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KEYWORDS Recent developments in echocardiographic imaging technology and processing enabled the quantifi-
Doppler myocardial imaging; cation of myocardial motion and deformation in a clinical setting. Echocardiographic strain (-rate)
Echocardiographic imaging; imaging provides a relatively easy way to study myocardial deformation. However, although (local)
Myocardial function; deformation is clearly linked to cardiac (dys-) function, it is important to understand how this infor-
Ventricular deformation mation can be used in clinical practice and how specific deformation patterns should be interpreted.

This review paper first discusses which issues are important to address when assessing cardiac function
and how (regional) deformation and myocardial contractility are related. The use and interpretation of
deformation profiles is further illustrated for some typical cardiac pathologies. The observed defor-
mation patterns are discussed in light of the changes in regional contractility (ischemia), timing of
contractile force development (LBBB and heart failure), pressure/volume overload, and assessing
diastolic function.

Introduction ranging from acute ischaemia, over stunning to chronic
ischaemia with sub-endocardial fibrosis.'”

For a proper interpretation of velocity and deformation
data in a clinical setting, it is required to understand
cardiac function/mechanics in normality and pathologies,
combined with knowledge on how intrinsic cardiac function
influences motion and deformation.

Recent developments in echocardiographic imaging technol-
ogy and processing enabled the quantification of myocardial
motion and deformation in a clinical setting. Echocardio-
graphic strain (-rate) imaging [either based on Doppler myo-
cardial imaging (DMI)' or speckle tracking?] provides a
relatively easy way to study myocardial deformation.

It has been shown, both in the early animal lab work based
on microcrystal measurements, and more recently using the ~ Assessing cardiac function
non-invasive image based methodologies, that analysing
myocardial velocities and deformation, especially when
combined with the response to a dobutamine challenge,
enables the assessment of myocardial dysfunction in a
wide range of cardiovascular pathologies (among which: cor-
onary artery disease and stress echo;>"® valvular diseases;”'3
hypertension;®'° hypertrophic cardiomyopathy;'" cardiac
resynchronization therapy (CRT);'? amyloidosis;'® heart
transplantation;'* genetic cardiomyopathies'®'). One of
the major strengths of quantitative deformation analysis is
the discrimination of different ischaemic substrates,

For the management of a broad range of heart diseases, a
quantitative, reproducible approach for the assessment of
cardiac (dys-) function is of great importance. However,
cardiac (dys-) function is a very general and non-specific
entity that is defined depending on the context. This
makes it difficult to unambiguously define, and thus quan-
tify, (dys-) function in a clinical context. Intrinsic cardiac
function implies the assessment of true contractility of the
myocardium. Using non-invasive approaches, this is cur-
rently not measurable and in clinical practice surrogates
for true cardiac contractility are assessed and reported as
reflecting cardiac function.
* Corresponding author. Tel: +34 935422255; fax: +32 935421446. Figure 1 illustrates how the heart [simplified to the left
E-mail address: bart.bijnens@upf.edu ventricle (LV)] manages to fulfil its task: maintaining a
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Figure 1 The functioning of the heart.

constant and adequate blood (volume) flow. The contractile
elements of the myocardium can develop a contractile force
and can shorten. These contractile elements are imbedded,
with a very specific distribution, in the LV with a certain
overall geometry (shape, thickness) and with specific
elastic properties. By the initial force development of the
contractile elements, the ventricle can increase its internal
pressure up to the point that this is high enough to open the
aortic valve. From that moment on, the shortening of the
contractile elements will decrease the cavity size so that
its internal blood content is ejected.

From Figure 1, it is clear that in order to understand the
functioning of the heart, all aspects, involved in both the
development of the internal pressure and the ejection of
the blood by the reduction (deformation) of the cavity
volume, have to be taken into account. Just measuring,
for example, the ejection fraction (EF), leaves out all infor-
mation on pressure, tissue properties, and the transform-
ation from shortening of the individual contractile
elements into the global deformation of the LV.

Thus, to fully describe cardiac function, two aspects and
their interaction should be distinguished: force development
(contractility of the myocytes, resulting in the generation of
sufficient pressure to open the cardiac valves) and defor-
mation (shortening of the myocytes, resulting in the actual
volume ejection). Additionally, ventricular function can be
interpreted either from a global perspective as overall
pump performance, or from a regional perspective where
the contributions of individual wall segments are taken
into account. The interactions between the components
force development and deformation are determined by the
boundary conditions in which the heart functions.

These include:

e Wall properties such as tissue composition and elasticity,
fiber structure, and global geometry, which determine the
local segment interactions and the resulting wall stress.

¢ Interaction between the heart and peripheral circulation,
mostly described as (pressure and volume) loading
conditions.

The interpretation of cardiac function data by examining
either wall mechanics (regional deformation-stress analysis)

or pump performance (pressure-volume analysis) requires
an integration of their measurement in the global picture
of the working of the heart (Figure 1).

In clinical practice, this integration is usually performed in
the mind of the investigator and only indirect measurements
of force development and volume ejection are used to study
cardiac function. These are mainly based on non-invasive
imaging techniques [echocardiography, cardiac magnetic
resonance imaging or computed tomography]. Usually,
patients are followed clinically using echocardiography.
Two-dimensional and Doppler echocardiography allow both
the direct anatomical evaluation of the myocardium and
the evaluation of haemodynamics. Cardiac geometry
and the degree of myocardial hypertrophy can be deter-
mined by measuring ventricular size, wall thickness, and
myocardial mass index.'®

For the evaluation of (systolic) cardiac function, the
intrinsic properties of the fibres and myocytes are the
most important, since these determine whether the myocar-
dium is affected by the chronic condition and their proper-
ties reflect when irreversible damage is induced. However,
current evaluation is based on global indices such as EF
and fractional shortening. These volume-based parameters
have important limitations in reflecting contractility in the
context of abnormal loading conditions because:

e The assessment of intrinsic function based on volume par-
ameters, like fractional shortening and EF, depends on
geometric assumptions. It is not well understood how
these are influenced by wall thickness or ventricular
shape. Often ‘supra-normal’ values of EF are measured
in hypertrophied or volume overloaded ventricles. It is
unclear whether these really reflect actual changes in
contractility.”

e All volume-based indices are load-dependent. During
disease progression, changes in loading or geometry will
affect functional evaluation. For the serial assessment
of myocardial contractility in such patients, an integrated
approach, which takes into consideration geometry and
loading, is required.

e Conventional parameters only assess global function. In
most conditions, which show alterations in myocardial
contractility, the assessment of regional ventricular func-
tion is important. Additionally, several of the methods for
global assessment concentrate only on radial function,
ignoring longitudinal function, which in most cardiac
pathology is altered before changes occur in radial
indices." Increased radial function often acts as a com-
pensation for the reduction in global longitudinal
function.

e Global measurements do not take into account segment
interactions that, e.g. only result in local wall defor-
mation which does not contribute to pressure build up
or a reduction in global ventricular volume.?

To overcome some of these concerns, new echocardio-
graphic methods have been proposed to assess regional ven-
tricular function based on myocardial motion and
deformation. One of these, which has proved to be both
important for understanding cardiac physiology and of
clinical value is tissue Doppler imaging, which allows the
quantification of myocardial velocities." Post-processing
techniques, based on acquired velocity data, allow the
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calculation of regional myocardial deformation (strain-rate
or rate of deformation and strain or amount of deformation)
while post-processing of grayscale images (using speckle
tracking or registration techniques) can provide information
on displacement and deformation. In a lot of cardiac pathol-
ogies, the reduction in myocardial deformation correlates
well with the severity of the disease.?'"?2 However, it is yet
unclear whether this is entirely due to a decrease in function
or rather related to changes in cardiac geometry and loading.

Myocardial motion and deformation

Using either DMI (also referred to as tissue Doppler imaging
or myocardial velocity imaging) or grayscale speckle track-
ing, motion of myocardial segments can be recorded and
quantified.

Figure 2A shows the motion components that can be
assessed based on echocardiographic imaging. From an
apical view, the longitudinal motion [the base of the LV
moving towards the (normally) fixed apex] can be assessed
while from using a parasternal (short or long-axis) view,
the inward radial motion can be measured.

Either by calculating the spatial gradients of the obtained
myocardial velocities' or by using a grayscale imaging
approach (speckle tracking),? local myocardial deformation
can be quantified. In reality, the deformation of a myocar-
dial segment during the cardiac cycle is very complex®*
(Figure 2B) and contains both normal deformation (longi-
tudinal shortening/lengthening, radial thickening/thinning,
and circumferential shortening/lengthening) and shear
(base-apex twisting, epi-endo circumferential shear, and
epi-endo longitudinal shear).'2>:26

Figure 2C shows a typical longitudinal velocity and displa-
cement (the temporal integral of the velocity) from a
normal individual (using high frame-rate DMI). Figure 2D
represents the corresponding deformation (strain) and
speed of deformation (strain-rate). Note that there is a
clear gradient from base to apex in both velocity and displa-
cement, which corresponds to the stationarity of the apex
within the thorax while the base moves towards it. In con-
trast, deformation is more or less homogenous throughout
the (normal) myocardial wall. These patterns will be
altered in cardiac pathologies (see further). Using Doppler-
based approaches, mainly longitudinal and radial motion/
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Figure 2 Myocardial motion and deformation consists of three major components: longitudinal, radial, and circumferential (A and B). The
total deformation, from end-diastole to end-systole, of a myocardial segment is very complex and includes shortening, thickening, and shear-
ing (B). Typical profiles for the velocity, displacement (C), and strain-rate, strain (D) traces during one cardiac cycle in normal myocardium.

AVC, aortic valve closure; MVO, mitral valve opening.
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deformation is studied, since it is difficult to align the
circumferential motion with the ultrasound beam, as is
required with this technique. With speckle tracking, longi-
tudinal and circumferential motion/deformation is most
commonly analysed, since the intrinsic spatial resolution of
the images is limited, making it difficult to track the tissue
within the (thin) wall. Moreover, the lateral resolution of
ultrasound images is intrinsically less than in the axial direc-
tion, making it more difficult to assess radial deformation
from an apical view.?”"?8 Additionally, speckle tracking
allows the assessment of cardiac rotation and torsion (if
measured at different levels).?’ When using either of the
approaches, it is important to note the inherent differences
in the results. DMl works at higher temporal resolution
(> 150 Hz), making it more suited to assess that fast
events, as are observed in velocities and strain-rates
(especially in the iso-volumic periods), while for the quanti-
fication of displacements and strain, the inherent lower
frame-rate used for speckle tracking (< 90 Hz) would be suf-
ficient. Speckle tracking has shown to be more reproducible
and requires less user expertise, but inherently uses more
spatial and temporal averaging of the obtained profiles,
resulting in significantly lower values when compared with
DMI and a decreased ability in detecting smaller abnormal
regions. 27:28:30:31

The relation between myocardial function
(contractility) and regional deformation

When using myocardial motion or deformation to assess
(dys-) function, it is important to understand the relation
between intrinsic function (contractility) and the resulting
motion/deformation.

In general, the relation between the forces acting up on
an object and the resulting deformation of that object is
described by Hooke’s law. This law states that forces
[mostly expressed as stress and with units pascal (Pa)] and
deformation [mostly Lagrangian (relative) deformation and
expressed as a percentage] are linked by the elasticity
(with units Pa) of the object. The more elastic an object,
the more it will be deformed by a certain force. This relation
(which is also time-variant), when applied to myocardium, is
illustrated in Figure 3.

In a myocardial segment, both the force developed ‘by’
the segment, as well as all forces developed ‘on’ the
segment have to be taken into account. Obviously, the
‘internal’ contractile force (the intrinsic ‘contractility’ of
the myocardium, a force trying to shorten the myocytes,
thus resulting in negative deformation) is the most

important. However, it has to be kept in mind that any
piece of myocardium is always imbedded in a ventricle,
resulting in external forces acting up on it (and mostly
working in the opposite direction of the contractile force).
These forces are described as the ‘loading’ of the tissue
and consist of the local wall stress, caused by the intra-
cavity pressure (whose influence is related to local geometry
of the ventricle), and the interaction with neighbouring,
contracting, segments (each contracting neighbouring
segment will ‘pull’ the segment under investigation).

As for any object, the relation between all acting forces
and the resultant deformation is ruled by the regional elas-
ticity, which, for myocardium, translates in the fibre/matrix
structure and the presence or absence of fibrosis and depo-
sitions. Also, it must be kept in mind that elasticity is not a
constant, since, due to the matrix structure of the tissue,
the more myocardium is stretched, the more difficult it
becomes to stretch it even further.

In summary, the main factors influencing regional myocar-
dial deformation are (Figure 4):

¢ Intrinsic contractility, i.e. the contractile force developed
by the myocardium (influenced by tissue perfusion and
electrical activation and being developed in the early
pargzof the ejection phase, peaking around one-third of
it).

e Cavity pressure (often referred to as afterload and influ-
enced by preload), whose influence is related to the
local ventricular geometry.>3

e Segment interaction (the influence of the contracting
neighboring segment).?°

e Tissue elasticity (which is dependent on the local his-
tology (fibrosis) and on the amount that the myocardium
is already stretched).*

Thus, these influencing factors consist of one active force
(contractility), two passive forces (pressure and segment
interaction), and the tissue properties. This is graphically
presented in Figure 4, which shows a schematic short-axis
cross-section of the left ventricle.

Clinical application
Coronary artery disease

Coronary artery disease and the underlying ischaemic sub-
strates have been studied extensively using velocities and
deformation [both based on invasive ultrasound crystal
measurement and non-invasive imaging (echocardiography
and magnetic resonance imaging)].2"3*>"% It was shown
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Figure 3 The relationship between local forces and deformation.
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Figure 4 The local forces acting upon a myocardial segment.

that myocardial motion and deformation react very predic-
tably on changes in regional perfusion of the presence of
infarction."”

In summary, regional velocities as well as peak systolic
strain-rate and end-systolic strain reduce linearly with
a reduction in regional perfusion or the presence of
sub-endocardial fibrosis. Simultaneously, post-systolic
motion/deformation is developing. When challenged with
dobutamine, acutely ischaemic tissue will show even less
deformation, while post-systolic deformation is increased,
whereas normal tissue shows increased deformation (con-
tinuously increasing strain-rate and increasing strain as
long as filling is not reduced by increased heart-rate). In
contrast, partial thickness chronic infarction will show a
very moderate deformation increase (depending on the
transmurality) when stimulated with dobutamine. Inter-
estingly, while stunned myocardium shows decreased
deformation at rest, associated with post-systolic defor-
mation, when stimulated with dobutamine, systolic defor-
mation almost restores to normal and post-systolic
deformation almost completely disappears.'” This behaviour
of stunned myocardium can be attributed to myofibrillar
oedema, increasing the spacing within the contractile
elements of the myocardium and thus reducing the effective
force it can develop.3®

Additionally, it was shown that full pressure reperfusion of
an acute infarct influences deformation. If reperfusion is
within a short period of time after the onset of symptoms,
the myocardial deformation will normalize quickly (poten-
tially after some period of stunning). However, when

reperfusion is within a time-span of ~1.5-6 h, interstitial
myocardial oedema will develop, resulting in a sudden
increase in end-diastolic wall thickness of the infarcted
segment at the moment of reperfusion. This is associated
with the total absence of regional deformation.3?*° With
reperfusion later than ~6 h after onset of symptoms, the
myocardial wall has thinned and does not deform and reper-
fusion does not alter this significantly.

Thus, deformation analysis at baseline and its response to
a dobutamine challenge enables to uniquely distinguish the
different ischaemic substrates (Figure 5).

This makes the combination of the measurement of base-
line deformation (in a lesser extent: motion), combined with
the response to a dobutamine stress echo, a potent clinical
tool for the assessment of the ischaemic substrate in a clini-
cal patient.

Volume overload

As discussed earlier, deformation is also related to ventri-
cular geometry. Dilatation is an adaptive mechanism used
by the ventricle to cope with the problem of generating suf-
ficient cardiac output to fulfil the needs of the body. There is
a clear relationship between ventricular size and the gener-
ated stroke volume for a certain available contractile force.
An enlarged ventricle can more easily generate a larger
stroke volume than a smaller one. This can be easily under-
stood since in a spherical or ellipsoid object, the volume of
the outermost part is always larger than the volume of the
innermost part, which means that similar deformation
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Figure 5 An overview of the regional deformation and wall thickness of the different ischaemic substrates at rest and how they respond to
dobutamine. SR, peak systolic strain-rate; S, end-systolic strain; PSS, post-systolic strain; ESWT, end-systolic wall thickness; EDWT, end-
diastolic wall thickness. From Sutherland et al." with permission.

(determined by the contractile force) can generate a larger
stroke volume in a dilated heart. Similarly, the same amount
of stroke volume can be generated with less contractility in

a dilated heart. Thus, as the ventricle dilates, with a preser-
vation of stroke volume, regional deformation reduces
without any change in contractility. However, when stroke
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volume increases (as in valve regurgitation), myocardial
deformation can increase. In these cases, only when con-
tractility additionally reduces, there is a marked decrease
in deformation.” Normalizing deformation with ventricular
volume might be a useful approach to isolate the effect of
geometry and changing contractility in volume overloaded
ventricle.”

Pressure overload

Several cardiac conditions are associated with progressive
remodelling of the ventricle. Examples of this include
pressure or volume overload due to valvular stenosis or
regurgitation, coronary artery disease with associated
decreased contractility and fibrosis leading to ventricular
dilatation, genetic abnormalities resulting in hypertrophy,
and progressive development of local fibrosis, severe hyper-
tension, conduction abnormalities, etc.

Remodelling is in the first instance a response to a
problem with either the muscle itself or the environment
in which it has to work and is an attempt to keep on fulfilling
the heart’s task—circulating the blood. However, since this is
an abnormal situation with inherent mechanical disadvan-
tages, in the long term, this will lead to irreversible
damage to the muscle which evolves into ventricular dys-
function and heart failure. The early detection and
follow-up of changes in cardiac function and myocardial
properties is thus of major importance.

Myocardial velocities and deformation have proved useful
in several conditions with altered myocardial properties or
geometry.

With pressure overload pathology, the basal septal
segment is the first to show changes (Figure 6). Both a
decrease in strain (-rate) and the development of post-
systolic motion/deformation is observed, as well as the
development of localized hypertrophy.” With increasing
overload the whole ventricle becomes hypertrophic and
deforms less. The development of regional fibrosis further
diminishes deformation. Thus, basal septal deformation
is the most sensitive to changes in pressure overload
pathology.

Septal motion and deformation
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Genetic cardiomyopathies

Hypertrophic cardiomyopathy is associated with the
presence of regional abnormalities in myocardial fibre
arrangement, resulting in local dysfunctional myocardium.
Using regional deformation analysis, these areas of histologi-
cal abnormalities can be easily localized since they do not
show any systolic deformation, while the rest of the (hyper-
trophic) segments still deform (although mostly much
reduced compared with normal).

In genetic diseases such as Friedreich’s Ataxia, Fabry
Disease, or Duchenne Cardiomyopathy, regional deformation
is first changing in the infero-lateral segment. As fibrosis
develops first in this area, local strain-rates reduce and post-
systolic deformation becomes apparent. This knowledge can
be used to assess the efficacy of novel (very expensive)
medical therapies.

Left bundle branch block and cardiac
resynchronization therapy

The availability of CRT has drastically changed the manage-
ment of heart failure patients with dilated cardiomyo-
pathies and left bundle branch block. In these patients, it
is assumed that the abnormal conduction leads to a late
activation of the lateral wall, resulting in an important
reduction in cardiac function. Although ~70% of these
patients clearly benefit from biventricular pacing, there is
still a lot of debate about the best method to assess those
patients that will most benefit from the treatment.*'?
The current approach to select potential responders is to
get a more direct evaluation of late contractility by (echo-
cardiographically) searching for the presence of mechanical
dyssynchrony and trying to identify a severely delayed wall
with potentially recruitable function, rather than looking
only for ECG manifestations of ventricular conduction
delay which poorly correlate with the actual ventricular
mechanical events. Many methods have been proposed to
quantify dyssynchrony. These can be classified as evaluating
either the inter-ventricular delay (assessing the time differ-
ence between right and left ventricular contraction) or the

Septal

Figure 6 Hypertension results in ventricular remodelling, with the initial development of basal septal hypertrophy (septal bulge) due to
increased wall stress associated with the bigger local radius of curvature. This is associated with reduced systolic deformation and the devel-

opment of post-systolic deformation.

Zz0oz 1snbny |z uo 1senb Aq 22966£2/912/2/0 L/a101e/buibewiolys/wod dno-ojwepese//:sdiy woli pspeojumoq



Velocity and deformation imaging for myocardial dysfunction

223

intra-ventricular delay (looking at timing of the motion/
deformation of opposite ventricular walls).

To assess intra-ventricular delays, both M-mode (mea-
suring the time difference between maximal septal and pos-
terior excursion) and velocity/deformation based methods
have been proposed.

Velocity and deformation-based methods mostly assess
the time differences between maximal values from different
myocardial segments. However, most methods are based
on longitudinal motion. Patients eligible for CRT mostly
have dilated ventricles with complex motion (including
‘rocking’) and low velocities. Especially the additional pre-
sence of infarcted areas makes the interpretation of the
(longitudinal) velocity traces very challenging. Because
local myocardial motion reflects both contractile function
and the influence of other myocardial segments (tethering),
using local velocities to extract information on timing of
contraction is almost impossible. Especially in dilated
hearts, with poor LV function, local motion can be impor-
tantly influenced, even by right ventricular motion.** This
makes that most imaging parameters have proved to be
not ideal to assess potential response to CRT.*

A more appropriate approach to assess these patients is
searching for the underlying pathophysiological aetiology
of their heart failure.” Besides problems with diastolic
filling resulting from inappropriate atrio-ventricular delays,
in a subgroup of patients there are typical and specific
signs of LBBB and associated changes in cardiac mechanics.

‘True’ mechanical dyssynchrony originates from a delayed
electrical activation of one of the myocardial walls. In a
normal left ventricle, all segments are activated almost sim-
ultaneously and are thus deforming (longitudinal shortening
and radial thickening) at the same time (Figure 7A). While
the septum starts contracting, it contributes to pressure
build up and ejection, but at the same time, it also pulls
the lateral wall towards it. Similarly, the lateral wall will
contribute to the pressure build up and ejection and will
pull the septum towards it with an equal strength. The
result is that both the septal and lateral annuli are
dragged towards the apex, which remains stationary.

However, if there is a significant delay in the activation
(and thus onset of contraction) of the lateral wall, the inter-
action between the walls changes significantly. When the
septum is activated, there is a period where it is actively
developing a contractile force and shortening while the con-
tralateral wall is not. This means that it exerts a pulling
effect on the latent opposite wall which is not counterba-
lanced by contraction of the latter. Because it now contracts
against a reduced load, it will move/shorten faster than it
would in a normal ventricle (Figure 7B). Additionally, this
will result in an early stretching of the, still relaxed,
lateral wall. As soon as the lateral wall is electrically acti-
vated, it starts to contract and thus will start in its turn to
influence the septum. The pulling force from the (later acti-
vated) contracting lateral wall will stretch the septum.

This sequence of motion and deformation in septal and
lateral wall can be easily appreciated from the regional
motion and deformation traces. Figure 7C shows the
(radial) velocities of the septal and infero-lateral wall of a
normal individual and a patient with LBBB. While normally,
the septal and infero-lateral wall show similar, but mirrored
velocity (both moving inward, thus with opposite directions
with regard to the transducer), in LBBB the septum shows a

very large inward velocity as soon as it is activated, almost
immediately followed by a fast outward motion when the
infero-lateral wall is starting to contract. This can also be
appreciated from slowed-down grayscale images, where
the septum rapidly moves in and outward, resulting in a
‘septal flash’ motion. This ‘septal flash’ is not only fast
septal motion, but is a result of fast septal deformation
(Figure 7D-F) where there is rapid thickening of the
septum (while the lateral wall is stretched) followed by thin-
ning when the lateral wall contracts and thickens.

The combination of the unloaded contraction of the
septum stretching the lateral wall followed by the late
lateral wall contraction stretching the septum will result
in very inefficient global contraction, in which a lot of
energy and force is wasted in deforming opposing myocar-
dium without contributing to ejection. This will ultimately
lead to symptomatic heart failure. Correcting the difference
in local activation and deformation using CRT will result in a
marked improvement in cardiac function and reverse geo-
metrical remodelling in patients showing these specific
mechanical signs of LBBB.*

Diastolic function

Myocardial velocities have been suggested to be useful to
assess diastolic function. Especially the ratio of early
mitral flow velocities (E) and early basal myocardial vel-
ocities (E’) was shown to correlate with relaxation abnorm-
alities*® and filling pressures.*’

However, in order to understand its use and recognize the
pitfalls of this approach, it is important to keep in mind
what these velocities represent. When assessing diastolic
function, one wants to get an idea on how much (volume)
filling is happening in the early relaxation phase (related
to ventricular compliance and intrinsic myocyte relaxation)
and at which pressures (elevated end-diastolic and atrial
pressure) this is taking place. When quantifying mitral
blood flow velocities, one assesses the pressure gradient,
between the atrium and the ventricle, driving the flow
(Figure 8, left). This means that a high E can reflect as
well (normal) low LV pressure with normal LA pressure, as
well as elevated LA pressures (pseudo-normalization).
When measuring basal myocardial velocities or ring
motion, one assesses the dynamics of the basal LV displace-
ment, which can be seen as a surrogate of global LV volume
change (global LV deformation) (Figure 8, right). Thus, E’
provides information on how much volume is entering
the LV in the early filling period. This makes that the ratio
E/E’ provides information on how much volume enters the
ventricle for a given LA-LV pressure gradient. This means
that in all situations where E’ does not properly reflect
global LV volume changes (large infarctions, LV dilatation,
LBBB, primary mitral regurgitation, hypertrophy, etc.), the
ratio E/E’ is not reflecting diastolic function and should be
used with caution.*®*°

Conclusion

Regional myocardial velocities and deformation prove to be
a powerful tool to understand and quantify myocardial
(dys-) function. Several cardiac conditions are associated
with very specific changes in motion and deformation,
which can be quantified using echocardiographic
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Figure 7 Myocardial velocities and deformation in patients with LBBB, compared with normal individuals.

techniques. Analysing myocardial deformation has provided
important insights in cardiac mechanics and in the under-
standing of changes induced by a range of cardiac path-
ologies. Although none of the current techniques for
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ultrasound deformation assessment is perfect (DMI-strain
has a steep learning curve and is very sensitive to the acqui-
sition while speckle tracking strain works with low temporal
resolution and important spatial and temporal smoothing),
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Figure 8 Mitral blood flow profiles and E wave velocity (left) are related to the pressure gradient between the left atrium and left ventricle,
while the basal myocardial or mitral ring velocities and E’ wave (right) are related to the overall deformation of the ventricle, thus indicating

the global volume change during a certain period.

they still provide insight for the assessment of cardiac func-
tion in individual patients. Although the relation between
local myocardial contractility and regional deformation is
complex and dependent on loading and geometry, it was
shown that the deformation assessment (potentially
combined with dobutamine stimulation) provides useful
additional information, especially for the clinical assess-
ment of coronary artery disease and hypertrophic hearts.
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