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Abstract

International Guidelines consider left ventricular ejection fraction (LVEF) as an important parameter to categorize patients
with heart failure (HF) and to define recommended treatments in clinical practice. However, LVEF has some technical and
clinical limitations, being derived from geometric assumptions and is unable to evaluate intrinsic myocardial function and LV
filling pressure (LVFP). Moreover, it has been shown to fail to predict clinical outcome in patients with end-stage HF. The
analysis of LV antegrade flow derived from pulsed-wave Doppler (stroke volume index, stroke distance, cardiac output, and
cardiac index) and non-invasive evaluation of LVFP have demonstrated some advantages and prognostic implications in HF
patients. Speckle tracking echocardiography (STE) is able to unmask intrinsic myocardial systolic dysfunction in HF patients,
particularly in those with LV preserved EF, hence allowing analysis of LV, right ventricular and left atrial (LA) intrinsic myo-
cardial function (global peak atrial LS, (PALS)). Global PALS has been proven a reliable index of LVFP which could fill the
gaps “gray zone” in the previous Guidelines algorithm for the assessment of LV diastolic dysfunction and LVFP, being added
to the latest European Association of Cardiovascular Imaging Consensus document for the use of multimodality imaging in
evaluating HFpEF. The aim of this review is to highlight the importance of the hemodynamics multiparametric approach of
assessing myocardial function (from LVFP to stroke volume) in patients with HF, thus overcoming the limitations of LVEF.
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Introduction three groups: those with preserved (HFpEF, LVEF >50%);
mildly reduced (HFmrEF, LVEF 41-49%); and reduced
Left ventricular ejection fraction (LVEF) is clinically con- LVEF (HFrEF, LVEF <40%) [2]. This HF categorization
sidered a key parameter in the evaluation of patients with  is based on inclusion criteria of clinical trials and registers
heart failure (HF) [1]. International Guidelines catego-  and is used by current European Society of Cardiology

rized HF on the basis of LV EF, classifying patients into (ESC) Guidelines when defining recommended treatments
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in clinical practice [3]. The use of LVEF has certainly many
advantages; being a universally accepted and easily calcu-
lated index of cardiac function, using basic echocardiog-
raphy [4]. However, LVEF has some limitations. Firstly,
there is no relationship between LVEF and symptoms, and
secondly, it is unable to predict clinical outcome in patients
with end-stage HF. These limitations are because of the fact
that EF only reflects geometric changes of LV rather than
the intrinsic contractile function of the myocardium and LV
filling pressures (LVFP) [5]. The analysis of LV myocardial
deformation obtained by speckle tracking echocardiography
(STE) could unmask hidden systolic dysfunction in all cate-
gories of LVEF [6]. In patients with preserved LVEF, a wide
range of global longitudinal strain (GLS) disturbances have
been shown, suggesting many categories of disease severity
[7]. The only group of HF patients in whom LVEF is able to
stratify prognosis is HFrEF, but not HFpEF or HFmrEF [8].

HF is a progressive condition with a clinical picture
resulting from reduced forward flow and/or elevated LVFP
in which abnormal myocardium function is responsible for
the failure of the heart to pump blood at a rate compatible
with the requirements of the tissues during ordinary activity
[9]. This condition causes a reduced cardiac output (CO)
and/or elevated LVFP, causing the classical clinical signs
and symptoms of HF.

Although assessment of cardiac hemodynamics is impor-
tant in the prognostic stratification and management of
patients with HF, the need for an invasive method limits its
application in clinical practice because of the small but defi-
nite risk of infections, bleeding, and pneumothorax and the
discomfort and the cost of the procedure. To date, Doppler
echocardiography allows us to obtain valuable measures of
both output indices and LVFP [10-12]. Although the cardiac
ultrasound technique is widely available, non-invasive, and
easily repeatable, the assessment of LVFP and outflow vari-
ables by echo-Doppler has been hampered by difficulties
in obtaining estimates that could have value in a variety of
cardiac disorders.

The aim of this review is to highlight the importance of
the hemodynamics multiparametric approach of assessing
myocardial function (from LVFP to stroke volume) and new
perspectives and recent developments for a comprehensive
non-invasive evaluation in patients with HF, thus overcom-
ing the limitations of LVEF.

Echocardiographic evaluation of left
ventricle antegrade flow

LV antegrade flow can be expressed as cardiac output
(CO, I/min), calculated from stroke volume (SV), or car-
diac index normalized for body surface area (CI, I/min/
m?), which are measures of blood flow ejected by LV per
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minute [13]. SV or SV normalized for body surface area
(SVi) represents the volume of blood ejected by the LV
in a single beat. The most widely accepted thresholds
for normal cardiac index and SVi are >2.0 I/min/m? [14]
and > 30 ml/m? [15]. These parameters are derived from
the stroke distance (SD, cm) and minute distance (MD,
m/min), obtained by integrating the velocity-time curve
of pulsed-wave Doppler at the LV outflow tract (LVOT)
level, recorded from the apical 5-chamber view (Fig. 1).
Doppler-derived SV can be assessed as the product of the
LVOT cross-sectional area and the LVOT time-velocity
integral (VTI) obtained by pulsed-Doppler. CO can be
measured as the product of SV and heart rate. SV index
(SVi) and CI can be derived by normalizing SV and CO
for BSA [4]. Therefore, outflow parameters can be divided
into two groups: per-beat (SD, SV, SVi) and per-minute
(MD, CO, CI). Per-minute parameters have some limi-
tations, in particular the compensatory effect of tachy-
cardia that could result in normal values despite reduced
SV/SVi [4]. On the contrary, per-minute measurements
seem preferable in circumstances in which an increased
HR ensures the maintenance of antegrade flow and organ
perfusion. Table 1 summarizes per-beat and per-minute
outflow parameters, including relative advantages and dis-
advantages. Previous studies have validated the Doppler
method for the calculation of SV, showing excellent feasi-
bility and good correlations between invasive and Doppler
measurements of SV and CO [16-18] and others have also
validated non-invasive Doppler estimation of SV. These
studies reported a good correlation between echocardio-
graphic SV and CO calculated by thermodilution [19] or
the Fick method [16], independent of tricuspid regurgita-
tion severity [20].

Echocardiographic evaluation of heart
failure based on hemodynamics approach

The diagnosis of chronic HF requires clinical evaluation
of symptoms and/or signs of HF [2]. However, the 2021
HF ESC Guidelines stress that symptoms and signs lack
sufficient accuracy to be used alone to make the diagno-
sis of HF, and objective evidence of cardiac dysfunction
based on brain natriuretic peptide (BNP), electrocardio-
gram (ECG), and echocardiography is required [2]. Echo-
cardiography is recommended to evaluate LVEF (also for
classification of HF), chamber size, presence of LV hyper-
trophy, regional wall motion abnormalities, valve dysfunc-
tion, and pulmonary hypertension [2]. The ESC Guidelines
also recommend evaluation of echocardiography diastolic
function for diagnosis of HF [2], but evaluation of cardiac
output is not considered, neither for diagnosis nor for out-
come. However, Doppler assessment of LVFP and cardiac
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Fig. 1 Echocardiographic
evaluation of left ventricular
blood ejection from the apical

5-chamber view

output correlate with symptoms better than LVEF because
they reflect the hemodynamic alteration of HF [20]. In HF
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patients, addition of echocardiographic markers of LVFP

to clinical assessment resulted in improved reclassification
by 1.5 times compared with only clinical assessment [21].

/ BSA x HR

LvOoT

Echocardiographic assessment of left ventricular
filling pressure and its prognostic impact

Cardiac catheterization is the gold standard investiga-
tion for direct measurement of LVFP but is not practical

Table 1 The per-beat and per-minutes outflow parameters: advantages and disadvantages

Advantage

Disadvantage

Per-beat SD

SV

SVi

Per-minute =MD

CO

CI

Easy to calculate

Independent from LVOT area

Represent LV contraction

The most accurate in predicting mortality if <18 cm

Represent volume ejected by LV in each beat

Represent if the volume ejected is adequate for BSA
Normal: > 30 ml/m2

Prognostic implication

Easy to calculate

Independent from LVOT area

Take into account HR

Represent the volume ejected by LV in one minute

Represent if the volume ejected in one minute is
adequate for BSA
Normal: > 2.0 I/min/m2

Unreliable if flow acceleration in LVOT (ex. obstructive CMPI)
Reduced by high FC
Influenced by valve regurgitation

LVOT area depend by BSA

Error in estimation of LVOT

LVOT area depend by BSA

Error in estimation of LVOT
Over/underestimation in extreme weight
Could be normal if high compensatory HR
Unreliable if flow acceleration in LVOT (ex. obstructive CMPI)
Influenced by valve regurgitation

Depend from LVOT area

Influenced by HR

No correlation with outcome

Depend from LVOT area

No correlation with outcome
Over/underestimation in extreme weight
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for widespread application or serial longitudinal follow-up
examinations [12]. Doppler echocardiography has become
well accepted as a reliable, reproducible, and practical non-
invasive method for diagnosis and longitudinal follow-up of
patients with diastolic dysfunction [12]. Grading of diastolic
dysfunction reflects different stages of cardiac myocardium
disease: with disease progression, left atrial (LA) pressure
increases, thus increasing the driving pressure across the
mitral valve and consequent increase in the E velocity on the
mitral flow velocity curve and a restrictive pattern appear in
the late stage of myocardial disease [12].

Echocardiographic indices of LVFP correlate with inva-
sive estimation by catheterization. Transmitral E/A ratio,
average E/e’ ratio, and LA volume index (LAVi) were
independently associated with invasive LV diastolic pres-
sure (LVEDP) [22, 23]. In the Euro-Filling study, there
was a different correlation of echocardiographic indices
of LVFP with invasive estimation among patients with
different LVEF [22]: E/e’ lateral was significantly related
to LVEDP in patients with preserved LVEF while E/A
ratio best correlated with invasive LVEDP in patients with
reduced LVEF [22]. However, in a meta-analysis involving
3540 patients, the restrictive mitral filling pattern proved
a powerful predictor of mortality, independent of LVEF,
age, and etiology [24].

Echocardiographic estimation of LVFP has a prognostic
impact. In patients with dilated cardiomyopathy, mortality
plus heart transplantation were significantly higher in patient
with restrictive LV filling pattern (diagnosed when E wave
deceleration time (EDT) < 115 ms) than patients with non-
restrictive filling and the persistence of restrictive filling at
3 months is associated with a high rate of primary endpoint
[25]. Also, a short (<125 ms) deceleration time by mitral
Doppler adds important prognostic information compared
with other clinical, functional in both symptomatic and
asymptomatic patients [26].

Assessment of Doppler pulmonary venous flow has also
been shown to have a role in the prognostic evaluation of
patients with LV dysfunction: the difference between dura-
tion of mitral A wave and pulmonary vein atrial reversal
flow >30 ms provided important prognostic information
with regard to cardiac mortality and emerged as the single
best predictor of cardiac events (cardiac mortality, hospi-
talization) [27].

It is well known that there is a correlation between
pulmonary regurgitation end-diastolic pressure gradient
(PRG) and pulmonary artery diastolic pressure (PADP)
[28]. Also, the latter correlates with pulmonary artery
wedge pressure (PAWP) [29]. Echocardiography estima-
tion of PADP (e-PADP) were calculated as the sum of PRG
added to the estimated right atrial pressure (RAP) [30]. In
patients with cardiac disease without pre-capillary pulmo-
nary hypertension, an algorithm based on e-PADP has been

@ Springer

shown to accurately estimate elevated LVFP independent
of LVEF, providing an advantage in accuracy over the
American Society of Echocardiography (ASE)/European
Association of Cardiovascular Imaging (EACVI) 2016 rec-
ommendations [30].

The contributions and limitations of international
Guidelines for the assessment of raised left ventricular
filling pressure and the role of left atrial strain

The 2016 ASE/ EACVI Guidelines on assessment of LV
diastolic dysfunction [31] established two algorithms for
LVFP estimation, combining LA volume index with Dop-
pler velocities (mitral inflow: pulsed wave Doppler; tissue
Doppler at lateral and medial mitral anulus; tricuspid peak
velocity): an algorithm for normal LVEF and another for
reduced LVEF or for patients with normal LVEF but with
myocardial disease after consideration of clinical and other
2D data [31]. The Guidelines’ algorithm was validated
[21] and proved to have 87% overall accuracy in detect-
ing elevated PCWP (evaluated invasively) which made it
applicable in 419 (93.1%) patients and was inconclusive in
31 (6.9%) patients. This approach has also good accuracy
in patients with left bundle branch block or paced rhythm
(area under the curve (AUC)=0.84), atrial fibrillation (AF;
AUC =0.83), or moderately severe to severe mitral regurgi-
tation (AUC=0.96) [21]. Other authors [22] found that the
2016 algorithm of diastolic dysfunction was superior to the
2009 recommendations in estimating invasively calculated
LV diastolic pressures. However, this algorithm presents a
“gray zone” of indeterminate diastolic function. It is esti-
mated that in 10% of patients, evaluation of LVFP (accord-
ing to these Guidelines) [31] is inconclusive due to missing
echocardiographic parameters, most often TR velocity [32].
For these cases, the 2016 EACVI/ASE Guidelines [31] sug-
gest the use of supplementary parameters such as pulmonary
vein velocities, isovolumetric relaxation time, or other meth-
ods, such as STE. Particularly, in the last years, LA strain
(global peak atrial longitudinal strain (PALS), Fig. 2) by
STE has been proved a reliable index of LVFP which could
fill the gaps in the previous algorithm [33].

LA strain has been described as a more sensitive
parameter than LA volume for early detection of LA
structural and functional impairment. In the early phase
of LV diastolic dysfunction, LA volume can still be nor-
mal, but the progressive and chronic increase of LVFP
leads to LA ultrastructural abnormalities, which are
detected by reduced LA strain as reduced compliance,
and LA dilatation which occurs in the last phase [34].
Considering the thin wall of LA, cavity deformation
mechanics (PALS) are impaired in patients with hyper-
tension or diabetes despite normal LVEF even when LA
indexed volume is normal, in a pre-clinical phase; the
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Fig.2 The key role of global peak atrial longitudinal strain

coexistence of both conditions further impairs LA per-
formance in an additive fashion [35]. LA strain offers a
quick analysis of cavity deformation and is correlated
with invasively assessed LVFP [36]. It also provides
additive value for diastolic function classification [37,
38] and the HFpEF diagnosis [39, 40]. Indeed, in the lat-
est EACVI consensus document for the use of multimo-
dality imaging in evaluating HFpEF, the use of LA strain
is suggested in case of missing parameters with only two
criteria available, one positive and another negative, with
the cut-off value of LA reservoir strain (PALS) < 18% to
define elevated LVFP [41].

A recent multicenter study of 322 patients referred for
diagnostic right- or left-side heart catheterization and
with a mean LVEF of 55%, demonstrated that both PALS
and pump strain (peak atrial contraction strain (PACS))
were associated with LVFP, with an optimal cut-off to
differentiate between normal and elevated LVFP (the lat-
ter defined as PCWP > 12 mmHg) of 18% for PALS and
8% for PACS [32].

Similar results were also confirmed [42] in 210
patients with LVEF > 50% (comparing echocardiography
and right heart catheterization), showing that PALS dis-
played a strong ability to identify patients with elevated
LVFP (PCWP > 15 mmHg) with an AUC=0.76. Moreo-
ver, substituting TR peak velocity for PALS (cut-off value
of < 18%) in the 2016 ASE/EACVI algorithm resulted in

91% feasibility, 81% accuracy, and stronger agreement with
invasive measurements. These results confirm that HFpEF
is a challenging diagnosis, requiring an integrated approach
(combination of multiple echocardiographic parameters,
standard diagnostic test, and physical examination), and
they also show that LA strain is superior to TR velocity as
a marker of LVFP, very useful to include in the diagnostic
algorithm of patients with symptoms of HF and normal
LVEF [43]. A correct measurement of TR peak velocity
is not so feasible in the clinical practice, and two recent
studies have shown that TR was available only in 40-60%
of patients [22, 44], thus becoming a problem especially in
patients with suspected HFpEF.

Interestingly, the latest EACVI algorithm for the use of a
multimodality imaging approach to evaluate HFpEF can also
be used in HFrEF in sinus rthythm [41], allowing echocardio-
graphic estimation of LVFP in patients with HF, regardless
of LVEF value.

It has recently been demonstrated that in patients with
advanced HF, undergoing heart transplantation, the global
PALS was inversely correlated with PCWP (R= —0.83;
p <0.0001) and with LV fibrosis severity (R= —0.78;
p <0.0001) but did not correlate with LVEF (R=0.15;
p=0.2); moreover among echocardiographic indices of
LVFP, global PALS proved the strongest [AUC 0.955 (95%
CI 0.87-0.99)] predictor of raised (> 18 mmHg) PCWP,
evaluated invasively [45].
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These results highlight the fact that LA myocardial dys-
function is strongly correlated with PCWP, confirming pre-
vious results and showing that global PALS has added value
in the non-invasive assessment of LVFP in HF patients, irre-
spective of LVEF [46].

However, some limitation must be considered. In patients
with cardiac resynchronization therapy (CRT), left bundle
branch block, and RV pacing the algorithm has less accuracy.
In patients with hypertrophic cardiomyopathy, more than
moderate mitral regurgitation, mitral stenosis, mitral annular
calcification, mitral valve repair/prosthetic mitral valve, LV
assist device, and high output HF the same algorithm should
not be applied [41]. It is also estimated that in approximately
50% of patients with HFpEF, the LV GLS values are normal
at rest and a high percentage of patients develop symptoms of
HF only during exercise, consequentially resting echocardio-
graphic values may not be sufficient, hence making exercise
echocardiographic measurements crucial (diastolic stress test)
[41, 47]. The EACVI/ASE recommend a stepped protocol,
starting at 25 W at 60 r.p.m. with the load increasing by 25 W
every 3 min until the patient has reached maximal predicted
workload and/or maximal predicted HR (220, age in years)
and/or developed limiting symptoms [48]. Exercise echocar-
diography should be considered abnormal if the average E/e’
ratio at peak stress increases to > 15, with or without a peak
TR velocity > 3.4 m/s [31, 48, 49].

Echocardiographic evaluation of compromised
forward outflow and its prognostic impact

In many studies, SD was the most accurate prognostic pre-
dictor in HF, with a cut off of 22 cm [50] or 18 cm [20] (the
cut off value depends on the disease status and the context
(hospitalized or ambulatory) in which patients have been
evaluated instead of CI which is not associated with mortal-
ity, probably because of the compensatory high HR during
low output state [51]. In outpatients with coronary artery
disease, a SD <22 cm predicts HF hospitalization [50] and
the lowest is SD, and the worst is the prognosis of patients
(SD < 18 cm predicts the combined end point of HF hos-
pitalization or mortality) [20]. In a cohort of patients with
HF and extremely low LVOT VTI (cut off 10 cm) at base-
line, the lowest tertile cut-off of 8 cm strongly predicts an
adverse outcome (combination of 12-month death and LV
assist device implantation) [52].

In a population of patients hospitalized due to HF, SD
was independently associated with 5-year all-cause mortal-
ity, while LVEF was not and patients with stroke distance
below 15,7 have 82% higher age-adjusted risk for death dur-
ing follow-up [51]. A recent study showed that LV output
evaluated as per-beat index, such as SVi (<30 mL/mz), as
a better predictor of outcome than CI (per-minute index)
[53]. In HF patients, the degree of diastolic dysfunction
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was a stronger predictor of mortality than LVEF [54] and a
high E/e’ ratio at 1-year follow-up predicted poor long-term
outcome [55]. Some authors [15] tried to integrate CO and
LVFP echocardiographic indices all together, to validate a
prognostic model and subdivided patients hospitalized for
HF into four categories based on SVi (<30 mL/m?), LVFP
estimation (using the validated ESC Guidelines algorithm)
[56] and the presence of RV dysfunction (RVD, defined as
TAPSE < 17 mm): normal flow-normal pressure (NF-NP),
normal flow-high pressure (NF-HP), low flow (LF) with
no RVD (LF-NRVD), LF with RVD (LF-RVD) [15]. This
approach, based on echo-directed hemodynamics profiles,
predicted the clinical outcome of hospitalized patients with
HF and proved superior to LVEF in prognostic stratification.
The LF status identified patients with a worse prognosis,
in particular, the LF-RVD group had a major number of
adverse events and NF-NP had the better prognosis [15].

We should underline the useful combination of different
echocardiographic parameters of either diastolic dysfunction
or reduced outflow, during follow up of patients with HF
[14],[57). The combination of these parameters outperforms
EF in both the assessment and the outcome prediction of
patients with HFrEF [14, 57].

Left ventricular myocardial longitudinal
strain: a useful tool in hemodynamics
evaluation of HF patients

LV GLS by STE allows evaluation of LV myocardial func-
tion in patients with HF [5]. GLS is superior to LVEF and
other longitudinal markers (such as tissue Doppler imaging)
in identifying HF patients with poor clinical outcome [58].
Some authors [57] divided HF patients in four hemodynam-
ics phenotypes based on LV SVi, LVFP, and right ventricu-
lar (RV) function: normal output-normal LVFP (NO-NP),
normal output-high LVFP (NO-HP), low output- no RV
dysfunction (LO-NRVD), and low output-RV dysfunction
(LO-RVD). LV GLS of these patients showed progressive
impairment of hemodynamics phenotypes. The highest prog-
nostic value added by LV GLS was in patients with normal
SVi and it was not associated with a prognostic endpoint in
the LO subgroups, GLS < — 12% identified patients with the
worst prognosis in the NO-NP and NO-HP [57].

New directions in the assessment
of hemodynamics variables

The hemodynamics study of HF patients involves a mul-
tiparametric approach. The estimation of systemic vascular
resistances (SVR) turned out to be important, consider-
ing its role in maintaining systemic blood pressure and
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organ perfusion, particularly during reduction of SV in
HF patients [59].

ASE Guidelines support echocardiography estimation of
SVR [60] in a critical setting. This approach was recently
validated in a prospective comparison study assessing the
SVR index by both echocardiography and transpulmonary
thermodilution in 28 patients hospitalized for cardiogenic
shock, on admission and after treatment [61]. The authors
observed a good correlation between invasive and echocar-
diographic measures of estimation of SVR (r=0.86, 95%
confidence interval 0.74, 0.93; p <0.0001) [61].

The SVR index (SVRi) [60] is determined using mean
arm arterial blood pressure (MAP), right arterial pressure
(RAP), and cardiac index with the following formula: SVRi
(dynes. s. m%cm™)=(MAP - RAP) (mmHg) x 80/cardiac
index (L. m~'. m™?). RAP was estimated on the basis of
inferior vena cava size and its breathing-related collaps-
ibility [60]: size <2.1 cm and collapses > 50% during
sniff =RAP 0-5 mmHg; size >2.1 cm and collapses > 50%
during sniff =RAP 5-10 mmHg; size >2.1 cm and col-
lapses < 50% during sniff =RAP 10-20 mmHg. Another
simplified method for estimating SVR has been validated,
using the ratio of the peak mitral regurgitant velocity (MRV)
(m/s) to LVOT VTI (cm) by Doppler echocardiography [62].
This parameter correlated better with invasive right heart
catheterization estimation of SVR. It has been demonstrated
[63] that the prognostic value of the estimated SVR analogue
(eSVR), calculated as the ratio of systolic blood pressure to
LVOT VTI is associated with a higher risk of adverse out-
comes, including HF, MACE, and all-cause mortality. The
highest eSVR tertile (>6.9) had the highest risk of adverse
events compared to the lowest tertile (< 5.6) that was associ-
ated with the best outcome [63]. eSVR is easier to calculate,
without a need to calculate MAP, the CO, or RAP.

Estimation of pulmonary vascular resistance (PVR) is
also useful, in the prospect of performing a complete non-
invasive hemodynamics evaluation. The Doppler-derived
equation for estimating PVR (PVR =PAPm_,—PCWP/
CO,o» Where PAPm,, , is echocardiographic estimation of
mean pulmonary arterial pressure and PCWP is assumed
10 mmHg) has proved very accurate in identifying patients
with raised PVR with strong correlation (r=0.87, p <0.001)
with the respective catheter-based measurements [64].

Accordingly, there is not a single parameter that is
unique in evaluating patients with HF, in particular
those with EFpEF, making it necessary to combine sev-
eral parameters to accurately establish etiology (such as
hypertensive cardiomyopathy or chronic coronary dis-
ease) and to grade diastolic dysfunction; to measure LV
and LA myocardial intrinsic function (strain), LA volume
index, SVi; and to estimate LVFP. In HFrEF patients, the
LV antegrade flow is expected to be low (as shown by
reduced SVi). In contrast, it is not so obvious in patients

with HFpEF in whom there is a wide spectrum of patients
with a LF “paradoxical” phenotype [65]. In a cohort of
stable outpatients with HFpEF, it has been demonstrated
[66] that 37% had a LF phenotype, using a SVi cut-off
value of <35 ml/m2. Some recently [65] reported lower
(23%) LF, using a SVi cut-off value of <30 ml/m2, in
hospitalized HFpEF patients which were better associated
with outcome, compared to SVI < 35 ml/m?, as previously
described by the same group [53]. Patients with HFpEF
and LF phenotype were associated with smaller LV cavity
size (LV end-diastolic diameter indexed [EDDi], measured
at the level of the mitral valve leaflet tips: EDDI < 25 mm/
m? in males and < 26 mm/m? in females) with LV con-
centric remodeling, RV dysfunction (defined as tricuspid
annular plane systolic excursion/systolic pulmonary artery
pressure ratio [TAPSE/sPAP] of < 0.36 mm/mmHg, as pre-
viously identified)[67] and AF at the time of echocardio-
graphic evaluation [65]. Chronic pressure overload due to
arterial hypertension (AH) is the typical pathophysiologi-
cal model which if not properly treated can lead to HEpEF.
Approximately 20-60% of patients with uncomplicated
AH have echocardiographic evidence for increased LV
mass (and stiff chamber) [68], caused by increased wall
thickness and concentric hypertrophy which over time (in
complicated AH) can determine increased LV and LA fill-
ing pressure, diastolic dysfunction and myocardial fibro-
sis, eventually evolving to AF [69] and congestive HF if
untreated [5].

In HFpEF, LA plays a key role in preserving good LV func-
tion and the asymptomatic status of the patients [70] since the
very first stage of diastolic dysfunction contributes in main-
taining normal cardiac filling and output [71], before major
remodeling occurs, which alters cardiomyocytes and inter-
stitial ultrastructure, leading to LA myocardial fibrosis [72].
Eventually, the latter determines high LVFP [73], until the
development of HFrEF [74]. Late-stage HF patients involve
RV enlargement and reduced systolic function (in the form of
reduced RV free-wall longitudinal strain) due to significant RV
myocardial fibrosis [75], determining poorer exercise capacity
[76, 77] and reduced survival [78, 79].

Conclusion

Currently, Doppler echocardiographic estimates of hemo-
dynamics variables are accurate and reproducible and
can provide a thorough hemodynamics evaluation of HF
patients independent of the type of HF, also in advanced
HF. The available evidence supports an integrated approach
to HF categorization based on cardiac hemodynamics (LV
systolic forward flow, LVFP), in association with LV and
LA myocardial strain and RV systolic function in order to
better ascertain the patient’s pathophysiology and stratify
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prognosis. We therefore suggest overcoming the limitation
of measuring LVEF by incorporating the above-discussed
modalities with their documented advantages.

Author contribution Dr. Matteo Lisi, Dr. Giovanni Andrea Luisi, and
Dr. Maria Concetta Pastore had the idea for the article; Drs. Matteo
Lisi performed the literature search and analysis; Dr. Matteo Lisi,
Dr. Giovanni Andrea Luisi, and Prof. Michael Y. Henein drafted the
manuscript. Drs. Matteo Lisi, Giovanni Andrea Luisi, Maria Concetta
Pastore, Giulia Elena Mandoli, Giovanni Benfari, Federica Ilardi,
Alessandro Malagoli, Simona Sperlongano, Prof. Michael Y. Henein,
Prof. Matteo Cameli, and Dr. Antonello D’Andrea critically revised the
work. All authors read and approved the final manuscript.

Funding Open access funding provided by Universita degli Studi di
Siena within the CRUI-CARE Agreement.

Availability of data and material Not applicable.

Code availability Not applicable.

Declarations
Ethics approval Not applicable.
Consent to participate None.

Consent for publication All the authors have read and approved the
final version of the manuscript and gave their consent for publication.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Cameli M, Mondillo S, Solari M, Righini FM, Andrei V, Contaldi
C, De Marco E, Di Mauro M, Esposito R, Gallina S, Montisci
R, Rossi A, Galderisi M, Nistri S, Agricola E, Mele D (2016)
Echocardiographic assessment of left ventricular systolic func-
tion: from ejection fraction to torsion. Heart Fail Rev 21:77-94

2. McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach A,
Bohm M, Burri H, Butler J, Celutkiené 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 JJV, Mebazaa A, Mindham
R, Muneretto C, Francesco Piepoli M, Price S, Rosano GMC,
Ruschitzka F, Kathrine Skibelund A, ESC Scientific Document
Group (2022) 2021 ESC Guidelines for the diagnosis and

@ Springer

10.

11.

12.

13.

14.

treatment of acute and chronic heart failure: developed by the
task force for the diagnosis and treatment 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 J Heart Fail 24(1):4-131

Bozkurt B, Coats AJ, Tsutsui H, Abdelhamid M, Adamopoulos
S, Albert N, Anker SD, Atherton J, Bohm M, Butler J, Drazner
MH, Felker GM, Filippatos G, Fonarow GC, Fiuzat M, Gomez-
Mesa JE, Heidenreich P, Imamura T, Januzzi J, Jankowska EA,
Khazanie P, Kinugawa K, Lam CSP, Matsue Y, Metra M, Ohtani
T, Piepoli MF, Ponikowski P, Rosano GMC, Sakata Y, SeferoviC
P, Starling RC, Teerlink JR, Vardeny O, Yamamoto K, Yancy
C, Zhang J, Zieroth S (2021) Universal definition and classifi-
cation of heart failure: a report of the Heart Failure Society of
America, Heart Failure Association of the European Society of
Cardiology, Japanese Heart Failure Society and Writing Com-
mittee of the Universal Definition of Heart Failure. J Card Fail
S1071-9164(21):00050-00056

Mele D, Andrade A, Bettencourt P, Moura B, Pestelli P, Ferrari
R (2020) From left ventricular ejection fraction to cardiac hemo-
dynamics: role of echocardiography in evaluating patients with
heart failure. Review Heart Fail Rev 25(2):217-230

Lisi M, Cameli M, Mandoli GE, Pastore MC, Righini FM,
D’Ascenzi F, Focardi M, Rubboli A, Mondillo S, Henein MY
(2022) Detection of myocardial fibrosis by speckle-tracking echo-
cardiography: from prediction to clinical applications. Heart Fail
Rev 27(5):1857-1867

Cameli M (2022) Echocardiography strain: why is it used more
and more? Eur Heart J Suppl 24(Suppl I):138-142

Park 1J, Park JB, Park JH, Cho GJ (2018) Global longitudinal
strain to predict mortality in patients with acute heart failure.
Clinical Trial ] Am Coll Cardiol 71(18):1947-1957

Volpi A, De Vita C, Franzosi MG, Geraci E, Maggioni AP,
Mauri F, Negri E, Santoro E, Tavazzi L, Tognoni G (1993)
Determinants of 6-month mortality in survivors of myocardial
infarction after thrombolysis. Results of the GISSI-2 data base.
The Ad hoc Working Group of the Gruppo Italiano per lo Studio
della Sopravvivenza nell’Infarto Miocardico (GISSI)-2 Data Base.
Circulation 88(2):416-429

Braunwald E, Ross J Jr, Sonnenblick EH (1967) Mechanisms
of contraction of the normal and failing heart. N Engl J Med
277(15):794-800

Ommen SR, Nishimura RA, Appleton CP, Miller FA, Oh JK,
Redfield MM, Tajik AJ (2000) Clinical utility of Doppler echo-
cardiography and tissue Doppler imaging in the estimation of left
ventricular filling pressures: a comparative simultaneous Doppler-
catheterization study. Circulation 102:1788-1794

Cameli M, Lisi M, Righini FM, Tsioulpas C, Bernazzali S,
Maccherini M, Sani G, Ballo P, Galderisi M, Mondillo S (2012)
Right ventricular longitudinal strain correlates well with right
ventricular stroke work index in patients with advanced heart
failure referred for heart transplantation. J Card Fail 18:208-215
Nishimura RA, Tajik AJ (1997) Evaluation of diastolic filling of
left ventricle in health and disease: Doppler echocardiography is
the clinician’s Rosetta Stone. J] Am Coll Cardiol 30(1):8-18
Pastore MC, Ilardi F, Stefanini A, Mandoli GE, Palermi S, Bandera
F, Benfari G, Esposito R, Lisi M, Pasquini A, Santoro C,
Valente S, D’Andrea A, Cameli M (2022) Working group of
echocardiography of the Italian society of cardiology. Bedside
ultrasound for hemodynamic monitoring in cardiac intensive care
unit. J Clin Med 11(24):7538

Dini FL, Ballo P, Pugliese NR, Bytyc¢i I, D’Agostino A, Bajraktari
G, Pedrinelli R, Henein MY (2021) Improved diastolic dysfunc-
tion is associated with higher forward flow and better prognosis
in chronic heart failure. Int J Cardiovasc Imaging. https://doi.org/
10.1007/s10554-021-02457-z


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s10554-021-02457-z
https://doi.org/10.1007/s10554-021-02457-z

Heart Failure Reviews

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Mele D, Pestelli G, Dini FL, Dal Molin D, Smarrazzo V, Trevisan
F, Luisi GA, Ferrari R (2020) Novel echocardiographic approach
to hemodynamic phenotypes predicts outcome of patients hospi-
talized with heart failure. Circ Cardiovasc Imaging 13(4):e009939
Lewis JF, Kuo LC, Nelson JG, Limacher MC, Quinones MA
(1984) Pulsed Doppler echocardiographic determination of stroke
volume and cardiac output: clinical validation of two new methods
using the apical window. Circulation 70:425-431

Gola A, Pozzoli M, Capomolla S, Traversi E, Sanarico M, Cobelli
F, Tavazzi L (1996) Comparison of Doppler echocardiography
with thermodilution for assessing cardiac output in advanced con-
gestive heart failure. Am J Cardiol 78:708-712

Temporelli PL, Scapellato F, Eleuteri E, Imparato A, Giannuzzi
P (2010) Doppler echocardiography in advanced systolic heart
failure. A noninvasive alternative to Swan-Ganz catheter. Circ
Heart Fail 3:387-394

Nagueh SF, Bhatt R, Vivo RP, Krim SR, Sarvari SI, Russell K,
Edvardsen T, Smiseth OA, Estep JD (2011) Echocardiographic
evaluation of hemodynamics in patients with decompensated sys-
tolic heart failure. Circ Cardiovasc Imaging 4:220-227

Ristow B, Na B, Ali S, Whooley MA, Schiller NB (2011) Left
ventricular outflow tract and pulmonary artery stroke distances
independently predict heart failure hospitalization and mortality:
the heart and soul study. J] Am Soc Echocardiogr 24:565-572
Andersen OS, Smiseth OA, Dokainish H, Abudiab MM, Schutt
RC, Kumar A, Sato K, Harb S, Gude E, Remme EW, Andreassen
AK, Ha JW, Xu J, Klein AL, Nagueh SF (2017) Estimating left
ventricular filling pressure by echocardiography. J Am Coll
Cardiol 69:1937-1948

Lancellotti P, Galderisi M, Edvardsen T, Donal E, Goliasch
G, Cardim N, Magne J, Laginha S, Hagendorff A, Haland TF,
Aaberge L, Martinez C, Rapacciuolo A, Santoro C, Ilardi F,
Postolache A, Dulgheru R, Mateescu AD, Beladan CC, Deleanu
D, Marchetta S, Auffret V, Schwammenthal E, Habib G, Popescu
BA (2017) Echo-Doppler estimation of left ventricular filling
pressure: results of the multicentre EACVI euro-filling study. Eur
Heart J Cardiovasc Imaging 18:961-968

Nagueh SF, Middleton KJ, Kopelen HA, Zoghbi WA, Quifiones
MA (1997) Doppler tissue imaging: a noninvasive technique for
evaluation of left ventricular relaxation and estimation of filling
pressures. J Am Coll Cardiol 30(6):1527-1533

Doughty RN, Klein AL, Poppe KK, Gamble GD, Dini FL, Mgller
JE, Quintana M, Yu CM, Whalley GA (2008) Independence of
restrictive filling pattern and LV ejection fraction with mortality
in heart failure: an individual patient meta-analysis. Meta-analysis
Research Group in Echocardiography (MeRGE) Heart Failure
Collaborators; Meta-Analysis. Eur J Heart Fail 10(8):786—792
Pinamonti B, Zecchin M, Di Lenarda A, Gregori D, Sinagra G,
Camerini F (1997) Persistence of restrictive left ventricular filling
pattern in dilated cardiomyopathy: an ominous prognostic sign. J
Am Coll Cardiol 29(3):604-612

Giannuzzi P, Temporelli PL, Bosimini E, Silva P, Imparato A,
Corra U, Galli M, Giordano A (1996) Independent and incremen-
tal prognostic value of Doppler-derived mitral deceleration time of
early filling in both symptomatic and asymptomatic patients with
left ventricular dysfunction. ] Am Coll Cardiol 28(2):383-390
Dini FL, Michelassi C, Micheli G, Rovai D (2000) Prognostic
value of pulmonary venous flow Doppler signal in left ventricular
dysfunction: contribution of the difference in duration of pulmo-
nary venous and mitral flow at atrial contraction. Comparative
Study J Am Coll Cardiol 36(4):1295-1302

Masuyama T, Kodama K, Kitabatake A, Sato H, Nanto S, Inoue M
(1986) Continuous-wave Doppler echocardiographic detection of
pulmonary regurgitation and its application to noninvasive estima-
tion of pulmonary artery pressure. Circulation 74:484-492

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Jenkins BS, Bradley RD, Branthwaite MA (1970) Evaluation of
pulmonary arterial end-diastolic pressure as an indirect estimate
of left atrial mean pressure. Circulation 42:75-78

Barbier P, Cucco C, Guglielmo M, Simioniuc A, Fabiani
I, Pugliese NR, Savioli G, Dini FL (2020) Estimation of
increased pulmonary wedge pressure by an algorithm based
on noninvasively measured pulmonary diastolic pressure in
cardiac patients independent of left ventricular ejection fraction.
Echocardiography 37(2):215-222

Nagueh SF, Smiseth OA, Appleton CP, Byrd BF, Dokainish
H, Edvardsen T, Flachskampf FA, Gillebert TC, Klein AL,
Lancellotti P, Marino P, Oh JK, Popescu BA, Waggoner AD
(2016) Recommendations for the evaluation of left ventricular
diastolic function by echocardiography: an update from the
American Society of Echocardiography and the European
Association of cardiovascular Imaging. ] Am Soc Echocardi-
ogr 29:277-314

Inoue K, Khan FH, Remme EW, Ohte N, Garcia-Izquierdo E,
Chetrit M, Moiiivas-Palomero V, Mingo-Santos S, Andersen @S,
Gude E, Andreassen AK, Wang TKM, Kikuchi S, Stugaard M,
Ha J-W, Klein AL, Nagueh SF, Smiseth OA (2021) Determinants
of left atrial reservoir and pump strain and use of atrial strain for
evaluation of left ventricular filling pressure. Eur Heart J Cardio-
vasc Imaging 23(1):61-70

Oh JK, Miranda WR, Bird JG, Kane GC, Nagueh SF (2020) The
2016 diastolic function guideline: is it already time to revisit or
revise them? JACC Cardiovasc Imaging 13(1 Pt 2):327-35
Mandoli GE, Sisti N, Mondillo S, Cameli M (2020) Left atrial strain
in left ventricular diastolic dysfunction: have we finally found the
missing piece of the puzzle? Heart Fail Rev 25(3):409-417
Mondillo S, Cameli M, Caputo ML, Lisi M, Palmerini E, Padeletti
M, Ballo P (2011) Early detection of left atrial strain abnormali-
ties by speckle-tracking in hypertensive and diabetic patients with
normal left atrial size. J Am Soc Echocardiogr 24(8):898-908
Bytyci I, Bajraktari G, Lindqvist P, Henein MY (2019) Compro-
mised left atrial function and increased size predict raised cav-
ity pressure: a systematic review and meta-analysis. Clin Physiol
Funct Imaging 39(5):297-307

Potter EL, Ramkumar S, Kawakami H, Yang H, Wright L, Negishi
T, Marwick TH (2020) Association of asymptomatic diastolic dys-
function assessed by left atrial strain with incident heart failure.
JACC Cardiovasc Imaging 13(11):2316-2326

Morris DA, Belyavskiy E, Aravind-Kumar R, Kropf M, Frydas A,
Braunauer K, Marquez E, Krisper M, Lindhorst R, Osmanoglou
E, Boldt LH, Blaschke F, Haverkamp W, Tschope C, Edelmann
F, Pieske B, Pieske-Kraigher E (2018) Potential usefulness and
clinical relevance of adding left atrial strain to left atrial volume
index in the detection of left ventricular diastolic dysfunction.
JACC Cardiovasc Imaging 11(10):1405-1415

Dal Canto E, Remmelzwaal S, van Ballegooijen AJ, Handoko
ML, Heymans S, van Empel V, Paulus WJ, Nijpels G, Elders
P, Beulens JW (2022) Diagnostic value of echocardiographic
markers for diastolic dysfunction and heart failure with preserved
ejection fraction. Heart Fail Rev 27(1):207-218

Reddy YNV, Obokata M, Egbe A, Yang JH, Pislaru S, Lin G,
Carter R, Borlaug BA (2019) Left atrial strain and compliance in
the diagnostic evaluation of heart failure with preserved ejection
fraction. Eur J Heart Fail 21(7):891-900

Smiseth OA, Morris DA, Cardim N, Cikes M, Delgado V, Donal
E, Flachskampf FA, Galderisi M, Gerber BL, Gimelli A, Klein AL,
Knuuti J, Lancellotti P, Mascherbauer J, Milicic D, Seferovic P,
Solomon S, Edvardsen T, Popescu BA (2022) Multimodality imag-
ing in patients with heart failure and preserved ejection fraction: an
expert consensus document of the European Association of Cardio-
vascular Imaging. Eur Heart J Cardiovasc Imaging 23(2):e34-e61

@ Springer



Heart Failure Reviews

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Venkateshvaran A, Tureli HO, Faxen UL, Lund LH, Tossavainen
E, Lindqvist P (2022) Left atrial reservoir strain improves diag-
nostic accuracy of the 2016 ASE/EACVI diastolic algorithm in
patients with preserved left ventricular ejection fraction: insights
from the KARUM haemodynamic database. Eur Heart J Cardio-
vasc Imaging 23(9):1157-1168

Boe S, Smiseth OA (2022) Left atrial strain imaging: ready for
clinical implementation in heart failure with preserved ejection
fraction. Eur Heart J Cardiovasc Imaging 23(9):1169-1170
Balaney B, Medvedofsky D, Mediratta A, Singh A, Ciszek B,
Kruse E, Shah AP, Addetia K, Lang RM, Mor-Avi V (2018)
Invasive validation of the echocardiographic assessment of left
ventricular filling pressures using the 2016 diastolic guidelines:
head-to-head comparison with the 2009 guidelines. J Am Soc
Echocardiogr 31(1):79-88

Mandoli GE, Cameli M, Pastore MC, Loiacono F, Righini
FM, D'Ascenzi F, Focardi M, Cavigli L, Lisi M, Bisleri
G, Dokollari A, Bernazzali S, Maccherini M, Valente S, Henein
M (2023) Left ventricular fibrosis as a main determinant of filling
pressures and left atrial function in advanced heart failure. Eur
Heart J Cardiovasc Imaging jead340. https://doi.org/10.1093/
ehjci/jead340

Cameli M, Sparla S, Losito M, Righini FM, Menci D, Lisi M,
D’Ascenzi F, Focardi M, Favilli R, Pierli C, Fineschi M, Mondillo
S (2016) Correlation of left atrial strain and Doppler measure-
ments with invasive measurement of left ventricular end-diastolic
pressure in patients stratified for different values of ejection frac-
tion. Echocardiography 33:398-405

Pieske B, Tschope C, de Boer RA, Fraser AG, Anker SD, Donal
E, Fu EF, M, Guazzi M, Lam CSP, Lancellotti P, Melenovsky V,
Morris DA, Nagel E, Pieske-Kraigher E, Ponikowski P, Solomon
SD, Vasan RS, Rutten FH, Voors AA, Ruschitzka F, Paulus WJ,
Seferovic P, Filippatos G, (2020) How to diagnose heart failure
with preserved ejection fraction: the HFA-PEFF diagnostic algo-
rithm: a consensus recommendation from the Heart Failure Asso-
ciation (HFA) of the European Society of Cardiology (ESC). Eur
J Heart Fail 22(3):391-412

Lancellotti P, Pellikka PA, Budts W, Chaudhry FA, Donal E,
Dulgheru R, Edvard-sen T, Garbi M, Ha JW, Kane GC, Kreeger
J, Mertens L, Pibarot P, Picano E, Ryan T, Tsutsui JM, Varga
A (2016) The clinical use of stress echocardiography in non-ischaemic
heart disease: recommendations from the European Association of
Cardiovascular Imaging and the American Society of Echocardiog-
raphy. Eur Heart J Cardiovasc Imaging 17:1191-1229

Obokata M, Kane GC, Reddy YN, Olson TP, Melenovsky V,
Borlaug BA (2017) Role of diastolic stress testing in the evaluation
for heart failure with preserved ejection fraction: a simultaneous
invasive-echocardiographic study. Circulation 135:825-838
Stevens SM, Farzaneh-Far R, Na B, Whooley MA, Schiller NB
(2009) Development of an echocardiographic risk-stratification index
to predict heart failure in patients with stable coronary artery disease.
The heart and soul study. JACC Cardiovasc Imaging 2:11-20
Zhong Y, Almodares Q, Yang J, Wang F, Fu M, Johansson MC
(2018) Reduced stroke distance of the left ventricular outflow
tract is independently associated with long-term mortality, in
patients hospitalized due to heart failure. Clin Physiol Funct Imag-
ing 38:881-888

Tan C, Rubenson D, Srivastava A, Mohan R, Smith MR, Billick
K, Bardarian S, Heywood JT (2017) Left ventricular outflow
tract velocity time integral outperforms ejection fraction and
Doppler-derived cardiac output for predicting outcomes in a select
advanced heart failure cohort. Cardiovasc Ultrasound 15:18
Mele D, Pestelli G, Molin DD, Trevisan F, Smarrazzo V, Luisi
GA, Fucili A, Ferrari R (2020) Echocardiographic evaluation of
left ventricular output in patients with heart failure: a per-beat or
per-minute approach? J Am Soc Echocardiogr 33(2):135-147.e3

Springer

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Little WC, Oh JK (2009) Echocardiographic evaluation of dias-
tolic function can be used to guide clinical care. Circulation
120:802-809

Takada T, Matsuura K, Minami Y, Abe T, Yoshida A, Kishihara
M, Watanabe S, Shirotani S, Jujo K, Hagiwara N (2022) Prog-
nosis and diastolic dysfunction predictors in patients with heart
failure and recovered ejection fraction. Sci Rep 12(1):8768
Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland
JGF, Coats AJS, Falk V, Gonzalez-Juanatey JR, Harjola VP,
Jankowska EA, Jessup M, Linde C, Nihoyannopoulos P, Parissis
JT, Pieske B, Riley JP, Rosano GMC, Ruilope LM, Ruschitzka
F, Rutten FH, Van der Meer P (2016) ESC 2016 Guidelines
for the diagnosis and treatment of acute and chronic heart
failure: the task force for the diagnosis and treatment of acute
and chronic heart failure of the European Society of Cardiol-
ogy (ESC). Developed with the special contribution of the
Heart Failure Association (HFA) of the ESC. Eur J Heart Fail
18(8):891-975

Dini FL, Pestelli G, Pugliese NR, D’Agostino A, Pedrinelli R,
Mele D (2023) Combining echo-derived haemodynamic pheno-
types and myocardial strain for risk stratification of chronic heart
failure with reduced ejection fraction. Eur Heart J Cardiovasc
Imaging 24(4):483-491

Nahum J, Bensaid A, Dussault C, Macron L, Clémence D,
Bouhemad B, Monin J-L, Dubois Rande J-L, Gueret P, Lim P
(2010) Impact of longitudinal myocardial deformation on the
prognosis of chronic heart failure patients. Circ Cardiovasc
Imaging 3(3):249-256

Ledoux J, Gee DM, Leblanc N (2003) Increased peripheral resist-
ance in heart failure: new evidence suggests an alteration in vas-
cular smooth muscle function. Br J Pharmacol 139:1245-1248
Porter TR, Shillcutt SK, Adams MS, Desjardins G, Glas KE,
Olson JJ, Troughton RW (2015) Guidelines for the use of echo-
cardiography as a monitor for therapeutic intervention in adults:
a report from the American Society of Echocardiography. J] Am
Soc Echocardiogr 28:40-56

Gaubert M, Resseguier N, Thuny F, Paganelli F, Cautela J, Pinto
J, Ammar C, Laine M, Bonello L (2020) Doppler echocardiogra-
phy for assessment of systemic vascular resistances in cardiogenic
shock patients. Eur Heart J Acute Cardiovasc Care 9(2):102-107
Abbas AE, Fortuin FD, Patel B, Moreno CA, Schiller NB, Lester
SJ (2004) Non-invasive measurement of systemic vascular resist-
ance using Doppler echocardiography. J] Am Soc Echocardiogr
17(8):834-838

Lu DY, Fang Q, Bibby D, Arora B, Schiller NB (2022) Associa-
tion of systemic vascular resistance analog and cardiovascular out-
comes: the heart and soul study. ] Am Heart Assoc 11(17):¢026016
Lindqvist P, Soderberg S, Gonzalez MC, Tossavainen E, Henein
MY (2011) Echocardiography based estimation of pulmonary
vascular resistance in patients with pulmonary hypertension: a
simultaneous Doppler echocardiography and cardiac catheteriza-
tion study. Eur J Echocardiogr 12(12):961-966

Mele D, Pestelli G, Dal Molin D, Fiorencis A, Flamigni F, Luisi
GA, Smarrazzo V, Trevisan F, Ferrari R (2020) Paradoxical low-
flow phenotype in hospitalized heart failure with preserved ejec-
tion fraction. Int J Cardiol Heart Vasc 28:100539

Patel KV, Mauricio R, Grodin JL, Ayers C, Fonarow GC, Berry
JD, Pandey A (2019) Identifying a low-flow phenotype in heart
failure with preserved ejection fraction: a secondary analysis of
the RELAX trial. ESC Heart Fail 6(4):613-620

Guazzi M, Bandera F, Pelissero G, Castelvecchio S, Menicanti
L, Ghio S, Temporelli PL, Arena R (2013) Tricuspid annular
plane systolic excursion and pulmonary arterial systolic pressure
relationship in heart failure: an index of right ventricular con-
tractile function and prognosis. Am J Physiol Heart Circ Physiol
305(9):H1373-H1381


https://doi.org/10.1093/ehjci/jead340
https://doi.org/10.1093/ehjci/jead340

Heart Failure Reviews

68.

69.

70.

71.

72.

73.

74.

Devereux RB, Casale PN, Hammond IW, Savage DD, Alderman
MH, Campo E, Alonso DR, Laragh JH (1987) Echocardiographic
detection of pressure-overload left ventricular hypertrophy: effect
of criteria and patient population. J Clin Hypertens 3(1):66-78
Kahan T, Bergfeldt L (2005) Left ventricular hypertrophy in
hypertension: its arrhythmogenic potential. Heart 91(2):250-256
Cameli M, Sciaccaluga C, Loiacono F, Simova I, Miglioranza
MH, Nistor D, Bandera F, Emdin M, Giannoni A, Ciccone MM,
Devito F, Guaricci Al, Favale S, Lisi M, Mandoli GE, Henein M,
Mondillo S (2019) The analysis of left atrial function predicts
the severity of functional impairment in chronic heart failure: the
FLASH multicenter study. Int J Cardiol 1(286):87-91

Cameli M, Mandoli GE, Mondillo S (2017) Left atrium: the last
bulwark before overt heart failure. Heart Fail Rev 22(1):123-131
Lisi M, Mandoli GE, Cameli M, Pastore MC, Righini FM, Benfari
G, Rubboli A, D’Ascenzi F, Focardi M, Tsioulpas C, Bernazzali S,
Maccherini M, Lisi E, Lindqvist P, Valente S, Mondillo S, Henein
MY (2022) Left atrial strain by speckle tracking predicts atrial
fibrosis in patients undergoing heart transplantation. Eur Heart J
Cardiovasc Imaging 23(6):829-835

van Heerebeek L, Borbély A, Niessen HWM, Bronzwaer JGF, van
der Velden J, Stienen GJM, Linke WA, Laarman GJ, Paulus WJ
(2006) Myocardial structure and function differ in systolic and
diastolic heart failure. Circulation 113(16):1966-1973

Cameli M, Mondillo S, Righini FM, Lisi M, Dokollari A,
Lindqvist P, Maccherini M, Henein M (2016) Left ventricular

75.

76.

7.

78.

79.

deformation and myocardial fibrosis in patients with advanced
heart failure requiring transplantation. J Card Fail 22(11):901-907
Lisi M, Cameli M, Righini FM, Malandrino A, Tacchini D,
Focardi M, Tsioulpas C, Bernazzali S, Tanganelli P, Maccherini
M, Mondillo S, Henein MY (2015) RV longitudinal deforma-
tion correlates with myocardial fibrosis in patients with end-stage
heart failure. JACC Cardiovasc Imaging 8(5):514-522

Di Salvo TG, Mathier M, Semigran MJ, Dec GD (1995) Preserved
right ventricular ejection fraction predicts exercise capacity and sur-
vival in advanced heart failure. ] Am Coll Cardiol 25(5):1143-1153
Fang F, Henein MY, Yu C-M, Li W, Kaya MG, Coats AJ, Lam
Y-Y (2013) Right ventricular long-axis response to different
chronic loading conditions: its relevance to clinical symptoms.
Int J Cardiol 167(2):378-382

Stein JH, Neumann A, Preston LM, Costanzo MR, Parrillo JE,
Johnson MR, Marcus RH (1997) Echocardiography for hemody-
namic assessment of patients with advanced heart failure and poten-
tial heart transplant recipients. J Am Coll Cardiol 30(7):1765-1772
Meluzin J, Spinarova L, Hude P, Krejci J, Dusek L, Vitovec J,
Panovsky R (2005) Combined right ventricular systolic and dias-
tolic dysfunction represents a strong determinant of poor prog-
nosis in patients with symptomatic heart failure. Int J Cardiol
105(2):164-173

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	New perspectives in the echocardiographic hemodynamics multiparametric assessment of patients with heart failure
	Abstract
	Introduction
	Echocardiographic evaluation of left ventricle antegrade flow
	Echocardiographic evaluation of heart failure based on hemodynamics approach
	Echocardiographic assessment of left ventricular filling pressure and its prognostic impact
	The contributions and limitations of international Guidelines for the assessment of raised left ventricular filling pressure and the role of left atrial strain
	Echocardiographic evaluation of compromised forward outflow and its prognostic impact

	Left ventricular myocardial longitudinal strain: a useful tool in hemodynamics evaluation of HF patients
	New directions in the assessment of hemodynamics variables
	Conclusion
	References


