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Introduction to Hemodynamic Forces
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ABSTRACT: The potential relevance of blood flow for describing cardiac function has been known for the past 2 decades, but
the association of clinical parameters with the complexity of fluid motion is still not well understood. Hemodynamic force (HDF)
analysis represents a promising approach for the study of blood flow within the ventricular chambers through the exploration
of intraventricular pressure gradients. Previous experimental studies reported the significance of invasively measured cardiac
pressure gradients in patients with heart failure. Subsequently, advances in cardiovascular imaging allowed noninvasive as-
sessment of pressure gradients during progression and resolution of ventricular dysfunction and in the setting of resynchro-
nization therapy. The HDF analysis can amplify mechanical abnormalities, detect them earlier compared with conventional
ejection fraction and strain analysis, and possibly predict the development of cardiac remodeling. Alterations in HDFs provide
the earliest signs of impaired cardiac physiology and can therefore transform the existing paradigm of cardiac function analy-
sis once implemented in routine clinical care. Until recently, the HDF investigation was possible only with contrast-enhanced
echocardiography and magnetic resonance imaging, precluding its widespread clinical use. A mathematical model, based
on the first principle of fluid dynamics and validated using 4-dimensional-flow-magnetic resonance imaging, has allowed HDF
analysis through routine transthoracic echocardiography, making it more readily accessible for routine clinical use. This article
describes the concept of HDF analysis and reviews the existing evidence supporting its application in several clinical settings.
Future studies should address the prognostic importance of HDF assessment in asymptomatic patients and its incorporation
into clinical decision pathways.
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ignificant advances have been made in recent

years in cardiovascular imaging for the quantitative

assessment of cardiac function. The conventional
approach based on left ventricular systolic emptying
(ejection fraction [EF]) has been supplemented with
deformation imaging (strain, strain rate) resulting in su-
perior morphologic-functional characterization of the
heart."? The quantitative analysis of the dynamic seg-
mental contraction-relaxation sequence demonstrates
the importance of mechanical synchrony and synergy
in the hemodynamic performance of the normal and
remodeled left ventricle (LV).2 There is a significant

relationship between segmental wall mechanics and
the fluid dynamics of left ventricular filling and ejection,
both in physiological and pathological conditions.*=®
Blood flow analysis may provide insights into cardiac
physiology, unachievable with conventional cardiovas-
cular imaging.

The blood flow is driven by intraventricular pres-
sure gradients (IVPG), which in turn are determined
by the functional interplay of the myocardium, valves,
and large vessels. The existence of IVPGs was ini-
tially hypothesized almost a century ago,’® and the
demonstration of their role in LV diastolic suction was

Correspondence to: Gianni Pedrizzetti, PhD, Department of Engineering and Architecture, University of Trieste, Via Alfonso Valerio, 6/1, 34127 Trieste, Italy.

E-mail: giannip@dia.units.it
*F. Vallelonga and L. Airale are co-first authors.
For Sources of Funding and Disclosures, see page 12.

© 2021 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited and

is not used for commercial purposes.
JAHA is available at: www.ahajournals.org/journal/jaha

J Am Heart Assoc. 2021;10:e023417. DOI: 10.1161/JAHA.121.023417


https://orcid.org/0000-0002-4628-6767
https://orcid.org/0000-0002-8863-8572
https://orcid.org/0000-0003-2886-7653
mailto:﻿
mailto:giannip@dia.units.it
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://www.ahajournals.org/journal/jaha

T20Z ‘ST Jequeda uo Aq Bio'sjeulno feye//:dny wouy papeojumoq

Vallelonga et al

Nonstandard Abbreviations and Acronyms

CRT cardiac resynchronization therapy
HDF hemodynamic force
IVPG intraventricular pressure gradient

described in the middle of the last century' (see also
the note'). More recently, open-chest experiments in
instrumented dogs'® have measured the phasic pat-
terns of pressure gradients between the base and the
apex of LV that explained the incoming flow and the
mitral valve motion. These studies have also demon-
strated that the ventricular filling relies on the factors
that determine the pressure gradients for any given
valve impedance. In addition, they have shown that an
efficient ventricular contraction generates high VPG
that underlies systolic blood ejection, whereas the de-
gree of relaxation determines the amplitude of VPG,
which facilitates diastolic filling.

IVPGs were initially investigated using cardiac cath-
eterization in animal models™ revealing a high sensitiv-
ity to detect alterations in LV function in patients with
heart failure (HF)."® These findings were not translated
into the clinical settings because of the invasive nature
of this experiment. In the 1990s noninvasive estima-
tion of diastolic pressure gradients was explored using
the spatial-temporal velocity distribution derived from
M-mode color Doppler'®'” or from phase-contrast
magnetic resonance imaging (MRI)."®'® However, the
clinical application of these methods did not find wide
acceptance because of lack of automated quantitative
analysis tools.

The analysis of intracardiac hemodynamic force
(HDF),?° which corresponds to the global value of IVPG
integrated over the ventricular volume, offers a rigor-
ous method to explore IVPGs and blood flow within
LV. It represents a spatial-temporal course of the pres-
sure gradients generated by the cyclical movement
of the blood and tissue boundary, and it is therefore
considered the fluid dynamics correlate of deformation
imaging.

In recent years, HDF analysis has been conducted
using echocardiographic particle image velocimetry,®
but the need for contrast agent infusion and high qual-
ity images, recorded at high frame rate, resulted in poor
applicability. Three-dimensional (3D) phase-contrast
MR, often referred to as 4-dimensional flow MRI, has
also been used to quantify HDF.*~" Four-dimensional
D) flow MRl is a highly reproducible method, which
is considered the reference standard for measuring
HDF. It has been evaluated against external reference
standards such as laser particle imaging velocimetry
and numerical models®'??; however, it gained limited
popularity because of high cost and low availability.
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In recent years, HDF analysis has become possible
with use of a mathematical model that is based on
the first principle of fluid dynamics?® and incorporates
the knowledge of LV geometry, endocardial tissue
movement, and areas of the aortic and mitral orifices,
without the need for assessment of blood velocities
inside LV. The HDF analysis has demonstrated reliable
results with both transthoracic echocardiography and
traditional cardiac MRI, compared well with 4D flow
MRI?* and retained high accuracy against a numeri-
cal test model.?® It can be considered the extension
of deformation imaging to the intraventricular flow dy-
namics to diagnose early-stage cardiac dysfunction
(Figure 1). Therefore, HDF could be a useful novel tool
in preventive cardiology, which can detect impaired
cardiac physiology in asymptomatic subjects and pro-
vide an opportunity for medical intervention at an early
stage.

Because the evidence base for HDF analysis is
still limited, it is considered an emerging method. The
aim of this brief review is to introduce the concepts of
HDF analysis to clinicians and highlight the potential
for clinical use. The first part presents the necessary
background for the interpretation of HDF in physiolog-
ical and pathological settings, and the following part
reviews the existing clinical results and discusses the
possible future applications.

THE PREMISE AND PHYSICAL
RATIONALE

The physical definitions of force and pressure are the
essential prerequisites to understand HDF analysis.
Force is defined as any interaction that, if not counter-
acted, can move the object on which it is acting. Force
is a vector quantity, composed of magnitude and di-
rection. It is measured in Newton (kgxm/s?), according
to the International System of Units, wherein 1 Newton
is the force required to impart an acceleration of 1 m/
s? to 1 kg of mass. Pressure is the force applied per
unit area; it is measured in Pascal (Pa), equal to N/m?,
wherein 1 Pa is the pressure of 1 N applied to an area
of 1 square meter. However, the millimeter of mercury
(mm Hg) is routinely used in medicine, and 1 mm Hg is
equivalent to 133 Pa.

The intracardiac blood flow direction is driven by the
pressure gradient between chambers. Blood moves
from regions with a higher pressure to those at a lower
pressure, with the benefit of competent valves pre-
venting retrograde flow; mean pressures at the aortic,
left ventricular, and left atrial levels, along the cardiac
cycle, are shown in Figure 2 (top chart).

HDF represents the global force exchanged be-
tween blood volume and endocardium. It is derived
from the summation of the individual IVPGs driving
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Figure 1.
abnormalities detection.

Temporal evolution of cardiac function analysis and improvement in mechanical

Noninvasive echocardiographic HDF analysis represents the latest evolution of cardiac deformation
analysis. HDFs could greatly amplify mechanical abnormalities and place even minor kinetic dysfunction
within detectable range. EF indicates ejection fraction; GLS, global longitudinal strain; HDF, hemodynamic
force; IVC, isovolumic contraction; IVR, isovolumic relaxation; and LV, left ventricle.

blood inside the ventricular chamber of interest.
This global force, by the relationship between
pressure gradient and velocity field (Navier-Stokes
equation), is

v
F@) = — -Vv )av, 1
® ”Jva)(at“ v) 0

where v (x, t) is the blood velocity at all points x in-
side the LV volume V(t), at all instants of time and
p=1.05 kg/L is the blood density (this definition
includes the force due to viscous stresses, albeit
mostly negligible).

The HDF force vector, Ft), is directed from the high-
est to the lowest pressure area. The intraventricular
HDF direction may not always coincide with blood flow
direction, because HDF aligns with the direction of the
acceleration of blood flow that, in unsteady motion,
may require some time to modify its direction after the
application of force.

Using the blood velocity recorded in the LV pool
with 4D flow MR, formula (1) allows the estimation of
the HDF. However, the same force vector can also be
computed from an integral over the LV boundary, S(f),
instead of the internal volume,

F@ = me [X (g—‘; -n) +V (V- n)] as. @

This formula requires the knowledge of the veloc-
ity only over the endocardial boundary and across
the valves and does not require measuring the blood
velocity inside the ventricular cavity. Therefore, it al-
lows evaluation of HDFs from the knowledge of the
moving ventricular geometry and the valve orifice
and can be employed with standard multiplane or
3D echocardiographic exams, without the need of
a 4D flow MR system. Although formula (2) may ap-
pear complex, it corresponds to the summation of
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Figure 2. Intracavitary pressure profiles, left ventricular blood volume, longitudinalhemodynamic
force, and electrical activity along the cardiac cycle.

Profiles of aortic pressure (red), LV pressure (green), LA pressure (yellow), LV volume (blue), and LV
longitudinal force (dark red) during the 5 phases of the cardiac cycle are shown: isovolumic contraction
(A), systolic ejection (B), isovolumic relaxation (C), early diastolic filling (D), diastasis (E) and late diastolic
filling (F). LA indicates left atrium; and LV, left ventricle.

values given by tissue position, velocity, and accel-
eration over the endocardial border. These values
are commonly used in other calculations, such as
strain and strain rate. Similarly, the average blood
velocity across the valve can be evaluated from the
volumetric changes using the conservation of mass
principle. Therefore, the HDF estimation from for-
mula (2) can be included in currently available imag-
ing solutions that compute volumetric rates or are
dedicated to deformation imaging, and therefore it
can be applied to standard images recorded during
an echocardiographic examination.

PHYSIOLOGICAL PATTERN OF
HEMODYNAMIC FORCES

HDFs in LV occur along 3 planes: basal-apical, septal-
lateral, and inferior-anterior. HDFs in the right ventricle
occur along the diaphragm-outflow tract, basal-apical,
and septal-free wall directions.?® For brevity, we will
discuss the LV HDF in the basal-apical direction, the
most widely reproducible and detectable force in all
patients and mention other components only when ap-
plicable. We will defer discussion of HDF in the right
ventricle, because the analysis is more complex owing
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to the changing dominant direction of flow during the
various phases of the cycle, and the evidence is more
limited.®222526 \WWhen the HDF vector is directed from
the apex to base of LV (when apical pressure is higher
than basal pressure), it is defined as a positive deflec-
tion (above the zero line); when the HDF vector is di-
rected from the base to apex (basal pressure higher
than apical pressure), it is defined as a negative deflec-
tion (below the zero line) (Figure 2).

An innovative feature inherent to HDF analysis is
the possibility to explore the time course of the HDF
curve during the heartbeat. Longitudinal HDF curves
are demonstrated in Figure 32" and Figure 4,'%28 which
detail the systolic and diastolic phases of cardiac cycle,
respectively.

In general, the curve profiles are intended both as
intervals of time and as instants and contain wealth
of information not obtainable by traditional noninva-
sive imaging methods. They could facilitate a deeper
understanding of individual events during the cardiac
cycle (Figure 5). This quantitative graphical represen-
tation of events of the cardiac cycle integrates the time
course of the ventricular volumes, LV shape, and the
intracavitary fluid dynamics. Reduction of the positive
HDF wave during systole may signal either impaired
global myocardial contractility or the presence of an
abnormal spatial-temporal contractile pattern, because
of lack of mechanical or electrical synergy among the
different segments resulting in an attenuated thrust
toward the LV outflow tract. The suction dynamics of
LV can be evaluated by the extent and duration of the
negative deflection that precedes mitral valve opening,
when changes in the LV shape and the magnitude of
elastic restoring forces generate a pressure gradient
directed toward the LV apex (negative HDF). On the
other hand, the way in which the negative diastolic part
of HDF is attenuated and reversed reflects mechanical
events more related to the load and to the passive me-
chanical properties of the LV chamber in its entirety.
Nevertheless, parameters that are most appropriate to
describe specific cardiac disorders are still to be vali-
dated in the clinical settings.

HEMODYNAMIC FORCE
NORMALIZATION

HDFs, being a physical quantity, are expressed in
Newton. They represent the force expressed by the
entire blood volume to the surrounding boundary.
Therefore, to enable comparisons between ventri-
cles of different sizes, it is necessary to normalize the
raw value of forces (in Newton) to the corresponding
value of LV volume for obtaining the average IVPG.®
Moreover, adjusting for fluid density and gravity ac-
celeration should allow representation of force as a

J Am Heart Assoc. 2021;10:e023417. DOI: 10.1161/JAHA.121.023417
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dimensionless number?*2%; with this normalization, its
expression in % corresponds to a force given in per-
centage of the static weight of the blood in LV or to an
acceleration expressed in percentage of gravity accel-
eration. The definition in dimensionless terms permits
comparisons between patients and consequently sim-
plifies the definition of normal reference limits for HDF.

HDF PARAMETERS

Several measures have been proposed to describe LV
HDF.?° They are mainly based on the time-curve of the
base-apex HDFs displayed in Figure 6 that can be de-
scribed by a series of parameters classified into 3 main
categories.

1. Amplitude parameters have been most frequently
reported in literature and include the following:

- The mean amplitude of the longitudinal force
along the entire cardiac cycle. This amplitude is
usually expressed as root mean square including
both positive and negative values.

- The mean amplitude of longitudinal force during
the systole.

- LV impulse: the mean amplitude of the longitudi-
nal force during the positive systolic phase, when
the force has an apex-base direction.®°

- LV suction: the mean amplitude of the longitudinal
force across the diastolic phases, when the force
is negative (base-apex direction), encompassing
end-systole and isovolumic relaxation.

2. Timing parameters are the measures associated
with timing of events derived from the HDF curve,
and include the following:

- Time from R-wave to positive peak of systolic
LV longitudinal force, including the rates of force
generation and force decay.

- Duration of LV negative longitudinal force in the
transition from systole to diastole.

- Time from the start of relaxation to positive peak
of diastolic LV longitudinal force.

3. Orientation parameters are measures associated
with the direction of LV force vector. They provide
a comparison between longitudinal and transverse
components, which can be presented as the aver-
age value for the entire or a selected period of the
cardiac cycle. These include:

- Ratio between the transverse force and the longi-
tudinal force.

- Dominant angle of the force vector, ranging from
90° (when the force is perfectly along the base-
apex direction) to 0°.
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Figure 3. Left ventricular longitudinal hemodynamic force (basal-apical): systolic phase.

The intraventricular pressure gradients are illustrated for simplicity through only 2 areas: the area at a
higher pressure is shown in orange and the area at a lower pressure is shown in blue. The direction
of the hemodynamic force (thin arrow) always goes from the higher toward the lower pressure area.
The direction of flow (wide arrow) goes from the higher to the lower pressure chamber. The beginning
of systole is characterized by isovolumic contraction, which occurs between the mitral valve closure
and aortic valve opening. During this phase the longitudinal force presents a positive deflection (A) due
to an apex-base IVPG, which causes an acceleration of flow in the apex-base direction accompanying
movement of blood flow toward the outflow, just before the opening of the aortic valve. Redirection of flow
and ventricular reshape are causally and temporally related and, if the mitral valve is competent, there is
no blood flow among the chambers, because both the aortic and mitral valves are closed. At this point
of time, aortic pressure still exceeds the ventricular pressure. As myocardial contraction continues, LV
pressure exceeds the aortic pressure, and the aortic valve opens. When the aortic valve opens, blood
ejection from LV begins. Initially, longitudinal force curve is characterized by a positive ascending phase,
because of the increase of the pressure gradient from the apex to base up to the maximum (B). Once the
peak is reached the second part, although ventricular contraction continues, LV starts to lose tension
and the gradient between the apex and the base decreases in a positive descending phase, as a large
part of blood volume has been ejected (C). Approaching the end systole, the gradient between apex
and base reverses (it becomes greater at the basal level). At this stage, ventricular flow is still exiting
but decelerating, because aortic pressure exceeds LV pressure and the intraventricular HDF is in the
direction opposite to flow (D) until aortic valve closes, and the LV enters the diastolic phase. HDF indicates
hemodynamic force; IVPG, intraventricular pressure gradient; and LV, left ventricle.

TECHNICAL LIMITATION

HDF analysis is a technique that exploits endocardial
edge tracking technology, whether applied to echocar-
diography or MRI. In order to obtain a 3D reconstruction
of the ventricle from the standard 2D echocardiogra-
phy, it is necessary to acquire endocardial tracking

J Am Heart Assoc. 2021;10:e023417. DOI: 10.1161/JAHA.121.023417

in multiple projections, which cannot be obtained si-
multaneously. Therefore, acquisitions of 3 different
windows are required, which are obtained at differ-
ent times and then synchronized by ECG gating. A
proper HDF analysis assumes a good ECG tracing,
a stable hemodynamic state during examination, and
the presence of a sinus rhythm. If these criteria are
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Figure 4. Left ventricular longitudinal hemodynamic force (basal-apical): diastolic phase.

The intraventricular pressure gradients are illustrated for simplicity through only 2 areas: the area at a higher pressure is shown in
orange and the area at a lower pressure is shown in blue. The absence of intraventricular gradient is colored in gray. The direction of the
hemodynamic force (thin arrow) always goes from the higher toward the lower pressure area. The direction of flow (wide arrow) goes
from the higher to the lower pressure chamber. Diastole begins with the isovolumic relaxation (A), in which both the aortic and the mitral
valves are closed. During this period, there is no flow between the cardiac chambers, but because of active myocardial relaxation and
recoil of elastic forces generated during the previous systole, the pressure gradient directed toward the ventricular apex increases,
thus generating a diastolic suction before the opening of the mitral valve. This phase persists until the LV pressure drops below the left
atrial pressure, the mitral valve opens, and the early diastolic filling begins; ventricular filling at the beginning is passive and the HDF
vector continues to be directed toward the LV apex, but the pooling of blood within the LV (toward the apex) rapidly reduces the HDF
toward zero (B). After this stage, LV filling continues supported by the upward movement of the mitral plane that displaces the blood
contained into the atrium inside the LV. In this phase, gradually, the pressure in the LV increases until it exceeds the atrial pressure,
thus inverting the A-V pressure gradient, decelerating the LV filling and making HDF to grow in the positive ascending phase (C). The
reduced passage of blood from the atrium to the LV progressively equilibrates the pressures in both chambers, eventually reducing
the gradient to zero, causing a positive descending phase on the HDF curve (D). In the next phase (diastasis), a pressure equilibrium is
established between the base and apex (and between the ventricle and left atrium) (E). The occurrence of atrial contraction, causes a
relative gradient from apex to base, resulting in HDF negative vectors (F) and producing the late diastolic filling. Once again, as blood
accumulates in LV, the ventricular gradient is reversed and HDF vector become positive (G), decelerating the diastolic filling flow and
preparing LV for the systolic ejection phase. A-V indicates atrio-ventricular; HDF, hemodynamic force; and LV, left ventricle.

not met, there is a risk of erroneous reconstruction of
LV, and therefore HDF analysis becomes inadequate.
Currently, the described methodology of HDF analy-
sis is not applicable to patients with irregular rhythms,

HDF ANALYSIS: CLINICAL
APPLICATIONS

Under normal conditions, the main HDFs are pre-

such as atrial fibrillation.

Endocardial tracing technology requires the visu-
alization of endocardial border throughout the whole
cardiac cycle and proper image contrast between the
endocardial border and the blood pool. Because of
high anatomic resolution, it is generally not an issue
with cardiac MR, but it may be more problematic with
echocardiography. Regardless, because both HDF
analysis and strain analysis rely on speckle-tracking
technology, dropout rates due to suboptimal image
quality are similar for these methods.

J Am Heart Assoc. 2021;10:e023417. DOI: 10.1161/JAHA.121.023417

dominantly oriented along the basal-apical direction,
as detailed previously (Figure 7A). Such an orientation
optimizes the energy expenditure required to produce
the stroke volume because the myocardial deforma-
tion drives blood along its natural direction from base
to apex and vice versa. Although the presence of a
small transversal component is unavoidable due to the
3D anatomy, the appearance of relevant transversal
components of HDF (Figure 7B) is always due to the
breakdown of the delicate synergy/synchrony of the
segmental myocardial deformation, which gives rise
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Figure 5. Relationship between heartbeat events and longitudinal hemodynamic force.

Time coupling among apical-basal HDF, LV volume, mitral and aortic valve M-mode, and LV M-mode is
shown. Isovolumic contraction (A), systolic ejection (B), isovolumic relaxation (C), early diastolic filling (D),
diastasis (E) and late diastolic filling (F). AVC indicates aortic valve closure; AVO, aortic valve opening;
ECG, electrocardiography; HDF, hemodynamic force; IVC, isovolumic contraction; IVR, isovolumic
relaxation; LV, left ventricular; MVC, mitral valve closure; and MVO, mitral valve opening.

to abnormally oriented, transient pressure gradients.
When a transversal component of HDFs develops with
an amplitude comparable to the longitudinal compo-
nent, it corresponds to a thrust made by a myocar-
dial region onto a facing regions through the column
of (incompressible) fluid between them and can be
considered a form of wasted effort, which does not
contribute efficiently to the ejection or filling. Alteration
in the HDF pattern is always the result of segmental

or global abnormalities of the movement of the blood-
cavity wall interface. The added value of HDF analysis
is usually because of the ability to amplify mechanical
abnormalities and make even small kinetic dysfunc-
tion detectable in a way that cannot be recognized by
direct observation. The perturbation of VPG induces
flow diversion, abnormalities of the vorticity pattern,
and ultimately reduction of endocardial shear stress,
which is a powerful trigger for ventricular remodeling.

J Am Heart Assoc. 2021;10:e023417. DOI: 10.1161/JAHA.121.023417 8



T20Z ‘ST Jequeda uo Aq Bio'sjeulno feye//:dny wouy papeojumoq

Vallelonga et al

Introduction to Hemodynamic Force Analysis

SYSTOLE DIASTOLE
T [ 1 T T T T 1 T
: [ 1 1 | | | 1 1
40 ' i i o i i i
! 1 1 ] 1 | I 1 1
1 1 1 1 1 1 |
! 1 1 ' ' ' |
o ] : 1 1 1 ' 1 | 1
P ! i o i i :
= 4] ' B ]
Eg ! : ' 1 1 1 | 1
1 1 1 1 1 L 1
s 5 : b : Late |
- : ‘ i E | i Diastolic i
3 ! : P ' 1 Deceleration
o ! 1 1 1 1 ' I
Q0 = ' | 1 | . I H
1 1 1 1 1
S : | ' 1 | !
'g_ ¥ ) ' i 1 d
1
! 1 1 Early | | ( 1 : ]
i ! Systolic | |Diastolic | ' ' :_:-ﬂ;ltrlalt :
! \Deceleration| Suction ! ! : { bheust.
1 1 1 1 1
=20 SN/ Y (1) N1/ | AU () LA (/) SR (1) B, L))
IvC SYSTOLIC EJECTION IVR  EARLY DIASTOLIC DIASTASIS LATE
FILLING DIASTOLIC
FILLING

Figure 6. Left ventricular longitudinal hemodynamic force (apical-basal).
Time profile of the apical-basal left ventricular hemodynamic force is shown highlighting main intracardiac
events during individual time intervals. IVC indicates isovolumic contraction; and IVR, isovolumic

relaxation.

In that sense, HDFs can identify conditions capable of
inducing adverse LV remodeling or predict reverse re-
modeling when a therapeutic intervention reorients it in
an orthodromic direction. Current clinical applications
of HDF are discussed later.

Cardiac Resynchronization Therapy
In patients with advanced HF, for whom cardiac resyn-
chronization therapy (CRT) is indicated, HDF analysis

shows substantial alteration of the systolic-diastolic
patterns, both quantitative and qualitative. The delayed
and asynchronous mechanical activation, generally
coupled with QRS complex widening, generates in-
creased transverse components of HDF, which in turn
result in increased energy dissipation.5"°

Early longitudinal normalization of HDF following
CRT, inferable both from the realignment of the longi-
tudinal HDF with the anatomical axis of the ventricular
inflow and from the reduction of transverse HDF, has

90° 270°

180°

0°

90° |- L . 270¢

180°

Figure 7.

Intensity-weighted polar histogram.

The distribution and intensity of the left ventricular hemodynamic forces during the entire heartbeat are
shown by red isosceles triangles within a polar histogram. A, Patient with a mainly longitudinal (apex-
base) directed forces; (B) Patient with a prevalent transversal (septal-lateral or inferior-anterior) directed

forces.
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been associated with favorable volumetric and func-
tional response to CRT at follow-up.®" Moreover, the
degree of pacing-induced longitudinal alignment of
HDF appears to be strongly related to the extent of re-
sponse.® These results have been reproducible in both
echocardiography or MRI studies, which highlights the
methodologic robustness of HDF analysis.>"® It should
also be noted that the reorientation of HDF direction
can be detected in responders after a few paced beats
in biventricular mode during CRT and can be employed
for fine-tuning the A-V and V-V intervals or selecting the
best stimulation mode for multipolar catheters.3?

Left bundle branch block (LBBB) is the major cause
of LV dyssynchrony and affects up to 25% of patients
with HF (Figure 8A).3% A recent study compared patients
with HF and LBBB with patients with HF without LBBB,?
focusing on the diastolic phase of cardiac cycle. During
early diastole, patients with LBBB showed less longitu-
dinal and more transverse component of HDF; therefore,
LV filing forces were more orthogonal to the main LV
flow direction resulting in abnormal diastolic function.
HDF orientation, computed in early diastole, was related
to QRS duration and septal-lateral delay providing a re-
liable parameter of diastolic dysfunction in patients with
LBBB.

Heart Failure
Comparative HDF analyses were recently reported for
patients with HF with preserved , midrange, and re-
duced EF and in healthy controls.2 HDFs have shown a
directly proportional relationship with EF: a progressive
reduction in HDF amplitude appears to correlate with
worsening LV systolic function. In patients with HF with
preserved EF, there is a significant variability of global
longitudinal strain and a wide distribution of myocardial
mass. Interestingly, the quantitative analysis of HDF,
which shifts the focus from wall mechanics to intra-
cavitary fluid dynamics, showed significant differences
between patients with HF with preserved EF and con-
trols, whereas EF and global longitudinal strain showed
no discrimination. This observation adds a new dimen-
sion to phenotyping of HF.8

In 1 HDF study’ of patients with clinically compensated
HF but LV dyssynchrony, 3 different patterns of forces
were related to the functional status of the LV: (1) normal
HDF pattern with larger diastolic inferior-anterior forces, (2)
reduced basal-apical forces in diastole, and (3) increased
inferior-anterior systolic forces with 1 large diastolic pair of
peaks in the basal-apical direction. These patterns were
proposed as a tool to assist or replace QRS duration as
an indication for CRT in patients with HF.

Idiopathic Dilated Cardiomyopathy

HDF patterns, along both long and short axes, were
analyzed in patients with dilated cardiomyopathy by 4D
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flow MRI.* A more heterogeneous pattern of HDFs was
observed compared with healthy subjects: the ratio be-
tween the maximum short- and long-axis forces was
substantially larger, both at early and late diastolic fill-
ing in patients with dilated cardiomyopathy (Figure 8B).
Although more studies are needed to define clinical im-
plications, HDF analysis may be suggested as a novel
tool in the study of early adverse cardiac remodeling.

Competitive Athletes

A 4D flow MRI-based HDF analysis comparing healthy
volunteers and elite athletes confirmed previous ob-
servations of the prominent longitudinal alignment of
hemodynamic forces in normal volunteers.® The pres-
ence of an HDF physiologic transverse component
during systole aligned along the lateral-septal axis, is
expected to support redirection of blood from the mi-
tral valve toward the left ventricular outflow tract. No
differences in magnitude of HDF were found between
healthy volunteers and elite athletes when indexed to
ventricular volumes. These results further confirmed
that normalizing HDF to LV volume allowed compari-
son of ventricles of different sizes.?°

Diastolic Function

The study of HDFs is suitable for a deeper under-
standing of the diastolic LV function. It is possible to
noninvasively quantify the extent and dynamics of the
diastolic suction function of LV from the curve of the
longitudinal trend of HDFs, as well as LV compliance
and passive properties from indices derived from the
rebound and early diastolic damping of the base-
apex HDF.3435 |In a recent pilot study, HDF analysis
has been applied to patients who had undergone right
cardiac catheterization.®® HDF analysis identified sev-
eral the most robust parameters associated with the
presence of increased LV filling pressures, which justi-
fies its inclusion in a multiparametric assessment of
diastolic function.

CLINICAL PERSPECTIVES AND
CONCLUSIONS

Flow determines the optimum cardiac function. Flow is
the main ontogenetic determinant of cardiac develop-
ment, form, and function, and it underlies the structural
and functional effects of compensatory dynamic re-
modeling. This interdependence, which is established
during embryonic development,3 39 seeks scientific
confirmation for the efficacy of therapeutic interven-
tions. HDF analysis allows the understanding of the
flow-tissue interaction.

Systematically designed studies will need to clarify
the prognostic influence of early assessment of HDF in
asymptomatic patients, in which pathologies or groups
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Figure8. Leftventricularlongitudinalhemodynamic force (apical-basal) in normal and pathologic

hearts.

A, Longitudinal HDF in normal heart (red), in mild dyssynchrony with preserved EF (light blue) and in
LBBB with reduced EF (dark blue) are shown. Mild dyssynchrony is associated with a modulation of the
systolic wave, due to the asynchronous contraction of different regions, and a rebound effect during
the diastolic relaxation phase. In presence of LBBB, the asynchrony is even more evident, especially in
systole. B, Longitudinal HDF in normal heart (red) and in DCM with reduced EF (purple) are shown. In
absence of asynchrony, DCM presents a generalized reduction in HDF amplitude. DCM indicates dilated
cardiomyopathy; EF, ejection fraction; HDF, hemodynamic force; and LBBB, left bundle branch block.

of patients HDF provides incremental information and
how it could influence clinical decisions. Valvular dis-
eases have yet to be investigated, and it is possible
that HDF analysis could provide early quantitative infor-
mation regarding the indications for surgical treatment
or the success of such treatment. Flow assessment in
arterial hypertension, a highly prevalent cardiovascular
risk factor, could determine the presence and degree of
hypertension-mediated organ damage and potentially
guide the therapeutic approach. Finally, HDF analysis
could offer invaluable insights into myocardial dysfunc-
tion beyond traditional echocardiographic parameters
and deformation measures. The possible applications

J Am Heart Assoc. 2021;10:e023417. DOI: 10.1161/JAHA.121.023417

and areas of research that could yield to HDF analy-
sis appear considerable and need to be expeditiously
explored.
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