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Medicine, University of Pécs, Pécs, Hungary; and Department of Hydrodynamic Systems
(Molnár), Budapest University of Technology and Economics, Budapest, Hungary

Background: Arterial stiffness parameters are commonly used to determine the development of atherosclerotic
disease. The independent predictive value of aortic stiffness has been demonstrated for coronary events.
Hypothesis: The aim of our study was to compare regional and local arterial functional parameters measured
by 2 different noninvasive methods in patients with verified coronary artery disease (CAD). We also compared
and contrasted these stiffness parameters to the coronary SYNTAX score in patients who had undergone
coronary angiography.
Methods: In this study, 125 CAD patients were involved, and similar noninvasive measurements were
performed on 125 healthy subjects. The regional velocity of the aortic pulse wave (PWVao) was measured by
a novel oscillometric device, and the common carotid artery was studied by a Doppler echo-tracking system
to determine the local carotid pulse wave velocity (PWVcar). The augmentation index (AIx), which varies
proportionately with the resistance of the small arteries, was recorded simultaneously.
Results: In the CAD group, the PWVao and aortic augmentation index (Alxao) values increased significantly
(10.1 ± 2.3 m/sec and 34.2% ± 14.6%) compared to the control group (9.6 ± 1.5 m/sec and 30.9% ± 12%;
P < 0.05). We observed similar significant increases in the local stiffness parameters (PWVcar and carotid
augmentation index [Alxcar]) in patients with verified CAD. Further, we found a strong correlation for PWV
and AIx values that were measured with the Arteriograph and those obtained using the echo-tracking method
(r = 0.57, P < 0.001 for PWV; and r = 0.65, P < 0.001 for AIx values).
Conclusions: Our results indicate that local and regional arterial stiffness parameters provide similar
information on impaired arterial stiffening in patients with verified CAD.

Introduction
A large volume of evidence is now available on the
crucial role of preclinical organ damage in determining
cardiovascular (CV) risk in individuals. Arterial stiffness
parameters are commonly used for this purpose—to identify
structural and functional changes in the arteries in the
development of atherosclerotic disease.1,2 The independent
predictive value of aortic stiffness has been demonstrated
for fatal stroke, all-cause and CV mortalities, fatal and
nonfatal coronary events in hypertensive, diabetic, end-
stage renal disease, and in elderly patients and in the
general population.3–6 Moreover, carotid-femoral pulse
wave velocity (PWV), a direct measure of aortic stiffness, has
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become increasingly important for total CV risk estimation,
but its application as a routine tool for clinical patient
evaluation has been hampered by the absence of reference
values, and so the Reference Values for Arterial Stiffness
Collaboration Group established reference and normal
values for PWV based on a large European population.7

Among stiffness parameters, the aortic PWV and the
wave reflection, measured as augmentation index (AIx),
were determined. PWV is accepted as the most simple and
reproducible method to assess arterial stiffness.1,8 Recent
reports suggested that, in patients with hypertension or
diabetes mellitus, the aorta stiffened more than the carotid
artery with age and other CV risk factors.9 It also has been
proved that the relationship with age and sex of regional aor-
tic stiffness and local carotid stiffness measures are not the
same in the age range of 35 to 55 years in healthy subjects.10

New techniques allow us to investigate regional aortic
stiffness and local carotid stiffness simultaneously. Carotid
stiffness may be of particular interest because in that
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artery, atherosclerosis is frequent, especially in patients
with verified coronary artery disease (CAD). Therefore,
new Doppler echo-tracking techniques were used in
most pathophysiologic, pharmacologic and clinical studies
to determine local carotid stiffness.11,12 One important
issue is how PWV or arterial stiffness parameters are
measured feasibly and routinely in clinical practice, because
different methods exist (Complior, Artech Medical, Pantin,
France, Sphygmocor, AtCor Medical Inc., Sydney, Australia,
Arteriograph [TensioMed, Budapest, Hungary], ultrasound
devices), and it is equally important to clarify the importance
of regional and local stiffness parameters in patients with
different types of atherosclerotic disease.8,13

The aim of this study, therefore, was to compare regional
aortic stiffness and local carotid stiffness parameters
measured by 2 different noninvasive methods in patients
with verified CAD. Further, we compared and contrasted
noninvasive stiffness parameters to the coronary SYNTAX
score in patients who had undergone coronary angiography.

Methods
Patients

We studied a total of 250 subjects, age 40 to 84 years.
Exclusion criteria were arrhythmia, valvular heart disorders,
and heart failure (New York Heart Association criteria
III–IV). We performed elective coronary angiography in 125
consecutive patients who were referred to the Department
of Invasive Cardiology of our hospital. All patients had
previous concordant noninvasive findings for CAD and
had experienced angina pectoris. Determining arterial
stiffness parameters was undertaken for 125 CAD patients
(mean age, 62 ± 10 years) and 125 age- and sex-matched
and apparently healthy control subjects. All patients in
the CAD group received appropriate medical treatment
(β-blockers, aspirin, statins, and angiotensin-converting
enzyme inhibitors) according to the relevant guidelines.7,14

The patients’ characteristics are shown in the Table 1. The

Table 1. Characteristics of the Patients With Verified Coronary Artery
Disease and Healthy ControlSubjects

Variable
Control Group

(n = 125)
CAD Group
(n = 125) P Value

Age, y 62 ± 10 62 ± 10 —

Male, n (%) 97 (78) 97 (78) —

Weight, kg 82.1 ± 15.3 84.4 ± 15.2 0.020

Height, cm 171 ± 9 170 ± 8 0.379

BMI, kg/m2 28.2 ± 4.4 29.3 ± 4.3 <0.01

SBP, mm Hg 139 ± 18 135 ± 21 0.056

DBP, mm Hg 83 ± 10 80 ± 14 0.034

MAP, mm Hg 101 ± 12 98 ± 15 0.029

HR, beat/min 73 ± 12 70 ± 12 <0.01

Abbreviations: BMI, body mass index; CAD, coronary artery disease;
DBP, diastolic blood pressure; HR, heart rate; MAP, mean arterial
pressure; SBP, systolic blood pressure. Data are presented as
mean ± standard deviation.

protocol of this clinical study was reviewed and approved by
the local institutional ethics committee. Written informed
consent was obtained from all patients who participated
in the study. The investigation conforms to the principles
outlined in the Declaration of Helsinki.

Noninvasive measurements were taken by the same inves-
tigator in a temperature-controlled room (22◦C), unaffected
by external environmental influences in accordance with
the international guidelines.13 All measurements were done
simultaneously using a carotid color Doppler echo-tracking
system (Aloka SSD-5500, Tokyo, Japan) and oscillometric
occlusive equipment (Arteriograph, TensioMed, Budapest;
Hungary).

Carotid Stiffness (Echo Tracking)

The Aloka color Doppler system with a 7.5-MHz linear
array probe and an echo-tracking subsystem was used for
recording the wave-intensity data. The data were updated
with a frequency of 1 kHz, and the steering angle of the
ultrasound beam never exceeded ±20 degrees for any
recording. Blood pressure was simultaneously measured
with a cuff-type manometer applied to the upper arm as
a required input to the Aloka system. The maximal and
minimal values of changes in diameter of the artery were
calibrated by systolic and diastolic blood pressure. The wave
intensity was averaged over a minimum of 4 heartbeats
at the same site in the artery. The relationship between
pressure and diameter waveforms in human carotid artery
was previously confirmed to be relatively linear throughout
the cardiac cycle (goodness of fit r2 ≥ 0.97).15–17 The
diameter and wall motion of the right common carotid
artery were measured 2 cm below the carotid bifurcation.
This Doppler echo-tracking system allows the determination
of local carotid PWV (PWVcar) and AIx (AIxcar) data using
online 1-point measurements.18–21

Aortic Stiffness (Arteriograph)

The simultaneous measurements of aortic AIx (AIxao),
aortic PWV (PWVao), and brachial blood pressure were
performed within 3 to 4 minutes with the oscillometric,
occlusive device, the Arteriograph. This invasively validated
method is based on the complete occlusion of the brachial
artery by a simple cuff, which allows the recording
and separation of pronounced early (forward) and late
(reflected) systolic waves.22 The time elapsed between
the early and late systolic wave peaks equals the travel
time of the forward aortic pulse wave to the bifurcation
and its backward reflection to the observational site. The
sternal notch/pubic bone distance (an acceptable estimate
of the aortic length and close to the magnetic resonance
imaging–determined arterial path length) was used to
determine the PWVao.23 The augmentation index (AIxao)
was calculated taking the differences between amplitudes of
the forward and reflected systolic waves; the resulting value
was divided by the pulse pressure and finally multiplied by
100. The measurements were taken in a supine position and
were accepted if the quality indicator of the recordings was
within the acceptable range (i.e., if the standard deviation
[SD] of the beat-to-beat measured PWVao values was less
than 1.1 m/sec).
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Diagnosis of CAD and Calculation of the SYNTAX Score

In the present study, CAD was verified by coronary angiog-
raphy. All patients underwent routine coronary angiography
(using the Judkins technique) on digitized coronary angiog-
raphy equipment (Integris; Philips Medical Systems, Best,
The Netherlands). Coronary angiograms were computer-
ized and assessed by 3 experienced angiographers who
were blinded to the results of arterial stiffness measure-
ments. For this study, we defined significant CAD as
showing at least 50% or greater stenosis or at least 75%
or greater flow reduction in 1 coronary artery. All patients in
the CAD group received appropriate medical treatment
(β-blockers, aspirin, statins, and angiotensin-converting
enzyme inhibitors) according to the relevant guidelines.13

The SYNTAX score was calculated with an interactive
question-based computer program. The algorithm consists
of 12 main questions referring to the coronary anatomy
and total number and extent of coronary artery lesions.
In our study, the SYNTAX score was calculated for each
coronary lesion producing a ≥50% luminal obstruction in
vessels with a diameter of 1.5 mm or more. Patients were
randomized according to 2-year rates of major adverse
coronary events as low (0–22), intermediate (23–32), and
high (≥33) SYNTAX score groups. In our study, 64 patients
were in low, 18 were in intermediate, and 43 were in high
SYNTAX score groups.24,25 After these individual lesions
were scored, the total SYNTAX score was determined and
correlated to regional and local arterial stiffness parameters.

Data Analysis

The values were expressed as mean ± SD. We used simple
regression to evaluate linear association between aortic and
carotid stiffness parameters. The correlation coefficient was
defined as r according to Spearman. Differences between
control subjects and subjects with CAD were tested with the
2-tailed t test. P < 0.05 was taken as the level of statistical
significance.

Results
Control patients were examined at the outpatient depart-
ment of our hospital. All control patients were referred by
their general practitioner for regular CV screening checkup
without any complaints or medication. The characteristics
of the CAD patients and control subjects are summarized
in the Table. As the Table shows, CAD patients proved
to be overweight compared to the control group (BMI,
29 ± 4.3 kg/m2 vs 28.1 ± 4.4 kg/m2 for CAD and control
patients, P < 0.01). In patients with CAD, most patients
reached the target systolic and diastolic blood pressure
(130/80 mm Hg), and so these patients exhibited lower sys-
tolic and diastolic blood pressure values compared to the
control group. The most plausible reason for the lower blood
pressure in the CAD group could be the active and adequate
blood pressure–lowering therapy in the CAD group; in
the control group, asymptomatic, apparently healthy sub-
jects were included, without known CV disease and having
no medical treatment. We also found that heart-rate val-
ues decreased significantly in CAD patients because of
β-receptor blocker treatment (70 ± 12 beat/min vs 73 ± 12
beat/min for CAD and control group, respectively).

Comparative measurements of regional arterial stiffness
parameters were taken in 125 CAD patients and 125 age-
and sex-matched (apparently healthy) control subjects.
Figure 1A illustrates the results of regional PWVao, which
was measured by the occlusive oscillometric method.
We found a significant increase in regional PWVao
for the CAD patients compared to the control subjects
(10.1 ± 2.3 m/sec vs 9.6 ± 1.5 m/sec; P = 0.019). Similarly,
significant differences were observed between the 2 groups
when AIxao values were compared (34.2% ± 14.6% vs
30.9% ± 12% for the CAD and control groups, P = 0.05)
(Figure 1B).

In 35 of the 125 CAD patients, simultaneous measure-
ments were taken by the carotid echo-tracking method
to determine local arterial stiffness parameters. We found
a significant increase of the local PWVcar for the CAD
patients compared to the control subjects (7.4 ± 1.3 m/sec
vs 6.5 ± 1.1 m/sec; P < 0.01) (Figure 2A). Further, the
CAD patients exhibited elevated AIxcar values compared to
the control group. (19.4% ± 10.7% vs 5.1% ± 9.8%) for CAD
and control group, P < 0.01; (Figure 2B). Figure 3 shows
the correlation between regional (aortic) and local (carotid)
arterial stiffness parameters in patients with verified CAD.
In regard to PWV, we found a significant positive correlation
between PWVao values that were measured by Arteriograph

Figure 1. (A) Comparison of regional (aortic) pulse wave velocity (PWVao)
in patients with verified coronary artery disease (CAD) with age- and
sex-matched apparently healthy control subjects. (B) Comparison of
regional (aortic) augmentation index (AIxao) in patients with verified CAD
with age- and sex-matched apparently healthy control subjects. These
measurements were carried out with occlusive, oscillometric device
(Arteriograph). Data are presented as mean ± standard deviation. =
CAD group (n = 125). = control group (n = 125). ∗P < 0.05; +P = 0.05.
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Figure 2. (A) Comparison of local (carotid) pulse wave velocity (PWVcar)
in patients with verified coronary artery disease (CAD) with age- and
sex-matched apparently healthy control subjects. (B) Comparison of local
(carotid) augmentation index (AIxcar) in patients with verified CAD with
age and sex-matched apparently healthy control subjects. These
measurements were carried out with Doppler echo-tracking method. Data
are presented as mean ± standard deviation. = CAD group (n = 35).

= control group (n = 35). ∗∗P < 0.01.

and PWVcar values that were determined by echo-tracking
method (r = 0.57, P < 0.001) (Figure 3A). Similar correla-
tions were observed between regional (AIxao) and local
(AIxcar) AIx values (Figure 3B) (r = 0.65, P < 0.001).

In patients with verified CAD, the individual coronary
lesions were scored, and the total SYNTAX score was
correlated to the regional (PWVao and AIxao) and local
(PWVcar and AIxcar) arterial stiffness parameters. We did
not find any significant correlation between the SYNTAX
score and regional arterial stiffness parameters (Figure 4,
panel A, B). Similarly, the coronary SYNTAX score did not
correlate with the carotid stiffness parameters (PWVcar and
AIxcar; data not shown).

Discussion
In this study, we first aimed to evaluate the correlation
between regional (aortic) and local (carotid) arterial stiffness
in patients with verified CAD. We also contrasted arterial
stiffness parameters that were obtained by 2 different
noninvasive methods to the coronary SYNTAX score in
patients who had undergone coronary angiography.

Lekakis et al applied the modified Gensini score to
investigate whether arterial wave reflection may detect
atherosclerosis of peripheral arteries in patients with
documented CAD.26,27 Radial artery applanation tonometry

Figure 3. (A) Relation between regional (aortic) and local (carotid) pulse
wave velocity (PWV) parameters in patient with verified coronary artery
disease (CAD). The aortic PWV (PWVao) was measured by the occlusive,
oscillometric device (Arteriograph). The carotid PWV (PWVcar) was
determined by the Doppler echo-tracking (e-tracking) method.
(B) Relation between regional (aortic) and local (carotid) augmentation
index (AIx) parameters in patient with verified CAD. The aortic AIx (AIxao)
was measured by the occlusive, oscillometric device (Arteriograph). The
carotid AIx (AIxcar) was determined by the Doppler e-tracking method.

and pulse wave analysis was performed in 184 patients
with documented CAD at coronary angiography; central
blood pressures and AIx were measured. Although AIx
is a marker of extensive extracoronary atherosclerosis in
patients with CAD, in their study no relation was found
between AIx and Gensini score or for the number of diseased
coronary vessels.4 These observations are concordant with
our findings with respect of aortic PWV and AIx, although
in our study the coronary SYNTAX score was applied for
grading of CAD.14,24,25

Increased arterial stiffness is one of the key factors
associated with CV disease.28,29 There are only a few
studies reporting a comparison in the association of CV
disease with stiffness of different arterial segments. Pannier
et al30 measured PWV of the aorta and arteries in the upper
and lower extremities. They found that only PWV of the
aorta significantly predicted death from CV disease in 305
hemodialysis patients. The results of the Rotterdam Study
indicated that aortic PWV predicted the occurrence of CAD
and stroke, but carotid distensibility did not; thus, aortic
stiffness may have more important roles in stroke than
stiffness of other arterial segments.6

Paini et al found that carotid-femoral PWV and carotid
stiffness provided similar information on the impact of aging
on large-artery stiffness in normal subjects; this was not the
case for high blood pressure and diabetes. In these cases,
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Figure 4. Relation between (A) coronary SYNTAX score and aortic pulse
wave velocity (PWVao) and (B) aortic augmentation index (AIxao) in
patients with verified coronary artery disease who underwent coronary
angiography. NS = nonsignificant.

the aorta stiffened more than carotid artery with age and
other CV risk factors.9

In the Second Manifestations of Arterial Disease
(SMART) study, the authors investigated whether carotid
stiffness is related to risk of new vascular events in patients
with manifest arterial disease. In this large-scale cohort
study, common carotid distension was measured at baseline
by ultrasonography. The major finding was that carotid
artery stiffness is not an independent risk factor for vascular
events in patients with manifest arterial disease. However, in
patients with low systolic blood pressure, decreased carotid
stiffness may indicate a decreased risk of vascular events.31

The principal contribution of the present study is that we
found a significant increase of both aortic and carotid PWV
and AIx values determined by occlusive oscillometric device
and carotid echo-tracking method in patients with verified
CAD. These observations clearly indicated that PWVao and
PWVcar provide similar information on impaired arterial
stiffening in CAD patients. A further important observation
of our clinical study is that there is a strong correlation
between aortic and carotid stiffness parameters measured
by 2 different noninvasive methods.

In our study, we demonstrated that in patients with
clinical organ damage, AIx significantly increased, clearly
indicating an impaired arterial function. These results are
in good correspondence with earlier findings: central AIx
proved to be an independent predictor of mortality in
hypertension, in end-stage renal disease, and in patients
undergoing percutaneous coronary intervention.11,12 Our

measurements also indicate a strong correlation of AIx data
simultaneously conducted through oscillometric and echo-
tracking techniques. There are numerous articles in the
literature that can prove the relationship of carotid intima-
media thickness and PWV in patients with different types
of atherosclerosis. In addition, Matsushima et al found a
relationship of carotid intima-media thickness, PWV, and
ankle brachial index to the severity of coronary artery
atherosclerosis.32 In our study, we applied the Doppler
echo-tracking system to determine local carotid PWVcar
and AIxcar. This novel method provides valuable data
about local arterial stiffness, which are different from
those parameters that we can obtain from the intima-media
thickness measurements.

Although the local carotid and central aortic stiffness
parameters correlated significantly, they are not identical
for several reasons. Concerning the PWV, the interchange-
ability does not stand because both vessels are basically
different in their characteristics. However, not only mor-
phologic differences cause the lack of interchangeability
between local (carotid) and regional stiffness. Until today,
only the aortic PWV proved to be an independent predictor
of hard outcomes. Consequently, as far as the local carotid
PWV is concerned, this parameter cannot be regarded as
a more suitable parameter, as compared to central aortic
PWV.33

In contrast, we did not find any significant correlation
when local and systemic arterial stiffness parameters were
compared to the coronary SYNTAX score in patients who
underwent coronary angiography. From this observation
we concluded that although the increase of local and
regional stiffness parameters correlated significantly with
the impaired arterial function in patients with CAD, stiffness
parameters cannot provide any information about the arte-
rial damage in the coronary vessels. Furthermore, arterial
stiffness represents the function of the inner lining of the
endothelium and therefore is very hard to correlate to the
severity and extent of the coronary heart disease.

In the present study, we found a strong correlation
between the stiffness parameters measured with the
Arteriograph and those obtained using the echo-tracking
method. Accordingly, previous studies demonstrated that
these stiffness parameters closely match those values
measured with other, more sophisticated technologies.34

Our findings encourage the implementation of regional and
local arterial stiffness and function measurements in daily
clinical routine in patients suspected of having CAD.
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