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Combined evaluation of arterial e

stiffness, glycemic control and hypertension
for macrovascular complications in type 2
diabetes

Zhiyuan Wu'?", Sigi Yu'', Haiping Zhang', Zheng Guo?, Yulu Zheng?, Zongkai Xu', Zhiwei Li', Xiangtong Liu',
Xia Li®, Shuo Chen* Jingbo Zhang®, Lixin Tao'" and Xiuhua Guo'"

Abstract

Background: Arterial stiffness, glycemic control and blood pressure are risk factors of macrovascular complications
in type 2 diabetes. This study aimed to investigate the combined association of arterial stiffness, glycemic control and
hypertension status with the occurrence of diabetic macrovascular complication.

Methods: A total of 1870 patients of diabetes were enrolled from Beijing Health Management Cohort between 2008
and 2018 as baseline, and then followed for macrovascular complication onset. We proposed a composite risk score
(0-4) by arterial stiffness severity, pool glycemic control and hypertension status. Cox model was used to estimate the
hazard ratio (HR) and 95% confidence interval (C).

Results: The mean age (SD) of this population was 59.90 (12.29) years. During a median follow-up of 4.0 years, 359
(19.2%) patients developed macrovascular complication. Compared to the normal arterial stiffness and good gly-
cemic control group, patients with severe arterial stiffness and pool glycemic control had the highest risk of macro-
vascular complications (HR: 2.73; 95% Cl: 1.42-5.25). Similarly, those of severe arterial stiffness and hypertension had
the highest risk (HR: 2.69; 95% Cl: 1.61-4.50). Patients of the composite score > 2 had a significantly increased risk of
macrovascular complication.

Conclusion: This study suggested the clinical importance of combined evaluation of arterial stiffness, glycemic
control and hypertension status for the risk stratification and management of macrovascular complication of type 2
diabetes.

Keywords: Type 2 diabetes, Macrovascular complications, Arterial stiffness, Combined effect of arterial stiffness,
glycemic control and hypertension, Multifactorial risk stratification
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life quality in diabetes, leading to severe health and eco-
nomic burden [5, 6].

Patients with diabetes had increased arterial stiffness
level [7] and higher morbidity of cardiovascular diseases
than the general population [8]. Arterial stiffness may
be one possible pathway linking diabetes and increased
cardiovascular risk [9]. Arterial stiffness is a predictor of
cardiovascular events and mortality independent of tra-
ditional risk factors and mostly been used in research
protocols. Its use as a prognostic indicator in clinical
practice is still uncommon [10]. In addition, poor glyce-
mic control and hypertension had an adverse effect on
the development of diabetic macrovascular complication
[11, 12]. It is known that optimal levels of blood pres-
sure and glucose in diabetic patients are associated with
substantially lower risk of cardiovascular events [13];
however, more information is needed on the value of
combined multifactorial risk factor evaluation and man-
agement [14]. On the other hand, studies suggested that
glycemic level and blood pressure interacted with arterial
stiffness in patients with diabetes [15—17]. A recent study
reported the predictive capacity of combined evaluation
of arterial stiffness and hypertension status for diabetes
onset [18]. However, the combined effect of arterial stiff-
ness with glycemic control and hypertension status on
macrovascular complication in the diabetic population is
unknown.

Therefore, this study aimed to evaluate the combined
association of arterial stiffness, glycemic control and
hypertension status with the occurrence of diabetic mac-
rovascular complication. We hypothesized that the com-
bined assessment of arterial stiffness, glycemic control
and hypertension status could improve the risk stratifi-
cation and prediction of macrovascular complications in
type 2 diabetes.

Methods

Study population

We recruited participants from the Beijing Health Man-
agement Cohort (BHMC), which is an open, dynamic
and population-based cohort conducted in Beijing,
China. BHMC aims to collect and investigate the bio-
markers of cardiometabolic diseases including diabetes
and its complications. Details of the cohort design have
been described in a previous study [19].

The original cohort included 10,632 participants with
physical and arterial examinations between 2008 and
2018. Then, participants without type 2 diabetes or with
type 1 diabetes (n=7495) or lacking eligible arterial
stiffness data (n=1038) were excluded at baseline. We
further excluded participants with a history of macro-
vascular complication (n=126), diabetic nephropathy
or retinopathy (n="71) or missing fasting glucose data
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(n=32) at baseline. Finally, a total of 1 870 participants
was included and followed until the development of mac-
rovascular complication or December 31 of 2019, which
came first (Additional file 1: Figure S1). All participants
provided written informed consent, and this study was
approved by the Ethics Committee of Capital Medical
University (Grant Number: 2020SY031).

Data collection and definition

Information on demographic characteristics and health
information including age, sex, lifestyle factors (smok-
ing status, alcohol consumption, and physical activity),
and health-related data (diagnosis history of diseases
and medication use) were collected using a standard-
ized questionnaire. Smoking status and drinking sta-
tus were categorized into "current” and "not current".
Physical activity was defined as participating in moder-
ate or intense exercise ">20 min per time and >4 times
per week". Self-reported health conditions included a
physician-diagnosed history of cardiovascular diseases,
diabetes, hypertension, and dyslipidemia. The use of anti-
diabetic, antihypertensive, and lipid-lowering medica-
tions were collected.

Physical examination includes height, weight, sys-
tolic blood pressure (SBP), and diastolic blood pressure
(DBP). Body mass index (BMI) was calculated as weight
(kg) divided by height* (m)%. Obesity was defined as
BMI > 28 kg/m? In Chinese adults [20]. Blood pressure
was measured in a seated position after a rest of five
minutes using a mercury sphygmomanometer, and the
average value of two readings was recorded. The labora-
tory test data were obtained from the electronic medical
record system. The data of serum total cholesterol, tri-
glycerides, high-density lipoprotein (HDL) cholesterol,
low-density lipoprotein (LDL) cholesterol, fasting glu-
cose, serum creatinine, and urinary albumin/creatinine
ratio (UACR) at baseline were used in this current study.

Hypertension was defined as SBP>140 mmHg or
DBP>90 mmHg or use of any antihypertensive medi-
cation or self-reported history of hypertension accord-
ing to the JNC-7 criteria [21]. The diagnosis of diabetes
referred to the American Diabetes Association, including
fasting glucose >7.0 mmol/L, HbAlc>6.5%, or the use
of any antidiabetic medication or self-reported diagno-
sis history of diabetes [22]. We used fasting glucose as a
marker of glycemic control [23, 24]: good and poor glyce-
mic control were defined as fasting glucose <7.0 mmol/L
and>7.0 mmol/L, respectively. The estimated glo-
merular filtration rate (eGFR) was calculated using
the Chronic Kidney Disease Epidemiology Collabora-
tion serum creatinine Eq. (25). Diabetic nephropathy
was defined as UACR > 30 mg/mmol or eGFR<60 mL/
min/1.73m? according to the Kidney Disease Improving
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Global Outcomes (KDIGO) [26-28]. Diabetic retinopa-
thy was confirmed by ophthalmologists using the 45°
four-field stereoscopic digital photography (Carl Zeiss
Fundus Camera, Germany) based on the International
Clinical Diabetic Retinopathy Disease Severity Scale [29].

Arterial stiffness measurement and definition

Brachia-ankle pulse wave velocity (baPWYV) reflects
arterial stiffness status with high validity and repeat-
ability and is a simple, noninvasive method for screen-
ing vascular damages in the general population [30]. At
baseline, baPWV was measured using the Omron Colin
BP-203RPE III device (Omron Health Care, Kyoto,
Japan). Four pneumatic pressure cuffs were attached at
the bilateral brachia and ankles and then connected to a
plethysmographic sensor and oscillometric pressure sen-
sor. The subjects were kept rest in supine position for at
least 5 min in fasted condition. The maximum value of
baPWV on the left and right sides was selected as the
final value of arterial stiffness level. Arterial stiffness was
divided into three groups according to baPWV values
[31]: baPWV <1400 cm/s indicates normal arterial stiff-
ness, 1400 cm/s <baPWV <1800 cm/s indicates moder-
ately elevated arterial stiffness and baPWV > 1800 cm/s
indicates severely elevated arterial stiffness.

Outcome

The outcome of this present study was the occurrence
of the following macrovascular complication: coronary
artery disease, cerebrovascular disease, and peripheral
arterial disease. Coronary heart disease and cerebro-
vascular disease were defined by self-reported diagnosis
history, which were documented in the medical record
system, and peripheral arterial disease was defined by
an ankle-brachial index <0.9. For those reporting history
of cardiovascular events, the staff further confirmed the
date and treatment experience to validate the accuracy of
history reporting.

Statistical analysis

Continuous variables with normal and skewed distribu-
tions were described as mean (SD) and median [IQR].
Differences were compared using Student’s t-test or
ANOVA for variables with normal distributions, and
Mann-Whitney U test or Kruskal-Wallis test for skewed
variables. Categorical variables were described as num-
bers (proportions) and compared using x> test. The
follow-up time was calculated from baseline to the first
occurrence of macrovascular complication or the end of
study (December 31, 2019), whichever came first. The
incidence rate of diabetic macrovascular complication
was calculated by the number of incident cases divided
by the total follow-up duration (per 1000 person-years).
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We used two approaches to investigate the combined
effect of arterial stiffness, glycemic control and hyperten-
sion status. Approach 1: the combined effect of arterial
stiffness and glycemic control (or hypertension status)
was evaluated separately; approach 2: we created two
cumulative or weighted scores combining arterial stiff-
ness, glycemic control and hypertension status. The
detailed information was shown in Additional file 1:
Additional methods.

Survival curves were used to present the cumula-
tive hazard of diabetic macrovascular complications
and compared by log-rank tests. Cox frailty models cor-
rected for individual random intercept were used to com-
pare the risk of macrovascular complication between
groups. Hazard ratio (HR) with 95% confidence interval
(CI) were calculated. We adjusted potential confound-
ers in regression analyses: model 1 was adjusted for age
and sex; model 2 was further adjusted for obesity, eGFR,
LDL cholesterol, hypertension (if not stratified), glycemic
control (if not stratified), current smoking, and physi-
cal activity. To visualize the dose—response relationship
between baseline baPWV and incident macrovascular
complication stratified by glycemic control and hyperten-
sion status, we carried out restricted cubic spline analysis
using three knots at the 10th, 50th, and 90th percentiles.

Multiple sensitivity analyses were performed to test the
robustness of the results. First, 62 of 1870 participants
had missing data of BMI, and then the main analysis
was repeated after completing the multiple imputation
using Markov Chain Monte Carlo. Second, poor gly-
cemic control was alternatively defined as fasting glu-
cose>5.6 mmol/L and hypertension was alternatively
defined as SBP > 130 mmHg or DBP >80 mmHg or use
of any antihypertensive medication or self-reported diag-
nosis history of hypertension. All statistical analyses were
performed using R software (version 4.1.1), and a two-
sided significance level of P value <0.05 was considered
statistically significant.

Results
A total of 1 870 individuals with diabetes were included
in this study, and 1227 (81.2%) were men. The mean age
(SD) of the population was 59.90 (12.29) years. During
a median follow-up of 4.0 years, 359 (19.2%) patients
developed macrovascular complication. Table 1 shows
the characteristics of individuals according to arterial
stiffness status. We also analyzed the baseline charac-
teristics stratified by the arterial stiffness level combined
with glycemic control or hypertension status (Additional
file 1: Tables S1, S2).

Figure 1 shows the cumulative hazard of diabetic mac-
rovascular complication. Then, we used Cox regression
model to calculate the effect size of risk factors after
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Table 1 Characteristics according to arterial stiffness level
Arterial stiffness level p value
Normal Moderate Severe

Participants, No 465 936 469

Age (years) 51.50 (8.07) 5842 (10.51) 71.17(10.78) <0.001
Men, n (%) 373(80.2) 773 (82.6) 374(79.7) 0.346
BMI * (kg/mz) 26.79 (3.22) 27.63 (12.58) 26.14 (3.09) 0.015
Obesity * (n, %) 136 (30.4) 320(35.3) 21(26.7) 0.004
Physical activity (n, %) 219 (47.1) 413 (44.1) 210 (44.8) 0.570
Current smoking (n, %) 132 (284) 217 (23.2) 04 (22.2) 0.049
Current drinking (n, %) 295 (63.4) 513 (54.8) 247 (52.7) 0.002
Hypertension (n, %) 114 (24.5) 427 (45.6) 324 (69.1) <0.001
Antidiabetic (n, %) 65 (14.0) 200 (21.4) 145 (30.9) <0.001
Lipid lowering (n, %) 22(4.7) 84 (9.0) 43(9.2) 0.012
Antihypertensive (n, %) 48(10.3) 181(19.3) 136 (29.0) <0.001
Fasting glucose (mmol/L) 7.17[5.80,7.97] 7.09[5.82,7.97] 6.85[5.71,7.81] 0.089
Total cholesterol (mmol/L) 491 [4.24,5.52] 487 [4.21,5.55] 477 14.08,5.51] 0.177
Triglycerides (mmol/L) 1.59[1.17, 243] 1.67[1.13,242] 9[1.00, 1.94] <0.001
HDL cholesterol (mmol/L) 1.171[1.01,1.38] 1.181[1.04,1.37] 3[1.08,1.47] <0.001
LDL cholesterol (mmol/L) 3.08 249, 3. 64] 3.02 [2.46, 3.60] 2.91[2.30,347] 0.005
Uric acid (umol/L) 340 [290, 406] 358 [306, 408] 353 [297, 404] 0.061
eGFR (mL/min/1.73 m?) 86.92(76.72,98.53] 8341 [74.73,93.99] 77.13 [69.46, 86.46] <0.001
BaPWV, cm/s 1311 [1247,1359] 1564 [1480, 1669] 1975 [1879, 2145] <0.001
Macrovascular complication 37(8.0) 166 (17.7) 156 (33.3) <0.001

Data are presented as mean (SD), median [IQR] or number (%)

Normal arterial stiffness refers to baPWV < 1400 cm/s, moderate arterial stiffness refers to 1400 < baPWV < 1800 cm/s, severe arterial stiffness refers to
baPWV > 1800 cm/s. To convert fasting glucose to mg/dL, multiply by 18; triglycerides to mg/dL, multiply by 88.60; cholesterol to mg/dL, multiply by 38.66

BMI, body mass index; HDL, high-density lipoprotein; LDL, low-density lipoprotein; baPWV, brachial-ankle pulse wave velocity; eGFR, estimated glomerular filtration

rate

* Some individuals (n =62) have missing data regarding the covariate

adjusting the potential confounders. The fully adjusted
HR (95% CI) for the association of baPWV with mac-
rovascular complication was 1.29 (1.13-1.48) for per-
SD increase of baPWYV. Compared with people of
baPWV <1400 cm/s, those of 1400 <baPWYV <1800 cm/s
and baPWV > 1800 cm/s had higher risks of macrovascu-
lar complication, and the adjusted HR (95% CI) were 1.62
(1.09-2.42) and 2.27 (1.43-3.61), respectively (Additional
file 1: Table S3).

Compared with the good glycemic control/normal
arterial stiffness group, participants of poor glycemic
control/severe arterial stiffness had the highest risk of
macrovascular complication (HR: 2.73; 95% CIL: 1.42—
5.25). The adjusted HR for good glycemic control/severe
arterial stiffness group was 2.24 (95% CI: 1.17-4.30); and
1.98 (95% CI: 1.08-3.61) for poor glycemic control/mod-
erate arterial stiffness group. No significant association
was found for the poor glycemic control/normal arte-
rial stiffness and good glycemic control/moderate arte-
rial stiffness groups (Table 2). Similarly, compared with
the non-hypertension/normal arterial stiffness group,

participants of hypertension/severe arterial stiffness had
the highest risk of macrovascular complication (HR: 2.69;
95% CI: 1.61-4.50). The adjusted HRs for hypertension/
moderate arterial stiffness and non-hypertension/severe
arterial stiffness groups were 1.93 (95% CI: 1.19-3.12)
and 1.92 (95% CI: 1.08-3.43), respectively. No signifi-
cant association was found for the hypertension/normal
arterial stiffness and non-hypertension/moderate arte-
rial stiffness groups (Table 3). Results were similar when
adjusting fasting glucose and SBP as continuous vari-
ables, except the poor glycemic control/moderate arte-
rial stiffness group became nonsignificant (P =0.063) as
shown in Additional file 1: Table S4. Consistent results
were observed after imputation for missing data (Addi-
tional file 1: Figure S2), using 5.6 mmol/L as cutoff points
of glycemic control (Additional file 1: Table S5), and
130/80 mm Hg as the diagnostic threshold of hyperten-
sion (Additional file 1: Table S6).

Figure 2 presents the restricted cubic spline curves
stratified by glycemic control and hypertension sta-
tus, indicating a significant dose-response relationship



Wu et al. Cardiovascular Diabetology (2022) 21:262

Page 5 of 11

>

1.001

Arterial stiffness level

== <1400 cm/s
== 1400-1800 cm/s

21800 cm/s

0.751

——

0.501

0.251

Hazard of macro-vascular events

0.00+
0 2 4 6 8 10
Time (years)
C Arterial stiffness and
glycemic control status
2 — GGCNAS
% - GGCMAS
= 1.0 - GGCSAS
g == PGCNAS I
g - PGCMAS
T — PGCSAS
o
[&]
©
£ 0.51 —
kS .
° i — —
g — =
®© I
T |
0.0
0 2 4 6 8 10

Time (years)

control (1 score); with hypertension (1 score)

B 12 Arterial stiffness and
@ hypertension status
S - NHPNAS
o ool — NHPMAS
I - NHPSAS _
3 -~ HPNAS
S -~ HPMAS
é 0.61 — HPSAS
[5) i
g [
S o3 \4[% —
e '
3 =
I I !

0.01

0 2 4 6 8 10
Time (years)
D Arterial stiffness, hypertension
and glycemic control score

2]
c -0
%0.75- I —
5 -2 74_'_
3 -3 (4
@ - 4 \
I§ 0.501 ‘
5 | [
[5)
© —
S i ]
o
© 0.251
2
©
N
®©
I

0.001

Time (years)

Fig. 1 Cumulative risk curves of overall macrovascular complication according to arterial stiffness, glycemic control, and hypertension

status. GGCNAS represents good glycemic control with normal arterial stiffness (baPWV < 1400 cm/s); GGCMAS, good glycemic control with
moderately elevated arterial stiffness (1400 < baPWV < 1800 cm/s); GGCSAS, good glycemic control with severely elevated arterial stiffness
(baPWV > 1800 cm/s); PGCNAS, poor glycemic control with normal arterial stiffness; PGCMAS, poor glycemic control with moderately elevated
arterial stiffness; PGCSAS, poor glycemic control with severely elevated arterial stiffness. NHPNAS indicates no hypertension with normal arterial
stiffness; NHPMAS, no hypertension with moderately elevated arterial stiffness; NHPSAS, no hypertension with severely elevated arterial stiffness;
HPNAS, hypertension with normal arterial stiffness; HPMAS, hypertension with moderately elevated arterial stiffness; HPSAS, hypertension with
severely elevated arterial stiffness. Score: moderately elevated arterial stiffness (1 score); severely elevated arterial stiffness (2 score); poor glycemic

between baseline baPWV and macrovascular complica-
tion in poor glycemic control and hypertension groups,
not in good glycemic control and non-hypertension
groups. Additional file 1: Table S7 summarizes the asso-
ciation of per-SD increase of baPWV with macrovascular
complication stratified by glycemic control and hyperten-
sion status.

Figure 3 shows the association of the cumulative risk
score of arterial stiffness, glycemic control, and hyper-
tension with macrovascular complication. Individuals

in the highest composite risk score group had a sig-
nificantly highest risk of macrovascular complication
(adjusted HR: 3.36; 95% CI: 1.56—7.25) and the adjusted
HR for the group of score 3 was 2.37 (95% CI: 1.17-
4.79) compared with those of score 0. The composition
of arterial stiffness, glycemic control and hyperten-
sion status according to the cumulative risk score is
shown in Additional file 1: Table S8. On the other hand,
one-unit increase of the weighted score was associ-
ated with a 21.4% (95% CI: 12.4%-43.1%) increased
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Table 2 Association of combined arterial stiffness and glycemic control status with macrovascular complication

Cases/total (%) Incidence rate (per Hazard ratio (95% Cl) P value
1000 person years)

Model 1

Good glycemic control and normal arterial stiffness 15/183 (8.2) 19.3 Ref.

Good glycemic control and moderate arterial stiffness 82/415 (19.8) 436 1.63(091-2.92) 0.103
Good glycemic control and severe arterial stiffness 91/246 (37.0) 88.6 2.34(1.26-4.35) 0.007
Poor glycemic control and normal arterial stiffness 22/282 (7.8) 21.1 1.14(0.58-2.26) 0.698
Poor glycemic control and moderate arterial stiffness 84/521 (16.1) 426 1.87 (1.05-3.34) 0.033
Poor glycemic control and severe arterial stiffness 65/223 (29.1) 843 2.65 (142-4.95) 0.002
Model 2

Good glycemic control and moderate arterial stiffness 1.57 (0.85-2.89) 0.147
Good glycemic control and severe arterial stiffness 224 (1.17-4.30) 0.016
Poor glycemic control and normal arterial stiffness 1.19(0.59-2.41) 0.632
Poor glycemic control and moderate arterial stiffness 1.98 (1.08-3.61) 0.027
Poor glycemic control and severe arterial stiffness 2.73 (142-5.25) 0.003

Normal arterial stiffness (baPWV < 1400 cm/s); moderate arterial stiffness (1400 < baPWV < 1800 cm/s); severe arterial stiffness (baPWV > 1800 cm/s). Good and poor
glycemic control were defined as fasting glucose < 7.0 mmol/L and > 7.0 mmol/L

Model 1: adjusted for age (continuous) and sex; model 2: adjusted for age (continuous), sex, obesity (yes/no), eGFR (continuous), LDL cholesterol (continuous),
hypertension (yes/no), current smoking (yes/no) and physical activity (yes/no)

baPWV, brachial-ankle pulse wave velocity; LDL, low-density lipoprotein; eGFR, estimated glomerular filtration rate

Table 3 Association of combined arterial stiffness and hypertension status with macrovascular complication

Cases/total (%) Incidence rate (per 1000 Hazard Ratio (95% Cl) P value
person years)

Model 1

Non-hypertension and normal arterial stiffness 27/351(7.7) 200 Ref.

Non-hypertension and moderate arterial stiffness 87/509 (17.1) 399 1.50 (0.94-2.40) 0.088
Non-hypertension and severe arterial stiffness 45 (28.3) 704 1.84 (1.04-3.27) 0.037
Hypertension and normal arterial stiffness 10/114 (8.8) 212 0.98 (0.46-2.09) 0.955
Hypertension and moderate arterial stiffness 79/427 (18.5) 47.2 81 (1.12-2.90) 0.015
Hypertension and severe arterial stiffness 15/324 (35.5) 946 2.64 (1.59-4.39) <0.001
Model 2

Non-hypertension and moderate arterial stiffness 42 (0.88-2.29) 0.148
Non-hypertension and severe arterial stiffness 1.92 (1.08-343) 0.027
Hypertension and normal arterial stiffness 0.90 (041-1.97) 0.784
Hypertension and moderate arterial stiffness 1.93(1.19-3.12) 0.008
Hypertension and severe arterial stiffness 2.69 (1.61-4.50) <0.001

Normal arterial stiffness (baPWV < 1400 cm/s); moderate arterial stiffness (1400 < baPWV < 1800 cm/s); severe arterial stiffness (baPWV > 1800 cm/s). Hypertension was
defined as systolic blood pressure > 140 mmHg or diastolic blood pressure >90 mmHg or use of any antihypertensive medication or self-reported diagnosis history of
hypertension

Model 1: adjusted for age (continuous) and sex; model 2: adjusted for age (continuous), sex, obesity (yes/no), eGFR (continuous), LDL cholesterol (continuous),
glycemic control (good/poor), current smoking (yes/no) and physical activity (yes/no)

baPWV, brachial-ankle pulse wave velocity; LDL, low-density lipoprotein; eGFR, estimated glomerular filtration rate

risk of macrovascular complication (Additional file 1: = Discussion

Table S9). The area under the curve (AUC) values were  This current cohort study examined the macrovascular
0.854 and 0.893 for the cumulative score and weighted  complication risk among diabetic population based on
score, respectively. the combined evaluation of arterial stiffness, glycemic



Wu et al. Cardiovascular Diabetology ~ (2022) 21:262 Page 7 of 11
A B
c 4 c
o ’ 5]
k= ., 2
3 Phe 5 10.0 1
£ -7 £
<] .- <]
o - o
- s -
8 L7 K
33 ’ 3 7.5
8 ’ 8
2 ’ 2
g /7 2
3] (3]
[1+] [1+]
= = 5.01
5 2] 5
2 2
T T
4 4
o B 251
© ©
N 14 N
1] 1]
T T

1 5'0 0 20I00 25I00
baPWV (cm/s) in good glycemic control group

N w » )]
1 1 L 1
~
\
\
N

Hazard Ratio of Macro-vascular Complication ¢
-
N

1 50I0 200'0 250'0
baPWV (cm/s) in poor glycemic control group

» o -]
1 L L

Hazard Ratio of Macro-vascular complication
N

1500 2000

LDL, low-density lipoprotein; eGFR, estimated glomerular filtration rate

baPWV (cm/s) in no hypertension group

1500 2000 2500
baPWV (cm/s) in hypertension group
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control and hypertension status. We found that indi-
viduals with elevated arterial stiffness were at a higher
risk of macrovascular complication. Among patients of
normal blood pressure or good glycemic control, the
risk of macrovascular complication was only significant
for the severe arterial stiffness. Whereas, in patients
with hypertension or poor glycemic control, the effect
became significant from the moderate arterial stiffness.
In addition, we established a cumulative and weighted

risk score by arterial stiffness, glycemic control and
hypertension status for the risk stratification of diabetic
macrovascular complication. The results were consist-
ent in multiple sensitivity analyses.

Separate associations of arterial stiffness, glycemic con-
trol and hypertension with diabetic macrovascular com-
plication have been reported. Previous studies showed
a positive association between arterial stiffness and car-
diovascular diseases in patients with diabetes [32-35].
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The Diabetes Control and Complications Trial (DCCT)
[36], Action in Diabetes and Vascular Disease: Preterax
and Diamicron Modified Release Controlled Evalua-
tion (ADVANCE) [37], and the UK Prospective Diabetes
Study (UKPDS) trial [38] have shown that good glyce-
mic control reduced macrovascular complication onset.
Intensive glycemic control could modestly reduce major
macrovascular events in the short-to-medium term. On
contrary, some studies failed to demonstrate a signifi-
cant association [39—41]. Our study showed that glyce-
mic control status was not significantly associated with
macrovascular complication, but it could modulate the
effect of arterial stiffness. On the other hand, the UKPDS
showed that a reduction in SBP decreased the risk of
myocardial infarction, stroke, and peripheral artery dis-
ease [42]. Intensive blood pressure control decreased the
risk of cardiovascular outcomes in diabetic population
[43, 44]. On this basis, this study proposed that com-
bined evaluation of arterial stiffness, glycemic control
and hypertension status could improve the risk stratifi-
cation of macrovascular complication onset in diabetic
population.

A previous study investigated the significance of com-
bined evaluation of arterial stiffness and hypertension
status on diabetes onset [18]. The Framingham offspring
cohort study found the relative contributions of arterial
stiffness and hypertension to cardiovascular diseases [45].
However, the combined association of arterial stiffness,
glycemic control and hypertension status with macro-
vascular complication among diabetic patients remained
unknown. Our study evaluated the joint association of

arterial stiffness, glycemic control and hypertension sta-
tus with the incidence of macrovascular complication.
Moreover, we established two composite risk scores to
stratify the risk of macrovascular complication, which
provided a comprehensive tool for the risk stratification
and management of macrovascular complication in dia-
betic population.

The mutual associations between arterial stiffness, gly-
cemic control and hypertension have been extensively
documented. A Japanese study showed that an increase
of arterial stiffness appeared to be associated with a lon-
gitudinal elevation of blood pressure to the hyperten-
sive range [46]. The Rio de Janeiro diabetes cohort study
found that better glycemic control with blood pressure
reduction were of great importance to attenuate arterial
stiffness progression in diabetic patients [15]. Our study
found that in patients of non-hypertension or good gly-
cemic control, the effect was statistically significant only
for severe arterial stiffness. Our results indicated that the
combined action of arterial stiffness, blood pressure and
glycose level on macrovascular complication needs to be
considered and managed accordingly to most efficiently
reduce CVD risk. In addition, people of diabetes are at a
higher risk of heart failure [47, 48]. The multifactorial risk
prevention and control of arterial stiffness, glycemic and
blood pressure could potentially reduce the incidence of
heart failure, which needs further research.

The exact mechanisms linking arterial stiffness and
macrovascular complication remain unclear and there
are some potential explanations. First, arterial stift-
ness could lead to increased arterial pulse pressure and



Wu et al. Cardiovascular Diabetology (2022) 21:262

pulsatile shear, resulting in endothelial dysfunction and
metabolic dysregulation [49]. Second, arterial stiffness
could lead to capillary diastolic dysfunction or loss
which results in tissue perfusion decline [31]. The effect
of glycemic control on arterial stiffness may be medi-
ated by advanced glycation end product (AGE) forma-
tion. Hyperglycemia may increase the reaction between
glucose and proteins, promoting the cross-linking of
collagen, elastin and other molecules, known as AGE,
which could produce collagen deposits, tissue inflam-
mation, and fibrosis within the vessel wall [50]. And the
lower production of AGE associated with good glyce-
mic control may delay the progression of arterial stiff-
ness [51].

Our study was based on a large cohort of diabetic
population and reported the longitudinal association of
combined arterial stiffness, glycemic control and hyper-
tension status with macrovascular complication. Data
obtained from the central medical system and standard-
ized questionnaire allowed us to adjust for the potential
confounding factors. However, several limitations should
be acknowledged. First, only part (56%) of the popula-
tion had measurements of HbAlc. Fasting blood glucose
was used as a measure of glycemic control. Second, we
used baPWV as the index of arterial stiffness instead of
carotid-femoral pulse wave velocity (cfPWV). We can
not compare the difference between these two indices.
Nevertheless, studies have confirmed that baPWV cor-
relates closely with cfPWV and has been recommended
for assessing arterial stiffness by American Heart Asso-
ciation (AHA). Of note, there are novel techniques to
estimate the arterial stiffness in addition to tonometry-
derived measures, such as Doppler-derived aortic arch
PWV (aa-PWYV), which need investigation in further
research among diabetic population [52]. Third, arte-
rial stiffness, glycemic control and blood pressure were
determined at baseline, and further studies are needed
to underline the dynamic changes of glycemic level and
blood pressure during follow-up. Fourth, the diseases
history of cardiovascular diseases was self-reported,
which could cause a recall-bias. And there could exist
other potential confounding factors due to the observa-
tional study design.

Conclusion

In summary, this longitudinal cohort study indicated that
the combined evaluation of arterial stiffness, glycemic
control and hypertension status could improve the risk
stratification of macrovascular complication among dia-
betic population, which provided novel insights into the
preventive strategies against macrovascular complication

Page 9 of 11

from the perspective of combined intervention of arterial
function and glucose metabolism.

Abbreviations

BHMC: Beijing Health Management Cohort; baPWV: Brachia-ankle pulse wave
velocity; SBP: Systolic blood pressure; DBP: Diastolic blood pressure; BMI: Body
mass index; HDL: High-density lipoprotein; LDL: Low-density lipoprotein;
UACR: Urinary albumin/creatinine ratio; eGFR: Estimated glomerular filtration
rate; cfPWV: Carotid-femoral pulse wave velocity; AGE: Advanced glycation
end product.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512933-022-01696-1.

Additional file 1. Additional Methods. Table S1. Baseline characteris-
tics of participants according to different arterial stiffness and glycemic
control status. Table S2. Baseline characteristics of participants according
to different arterial stiffness and hypertension status. Table S3. Associa-
tion of separate arterial stiffness, glycemic control and hypertension
status with the development of macrovascular complication. Table S4.
Association of arterial stiffness and glycemic control/hypertension status
with macrovascular complications adjusting blood pressure and fasting
glucose as continuous variables. Table S5. Association of arterial stiffness
and alternatively defined glycemic control status with macrovascular
complications. Table S6. Association of arterial stiffness and alternatively
defined hypertension status with macrovascular complications. Table S7.
Association of per-SD increase of baPWV with diabetic macrovascular
complication stratified by glycemic control and hypertension. Table S8.
The composition of arterial stiffness, glycemic control and hypertension
in each scored population. Table $9. Association of weighted score with
diabetic macrovascular complications. Figure S1. Flowchart of this cur-
rent study. Figure S2. Association of arterial stiffness, glycemic control and
hypertension status with development of macrovascular complication in
imputed data.

Acknowledgements
We thank all the staff and participants of the Beijing Health Management
Cohort for their invaluable contributions.

Author contributions

Literature search: ZYW, ZG and YLZ; Study conception and design: XHG, JBZ,
and XTL; Data collection: HPZ, ZKX, and SC; Data analysis and interpretation:
ZYW, ZWL, and XL; Manuscript writing and reviewing: ZYW, and SQ. Yu; Study
supervision: XHG, and LXT. All authors read and approved the final manuscript.

Funding
Our work was funded by the National Natural Science Foundation of China
(Numbers: 81872708 and 82073668 to LX. Tao).

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author (Dr. Xiuhua Guo) on reasonable request.

Declarations

Ethics approval and consent to participate

The study was approved by the Ethics Committees of Capital Medical Univer-
sity. All participants gave informed consent to participate before taking part.
The number of the approval was 2020SY031.

Consent to publication
Not applicable.


https://doi.org/10.1186/s12933-022-01696-1
https://doi.org/10.1186/s12933-022-01696-1

Wau et al. Cardiovascular Diabetology

(2022) 21:262

Competing interests
The authors declare that they have no competing interests.

Author details

'Beijing Municipal Key Laboratory of Clinical Epidemiology, Department

of Epidemiology and Health Statistics, School of Public Health, Capital Medical
University, No.10 Xitoutiao, Youanmen Street, Beijing 100069, China. “Centre
for Precision Health, Edith Cowan University, Perth, Australia. *Department

of Mathematics and Statistics, La Trobe University, Melbourne, Australia. *Bei-
jing Physical Examination Center, Beijing, China.

Received: 14 September 2022 Accepted: 14 November 2022
Published online: 28 November 2022

References

1.

Saeedi P, Petersohn |, Salpea P, Malanda B, Karuranga S, Unwin N, et al.
Global and regional diabetes prevalence estimates for 2019 and projec-
tions for 2030 and 2045: Results from the International Diabetes Federa-
tion Diabetes Atlas, 9 (th) edition. Diabetes Res Clin Pract. 2019;157:
107843.

Criqui MH, Aboyans V. Epidemiology of peripheral artery disease. Circ Res.
2015;116 (9):1509-26.

Stamler J, Vaccaro O, Neaton JD, Wentworth D. Diabetes, other risk factors,
and 12-yr cardiovascular mortality for men screened in the Multiple Risk
Factor Intervention Trial. Diabetes Care. 1993;16 (2):434-44.

Li MF, Zhao CC, LiTT, Tu YF, Lu JX, Zhang R, et al. The coexistence of
carotid and lower extremity atherosclerosis further increases cardio-
cerebrovascular risk in type 2 diabetes. Cardiovasc Diabetol. 2016;15:43.
Forbes JM, Cooper ME. Mechanisms of diabetic complications. Physiol
Rev.2013;93 (1):137-88.

Global, regional, and national comparative risk assessment of 84 behav-
joural, environmental and occupational, and metabolic risks or clusters
of risks for 195 countries and territories, 1990-2017: a systematic analysis
for the Global Burden of Disease Study 2017. Lancet (London, England).
2018;392 (10159):1923-94.

Kimoto E, Shoji T, Shinohara K, Inaba M, Okuno Y, Miki T, et al. Preferential
stiffening of central over peripheral arteries in type 2 diabetes. Diabetes.
2003;52 (2):448-52.

Sarwar N, Gao P, Seshasai SR, Gobin R, Kaptoge S, Di Angelantonio E,

et al. Diabetes mellitus, fasting blood glucose concentration, and risk of
vascular disease: a collaborative meta-analysis of 102 prospective studies.
Lancet (London, England). 2010;375 (9733):2215-22.

Stehouwer CD, Henry RM, Ferreira |. Arterial stiffness in diabetes and the
metabolic syndrome: a pathway to cardiovascular disease. Diabetologia.
2008;51 (4):527-309.

Bonarjee VVS. Arterial Stiffness: A Prognostic Marker in Coronary Heart
Disease Available Methods and Clinical Application. Front Cardiovasc
Med. 2018;5:64.

Fowkes FG, Aboyans V, Fowkes FJ, McDermott MM, Sampson UK, Criqui
MH. Peripheral artery disease: epidemiology and global perspectives. Nat
Rev Cardiol. 2017;14 (3):156-70.

Laiteerapong N, Ham SA, Gao Y, Moffet HH, Liu JY, Huang ES, et al. The
legacy effect in type 2 diabetes: impact of early glycemic control on
future complications (The Diabetes & Aging Study). Diabetes Care.
201942 (3):416-26.

Wong ND, Zhao Y, Patel R, Patao C, Malik S, Bertoni AG, et al. Cardiovascu-
lar risk factor targets and cardiovascular disease event risk in diabetes: a
pooling project of the atherosclerosis risk in communities study, multi-
ethnic study of atherosclerosis, and Jackson heart study. Diabetes Care.
201639 (5):668-76.

Cefalu WT, Rosenstock J, LeRoith D, Blonde L, Riddle MC. Getting to the
“Heart” of the Matter on Diabetic Cardiovascular Disease: “Thanks for the
Memory." Diabetes Care. 2016;39 (5):664-7.

Ferreira MT, Leite NC, Cardoso CR, Salles GF. Correlates of aortic stiffness
progression in patients with type 2 diabetes: importance of glycemic
control: the Rio de Janeiro type 2 diabetes cohort study. Diabetes Care.
2015;38 (5):897-904.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Page 10 of 11

. Yue WS, Lau KK, Siu CW, Wang M, Yan GH, Yiu KH, et al. Impact of glycemic

control on circulating endothelial progenitor cells and arterial stiffness in
patients with type 2 diabetes mellitus. Cardiovasc Diabetol. 2011;10:113.

. Gepner AD, Tedla Y, Colangelo LA, Tattersall MC, Korcarz CE, Kaufman JD,

et al. Progression of Carotid Arterial Stiffness With Treatment of Hyperten-
sion Over 10 Years: The Multi-Ethnic Study of Atherosclerosis. Hyperten-
sion. 201769 (1):87-95.

. Tian X, ZuoY, Chen S, Zhang Y, Zhang X, Xu Q, et al. Hypertension, Arte-

rial Stiffness, and Diabetes: a Prospective Cohort Study. Hypertension.
2022;79 (7):1487-96.

. Wu Z, Zhou D, LiuY, Li Z, Wang J, Han Z, et al. Association of TyG index

and TG/HDL-C ratio with arterial stiffness progression in a non-normo-
tensive population. Cardiovasc Diabetol. 2021;20 (1):134.

Chen C, Lu FC. The guidelines for prevention and control of over-
weight and obesity in Chinese adults. Biomed Environ Sci. 2004;17
(Suppl):1-36.

Chobanian AV, Bakris GL, Black HR, Cushman WC, Green LA, Izzo JL Jr,
et al. Seventh report of the Joint National Committee on Prevention,
Detection, Evaluation, and Treatment of High Blood Pressure. Hyper-
tension. 2003;42 (6):1206-52.

Standards of Medical Care in Diabetes-2020 Abridged for Primary Care
Providers. Clinical diabetes : a publication of the American Diabetes
Association. 2020;38 (1):10-38.

Weinberg AE, Patel CJ, Chertow GM, Leppert JT. Diabetic severity and
risk of kidney stone disease. Eur Urol. 2014;65 (1):242-7.

Chen YY, ChenY, Liang SM, Su ZZ, Shu XR, Zhang HF, et al. Prognostic
impact of fasting plasma glucose on mortality and re-hospitalization in
patients with acute heart failure. Chin Med J. 2018;131 (17):2032-40.
Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF 3rd, Feldman HI,
et al. A new equation to estimate glomerular filtration rate. Ann Intern
Med. 2009;150 (9):604-12.

Chapter 1: Definition and classification of CKD. Kidney international
supplements. 2013;3 (1):19-62.

Seidu S, Barrat J, Khunti K. Clinical update: The important role of dual
kidney function testing (ACR and eGFR) in primary care: Identifica-
tion of risk and management in type 2 diabetes. Prim Care Diabetes.
2020;14 (4):370-5.

Hashimoto Y, Tanaka M, Okada H, Senmaru T, Hamaguchi M, Asano M,
et al. Metabolically healthy obesity and risk of incident CKD. Clin J Am
Soc Nephrol. 2015;10 (4):578-83.

Wilkinson CP, Ferris FL 3rd, Klein RE, Lee PP, Agardh CD, Davis M, et al.
Proposed international clinical diabetic retinopathy and diabetic
macular edema disease severity scales. Ophthalmology. 2003;110
(9):1677-82.

Yamashina A, Tomiyama H, Takeda K, Tsuda H, Arai T, Hirose K, et al. Valid-
ity, reproducibility, and clinical significance of noninvasive brachial-ankle
pulse wave velocity measurement. Hypertens Res. 2002;25 (3):359-64.
Zheng M, Zhang X, Chen S, Song Y, Zhao Q, Gao X, et al. Arterial stiffness
preceding diabetes: a longitudinal study. Circ Res. 2020;127 (12):1491-8.
Cardoso CR, Ferreira MT, Leite NC, Salles GF. Prognostic impact of aortic
stiffness in high-risk type 2 diabetic patients: the Rio deJaneiro Type 2
Diabetes Cohort Study. Diabetes Care. 2013;36 (11):3772-8.

Maeda Y, Inoguchi T, Etoh E, Kodama Y, Sasaki S, Sonoda N, et al. Brachial-
ankle pulse wave velocity predicts all-cause mortality and cardiovascular
events in patients with diabetes: the Kyushu Prevention Study of Athero-
sclerosis. Diabetes Care. 2014;37 (8):2383-90.

Cardoso CRL, Leite NC, Salles GF. Prognostic impact of changes in aortic
stiffness for cardiovascular and mortality outcomes in individuals with
type 2 diabetes: the Rio de Janeiro cohort study. Cardiovasc Diabetol.
2022;21 (1):76.

Cardoso CRL, Melo JV, Santos TRM, Leite NC, Salles GF. Traditional and
non-traditional risk factors for peripheral artery disease development/
progression in patients with type 2 diabetes: the Rio de Janeiro type 2
diabetes cohort study. Cardiovasc Diabetol. 2021;20 (1):54.

Nathan DM, Genuth S, Lachin J, Cleary P, Crofford O, Davis M, et al. The
effect of intensive treatment of diabetes on the development and
progression of long-term complications in insulin-dependent diabetes
mellitus. N Engl J Med. 1993;329 (14):.977-86.

Tian J, Ohkuma T, Cooper M, Harrap S, Mancia G, Poulter N, et al. Effects
of intensive glycemic control on clinical outcomes among patients

with type 2 diabetes with different levels of cardiovascular risk and



Wu et al. Cardiovascular Diabetology

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

(2022) 21:262

hemoglobin A (1¢) in the ADVANCE Trial. Diabetes Care. 2020;43
(6):1293-9.

Holman RR, Paul SK, Bethel MA, Matthews DR, Neil HA. 10-year follow-up
of intensive glucose control in type 2 diabetes. N Engl J Med. 2008;359
(15):1577-89.

Zoungas S, Chalmers J, Neal B, Billot L, Li Q, Hirakawa Y, et al. Follow-up of
blood-pressure lowering and glucose control in type 2 diabetes. N Engl J
Med. 2014;371 (15):1392-406.

Duckworth W, Abraira C, Moritz T, Reda D, Emanuele N, Reaven PD, et al.
Glucose control and vascular complications in veterans with type 2
diabetes. N Engl J Med. 2009;360 (2):129-39.

Gerstein HC, Miller ME, Byington RP, Goff DC Jr, Bigger JT, Buse JB, et al.
Effects of intensive glucose lowering in type 2 diabetes. N Engl J Med.
2008358 (24):2545-59.

Adler Al, Stratton IM, Neil HA, Yudkin JS, Matthews DR, Cull CA, et al. Asso-
ciation of systolic blood pressure with macrovascular and microvascular
complications of type 2 diabetes (UKPDS 36): prospective observational
study. BMJ (Clinical research ed). 2000;321 (7258):412-9.

Buckley LF, Dixon DL, Wohlford GF, Wijesinghe DS, Baker WL, Van Tassell
BW. Intensive Versus Standard Blood Pressure Control in SPRINT-Eligible
Participants of ACCORD-BP. Diabetes Care. 2017;40 (12):1733-8.

Ilkun OL, Greene T, Cheung AK, Whelton PK, Wei G, Boucher RE, et al. The
influence of baseline diastolic blood pressure on the effects of intensive
blood pressure lowering on cardiovascular outcomes and all-cause
mortality in type 2 diabetes. Diabetes Care. 2020;43 (8):1878-84.
Niiranen TJ, Kalesan B, Hamburg NM, Benjamin EJ, Mitchell GF, Vasan

RS. Relative Contributions of Arterial Stiffness and Hypertension to
Cardiovascular Disease: The Framingham Heart Study. J Am Heart Assoc.
2016,5:11.

Tomiyama H, Shiina K, Matsumoto-Nakano C, Ninomiya T, Komatsu S,
Kimura K, et al. The contribution of inflammation to the development of
hypertension mediated by increased arterial stiffness. J Am Heart Assoc.
2017,6:7.

Nesti L, Pugliese NR, Sciuto P, De Biase N, Mazzola M, Fabiani |, et al.
Mechanisms of reduced peak oxygen consumption in subjects with
uncomplicated type 2 diabetes. Cardiovasc Diabetol. 2021;20 (1):124.
Nesti L, Pugliese NR, Sciuto P, Natali A. Type 2 diabetes and reduced exer-
cise tolerance: a review of the literature through an integrated physiology
approach. Cardiovasc Diabetol. 2020;19 (1):134.

Petrie JR, Guzik TJ, Touyz RM. Diabetes, hypertension, and cardiovascular
disease: clinical insights and vascular mechanisms. Can J Cardiol. 2018;34
(5):575-84.

Rubin J, Nambi V, Chambless LE, Steffes MW, Juraschek SP, Coresh J, et al.
Hyperglycemia and arterial stiffness: the atherosclerosis risk in the com-
munities study. Atherosclerosis. 2012;225 (1):246-51.

Tomiyama H, Miwa T, Kan K, Matsuhisa M, Kamiya H, Nanasato M, et al.
Impact of glycemic control with sitagliptin on the 2-year progression

of arterial stiffness: a sub-analysis of the PROLOGUE study. Cardiovasc
Diabetol. 2016;15 (1):150.

Pugliese NR, Balletti A, Armenia S, De Biase N, Faita F, Mengozzi A, et al.
Ventricular-arterial coupling derived from proximal aortic stiffness and
aerobic capacity across the heart failure spectrum. JACC Cardiovasc
Imaging. 2022;15 (9):1545-59.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 11 of 11

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Combined evaluation of arterial stiffness, glycemic control and hypertension for macrovascular complications in type 2 diabetes
	Authors

	Combined evaluation of arterial stiffness, glycemic control and hypertension for macrovascular complications in type 2 diabetes
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Study population
	Data collection and definition
	Arterial stiffness measurement and definition
	Outcome
	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgements
	References


