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Abstract 

Background: Arterial stiffness is strongly linked to the pathogenesis of heart failure and the development of acute 
decompensation in patients with stable chronic heart failure. This study aimed to compare arterial stiffness indices in 
patients with heart failure with reduced ejection fraction (HFrEF) during the acute decompensated state, and three 
months later after hospital discharge during the compensated state.

Results: One hundred patients with acute decompensated HFrEF (NYHA class III and IV) and left ventricular ejection 
fraction ≤ 35% were included in the study. During the initial and follow-up visits, all patients underwent full medi-
cal history taking, clinical examination, transthoracic echocardiography, and non-invasive pulse wave analysis by the 
Mobil-O-Graph 24-h device for measurement of arterial stiffness. The mean age was 51.6 ± 6.1 years and 80% of the 
participants were males. There was a significant reduction of the central arterial stiffness indices in patients with HFrEF 
during the compensated state compared to the decompensated state. During the decompensated state, patients 
presented with NYHA FC IV (n = 64) showed higher AI (24.5 ± 10.0 vs. 16.8 ± 8.6, p < 0.001) and pulse wave velocity 
(9.2 ± 1.3 vs. 8.5 ± 1.2, p = 0.021) than patients with NYHA FC III, and despite the relatively smaller number of females, 
they showed higher stiffness indices than males.

Conclusions: Central arterial stiffness indices in patients with HFrEF were significantly lower in the compensated 
state than in the decompensated state. Patients with NYHA FC IV and female patients showed higher stiffness indices 
in their decompensated state of heart failure.
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Background
Arterial stiffness is a state of hardening of arterial walls 
affecting predominantly the aorta and proximal elastic 
arteries. This condition is the result of decreased elas-
tic properties of the large elastic arteries, mainly due to 
age-related progressive degradation of elastin fibers and 
the deposition of stiff proteins such as collagen in the 

extracellular matrix (ECM) [1]. It describes the dimin-
ished ability of an artery to respond to volume changes 
by expansion or contraction. Arterial stiffness leads to 
increased pulse wave velocity (PWV) which, in turn, 
leads to the early return of reflected waves to the proxi-
mal aorta during systole rather than diastole, together 
with decreased arterial expansion during systole and 
decreased recoil during diastole will increase the central 
systolic blood pressure (cSBP), decrease central diastolic 
blood pressure (cDBP), and increase central pulse pres-
sure (cPP) [2, 3].
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Many factors other than age contribute to the devel-
opment and/or acceleration of arterial stiffness, includ-
ing genetic abnormalities, diabetes mellitus, arterial 
hypertension, obesity, chronic kidney disease, the accu-
mulation of advanced glycation end products (AGEs), 
increased production of reactive oxygen species (ROS), 
endothelial dysfunction, and endocrinal abnormali-
ties such as increased activity of the renin-angiotensin-
aldosterone system (RAAS) and insulin resistance [4–7]. 
These factors affect arterial stiffness by either ECM mod-
ification and/or increasing vascular smooth muscle cell 
(VSMC) tone [8, 9].

Arterial stiffness is strongly linked to heart failure (HF). 
Arterial stiffness, as measured by PWV and parameters 
derived from pulse wave analysis (PWA), was higher in 
patients with HF than in healthy subjects, and was an 
independent risk factor for the development of new HF 
either in normal people or in patients with traditional 
cardiovascular (CV) risk factors, and was also implicated 
in the development of acute decompensation of stable 
patients with chronic HF [10].

The aim of the current study was to compare arterial 
stiffness parameters during the acute decompensation of 
heart failure in patients with HFrEF to their compensated 
state after three months of hospital discharge.

Methods
Study design and population
This was a prospective, observational, cohort study con-
ducted over a period of 26 months, from July 1st, 2017, to 
August 31st, 2019.

The study was approved by the institute’s ethical com-
mittee on human research and was given an approval 
number (I-121015). Informed consent was obtained from 
all participants.

We studied a convenience sample of patients who were 
consecutively recruited on the basis of arrival to the hos-
pital with decompensated HF. The included patients were 
those who were admitted to the hospital with decom-
pensated HFrEF (NYHA functional class III and IV), 
aged from forty to sixty years, and having an ejection 
fraction (EF) of ≤ 35%. We excluded patients with severe 
aortic or mitral valve stenosis or incompetence, signifi-
cant arrhythmia interfering with accurate PWA, recent 
myocardial infarction (within two months before admis-
sion), estimated glomerular filtration rate (eGFR) < 60 ml/
min/1.73  m2 of body surface area, patients who received 
vasopressors or inotropes during hospitalization, and 
patients with acute de novo HF, e.g., acute myocarditis 
or on top of acute coronary syndrome (ACS). To ensure 
an adequate period with a stable compensated state for 
each patient, patients who were re-hospitalized due to 

recurrence of decompensation during the follow-up 
period (3 months) were also excluded.

All patients were studied at baseline during hospital 
admission with decompensated HF and during the fol-
low-up visit three months after hospital discharge pro-
vided that they remained in the compensated state.

Baseline clinical evaluation
Medical history taking
Age, gender, NYHA class, and history of cardiovascular 
risk factors (hypertension, DM, smoking).

Clinical examination
Patients were examined specifically for signs of HF; 
elevated jugular venous pressure, bibasilar inspiratory 
crackles, lower limb edema, and S3 gallop.

Electrocardiogram (ECG)
An ECG was done for the detection of arrhythmias or 
any other abnormalities.

Routine labs
Complete blood count (CBC), renal function tests (serum 
creatinine and urea), and serum electrolytes (sodium and 
potassium) were done for all patients.

Transthoracic echocardiography (TTE)
Transthoracic echocardiography (TTE) was performed 
using the Philips Affiniti 70 ultrasound machine, 
equipped with a 2.5 MHz transducer. The standard echo-
cardiographic views, obtained from the parasternal, api-
cal, and subcostal windows, were done according to the 
recommendations of the American Society of Echocar-
diography (ASE) [11]. A 2D-guided M-mode was used 
for the measurement of left ventricular end-diastolic and 
end-systolic diameters, diastolic interventricular septal 
and posterior wall thickness, and left atrial diameter. The 
left ventricular ejection fraction (LVEF) was measured by 
the biplane modified Simpson’s rule. The diastolic func-
tion was assessed as follows; peak early diastolic velocity 
(E wave velocity) and peak late diastolic velocity caused 
by atrial contraction (A wave velocity), then the E/A ratio 
was calculated. Tissue Doppler imaging (TDI) was used 
for the measurement of early (e’ wave) and late (a’ wave) 
diastolic velocities of the septal and lateral mitral annu-
lus and the average of septal and lateral mitral annular 
E/e’ ratios were calculated and used as an indicator of 
LV filling pressure. Pulmonary artery systolic pressure 
(PASP) was calculated using the simplified Bernoulli 
equation from the peak tricuspid regurgitation velocity 
and adding this to an estimate of the right atrial pressure 
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according to the inferior vena cava size and its inspira-
tory collapsibility.

Non‑invasive PWA
The Mobil-O-Graph 24 h PWA device was used for PWA 
[12]. It is an oscillometric blood pressure measurement 
device that is capable of monitoring and analyzing arte-
rial pulse waves. It was previously validated against other 
non-invasive devices for PWA. The measurements were 
conducted in a quiet room, while the patient was in the 
supine or semi-sitting position. Appropriate cuff size 
was selected according to the arm circumference. The 
cuff was applied around the patient’s arm, keeping its 
lower border 2 cm above the cubital fossa and the tube 
connecting the cuff to the device projecting upwards. 
Two blood pressure measurements were done, spaced 
1–2  min apart in each arm, and if there was a differ-
ence of more than 10  mmHg between both arms, the 
arm with the higher reading was used for the PWA. The 
device was manually programmed to measure and record 
pulse waves ten times over thirty minutes. At each time 
of measurement, the cuff was kept inflated at the level of 
the diastolic blood pressure in the brachial artery for 10 s 
for PWA. After finishing all measurements, the cuff was 
removed from around the patient’s arm and the device 
was connected to a special software program (HMS-
Client Server Hypertension Management Software) 
installed on the computer using the Bluetooth technique 
for the retrieval of the measured data.

The ARCSOlver algorithm implemented in the Mobil-
O-Graph 24  h PWA device reconstructed the central 
pulse wave by applying a general transfer function on the 
recorded brachial arterial pulse waves [13, 14]. The PWA 
was carried on the reconstructed central pulse wave to 
derive parameters of arterial stiffness; cSBP, cDBP, cPP, 
augmentation pressure (AP), augmentation index (AIx), 
reflection magnitude (RM), and PWV. The AIx is affected 
by some variables, especially the heart rate; so, an index 
normalized for a heart rate of 75 beats/min (AIx@75) was 
used [15]. The PWV is defined as the velocity with which 
the pulse wave travels along the arterial tree and is meas-
ured in meters per second (normally < 10 m/s) [16].

Follow‑up
Follow-up visits were scheduled three months after hos-
pital discharge so long as patients were still in the com-
pensated state. During the follow-up visits, patients were 
clinically assessed and PWA measurements were carried 
out.

Primary objective
To detect the possible differences in arterial stiffness 
parameters in the decompensated versus the compen-
sated state of HFrEF.

Statistical analysis
The analysis of the data collected was done using Sta-
tistical Package for Social Sciences version 26 (SPSS 26) 
software program. All graphs and tables were obtained 
from the SPSS program. The mean and the standard 
deviation (SD) were used to describe continuous vari-
ables. Frequencies and percentages were used to describe 
categorical variables. The paired-sample t-test was used 
to compare the means of continuous variables in the 
follow-up visit versus the baseline visit, while the inde-
pendent sample t-test was used to compare the values 
of two different groups. The Chi-square/Fischer Exact 
test was used to compare categorical variables. Pearson’s 
correlation coefficient was used for correlation between 
continuous variables. P values of ≤ 0.05 were considered 
statistically significant in this study.

Results
Throughout the study period, from July 1st, 2017, to 
August 31st, 2019, 100 patients presenting with decom-
pensated HFrEF met the inclusion criteria and were 
recruited in the study.

Baseline demographic characteristics
Table  1 summarizes the baseline demographic charac-
teristics of the study participants. The ages of the partici-
pants ranged from 40 to 60 years, with a mean value of 
51.6 ± 6.1  years. The mean body mass index (BMI) was 
30.5 ± 4.9 kg/m2, and the participants’ BMI values ranged 
from 20.8 to 42  kg/m2. Fifty-six patients (56%) were 
obese (BMI ≥ 30 kg/m2). Fifty-six patients (56%) partici-
pants had ischemic cardiomyopathy (ICM), while the rest 
of the participants had idiopathic dilated cardiomyopathy 
(DCM).

Table 1 Baseline demographic characteristics of all patients

Data are presented as number (%) or mean ± SD

BMI, body mass index; DM, diabetes mellitus

Age (years) 51.6 ± 6.1

Male patients 80 (80)

BMI (Kg/m2) 30.5 ± 4.9

Smokers 51 (51)

DM 64 (64)

Hypertension 46 (46)
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Comparison of the clinical data during the decompensated 
and compensated states
During the initial enrolment of patients with decompen-
sated HF, 64 (64%) patients presented with NYHA class 
IV HF, and the remaining patients had NYHA class III 
HF. During the follow-up visit, while the patients were 
compensated, 61 (61%) of them had NYHA class II HF, 
and the remaining patients had NYHA class I HF.

As can be seen in Table 2, arterial stiffness parameters, 
as represented by the AP, AIx@75, RM, and PWV, signifi-
cantly decreased in the compensated state as compared 
to the decompensated state. The cSBP and cDBP showed 
a mild, yet statistically significant, decrease without sig-
nificant changes in the cPP, or the peripheral SBP or DBP. 
In addition, the heart rate significantly decreased in the 
compensated state.

In the compensated state, there was a little (yet statisti-
cally significant) increase in the hemoglobin level, serum 
sodium level, and LVEF and a little statistically significant 
decrease in the serum creatinine level, mitral annular E/e’, 
and estimated PASP as compared to the decompensated 
state. In addition, there was a statistically significant 
reduction of the left atrial diameter without significant 
changes in the left ventricular end-diastolic or end-sys-
tolic diameters.

Subgroup analysis
Comparison between patients with NYHA class IV HF 
and those with NYHA class III
Patients with decompensated HF NYHA class IV 
(n = 64), compared to those with NYHA class III (n = 36), 
Table 3, had a significantly higher cPP, AP, AIx@75, and 
PWV. There were no statistically significant differences in 

Table 2 Comparison of the clinical data of all patients during 
the decompensated and compensated states

Significant P value (<0.05) is presented in bold

Data are presented as mean ± SD

AIx@75, augmentation index corrected to heart rate of 75 beats per minute; 
AP, augmentation pressure; cDBP, central diastolic blood pressure; cPP, central 
pulse pressure; cSBP, central systolic blood pressure; EF, ejection fraction; EPASP, 
estimated pulmonary artery systolic pressure; Hb, haemoglobin; HR, heart 
rate; LA, left atrium; LVEDD, left ventricular end-diastolic diameter; LVESD, left 
ventricular end-systolic diameter; LVH, left ventricular hypertrophy; pDBP, 
peripheral diastolic blood pressure; pPP, peripheral pulse pressure; pSBP, 
peripheral systolic blood pressure; PWV, pulse wave velocity; RM, reflection 
magnitude; RV, right ventricle; RWMAs, regional wall motion abnormalities

Clinical data Decompensated 
state

Compensated 
state

P value

HR (b/min) 91.7 ± 13.4 75.3 ± 6.9 < 0.001

pSBP (mmHg) 114.3 ± 19.6 112.7 ± 12.4 0.158

pDBP (mmHg) 71.6 ± 11.2 70.6 ± 8.0 0.125

pPP (mmHg) 42.7 ± 14.3 42.0 ± 9.9 0.528

cSBP (mmHg) 103 ± 18.4 100.3 ± 12.4 0.011

cDBP (mmHg) 71.8 ± 11.4 69.9 ± 7.9 0.007

cPP (mmHg) 30.7 ± 12.4 30.4 ± 9.0 0.705

AP (mmHg) 12.5 ± 7.8 6.3 ± 4.1 < 0.001

AIx@75 (%) 21.7 ± 10.2 14.1 ± 5.9 < 0.001

RM (%) 59.0 ± 9.3 45.5 ± 9.2 < 0.001

PWV (m/sec) 8.9 ± 1.3 8.0 ± 1.3 < 0.001

LVEDD (cm) 6.8 ± 0.4 6.7 ± 0.4 0.367

LVESD (cm) 5.2 ± 0.5 5.2 ± 0.6 0.052

EF (%) 27.6 ± 3.5 28.0 ± 3.7 0.005

LA diameter (cm) 5.0 ± 0.4 4.9 ± 0.4 0.01

Mitral annular E/e’ 18.9 ± 4.1 15.7 ± 3.0 < 0.001

EPASP (mmHg) 46.3 ± 9.1 44.8 ± 7.9 0.001

Hb (g/dl) 12.2 ± 2.2 12.4 ± 1.9 0.007

Creatinine (mg/dl) 0.9 ± 0.2 0.8 ± 0.1 < 0.001

Na (mEq/L) 129.4 ± 5.5 130.8 ± 5.1 0.002

K (mEq/L) 4.3 ± 0.8 4.2 ± 0.6 0.581

Table 3 Comparison between baseline PWA in patients with NYHA class III and those with NYHA class IV Heart Failure

Significant P value (<0.05) is presented in bold

Data are presented as mean ± SD

AIx@75, augmentation index corrected to heart rate of 75 beats per minute; AP, augmentation pressure; cDBP, central diastolic blood pressure; cPP, central pulse 
pressure; cSBP, central systolic blood pressure; HR, heart rate; pDBP, peripheral diastolic blood pressure; pPP, peripheral pulse pressure; pSBP, peripheral systolic blood 
pressure; PWV, pulse wave velocity; RM, reflection magnitude

Measured parameters by the device NYHA class III (n = 36) NYHA class IV (n = 64) P value

HR (b/min) 89.0 ± 13.2 93.2 ± 13.4 0.141

pSBP (mmHg) 110.7 ± 16.7 116.4 ± 21.0 0.141

pDBP (mmHg) 70.9 ± 11.9 72.0 ± 10.8 0.652

pPP (mmHg) 39.7 ± 12.0 44.3 ± 15.2 0.122

cSBP (mmHg) 99.2 ± 14.6 105.2 ± 20.0 0.089

cDBP (mmHg) 71.5 ± 12.1 72.0 ± 11.1 0.829

cPP (mmHg) 27.4 ± 9.5 32.6 ± 13.4 0.027
AP (mmHg) 7.8 ± 5.7 15.2 ± 7.7 < 0.001
AIx@75 (%) 16.8 ± 8.6 24.5 ± 10.0 < 0.001
RM (%) 59.9 ± 7.7 58.4 ± 10.0 0.448

PWV (m/sec) 8.5 ± 1.2 9.2 ± 1.3 0.021
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the peripheral blood pressure measurements between the 
two groups.

Comparison between males and females
More females presented with NYHA FC IV HF (75% 
vs. 61.3%, p = 0.252; respectively) and were more likely 
to present with anemia (10.6 ± 1.6 vs. 12.7 ± 2.1  g/dl, 
p < 0.001; respectively) than males. Males had a signifi-
cantly lower heart rate, central and peripheral SBP, cen-
tral and peripheral PP, and AIx@75 compared to females 
during the decompensated state Table  4. However, in 
the compensated state, only the heart rate and the aug-
mentation index were significantly lower in males. There 

was no significant difference in PWV between males and 
females in both HF states.

Comparison between patients with ICM and patients 
with DCM
Patients with ICM had a significantly higher central and 
peripheral SBP, central and peripheral DBP, and PWV in 
comparison with patients with DCM, both in the decom-
pensated and compensated states of HF, Table 5. The two 
groups had comparable results regarding the other arte-
rial stiffness parameters.

Table 4 Comparison between males and females during decompensated and compensated states of heart failure

Significant P value (<0.05) is presented in bold

Data are presented as mean ± SD

DBP, diastolic blood pressure; PP, pulse pressure; SBP, systolic blood pressure

Decompensated state Compensated state

Measured parameters by the device Males (n = 80) Females (n = 20) P value Males (n = 80) Females (n = 20) P value

Heart rate (b/min) 89.8 ± 13.2 99.2 ± 11.7 0.005 74.2 ± 6.6 79.7 ± 6.4 0.001
Peripheral SBP (mmHg) 112 ± 18.4 123.8 ± 22.2 0.016 112.5 ± 12.2 113.7 ± 13.7 0.693

Peripheral DBP (mmHg) 71.3 ± 10.6 72.9 ± 13.2 0.565 70.5 ± 8.1 71.3 ± 8.0 0.683

Peripheral PP (mmHg) 40.6 ± 14.1 50.8 ± 12.3 0.004 42.0 ± 10.2 42.4 ± 8.9 0.869

Central SBP (mmHg) 101.2 ± 17.2 110.5 ± 21.5 0.044 99.9 ± 12.1 102.3 ± 14.0 0.438

Central DBP (mmHg) 71.5 ± 10.9 73.2 ± 13.5 0.561 70.0 ± 7.9 69.7 ± 8.3 0.851

Central PP (mmHg) 29.2 ± 12.4 36.8 ± 10.6 0.014 29.9 ± 9.2 32.7 ± 8.4 0.218

Augmentation pressure (mmHg) 12.1 ± 7.9 14.1 ± 7.7 0.335 6.0 ± 4.2 7.7 ± 3.6 0.097

Augmentation index@75 (%) 19.6 ± 8.1 30.1 ± 13.2 0.003 12.8 ± 4.8 19.6 ± 7.2 0.001
Reflection magnitude (%) 58.9 ± 8.1 59.4 ± 13.4 0.881 46.0 ± 8.7 43.6 ± 11.2 0.296

Pulse wave velocity (m/s) 8.9 ± 1.3 8.9 ± 1.2 0.799 8.1 ± 1.4 7.9 ± 1.1 0.586

Table 5 Comparison between Patients with ICM and Patients with DCM in the decompensated and compensated states

Significant P value (<0.05) is presented in bold

Data are presented as mean ± SD

DBP, diastolic blood pressure; PP, pulse pressure; SBP, systolic blood pressure

Variables Decompensated state Compensated state

ICM (n = 56) DCM (n = 44) P value ICM (n = 56) DCM (n = 44) P value

Heart rate (b/min) 89.7 ± 13.1 94.2 ± 13.5 0.094 73.4 ± 7.0 77.7 ± 6.1 0.002
Peripheral SBP (mmHg) 118.6 ± 17.6 108.8 ± 20.9 0.012 117.3 ± 9.9 106.8 ± 12.9 < 0.001
Peripheral DBP (mmHg) 74.2 ± 9.5 68.3 ± 12.3 0.012 72.5 ± 8.2 68.2 ± 7.2 0.007
Peripheral PP (mmHg) 44.4 ± 15.4 40.4 ± 12.5 0.164 44.8 ± 10.1 38.6 ± 8.6 0.002
Central SBP (mmHg) 107.6 ± 15.1 97.2 ± 20.7 0.007 104.6 ± 10.5 95.0 ± 12.8 < 0.001
Central DBP (mmHg) 74.6 ± 9.6 68.3 ± 12.6 0.008 71.9 ± 8.1 67.4 ± 7.1 0.004
Central PP (mmHg) 32.8 ± 13.4 28.0 ± 10.4 0.054 32.6 ± 9.1 27.6 ± 8.2 0.005
Augmentation pressure(mmHg) 12.0 ± 7.2 13.2 ± 8.7 0.463 6.0 ± 3.1 6.8 ± 5.1 0.36

Augmentation index@75 (%) 20.4 ± 7.2 23.3 ± 12.9 0.189 13.3 ± 4.8 15.3 ± 7.0 0.96

Reflection magnitude (%) 59.2 ± 8.5 58.7 ± 10.3 0.799 45.9 ± 8.0 45.0 ± 10.7 0.64

Pulse wave velocity (m/sec) 9.2 ± 1.1 8.6 ± 1.4 0.042 8.4 ± 1.2 7.7 ± 1.4 0.014
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Correlation of age and BMI with arterial stiffness parameters
During the decompensated state, there was a moderate 
significant positive correlation between age and PWV 
with no significant correlations with other arterial stiff-
ness parameters. On the other hand, there was a weak 
positive and significant correlation between BMI and all 
arterial stiffness parameters except for PWV. However, 
during the compensated state, the age had a significant 
positive correlation with PWV (r = 0.343, p < 0.001), 
while the BMI had significant positive correlations with 
cPP (r = 0.332, p < 0.001) and AIx@75 (r = 0.234, p = 
0.01), Figure 1.

Discussion
Arterial stiffness is an important and independent risk 
factor for CV diseases [17]. It is strongly linked to the 
pathogenesis of HF and implicated in the acute decom-
pensation of stable patients with chronic HF [10]. How-
ever, there is little data describing the changes in arterial 
stiffness parameters during the transition from the acute 
decompensated state of HF to the compensated state. 
Our study aimed to compare arterial stiffness param-
eters derived from non-invasive PWA by the Mobil-O-
Graph 24  h PWA device in patients with HFrEF during 
the decompensated state and three months later during 

Fig. 1 Scatter plots illustrating the correlation of central arterial stiffness parameters with age, body mass index and serum creatinine. BMI, 
body mass index; PWV, pulse wave velocity; AIx, augmentation index; cPP, central pulse pressure; creat, creatinine. Blue and red dots indicate the 
correlation during the decompensated and compensated states, respectively. A significant positive correlation between age and pulse wave 
velocity. B Significant positive correlation between BMI and central pulse pressure. C Significant positive correlation between BMI and AIx@75. D 
Significant positive correlation between serum creatinine and AIx@75
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the compensated state. The main finding in our study was 
the significant decrease in arterial stiffness parameters 
in patients with the compensated state of HFrEF com-
pared to their initial values during the decompensated 
state. This may be explained by the neurohormonal acti-
vation that occurs in decompensated HF, which leads to 
increased sympathetic tone and peripheral vasoconstric-
tion, resulting in an increased magnitude of wave reflec-
tions and PWV [18, 19]. Increased PWV will lead to the 
early arrival of the reflected waves to the proximal aorta 
during systole leading to increased AP, cSBP, decreased 
cDBP, and, finally, increased cPP.

Similar results were reported by Demir et  al. [20] 
who recruited 98 patients (76 males, mean age 
59.4 ± 11.6  years) with acute decompensated HFrEF 
(NYHA class III and IV) and measured the PWV and AIx 
during the hospitalization then followed the patients up 
to 18 months with repeated measurements. All patients 
had ICM with LVEF values of ≤ 35%. They used the Arte-
riograph for their measurements. During the follow-up 
period, 70 patients were re-hospitalized for recurrent 
decompensated HF; of them, 12 patients died during 
hospitalization. The authors reported that both PWV 
and AIx were significantly higher in all the 70 patients 
who were re-hospitalized in comparison with the values 
obtained when these patients were adequately treated 
after their initial admission. In addition, they reported 
that both PWV and AIx were significantly higher in 
patients who died compared to survivors, and that both 
were predictors of mortality.

Another previous study, in which 80 patients with acute 
decompensated HF (NYHA class III and IV), was carried 
out by Sung et  al. [21]. The authors measured cfPWV 
using applanation tonometry and conducted PWA on 
the carotid pulse wave for the measurement of carotid 
AP and AIx (which are considered as surrogates for aor-
tic AP and AIx, respectively, in the absence of signifi-
cant carotid stenosis). The measurements were taken on 
admission, one day before discharge, and two weeks after 
discharge, and then, patients were followed up monthly 
for up to six months. The study endpoints included four 
CV events (rehospitalization due to decompensation, 
myocardial infarction, stroke, and death). During the fol-
low-up period, 29 patients experienced CV events. Of the 
remaining 51 patients that did not experience CV events 
(42 males, mean age 72.2 ± 14.9  years), 26 patients had 
HFrEF. However, the authors did not specifically mention 
the data of the patients with HFrEF but they mentioned 
the data of the 51 patients, including those with HFpEF. 
They found that the brachial and central SBP and PP and 
cfPWV measured two weeks after discharge were less 
than the admission values in these 51 patients without 

events but not in those with events who were found to 
still have high measurements.

On the other hand, Kim et  al. [22] studied patients 
with acute decompensated HF (NYHA class III and 
IV) during hospitalization and then three months later 
after discharge while being in the compensated state. 
The study included 55 patients (25 males, mean age 
65.4 ± 12.6  years). During follow-up, seven patients 
were excluded because they were re-hospitalized within 
three months after discharge due to recurrent decom-
pensated HF (according to the study’s exclusion cri-
teria), and three patients were lost to follow-up. Of the 
remaining 45 patients, only 19 had HFrEF (mean EF was 
31.8 ± 5.8%). They used applanation tonometry for pres-
sure waves recording at the carotid, radial, femoral, and 
dorsalis pedis arteries for measurement of the carotid-
femoral (central), carotid-radial (upper extremity), and 
femoral-dorsalis (lower extremity) pulse wave velocities. 
They reported that the PWV measured at different sites 
showed no significant changes between the decompen-
sated and compensated states in HFrEF patients. The 
results of the study by Kim et al. were different from our 
findings that PWV decreased significantly in transition 
from the decompensated state to the compensated state. 
This may be due to the small number of patients included 
in their study (19 patients), which prevented them from 
attaining statistical significance during comparative sta-
tistics. Also, their patients were obviously older than ours 
(mean age was 65.4 ± 12.6 vs. 51.6 ± 6.1 years) and had a 
higher prevalence of hypertension (71% vs. 46%), which 
may have influenced the PWV values and the degree of 
improvement with the transition to the compensated 
state.

In our study, patients with decompensated HF NYHA 
class IV had higher cPP, AP, AIx@75, and PWV as 
compared to those with NYHA class III. This may be 
explained by the excess neurohormonal activation in 
NYHA class IV patients, which leads to multiple patho-
physiological changes that become more evident with 
more severe HF. This was supported by data from previ-
ous studies by Denardo et al. [23] and Sung et al. [24] that 
reported increased arterial wave reflection and PWV in 
patients with acute decompensated HF and their signifi-
cant increase with more severe HF. Also, as previously 
mentioned, Sung et  al. [21] reported that brachial and 
central SBP and PP and cfPWV measured 2 weeks after 
hospital discharge in patients treated for acute decom-
pensated HF decreased progressively in patients without 
events but not in those with events (including recurrent 
decompensation) who were still having high measure-
ments. In addition, PWV was shown to have a significant 
positive correlation with the NT-proBNP level in patients 
with decompensated HF, which is known to increase with 
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more severe HF [25]. Moreover, Giannattasio et  al. [26] 
showed that arterial stiffness increased with more severe 
HF and had a positive correlation with impaired cardiac 
diastolic function.

In our study, male patients, as compared to females, 
had a significantly lower heart rate, central PP, and 
AIx@75 in the decompensated state. The higher heart 
rate in female patients may be due to a higher preva-
lence of more severe heart failure (NYHA class IV HF) 
and significantly lower blood hemoglobin levels in com-
parison with male patients. The higher AIx@75 during 
the compensated state can be explained by the fact that 
females generally have higher AP and AIx values than 
males, partly due to their shorter stature, which makes 
the reflection sites in the arterial tree closer to the heart 
and proximal aorta; so, the reflected waves return to the 
proximal aorta in systole rather than diastole [27]. Previ-
ous studies showed gender differences in HF pathophysi-
ology with higher wave reflection, greater pulsatile load, 
and higher cPP in females than in males [28, 29].

In the current study, we found that patients with ICM 
had a significantly higher central and peripheral SBP, cen-
tral and peripheral DBP, and PWV than those with DCM 
both in the decompensated state and in the compensated 
state of HF. This may be due to the higher cardiovascular 
risk profile in ischemic patients. A previous study dem-
onstrated that patients with coronary heart disease have 
demonstrated increased arterial stiffness, as indicated 
by higher PWV and AIx values than are found in healthy 
individuals [30]. Similar to our results, Osmolo vs. kaya 
et al. [31] found that cfPWV was higher in patients with 
ICM compared to patients with DCM, while the cPP and 
AIx did not differ significantly between the two groups. 
A recent meta-analysis demonstrated that statin therapy 
could reduce the aortic augmentation index irrespec-
tive of the low-density lipoprotein level [32]. Our results 
showed similar findings where patients who were on 
regular statin therapy (patients with ICM) demonstrated 
lower augmentation indexes than patients on no statin 
therapy (patients with DCM); however, the difference 
was not statistically significant.

A moderate significant positive correlation was found 
between age and PWV. Previous studies examined the 
relationship between age and arterial stiffness as meas-
ured by cfPWV, which is the gold standard for measur-
ing arterial stiffness. One of the largest studies is the one 
by Mattace-Raso et  al., which included approximately 
18,000 subjects and showed a strong positive correlation 
with age [33]. Aging leads to the breakdown of elastic fib-
ers in the walls of large elastic arteries and increases the 
production of stiffer proteins like collagen and proteogly-
cans. Also, atherosclerosis, endothelial dysfunction, and 
arterial wall calcification increase with aging. All these 

factors lead to increased arterial stiffness with increasing 
age [34].

Similarly, our patients had a significant weak positive 
correlation between BMI and all parameters of arte-
rial stiffness, except the PWV. In agreement with our 
results, Rodrigues et  al. [35] and Desamericq et  al. [36] 
reported no correlation between the PWV and the BMI, 
also Biwen et al. [37] reported a significant negative cor-
relation between the brachial-ankle PWV (baPWV) and 
the BMI. Regarding the AIx, Niruba et al. [38] reported 
a significant positive correlation with the BMI, while 
Logan et al. [39] reported a negative correlation between 
the same two parameters. Some of the mechanisms of 
increased arterial stiffness in subjects with higher BMI 
are insulin resistance, the accumulation of AGEs, and 
increased circulating leptin level. Leptin increases vessel 
tone, stimulates vascular smooth muscle proliferation, 
and induces the production of ROS [40, 41].

Limitations
This was a single-center study, and the number of 
enrolled patients was relatively small. Females were 
underrepresented in our study (20%), which may have 
caused the results to be less representative of the HF 
patients seen in the daily clinical practice. Because 
of financial restraints, we could not evaluate the NT-
proBNP plasma level to ensure the compensated state of 
HF during the follow-up visit.

Conclusions
Arterial stiffness parameters, obtained via non-inva-
sive PWA by the Mobil-O-Graph 24  h PWA device in 
patients with HFrEF, significantly decreased in the com-
pensated state as compared to the decompensated state 
of heart failure. Arterial stiffness parameters were higher 
in patients with more severe HF and patients with ICM. 
Despite being underrepresented, females showed a 
higher degree of arterial stiffness than males, both in the 
decompensated as well as the compensated states. PWV 
had a positive correlation with age, while other arterial 
stiffness parameters showed a positive correlation with 
the BMI.
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