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Changes in Aortic Pulse Wave Velocity and the
Predictors of Improvement in Arterial Stiffness
Following Aortic Valve Replacement
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Background: The interaction between valvular aortic stenosis (AS) and arterial stiffness, as
well as the impact of aortic valve replacement (AVR) on arterial stiffness, remains unclear. In
this study, we aimed to evaluate the degree of AS severity on non-invasive pulse wave velocity
(PWV) measurements. We also searched whether the AVR procedure favorably affects PWV.
Methods: In all, 38 patients undergoing AVR for chronic AS were included. The degree of
aortic stiffness was measured with PWV at both baseline and 6 months after AVR.
Improvement in aortic stiffness was defined as the absolute decrease in PWV at 6 months
compared to the baseline value.
Results: The study population had a mean age of 59 ± 16 years, mean aortic gradient of
47.1 ± 6.4 mmHg, and mean aortic valve area (AVA) index of 0.45 ± 0.11 cm²/m². Baseline
PWV values correlated positively with the mean aortic gradient (r = 0.350, p = 0.031) and
negatively with the AVA index (r = −0.512, p = 0.001). The mean PWV improved in
20 patients (53%) and worsened in 18 patients (47%). The baseline New York Heart
Association (NYHA) class (odds ratio [OR] = 1.023, 95% confidence interval [CI] =
1.005–1.041, p = 0.041) and AVA index (OR = 1.040, 96% CI = 1.023–1.057, p = 0.028)
emerged as the independent predictors of improvement in PWV following AVR.
Conclusion: The severity of AS was significantly associated with baseline PWV. In general, the mean PWV did not change with AVR. Baseline NYHA class and the AVA index
independently predicted PWV improvement following AVR. Since the change in PWV
after AVR was polarized based on the patients’ characteristics, such as preoperative
NYHA functional class or AVA index, further studies are needed to confirm clinical
significance of PWV change following AVR in severe AS patients.
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Introduction
Aortic stenosis (AS) is the most common form of valvular heart disease in the developed countries. Since aortic elasticity diminishes in these relatively old patients
who have cardiovascular risk factors for atherosclerosis,
the stiffness of aorta increases producing higher velocity
flow which can be measured by invasive and non-invasive
methods.1)
Pulse wave velocity (PWV) is the gold standard
assessment tool for arterial stiffness, providing information about functional elastic property and structural
unity of the vessel wall. Higher PWV measure, which
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reflects atherosclerosis and coronary artery calcification,
is found to be an independent risk factor for all-cause
and cardiovascular mortality in patients with hypertension, diabetes, and renal disease.2–6)
Currently, AS should not be considered as an isolated
aortic valve disease but rather a mixed disease in which the
leading players are the left ventricle (LV; ability to adapt to
the increased afterload), the valve (severity of valvular
disease), and reduced arterial compliance.7) Hence, surgical treatment of AS may account for the improvement in
aortic distensibility by reducing compensated pathological
hypertrophy (maximal wall thickness >12 mm in the interventricular septum), left ventricular pressure overload,
preventing worsening left ventricular function which are
the determinants of impaired aortic stiffness.
AS with chronic pressure overload result with compensatory remodeling, myocardial hypertrophy, and
reduced end-systolic wall stress. Impairment of arterial
compliance with elevated LV diastolic pressure and
reduced arterial blood pressure (BP) leads to subendocardial ischemia while LV ejection fraction (EF), which
is mostly maintained with mid-wall myocardial fibers,
does not alter until these compensatory mechanisms
failed.8,9) Both valvular disease and reduced vascular
compliance lead substantial increase in left ventricular
workload. For this reason, diastolic dysfunction occurs
early phase of valvular disease compared with patients
without impaired arterial stiffness. Decreased arterial
compliance is found to be directly associated with a significant decrease in LV diastolic performance and an
increase in LV filling pressure irrespective of AS severity, LV EF, or the degree of LV hypertrophy in early
phase of aortic valvular disease.7,10)
The relation between AS and PWV remains unclear
since rare studies have investigated such a relation. Liu and
colleagues reported significant association between AS
severity and high PWV values.11) However, despite this
finding, Celik et al. and Kidher et al. did not address such a
relation between AS severity and high PWV values.12,13)
The objectives of this study were first to evaluate the
degree of AS severity on non-invasive PWV, whether
aortic valve replacement (AVR) favorably affects PWV
and predictors of PWV improvement after AVR.

Materials and Methods
In all, 38 patients diagnosed with severe AS who
underwent surgical AVR were examined prospectively at
the preoperative period and at the 6th month after the
Ann Thorac Cardiovasc Surg Vol. 23, No. 5 (2017)

surgery between November 2014 and May 2016 at
Istanbul Medipol University Hospital. All patients gave
informed consent before inclusion. Clinical history
and examination including New York Heart Association
(NYHA) functional classification and detailed echocardiographic assessment were determined preoperatively
and 6-month postoperatively following AVR.
Exclusion criteria which might significantly affect the
measurement of PWV were defined as follows: anemia
(hemoglobin [Hb] <10 g/dL), chronic kidney disease,
reduced LV systolic function (EF <45%), severe aortic
regurgitation, and aortic dissection.
PWV measurement method
All participants avoided alcohol, coffee, and tobacco
for at least 2 hours prior to measurement. They were all
rested for 10 minutes in a quiet, temperature-controlled
room (22–25°C) before measurement. Brachial BP and
heart rate were measured using The ARC Solver method
(Austrian Institute of Technology, Vienna, Austria).14)
This device is a commercially available brachial oscillometric 24-hour ambulatory BP monitor with Food
and Drug Administration and Conformité Europé enne
approval.15–17) It provides estimates of central systolic and
diastolic BP and augmentation index (AIX) using a validated oscillometric device (Mobil-O-Graph NG 24 hour
PWA, IEM, Germany) to record pressure waves and the
application of a general transfer function. The recordings
are carried out at diastolic pressure level for approximately 10 seconds using a conventional BP cuff for adults
available in two sizes (24–34 and 32–42 cm) and a high
fidelity pressure sensor (MPX5050, Freescale Inc.,
Tempe, AZ, USA). The sensor is connected to a 12-bit
A/D converter by means of an active analog band bass
filter (0–25 Hz). After digitalization, the signal processing is performed using a three-level algorithm. In the first
step, the single pressure waves are verified for their plausibility by testing the position of minima and the corresponding wavelengths. During the second stage, all single
pressure waves are compared with each other to recognize artifacts. Thereafter, an aortic pulse wave is generated by the means of a generalized transfer function.
Finally, the coherence of the measured parameters is verified and displayed within the Mobil-O-Graph NG software package that also allows visual inspection to unveil
consistently recorded intrinsic waveform distortion manually. The entire process takes between 2 and 3 minutes.
Preoperative and at sixth month after AVR, PWV values
were recorded assessed with ARC Solver method.
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Statistical analysis
Statistical analyses were conducted using SPSS
(version 17.0, SPSS Inc., Chicago, IL, USA). Data
were expressed as mean ± standard deviation for continuous variables and percentage for categorical variables. Statistical significance was defined as a p value
<0.05 for all comparisons. Shapiro–Wilk test was used
to test for normal distribution. Continuous variables
were compared using Student’s t-test for independent
samples that showed normal distribution, whereas the
Mann–Whitney U-test was used for non-normally distributed samples based on the improvement or worsening of PWV. Associations of the categorical variables
between two groups were tested using Chi-square test.
Statistically significant (p <0.05) variables in the univariate analysis were tested in the multivariate model.
Comparison of the preoperative and postoperative
hemodynamic parameters in the study population was
performed using the paired samples t-test. Pearson correlation analyses were used to test the relationship
between the baseline PWV and 1) the mean aortic gradient, 2) AVA, and 3) AVA index. The correlation
between the baseline AVA index and the change in
PWV were analyzed with the same method. The results
of the correlations were shown on separate scatter-dot
graphs with the corresponding r and p values. Univariate and multivariate logistic regression analyses were
performed to define the independent predictors of
improvement in arterial stiffness. Age, baseline NYHA
class, baseline LV hypertrophy, concomitant coronary
artery bypass grafting (CABG), Bentall procedure, and
baseline AVA index were the independent variables,
whereas the absolute decrease in PWV at 6 months of
AVR was the dependent variable of the model. Results
of the regression analyses were expressed as the p value
and odds ratio (OR) in confidence interval (CI) of 95%.

Results
Descriptive results
Between November 2014 and May 2016, 38 patients
(28 males) with a mean age of 59.0 ± 16.1 years were
included in this study. No mortality or cerebrovascular
events were recorded during the follow-up period.
Baseline clinical characteristics, echocardiographic
data of the study population, and comparison based on
improvement in PWV after AVR are presented in
Table 1. In all, 12 patients (31%) had concomitant
CABG, 22 patients (58%) were hypertensive and 12
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(42%) patients had diabetes mellitus. In all, 15 out of 38
patients underwent aortic root replacement (Bentall)
procedure. PWV-high and PWV-improved groups were
not significantly different with respect to the use of
angiotensin-converting enzyme inhibitors, angiotensin II
receptor blockers, β-blockers, statins, or aspirin.
PWV changes after AVR
Mean aortic gradient of 47.1 ± 6.4 mmHg, and mean
aortic valve area (AVA) index of 0.45 ± 0.11 cm²/m² were
recorded preoperatively. Baseline PWV values (9.07 ±
1.28) correlated positively with the mean aortic gradient
(r = 0.350, p = 0.031) and negatively with AVA (r =
−0.475, p = 0.003) and AVA index (r = −0.512, p = 0.001)
(Fig. 1A). We detected a linear correlation with PWV
change (defined as baseline PWV − postoperative PWV)
and baseline AVA index (Fig. 1B) Time courses of preoperatively and postoperatively hemodynamic parameters
are shown in Table 2. The mean PWV improved in
20 patients (53%) and worsened in 18 patients (Fig. 2A),
whereas the overall PWV did not statistically change
following AVR (baseline 9.06 ± 1.28 m/sec vs. follow-up
8.44 ± 1.81 m/sec, p = 0.332) (Table 2). NYHA class of
PWV improved patients was significantly lower than
that of PWV-high group during follow-up (p = 0.009)
(Fig. 2A). Aortic stiffness improved group had better
baseline AVA index values compared that of worsened
group (p <0.001) (Fig. 2B). There were no significant distinction between the PWV-high and PWV-improved
groups in terms of age, gender, and coronary artery disease. Left ventricular hypertrophy was associated with
higher PWV values (p: 0.023). In all, 15 patients underwent concomitant Bentall procedure, 11 of which had
PWV improvement during follow-up compared with four
patients in PWV high group (p = 0.012). Lower PWV
values were detected in younger patients (p = 0.016).
Patients with improved PWV values have also lower rates
of concomitant CABG (p = 0.038), and lower baseline
AVA indices (p < 0.001). Multiple logistic regression
analysis confirmed these findings that baseline NYHA
class (OR = 1.023, 95% CI = 1.005–1.041, p = 0.041) and
AVA index (OR = 1.040, 96% CI = 1.023–1.057, p =
0.028) were independent predictors of improvement in
PWV following AVR (Table 3).

Discussion
Studies investigating the relationship between AS and
PWV are lacking in the literature.12,14) PWV has a strong
Ann Thorac Cardiovasc Surg Vol. 23, No. 5 (2017)
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Table 1 Baseline clinical characteristics of the study population and comparison based on improvement
in PWV following AVR
Overall population
(n = 38)

PWV worsened
(n = 18)

PWV improved
(n = 20)

p

59.0 ± 16.1
28 (74)
1.85 ± 0.18
2.3 ± 0.8
19 (50)
22 (58)
16 (42)
10 (26)

62.8 ± 12.1
12 (67)
1.90 ± 0.16
2.7 ± 0.7
13 (72)
10 (56)
7 (39)
6 (33)

55.6 ± 18.4
16 (80)
1.81 ± 0.19
2.1 ± 0.8
6 (30)
12 (60)
9 (45)
4 (20)

0.016
0.365
0.197
0.009
0.008
0.382
0.263
0.165

19 (50)
16 (42)
8 (21)
25 (66)
20 (53)
13 (34)
12 (31)
15 (39)
58.0 ± 6.7
24 (63)
42.1 ± 7.4
72.7 ± 11.9
47.1 ± 6.4
0.82 ± 0.15
0.45 ± 0.11
9.07 ± 1.28
9.24 ± 1.81

10 (56)
9 (45)
3 (17)
11 (61)
11 (61)
7 (39)
8 (44)
4 (22)
57.8 ± 6.4
14 (78)
41.0 ± 6.7
76.5 ± 14.2
47.3 ± 7.0
0.72 ± 0.13
0.38 ± 0.08
9.65 ± 1.37
10.76 ± 1.31

9 (45)
7 (39)
5 (25)
14 (70)
9 (45)
6 (30)
4 (20)
11 (55)
58.1 ± 7.1
10 (50)
43.3 ± 7.1
69.2 ± 8.4
46.8 ± 5.8
0.91 ± 0.11
0.51 ± 0.09
8.53 ± 0.94
7.88 ± 0.84

0,856
0.263
0.154
0.564
0.112
0.654
0.038
0.012
0.445
0.023
0.246
0.072
0.121
<0.001
<0.001
0.005
<0.001

Age (years)
Gender, n (male %)
BSA (m²)
NYHA Class
NYHA III-IV, n (%)
Hypertension, n (%)
Diabetes, n (%)
Atrial fibrillation, n (%)
Medication, n (%)
β-blocker
ACE/ARB
Statin
Aspirin
Coronary artery disease, n (%)
Bicuspid aortic valve, n (%)
Concomitant CABG, n (%)
Bentall procedure, n (%)
LVEF (%)
LV hypertrophy, n (%)
Ascendan aort diameter (mm)
Max. aortic gradient (mmHg)
Mean aortic gradient (mmHg)
AVA (cm²)
AVA index (cm²/m²)
Baseline PWV (m/sec)
Follow-up PWV (m/sec)

Values are shown as n (%) for categorical variables and means ± standard deviation for continuous variables. AVR:
aortic valve replacement; BSA: body surface area; CABG: coronary artery bypass graft; CPB: cardiopulmonary
bypass; PWV: pulse wave velocity; NYHA: New York Heart Association; LVEF: left ventricular ejection fraction;
AVA: aortic valve area; ACEi: angiotensin-converting enzyme inhibitor; ARB: angiotensin II receptor blockers

correlation with indicators of coronary atherosclerosis
and calcification.18) It is predictable for patients with
increased aortic calcification to have increased PWV
values. Liu and colleagues found both the AV pressure
gradient and the severity of calcification were strongly
correlated with PWV studied in 30 patients.11) By contrast, Celik et al. and Kidher et al. did not address such a
relation between severity of AS as assessed by aortic
mean gradient, aortic valve peak gradient, and AVA.12,19
Our study indicates that PWV values correlated positively with mean aortic gradient and negatively with the
AVA index preoperatively consistent with the results of
study of Liu et al.11) By indicating this relation, our study
advocates that AS and aortic stiffness are reflective of
distinct spectrum of the same atherosclerotic disease.
Unfortunately, due to relatively small sample size and
different methodological assessments between our and
previous studies, a larger study is needed to make a
Ann Thorac Cardiovasc Surg Vol. 23, No. 5 (2017)

definitive conclusion pointing out association between
arterial stiffness and AS.
Limited number of studies has evaluated aortic stiffness
following AVR. Two studies investigated the impact of
AVR for severe AS on aortic stiffness assessed by echocardiography; however, only Kidhera et al. used PWV as
an arterial stiffness index, which is the gold standard
index of aortic stiffness.13,20,21) One study (n = 31 patients)
revealed that aortic root distensibility and aortic root
stiffness index improved 6-month postoperatively to values similar to preoperative after transit deterioration.20)
The second study (n = 12 patients) demonstrated that
AVR in patients with AS was related with progressive
improvement in similar 1-year aortic stiffness values
comparable to that matched controls. Since the above
aforementioned studies did not use PWV, our study is of
clinical importance supporting the results of Kidhera
et al., which found AVR has no effect on aortic stiffness
251
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Fig. 1 (A) Scatter-dot graph indicating correlation between baseline PWV values and mean aortic gradient, AVA,
and AVA index. Values are shown as correlation coefficients (r); correlation is significant at the 0.05 level.
(B) Scatter-dot graph showing the linear correlation between the baseline AVA index values and the change
in aortic stiffness (defined as baseline PWV − postoperative PWV) in patients undergoing aortic valve
replacement. Values are shown as correlation coefficients (r); correlation is significant at the 0.05 level.
AVA: aortic valve area; PWV: pulse wave velocity

postoperatively. Since AVR involves aortotomy and
inflict a trauma upon aortic wall with damage of the vasa
vasorum, this may hedge the expected benefit of AVR on
PWV improvement. The removal of the periaortic fat
(containing the vasa vasorum) from the ascending aorta
in animal studies has been resulted with worse aortic distensibility due to ischemic medial necrosis and altered
fiber structure.22) Surgical trauma to the aortic wall via
cannulation, cooling, clamping, incising, and then suturing, all of which disrupts the aortic wall continuity may
also countervail the favorable effects of AVR on PWV
improvement. Combined CABG and AVR procedure
which nearly doubles the operative mortality rate also
resulted worsened PWV values compared to isolated
252

AVR group in our study supporting the arguments discussed above.
Preoperative better functional status prior to aortic
surgery has better short- and long-term postoperative
mortality.23) Functional status assessed by NYHA classification is the most popular, validated variable used in
risk evaluation models for prediction of survival, clinical
outcomes in heart failure, AVR, AS patients.24,25) Again,
there is only one study investigating the relationship
between preoperative and postoperative NYHA class,
with preoperative PWV values.13) In this study, preoperative PWV-normal patients scored significantly improved
NYHA class compared with PWV-high patients postoperatively. In our study, preoperative determination of
Ann Thorac Cardiovasc Surg Vol. 23, No. 5 (2017)
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Fig. 2 (A) Distribution of NYHA functional classification for aortic stiffness worsened and aortic
stiffness improved groups. (B) Comparison of the mean AVA index values of the study population based on worsening or improvement in aortic stiffness following aortic valve replacement demonstrated with a box-plot graphic. AVA: aortic valve area; NYHA: New York Heart
Association; PWV: pulse wave velocity
Table 2 Comparison of the preoperative and postoperative hemodynamic parameters
assessed with the non-invasive ARC Solver method
Systolic BP (mmHg)
Diastolic BP (mmHg)
Pulse pressure (mmHg)
Total vascular resistance (mmHg sec/mL)
Cardiac output (L/min)
Cardiac index (L/min m²)
PWV (m/sec)
Augmentation index (%)

Before AVR

After AVR

p value

128.1 ± 21.2
77.1 ± 11.8
51.2 ± 10.8
1.38 ± 0.41
4.3 ± 1.1
2.2 ± 0.4
9.07 ± 1.28
26.6 ± 4.8

123.3 ± 18.9
71.6 ± 10.6
52.1 ± 8.5
1.12 ± 0.38
5.3 ± 0.8
2.9 ± 0.3
8.44 ± 1.81
25.8 ± 3.5

0.232
0.116
0.749
0.241
0.018
0.032
0.332
0.466

AVR: aortic valve replacement; BP: blood pressure; PWV: pulse wave velocity; ARC:
ARC Solver method (Austrian Institute of Technology, Vienna, Austria).
Table 3 Univariate and multivariate logistic regression analyses to
predict improvement in arterial stiffness (absolute decrease
in PWV) at 6 months after AVR
Univariate analysis
Odds ratio
Age
Baseline NYHA class
Baseline LV hypertrophy
Concomitant CABG
Bentall procedure
Baseline AVA index

Age
Baseline NYHA class
Baseline AVA index

1.571
1.651
1.009
0.980
1.044
1.242

95% CI

1.071–2.071
1.170–2.132
0.991–1.028
0.966–0.994
0.977–1.117
1.019–1.465
Multivariate analysis
Odds ratio
95% CI
0.725
0.270–1.949
1.023
1.005–1.041
1.040
1.023–1.057

p value
0.021
0.017
0.318
0.134
0.201
0.004
p value
0.254
0.041
0.028

Values are shown as odd ratio (95% CI), values indicate statistically
significant values; it is significant at the 0.05 level. PWV: pulse wave
velocity; AVR: aortic valve replacement; CABG: coronary artery bypass grafting; CI: confidence interval; AVA: aortic valve area; LV: left
ventricular; NYHA: New York Heart Association
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better NYHA class emerged as an independent predictor
of improved PWV values following AVR. A possible
explanation for this result is that NYHA class is more
symptomatic global tool affected by the sum of measurement of cardiac and non-cardiac factors rather than single objective organ or blood measurement which alone
could not able to address such a relation with PWV. The
increase in collagen and calcium seen in aortic stenotic
valve leads, in the arterial vasculature, to a vessel stiffening process.5) Since arterial stiffness and AS share the
similar pathologic process, it might be expected as aortic
valve stenosis gets worse measured by AVA index, it
would result PWV worsening following AVR as shown
in our study.
The relatively small sample size of our study may be
criticized but the number of patients enrolled in this trial
is comparable to that of reported studies mentioned
above which may help to justify an assessment about
the relationship PWV change following aortic surgery.
Second, despite NYHA class has found to be a good
predictor of PWV improvement, NYHA classification is
a subjective measure to be affected by several confounding factors. Some could argue that sixth month follow-up
after AVR might be early to conclude such a decision
between AVR and PWV whether these findings would
have changed during further visits.
As a result, our study demonstrated that AS severity
was significantly associated with baseline PWV. Even if
PWV improved in some patients following AVR, overall
PWV did not change. Baseline NYHA class and AVA
index were independent predictors of PWV improvement. Further studies are warranted to confirm the clinical importance of change in PWV after AVR in severe
AS since patients’ background, such as preoperative
NYHA functional class or AVA index could polarize the
change in PWV after AVR.

Disclosure Statement
None.
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