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                        ORIGINAL ARTICLE    

 Six-channel ECG-based pulse wave velocity for assessing whole-body 
arterial stiffness      
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  1  Department of Electrical Engineering, National Dong Hwa University, Hualien, Taiwan,   2  Department of Neurology, 
Buddhist Tzu Chi General Hospital and Buddhist Tzu Chi University, Hualien, Taiwan,   3  Department of Internal 
Medicine, Hualien Hospital, Health Executive Yuan, Hualien, Taiwan,   and 4  Department of Emergency Medicine, 
E-Da Hospital, I-Shou University, Kaohsiung, Taiwan                              

 Abstract 
  Background.  Despite the proposal of different means of non-invasive arterial stiffness assessment, none offers simultane-
ous information on whole-body peripheral arterial condition. We investigated the validity of applying a six-channel 
electrocardiogram-based pulse wave velocity (ECG-PWV) measurement system for this purpose.  Methods.  The study 
consisted of two parts. Part One enrolled hypertensive (Group 1,  n   �    32) and normal (Group 2,  n   �    32) subjects, whereas 
Part Two recruited diabetic (Group 3,  n   �    50) and normal (Group 4,  n   �    50) subjects. To validate the application of 
ECG-PWV in assessing peripheral arterial stiffness in different parts of body, ECG-PWV data were compared with three 
other parameters including the cardio-ankle vascular index (CAVI), pulse wave velocity – digital volume pulse (PWV-DVP) 
and intima-media thickness (IMT).  Results.  ECG-PWV in healthy subjects in Part One correlated signifi cantly with CAVI 
and PWV-DVP ( p   �    0.05), whereas ECG-PWV and CAVI were signifi cantly different between the hypertensive and 
normal subjects. Moreover, comparison of IMT and ECG-PWV from different sites showed signifi cant correlation only 
between IMT and ECG-PWV from earlobe ( r   �    0.495,  p   �    0.004). No signifi cant association, however, was noted between 
IMT and CAVI. For Part Two, signifi cant differences existed between diabetic and normal subjects in body weight, waist 
circumference, level of HbA1c, fasting blood sugar, serum creatinine and ECG-PWV from the foot. However, no sig-
nifi cant difference was noted in PWV-DVP between two groups.  Conclusions.  Six-channel ECG-PWV measurement 
system showed remarkable correlation with IMT in hypertensive subjects and with key anthropometric and biochemical 
parameters in diabetic patients, suggesting its validity in assessing whole-body arterial stiffness in subjects with periph-
eral arterial diseases within 10 min.  

  Key Words:   atherosclerosis  ,   diabetes  ,   hypertension  ,   intima-media thickness  ,   peripheral arterial stiffness  ,   pulse wave velocity   

  Introduction 

 Among all the reported non-invasive tools in evalu-
ation of the degree of atherosclerosis, assessment of 
arterial stiffness through pulse wave velocity (PWV) 
has previously been demonstrated to be an indepen-
dent predictor of all-cause and cardiovascular mor-
tality in patients with essential hypertension (1 – 3). 
Although conventional PWV is widely used clini-
cally for early detection of vascular pathology, it 
focuses on the assessment of atherosclerotic change 
of the aorta (4 – 10). Since atherosclerosis of periph-
eral artery may be an earlier presentation of the 

systemic disease, PWV – digital volume pulse (DVP) 
was introduced in 2005 to evaluate the arterial 
stiffness of peripheral arteries through analyzing 
the difference in transmission time between the fi n-
ger and toe (11). In addition to PWV (5 – 8,11), 
another PWV-based assessment tool commonly 
used at medical institutions is the cardio-ankle vas-
cular index (CAVI) that evaluates the degree of ath-
erosclerosis from data obtained through the ankles 
and the arms (12 – 15). However, both PWV-DVP 
and CAVI can only assess the degree of local ath-
erosclerosis over the extremities, whereas similar 
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data cannot be acquired from other parts of the 
body. Intima-media thickness (IMT), which is not 
a PWV-based parameter, is another widely accepted 
clinical index for evaluating the degree of athero-
sclerosis at a supra-clavicular level by using B-mode 
ultrasonography (16 – 19). Although the degree of 
vascular obstruction can be directly visualized using 
this parameter, the fi eld of detection is limited to 
part of the cervical region and the degree of athero-
sclerosis of the body as a whole cannot be evaluated. 
To assess the whole-body atherosclerotic status, 
Gladdish et   al. (20) attempted to determine the 
PWV over the brain, ear and fi nger using the non-
invasive means of transcranial Doppler and plethys-
mography through simultaneous measurements 
from the temporal window, left middle fi nger, and 
right ear lobe of 11 healthy volunteers. The clinical 
application of this parameter, however, is hampered 
by the need for expensive equipment and trained 
personnel. 

 To achieve the same purpose of simultaneous 
whole-body assessment, we have previously pro-
posed a six-channel electrocardiography (ECG) –
 PWV measurement instrument that can complete 
the calculations of six PWV values obtained from 
bilateral earlobes, fi ngers and toes within 10 min. 
The data thus obtained were close to those previ-
ously reported by others (20). Although the reli-
ability of its use in normal testing subjects has been 
validated in our previous study (21), it has not 
been tested in subjects with known cardiovascular 
disease (CVD). The aims of this study are to vali-
date the application of this parameter in assessing 
the degree of atherosclerosis in the diseased popula-
tion and to compare the values obtained with those 
of IMT, CAVI and PWV-DVP. As hypertension and 
diabetes are the two most commonly encountered 
cardiovascular risk factors contributing to the 
development of peripheral arterial disease, patients 
belonging to these two categories were chosen for 
the present study (22). 

 Despite its nature as a systemic disease, the degree 
of atherosclerosis may be different over various parts 
of the body. For instance, patients with stroke may 
have more advanced disease progression over the 
head and neck regions, whereas diabetic patients 
may sustain a more severe condition over the lower 
extremities. The present study attempted to validate 
the use of ECG-PWV in the evaluation of the degree 
of atherosclerosis on a whole-body basis within a 
short time (i.e. 10 min). In the fi rst part of the study, 
the use of ECG-PWV in assessing the degree of arte-
rial stiffness in hypertensive patients with or without 
history of stroke was described. The second part of 
the study, on the other hand, recruited patients with 
known diabetes. The applications of ECG-PWV 
indices obtained from peripheral arteries over differ-
ent parts of the body were then evaluated, followed 
by discussion of our fi ndings.   

 Patients and methods  

 Study population 

 To evaluate the validity of applying ECG-PWV in 
assessing peripheral arterial stiffness in different clin-
ical settings of peripheral vascular disease, this study 
consisted of two parts. Part One of the study focused 
on the use of ECG-PWV in assessing the degree of 
arterial stiffness in hypertensive patients with or 
without history of stroke, whereas Part Two of the 
study recruited patients with known type 2 diabetes. 
Normal subjects were enrolled in both parts to serve 
as normal controls. 

 Part One enrolled 64 subjects from January 2008 
to August 2009. Subjects were considered hyperten-
sive if the systolic blood pressure was over 140 mmHg 
and/or a diastolic pressure above 90 mmHg, or if 
they were under anti-hypertensive treatment. Of all 
the subjects, 32 with a known history of hypertension 
for at least 6 months with or without a history of 
stroke were recruited from the outpatient clinic of 
Buddhist Tzu Chi General Hospital (Group 1). Sub-
jects with a known history of other atherosclerosis-
related complications, such as angina, myocardial 
infarction and intermittent claudication within 6 
months were excluded from this study. Those with a 
known diagnosis of diabetes and/or renal diseases 
were also excluded. The other 32 subjects were 
healthy volunteers without known history of systemic 
disease including hypertension, diabetes mellitus, 
stroke or other cardiovascular diseases (Group 2). 

 Of the 32 subjects in Group 1, 20 were males. 
Fifteen subjects in Group 1 had concurrent hyper-
tension and history of stroke, whereas the other 17 
subjects had hypertension only. Of the 32 subjects in 
Group 2, 19 were males. The anthropometric data 
for Groups 1 and 2 are shown in Table I. 

 PWV-related parameters, including CAVI, PWV-
DVP and ECG-PWV, were obtained from all 64 sub-
jects, whereas IMT measurement was performed 
only for those in Group 1. The study protocol was 
approved by the Institutional Review Board on 
Human Research at Buddhist Tzu Chi General Hos-
pital and National Dong Hwa University. Informed 
consents were obtained from all subjects. 

 Part Two recruited diabetic patients from the dia-
betic outpatient clinic of the Hualien Hospital from 
July 2009 to August 2010. In tota, 50 patients with 
an established diagnosis of diabetes mellitus type 2 
were enrolled (Group 3). There were 33 males. Dia-
betes was diagnosed by either a fasting sugar level 
higher than 126 mg/dl or a glycosylated hemoglobin 
(HbA1c) level  �    6.5% (24). They all received regular 
treatment and follow-up in the clinic for more than 
2 years. The basic demographic and anthropometric 
characteristics of the study subjects are shown in 
Table II. Another 50 healthy subjects were recruited 
from a health examination program at the same hos-
pital to serve as normal controls (Group 4). There 
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  Table I. Basic demographic, anthropometric and hemodynamic parameters of subjects 
in Part One.  

Group 1 a Group 2 b  p -value c 

Number of subjects 32 32  – 
Number of smoking subjects 11 0  – 
Duration of hypertension (years) 11.80    �    8.28  –  – 
Age (years) 65.13    �    10.86 41.06    �    17.97 0.000
Body height (cm) 168.81    �    8.82 164.09    �    8.68 0.019
Body weight (kg) 66.22    �    13.87 63.53    �    11.26 0.356
Body mass index (kg/m 2 ) 26.32    �    4.67 23.60    �    3.94 0.014
Waist circumference (cm) 80.79    �    9.22 83.26    �    11.97 0.031
Systolic blood pressure (mmHg) 136.69    �    21.18 119.34    �    13.67 0.007
Diastolic blood pressure (mmHg) 85.63    �    10.60 75.53    �    7.71 0.000

    a Hypertensive subjects (note: 15 patients with previous history of stroke).  b Healthy 
individuals.  c Correlation coeffi cients determined by independent samples  t -test. 
Statistical signifi cance defi ned as  p   �    0.05.   

  Table II. Basic demographic, anthropometric, and hemodynamic data of diabetic (Group 
3) and healthy (Group 4) subjects in Part Two ( n   �    100).  

Group 3 ( n   �    50) Group 4 ( n   �    50)  p -value a 

Age (years) 61.90    �    9.79 58.16    �    7.82 0.056
Body height (cm) 163.87    �    6.20 160.57    �    8.66 0.144
Body weight (kg) 70.16    �    8.47 62.22    �    12.48 0.015
Waist circumference (cm) 91.22    �    9.82 81.48    �    9.37 0.001
Systolic blood pressure (mmHg) 124.68    �    15.20 119.51    �    16.20 0.131
Diastolic blood pressure (mmHg) 75.72    �    10.83 75.59    �    9.37 0.955
Pulse pressure (mmHg) 48.98    �    11.59 43.92    �    12.71 0.057

    a Correlation coeffi cients determined using independent samples  t -test.   

were 27 males in this group. The criteria for recruit-
ment included an absence of history of diabetes mel-
litus, a fasting sugar level lower than 126 mg/dl and 
an HbA1c level less than 6.5%. Subjects with history 
of hypertension and/or atherosclerosis-related com-
plications, such as angina, myocardial infarction, 
stroke and peripheral vascular diseases within 3 
months were excluded from the Part Two. All sub-
jects underwent ECG-PWV and PWV-DVP mea-
surements. The study protocol was approved by the 
Institutional Review Board on Human Research at 
Hualien Hospital. Informed consents were obtained 
from all subjects.   

 Protocol of measurement of six-channel ECG-PWV 
and other parameters 

 Before measurement was taken for both parts of the 
study, a questionnaire was given to each testing sub-
ject to obtain detailed information on general body 
condition and medical history. Age and gender as 
well as anthropometric data including body weight, 
body height and waist circumference were also 
recorded. All subjects were allowed to rest in a supine 
position in a quiet, temperature-controlled room at 
26    �    1 ° C for 5 min before another 5 min of measure-
ment. The study parameters were slightly different 
between Parts One and Two. Whereas CAVI, PWV-
DVP, ECG-PWV and IMT were utilized in Part 

One, only PWV-DVP and ECG-PWV were obtained 
from subjects participating in Part Two. The same per-
sonnel from the neurosonographic laboratory at Tzu 
Chi General Hospital, who were blinded to the study 
design, were responsible for operation of the same 
equipment in both Parts One and Two studies. 

 For ECG-PWV measurement, the distances from 
sternal notch to different points of reference were 
measured with the subjects in supine position and 
labeled as L i . The shortest distances from the sternal 
notch to the right and left ear lobes (i.e. L Right ear  and 
L Left ear , respectively) were measured with the sub-
ject ’ s eyes staring at the ceiling. The shortest dis-
tances from sternal notch to the right and left index 
fi ngers (i.e. L Right hand  and L Left hand , respectively) 
were measured with the subjects ’  arms stretched and 
abducted 90 °  from the body on a horizontal plane. 
On the other hand, the distance from the sternal 
notch to the foot (i.e. L Right foot  and L Left foot , for right 
and left foot, respectively) was the sum of the short-
est distance from the sternal notch to medial patella, 
from medial patella to medial malleolus, and from 
medial malleolus to the tip of the second toe. Six 
infrared sensors were put on the points of reference 
simultaneously to acquire data on ECG-PWVs. ECG 
was obtained using the conventional method. Because 
of its conspicuousness, the R wave on Lead II was 
chosen as a reference point, the time from which to 
the foot point of a pulse wave was defi ned as the time 
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difference ( Δ T i ) (22) (Figure 1). Hence, the mean 
ECG-PWVs from both sides of the earlobes (i.e. 
ECG-PWV ear ), hands (i.e. ECG-PWV hand ) and feet 
(i.e. ECG-PWV foot ) can be determined by averaging 
the values of L i / Δ T i  from both sides. 

 Signals of DVP were obtained by the aforemen-
tioned system (25 – 27). Briefl y, DVP signals of six-
channel were recorded for a 300-s period. After being 
processed through an analog-to-digital converter 
(USB-6009 DAQ, National Instruments, TX, USA) 
with a sampling frequency of 200 Hz, the digitized 
signals were stored on a computer. Subsequent anal-
yses included identifi cation of foot points of DVPs, 
thereby obtaining individual waveforms. The ECG-
PWVs from each point of reference within the 300 s 
of recording were averaged to yield six mean values 
from the six respective points of reference. The repro-
ducibility of the results was confi rmed following the 
protocol previously described (22,27). 

 PWV-DVP, which is an index of atherosclerosis 
over the extremities (13), was defi ned as the 

difference between L foot  and L hand  divided by the 
time difference between the foot points of the two 
DVPs ( Δ t) [i.e. (L foot   �  L hand )/ Δ t], where L foot  and 
L hand  are the mean of right and left sides for the 
upper and lower extremities, respectively. 

 CAVI, which is a phonocardiogram (PCG)-based 
index refl ecting arterial stiffness from the heart to 
ankles known to increase with the degree of arterio-
sclerosis, was measured using the Vascular Screening 
System (VaSera VS-1000, Fukuda Denshi Co., Ltd., 
Tokyo, Japan). Two values of CAVI from both sides 
of the body can be obtained that have been demon-
strated to show consistent correlations with IMT and 
PWV (14,15). The subjects were in supine position 
with pressure cuffs on both arms and lower legs. 
PCG sensor was placed at the right sternal border 
over the second intercostal space. Limb cushions 
were used to avoid limb contact with the bed, thereby 
minimizing potential variation. Right and left extrem-
ities were pressurized alternatively to generate pulse 
waves from which CAVI was calculated (i.e. R-CAVI 

  

Figure 1.     Schematic illustration of the measurements of six-channel electrocardiogram-based pulse wave velocity (ECG-PWV) and cardio-
ankle vascular index (CAVI). With (a) R wave on Lead II as a reference point, the time differences ( Δ T i ) to (b) ear lobe, (c) index fi nger 
and (d) second toe were obtained. ECG-PWV was calculated by dividing the distances from different points of reference (L i ) with  Δ T i  
(i.e. ECG-PWV i   �  L i / Δ T i ). Mean CAVI was obtained by averaging the values from both sides of the body as shown in the equation.  
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and L-CAVI, respectively). The schematic presenta-
tion of CAVI and ECG-PWV measurement is shown 
in Figure 1. 

 For IMT assessment, carotid scanning was per-
formed with an ultrasonography machine (General 
Electric Logic 7; USA) equipped with a 10-MHz 
linear probe at B-mode (25). IMT was measured 1 
cm distal to the bulbus over a length of 1 cm for both 
carotid arteries. Measurements at three different 
locations were taken from right and left carotid arter-
ies. The highest value was taken as the desired IMT 
(i.e. Max IMT) after data collection from both sides. 
An IMT over 0.822 mm has been reported in patients 
with cardiovascular diseases (28). An increase in 
IMT has also been demonstrated in patients with 
known coronary artery disease (CAD) compared 
with those without (29).   

 Statistical analysis 

 Associations between IMT and ECG-PWVs from 
different points of reference as well as correlations 
among ECG-PWVs from different regions in Group 
1 subjects in Part One were evaluated by the Pearson 
correlation test. For comparisons between two groups 
in both parts of the study, an independent samples 
 t -test was used. All data were expressed as mean  �  
standard deviation. Statistical analyses were per-
formed by using SPSS software, Version 14.0 for 
Windows (SPSS Inc., Chicago, IL). A  p -value  �    0.05 
was considered statistically signifi cant.    

 Results  

 Agreement between data on ECG-PWV 
from both sides of the body 

 Signifi cant agreement of data on ECG-PWV between 
both sides of the body from different reference points 
for measurement in healthy (Group 2,  n   �    32) and 
the hypertensive (Group 1,  n   �    32) subjects was 
noted using Bland – Altman analysis (Figure 2).   

 Performance of ECG-PWV indices 
in hypertensive subjects (Part One) 

 Table III shows that the values of ECG-PWV in 
healthy subjects enrolled in Part One (i.e. Group 2) 
correlated signifi cantly with those of CAVI and PWV-
DVP from different points of reference ( p   �    0.05). 
Table IV demonstrated that although no signifi cant 
difference was noted in PWV-DVP between Group 
1 and Group 2 subjects, the values of ECG-PWV 
and CAVI were signifi cantly different between the 
two groups with the exception of the values of ECG-
PWV from hand. Moreover, signifi cant difference 
was also noted in the mean values of CAVI between 
Group 1 and Group 2. The former exhibited higher 

values and wider standard deviation albeit within 
normal range (i.e.  �    9), whereas the latter showed 
signifi cantly lower values with comparatively narrow 
standard deviations. 

 Values of Max IMT in Group 1 subjects exhib-
ited no signifi cant correlations with ECG-PWV hand  
( p   �    0.612) (Figure 3b), ECG-PWV foot  ( p   �    0.462) 
(Figure 3c) and CAVI ( p   �    0.753) (Figure 3d). Com-
parison of Max IMT and ECG-PWV from different 
sites of measurement showed that signifi cant correla-
tion existed only between Max IMT and ECG-
PWV ear  ( r   �    0.495,  p   �    0.004) (Figure 3a).   

 Performance of ECG-PWV indices 
in diabetic subjects (Part Two) 

 For Part Two, there were signifi cant differences 
between diabetic (i.e. Group 3) and normal (i.e. 
Group 4) subjects in terms of body weight, waist 
circumference (Table II), level of HbA1c, high-
density lipoprotein, creatinine, cholesterol, triglycer-
ide and fasting blood sugar as well as mean 
ECG-PWV foot  (Table V). On the other hand, no sig-
nifi cant difference was noted in PWV-DVP between 
the two groups.    

 Discussion 

 Compared with pulse pressure, which is an indirect 
index of arterial stiffening, PWV has been demon-
strated to be an independent predictor of all-cause 
and cardiovascular mortality in patients with essen-
tial hypertension (1). Measurement of the PWV has 
become one of the most common non-invasive 
parameter adopted in the assessment of the degree 
of atherosclerosis (6,7). A dual-channel instrument, 
PWV-DVP, has previously been introduced as a 
parameter for evaluating the degree of atherosclerosis 
over upper and lower extremities (11). However, the 
analysis was performed only on 100 testing subjects 
without history of signifi cant CVD. It has been 
reported previously that the degree of atherosclerosis 
from different parts of the body is the same for sub-
jects without cardiovascular diseases (21). Consis-
tent with the fi nding of that study, the results of the 
current study showed that there was no signifi cant 
difference in the accuracy of measurement on PWV 
using different systems (ECG-PWV, PWV-DVP and 
CAVI). Accordingly, Part One of the study demon-
strated highly signifi cant associations of ECG-PWV 
from different points of reference with CAVI and 
PWV-DVP (Table III). In other words, positive cor-
relation exists between the results of measurement in 
normal healthy subjects regardless of the method 
used (21). 

 Since the measurement of PWV using currently 
available instruments is based on only two local 
points of reference with a wide range of variability in 
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Figure 2.     Bland – Altman plot among data of six-channel electrocardiogram-based pulse wave velocity (ECG-PWV) from both sides of the 
body in healthy (Group 2,  n   �    32, a and b) and hypertensive (Group 2,  n   �    32, c and d) subjects, showing signifi cant agreement between 
right and left sides with earlobes (a, c), and fi ngers and toe (b, d), being the points of reference for measurement.  

  Table III. Associations of six-channel electrocardiogram-based pulse wave velocity (ECG-PWV) with cardio-ankle vascular index (CAVI) 
and pulse wave velocity – digital volume pulse (PWV-DVP) in healthy (Group 2) subjects.  

CAVI PWV-DVP

Left Right Left Right

ECG-PWV ear Left  r   �    0.622;  p   �    0.000  r   �    0.598;  p   �    0.000  r   �    0.609;  p   �    0.000  r   �    0.355;  p   �    0.046
Right  r   �    0.639;  p   �    0.000  r   �    0.611;  p   �    0.000  r   �    0.595;  p   �    0.000  r   �    0.353;  p   �    0.048

ECG-PWV hand Left  r   �    0.506;  p   �    0.003  r   �    0.472;  p   �    0.006  r   �    0.569;  p   �    0.001  r   �    0.496;  p   �    0.004
Right  r   �    0.531;  p   �    0.002  r   �    0.493;  p   �    0.004  r   �    0.641;  p   �    0.000  r   �    0.485;  p   �    0.005

ECG-PWV foot Left  r   �    0.496;  p   �    0.004  r   �    0.405;  p   �    0.021  r   �    0.882;  p   �    0.000  r   �    0.697;  p   �    0.000
Right  r   �    0.456;  p   �    0.009  r   �    0.433;  p   �    0.013  r   �    0.796;  p   �    0.000  r   �    0.796;  p   �    0.000

   Correlation coeffi cients determined by Pearson correlation test.   

different regions of the body (23,29,30), concomi-
tant assessment of the degree of atherosclerosis of 
the whole body is not feasible. To tackle the problem, 
a previous study has proposed the use of electrocar-
diogram (ECG) as a time reference when measuring 
the pulse transmission time (PTT) between bilateral 
ear lobes, fi ngers and toes (31). According to that 
study, PTT is defi ned as the duration between the R 
wave of ECG and the trough of the pulse wave. How-
ever, unlike PWV, PTT is a relative value that can be 
affected by individual characteristics (e.g. body 
height) and, therefore, may not accurately refl ect the 
degree of atherosclerosis. To further refi ne the tech-
nique, we adopted six points of reference to obtain 
an absolute value of PWV (i.e. ECG-PWV i ) by divid-
ing the distance measured (i.e. L i ) with the time 
elapsed (i.e.  Δ T i ) (Figure 1). 

 Consistent with our previous fi nding that showed 
highly signifi cant agreement between both sides of 
the body in healthy subjects (21), the current study 
also demonstrated signifi cant symmetry between 
both sides in the hypertensive participants using 
Bland – Altman analysis (Figure 2). Based on this 
symmetry in ECG-PWV in the testing subjects, the 
mean values of ECG-PWV ear , ECG-PWV hand  and 
ECG-PWV foot  were adopted in the assessment of the 
degree of atherosclerosis over head-neck region, 
upper and lower extremities, respectively. In Part 
One of this study, three PWV-related systems were 
utilized (i.e. ECG-PWV, PWV-DVP and CAVI). In 
Part One, since Group 1 recruited aged and hyper-
tensive patients and Group 2 enrolled young normo-
tensive healthy volunteers, we proposed a more 
prominent atherosclerotic change in Group 1 subjects 
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  Table IV. Comparisons among six-channel electrocardiogram-
based pulse wave velocity (ECG-PWV), cardio-ankle vascular 
index (CAVI), maximum intima-media thickness (Max IMT) and 
pulse wave velocity – digital volume pulse (PWV-DVP) in 
hypertensive (Group 1) and healthy (Group 2) subjects.  

Group 1 
( n   �    32)

Group 2 
( n   �    32)  p -value a 

Age (years) 65.13    �    10.86 41.06    �    17.97 0.000
ECG-PWV ear  (m/s) 1.20    �    0.16 1.11    �    0.16 0.022
ECG-PWV hand  (m/s) 4.54    �    0.33 4.68    �    0.41 0.127
ECG-PWV foot  (m/s) 5.07    �    0.49 4.75    �    0.45 0.009
PWV-DVP (m/s) 6.44    �    1.46 5.87    �    1.01 0.077
Max IMT (cm) 0.08    �    0.04  –  – 
Mean CAVI 8.42    �    2.11 6.23    �    1.59 0.000

    a Correlation coeffi cients were determined by independent samples 
 t -test.   

 

 Figure 3.     Correlations of maximal intima-media thickness (Max IMT) with six-channel electrocardiogram-based pulse wave velocity 
(ECG-PWV) from different points of reference. Correlation of Max IMT with (a) ECG-PWV ear , (b) ECG-PWV hand , (c) ECG-PWV foot , 
and (d) mean cardio-ankle vascular index (CAVI) in hypertensive (Group 1) subjects ( n   �    32).  

compared with those in Group 2. The results showed 
that PWV-DVP failed in detecting signifi cant differ-
ence in the degree of atherosclerosis between the 
aged hypertensive (Group 1) and young normoten-
sive (Group 2) subjects (Table IV). On the other 
hand, although CAVI demonstrated a signifi cant dif-
ference between the two groups, it exhibited normal 
values (i.e.  �    9) in the majority of hypertensive 
patients, even in nine participants with a previous 
history of stroke (CAVI  �    8.43    �    2.26, individual 
data not shown). The results, therefore, suggest that 
CAVI may underestimate the degree of vascular 
pathology in hypertensive subjects. Hence, of par-
ticular importance in the present study is that ECG-
PWV ear  and ECG-PWV foot  successfully distinguished 
between Group 1 and Group 2 in terms of the degree 

of atherosclerosis ( p   �    0.022 and  p   �    0.009, respec-
tively) (Table IV). 

 Unlike PWV-DVP and CAVI, IMT has been 
reported to be a reliable independent predictor of 
stroke (32). On the other hand, another study on 20 
healthy subjects comparing the correlations among 
brachial – ankle PWV, IMT and CAVI demonstrated 
no signifi cant association both between IMT and 
brachial – ankle PWV as well as between IMT and 
CAVI (24). Previous literature has systematically 
compared CAVI, IMT and PWV in terms of their 
accuracy and reliability in assessing the degree of 
atherosclerosis (14,24,33). A signifi cant correlation 
has been reported between CAVI and IMT in 1014 
hypertensive subjects over the age of 40 without his-
tory of stroke and cerebrovascular diseases. The 
results of the present study showed that while PWV-
DVP and CAVI exhibited no notable association with 
IMT, ECG-PWV ear  showed a signifi cant positive cor-
relation with IMT ( r   �    0.495,  p   �    0.004) (Figure 3a). 
This novel parameter therefore may serve as a reli-
able alternative to IMT in assessing the risk of ath-
erosclerosis of carotid artery. Consistent with the 
fi ndings of previous studies showing a lack of sig-
nifi cant correlation between IMT and systemic risk 
factors of atherosclerosis (34) as well as a dissocia-
tion between IMT and conventional PWV (34,35), 
our results further suggest that the progression of 
atherosclerosis may be different at various sites over 
the body. Our fi nding that only ECG-PWV ear  cor-
related with IMT reinforces the validity of the use of 
six-channel ECG-based PWV measurement in the 
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  Table V. Serum biochemical, and pulse wave velocity measurement 
parameters [i.e. 6-channel electrocardiogram-based pulse wave 
velocity (ECG-PWV) and pulse wave velocity – digital volume 
pulse (PWV-DVP)] in diabetic (Group 3) and healthy (Group 4) 
subjects ( n   �    100)].  

Group 3 
( n   �    50)

Group 4 
( n   �    50)  p -value a 

HbA1c (%) 7.89    �    1.97 5.79    �    0.33 0.000
High-density 

lipoprotein 
(mg/dl)

43.49    �    14.30 55.24    �    20.90 0.003

Creatinine (mg/dl) 1.29    �    1.27 0.79    �    0.23 0.022
Cholesterol 

(mg/dl)
191.49    �    39.54 208.53    �    37.89 0.044

Triglyceride 
(mg/dl)

144.30    �    80.69 110.95    �    61.04 0.036

Low-density 
lipoprotein 
(mg/dl)

114.51    �    27.70 122.63    �    29.34 0.190

Fasting blood 
sugar (mg/dl)

151.29    �    56.76 93.63    �    10.79 0.000

ECG-PWV ear  (m/s) 1.19    �    0.24 1.14    �    0.20 0.376
ECG-PWV hand  

(m/s)
4.64    �    0.41 4.53    �    0.51 0.291

ECG-PWV foot  
(m/s)

5.01    �    0.46 4.77    �    0.37 0.016

PWV-DVP (m/s) 6.01    �    2.68 6.01    �    2.93 0.683

    a Correlation coeffi cients determined using independent samples 
 t -test.   

region-by-region assessment of whole-body arterial 
stiffness. Another point of importance is that while 
PWV-DVP, CAVI and IMT can only assess the 
degree of local atherosclerosis, ECG-PWV can reli-
ably refl ect the degree of atherosclerotic change of 
the whole body because of simultaneous measure-
ments from different points of reference over the 
head as well as the upper and lower extremities. For 
Part Two, there were signifi cant differences between 
diabetic and normal subjects in terms of body weight, 
waist circumference, levels of HbA1c, fasting blood 
sugar, and serum creatinine as well as ECG-PWV foot . 
On the other hand, no signifi cant difference was 
noted in PWV-DVP between the two groups. 

 Unlike normal control subjects that showed sig-
nifi cant correlations among ECG-PWVs from differ-
ent points of reference, ECG-PWV ear  was signifi cantly 
elevated in hypertensive subjects and did not corre-
late with ECG-PWV hand  and ECG-PWV foot . In addi-
tion, ECG-PWV ear  was signifi cantly associated with 
IMT that reliably refl ects the degree of atherosclero-
sis of carotid arteries. On the other hand, the present 
study showed that diabetic patients had signifi cantly 
elevated body weight, waist circumference, level of 
HbA1c, fasting blood sugar and serum creatinine. 
These fi ndings are consistent with those of previous 
studies (28,36). More importantly, although PWV-
DVP failed in demonstrating a discrepancy between 
diabetic and normal subjects that is supposed to exist 
due to impaired circulation of the lower extremities 
in the diabetics (37), signifi cant difference in ECG-
PWV foot  was noted between the two groups. The 

fi ndings, therefore, demonstrated that the region at 
risk of atherosclerotic change may be assessed using 
ECG-PWV. This is particularly useful in locating vas-
cular lesion for subjects at risk of atherosclerotic dis-
ease who receive no previous screening. Other 
advantages of adopting ECG-PWV in assessing arte-
rial stiffness are that not only can six values of PWVs 
be obtained simultaneously within 10 min under the 
same physiological condition, but there is also no 
need for expensive accessories as in IMT measure-
ment. Besides, physicians can precisely assess the 
location of anomalies in arterial stiffness according 
to the six values available for interpretation, thereby 
giving advice to subjects at risk for prevention or 
treatment of their atherosclerotic condition. Further-
more, since the normal range of PWV from each 
reference point is available, the subjects being tested 
can also keep record of their changes in values to 
track the progression of their peripheral arterial con-
dition so that they can seek medical help when 
abnormalities arise. In this way, the ECG-PWV mea-
surement system may serve as a user-friendly tool for 
both health professionals and population at risk in 
the early detection of peripheral arterial disease and 
also in following treatment outcome after implemen-
tation of different therapeutic measures. 

 There are, however, certain limitations in using 
photoplethysmography sensors for detecting DVP 
signal. Firstly, readings from infrared sensors may be 
infl uenced by skin pigmentation, individual tissue 
characteristics and initial blood fl ow in the measured 
area (38). Secondly, the signals may also be affected 
by involuntary vibrations of the examinees. Thirdly, 
decreased signal amplitude may occur in subjects 
with impaired peripheral circulation. Fourthly, the 
measurement may also be affected by a decreased 
environmental temperature that tends to cause con-
striction of the peripheral vessels. The impact of the 
last condition can be minimized by elevating the 
room temperature at the time of measurement. 
Fifthly, particular attention has to be paid to the 
measurement of distance from sternal notch to the 
point of reference to minimize error in calculation of 
ECG-PWVs. Finally, since the examinees in Part 
One of the present study were not age-matched, the 
infl uences of age and hypertension cannot be dif-
ferentiated. Nevertheless, since the primary aim of 
this study was not to differentiate between the two 
disease conditions but to validate the use of a new 
set of parameters to assess atherosclerotic change 
over different parts of the body, the signifi cant dif-
ference in age between subjects in Group 1 and 
Group 2 had an unfavorable but relatively insignifi -
cant impact on our study. 

 In conclusion, the six-channel ECG-PWV mea-
surement system showed remarkable correlation with 
IMT in hypertensive subjects and with key anthro-
pometric and biochemical parameters in diabetic 
patients, suggesting its validity in assessing arterial 
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stiffness in subjects with peripheral arterial diseases. 
Moreover, given its capability of acquiring simulta-
neous PWVs from the body as a whole within 10 min 
and the ease of operation, it may serve as a conve-
nient tool for early detection and following the pro-
gression of atherosclerosis in the population at risk. 
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