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Summary: Differences in arterial stiffness between the two sides of the carotid arteries were investi-
gated using ultrasonic radiofrequency in 88 patients with type 2 diabetes and 70 controls. The 
compliance coefficient (CC), pulse wave velocity (PWV), intima-media thickness (CIMT) and diameter 
(CCAD) of the common carotid arteries (CCAs) were measured. The ratio of the left to right CCAs was 
calculated to provide four indexes: CC ratio, PWV ratio, CIMT ratio and CCAD ratio. In the diabetes 
group, the PWV on the left side was significantly higher than that on the right side, while the CC on the 
left side was significantly lower than that on the right side. The bilateral CIMT was thicker and CCAD 
was wider, the left PWV traveled faster, and the right CC was higher in the diabetes group than in the 
control group. The PWV ratio between the two groups was significantly different and correlated 
positively with duration of diabetes and systolic blood pressure (SBP). The differences between the two 
sides of CCAs in patients with diabetes suggested that disease duration and SBP were important risk 
factors for arterial stiffness. Identifying the difference could potentially lead to the much earlier 
diagnosis of arteriosclerosis. 
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 Arteriosclerosis is a major complication of diabetes 

and affects multiple organs. Approximately 30% of 
ischemic strokes are caused by carotid arteriosclerosis[1]. 
Early diagnosis and intervention in vascular diseases are 
important to control the cerebrovascular and 
cardiovascular events, such as stroke and transient 
ischemic attack. The pulse wave velocity (PWV) is 
considered as an important indicator for evaluating 
arteriosclerosis. Many studies evaluate arteriosclerosis of 
the arterial tree and the risk factors using PWV[2]. 
However, it has been poorly elucidated the difference of 
arteriosclerosis and the risk factors on the left and right 
sides of CCAs, respectively.  

For the common carotid artery (CCA), there exists 
difference with the structure and function on left and 
right sides, respectively. By ultrasonic radiofrequency, 
the PWV can be measured on left and right sides respec-
tively, so the arterial stiffness can be evaluated respec-
tively. Our previous studies revealed as to the carotid 
intima-media thickness (CIMT), there remained some 
differences between the two sides of the carotid arteries, 
and each side was influenced by different factors[3]. The 
levels of blood biochemical indexes were strongly corre-
lated to the left CIMT, while hemodynamic factors in-
fluenced much more strongly on the right CIMT. We 
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supposed the structures of the left and right carotid arter-
ies were different, and such differences might be repre-
sented in much earlier stage of arteriosclerosis in patients 
with type 2 diabetes. In this study, we reflected the dif-
ferences of carotid arteriosclerosis in patients with dia-
betes with some new indexes. These four indexes were 
defined as the difference between the CCA function and 
structure: (1) thickness, CIMT ratio=L-CCA-IMT/R- 
CCA-IMT; (2) diameter, CCAD ratio=L-CCAD/R- 
CCAD; (3) compliance coefficient (CC) ratio=L-CC/R- 
CC; and (4) the PWV ratio=L-PWV/R-PWV (where L 
and R were left and right, respectively). We evaluated 
progression of arteriosclerosis, which was considered to 
be a  risk factor of cardiovascular disease, using new 
indexes and ultrasonic radiofrequency in type 2 diabetes 
patients.  
 
1 MATERIALS AND METHODS  
 
1.1 Subjects 

This observational study involved 88 consecutive 
patients with type 2 diabetes (54 men and 34 women, 
aged 36–78 years, and mean age 56.0±11.7 years) from 
January 2013 to December 2013 in our hospital. The 
average diabetic history was 8.4±7.1 years (ranging from 
1–30 years). Tests had shown no marked evidence of 
carotid arteriosclerosis in these patients. Carotid athero-
sclerosis was defined as luminal stenosis >0% (according 
to North American Symptomatic Carotid Endarterectomy 
Trial criteria)[4]. Seventy healthy subjects, age- and 
sex-matched to the type 2 diabetes patients, were en-
rolled (38 men and 32 women, aged 35–78 years, and 
mean age 53.4±8.6 years). The control group had no 
medical history of hypertension or coronary heart disease, 
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and had normal results for physical examination, elec-
trocardiography, echocardiography and blood tests of 
hepatic and renal functions. This study was approved by 
the ethics committee of Shanghai General Hospital, 
Shanghai Jiaotong University (China). The purpose of 
the research was explained to every prospective partici-
pant and they participated freely. Written informed con-
sent was provided by all participants.  
1.2 General Procedures 

Blood pressure, taken as the average of three read-
ings, was measured between 8–10 a.m. with a mercury 
sphygmomanometer on the right arm after patients sat 
for 10 min or longer. Blood samples were collected in 
the early morning following 12-h fasting to test fasting 
blood glucose (FBG), triglyceride (TG), total cholesterol 
(TC), high-density lipoprotein cholesterol (HDL-C), 
low-density lipoprotein cholesterol (LDL-C) and hemo-
globin A1c (HbA1c). Body height and weight were also 
measured and medical histories recorded. 
1.3 Vascular Analysis 

Vascular properties were measured and analyzed 
using Mylab Twice echocardiographic scanner 
(ESAOTE Medical Systems, Genova, Italy) with 4–13 
MHz linear array transducer. The device was equipped 
with software for evaluation of the intima-media thick-
ness (quality intima-media thickness software program, 

QIMT) and arterial stiffness (quality arterial stiffness 
software program, QAS). Local arterial construction and 
stiffness was automatically measured. This technology 
can precisely detect the vessel wall along each radiofre-
quency vector line in real time, and track the diameter 
waveform as a function of time using a complex 
cross-correlation model, and acquire the cardiac cycle 
based on the waveform periodicity[5]. 

While in a supine position, the measurement site 
was selected as 1.5 cm proximal to the dilatation of the 
bifurcation on view of long axis. The probe was adjusted 
to ensure the two-dimensional ultrasound beam was ver-
tical to the artery walls. Images were optimized so that 
the anterior and posterior walls of the CCA were clearly 
shown. Once the systolic blood pressure (SBP) and dia-
stolic blood pressure (DBP) were entered within the 
QIMT and QAS functions, the local carotid systolic 
pressure (Loc-Psys) and diastolic pressure (Loc-Pdia) 
were automatically estimated. The CIMT, CCAD, CC 
and PWV were calculated by the software from high 
quality images of six cardiac cycles, which were dis-
played on the screen (fig. 1). The values of CIMT ratio 
(L-CCA-IMT/R-CCA-IMT), CCAD ratio 
(L-CCAD/R-CCAD), CC ratio (L-CC/R-CC) and PWV 
ratio (L-PWV/R-PWV) were calculated with the above 
parameters. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 The longitudinal image plane of the distal portion of the common carotid artery with measurement of the intima-media thick-
ness (IMT) of the bilateral walls in control group (A) and patients with type 2 diabetes (C). The interfaces between lumen and 
intima and between media and adventitia were traced automatically using a quality intima-media thickness software program 
(QIMT), which further provides multiple distance measurements between both interfaces. The mean IMT in this sample is 
shown, and computed as the average of multiple distance measurements. The pressure waveform of the common carotid ar-
tery was measured by the quality arterial stiffness software program which automatically measures the local arterial construc-
tion and stiffness in control group (B) and patients with type 2 diabetes (D). 
SIC: starting point of isovolumic contraction phase; AVO: aortic valve opens; LPS: end-point of systolic pressure of the left 
common carotid artery; T1: Forward waves stacking up reflected wave from the small arteries; AVC: aortic valve closes 

 
These parameters were calculated using the follow-

ing formulas[5], in which D and D were the diastolic △
diameter and the change of diameter in systole, respec-
tively, Ps and Pd were SBP and DBP, P was pulse △
pressure (PP), and ρ was the blood density. 

The parameter CC was the relative change in vessel 
diameter during systole for a given pressure change and 
was calculated as follows: 

CC=                        
2

4
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The parameter PWV was calculated as follows: 

PWV=                       

1.4 Statistical Analysis 
The difference within groups resulted from left and 

right comparison and the difference between the groups 
was from the same side comparison. The results were 
expressed as ±s. The t-test was used to compare the 
numerical variables between the two groups, respectively. 
The paired t-test was used to compare the variables be-
tween the two sides of the carotid arteries and the Pear-
son correlation coefficient was calculated. The statistical 
analyses were performed using SPSS 13.0 and the statis-
tical significance set at P<0.05. Subsequently, variables 
whose association with the vascular stiffness parameters 

achieved statistical significance (i.e. P<0.05) as well as 
other factors that may affect arterial stiffness (age, dis-
ease course, weight, BMI and metabolic parameters) 
were entered into a stepwise linear regression model to 
determine independent predictors of vascular parameters. 
Repeatability was evaluated by linear correlation analy-
sis and Bland-Altman Plots. 
 
2 RESULTS 
 
2.1 Clinical and Biochemical Characteristics 

The SBP, DBP, TG, FPG and HbA1c values were 
significantly higher in the group with diabetes than those 
in the control group (P<0.01). There were no significant 
differences in gender, age, height, body weight, TC, LDL 
and HDL between the two groups (P>0.05) (table 1). 

 
Table 1 General characteristics of two groups 

Variables T2DM group  Control group t value P value 
Demographics     
Gender (F/M) 34/54 38/32 1.925 0.181 
Age (years) 56.05±11.70 53.43±8.57 1.571 0.118 
Disease course  (years) 8. 22±6.76 –  N 
Height (cm) 165.21±7.15 165.77±8.73 –0.445  0.657  
Weight ( kg) 64.19±10.98 62.69±8.82 0.932  0.353  
BMI (kg/m2) 26.31±2.79 24.44±2.15 1.503  0.135  
SBP (mmHg) 133.44±17.25 119.22±12.33 5.927  <0.001 
DBP (mmHg) 82.73±8.05 77.72±8.65 3.831  <0.001 
Metabolic parameters     
TC (mmol/L)  4.92±1.20 4.54±0.75 1.578  0.118  
TG (mmol/L) 1.94±0.88 1.38±0.30 3.432  0.001  
LDL-cholesterol (mmol/L) 2.65±0.91 2.31±0.56 1.887  0.062  
HDL-cholesterol (mmol/L) 1.29±0.28 1.35±0.27 –0.954  0.343  
FPG (mmol/L) 8.63±2.58 4.96±0.73 7.610  <0.001 
Hemoglobin A1c (%) 7.92±1.65 4.85±0.63 9.875  <0.001 

Values are expressed as  ±s. BMI: body mass index; SBP and DBP; systolic and diastolic blood pressures, respectively; TC: 
total cholesterol; TG: triglycerides; LDL: low-density lipoprotein; HDL: high-density lipoprotein; FPG: fasting plasma glucose; 1 
mmHg=0.133 kPa  

 
2.2 Difference in Structure and Function  

In the group with diabetes, the PWV of the left ca-
rotid artery was significantly higher than that of the right 
carotid artery, while the CC of the left carotid artery was 
significantly lower than that of the right carotid artery 

(P<0.05). The CIMT and CCAD did not show significant 
differences between the two sides (P>0.05). In the con-
trol group, there were no significant differences in CIMT, 
CCAD, CC and PWV between the two sides of the ca-
rotid arteries (table 2). 

 
Table 2 Differences of structure and function between left and right carotid arteries in two groups 

Variables Left carotid artery  Right carotid artery t value P value 
T2DM group     
 CIMT (μm) 659.89±153.38** 643.11±131.63** 1.457  0.149  
 CCAD (mm) 7.72±0.90** 7.86±0.94** –1.344  0.183  
 CC (mm2/kPa) 0.89±0.48 0.99±0.41* –2.568  0.012  
 PWV (m/s) 8.15±2.36* 7.48±1.83 2.929  0.004  
Control group     
 CIMT (μm) 575.89±122.36 555.11±128.10 1.526  0.132  
 CCAD (mm) 7.24±0.63 7.12±0.88 1.373  0.174  
 CC (mm2/kPa) 0.79±0.33 0.78±0.39 0.257  0.798  
 PWV (m/s) 7.43±1.38 7.81±2.02 –1.876  0.065  
Values are expressed as ±s. CIMT: carotid intima-media thickness; PWV: pulse wave velocity; CCAD: diameter of the com-
mon carotid; CC: compliance coefficient of the common carotid  
*P<0.05, **P<0.01 vs. healthy control subjects 
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The indexes of left and right CCAs were compared 
between groups. The bilateral CIMT of patients with type 
2 diabetes was thicker than that of the control subjects, 
and the bilateral CCAD was wider (P<0.05). The left 
PWV of diabetes group traveled faster than that of control 
subjects, and the right CC in the diabetes group was 
higher than that of the control group (table 2).  
2.3 Difference in New Indexes of Stiffness and Corre-
lation Analysis 

The values of the PWV ratio (L-PWV/R-PWV) and  

the CC ratio (L-CC/R-CC) were calculated to evaluate the 
difference in carotid stiffness between the bilateral carotid 
arteries. The PWV ratio was greater than 1 in the group 
with diabetes, and less than 1 in the control group. At the 
same time, the CC ratio was less than 1 in the group with 
diabetes, and greater than 1 in the control group. There 
was a significant difference in PWV ratio and CC ratio 
between the two groups (P<0.05, table 3).  
 

 
Table 3 Difference in new indexes of stiffness between diabetic group and control group 

Variables T2DM group Control group t value P value 
IMT ratio 1.03±0.18 1.06±0.22 –0.801 0.424 
CCAD ratio 0.99±0.16 1.03±0.15 –1.509 0.133 
CC ratio 0.95±0.47 1.15±0.52 –2.579 0.011 
PWV ratio 1.10±0.27 0.98±0.20 3.101 0.002 
IMT ratio: LCCA-IMT/RCCA-IMT; CCAD ratio: L-CCAD/R-CCAD; CC ratio: L-CC/R-CC; PWV ratio: L-PWV/R-PWV 

 
Correlation analysis showed that the PWV ratio 

was correlated positively with diabetes, SBP and DBP 
(r=0.334, 0.277 and 0.172, P<0.05). Multiple linear 
regressions suggested that diabetes, SBP, age, weight, 
BMI and TG were independent risk factors for higher 
PWV ratio. CC ratio was negatively correlated with 
SBP and positively with FBG and HDL-C. HDL-C and 

age were the independent risk factors for CC ratio. 
Values of the CIMT ratio and CCAD ratio revealed no 
significant differences between the two groups 
(P>0.05), suggesting there was no significant difference 
in the carotid structure between the left and right com-
mon carotids in the patients and control subjects (tables 
4 and 5). 

 
Table 4 Correlation analysis between new indexes of stiffness and risk factors 

Variables IMT ratio CCAD ratio CC ratio PWV ratio 
Age (years) –0.067 0.028 0.046 –0.006 
Height (cm) –0.043 0.114 –0.092 0.005 
Weight (kg)   0.111 0.075 –0.045 –0.026 
BMI (kg/m2) 0.167* 0.011 0.022 –0.056 
Disease course (year) 0.163 0.282** –0.105 0.334** 
SBP (mmHg) –0.065 –0.155* –0.166* 0.277** 
DBP (mmHg) 0.074 –0.133 –0.135 0.172* 
FPG (mmol/L) 0.193 0.002 0.231* –0.094 
TC (mmol/L) –0.044 –0.222 0.023 0.072 
LDL-c (mmol/L) –0.061 0.006 –0.176 0.144 
HDL-c (mmol/L) 0.003 0.035 0.291* –0.051 
TG (mmol/L) 0.077 0.071 0.139 –0.189 
*P<0.05, **P<0.01 

 
Table 5 New indexes of stiffness and risk factors analyzed with multiple linear regression 

Dependent Model Unstandardized co-
efficients (B) 

Standard error 
of B 

Standardized coeffi-
cients (B’) t value P value 

PWV ratio       
 Age –0.006  0.003  –0.268  –2.363  0.022  
 Weight 0.084  0.042  3.660  2.015  0.049  
 BMI –0.255  0.115  –3.421  –2.214  0.031  
 Disease course 0.017  0.005  0.402  3.421  0.001  
 TG 0.203  0.085  –0.576  –2.385  0.021  
 SBP 0.010  0.003  0.533  3.153  0.003  
CC ratio       
 Age 0.009  0.004  0.268  2.173  0.034  
 HDL-c 0.652  0.326  0.625  2.002  0.050  

2.4 Repeatability 
One week later, 15 research objects were randomly 

selected for a repeatability test. Namely, the same ob-
server measured CIMT and PWV again. Intra-group 

comparison had a higher correlation (for CIMT, r=0.970, 
P<0.01; for PWV, r=0.885, P<0.01), and mean differ-
ence was –4.467±28.487 μm for CIMT, and  
–0.145±0.852 m/s for PWV respectively. Blant-Altman 
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analysis showed a consistent trend in the difference value 
and the mean value of the CIMT and PWV by repeated 

measurement (fig. 2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Intra-observer variability of PWV and CIMT measurements 
Blant-Altman analysis showed a consistent trend and linear regression analysis showed good agreement between measure-
ments for PWV and CIMT. 

 
3 DISCUSSION   
 

In this study the difference of arterial stiffness be-
tween the two sides of the carotid arteries was shown in 
patients with diabetes, which made the diagnosis of arte-
riosclerosis much earlier. This study showed that the 
mean values of PWV ratio (L-PWV/R-PWV), which was 
calculated for evaluating the difference in carotid stiff-
ness between the two sides, were greater than 1 in diabe-
tes group and less than 1 in the control group. These re-
sults suggested the arterial stiffness developed much 
more rapidly on the left side in patients with diabetes. 
Further, for arterial function, this difference between the 
two sides was related to the subject’s age, SBP and his-
tory of diabetes. This might be one of the reasons why 
the ratio of the two sides of carotid stiffness converted in 
patients with diabetes and could sensitively reflect the 
segmental arteriosclerosis and impairment of arterial 
functions under pathological conditions. 

Type 2 diabetes is a metabolic disorder character-
ized by chronic hyperglycemia. Metabolic disorders 
damage the vascular system, which can lead to systemic 
arteriosclerosis[6]. Diabetes and other cardiovascular risk 
factors lead to different degrees of arteriosclerosis in 
different arteries. A study revealed the arteriosclerosis in 
degree was different with different segments of the arte-
rial tree for patients with type 2 diabetes. In the same 
study, aging was associated with the increased stiffness 
of central arteries more than that of peripheral arteries. 
Gender also affected the PWV of lower extremity arter-
ies. Therefore, different factors were involved in differ-
ently segmental stiffness. Increased arterial stiffness is an 
indicator of arteriosclerosis and is a critical index that 

can be used to evaluate the morbidity and mortality of 
cerebrovascular diseases[1]. PWV is considered to be the 
golden standard for evaluating arterial stiffness because 
of its ability to reflect the early stage of arteriosclerosis 
in type 2 diabetes patients[7]. There are two methods of 
measuring PWV. One is the two-point method (a tradi-
tional method)[8, 9], in which the carotid-femoral PWV 
(cfPWV), heart-femoral PWV (hfPWV), and bra-
chial-ankle PWV (baPWV) are calculated based on 
waveform analysis combined with electrocardiac signals 
and cardiac sound signals. The other single-point method 
(a new method)[10] is based on primitive radiofrequency 
signals whereby the PWV of a local vascular segment is 
calculated by real-time and dynamic analysis of the 
change of the vascular diameter. This method can ana-
lyze the difference of arteriosclerosis in various arteries. 
Arteriosclerosis is a process that gradually develops. It 
can be induced by factors such as hypertension, diabetes, 
metabolic syndrome and a variety of risk factors. As 
such, the pathogenic mechanisms contribute to differ-
ences in the sequence and degree of arteriosclerosis in 
different arteries. Previous studies revealed the athero-
sclerosis in degree was different with different segments 
of arterial tree, and vascular elasticity could be improved 
by drugs[9–11]. The cfPWV, hfPWV and baPWV were 
used to evaluate different arteries[12–14]. cfPWV and 
hfPWV were used to evaluate the stiffness of large arter-
ies, such as the aortic and carotid arteries. They were 
reported to be independent predictors for cardiovascular 
events, and were used to evaluate the improvement of 
vascular function after drug intervention[14]. Many stud-
ies found angiotensin converting enzyme inhibitors, cal-
cium antagonists and nitrate medication improved the 
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elasticity of main arteries and decreased PWV. Other 
studies showed the baPWV mainly represented the PWV 
of the lower extremities, and reflected stiffness of elastic 
arteries and some muscular arteries. The antilipemic 
agent and simvastatin improved the compliance of pe-
ripheral arteries, but had no significant effect on main 
arteries[15]. These suggest vascular elasticity of different 
segments are improved by different mechanisms[16, 17]. 
The changes in the vascular wall and the interaction be-
tween the heart and blood vessels contribute to arterial 
stiffness. Different arterial segments undertake different 
weights of risk factors, so their elasticity is different[18]. 

Thickened CIMT is the earlier lesion of arterio-
sclerosis[19]. This study showed that CIMT and diameter 
of both sides of the carotid arteries increased in diabetes 
group, suggesting that vascular structural changes had 
occurred in these patients. In the early stages, the func-
tional changes of the arterial walls, such as the decrease 
of elasticity and increase of stiffness, had occurred. 
Therefore, the stiffness of arteries in patients with diabe-
tes occurs prior to the onset of diabetes[20]. Hypertension, 
which is a common complication in diabetes, is closely 
correlated with arteriosclerosis[21]. Increased blood pres-
sure leads to increased arterial stiffness and vice versa. 
Higher blood pressure leads to vascular wall fibrosis in 
great vessels, wall thickening in small vessels, and fi-
nally increased arterial stiffness. On the other hand, the 
growth and proliferation of vascular smooth muscle cells 
improve the accumulation of collagen and the cellular 
matrix, resulting in increased arterial stiffness and vas-
cular reconstruction[22]. This study showed that carotid 
stiffness was significantly increased in patients with dia-
betes, with a higher stiffness of the left carotid artery 
than that of the right one. New indexes (IMT ratio, 
CCAD ratio, CC ratio and PWV ratio) were introduced 
to further investigate the structural and functional differ-
ences of the two sides of the carotid. The results revealed 
a significant difference in the PWV ratio between the 
two sides of the carotid artery in patients with diabetes. 
This difference indicated the degree of damage varied in 
different arteries. The carotid stiffness and the difference 
between the two sides of the carotid arteries in patients 
with diabetes might indicate much earlier stage of arte-
riosclerosis[23]. This study also showed that the PWV 
ratio was correlated positively with diabetic history and 
SBP, suggesting stiffness of arteries was relevant to the 
duration of diabetes and level of SBP. However, the dif-
ference of vascular elasticity could be precisely detected 
using a new method based on an ultrasonic radiofre-
quency technique. It was proved to be a remarkably 
powerful way of evaluating the development of arterio-
sclerosis. 

In conclusion, type 2 diabetes is a major risk fac-
tor for the progression of arteriosclerosis. There was dif-
ference in arterial stiffness between left and right sides of 
CCAs. PWV ratio tested by ultrasound radiofrequency 
should be required to detect progression of arteriosclero-
sis and thereby prevent cardiovascular events. 
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