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Research on Arterial Stiffness Status in Type 2 Diabetic Patients
Based on Pulse Waveform Characteristics

Gaoyang Li*, Xiaorui Song?, Aike Qiao® and Makoto Ohta* > *

Abstract: For patients with type 2 diabetes, the evaluation of pulse waveform
characteristics is helpful to understand changes in arterial stiffness. However, there is a
lack of comprehensive analysis of pulse waveform parameters. Here, we aimed to
investigate the changes in pulse waveform characteristics in patients with type 2 diabetes
due to increased arterial stiffness. In this study, 25 patients with type 2 diabetes and 50
healthy subjects were selected based on their clinical history. Age, height, weight, blood
pressure, and pulse pressure were collected as the subjects’ basic characteristics. The
brachial-ankle pulse wave velocity (baPWV) was collected as an index of arterial
stiffness. Parameters of time [the pulse wave period (T), the relative positions of peak
point (T1) and notch point (T2), and pulse wave time difference between upper and lower
limbs (T3)] and area [the total waveform area (A), and the areas of the waveform before
(A1) and after (A.) the notch point] were extracted from the pulse wave signals as pulse
waveform characteristics. An independent sample t-test was performed to determine
whether there were significant differences between groups. Pearson’s correlation analysis
was performed to determine the correlations between pulse waveform parameters and
baPWV. There were significant differences in Ts, A, Ai, and A, between the groups
(p<0.05). For patients with type 2 diabetes, there were statistically significant correlations
between baPWV and T3, A, Ai;, and A; (p<0.05). This study quantitatively assessed
changes in arterial pulse waveform parameters in patients with type 2 diabetes. It was
demonstrated that pulse waveform characteristics (Ts, A, A1, and Az) could be used as
indices of arterial stiffness in patients with type 2 diabetes.
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1 Introduction

Vascular endothelial dysfunction in patients with type 2 diabetes can affect the
physiological structure of large and medium-sized arteries and microvascular structures,
which can result in decreased vascular elasticity and abnormal structures of organs or
tissues and may even lead to arteriosclerosis. A key aspect for type 2 diabetes treatment is
early detection and application of suitable remedial measures to prevent the process of
arteriosclerosis [Rydén, Standl, Bartnik et al. (2007)]. Therefore, the early detection of
arterial stiffness is of great significance in clinical patients with type 2 diabetes.

Previous studies have shown that pulse wave velocity (PWV) can reflect arterial stiffness
and can be used as a parameter for the early detection of arteriosclerosis in type 2
diabetes [Woolam, Schnur, Vallbona et al. (1962)]. The brachial-ankle PWV (baPWV),
which is used as a risk indicator for diabetic complications is directly related to the
incidence of type 2 diabetes [Aso, Miyata, Kubo et al. (2003)]. A high baPWV value can
serve as an independent predictor of diabetic mortality and cardiovascular morbidity
[Maeda, Inoguchi, Etoh et al. (2014)]. For patients with type 2 diabetes, parameters such
as the Cardio-ankle vascular index (CAVI) calculated by PWV can also be used as
indices of arteriosclerosis [Ibata, Sasaki, Kakimoto et al. (2008); Shirai, Hiruta, Song et al.
(2011)]. However, owing to technical limitations, errors in PWV measurement inevitably
arise [Hughes, Dixon and Mcveigh (2004)], and in most studies, only the pulse wave
velocity was selected as the research object, ignoring the pulse waveform.

Noninvasive technology for detecting hemodynamics, represented by pulse wave
detection and analysis, has been widely used as an important method of noninvasive
detection of cardiovascular function because of its convenient and rapid measurement
with high reliability [Allen (2007)]. Pulse waveform characteristics such as shape,
amplitude, and period are closely related to the functional status of blood vessels. Pulse
waves propagate in the arterial vessels and are constantly reflected at the downstream
branches of all levels, thus, the pulse waves are not only affected by the heart but also by
all levels of arteries and branches via a variety of physiological and pathological factors
such as vascular resistance and arterial stiffness [Weber, Wassertheurer, Rammer et al.
(2012); Hasegawa, Sato, Numano et al. (2011); Westerhof, Guelen, Stok et al. (2011);
Foo, Lim and Wilson (2009); Chowienczyk, Kelly, Maccallum et al. (1999)]. Therefore,
different physiological and pathological changes produce different waveform
characteristics. However, for patients with type 2 diabetes, there is no research on the
correlation between pulse waveform and arterial stiffness. Therefore, a comprehensive
investigation into their pulse waveform characteristics is necessary. In this study, the
pulse waveform data of patients with type 2 diabetes and healthy subjects were collected
and characteristic parameters were extracted for statistical analysis. The correlation
between baPWV used as the arterial stiffness index and pulse waveform parameters was
analyzed to obtain the correlation between waveform parameters and arterial stiffness.
The purpose of this study was to demonstrate that pulse waveform characteristics can be
used as indices of arterial stiffness in patients with type 2 diabetes.
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2 Method
2.1 Subjects

This study was based on the “Study on Evaluation Method of Cardiovascular System
Based on Noninvasive Detection of Blood Pressure and Pulse Wave of Limbs” [Song, Li,
Qiao et al. (2016)], which recruited over 400 subjects and determined their pulse wave
and cardiovascular parameters. A total of 25 patients with type 2 diabetes and 50 healthy
subjects registered at Beijing University of Technology Hospital in 2015 were included in
this study. The measurements of baPWV and pulse waveform, and recording of basic
information such as gender, height, and weight were also performed at the time. A total
of 75 subjects fulfilled the following criteria: Exclusion of a diagnosis of limb disability,
hypertension, arteriosclerosis, congenital heart disease, heart failure, and a history of
artery intervention based on medical interviews, physical examinations, and screening
examinations. Additionally, previous studies revealed a correlation between the arterial
stiffness and the subjects' basic characteristics such as age and BMI [Mitchell, Parise,
Benjamin et al. (2004)]. To avoid an influence of these factors on the results, there was
no significant difference between the healthy subjects and the diabetics in this study in
terms of age, height, weight, and other basic characteristics, which ensured that the
change of pulse waveform was mainly caused by type 2 diabetes. The study protocol was
approved by the Committee on the Ethics of Human Research of Beijing University of
Technology. All participants provided written informed consents on the basis of a
detailed understanding of the content of this study.

2.2 Pulse wave and baPWV measurement

Four limb pulse waves and blood pressure were measured using a Fukuda VS-1500A
blood pressure and pulse measuring device (Fukuda Company, China) with the assistance
of experienced doctors. All subjects were told the detection time several days in advance,
and they were told not to eat stimulant food or drinks before the collection was completed.
After resting for 15-20 min, each subject placed their hands on both sides of their body in
a supine position. A phonocardiogram sensor was fixed in the second intercostal space on
the sternum. Cuffs were fixed on the upper arms and ankles and electrodes were fixed at
the left and right wrists. The device automatically obtained blood pressure and pulse
waveform data of four limbs and automatically calculated the baPWV using the height of
the subjects. The obtained data was stored in a database.

2.3 Pulse characteristics determination
2.3.1 Pulse waveforms denoising and normalization

First, the off-line signal processing was used on the pulse waves to remove the various
noise signals introduced in the signal acquisition process [Chowienczyk, Kelly,
Maccallum et al. (1999)]. Next, all the pulses of four limbs were averaged to obtain a
single reference pulse (the averaged raw pulse) of every limb, as shown in Fig. la.
According to the Nyquist theorem and the sampling frequency of the device, the averaged
raw pulse was processed with a calibration for each period of 100 sampling points. This
study focused on the pulse shape change. Thus, the pulse amplitude was calibrated to O-
100. An example of the processing result of one limb is shown in Fig. 1b. Following this,
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the pulse waveform characteristics were extracted.
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Figure 1: The pulse waveform characteristic extraction from the averaged raw pulse
waveform (a) and normalized pulse waveform (b)

2.3.2 Pulse waveforms characteristics

The pulse wave period (T), which was determined by the number of sampling points
contained in the original waveform, was extracted from the averaged raw pulse as shown
in Fig. la. The relative positions of the peak point (T1) and notch point (T-), total
waveform area (A), and the areas of the waveform before (A1) and after (A2) the notch
point were extracted from the calibrated pulse waveform as shown in Fig. 1b. These
parameters can be used to characterize the arterial compliance of the subject as well as



Research on Arterial Stiffness Status in Type 2 Diabetic Patients 147

the artificial stiffness [Weber, Wassertheurer, Rammer et al. (2012); Li, Yang, Zhang et
al. (2007); Zhang, Wang, Zhang et al. (2005); O’Rourke and MichaelF (1982)].

During one cardiac cycle, the blood flow to the lower-extremity arteries takes longer than
that in the upper limbs. Consequently, when using the starting point of the pulse wave
period of the upper limb as a baseline, the pulse waveform of the lower-extremity arteries
will be delayed. As shown in Fig. 2, the delay time depends on the PWV in the lower-
extremity arteries, which is directly influenced by the lower-extremity artery stiffness.
Lower-extremity amputation and diabetic foot disease, which also have a direct
relationship with the change of lower-extremity artery stiffness, are common
complications of diabetes mellitus [Rith-Najarian and Reiber (2000)]. Therefore, the
delay time (T3), which is based on the number of original waveform acquisition points,
was extracted as one of the characteristic parameters. The T value can directly affect the
calculated baPWV value. Compared with baPWV, measurement of Ts is simpler and
more accurate. This study analyzed the correlation between the T; parameters and the
corresponding baPWYV values to determine the typicality of the selected samples.

Upper Limb

Lower Limb{the same side)

Figure 2: The determination of waveform characteristics Ts

2.4 Statistical analyses

The parameters were analyzed using the SPSS15.0 statistical software. The meanSD of
the parameters (baPWV, blood pressure, and pulse pressure; and T, T1, T2, T3, A, Ag, and
A;) was calculated for the healthy and diabetic subjects. An independent sample t-test
was performed to determine whether there were significant differences in the parameters
that we chose between healthy and diabetic subjects. Pearson’s correlation analysis was
used to determine the degree of correlation between pulse waveform parameters and
baPWV, which was used as an index of arterial stiffness. A p value less than 0.05 was
considered statistically significant.

3 Results
3.1 Result of independent samples t-test

Tab. 1 shows the basic characteristics of healthy and diabetic subjects. Compared with
the healthy subjects group, the diabetic group differed significantly in terms of variables
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including the pulse pressure and systolic pressure (except at the left arm).

Table 1: Basic characteristics of the subjects with or without diabetes

Characteristics Healthy Diabetes p
Number(male/female) 27123 15/10 —_—
Age, (years) 63.313.4 65.944.1 0.2
Height, (cm) 160.048.0 164.545.5 0.53
Weight, (kg) 65.949.0 68.448.8 0.43
Left Arm 130.6+11.8 140.5+17.3 0.056
Systolic Pressure, Right Arm 129.349.5 139.0+16.0 <0.05
(mmHg) Left Ankle 144.1419.2 161.8+18.6 <0.05
Right Ankle 145.0+18.8 162.1+19.1 <0.05
Left Arm 80.0+10.0 81.6+10.2 0.58
Diastolic Pressure, Right Arm 80.1+/.6 80.0+10.3 0.92
(mmHg) Left Ankle 74.947.4 76.048.2 0.68
Right Ankle 77.3+7.4 79.8+10.4 0.41
Left Arm 50.948.6 58.9+10.8 <0.05
Pulse Pressure, Right Arm 49.248.4 59.8+14.3 <0.05
(mmHg) Left Ankle 69.24+17.1 85.8+14.9 <0.05
Right Ankle 57.7H15.5 82.2#13.3 <0.05

Data are presented as meanSD. p values were calculated using the independent samples
t-test.

An independent sample t-test was also conducted on the two groups to determine the
pulse waveform parameters that differed significantly between them. The results are
presented in Tab. 2.

On comparing the pulse waveform parameters between these two groups, significant
differences between these parameters were observed, including in A, Ai, and Az, which
were separated by the dicrotic notch point, Ts (p<0.05). For the diabetic group, the values
of A, Ai, and A, were higher than those of the healthy group, while the value of T was
lower than that of the healthy group. The remaining waveform parameters (pulse wave
cycle T, the pulse peak position T, dicrotic notch position T2) did not significantly differ
between the two groups.

Table 2: The comparison of pulse waveform parameters between healthy and diabetes

Characteristics Healthy Diabetes p
T 914.1+118.0 915.5#199.1 0.98
Left Arm 22.8#4.1 23.4#4.0 0.67
- Right Arm  24.043.7 244237 0.75
Left Ankle  26.543.2 26.243.8 0.79
Right Ankle 26.643.2 26.243.8 0.75
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Left Arm 38.643.3 38.845.5 0.92

T, Right Arm 38.743.3 39.445.3 1262

Left Ankle  52.745.0 52.947.5 0.92

Right Ankle 52.845.1 53.247.6 0.83

T3 83.2+14.2 72.4410.4 <0.05

Left Arm 6210.24900.9  7506.24858.5 <0.05

A Right Arm 6098.8+1217  7453.1+1931.6 <0.05

Left Ankle  6717.9#1596.3 8375.241291.1 <0.05

Right Ankle 6566.0+1571.1 8180.5%1268.9 <0.05

Left Arm 3631.24774.2  4343.04961.1 <0.05

A, Right Arm 3524.04945.1  4362.44+1395.6 <0.05

Left Ankle  5460.74+1404.5 6370.24+1160.1 <0.05

Right Ankle 5159.241298.7 6202.441323.7 <0.05

Left Arm 2421.94279.9  2933.84605.2 <0.05

Ay Right Arm 2574.74496.5 3090.84911.7 <0.05

Left Ankle 1257.24333.1  2005.04601.9 <0.05

Right Ankle 1406.84451.1 1978.14562.2 <0.05

baPWV(m/s) 149#4.1 16.0+1.9 <0.05

Data are presented as meanaSD. p values were calculated using the independent samples
t-test.

3.2 Pearson’s correlation test

Previous studies demonstrated that baPWYV is directly related to the incidence of type 2
diabetes, which can be used to assess the risk factors for diabetic complications. The
baPWV can be used to characterize the arterial stiffness of patients with diabetes. The
basic characteristics (pulse pressure and systolic pressure except for the left arm) and
pulse waveform parameters (A, A1, A2 and Ts) were selected based on the results of the
independent sample t-test, which showed that they differed significantly between these
two groups. Next, Pearson’s correlation test was performed between those parameters
and the corresponding baPWV. The correlation between waveform parameters and the
baPWV values was examined to investigate the correlation between the waveform
parameters and the arterial stiffness. Pearson’s correlation test results are presented in
Tabs. 3 and 4. The baseline characteristics of pulse pressure were significantly positively
correlated with baPWV (p<0.05). The systolic pressure except the left arm were
significantly positively correlated with baPWV (p<0.05).
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Table 3: Correlation between baseline characteristics and baPWV

Characteristics R p
Systolic Pressure, Right Arm 0.662** <0.05
(mmHg) Lt_aft Ankle 0.663** <0.05
Right Ankle  0.677** <0.05
Left Arm 0.512** <0.05
Pulse Pressure, Right Arm 0.474** <0.05
(mmHg) Left Ankle  0.556** <0.05
Right Ankle  0.549** <0.05

p values were calculated using Pearson’s correlation test.
*, Correlation is significant at the 0.05 level.
**_Correlation is significant at the 0.01 level.

Table 4: Correlation between pulse waveform parameters and baPWV

Characteristics R p
A Left Arm 0.381* <0.05
Right Arm 0.369* <0.05
Left Ankle 0.458** <0.05
Right Ankle 0.434** <0.05
A: Left Arm 0.373* <0.05
Right Arm 0.342* <0.05
Left Ankle 0.410* <0.05
Right Ankle 0.396* <0.05
A; Left Arm 0.432** <0.05
Right Arm 0.275 0.110
Left Ankle 0.340* <0.05
Right Ankle 0.269 0.118
Ts —0.458** <0.05

p values were calculated using Pearson’s correlation test.
*. Correlation is significant at the 0.05 level.
**_Correlation is significant at the 0.01 level.

The results showed that A and A: were significantly positively correlated with baPWV
(p<0.05). However, only A, of the left arm and left ankle was significantly positively
correlated with baPWV (p<0.05). The delay time Tz was significantly negatively
correlated with baPWV (p<0.05).

4 Discussion and conclusion
Pulse waveform analysis is an effective method to monitor and evaluate arterial vascular
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functions. Herein, the pulse waveform data from patients with type 2 diabetes and from
healthy subjects were collected and characteristic parameters were extracted for statistical
analysis. Next, the correlations between baPWV used as an index of arterial stiffness and
pulse waveform parameters were analyzed to obtain the correlation between waveform
parameters and arterial stiffness. Pulse area parameters (A, Ai, and A;) showed
significant differences (p<0.05) between groups and had significant correlations (p<0.05)
with arterial stiffness. T3 as a time parameter also provided the same statistical results.
Thus, the pulse waveform parameters (T3, A, A: and Az) can be used as an index of
arterial stiffness for patients with type 2 diabetes. This was the first study to
comprehensively investigate the pulse wave shape and its characteristic differences
between patients with type 2 diabetes and healthy subjects.

The waveform parameters selected in this study could have definitive physiological
significance. The differences in pulse area parameters (A, A: and A;) between patients
with type 2 diabetes and healthy subjects was mainly determined by the difference in
wave reflection timing. Previous studies reported that the wave reflection timing was
primarily determined by arterial stiffness [Hirata, Kawakami and O’Rourke (2006);
Mitchell, Parise, Benjamin et al. (2004)]. Therefore, it could be asserted that the
differences in pulse area parameters between patients with type 2 diabetes and healthy
subjects were caused by the changes in arterial stiffness. Pulse waves are the
superposition of the pressure wave generated by the heart and the pressure wave reflected
from the body in a cardiac cycle (Fig. 3). The reflected pressure wave can be divided into
two types. Wave 1 was mainly reflected from the arterial branch during late systole or
early diastole, whereas wave 2 was mainly caused by the collision between the blood and
the closed aortic valve during diastole [Huang, Chang, Kao et al. (2010); Hirata,
Kawakami and O'Rourke (2006); Mitchell, Parise, Benjamin et al. (2004)]. A; from the
beginning to the notch point indicated the physiological characteristics of the
cardiovascular system during systole. A; primarily depended on the pressure wave
generated by the heart and the timing of wave 1. A; after the notch point depended on the
timing of wave 1 and wave 2. In this study, increased pulse area parameters were
observed for type 2 diabetic patients. The increase of A can be explained by the increase
of A; and A, whereas the increase of A; and Az could be explained by the difference of
wave reflection timing caused by a change in arterial stiffness. In healthy subjects,
because of the low arterial stiffness resulting in a small baPWV value, wave 1 usually
occurred near the notch point [Mitchell, Parise, Benjamin et al. (2004)]. Wave 1 had little
influence on the amplitude and width of the main pulse wave, but influenced the dicrotic
wave. In contrast, for patients with type 2 diabetes, the baPWV value was higher because
of increased arterial stiffness. Wave 1 appeared early, and its relative position was close
to the pressure wave generated by the heart, even with the superposition, which made A;
higher due to the amplitude and width of the main pulse wave being increased. For
patients with diabetes, although the high amplitude of wave 2 lead to high A;, wave 1
made no contribution to the increase of A,. Furthermore, previous studies reported that
the changes in peripheral resistance and blood viscosity also had a great influence on A;
[Huang, Chang, Kao et al. (2010)]. This could be the reason for no significant correlation
between baPWV and A of the right arm and ankle. In this study, although A could
reflect the physiological characteristics during diastole, it had limitations as an index for
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characterizing the arterial stiffness.
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Figure 3: Determination of the pressure wave generated by the heart, reflection wave;
and reflection wave,. The arrow indicates the timing of the three waves. Compared with
healthy people (a), the pulse area parameters of patients with type 2 diabetes patients (b)
increased significantly

We observed that pulse time parameters (T, T: and T) had no significant correlation
(p>0.05) with baPWV. This result was in agreement with those reported by previous
studies describing that those time parameters were mainly determined by the condition of
the heart function within one cardiac cycle, not the arterial stiffness change [Lacey and
Lacey (1978)]. As for Ts, it was the time difference between the pulse wave of upper and
lower limbs. T3 showed statistically significant differences between groups and had a
strong correlation with arterial stiffness. Previous studies reported that type 2 diabetic
patients had a higher risk of peripheral arterial disease [Carmona, Hoffmeyer, Herrmann
et al. (2005); Rith-Najarian and Reiber (2000)], which meant a significant increase in
arterial stiffness of the lower limbs. This led to an increase in baPWV and reduction in Ts.
Therefore, T3 could reflect the change in arterial stiffness of the lower extremities in
patients with type 2 diabetes. Combined with clinical data of lower-extremity vascular
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complications in type 2 diabetic patients, such as diabetic foot disease, a comprehensive
analysis of T3 and the development of lower-extremity vascular complications should be
carried out.

This study had several limitations, namely, the relatively limited number of patients with
type 2 diabetes and the incomplete information on complications. A comprehensive
comparison using additional clinical data on type 2 diabetes is warranted. The selected
subjects have limitations in the basic physiological characteristics such as age, height and
weight. The selected population cannot reflect the situation of patients with type 2
diabetes mellitus in all age groups and various somatotype. In this study, the statistical
analysis results of blood pressure, pulse pressure, and baPWV from 75 subjects were
consistent with those in previous studies. The results indicated that although the number
of patients was not large, the participants’ characteristics could represent the typical
characteristics of the arterial vascular system in patients with type 2 diabetes. Expectedly,
the pulse pressure and blood pressure of the diabetic group were higher than those of the
healthy subjects. Elevated blood pressure and pulse pressure are more common in people
with type 2 diabetes than in the general population [Schram, Kostense, Van Dijk et al.
(2002); Adler, Stratton, Neil et al. (2000)]. The statistical analysis results of pulse
pressure and blood pressure revealed that pulse pressure and systolic blood pressure
could be used to determine the physiological status of arteries including arterial stiffness
in patients with type 2 diabetes, while diastolic blood pressure had some limitations in
this regard, which is in agreement with a previous study [Cockcroft, Wilkinson, Evans et
al. (2005)]. The high baPWV value of patients with type 2 diabetes showed increased
arterial stiffness compared with that in healthy subjects [Woolam, Schnur, Vallbona et al.
(1962)], which is in line with the characteristics of arterial physiological and pathological
changes in diabetic patients and was the theoretical basis of this study.

In conclusion, this study quantitatively demonstrated a significant change in the pulse
waveform characteristics of patients with type 2 diabetes and analyzed the correlation
between waveform parameters and arterial stiffness. This study showed that pulse
waveform characteristics (Ts, A, A1 and Az) could be used as indices of arterial stiffness
in patients with type 2 diabetes.
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