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Aims: Our aim was to investigate the effects of peripheral arterial stiffness on the risk of

progression of renal disease in patients with type 2 diabetes (T2D).

Methods: This was a single center, retrospective cohort study. Brachial-ankle pulse

wave velocity (baPWV) tests were performed on T2D patients in 2015. Increased arterial

stiffness was defined as baPWV of ≥ 1800 cm/s. We applied criteria for progression of

renal disease according to EMPA-REG OUTCOME trial.

Results: In total, 186 patients were enrolled in the final study. The mean age was

59.1 years and male:female ratio was 1.73:1. Thirteen (7%) patients progressed to

renal disease during the average follow-up time of 35.3 months. In particular, the risk

of progression to macroalbuminuria was significantly higher in the baPWV ≥ 1800

cm/s group (HR 6.216, p = 0.020). Individuals with a baPWV of ≥ 1800 cm/s (when

comparisons were adjusted for age, sex, blood pressure, diabetes duration, eGFR,

and use of renin-angiotensin system inhibitors) had a significantly higher risk of the

progression of renal disease (HR = 8.480, p = 0.014).

Conclusion: These results suggest that peripheral arterial stiffness (baPWV ≥ 1800

cm/s) may be a risk factor for the progression of renal disease in T2D patients.

Keywords: arterial stiffness, diabetes mellitus, diabetic nephropathy, pulse wave velocity, renal function decline

INTRODUCTION

Type 2 diabetes mellitus (T2D), along with hypertension, is one of the leading chronic diseases
in Korea (1). In addition to the increasing prevalence of diabetes, diabetic complications such as
cardiovascular disease, retinopathy, neuropathy, and nephropathy have significant negative effects
on quality of life among T2D patients.

Aside from the microvascular complications that affect T2D patients, diabetic kidney
disease (DKD) is the most common cause of end-stage renal disease (ESRD) resulting in
the increased morbidity and mortality of diabetic patients. According to the Korean Society
of Nephrology, for the past 20 years diabetes has been identified as the leading cause of
ESRD requiring renal replacement treatment, accounting for 48.8% of cases (2). ESRD causes
a heavy socioeconomic and health burden (3), so it is important to closely monitor T2D
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patients and try to preserve renal function, as the progression of
renal disease is often irreversible (4). Recent guidelines strongly
recommend the annual screening of renal function, which can
be determined by measuring urinary albumin, blood creatinine,
and glomerular filtration rate from the time of diagnosis (4, 5).
Previous clinical trials have shown that close monitoring and
controlling of glucose levels and blood pressure can aid in
delaying the progression of DKD, but some clinical needs remain
a challenge.

Arterial stiffness is often a consequence of the physiological
aging process or atherosclerosis, and it has been also described
as a biomarker of hypertension (6), subclinical (7) or overt
cardiovascular disease, stroke (8), andmortality (9) in the general
population. Arterial stiffness is best characterized by measuring
the pulse wave velocity (PWV), which is a commonly used
biomarker (10–13). Previous studies have found that PWV can
predict CKD progression and mortality (14, 15). Additionally,
the level of PWV is significantly higher in people with diabetes
compared to those without (16, 17). However, few studies have
explored the possible causal relationship between PWV and the
progression of diabetic kidney disease in patients with T2D.

To address this research gap, we investigated the relationship
between arterial stiffness and renal dysfunction in T2D patients,
as well as whether brachial-ankle pulse wave velocity (baPWV)
can be used clinically as a predictor of the progression of
renal disease.

SUBJECTS, MATERIALS AND METHODS

Study Population
This was a retrospective cohort study, in which data were
collected from the electronic medical records of T2D patients
who underwent baPWV testing in 2015 and were subsequently
assessed for the progression of renal disease from 2016–2019 at
Yeungnam University Hospital. In total, 391 patients initially
qualified for this study. Patients were excluded for any of the
following reasons: not aged 21–79 years (n = 7); missing initial
estimated glomerular filtration rate data (eGFR; n= 51); chronic
kidney disease stage <3b (eGFR ≤ 45 ml/min/1.73 m2); treated
with renal replacement therapy at baseline (n = 9); presence of
peripheral arterial stenosis confirmed by an ankle brachial index
(ABI) of < 0.9 (n = 5) (18, 19); or follow-up of renal function
was not possible (n = 133). In total, 186 patients were finally
determined to be eligible. The study protocol was developed in
accordance with the tenets of the Declaration of Helsinki and
reviewed and approved by the institutional review board of the
Yeungnam University Hospital (IRB no. 2020-05-020).

Anthropometrics and Laboratory
Measurements
Body mass index (BMI) was calculated as weight divided by
height squared (kg/m2). Data on diabetes duration, comorbidities
(hypertension, stroke, and coronary artery disease), and use
of renin-angiotensin system (RAS) inhibitors were collected.
All laboratory tests were performed in the central laboratory
of the Yeungnam University Hospital. Venous blood sampling
was taken from the antecubital vein after an overnight fast.
The levels of serum glucose, glycated hemoglobin (HbA1c),

TABLE 1 | Baseline characteristics according to the presence of peripheral arterial

stiffness (baPWV ≥ 1800 cm/s).

baPWV <1800 baPWV ≥1800 p value

cm/s (n = 142) cm/s (n = 44)

Age (yrs) 57.4 ± 10.2 64.3 ± 9.5 <0.001

Male, n (%) 95 (66.9%) 23 (52.3%) 0.078

Diabetes duration (yrs) 8.1 ± 7.3 12.2 ± 8.5 0.002

BMI (kg/m²) 24.8 ± 5.0 24.1 ± 3.2 0.258

Hypertension n (%) 76 (71.0%) 31 (70.5%) 0.091

Stroke n (%) 10 (7.0%) 2 (4.5%) 0.556

Coronary artery disease n (%) 5 (3.5%) 3 (7.0%) 0.329

RAS inhibitors, n (%) 65 (45.8%) 27 (61.4%) 0.071

Systolic BP (mmHg) 125.8 ± 15.4 145.3 ± 19.1 <0.001

Diastolic BP (mmHg) 77.0 ± 10.2 83.7 ± 10.8 <0.001

baPWV (cm/s) 1490.1 ± 194.0 2118.6 ± 308.2 <0.001

ABI 1.15 ± 0.08 1.17 ± 0.09 0.020

HbA1c (%) 8.3 ± 2.3 8.6 ± 1.7 0.230

Total protein (g/dl) 7.3 ± 0.7 7.4 ± 0.5 0.781

Albumin (g/dl) 4.7 ± 0.6 4.7 ± 0.4 0.835

AST (unit/L) 28.7 ± 17.5 28.0 ± 10.1 0.899

ALT (unit/L) 31.6 ± 21.9 28.2 ± 15.4 0.300

Total cholesterol (mg/dl) 186.1 ± 59.9 188.1 ± 50.7 0.634

Triglyceride (mg/dl) 194.4 ± 181.9 175.2 ± 110.6 0.520

HDL cholesterol (mg/dl) 51.1 ± 15.5 50.6 ± 13.3 0.822

LDL cholesterol (mg/dl) 98.6 ± 48.5 101.3 ± 42.4 0.510

Creatinine (mg/dl) 1.01 ± 0.20 1.02 ± 0.22 0.603

eGFR (ml/min/1.73 m2 ) 80.8 ± 16.4 72.6 ± 14.3 0.005

uACR (mg/g) 55.7 ± 163.1 92.2 ± 172.6 0.172

BMI, body mass index; RAS, renin-angiotensin system; BP, blood pressure; baPWV,

brachial-ankle pulse wave velocity; ABI, ankle brachial index; AST, aspartate

aminotransferase; ALT, alanine aminotransferase; HDL, high-density lipoprotein; LDL,

low-density lipoprotein; eGFR, estimated glomerular filtration rate; uACR, urinary

albumin:creatinine ratio. The bold values mean statistically significant data.

TABLE 2 | Correlation between baPWV and multiple variables at baseline.

baPWV

r P-value

Age 0.405 <0.001

Diabetes duration 0.213 0.004

Systolic blood pressure 0.645 <0.001

eGFR −0.193 0.011

total protein, albumin, aspartate aminotransferase (AST), alanine
aminotransferase (ALT), total cholesterol, triglyceride, high-
density lipoprotein (HDL) cholesterol, low-density lipoprotein
(LDL) cholesterol, blood urea nitrogen (BUN), and creatinine
were measured. The levels of urine creatinine and albumin were
also measured.

Measurement and Definition of Arterial
Stiffness
The blood pressure (BP), baPWV, andABI weremeasured using a
non-invasive vascular screening device (BP-203RPEIII, OMRON
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FIGURE 1 | Scatter plot of the relationship between baPWV and (A) baseline eGFR and (B) annual changes in eGFR. The red line represents the regression line.

FIGURE 2 | Risk of peripheral arterial stiffness (baPWV ≥ 1800 cm/s) on (A) progression to macroalbuminuria (uACR > 300mg) and (B) progression of renal disease.

A log-rank (Mantel-Cox) survival analysis was used.

healthcare, Japan), which was operated by a trained examiner
who placed pneumatic cuffs on each ankle and each upper arm of
patients in the supine position. The validity of baPWV compared
to aortic PWV using invasive catheter manometer was reported
to be favorable (r = 0.87, p < 0.01) (20). We defined a person
with a baPWV of ≥ 1800 cm/s as having a higher level of arterial
stiffness, in accordance with the Japanese Circulation Society.
A baPWV of ≥ 1800 cm/s is regarded as the threshold for a
high-risk category (18) and is known to increase the risk for
cardiovascular and heart failure-related events (7, 21).

Measurement and Definition of the
Progression of Renal Disease
Estimated glomerular filtration rate (eGFR) was calculated using
the chronic kidney disease epidemiology collaboration equation
(CKD-EPI). Urinary albumin:creatinine ratio (uACR) was
calculated. In accordance with the EMPA-REG OUTCOME trial,
any of the following criteria were used to describe progression

of renal disease (22): progression to macroalbuminuria (uACR >

300mg); doubling of serum creatinine level accompanied by an
eGFR of≤ 45 ml/min/1.73 m2; treatment with renal replacement
therapy; or death from renal disease.

Statistical Analysis
Numerical data are expressed as the mean ± standard deviation
(SD), and categorical data are expressed as numbers and
percentages. The independent t-test was used to compare the
groups with continuous variables. The chi-square test was
used to compare categorical variables. A Cox proportional
hazards regression was used to evaluate the risk of progression
of renal disease. IBM Statistical Package for Social Sciences
for Windows, version 21.0 (SPSS Inc. Chicago, IL) software
was used for statistical analyses. Graphs were produced using
GraphPad Prism 8.0 software (GraphPad Software Inc., San
Diego, CA, USA). A value of p < 0.05 was considered
statistically significant.
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RESULTS

Comparison of Baseline Characteristics
Between High and Low Pulse Wave
Velocity
Themean age of patients was 59.1± 10.5 years (range 22–79) and
the male:female ratio was 1.73:1. The mean duration of diabetes
was 9 ± 7.8 years (range 0–39). The prevalence of comorbid
hypertension, stroke, and coronary artery disease in the patient
cohort was 57.5, 6.5, and 4.3%, respectively. 23.7% of enrolled
patients (n= 44) had a baPWV of ≥ 1800 cm/s.

Table 1 lists baseline characteristics according to baPWV (≥
1800 cm/s vs.< 1800 cm/s). Individuals with a baPWV of≥ 1800
cm/s were significantly older (p < 0.001), had longer duration of
diabetes (p = 0.002), higher systolic and diastolic blood pressure
(p < 0.01), and higher ABI (p = 0.02) compared to patients with
a baPWV of < 1800 cm/s. Factors including sex, BMI, comorbid
hypertension, stroke or coronary artery disease, and use of RAS
inhibitor medication did not differ significantly between the two
groups. Baseline HbA1c, albumin, liver and lipid profiles also did

TABLE 3 | Characteristics according to progressors and non-progressors

regarding albuminuria.

Non-progressors Progressors p value

(n = 176) (n = 10)

Age (yrs) 58.9 ± 10.5 61.5 ± 10.6 0.401

Male, n (%) 110 (62.5%) 8 (80.0%) 0.330

Diabetes duration (yrs) 8.8 ± 7.9 12.8 ± 5.5 0.051

RAS inhibitors, n (%) 84 (47.7%) 8 (80.0%) 0.056

Systolic BP (mmHg) 130.4 ± 18.6 131.2 ± 11.4 0.623

Diastolic BP (mmHg) 78.7 ± 10.8 75.1 ± 9.1 0.425

baPWV (cm/s) 1627.8 ± 348.5 1831.2 ± 334.8 0.041

ABI 1.16 ± 0.08 1.17 ± 0.11 0.913

HbA1c (%) 8.3 ± 2.1 9.0 ± 2.2 0.199

eGFR (ml/min/1.73m2 ) 75.9 ± 18.3 77.7 ± 12.4 0.465

Mann-Whitney U test, Fisher’s exact test was used. The bold values mean statistically

significant data.

not differ significantly between the two groups. In the baPWV of
≥ 1800 cm/s group, eGFR was significantly lower (72.6 vs. 80.8
ml/min/1.73 m2, p = 0.005) and uACR was higher but without
statistical significance (92.2 vs. 55.7 mg/g, p= 0.172).Table 2 lists
correlations between baPWV and age, diabetes duration, systolic
blood pressure, and eGFR at baseline. Age, diabetes duration, and
systolic blood pressure were positively correlated with baPWV
(r = 0.405, 0.213, and 0.645, respectively; all p < 0.01), whereas
baPWV was negatively correlated with eGFR (r = −0.193, p =

0.011; Figure 1A).

Comparison of the Risk for the
Progression of Renal Disease Between
High and Low Pulse Wave Velocity
The mean follow-up period was 35.3 ± 7.25 months (range
14–48). During the follow-up period, 13 patients developed
renal disease (13.6% of the baPWV of ≥ 1800 cm/s group
and 4.9% of the baPWV of < 1800 cm/s group). Specifically,
10 patients progressed to macroalbuminuria and 3 patients
exhibited doubling of serum creatinine levels accompanied by
an eGFR of ≤ 45 ml/min/1.73 m2. No patients were treated with
renal replacement therapy or died from renal disease. The annual
changes in eGFR were significantly negatively correlated with
baPWV (r = −0.226, p < 0.001; Figure 1B), meaning that the
higher the baPWV, the greater the annual decrement of eGFR.
Individuals with a baPWV of ≥ 1800 cm/s had a significantly
higher risk for progression to macroalbuminuria (HR 6.216, 95%
CI 1.323–29.21, p = 0.020; Figure 2A), whereas no significant
risk was observed for the doubling of serum creatinine level
accompanied by an eGFR of ≤ 45 ml/min/1.73 m2 (HR
2.762, 95% CI 0.146–52.07, p = 0.497). The additional analysis
of comparing the progressors and non-progressors regarding
macroalbuminuria group are presented in Table 3. Compared
to the non-progressor group, baseline baPWV was significantly
higher in the progressor group (1627.8 vs. 1831.2 cm/s, p =

0.041). And although not statistically significant, the duration of
diabetes was longer (8.8 vs. 12.8 years, p = 0.051) and the rate of
taking RAS inhibitors were higher (47.7 vs. 80.0%, p = 0.056) in
the progressor group. Table 4 lists the risk of arterial stiffness for

TABLE 4 | Risk of peripheral arterial stiffness (baPWV ≥ 1800 cm/s) on the progression of renal disease.

Non-adjusted model Adjusted model*

HR 95% CI p-value HR 95% CI p-value

Age 1.008 [0.954-1.064] 1.008 0.965 [0.898-1.037] 0.330

Male 3.078 [0.681-13.913] 0.144 5.009 [0.838-29.952] 0.077

Systolic BP 0.986 [0.953-1.021] 0.443 0.993 [0.923-1.068] 0.847

Diastolic BP 0.962 [0.909-1.019] 0.180 0.926 [0.823-1.041] 0.197

Diabetes duration 1.038 [0.983-1.095] 0.185 1.017 [0.945-1.094] 0.653

Baseline eGFR 0.977 [0.959-0.995] 0.015 1.003 [0.986-1.020] 0.741

RAS inhibitor medication 2.598 [0.789-8.559] 0.116 2.097 [0.576-7.631] 0.261

baPWV ≥1800 cm/s 3.271 [1.096-9.769] 0.034 8.480 [1.531-46.975] 0.014

Any one of the following criteria was used to describe the progression of renal disease: progression to macroalbuminuria, doubling of serum creatinine levels accompanied by an

estimated glomerular filtration rate (eGFR) of ≤ 45 ml/min/1.73 m2, treatment with renal replacement therapy, or death from renal disease.

*Adjusted for age, sex, systolic BP, diastolic BP, diabetes duration, baseline eGFR, use of RAS inhibitors, and baPWV. The bold values mean statistically significant data.
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progression of renal disease based on a Cox-regression analysis.
Age, sex, systolic BP, diastolic BP, diabetes duration, eGFR, use
of RAS inhibitors, and baPWV were considered as covariates.
In non-adjusted regression analysis, the lower baseline eGFR,
and baPWV of ≥ 1800 cm/s increased the risk of progression of
renal disease. After adjustments, individuals with a baPWV of ≥
1800 cm/s had an increased risk for progression of renal disease
compared to those with a baPWV of< 1800 cm/s (HR 8.480, 95%
CI 1.531-46.975, p= 0.014; Figure 2B).

DISCUSSION

After following patients for an average duration of 35 months,
we found that T2D patients with a baPWV ≥ 1800 cm/s are at
8.5-fold greater risk of progression of renal disease, regardless
of classical risk factors. This finding suggests that peripheral
arterial stiffness represented by a high baPWVmay accelerate the
progression of CKD in patients with type 2 diabetes.

Many previous studies have suggested that arterial (or
aortic) stiffness is closely related with the risk of mortality
and specifically cardiovascular disease, not only in the general
population but also in patients with underlying comorbidities
such as hypertension and diabetes (6, 8–10). The CRIC study
(Chronic Renal Insufficiency Cohort) revealed that high aortic
stiffness increases the risk of chronic kidney disease progression
and all-cause death in patients with impaired kidney function
(23). Other studies have demonstrated that arterial stiffness is
increased in patients with T2D (24) and that PWV can be used
as a predictor for cardiovascular events and all-cause mortality
(17). Arterial stiffness may cause left ventricular hypertrophy
and dysfunction due to higher pressure pulse pulsation (19). A
plausible explanation for the impact of arterial stiffness on the
progression of renal disease is that arterial stiffness increases
hemodynamic shear stress, which may result in endothelial
dysfunction and microvascular ischemia, ultimately causing
kidney injury (25, 26).

High PWV has been shown to be associated with diabetic
retinopathy (27), neuropathy (28, 29), and nephropathy. A
Rotterdam study of 3,666 subjects from the general population
included an 11-year follow-up and revealed that carotid-
femoral pulse wave velocity (cfPWV) was associated with a
rapid reduction in eGFR and CKD progression (14). Another
9-year follow-up of 211 T2D patients in the UK revealed
that cfPWV was associated with a decrease in eGFR among
patients under 60 years of age (30). A study in Singapore
involving 1012 T2D patients of differing Asian ethnicities and
an average follow-up period of 3.1 years revealed that cfPWV
was an independent predictor for albuminuria progression
(31). These results indicate that cfPWV can be a predictor
of DKD progression in T2D. Nevertheless, a study involving
913 subjects from the general Korean population and an
average follow-up period of 3.2 years found that neither cfPWV
nor baPWV are related to renal dysfunction and that the
significance of baPWV in T2D patients is likely invalid due
to the relatively small proportion of T2D patients (32). The
most important aspect of the present study is that baPWV
was associated with a decrease in renal function when Korean
patients with T2D were followed-up for an average of 3 years.

Additionally, the present study used the validated cut-off value
for baPWV and demonstrated that this association exists,
despite applying very strict criteria for the progression of
renal disease.

A study of 461 Japanese T2D patients, with an average of
5.9 years follow-up, investigated the risks of arterial stiffness
on progression of renal disease in T2D. It found that patients
with a cfPWV of ≥ 910 cm/s were at increased risk of
albuminuria (transition from normo- to micro-albuminuria
or from micro- to macro-albuminuria; HR = 1.23), and a
linear regression analysis revealed a negative correlation between
cfPWV and annual change in eGFR (33). Our study produced
similar results: patients with a baPWV of ≥ 1800 cm/s were
at increased risk of progression of renal disease; specifically,
progression to macroalbuminuria and the annual change of
eGFR were negatively correlated with baPWV. In addition to
cfPWV, baPWV would be a useful screening tool for predicting
progression of renal disease in T2D patients, due to the ease and
convenience of measurements.

This study had a limitation that it enrolled a relatively
small number of patients and used the single measurement
of baPWV. However, to our knowledge, this is the first study
to identify the risk of peripheral arterial stiffness on the
progression of renal disease with the capability of distinguishing a
causal relationship.

In conclusion, baPWV representing peripheral arterial
stiffness can be used as a predictor of the progression of renal
disease in T2D patients.
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