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Abstract. - OBJECTIVE: The physiological
interaction between the left ventricle (LV) and
the arterial system, defined as ventricular-arte-
rial coupling (VAC), facilitates the optimal vol-
ume of cardiac work and cardiovascular perfor-
mance. The aim of this study was to evaluate the
benefit of PWV/GLS ratio associated with other
vascular and cardiac performance parameters in
hypertensive patients compared to age-matched
healthy controls.

PATIENTS AND METHODS: We calculated the
ratio of pulse wave velocity (PWV), as a marker
of arterial stiffness, to global longitudinal strain
(GLS), as a marker of left ventricular function
in 135 patients divided in 3 groups, as follows:
group 1 (HT + CAD) enrolled 54 hypertensive pa-
tients with coronary artery disease, group 2 (HT)
enrolled 43 hypertensive patients and group 3
(CON) represented the control group consisting
of 38 age-matched healthy subjects.

RESULTS: GLS values were significantly re-
duced in HT+CAD (-17.50+7.2) vs. HT (-17.95+5.3)
vs. control (-20.13+4.6) (p-value <0.001). PWV
values were higher in HT+CAD (9.90+3.1) and HT
(9.70%2.5) vs. control (7.85+3.2) (p-value <0.001).
VA coupling measured by the PWV/GLS ratio
showed significantly lower values in HT+CAD
and HT vs. control (p-value <0.001). The ROC
curve identified a threshold of -0.054 of the PWV/
GLS ratio to detect altered ventricular-arterial
coupling AUROC = 0.836, 95% CI [0.762; 0.909].

CONCLUSIONS: This study demonstrated
that assessment of the PWV/GLS ratio represents
a useful tool to detect altered ventricular-arterial
coupling in hypertensive patients. The perspec-
tives of future use could include monitoring of
earlier development of multiple organ damage
in hypertensive patients and the efficacy of the
different hypertensive medications. Extensive
prospective studies are needed to confirm this
hypothesis.
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Introduction

Hypertension can affect the heart due to pres-
sure overload with subsequent left ventricular
(LV) remodeling in terms of LV hypertrophy
(LVH) or concentric remodeling, increased LV
oxygen requirements, and LV dysfunction. Car-
diovascular risk factors and disease (CVD) can
affect the heart and the arterial tree and negatively
impact their interaction leading to subclinical and
clinical overt CVD and adverse outcomes.

Ventricular-arterial coupling (VAC), defined
by the interaction between the left ventricle
(LV) and the arterial system, is now recognized
as a key determinant of overall cardiovascular
performance'. The concept of ventricular-arte-
rial coupling therefore follows from the logical
notion that the arterial system and the heart are
inherently connected, being anatomically and
functionally linked structures, and refers to the
pumping action of the heart when connected to
the load opposed by the arterial system?*?. Thus,
for the functional analysis of the cardiovascular
system, the concept of VAC offers many poten-
tial benefits, defining the complex behavior of
the heart and arterial system as interconnected
structures and not as isolated ones, which makes
it a valuable method of assessing overall cardio-
vascular performance that integrates both cardi-
ac and arterial functions*?.
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Several invasive and non-invasive methods
have been developed to measure VAC. Assessing
the interaction of cardiac contractility with the ar-
terial system would help us to understand more
comprehensively the cardiovascular energetics
and function, not only in cardiovascular diseas-
es, but also in normal physiological states®’. For
example, age-related increase in vascular stiffness
is a known physiological phenomenon and its
consequence is increased arterial blood pressure
in the elderly®. This vascular stiffness produces a
compensatory change in the LV structure at rest,
but with a low cardiovascular reserve during ex-
ertion, as demonstrated in numerous studies’.
Moreover, these changes are exacerbated even
more by comorbidities such as hypertension, kid-
ney disease, rheumatic diseases, atrial fibrillation
and diabetes’'"15,

Due to hypertension, there are early changes
in LV dynamics that cause preclinical LV systolic
dysfunction, even before the onset of LV hyper-
trophy (LVH)'®. Therefore, an accurate assess-
ment of the influence of hypertension on subclini-
cal LV systolic and diastolic functions is clinically
important for the prevention of development of
obvious cardiovascular disease. Global longitudi-
nal strain (GLS) has been extensively studied in
hypertensive patients and is considered as an ear-
ly marker of subclinical LV contractile dysfunc-
tion in newly diagnosed cases of hypertension
and heart failure with preserved ejection fraction
(HFpEF). GLS measured by speckle-tracking
echocardiography can detect subtle changes in
myocardial function that cannot be detected with
conventional echocardiography, before the onset
of overt LVH.

Due to mechanical coupling with the aorta, LV
function has a close relation to aortic stiffness lead-
ing to remodeling that follows the concentric pat-
tern in hypertension'’. Increased arterial stiffness
affects cardiac function in both systole and dias-
tole and determines symptoms particularly during
exercise, contributing to CV complications'®. Age
related arterial stiffening is inevitable. In addition
to this, the aorta can also become rigid due to the
influence of cardiovascular risk factors. Central ar-
terial stiffness can be measured by aortic distensi-
bility index, stiffness index, impedance of the prox-
imal aorta, echocardiography (PP/SVi), and MRI,
but the most reliable method remains carotid-fem-
oral PWV by applanation tonometry.

Pulse wave velocity (PWYV) is defined as the
speed at which the pressure wave is produced by
the heartbeat". In the last decades, carotid—femo-

ral pulse wave velocity (PWVcf) has been linked
to cardiovascular events in hypertensive patients
and is recommended as a “gold standard” measure
of aortic stiffness. In addition, as an early marker
of subclinical contractile dysfunction of LV in hy-
pertensive patients, the global longitudinal strain
(GLS) has been proposed by numerous stud-
ies?*?2. During the progression of hypertensive
disease, the stiffer the aortic tree, the higher the
PWVcf, while at the same time, subclinical LV
dysfunction leads to higher GLS values (less neg-
ative) and further decreases the ratio. Therefore,
a superior marker of VAC in predicting hyperten-
sive target organ damage and its association with
clinical outcomes may become the PWV/GLS ra-
tio, probably because the PWV/GLS ratio incor-
porates the gold standard methods for assessment
of both aortic stiffness and LV function®%.

Based on this, and due to the fact, that there are
a limited number of studies!®**?’ that have exam-
ined VAC in hypertensive individuals with differ-
ent conclusions and assessment tools of VAC, the
present study evaluated the potential of the PWV/
GLS ratio to become a useful tool to detect al-
tered ventricular-arterial coupling in hypertensive
patients vs. age-matched control.

Patients and Methods

Study Design and Populations

This study included a total of 135 patients re-
cruited from a database of 500 consecutive pa-
tients hospitalized during 2019-2021 in the Clinic
of Cardiovascular Prevention and Rehabilitation,
Institute of Cardiovascular Diseases Timisoara,
Romania. The patients were divided into 3 groups:
group 1 (HT + CAD) enrolled 54 hypertensive
patients with coronary artery disease, group 2
(HT) included 43 hypertensive patients and group
3 (CON) was the control group comprising 38
age-matched subjects. All patients from groups
1 and 2 were in stable condition and maintained
the previously prescribed cardiac medications at
the same doses. Informed consent was obtained
in all cases. The study obtained the approval of
the Ethics Committee of the Institute of Cardio-
vascular Diseases Timisoara (approval certificate
1432/20.02.2019), and respected the principles of
the Declaration of Helsinki.

All coronary patients had documented previ-
ous diagnostic coronary angiographies and vari-
ous revascularization procedures (PTCA, coro-
nary by-pass surgery). The exclusion criteria were
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the diagnosis of acute heart failure, congenital
heart disease, degenerative valve disease, car-
diomyopathies with other causes than CAD, pul-
monary, pericardial or rheumatic inflammatory
diseases, active infections or known neoplasms,
anemia, renal or hepatic disease (due to similar or
identical disease symptoms).

Patients with hypertension without LV systol-
ic dysfunction were evaluated based on the 2018
ESC/ESH Guidelines for the management of ar-
terial hypertension®®. Only the patients with pre-
served LVEF (>50%) were included.

Healthy subjects included in the control group
were age-matched to the HT + CAD group and
have been previously addressed for cardiovascular
screening from primary care. These subjects were
free of cardiovascular and/or inflammatory diseases,
neoplasms and familial dyslipidemias. Their lipid
profile parameters and blood pressure values were
within normal limits without specific treatment.
Fasting blood glucose was lower than 100 mg/dL.

Clinical Examinations

The clinical examination of the patients in-
cluded measurement of systolic blood pressure
(SBP), diastolic blood pressure (DBP) and body
mass index (BMI). Blood pressure (BP) was de-
termined with an usual tensiometer (Riester, Ger-
many) with a suitable cuff for the arm of each
subject. The formula for body mass index was:
BMI = weight (kg) +~ height®> (m?). For each pa-
tient the body weight was determined using a me-
chanical scale and the height with a metal talio-
metre (Fazzini, Italy). All patients with diabetes
mellitus were diagnosed previously according to
criteria of the European Association for the Study
of Diabetes (EASD) and of the American Diabe-
tes Association (ADA). The criteria include either
fasting plasma glucose values above 126 mg/dL
or plasma glucose values above 200 mg/dL 2 h
after an oral glucose tolerance test (OGTT)*. The
diagnosis of chronic kidney disease (CKD) was
based on the 2021 Clinical Practice Guidelines for
the Evaluation and Management of CKD and on
estimated glomerular filtration rate (eGFR) calcu-
lated based on the MDRD (Modification of Diet
in Renal Disease) formula®: eGFR = 186 x (Cre-
atinine/88.4) 1134 x (Age) %8 x (0.742 if female).

Echocardiographic Parameters and
Speckle-Tracking Echocardiography
Strain Analysis

In all patients enrolled in the study echocardi-
ography was performed on the GE VIVID E9 ul-
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trasound system (GEMS Ultrasound, Horten, Nor-
way) using a phased-array MS5S transducer. The
2D echocardiographic images were obtained from
parasternal long-axis and short-axis views, as well
as from the three standard apical views. The LV
chamber size and wall thickness were measured
according to guidelines of the American Society
of Echocardiography (ASE, 2005)*!. Trans-mitral
blood flow was recorded in the apical four-cham-
ber view using pulsed-wave Doppler and the rates
of the E, of mitral peak velocity of late filling A,
the E/A ratio, and the deceleration time (DT) of
the E wave were measured. Tissue Doppler was
used in the septum and the lateral annulus and e’
was measured in order to calculate the E/e’ ratio.
Speckle-tracking analysis was determined by a
dedicated wall motion tracking system from GE
Vingmed Ultrasound AS, Horten, Norway using a
17-segment model for the LV. The detected region
of interest (ROI) is visually assessed and manu-
ally modified, if necessary, for accurate speckle
tracking. Normal GLS is considered - 18%%.

Determination of Carotid Intima-Media
Thickness

Carotid intima-media thickness (IMT) was
measured with carotid artery ultrasound (7.0-10
MHz, linear array transducer, GE VIVID E9 ul-
trasound system). Determination of carotid IMT
was performed with patients lying on their backs
with a slight hyperextension and rotation of the
head and neck on the opposite side, by the average
of three measurements in each of the three succes-
sive segments of both carotid arteries, according
to the Mannheim consensus as follows: at the lev-
el of the common carotid artery (1 cm proximal to
the carotid bulb), at the level of the carotid bulb
(the segment between the carotid dilation and flow
divider) and at the level of the internal carotid ar-
tery (arterial segment 1 cm distal to the carotid
bifurcation). The mean IMT of six (three on each
side) segments was calculated for each patient to
obtain a mean IMT. A carotid IMT value> 0.9 mm
was considered abnormal®.

Aortic Stiffness and Ventricular-Arterial
Coupling

The PWV was performed with the Medexpert
Arteriograph 3.0.0.3 version (TensioMedKft., Bu-
dapest, Hungary). The central pressure, the aug-
mentation index (Aix) and the pulse wave veloc-
ity in the aorta (PWVao) were measured after a
minimum rest of 10 min in a supine position in
a quiet room. Repeated measurements were tak-
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Table I. Characteristics of the study population (n=135).

HT+CAD (n=54) HT (n=43) CON (n=38) p-value

Age, years 64.0 (60.0, 70.5) 63.5 (60.8, 66.3) 62.0 (58.0, 64.8) 0.094*
Male sex, n (%) 37 (68.5%) 22 (51.1%) 16 (42.1%) 0.209°
BMI, kg /m’ 30.1 (27.6, 33.4) 28.2 (26.0, 31.7) 25.3(23.8,27.3) <0.001*
SBP, mmHg 140.0 (130.0, 153.8) 130.0 (121.2, 150.0) 130.0 (120.0, 132.5) 0.016"
DBP, mmHg 80.0 (71.2, 90.0) 80.0 (70.0, 90.0) 82.0 (70.0, 84.5) 0.360*
HR, bpm 70.0 (61.0, 75.0) 70.0 (63.2, 75.8) 71.5 (67.0, 82.5) 0.388*
HTN, stage

0 0 0 38 (100.0%)

1 3 (5.5%) 3 (6.9%) 0 <0.001"

2 22 (40.7%) 27 (62.8%) 0

3 29 (53.7%) 13 (30.2%) 0
T2DM, n (%) 13 (24.1%) 11 (25.6%) 0 0.028"
CKD, n (%) 5(9.26%) 7 (16.2%) 0 0.099

BMI, Body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; HTN, arterial hypertension;
T2DM, type 2 diabetes mellitus; CKD, chronic kidney disease. * Kruskal-Wallis test; * Chi-square test; Chi-square/Fisher exact

tests; " significance threshold reached.

en. Smoking and caffeine were not permitted 3 h
prior to investigation. Alcohol consumption was
interrupted at least 10 h prior to the investigation.
Patients were not allowed to fall asleep during the
measurements, in order to not influence arterial
diameter and stiffness. Patients did also not speak.

The index of AV coupling was calculated as
the ratio of the arterial stiffness measured with
PWYV and the myocardial performance estimated
with GLS (PWV/GLS ratio) calculated by echo-
cardiography as described above.

Statistical Analysis

Continuous variables are presented as median
with interquartile range (IQR), and categorical
variables as frequency and percentages. Consid-
ering that the results of the normality test (Shap-
iro-Wilk) showed a non-Gaussian distribution, we
used further nonparametric tests for our analysis.
Kruskal-Wallis’s test was employed for compar-
ing study population’s characteristics, and the
Mann-Whitney U Test was applied as a post-hoc
test. Chi-square or Fisher’s exact test were em-
ployed to evaluate the significance of differences
in the proportions of nominal variables. We em-
ployed Spearman’s correlation test to assess the
potential connection between transthoracic echo-
cardiography parameters. Receiver Operating
Characteristic (ROC) curve was used to illustrate
the identification ability, and the thresholds to dis-
criminate between cardiac pathology (HT, CAD)
and healthy controls. It was determined with Youd-
en’s index. A p-value of < (0.05 was considered to
indicate a statistically significant difference. Data
analysis was performed using R: A Language and

Environment for Statistical Computing (R Core
Team, Vienna, Austria).

Results

Patient Population and Characteristics

Patients with HT+CAD had a higher BMI com-
pared to the other groups (p-value <0.001). No dif-
ferences between groups were observed regarding
age and gender (p-value=0.094, respectively p-val-
ue=0.209). Although no statistically significant dif-
ferences were observed between groups in terms of
diastolic blood pressure (p-value=0.768) and heart
rate (p-value=0.388) values, systolic blood pressure
registered significant differences (p-value =0.016).
When we compared the groups based on arterial hy-
pertension staging, we observed a statistically sig-
nificant difference (p-value <0.001) between them.
Also 24.1% patients (n=13) from the HT+CAD
group had type 2 diabetes mellitus, compared with
25.6% (n=11) from HT group (p-value=0.028). No
statistically significant difference was observed be-
tween HT+CAD vs. HT groups regarding chronic
kidney disease (p-value=0.099) (Table I).

The comparison of prevalent use of medications
in the 3 groups (n=135) is reported in Table II. In
the HT+CAD group 68.51% (n=37) used ACEi or
ARBs compared with 74.41 % (n=32) in the HT
group and 0% in the CON group (p-value =0.042),
75.92% (n=41) used beta-blockers compared with
41.86% (n=18) in the HT group and with 0% in the
CON group (p-value <0.001); and 31.48% (n=17)
used calcium channel blockers compared with 20.93
% (n=9) in the HT group and 0% in the CON group
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Table Il. Comparison of prevalent use of medications in the 3 groups (n= 135).

Variables HT+ CAD (n=54) HT (n=43) CON (n=38) p-value
Medications

ACEior ARB 37 (68.51%) 32 (74.41%) 0(0.0%) 0.042"
Beta-Blocker 41 (75.92%) 18 (41.86%) 0 (0.0 %) <0.001"
Aspirin 46 (85.18%) 24 (55.81%) 0 (0.0%) <0.001"
Antiplatelet Agent 40 (74.07%) 19 (44.18%) 0(0.0%) <0.001"
Statin 50 (92.59%) 36 (83.72%) 0 (0.0%) <0.001"
Calcium Channel Blocker 17 (31.48%) 9 (20.93%) 0 (0.0%) 0.002"
Oral antidiabetic agents (metformin, sitagliptin) 12 (22.22%) 11 (25.58%) 0 (0.0%) <0.001*

ACEi or ARB, angiotensin converting enzyme inhibitors or angiotensin receptor blockers. Values were expressed as mean+
standard deviation (SD). © — used statistical Test; Kruskal-Wallis test; “significance threshold reached

(p-value= 0.002). Statistically significant differenc-
es were found between the 3 groups regarding the
use of aspirin (p-value< 0.001), antiplatelet agents
(p-value <0.001) and statin (p-value < 0.001). Also,
22.22% (n=12) in the HT+CAD group and 25.58%
(n=11) in the HT group used oral antidiabetic agents
(metformin, sitagliptin) (p-value< 0.001).

Echocardiographic Parameters, Vascular

Rigidity and Ventricular-Arterial Coupling
Relevant echocardiographic parameters and

comparisons between groups are represented in

Table III. Both systolic and diastolic diameters
and volumes of the left ventricle were significant-
ly increased in the HT+CAD group compared to
the HT group (p-value <0.001). Although there
were no significant differences between groups
regarding LVEF and left atrial diameter, surface
or volume, the evaluation of diastolic dysfunction
by pulsed-wave and tissue Doppler showed sig-
nificant differences between groups. According
to mean mitral inflow E/A ratio, stage I diastol-
ic dysfunction was present in 37 patients in the
HT group and 14 patients in the HT+CAD group,

Table Ill. Echocardiographic and vascular parameters in the study population (n=135).

HT+CAD (n=54) HT (n=43) CON (n=38) p-value
Echocardiography
LA diam, cm 4.05 (3.88,4.30) 3.92 (3.70,4.18) 3.92 (3.8,4.0) 0.101
IVS, cm 1.10 (1.00, 1.20) 1.12 (1.05, 1.20) 0.95 (0.90, 1.00) <0.001"
LVEDD, cm 4.65 (4.40, 5.00) 4.65 (4.22,4.90) 4.50 (4.30, 4.60) 0.141
PW, cm 1.10 (1.00, 1.16) 1.10 (1.00, 1.20) 1.00 (0.90, 1.00) <0.001"
LVEDYV, ml 103.50 (90.50, 120.75) 90.0 (84.00, 98.75) 86.0 (81.0, 88.5) <0.001"
LVESY, ml 40.0 (35.00, 43.75) 39.0 (36.00, 42.0) 32.0(31.75, 34.0) <0.001"
LVEF, % 55.0(50.0, 55.0) 55.0(50.00, 60.0) 55.0 (55.0, 55.0) 0.336
LA surface cm’ 24.0 (20.25, 28.0) 24.0 (22.0,24.5) 22.0 (18.0,26.0) 0.276
LAY, ml 38.5(32.25,42.0) 37.0 (34.00, 40.75) 36.0 (34.0,38.0) 0.429
E m/sec 0.82 (0.71, 0.90) 0.6 (0.50, 0.84) 0.78 (0.72, 0.81) 0.002"
A m/sec 0.60 (0.50, 0.70) 0.7 (0.60, 0.82) 0.52 (0.46, 0.57) <0.001"
E/A ratio 1.36 (1.20, 1.60) 0.82(0.71,1.23) 1.50 (1.35, 1.59) <0.001"
E/e’ ratio 8.7(3.8,15.9) 6.5(5.1,8.1) 5.7 (0.6, 7.0) <0.001"
GLS, % -17.50 -17.95 -20.13 <0.001"

(-19.17,-16.62) (-20.62, -16.05) (-21.15,-19.48)

Carotid intima-media thickness
IMT mm 1.00 (0.90, 1.20) 0.90 (0.80, 1.10) 0.60 (0.50, 0.70) <0.001"
Aortic stiffness — VA coupling
PWYV m/sec 9.90 (9.20, 10.50) 9.70 (9.22,10.20) 7.85 (7.40, 8.20) <0.001"
PWV/GLS ratio -0.67+£0.22 -0.52+0.17 -0.43+0.12 <0.001"

LA, left atrium; IVS, interventricular septum; LVEDD, left ventricular end diastolic diameter, PW, posterior wall; LVEDYV, left
ventricular end diastolic volume; LVESYV, left ventricular end sistolic volume; LVESD, left ventricular end systolic diameter;
LVEEF, left ventricular ejection fraction; LAV, left atrium volume, E, early diastolic mitral inflow velocity; A, mitral peak velocity
of late filling e’, early diastolic mitral annulus velocity; GLS, global longitudinal strain; IMT, intima-media thickness; PWYV,
pulse wave velocity. Kruskal-Wallis test; " significance threshold reached
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Table IV. Post-hoc analysis between groups with p-values (Mann-Whitney U Test).

Variables GLS, % IMT, MM PWV, M/SEC PWV/GLS, RATIO
HT+CAD vs. HT 0.521 0.002" 0.850 0.408
HT+CAD vs. CON <0.001" <0.001" <0.001" <0.001"

HT vs. CON 0.004" <0.001" <0.001" <0.001"

“significance threshold reached.

while stage II diastolic dysfunction was present in
6 patients in the HT group and 40 patients in the
HT+CAD group. The control group presented nor-
mal diastolic function. There was a significant dif-
ference between both groups and control (p-value
<0.001). The E/e’ ratio ranged from 0.6 to 15.9
with means of 8.7+2.1 in the HT+CAD group to
6.5+1.2 in the HT group (p-value <0.001).

GLS values were significantly reduced in HT+-
CAD (-17.50£7.2) vs. HT (-17.95£5.3) vs. control
(-20.1344.6) (p-value<0.001). PWV values were
higher in HT+CAD (9.9043.1) and HT (9.7042.5)
vs. control (7.85+3.2) (p-value<0.001). VA cou-
pling measured by the PWV/GLS ratio showed
significantly lower values in HT+CAD and HT
vs. control (p-value<0.001).

Post-hoc analysis of vascular and cardiac pa-
rameters comparing the HT+CAD group and the
HT group was statistically significant for IMT
(p-value=0.002), while GLS (p-value=0.521),
PWV (p-value=0.850) and PWV/GLS ratio
(p-value=0.408) did not register significant differ-
ences. Post-hoc analysis between the HT+CAD
group and the CON group showed statistical sig-
nificance for GLS, IMT, PWV and PWV/GLS
ratio (p-value<0.001). Significance threshold was
also reached for GLS (p-value =0.004) and for the
other parameters (p-value<0.001) when compar-
ing the HT and CON groups (Table IV).

The boxplots inside the violin graphs in Figure
1 represent the median and the interquartile range
for IMT, PWYV, GLS and PWV/GLS distribution

IMT distribution by groups
20

& $¢

PWYV distribution by groups

14

12
10
8
6

HT+CAD HT Control
Group

LV GLS distribution by groups

-10
-15
-20
-25

-30

-0.06
-0.09

HT+CAD HT Control
Group

PWV/GLS ratio distribution by groups

-0.03 %

HT+CAD HT Control
Group

HT+CAD HT Control
Group

Figure 1. Boxplots for IMT, PWV, GLS and PW V/GLS distribution by groups (median and interquartile range).
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Table V. Comparison of echocardiographic and vascular parameters between genders from all groups (n=135).

Variables Feminine (n=60) Masculine (n=75) p-value
LA diameter, cm 3.9(3.7,4.0) 4.0 (3.8,4.1) 0.046"
IVS, cm 1.0(0.9,1.2) 1.0(1.0,1.2) 0.398
LVEDD, cm 4.5(42,4.8) 4.7 (44,5.0) 0.008"
PW, cm 1.0 (1.0, 1.1) 1.1(1.0,1.2) 0.185
LVEDY, ml 90.0 (80.0, 104.5) 90.0 (86.0,104.2) 0.652
LVESYV, ml 37.0 (32.0,41.5) 38.0 (34.0,42.0) 0.343
LVEF, % 55.0 (55.0, 55.0) 55.0 (50.0, 60.0) 0.997
LA surface, cm’ 22.5(19.2,25.8) 23.5(20.0, 26.0) 0.677
LAY, ml 36.0 (33.2,42.0) 37.0 (34.0, 40.0) 0.967
E, m/sec 0.7 (0.6, 0.8) 0.8 (0.6, 0.9) 0.049"
A, m/sec 0.6 (0.5,0.7) 0.6 (0.5, 0.7) 0.603
E/A ratio 1.3(0.8,1.4) 1.3 (0.9, 1.6) 0.192
El/e, ratio 7.9 (4.4-13.9) 8.3 (3.9-16.0) 0.180
GLS, % -19.6 (-20.8, -17.1) -17.9 (-19.3, -16.6) 0.005"
IMT, mm 0.9 (0.8,1.1) 0.9 (0.8,1.2) 0.405
PWY, m/sec 9.6 (8.4,10.4) 9.4 (8.8,10.2) 0.616
PWV/GLS ratio -0.1 (-0.1,-0.0) -0.1 (-0.1,-0.1) 0.009"

LA, left atrium; IVS, interventricular septum; LVEDD, left ventricular end diastolic diameter, PW, posterior wall; LVEDV, left
ventricular end diastolic volume; LVESV, left ventricular end sistolic volume; LVESD, left ventricular end systolic diameter;
LVEF, left ventricular ejection fraction; LAV, left atrium volume, E, early diastolic mitral inflow velocity; A, mitral peak velocity
of late filling e’, early diastolic mitral annulus velocity; GLS, global longitudinal strain; IMT, intima-media thickness; PWYV,
pulse wave velocity. Kruskal-Wallis test; *significance threshold reached

by groups (Figure 1). The p-values in Table III ap-
ply.

The comparison of echocardiographic and
vascular parameters between genders (feminine,
n=60 and masculine, n=75) from all groups re-
vealed statistically significant differences re-
garding LA diameter (p-value=0.046), LVEDD
(p-value=0.008), E (p-value=0.049), GLS (p-val-
ue=0.005), and PWV/GLs ratio (p-value=0.009)
(Table V).

The ROC curve identified a threshold of
-0.054 of the PWV/GLS ratio to discriminate be-
tween cardiac pathology (HT+CAD and HT) and
healthy controls AUROC = 0.836, 95% CI [0.762;
0.909] (Figure 2 and Table VI).

Correlation plots between PWV/GLS ratio
and parameters of LV geometry PW and IVS are
demonstrated in Figure 3. The PWV/GLS ratio had
significant correlations with posterior wall thick-
ness (r=-0.797, 95% CI [-0.851; -0.725], p-val-
ue<0.001), interventricular septum thickness (r=-
0.643, 95% CI [-0.732; -0.531], p-value<0.001)
and LVESV (r=-0.350, 95% CI [-0.489;
-0.192], p-value<0.001).

Discussion

Hypertension has a very high prevalence in the
general population, being a major cardiovascular
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risk factor, which can lead to coronary heart dis-
ease and death. Early detection of subtle changes
in cardiac performance could contribute substan-
tially to stopping or delaying irreversible damage
to heart and vascular structures. The critical role
of ventricular-arterial coupling in the physiol-
ogy of cardiac and aortic mechanics and in the
pathophysiology of cardiac disease has long been
recognized. We evaluated the ventricular-arterial
coupling (VAC) as the ratio of pulse wave veloc-
ity (PWYV) to global longitudinal strain (GLS) in
135 patients divided in 3 groups: group 1 (HT +
CAD), including 54 hypertensive patients with
coronary artery disease; group 2 (HT), including
43 hypertensive patients; and group 3 (CON) as
control group, consisting of 38 age-matched nor-
mal subjects.

GLS values were significantly reduced in HT+-
CAD (-17.50£7.2) vs. HT (-17.95£5.3) vs. control
(-20.13£4.6) (p-value <0.001). PWV values were
higher in HT+CAD (9.90£3.1) and HT (9.70£2.5)
vs. control (7.85£3.2) (p-value<0.001). VA cou-
pling measured by the PWV/GLS ratio showed
significantly lower values in HT+CAD and HT
vs. control (p-value<0.001).

Diastolic dysfunction of the left ventricle is
a common pathophysiologic consequence of hy-
pertension that appears even before LV hyper-
trophy and can be detected in early stages®*. To-
gether with LV diastolic dysfunction, myocardial
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Figure 2. ROC curve for predictive performance of PW V/GLS ratio to detect altered ventricular-arterial coupling.

ischemia can also be present in hypertensive pa-
tients, determining especially the stage I delayed
relaxation pattern®. In our study, we did expect
to find a higher E/e’ ratio in the HT+CAD group
compared to the HT group. The E/e’ ratio means
were 8.7+2.1 in the HT+CAD group compared to
6.5+1.2 in the HT group (p-value<0.001). There is
conflicting evidence about the clinical relevance
of this ratio as marker of diastolic dysfunction.
Previtali et al*® consider that the suboptimal sensi-
tivity and specificity of the E/e’ ratio for predict-
ing increased LV diastolic pressure in their study
is suggestive of the fact that it is of limited clinical
value in patients without heart failure. However,
in our study, the difference between HT+CAD
and HT regarding this marker of diastolic dys-
function was significant.

In hypertensive patients’ arterial stiffness in-
creases in parallel with myocardial stiffness.
In our study PWV was calculated according to
guidelines and GLS was calculated from stan-
dard echocardiographic measurements®’. Post-
hoc analysis of vascular and cardiac parameters
comparing the HT+CAD group vs. the HT group
was statistically significant only for IMT (p-val-

ue=0.002), while GLS (p-value=0.521), PWV
(p-value=0.850) and PWV/GLS ratio (p-val-
ue=0.408) did not register significant differenc-
es. This may be due to the limited number of
patients included in the study and to the fact that
systolic function was preserved in all cases, even
when CAD was present. Also, the role of differ-
ent medications and the duration of hypertension
and diabetes may explain these results. Micro-
vascular disease present in hypertensives without
confirmed CAD may also contribute. However,
the PWV/GLS ratio was significantly correlated
with posterior wall thickness (r=-0.797, 95% CI
[-0.851;-0.725], p-value<0.001), and interventric-
ular septum thickness (r=-0.643, 95% CI [-0.732;
-0.531], p-value<0.001), as well as LVESV (r=-
0.350, 95% CI [-0.489; -0.192], p-value <0.001),
suggesting that vascular and myocardial stiffness
are present in hypertensive patients even in the ab-
sence of CAD. The common denominators for both
PWYV and GLS impairment in hypertension are
represented by endothelial dysfunction, renin-an-
giotensin system activation, abnormal collagen
turnover, increased metalloproteinase activity and
fibrosis, which are all linked from pathophysio-

Table VI. Predictive performance of PWV/GLS ratio to detect altered ventricular-arterial coupling.

Variables Estimate 95% CI lower limit 95% CI upper limit
Cutoff -0.054 - -

Se 0.72 0.62 0.81

Sp 0.95 0.75 0.99

PPV 0.98 0.91 0.99

NPV 0.44 0.32 0.97
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Figure 3. Correlation plots showing the associations of PWV/GLS ratio with indices of LV geometry. Each dot indicates an
individual patient’s data. Linear regression line (blue line) and 95% confidence interval (shaded area) are depicted. PW, posterior
wall, IVS, interventricular septum, LVESYV, left ventricular end-systolic volume.

logical point of view. These mechanisms explain
the correlation of PWV/GLS ratio with parame-
ters of LV geometry and with markers of vascular
damage like carotid IMT. Our results are similar
to the findings of Ikonomidis et al*’, done on 299
newly-diagnosed untreated hypertensive cases,
where PWVcf, IMT, GLS, coronary-flow reserve
and arterial elastance/left ventricular elastance
(E A/E LV) index were measured and correlated
with markers of left ventricular diastolic function
(E/A and E’). PWV/GLS ratio was lower in hy-
pertensives than controls (p-value< 0.001). Sim-
ilar to our findings, low PWV/GLS values were
associated with carotid-intima media thickness >
0.9 mm (p-value=0.003), after adjustment for age,
sex and mean arterial pressure. Low PWV/GLS
was also associated with increased left ventricular
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mass and left atrial volume in the univariate mod-
el (p-value=0.003 and 0.038). No significant asso-
ciation of E A/E LV index with carotid IMT, cor-
onary flow reserve, E/A, E’, or left atrial volume
was found, and the authors conclude that PWV/
GLS ratio provides a better measurement for ven-
tricular-arterial coupling than the E A/E LV index.

Our study demonstrated that the PWV/GLS
ratio had significant associations with LV wall
thickness in hypertensive patients. The PWV/GLS
ratio showed fair discrimination ability to predict
altered VA coupling. The ROC curve identified a
threshold of -0.054 of the PWV/GLS ratio to de-
tect altered ventricular-arterial coupling AUROC =
0.836, 95% CI [0.762; 0.909]. The results of our
study provide additional evidence for the complex
relationship between arterial stiffness, LV remod-
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eling and diastolic dysfunction. As confirmed in
the study of Ikonomidis et al”’, early detection of
subclinical disease progression in newly onset hy-
pertension using PWV/GLS may be possible. They
observed a significant association with target organ
damage in hypertensive subjects. The PWV/GLS
ratio has also been shown to correlate better with
subclinical target organ damage than the tradition-
al echocardiographic method (Ea/Ees) in the study
of Saeed et al’. Hypertensives with IMT>0.9 mm
were compared with patients with IMT<0.9 mm,
demonstrating lower PWV/GLS values (-0.69+25
vs8.-0.58+19, p-value <0.001) in their study.

A consensus document for the importance of
assessment of VA coupling and its implications in
heart disease was issued by the European Society of
Cardiology Working Group on Aorta & Peripheral
Vascular Diseases, European Association of Cardio-
vascular Imaging, and Heart Failure Association®®,
All lumped measurements, such as the most pop-
ular one represented by the elastance ratio (E A/E
LV), and the total arterial compliance (SV/PP) are
considered an oversimplification to estimate the VA
coupling. In the future, more adequate approaches
would be represented by a time varying evaluation
of LV function and arterial pulse, or wave separation
analysis looking at the interaction between early and
late ejection, isovolumic relaxation, and time and
amplitude of the reflected waves.

Limitations

Our study is not without limitations. This has
been a retrospective cross-sectional analysis.
More insight could be obtained in the future by
prospective longitudinal studies in order to better
explain the complex relationship between ventric-
ular-arterial coupling and diastolic dysfunction in
hypertensive and coronary patients. This would
allow a thorough evaluation of patients at risk for
faster progression of atherosclerotic disease.

Conclusions

Non-invasive assessment of left ventricular-ar-
terial coupling is currently an underexplored area
and should be the focus of future research. This
study showed that PWV/GLS ratio can be used to
detect the altered ventricular arterial coupling in
hypertensive patients. The perspectives of its fu-
ture use could include monitoring of earlier devel-
opment of multiple organ damage in hypertensive

patients and of the efficacy of different hyperten-
sive medications. Extensive prospective studies
are needed to confirm this hypothesis. Also, fur-
ther studies are needed to evaluate whether alter-
ations in ventricular-arterial coupling can provide
any prognostic information for adverse outcomes,
including that for HF.

Conflicts of Interest

The authors declare that they have no conflict of interest.

Informed Consent Statement

Informed consent was obtained from all subjects involved
in the study.

Institutional Review Board Statement

The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Ethics Com-
mittee of Institute of Cardiovascular Diseases Timisoara,
Romania approval certificate 1432/20.02.2019).

Author Contributions

Conceptualization, G.S.-H.; R.C. and S.D.; methodology,
G.S.-H. and N.F.B.; software, G.N.P. and A.T.; validation,
N.RK. R.C. and S.D.; investigation, G.S.-H.; P.B.; D.D. and
A.E.; resources, G.S.-H.; R.C. and S.D.; data curation, G.N.P.
and A.T.; writing—original draft preparation, G.S.-H., N.E.B.,
P.B. and A.E.; writing—review and editing, N.R.K., R.C.; and
S.D.; visualization, N.F.B. and N.R.K_; supervision, S.D.; proj-
ect administration, G.S.-H.; R.C. and S.D. All authors have
read and agreed to the published version of the manuscript.

Funding
None.

ORCID ID

Gheorghe Stoichescu-Hogea - https://orcid.org/0000-0001-
7790-2940

Florina Nicoleta Buleu - https://orcid.org/my-orcid?or-
¢id=0000-0002-9814-9561

Gheorghe Nicusor Pop - https://orcid.org/0000-0002-9947-
8316

Daniel Duda-Seiman - https://orcid.org/0000-0001-5194-
1175

Anca Tudor - https://orcid.org/0000-0001-7795-6965
Nilima Rajpal Kundnani - https:/orcid.org/0000-0002-
2824-7182

Ruxandra Christodorescu - https://orcid.org/0000-0001-
8267-5404

Simona Drégan - https://orcid.org/0000-0002-3892-0211

7033



G. Stoichescu-Hogea, F.N. Buleu, G. Nicusor Pop, D. Duda-Seiman, A. Ember, A. Tudor, et al

References

1) Little WC, Pu M. Left ventricular-arterial coupling.
J Am Soc Echocardiogr 2009; 22: 1246-1248.

2) Krayenbuehl HP. Chapter 7: Myocardial Function.
Eur Heart J 1985; 6: 33-39.

3) Kass DA, Kelly RP. Ventriculo-arterial coupling:
concepts, assumptions, and applications. Ann
Biomed Eng 1992; 20: 41-62.

4) Monge Garcia MI, Santos A. Understanding ventricu-
lo-arterial coupling. Ann Transl Med 2020; 8: 795-795.

5) Saeed S, Holm H, Nilsson PM. Ventricular-arteri-
al coupling: definition, pathophysiology and ther-
apeutic targets in cardiovascular disease. Expert
Rev Cardiovasc Ther 2021; 19: 753-761.

6) Najjar SS, Schulman SP, Gerstenblith G, Fleg JL,
Kass DA, O’Connor F, Becker LC, Lakatta EG.
Age and gender affect ventricular-vascular cou-
pling during aerobic exercise. J Am Coll Cardiol
2004; 44: 611-617.

7) Chantler PD, Lakatta EG. Arterial-ventricular coupling
with aging and disease. Front Physiol 2012; 3: 90.

8) Vatner SF, Zhang J, Vyzas C, Mishra K, Graham
RM, Vatner DE. Vascular Stiffness in Aging and
Disease. Front Physiol 2021; 12.

9) Chantler PD, Lakatta EG, Najjar SS. Arterial-ven-
tricular coupling: mechanistic insights into cardio-
vascular performance at rest and during exercise.
J Appl Physiol (1985) 2008; 105: 1342-1351.

10) Kuznetsova T, D’Hooge J, Kloch-Badelek M,
Sakiewicz W, Thijs L, Staessen JA. Impact of hyper-
tension on ventricular-arterial coupling and regional
myocardial work at rest and during isometric exer-
cise. J Am Soc Echocardiogr 2012; 25: 882-890.

11) Theilade S, Rossing P, Jensen JS, Jensen MT. Ar-
terial-ventricular coupling in type 1 diabetes: arterial
stiffness is associated with impaired global longitu-
dinal strain in type 1 diabetes patients-the Thou-
sand & 1 Study. Acta Diabetol 2018; 55: 21-29.

12) Rosca Cl, Kundnani NR, Tudor A, Rosca MS,
Nicoras VA, Otiman G, Ciurariu E, lonescu A, Ste-
lian M, Sharma A, Borza C, Lighezan DF. Bene-
fits of prescribing low-dose digoxin in atrial fibril-
lation. Int J Immunopathol Pharmacol 2021; 35:
20587384211051955.

13) Kundnani NR, Rosca CIl, Sharma A, Tudor A,
Rosca MS, Nisulescu DD, Branea HS, Mocanu V,
Crisan DC, Buzas DR, Morariu S, Lighezan DF.
Selecting the right anticoagulant for stroke preven-
tion in atrial fibrillation. Eur Rev Med Pharmacol
Sci 2021; 25: 4499-4505.

14) Lage JGB, Bortolotto AL, Scanavacca Ml, Bor-
tolotto LA, Darrieux F. Arterial stiffness and atrial
fibrillation: A review. Clinics (Sao Paulo) 2022; 77:
100014.

15) Sharma A, Christodorescu R, Agbariah A, Du-
da-Seiman D, Dahdal D, Man D, Kundnani NR,
Cretu OM, Dragan S. Cardiovascular Risk Predic-
tion Parameters for Better Management in Rheu-
matic Diseases. Healthcare (Basel) 2022; 10.

7034

16) Nwabuo CC, Vasan RS. Pathophysiology of Hy-
pertensive Heart Disease: Beyond Left Ventricular
Hypertrophy. Curr Hypertens Rep 2020; 22: 11.

17) Soulat G, Gencer U, Kachenoura N, Villemain O, Mes-
sas E, Boutouyrie P, Laurent S, Mousseaux E. Chang-
es in segmental pulse wave velocity of the thoracic aor-
ta with age and left ventricular remodelling. An MRI 4D
flow study. J Hypertens 2020; 38: 118-126.

18) Weber T, Wassertheurer S, O’'Rourke MF, Haiden
A, Zweiker R, Rammer M, Hametner B, Eber B.
Pulsatile hemodynamics in patients with exertion-
al dyspnea: potentially of value in the diagnostic
evaluation of suspected heart failure with pre-
served ejection fraction. J Am Coll Cardiol 2013;
61: 1874-1883.

19) Kim HL, Kim SH. Pulse wave velocity in athero-
sclerosis. Front Cardiovasc Med 2019; 6: 41.

20) Ayoub AM, Keddeas VW, Ali YA, EI Okl RA. Sub-
clinical LV Dysfunction Detection Using Speckle
Tracking Echocardiography in Hypertensive Pa-
tients with Preserved LV Ejection Fraction. Clin
Med Insights Cardiol 2016; 10: 85-90.

21) Oh JK, Park JH. Role of strain echocardiogra-
phy in patients with hypertension. Clin Hypertens
2022; 28: 6.

22) Imbalzano E, Zito C, Carerj S, Oreto G, Mandraffi-
no G, Cusma-Piccione M, Di Bella G, Saitta C,
Saitta A. Left ventricular function in hypertension:
new insight by speckle tracking echocardiography.
Echocardiography 2011; 28: 649-657.

23) Ikonomidis |, Katsanos S, Triantafyllidi H, Paris-
sis J, Tzortzis S, Trivilou P, Benas D, Varoudi M,
Vrettou AR, Frogoudaki A, Kostelli G, Pavlidis G,
Vlastos D, Lekakis J, lliodromitis E. 4917Global
longitudinal strain to pulse wave velocity ratio (VA
coupling) is a better indicator of target organ dam-
age than the arterial elastance to LV elastance ra-
tio in hypertensives. Eur Heart J 2018; 39.

24) Faconti L, Bruno RM, Buralli S, Barzacchi M, Dal
Canto E, Ghiadoni L, Taddei S. Arterial-ventricular
coupling and parameters of vascular stiffness in
hypertensive patients: Role of gender. JRSM Car-
diovascular Dis 2017; 6: 2048004017692277.

25) Luo X, Yang Y, Li Z. Preliminary study on ventric-
ular arterial coupling of patients with hypertension
by ultrasonography. Heart (British Cardiac Soci-
ety) 2011; 97: A193-A194.

26) Gozdzik AT, Jasic-Szpak E, Michatowicz J, Prze-
witocka-Kosmala M, Sharman JE, Kosmala W. As-
sociation of arterial hemodynamics with left ven-
tricular systolic function in hypertensive patients:
A longitudinal study. Adv Clin Exp Med 2021; 30:
1147-1156.

27) lkonomidis |, Katsanos S, Triantafyllidi H, Parissis
J, Tzortzis S, Pavlidis G, Trivilou P, Makavos G,
Varoudi M, Frogoudaki A, Vrettou A-R, Vlastos D,
Lekakis J, lliodromitis E. Pulse wave velocity to
global longitudinal strain ratio in hypertension. Eur
J Clin Invest 2019; 49: e13049.

28) Williams B, Mancia G, Spiering W, Agabiti Rosei
E, Azizi M, Burnier M, Clement DL, Coca A, de



Ventricular-arterial coupling assessed by PWV/GLS ratio in hypertensive patients

Simone G, Dominiczak A, Kahan T, Mahfoud F,
Redon J, Ruilope L, Zanchetti A, Kerins M, Kjeld-
sen SE, Kreutz R, Laurent S, Lip GYH, McManus
R, Narkiewicz K, Ruschitzka F, Schmieder RE,
Shlyakhto E, Tsioufis C, Aboyans V, Desormais
I, Group ESD. 2018 ESC/ESH Guidelines for the
management of arterial hypertension: The Task
Force for the management of arterial hypertension
of the European Society of Cardiology (ESC) and
the European Society of Hypertension (ESH). Eur
Heart J 2018; 39: 3021-3104.

29) Davies MJ, D’Alessio DA, Fradkin J, Kernan WN,
Mathieu C, Mingrone G, Rossing P, Tsapas A,
Wexler DJ, Buse JB. Management of hypergly-
caemia in type 2 diabetes, 2018. A consensus re-
port by the American Diabetes Association (ADA)
and the European Association for the Study of Dia-
betes (EASD). Diabetologia 2018; 61: 2461-2498.

30) Levey AS, Inker LA, Coresh J. GFR estimation:
from physiology to public health. Am J Kidney Dis
2014; 63: 820-834.

31) Lang RM, Bierig M, Devereux RB, Flachskampf
FA, Foster E, Pellikka PA, Picard MH, Roman MJ,
Seward J, Shanewise JS, Solomon SD, Spencer
KT, Sutton MS, Stewart WJ. Recommendations for
chamber quantification: a report from the Ameri-
can Society of Echocardiography’s Guidelines and
Standards Committee and the Chamber Quanti-
fication Writing Group, developed in conjunction
with the European Association of Echocardiogra-
phy, a branch of the European Society of Cardiol-
ogy. J Am Soc Echocardiogr 2005; 18: 1440-1463.

32) Haji K, Marwick TH. Clinical Utility of Echocardio-
graphic Strain and Strain Rate Measurements.
Curr Cardiol Rep 2021; 23: 18.

33) Touboul PJ, Hennerici MG, Meairs S, Adams H,
Amarenco P, Bornstein N, Csiba L, Desvarieux
M, Ebrahim S, Hernandez Hernandez R, Jaff M,
Kownator S, Naqvi T, Prati P, Rundek T, Sitzer M,
Schminke U, Tardif JC, Taylor A, Vicaut E, Woo
KS. Mannheim carotid intima-media thickness and

plague consensus (2004-2006-2011). An update
on behalf of the advisory board of the 3rd, 4th and
5th watching the risk symposia, at the 13th, 15th
and 20th European Stroke Conferences, Mann-
heim, Germany, 2004, Brussels, Belgium, 2006,
and Hamburg, Germany, 2011. Cerebrovascular
diseases (Basel, Switzerland) 2012; 34: 290-296.

34) Aeschbacher BC, Hutter D, Fuhrer J, Weidmann
P, Delacrétaz E, Allemann Y. Diastolic dysfunction
precedes myocardial hypertrophy in the develop-
ment of hypertension. Am J Hypertens 2001; 14:
106-113.

35) Sasaki O, Hamada M, Hiwada K. Effects of cor-
onary blood flow on left ventricular function in
essential hypertensive patients. Hypertens Res
2000; 23: 239-245.

36) Previtali M, Chieffo E, Ferrario M, Klersy C. Is mi-
tral E/E’ ratio a reliable predictor of left ventricular
diastolic pressures in patients without heart fail-
ure? Eur Heart J Cardiovasc Imaging 2012; 13:
588-595.

37) Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P,
Giannattasio C, Hayoz D, Pannier B, Vlachopou-
los C, Wilkinson |, Struijker-Boudier H. Expert con-
sensus document on arterial stiffness: method-
ological issues and clinical applications. Eur Heart
J 2006; 27: 2588-2605.

38) Ikonomidis |, 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 coupling in car-
diac disease and heart failure: assessment, clin-
ical implications and therapeutic interventions. A
consensus document of the European Society of
Cardiology Working Group on Aorta & Peripheral
Vascular Diseases, European Association of Car-
diovascular Imaging, and Heart Failure Association.
Eur J Heart Fail 2019; 21: 402-424.



