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Abstract

Background Vascular remodelling of large arteries increases afterload of the left ventricle. The aim of this study was to analyse
whether vascular remodelling and function under laboratory and 24-hour ambulatory conditions is impaired in patients with
chronic heart failure (CHF) independently of cardiovascular risk factors.
Methods and results In this monocentric cross-sectional observational study, 105 patients with CHF and an ejection fraction
≤49% (CHF+) were compared to 118 subjects without CHF (CHF�). After adjustment for age, gender, arterial hypertension,
hyperlipidaemia, type 2 diabetes, obesity and smoking, vascular function and structure parameters, as assessed by pulse wave
analysis (SphygmoCor) and the UNEX EF device, respectively, between the CHF+ and the CHF� group differed for resting pulse
wave velocity (PWV) (P = 0.010), 24-h ambulatory PWV (P = 0.011), central systolic blood pressure (cSBP) (P = <0.001), 24-h
ambulatory cSBP (P = <0.001), resting central augmentation index (P = 0.002), and brachial intima–media thickness
(P = 0.022). In CHF+ patients, higher levels of NT-proBNP, taken as a marker for the severity of CHF, were related to a higher
PWV (r = 0.340, P = <0.001), a higher cSBP (r = 0.292, P = 0.005), and a trend to higher central pulse pressure (cPP) (r = 0.198,
P = 0.058), higher 24-h brachial PP (r = 0.322, P = 0.002), and 24-h total peripheral resistance (s = 0.227, P = 0.041) after full
adjustment for covariates.
Conclusions In CHF+ patients we observed augmented vascular remodelling and functional impairment compared with
CHF� patients independently of cardiovascular risk factors, age, and gender, and the extent of vascular remodelling and
impairment was related to the severity of CHF.
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Introduction

Chronic heart failure (CHF) is a complex entity that is associ-
ated with a reduced quality of life, increased hospitalization
rate, and higher total mortality.1 The complexity of the under-
lying pathophysiology comprises a cascade of inflammatory
processes and neuroendocrine activation that provokes
vascular remodelling and endothelial dysfunction.2 Major risk
factors for developing CHF, such as age, arterial hypertension,
hyperlipidaemia, type 2 diabetes mellitus (T2D), obesity,
coronary artery disease, and smoking, cause per se vascular
remodelling. Whether the vascular remodelling processes

observed in CHF are related to the cardiovascular risk factors
or exaggerate if CHF already exists is unknown.3 For example,
arterial hypertension is associated with remodelling of the
small and large arteries and impaired vascular (endothelial)
function but also is one of the major risk factors of CHF.4,5

Pulse wave velocity (PWV) is a measure of arterial stiffness,
or the rate at which pressure waves move down the vessel. In
addition, there are reflected pressure waves that move back
towards the heart at the end of the systolic period.When pres-
sure waves move faster through the arteries, the reflected
waves will also move back quicker. PWV is known as an estab-
lished standard in the evaluation of vascular remodelling and
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function of the large arteries and has been found to be related
to cardiovascular events in the Framingham Heart Study.6

However, in patients with CHF, data from prospective studies
about vascular remodelling of the large or small vessels are
limited and provide discrepant results.7,8 In the Framingham
Heart Study, a relationship between new-onset CHF and
increased PWV has been found, but not with other parameters
of vascular remodelling obtained from the pulse wave
analysis.8 In contrast, in the Multi-Ethnic Study of Atheroscle-
rosis (MESA), the ratio between the reflected and forwarded
pulse pressure height, assessed by pulse wave analysis (also
referred to as ‘reflection magnitude’), was found to be
predictive for new-onset CHF.7

Considering that one of the main strategies in the medical
therapy of CHF is based on reducing the afterload of the left
ventricle, which in turn is profoundly determined by vascular
remodelling and function, the evaluation of vascular remod-
elling in CHF remains clinically important.9

We hypothesized that vascular remodelling is augmented
in CHF+ patients independently of cardiovascular risk
factors including age and gender. Further, we assessed the
relationship between vascular remodelling and the severity
of CHF.

Methods

Study design

In this monocentric cross-sectional observational study,
patients with CHF (CHF+) and patients without CHF (CHF�),
both having cardiovascular risk factors, were consecutively
recruited from the outpatient department of Cardiology and
Angiology of the University Hospital of Erlangen, Germany,
and the Clinical Research Unit of the Department of Nephrol-
ogy and Hypertension of the University Hospital of Erlangen,
Germany, and have been included in various observational
and interventional follow-up studies. Written informed con-
sent was obtained from each subject before study inclusion.
The studies were performed according to the Declaration of
Helsinki and the principles of good clinical practice guidelines
and were approved by the local ethics committee of the
University of Erlangen-Nuremberg.

Study population

Patients with the clinical diagnosis of CHF in stable condition
and with a mildly reduced ejection fraction (HFmrEF, LVEF
41–49%) or with a reduced ejection fraction (HFrEF; LVEF
<40%) were included in the group CHF+.10 Patients without
the diagnosis of CHF but, like CHF+ patients, with cardiovas-
cular risk factors such as arterial hypertension, hyperlipidae-
mia, T2D, obesity, and smoking were included in the group
CHF�. Participants in both groups were aged between 18

and 85 years. Key exclusion criteria were any other form
of diabetes than T2D, a glycosylated haemoglobin (HbA1c)
of ≥10%, an estimated glomerular filtration rate of
<30 mL/min/1.73 m2, uncontrolled hypertension (defined
by office blood pressure ≥160/100 mmHg), any history of
stroke, transient ischaemic attack, instable angina pectoris,
myocardial infarction within the last 6 months prior to study
inclusion, or CHF in Stage IV according to the New York Heart
Association (NYHA) IV.

Clinical parameters

At our clinical research centre demographic data including
medical history were recorded, physical examination was
performed, and fasting blood samples were drawn to assess
in particular NT-proBNP and metabolic parameters. Office
blood pressure (BP) and heart rate were measured in a
standardized fashion in a seated position three times in
intervals of 2 min after 5 min of rest, according to guideline
recommendations.11

Vascular assessment

The measurement of the PWV and the recording of the
arterial pulse wave were performed under resting conditions
by applanation tonometry with the SphygmoCor System
(SphygmoCorTM XCEL System; AtCor Medical, Sydney,
Australia). First, brachial systolic and diastolic BP was mea-
sured with a conventional brachial oscillometric device. The
SphygmoCor system then automatically generated the corre-
sponding central waveform by a validated transfer function,
from which the following vascular parameters were given:
cSBP, cPP, and central augmentation index (cAIx).12

The SphygmoCor XCEL system also measured the aortic
PWV by using a specialized cuff around the upper thigh and
a tonometer held on the carotid artery by trained study
nurses. Based on the transit time between the two measure-
ment points and the measured physical distance, PWV was
calculated and recorded by the SphygmoCor XCEL system
that has been previously validated.13

BP and vascular function parameters were assessed under
24-h ambulatory conditions by a validated oscillometric bra-
chial-cuff-based device (Mobil-O-Graph, I.E.M., Aachen,
Germany).14 Measurements were performed at an interval
of 15 min during the day and at 30 min during the night.
Vascular parameters such as 24-h cSBP, 24-h cPP, and 24-h
cAIx were derived from the obtained pressure wave form of
the brachial artery.

Vascular structure of the brachial artery

At our clinical research centre vascular structure was
assessed by measuring the intima–media thickness (bIMT),
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wall-to-lumen ratio (bWLR), and the wall cross-sectional area
(bWCSA) of the brachial artery via the UNEX EF (UNEX EF
18G, Nagoya, Japan) device according to international
standards.15,16 Flow-mediated vasodilation in response to
ischemic provocation was measured as a vascular function
parameter by the same device.16

The UNEX system is a semi-automatic ultrasound system
using H-type ultrasound probes with the advantage to
measure always (since automatically corrected) the lumen
diameter at a 90° angle to the vessel wall. A pneumatic cuff
was placed around the upper arm, and two ECG leads were
attached to the wrists. Continuous recordings of B-mode
images and A-mode waves of the brachial artery in the
longitudinal plane were obtained and were simultaneously
synchronized with the ECG R-wave. The diameter of the
brachial artery was scanned and recorded at baseline, before
cuff inflation and continuously from the release point to
2 min after cuff deflation, in order to obtain the maximum
diameter during reactive hyperaemia.

Statistical analysis

Prior to further analysis, normal distribution of the measured
variables was tested using a histogram and the Kolmogorov–
Smirnov test. Normally distributed data are expressed as
mean ± standard deviation (SD), not normally distributed
data as median and interquartile range (IQR). A two-sided
P-value < 0.05 was considered statistically significant.
Comparison of data between the CHF+ and CHF� groups
was performed by unpaired t-test for normally distributed
data and Mann–Whitney U test for not normally distributed
data. Chi2 test was used to compare categorical variables like

medical history, gender, and medical treatments between the
two groups. We performed a univariate covariance analysis
to adjust between the two study groups for potential covari-
ates, such as age, gender, arterial hypertension, hyperlipidae-
mia, T2D, obesity, and smoking. NT-proBNP represents a not
normally distributed parameter and was logarithmized prior
to further calculations (lnNT-proBNP). Partial correlations
were calculated by taking the covariates age, gender, arterial
hypertension, hyperlipidaemia, T2D, obesity, and smoking
into account. All analyses were performed using SPSS soft-
ware, version 28.0.0.0 (IBM Corporation, Chicago, IL, USA).

Results

Clinical characteristics

A total of 223 patients were included in our analysis. Hundred
and five patients had a clinical diagnosis of CHF [CHF+, mean
left ventricular (LV) ejection fraction: 38 ± 8%, serum median
NT-proBNP: 434.50 pg/mL (IQR: 219.00–1037.50)], and 118
patients had no CHF. In 68 of the 105 patients (65%), myocar-
dial ischaemia was the predominant cause of CHF. Cardiovas-
cular risk factors differed between these groups (Table 1).
Office systolic (P = 0.003) and diastolic (P = <0.001) BP and
24-h ambulatory systolic (P = <0.001) and diastolic
(P = <0.001) BP were lower in CHF+ patients (Table 1). CHF+
patients had lower levels of LDL (P < 0.001) and non-HDL
(P < 0.001) as well as a lower estimated glomerular filtration
rate (P < 0.001) and a higher urine albumin–creatinine ratio
(P < 0.001) (Table 2). According to the study design,

Table 1 Clinical parameters of the study participants (n = 223)

Parameter CHF+ (n = 105) CHF� (n = 118) P value

Age (years) 67 ± 9 54 ± 13 <0.001
Gender (% male) 79 58 0.001
Weight (kg) 86.3 ± 14.4 84.5 ± 17.4 0.397
Height (cm) 173.6 ± 8.0 174.0 ± 9.3 0.784
BMI (kg/m2) 28.5 ± 3.8 27.9 ± 5.2 0.292
Office systolic BP (mmHg) 124 ± 19 133 ± 18 <0.001
Office diastolic BP (mmHg) 72 ± 9 81 ± 12 <0.001
Office heart rate (bpm) 66 ± 11 69 ± 12 0.038
24-h ambulatory brachial systolic BP (mmHg) 120 ± 15 130 ± 12 <0.001
24-h ambulatory brachial diastolic BP (mmHg) 73 ± 9 80 ± 10 < 0.001
24-h ambulatory brachial heart rate (bpm) 67 ± 11 72 ± 10 0.002
Smoking habit [n (%)] 59 (57.3) 39 (35.1) 0.002
Arterial hypertension [n (%)] 81 (77.9) 64 (55.2) <0.001
Diabetes mellitus [n (%)] 26 (24.8) 29 (25) 0.968
Atrial fibrillation [n (%)] 43 (41) - -
Hyperlipidaemia [n (%)] 72 (70.6) 22 (19.1) <0.001
Obesity, BMI > 30 kg/m2 [n (%)] 39 (37.1) 40 (33.9) 0.675

BMI, body mass index; BP, blood pressure; CHF�, control group without chronic heart failure, CHF+, chronic heart failure patients with
mid-range ejection fraction or reduced ejection fraction.
Data are given as X ± SD or number (n) and per cent (%).
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Table 2 Laboratory parameters of the study participants

Parameter CHF+ CHF� P value

HbA1c (%) 5.9 ± 0.7 5.8 ± 0.8 0.363
Fasting plasma glucose (mg/dL) 104.1 ± 20.0 104.9 ± 28.6 0.820
Lipoprotein a (mg/dl) 23.2 ± 30.2 20.9 ± 28.6 0.555
Triglycerides (mg/dL) 123.9 ± 73.4 139.6 ± 97.3 0.184
Cholesterol (mg/dL) 178.5 ± 47.2 216.4 ± 42.4 <0.001
HDL (mg/dL) 48.9 ± 12.7 55.9 ± 15.4 <0.001
LDL (mg/dL) 112.3 ± 36.7 139.5 ± 31.1 <0.001
Non-HDL (mg/dl) 129.6 ± 43.9 158.0 ± 40.8 <0.001
Serum creatinine (mg/dL) 1.0 ± 0.3 0.9 ± 0.2 <0.001
eGFR (mL/min/1.73 m2) 62.3 ± 13.2 71.7 ± 16.4 <0.001
Urine albumin–creatinine ratio (mg/g) 1.1 ± 6.2 0.1 ± 0.1 <0.001

CHF�, control group without chronic heart failure; CHF+, chronic heart failure patients with mid-range ejection fraction or reduced
ejection fraction; eGFR, estimated glomerular filtration rate, HbA1c: glycosylated haemoglobin; HDL, high-density lipoprotein; LDL,
low-density lipoprotein.
Data are given as X ± SD.

Table 3 Medication class prescription

Medication class CHF+ CHF� P value

Number of antihypertensive medication classes 2.96 ± 0.98 0.92 ± 1.18 <0.001
ACE inhibitors [n (%)] 49 (46.7) 18 (15.3) <0.001
Angiotensin receptor blockers [n (%)] 48 (45.7) 32 (27.1) 0.005
Calcium channel blockers [n (%)] 18 (17.1) 22 (18.6) 0.862
Diuretics [n (%)] 61 (58.1) 20 (16.9) <0.001
Aldosterone antagonists [n (%)] 56 (53.3) 2 (1.7) <0.001
Beta-blockers [n (%)] 81 (77.1) 14 (11.9) <0.001
ARNI [n (%)] 17 (16.2) - -
Statins, cholesterol absorption inhibitors [n (%)] 77 (73.3) 15 (12.7) <0.001

ACE, angiotensin-converting enzyme; ARNI, angiotensin receptor-neprilysin inhibitor; CHF�, control group without chronic heart failure;
CHF+, chronic heart failure patients with mid-range ejection fraction or reduced ejection fraction.
Data are given as number (n) and per cent (%).

Table 4 Vascular parameters

Parameter CHF+ CHF� P value Adj. P valuea

Pulse wave velocity
Pulse wave velocity (m/s) under resting conditions 8.62 ± 2.16 8.28 ± 1.94 0.233 0.010
24-h ambulatory pulse wave velocity (m/s) 9.39 ± 1.56 8.19 ± 1.65 <0.001 0.011

Pulse wave analysis under ambulatory conditions
24-h ambulatory central systolic BP (mmHg) 114 ± 15 121 ± 14 0.007 <0.001
24-h ambulatory central pulse pressure (mmHg) 40.4 ± 13.1 40.7 ± 10.0 0.873 0.207
24-h ambulatory total peripheral resistance (s*mmHg/mL) 1.20 ± 0.20 1.25 ± 0.16 0.073 0.008

Pulse wave analysis under resting conditions
Central systolic BP (mmHg) under resting conditions 117 ± 15 123 ± 16 0.004 <0.001
Central pulse pressure (mmHg) under resting conditions 41.5 ± 9.4 41.6 ± 12.3 0.930 0.011
Central augmentation index standardized at 75 bpm (%)

under resting conditions
21.2 ± 11.8 13.7 ± 11.5 <0.001 0.002

Flow-mediated vasodilation
Flow-mediated vasodilation (%) 6.3 ± 8.0 6.8 ± 4.7 0.656 0.413
Vascular range (�) 0.048 ± 0.079 0.052 ± 0.050 0.707 0.125
Difference between max� and base diameter (mm) 0.19 ± 0.30 0.20 ± 0.19 0.892 0.069

Vascular structural parameters of the brachial artery
Intima–media thickness (mm) 0.30 ± 0.08 0.25 ± 0.06 <0.001 0.022
Wall-to-lumen ratio 0.073 ± 0.031 0.063 ± 0.013 0.002 0.013
Wall cross-sectional area (mm) 14.3 ± 3.8 13.1 ± 4.1 0.044 0.688

BP, blood pressure; CHF�, control group without chronic heart failure, CHF+, chronic heart failure patients with mid-range ejection frac-
tion or reduced ejection fraction.
Data are given as X ± SD.
aAdj. P value: adjusted P value for age, gender, arterial hypertension, hyperlipidaemia, type 2 diabetes mellitus, obesity, and smoking.
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medication was different between the two patient groups
(Table 3).

Vascular assessment

After adjustment for age, gender, arterial hypertension,
hyperlipidaemia, T2D, obesity, and smoking, PWV differed
between the two groups under both standardized resting
(P = 0.010) and 24-h ambulatory conditions (P = 0.011),
indicative of an augmented impairment of vascular remodel-
ling in CHF+ patients (Table 4). In accordance, the two groups
differed in cSBP (P < 0.001), cPP (P = 0.011), and cAIx
(P = 0.002) (Table 4). Regarding the 24-h ambulatory measure-
ments, CHF+ patients had a different cSBP (P = <0.001), cAIx
(P = 0.012), and total peripheral resistance (P = 0.008),
compared with CHF� patients (Table 4).

There was no significant difference in FMD and vascular
range after 5 minutes of ischaemia between the two groups
(Table 4).

As expected, resting PWV and cSBP (r = 0.491, P < 0.001;
Figure 2A) correlated with each other.

Vascular structure

After adjustment for age, gender, and the above-mentioned
cardiovascular risk factors, vascular structural adaptation, as

indicated by bIMT (P = 0.022; Figure 1) and bWLR
(P = 0.013), was more pronounced in CHF+ patients, thereby
suggesting eutrophic vascular remodelling (Table 4). We did
not observe a significant difference in bWCSA between the
two groups (Table 4).

Interestingly, resting PWV was correlated to bIMT
(r = 0.272, P = 0.012; Figure 2B).

Relationship between severity of CHF and
vascular parameters

Higher serum NT-proBNP was associated with a higher PWV
under resting laboratory conditions (r = 0.340, P < 0.001;
Figure 3A), a trend towards a greater PWV under 24-h
ambulatory conditions (r = 0.197, P = 0.075) and with greater
cSBP (r = 0.292, P = 0.005; Figure 3B), after adjustment for
age, gender, arterial hypertension, hyperlipidaemia, T2D,
obesity, and smoking. We did not observe any significant
relationship between CHF severity and vascular structural
parameters.

Higher levels of serum NT-proBNP were associated with
higher resting brachial systolic (r = 0.295, P = 0.004) and
diastolic BP (r = 0.240, P = 0.012), as well as with higher 24-h
ambulatory systolic BP (r = 0.309, P = 0.004) and peripheral
PP (r = 0.322, P = 0.002).

Figure 1 Comparison of brachial wall-to-lumen ratio between the study groups with CHF (CHF+) and without CHF (CHF�).
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Discussion

Our principal result is that CHF+ patients had a greater
degree of vascular remodelling despite a lower BP and a bet-
ter lipid profile compared to CHF� patients. These findings
were independent of cardiovascular risk factors including
age and gender. In particular, our result that both PWV
and cAIx were found to be more impaired in our CHF+
patients is of clinical importance, because these two vascular
parameters have been reported to be strong independent
predictors of cardiovascular events and all-cause mortality.17

An accelerated PWV augments the haemodynamic load on
the left ventricle, because the pulse waves are reflected

earlier at vascular bifurcations and thus arrive already during
late systole rather than during diastole. The increased sys-
tolic load leads to LV hypertrophy and myocardial fibrosis.18

Consistently, experimental and human studies have found an
association of increased late systolic load with diastolic
dysfunction, impaired LV relaxation, and atrial dysfunction
and with impaired systolic diastolic coupling.19 Moreover, a
direct link between increased PWV and new-onset heart
failure has been reported in a community-based prospective
study cohort.8

In accordance with our findings of increased PWV in CHF+
patients, we found cAIx to be increased in our CHF+ patients.
The aortic cAIx represents the ratio of the augmentation of

Figure 2 (A) Relationship between pulse wave velocity (PWV, m/s) and central systolic blood pressure (cSBP, mmHg) in the entire study population.
(B) Relationship between pulse wave velocity (PWV, m/s) and brachial intima–media thickness (bIMT, mm) in the entire study population.
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systolic BP (difference between the two systolic peaks) to the
total PP amplitude and is considered as a surrogate marker of
arterial vascular stiffness.20 Several human studies have
described cAIx as an independent risk factor for cardiovascu-
lar disease.21

Additionally, bIMT was thicker and relative wall thickness
(i.e. wall-to-lumen ratio) greater in CHF+ patients, indicative
of more pronounced vascular remodelling in CHF+ patients.22

This observation of increased vascular stiffness in CHF+

patients was independent of cardiovascular risk factors, age,
and gender. In a clinical setting with 388 patients, a direct
relationship has been demonstrated between bIMT,
vascular function, and cardiovascular risk factors.22 Similar
observations have been made in patients with T2D, in whom
an association between bIMT and coronary artery
calcification was observed.23

In our project, we found a lower cSBP and total
peripheral resistance in CHF+ patients. In CHF, afterload is

Figure 3 (A) Relationship between serum NT-proBNP levels and pulse wave velocity (PWV, m/s) in the patient group with CHF, adjusted for age, gen-
der, arterial hypertension, hyperlipidaemia, type 2 diabetes mellitus, obesity, and smoking. (B) Relationship between serum NT-proBNP levels and cen-
tral systolic BP (cSBP, mmHg) in the patient group with CHF, adjusted for age, gender, arterial hypertension, hyperlipidaemia, type 2 diabetes mellitus,
obesity, and smoking.
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usually increased due to the activation of the sympathetic
nervous system (among others).24 Another mechanism
of increasing the afterload of the LV consists in the
release of angiotensin II through the activation of the
renin–angiotensin–aldosterone system, which is therapeuti-
cally addressed by the administration of ACE inhibitors,
ARBs, or angiotensin receptor-neprilysin inhibitors (ARNI),
thereby lowering cSBP and total peripheral resistance.25

Our CHF+ group took more antihypertensive and
lipid-lowering medications, compared with the CHF� group,
which may explain the lower cSBP and total peripheral
resistance. Furthermore, in validation studies, brachial
BP-derived central BP assessment has been shown to
considerably underestimate invasive cSBP.26

PWV, bIMT, and cAIx represent more long-term
parameters for the evaluation of vascular stiffness and
function. Thus, our findings of increased PWV and a higher
cAIx, together with a thicker bIMT wall-to-lumen ratio of
the brachial artery, indicate a more progressed vascular
remodelling in CHF+ patients compared to CHF� patients
that was independent of cardiovascular risk factors, age,
and gender.22,27

The second main result of this project refers to our CHF+
patient group. From our cross-sectional research setting, we
observed that with greater severity of CHF as indicated by
levels of NT-proBNP, vascular remodelling becomes more
augmented independently of potential confounders and
thereby may exacerbate the severity of CHF. Unfortunately,
we do not have long-term observation in this patient group.
We could not separate whether this association is related
to the effects of the cardiovascular risk factors on both the
myocardium and the vascular system or/and to the effect
that greater vascular stiffness increases left ventricular
afterload. It is well known that cardiovascular risk factors of
the progression of CHF can lead to a worsening of arterial
stiffness.28 Our data support this concept that augmented
vascular remodelling and impaired vascular function are
associated with the progression of CHF and vice versa, thus
proposing a vicious cycle of vascular and cardiac impairment.
However, we cannot derive from our findings a causal
relationship between vascular remodelling and severity
of CHF.

One possible explanation of our findings is that neuroen-
docrine activation is the pathogenetic mechanism. In line
with our findings, vascular stiffness is recognized as an
independent and additional mediator for the progression of
CHF.20 Neuroendocrine activity (i.e. increased sympathetic
tone and up-regulated renin–angiotensin–aldosterone
system) has been described to increase progressively with
severity of CHF but also to cause or exaggerate vascular
remodelling in patients with CHF.2,7,8 In a clinical setting of
27 patients with pheochromocytoma or paraganglioma,
excess of catecholamines has been shown to be associated
with vascular remodelling.29 Likewise, experimental data

documented that angiotensin II exerts hypertrophy of
vascular smooth muscle cells and clinical data found that
angiotensin II blockade reverses vascular remodelling in
patients with arterial hypertension.30

We have to acknowledge certain limitations. One limita-
tion is that the underlying project is a retrospective,
monocentric, cross-sectional analysis, focusing on HFmrEF
and HFrEF patients. Further longitudinal multicentric exami-
nation of vascular remodelling during the development and
progression of CHF, including HFpEF patients, is needed.
Additionally, patients with coronary artery disease as a cause
of CHF are not discussed separately. The association of
coronary calcification and bIMT will be an interesting topic
of future research. However, we focused on the ensemble
of CHF without differentiation in order not to distract from
our main area of conflict. Moreover, we have not yet evalu-
ated the neuroendocrine activation that may represent the
key pathogenetic mechanisms for exaggerated vascular
remodelling in CHF+ patients. This analysis of the underlying
mechanisms of vascular remodelling in patients with CHF lies
beyond the scope of the current study and will be subse-
quently addressed.

Conclusions

In CHF+ patients, we observed augmented vascular remodel-
ling and functional impairment compared with CHF� patients
independently of cardiovascular risk factors, age, and gender,
and the extent of vascular remodelling and impairment was
related to the severity of CHF, as assessed by NT-proBNP.

Acknowledgements

We gratefully acknowledge the great expert technical
assistance of Dorothea Bader-Schmieder, Theresa Federlein,
Ingrid Fleischmann, Kerstin Fröhlich-Endress, Ulrike Heinritz,
and Simone Pejkovic (Clinical Research Centre, Department of
Nephrology and Hypertension, University Hospital Erlangen).

Open Access funding enabled and organized by Projekt
DEAL.

Conflict of interest

None declared.

Funding

The study was supported in part by a grant of Novartis
International AG.

252 R. Pietschner et al.

ESC Heart Failure 2023; 10: 245–254
DOI: 10.1002/ehf2.14174



References

1. Jhund PS, MacIntyre K, Simpson CR,
Lewsey JD, Stewart S, Redpath A,
Chalmers JWT, Capewell S, McMurray
JJV. Long-term trends in first hospitali-
zation for heart failure and subsequent
survival between 1986 and 2003: A
population study of 5.1 million people.
Circulation. 2009; 119: 515–523.

2. Forfar JC. Neuroendocrine activation in
congestive heart failure. Am J Cardiol.
1991; 67: 3c–5c.

3. Cowie MR, Wood DA, Coats AJ,
Thompson SG, Poole-Wilson PA, Suresh
V, Sutton GC. Incidence and aetiology
of heart failure; a population-based
study. Eur Heart J. 1999; 20: 421–428.

4. Kannenkeril D, Harazny JM, Bosch A,
Ott C, Michelson G, Schmieder RE,
Friedrich S. Retinal vascular resistance
in arterial hypertension. Blood Press.
2018; 27: 82–87.

5. Devereux RB, Pickering TG, Harshfield
GA, Kleinert HD, Denby L, Clark L,
Pregibon D, Jason M, Kleiner B, Borer
JS, Laragh JH. Left ventricular hypertro-
phy in patients with hypertension:
Importance of blood pressure response
to regularly recurring stress. Circulation.
1983; 68: 470–476.

6. Mitchell GF, Hwang SJ, Vasan RS,
Larson MG, Pencina MJ, Hamburg NM,
Vita JA, Levy D, Benjamin EJ. Arterial
stiffness and cardiovascular events: The
Framingham heart study. Circulation.
2010; 121: 505–511.

7. Chirinos JA, Kips JG, Jacobs DR Jr,
Brumback L, Duprez DA, Kronmal R,
Bluemke DA, Townsend RR, Vermeersch
S, Segers P. Arterial wave reflections and
incident cardiovascular events and heart
failure: MESA (multiethnic study of ath-
erosclerosis). J Am Coll Cardiol. 2012;
60: 2170–2177.

8. Tsao CW, Lyass A, Larson MG, Levy D,
Hamburg NM, Vita JA, Benjamin EJ,
Mitchell GF, Vasan RS. Relation of
central arterial stiffness to incident heart
failure in the community. J Am Heart
Assoc. 2015; 4: e002189.

9. Ikonomidis I, Aboyans V, Blacher J,
Brodmann M, Brutsaert DL, Chirinos
JA, de Carlo M, Delgado V, Lancellotti
P, Lekakis J, Mohty D, Nihoyannopoulos
P, Parissis J, Rizzoni D, Ruschitzka F,
Seferovic P, Stabile E, Tousoulis D,
Vinereanu D, Vlachopoulos C, Vlastos
D, Xaplanteris P, Zimlichman R, Metra
M. The role of ventricular-arterial cou-
pling in cardiac disease and heart fail-
ure: Assessment, clinical implications
and therapeutic interventions. A consen-
sus document of the European Society of
Cardiology Working Group on Aorta &
Peripheral Vascular Diseases, European
Association of Cardiovascular Imaging,
and Heart Failure Association. Eur J
Heart Fail. 2019; 21: 402–424.

10. McDonagh TA, Metra M, Adamo M,
Gardner RS, Baumbach A, Böhm M,
Burri H, Butler J, Čelutkienė J, Chioncel
O, Cleland JGF, Coats AJS, Crespo-Leiro
MG, Farmakis D, Gilard M, Heymans S,
Hoes AW, Jaarsma T, Jankowska EA,
Lainscak M, Lam CSP, Lyon AR,
McMurray J, Mebazaa A, Mindham R,
Muneretto C, Francesco Piepoli M, Price
S, Rosano GMC, Ruschitzka F, Kathrine
Skibelund A, ESC Scientific Document
Group. 2021 ESC guidelines for the
diagnosis and treatment of acute and
chronic heart failure: Developed by the
task force for the diagnosis and treat-
ment of acute and chronic heart failure
of the European Society of Cardiology
(ESC) with the special contribution of
the Heart Failure Association (HFA) of
the ESC. Eur Heart J. 2021; 42:
3599–3726.

11. Williams B, Mancia G, Spiering W,
Agabiti Rosei E, Azizi M, Burnier M,
Clement DL, Coca A, de Simone G,
Dominiczak A, Kahan T, Mahfoud F, Re-
don J, Ruilope L, Zanchetti A, Kerins
M, Kjeldsen SE, Kreutz R, Laurent S,
Lip GYH, McManus R, Narkiewicz K,
Ruschitzka F, Schmieder RE, Shlyakhto
E, Tsioufis C, Aboyans V, Desormais I,
ESC Scientific Document Group, de
Backer G, Heagerty AM, Agewall S,
Bochud M, Borghi C, Boutouyrie P,
Brguljan J, Bueno H, Caiani EG, Carlberg
B, Chapman N, Cífková R, Cleland JGF,
Collet JP, Coman IM, de Leeuw PW,
Delgado V, Dendale P, Diener HC,
Dorobantu M, Fagard R, Farsang C,
Ferrini M, Graham IM, Grassi G, Haller
H, Hobbs FDR, Jelakovic B, Jennings C,
Katus HA, Kroon AA, Leclercq C, Lovic
D, Lurbe E, Manolis AJ, McDonagh TA,
Messerli F, Muiesan ML, Nixdorff U,
Olsen MH, Parati G, Perk J, Piepoli MF,
Polonia J, Ponikowski P, Richter DJ,
Rimoldi SF, Roffi M, Sattar N, Seferovic
PM, Simpson IA, Sousa-Uva M, Stanton
AV, van de Borne P, Vardas P, Volpe M,
Wassmann S, Windecker S, Zamorano
JL, Windecker S, Aboyans V, Agewall S,
Barbato E, Bueno H, Coca A, Collet JP,
Coman IM, Dean V, Delgado V,
Fitzsimons D, Gaemperli O, Hindricks
G, Iung B, Jüni P, Katus HA, Knuuti J,
Lancellotti P, Leclercq C, McDonagh TA,
Piepoli MF, Ponikowski P, Richter DJ,
Roffi M, Shlyakhto E, Simpson IA,
Sousa-Uva M, Zamorano JL, Tsioufis C,
Lurbe E, Kreutz R, Bochud M, Rosei EA,
Jelakovic B, Azizi M, Januszewics A,
Kahan T, Polonia J, van de Borne P,
Williams B, Borghi C, Mancia G, Parati
G, Clement DL, Coca A, Manolis A, Lovic
D, Benkhedda S, Zelveian P, Siostrzonek
P, Najafov R, Pavlova O, de Pauw M,
Dizdarevic-Hudic L, Raev D, Karpettas
N, Linhart A, Olsen MH, Shaker AF,

Viigimaa M, Metsärinne K, Vavlukis M,
Halimi JM, Pagava Z, Schunkert H,
Thomopoulos C, Páll D, Andersen K,
Shechter M, Mercuro G, Bajraktari G,
Romanova T, Trušinskis K, Saade GA,
Sakalyte G, Noppe S, DeMarco DC,
Caraus A, Wittekoek J, Aksnes TA,
Jankowski P, Polonia J, Vinereanu D,
Baranova EI, Foscoli M, Dikic AD,
Filipova S, Fras Z, Bertomeu-Martínez
V, Carlberg B, Burkard T, Sdiri W,
Aydogdu S, Sirenko Y, Brady A, Weber
T, Lazareva I, Backer TD, Sokolovic S,
Jelakovic B, Widimsky J, Viigimaa M,
Pörsti I, Denolle T, Krämer BK, Stergiou
GS, Parati G, Trušinskis K, Miglinas M,
Gerdts E, Tykarski A, de Carvalho
Rodrigues M, Dorobantu M, Chazova I,
Lovic D, Filipova S, Brguljan J, Segura
J, Gottsäter A, Pechère-Bertschi A,
Erdine S, Sirenko Y, Brady A. 2018
ESC/ESH guidelines for the manage-
ment of arterial hypertension. Eur Heart
J. 2018; 39: 3021–3104.

12. Wilkinson IB, Fuchs SA, Jansen IM,
Spratt JC, Murray GD, Cockcroft JR,
Webb DJ. Reproducibility of pulse
wave velocity and augmentation index
measured by pulse wave analysis.
J Hypertens. 1998; 16: 2079–2084.

13. Hwang MH, Yoo JK, Kim HK, Hwang CL,
Mackay K, Hemstreet O, Nichols WW,
Christou DD. Validity and reliability of
aortic pulse wave velocity and augmen-
tation index determined by the new
cuff-based SphygmoCor Xcel. J Hum
Hypertens. 2014; 28: 475–481.

14. Franssen PM, Imholz BP. Evaluation of
the Mobil-O-Graph new generation
ABPM device using the ESH criteria.
Blood Press Monit. 2010; 15: 229–231.

15. Yeboah J, Folsom AR, Burke GL,
Johnson C, Polak JF, Post W, Lima JA,
Crouse JR, Herrington DM. Predictive
value of brachial flow-mediated dilation
for incident cardiovascular events in a
population-based study: The multi-
ethnic study of atherosclerosis. Circula-
tion. 2009; 120: 502–509.

16. Norioka N, Takemoto Y, Kobayashi M,
Makuuchi A, Yoshikawa J, Yamazaki Y,
Kamiyama Y, Shuto T, Yoshiyama M.
Low-flow mediated constriction incorpo-
rated indices as indicators of cardiovas-
cular risk in smokers. Atherosclerosis.
2016; 251: 132–138.

17. Vlachopoulos C, Aznaouridis K,
O’Rourke MF, Safar ME, Baou K,
Stefanadis C. Prediction of cardiovascu-
lar events and all-cause mortality with
central haemodynamics: A systematic
review and meta-analysis. Eur Heart J.
2010; 31: 1865–1871.

18. Zamani P, Bluemke DA, Jacobs DR Jr,
Duprez DA, Kronmal R, Lilly SM, Ferrari
VA, Townsend RR, Lima JA, Budoff M,
Segers P, Hannan P, Chirinos JA.

Is vascular remodelling in patients with chronic heart failure exaggerated? 253

ESC Heart Failure 2023; 10: 245–254
DOI: 10.1002/ehf2.14174



Resistive and pulsatile arterial load as
predictors of left ventricular mass and
geometry: The multi-ethnic study of
atherosclerosis. Hypertension. 2015; 65:
85–92.

19. Chirinos JA, Phan TS, Syed AA,
Hashmath Z, Oldland HG, Koppula MR,
Tariq A, Javaid K, Miller R, Varakantam
S, Dunde A, Neetha V, Akers SR. Late
systolic myocardial loading is associated
with left atrial dysfunction in hyperten-
sion. Circ Cardiovasc Imaging. 2017; 10:
e006023.

20. Ooi H, Chung W, Biolo A. Arterial stiff-
ness and vascular load in heart failure.
Congest Heart Fail. 2008; 14: 31–36.

21. Weber T, Auer J, O’Rourke MF, Kvas E,
Lassnig E, Berent R, Eber B. Arterial stiff-
ness, wave reflections, and the risk of
coronary artery disease. Circulation.
2004; 109: 184–189.

22. Iwamoto Y, Maruhashi T, Fujii Y, Idei N,
Fujimura N, Mikami S, Kajikawa M,
Matsumoto T, Kihara Y, Chayama K,
Noma K, Nakashima A, Higashi Y. In-
tima-media thickness of brachial artery,

vascular function, and cardiovascular
risk factors. Arterioscler Thromb Vasc
Biol. 2012; 32: 2295–2303.

23. Ono T, Miyoshi T, Ohno Y, Osawa K,
Takaya Y, Miki T, Ichikawa K, Ito H.
Brachial intima-media thickness is asso-
ciated with coronary artery atheroscle-
rosis in patients with diabetes mellitus.
Heart Vessels. 2019; 34: 1405–1411.

24. White CM. Catecholamines and their
blockade in congestive heart failure.
Am J Health Syst Pharm. 1998; 55:
676–682.

25. Koba S. Angiotensin II, oxidative stress,
and sympathetic nervous system
hyperactivity in heart failure. Yonago
Acta Med. 2018; 61: 103–109.

26. Schultz MG, Picone DS, Armstrong MK,
Black JA, Dwyer N, Roberts-Thomson P,
Sharman JE. Validation study to
determine the accuracy of central blood
pressure measurement using the
Sphygmocor Xcel cuff device. Hyperten-
sion. 2020; 76: 244–250.

27. Mitchell GF, Parise H, Benjamin EJ,
Larson MG, Keyes MJ, Vita JA, Vasan

RS, Levy D. Changes in arterial stiffness
and wave reflection with advancing age
in healthy men and women: The
Framingham heart study. Hypertension.
2004; 43: 1239–1245.

28. Si XB, Liu W. Relationship between
blood lipid and arterial stiffness in
hypertension. Clin Invest Med. 2019;
42: E47–e55.

29. Gosk-Przybyłek M, Doroszko A,
Dobrowolski P, Warchoł-Celińska E,
Harazny J, Bińczyk E, Szymanek K,
Pęczkowska M, Kabat M, Toutounchi S,
Gałązka Z, Górnicka B, Szaflik J,
Januszewicz M, Klisiewicz A, Hoffman
P, Lenders JWM, Eisenhofer G, Szaflik
JP, Schmieder RE, Prejbisz A,
Januszewicz A. Retinal arterial remodel-
ing in patients with pheochromocytoma
or paraganglioma and its reversibility
following surgical treatment.
J Hypertens. 2020; 38: 1551–1558.

30. Schmieder RE, Hilgers KF, Schlaich MP,
Schmidt BM. Renin-angiotensin system
and cardiovascular risk. Lancet. 2007;
369: 1208–1219.

254 R. Pietschner et al.

ESC Heart Failure 2023; 10: 245–254
DOI: 10.1002/ehf2.14174


	Is vascular remodelling in patients with chronic heart failure exaggerated?
	Introduction
	Methods
	Study design
	Study population
	Clinical parameters
	Vascular assessment
	Vascular structure of the brachial artery
	Statistical analysis

	Results
	Clinical characteristics
	Vascular assessment
	Vascular structure
	Relationship between severity of CHF and vascular parameters

	Discussion
	Conclusions
	Acknowledgements
	Conflict of interest
	Funding
	References

