diastolic, high systolic and diastolic, con-
trolled and uncontrolled hypertensives. Further analysis
showed that AS may be superior to BP in determining
future risk of diabetes. These findings indicated that

Table 3. Reclassification and Discrimination Statistics for Arterial Stiffness and Hypertension Status

C statistics IDI NRI

Estimate Estimate Estimate Up classified Down classified

(95% CI) P value (95% CI),% | Pvalue (95% CI), % P value proportion, % proportion, %
Conventional model* 0.690 Reference Reference

(0.671-0.708)
Conventional model + 0.695 0.0807 0.28 <0.0001 34.59 <0.0001 12.72 21.87
hypertension (0.677-0.713) (0.02-0.40) (27.31-41.87) (5.10-16.19) (14.65-24.12)
Conventional model + AS | 0.707 0.0003 0.65 <0.0001 40.48 <0.0001 | 34.33 6.15

(0.689-0.725) (0.47-0.84) (33.46-47.50) (30.07-41.78) (3.73-8.07)
Conventional model + 0.709 0.0001 0.76 <0.0001 42.06 <0.0001 29.23 12.83
combined effect of AS (0.691-0.727) (0.56-0.97) (35.18-48.94) (16.21-38.36) (6.13-16.71)
and hypertension

AS indicates arterial stiffness; IDI, integrated discrimination improvement; and NRI, net reclassification index.
“Conventional model was adjusted for age, sex, body mass index, heart rate, smoking status, alcohol consumption, dyslipidemia, total cholesterol, low-density lipopro-
tein cholesterol, high-density lipoprotein cholesterol, serum uric acid, high sensitivity C-reactive protein, and estimated glomerular filtration rate.
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preventive strategies on hypertension and AS may also
contribute to the prevention of diabetes.
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