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 Introduction 

 The assessment of cardiac pump function and the po-
tential of local myocardium to contribute to the overall 
performance are of great importance in many cardiovas-
cular abnormalities in the fetus, the child, and the adult. 
However, the quantification of intrinsic (dys-)function is 
not straightforward due to the ambiguity of the defini-
tion of function and the need for quantitative parameters 
that provide guidance in clinical diagnosis and treat-
ment. Assessing intrinsic cardiac function requires ob-
taining information on the true contractility of the heart 
muscle, assessed locally but interpreted in the context of 
its contribution to the global ejection performance and 
potential to adapt to changing circumstances. Current 
clinical tools, mainly based on (preferably noninvasive) 
cardiovascular imaging, provide helpful information de-
spite not being able to assess true contractile function. 
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   Abstract 

 The assessment of cardiac pump function and the potential 
of local myocardium to contribute to the overall perfor-
mance are of great importance in many cardiovascular ab-
normalities. Assessing intrinsic cardiac function requires ob-
taining information on the true contractility of the heart 
muscle, assessed locally but interpreted in the context of its 
contribution to the global ejection performance and poten-
tial to adapt to changing circumstances. Contemporary im-
aging techniques offer the possibility of noninvasive quanti-
fication of myocardial deformation. These new clinical tools 
are attractive to use for the assessment of ventricular func-
tion. However, it is of great importance to understand car-
diac mechanics – a complex interplay between the tissue 
structure/shape, force development, and interaction with 
the environment/neighbors – to interpret alterations in de-
formation and to extract clinically relevant conclusions. The 
combination of insight into the measurement techniques 
and their limitations, together with knowledge of myocar-

 Received: November 15, 2011 
 Accepted after revision: December 2, 2011 
 Published online: May 15, 2012 

 Prof. Bart Bijnens 
 Institució Catalana de Recerca i Estudis Avançats (ICREA) 
Carrer de Tànger, 122-140
     ES–08018 Barcelona (Spain) 
 Tel. +34 61 501 6853, E-Mail bart   @   bijnens.com 

 © 2012 S. Karger AG, Basel
1015–3837/12/0322–0005$38.00/0 

 Accessible online at:
www.karger.com/fdt 

http://dx.doi.org/10.1159%2F000335649


 Bijnens   /Cikes   /Butakoff   /Sitges   /Crispi   

 

Fetal Diagn Ther 2012;32:5–166

Understanding how these measurements (e.g. volume 
changes and muscle deformation) are related to cardiac 
function and what their limitations are is crucial for their 
appropriate use in research and clinical practice.

  Factors Determining Cardiac Function 

  Figure 1  shows a simplified overview of cardiac func-
tion and its determining factors [only focused on the left 
ventricle (LV) for clarity].

  The main purpose of a ventricle is to provide the 
amount of stroke volume needed to generate the cardiac 
output required by the body to function and to be able to 
flexibly adapt to a changing demand (e.g. exercise) and 
changing working conditions (cardiovascular diseases). 
The primary building block of myocardium, the myo-
cyte, can, when electrically activated, develop force and 
shorten. It is important to keep in mind, however, that a 
myocyte can maximally shorten by 10–15%  [1] . The myo-
cytes are arranged in muscle fibers that are organized in 
a very specific way within the LV wall. All of the muscle 
fibers form the LV walls encircle its cavity, and provide 
an overall shape (local geometry with a specific curvature 
and thickness). Besides its geometrical configuration, 
muscle tissue also has a specific (passive) elasticity that 
determines how it will deform under external forces.

  When the myocytes are activated they start to develop 
force (in their longitudinal direction) and the accumu-
lated force of all of the differently oriented cells is trans-
lated into an increase in cavity pressure, which, with all 
valves closed, might change the overall internal geome-
try. When the LV pressure is large enough to open the 
aortic valve, the myocytes can start to shorten, resulting 

in overall deformation of the tissue and leading to a re-
duction of the internal cavity size, thus effectively eject-
ing a certain volume of blood into the circulation.

  Obviously, all of the factors influencing both pressure 
(force) generation and volume ejection (deformation) 
play a role in the global performance of the LV ( fig. 1 ). 
Therefore, assessment of both the developed force and the 
resulting deformation is needed to describe cardiac func-
tion. Since the ventricles are not homogeneous (in terms 
of local shape, morphology, activation system, perfusion, 
or tissue composition), segmental assessment of force and 
deformation is required in most circumstances.

  Understanding and assessing the relation between 
force and deformation requires knowledge of the bound-
ary conditions, including local wall properties, fiber 
structure, segment interaction, coupling to the circula-
tion, etc. Therefore, no single parameter can be used to 
understand an individual heart; rather, only an integrat-
ed assessment of force, deformation, local and global ge-
ometry, and interaction with the environment will pro-
vide the relevant information in most situations.

  Clinical Assessment of Cardiac Function 

 In current clinical practice, we have no possibility to 
(noninvasively) quantify all of the information (on both 
pressures/forces and volumes/deformation), so decision 
making is based on an overall assessment by the clinician 
of all of the elements available. The (quantitative) data 
available come from clinical imaging (mainly echocar-
diography, since magnetic resonance imaging or comput-
ed tomography have limited applicability in fetal assess-
ment). For follow-up, echocardiography is mostly the 
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modality of choice and both 2D and blood-pool Doppler 
information is used to quantify volumes, size and thick-
ness, and hemodynamic information such as pressure 
gradients between compartments and flow abnormali-
ties.

  Global Ventricular Deformation: Volumes and 
Volume Changes 
 Since the measurements of spatial dimensions and 

blood velocities through the valves are the most available 
quantification, current evaluation of cardiac function is 
mainly based on the assessment of volume-based param-
eters (from echocardiography).

  End-diastolic (ED) and end-systolic (ES) volumes can 
be measured from M-mode (using the Teichholz formula, 
which is very inaccurate in the presence of ventricular 
shape changes) or from 2D images using the Simpson ap-
proach (much more accurate in ventricles with an abnor-
mal shape) or from 3D images (best for abnormal shapes, 
but often with less spatial resolution and more artefacts). 
From these volumes, the fractional area change [(ED
ar ea – ES area)/ED area], the ejection fraction [(ED vol-
ume – ES volume)/ED volume], and the stroke volume 
(ED volume – ES volume) can be calculated. Stroke vol-
ume can also be assessed from the blood-pool Doppler 
(valve area multiplied by the velocity time integral from 
the Doppler velocities). The stroke volume multiplied by 
the heart rate provides the cardiac output.

  The volume changes represent global ventricular ejec-
tion and thus the result of the overall deformation of the 
ventricle. Therefore, no information is available on  how  
the ventricle manages to produce the volume difference. 
All segmental variability is averaged out in the volume 
measurements, and different components of deformation 
cannot be assessed individually.

  Additionally, using this approach, no information 
about force development [this would require (invasive) 
pressure assessment] is available. Therefore, volume-
based parameters are highly load dependent and changes 
in pressure and overall volume displacement will influ-
ence them independently of intrinsic contractility. Thus, 
assessment of loading conditions, especially during lon-
gitudinal follow-up or with therapy, is required to inter-
pret the results.

  Regional Myocardial Deformation 
 For understanding changes in cardiac mechanics with 

pathologies, knowledge of muscle architecture and its in-
fluence on different components of deformation is essen-
tial. Due to the given 3D fiber distribution within the 

wall, there are both longitudinal (from base to apex) and 
circumferential (within the short axis of the muscle) 
components of deformation, and different disease pro-
cesses can independently affect these different compo-
nents. Therefore, all potential geometrical changes dur-
ing the cardiac cycle have to be assessed in order to eval-
uate ventricular function. Especially the decrease in 
longitudinal function, compensated for by increased cir-
cumferential contraction, might be totally masked by 
only assessing volume changes  [2] . Additionally, segment 
interaction, especially in the isovolumic contraction  [3]  
or relaxation  [4]  period, can result in important deforma-
tion of segments that does not contribute to ejection and 
thus induces no volume changes.

  Recently, novel developments in the acquisition and 
processing of cardiac images (mainly in echocardiogra-
phy and MRI) offer the possibility to quantify regional 
deformation of myocardial tissue. While, in the past, seg-
mental deformation could only be assessed in the exper-
imental setting using invasive techniques like sonomi-
crometry, these image-based deformation assessment 
tools offer the possibility to quantify deformation in more 
physiological conditions as well as to investigate patients 
in a clinical setting. In the past decade, this approach has 
contributed to a much better understanding of cardiac 
pathophysiology and the changes in deformation induced 
by a broad range of cardiac abnormalities  [5–14] .

  Quantifying Regional Motion and Deformation 
 Current, noninvasive, ultrasound-based techniques to 

quantify motion and deformation are based on measure-
ment of the temporal changes in the position or veloci-
ty of tissue points within the myocardium. In tissue 
 Doppler imaging (TDI)-based techniques, the velocity 
(towards the transducer) of all points within the myocar-
dium is recorded at a high temporal resolution, while in 
speckle tracking-based techniques points of the myocar-
dium are identified and their position is followed from 
frame to frame. From the velocity or position change of 
points in the myocardium, several parameters can be 
quantified as follows.

  One Point-Based Measurements 
 – Velocity: the velocity of a  point  (either measured di-

rectly by TDI or calculated from how the speckles 
change position) quantifies the speed at which this 
point is moving with regard to the transducer. If the 
transducer if fixed to the thorax (pediatric/adult), it 
refers to the speed of the  point  within the thorax, thus 
relating to how the myocardium contracts as well as to 
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how it moves within the thorax. If the transducer is on 
the maternal abdomen, additionally the overall fetal 
motion within the uterus can influence the measured 
velocity. 

 – Motion (displacement): the motion or displacement of 
a  point  is the distance a  point  covers over a certain pe-
riod of time. When using TDI, the motion towards the 
transducer is quantified while speckle tracking allows 
measurement of the motion within the scan plane. 

 Two Point (Segment)-Based Measurements 
 – Speed of deformation (strain rate): quantifies how fast 

2 different points of the myocardium change position 
with regard to each other, and thus how fast they move 
towards or away from each other at a given moment. 
It therefore describes how fast the size of a  segment  is 
changing. 

 – Deformation (strain): deformation quantifies how 2 
different points of the myocardium change position 
with regard to each other over a certain period of time 
and therefore describes how much the size of a  segment  
of the myocardium is changing. 
 When applying these measurements to a ventricle, one 

can extract several quantitative parameters that have 
been used to describe regional function.

  The accumulation of the longitudinal shortening of all 
segments results in the base being dragged closer towards 
the apex. Since the apex is stationary within the thorax, 
the atrioventricular valve plane will move towards the 
apex. The amount of motion of the valve rings towards 
the apex is referred to as their  displacement.  For example, 
in an apical 4-chamber view, one can measure the amount 
of displacement of the mitral ring, on the septal and lat-
eral sides, and of the tricuspid ring at the free wall of the 
right ventricle. This last measurement is often referred to 
as TAPSE (tricuspid annular plane systolic excursion). 
The displacement of the base of a wall, measured at the 
level of the ring, provides an idea of the total change in 
length of that wall (assuming the apex is stationary) and 
thus corresponds to the overall shortening (deformation) 
of the wall. Ring displacement is a sensitive indicator of 
abnormal function in the wall since any change in any 
segment will be reflected in the amount and the timing 
of displacement  [15–18] .

  Besides the deformation itself (which describes the 
change in length/thickness of a segment compared to its 
initial size –  strain  – expressed in %), when assessing 
myocardial deformation, the speed at which this defor-
mation is taking place ( strain rate  – expressed in s –1 ) is 
also relevant when investigating cardiac function.

  While more and more literature on alterations of de-
formation [assessed noninvasively using Doppler-based 
strain (rate) assessment or speckle tracking on greyscale 
images] is becoming available, the physiological and clin-
ical interpretation of these changes is not always straight-
forward, given that deformation does depend on the force 
developed by the myocardium, but at the same time is 
determined by the working conditions (loading), tissue 
properties, and interaction of different segments.

  Components of Myocardial Deformation 

 The deformation of a myocardial segment during ejec-
tion is very complex  [19] .  Figure 2 a illustrates the main 
components of myocardial motion and deformation. 
When the muscle fibers contract, all segments deform. 
While description of the detailed 3D deformation is chal-
lenging, the clinically relevant deformation components 
are longitudinal (in the base-to-apex direction), circum-
ferential (along the short-axis circumference), and radial 
(from endo- to epicardium) ( fig. 2 ).

  To understand the detailed 3D deformation of a seg-
ment, its detailed morphology has to be taken into ac-
count, and the muscle fibers within the segment are the 
main determinants. In a mature heart, these fibers are 
arranged in a complex 3D geometry in order to enable a 
volume ejection of around 60% with building blocks that 
can only shorten by 10–15%. This efficient ejection is 
achieved by a change in the direction of the fibers across 
the myocardial wall.  Figure 2 b shows the fiber orienta-
tion in a porcine heart, extracted from diffusion tensor 
images  [20] . At the epicardial surface of the LV, the fibers 
run in a longitudinal direction, from apex to base. When 
going from epi- to endocardium, the fibers gradually 
change angle so that the mid-myocardial fibers become 
circumferentially oriented (running around the ventricle 
in a short-axis plane) and the endocardial ones are longi-
tudinal again. Endo- and epicardial fibers, although 
dominantly longitudinally oriented, run slightly oblique 
from base to apex.

  When individual fibers contract, they deform along 
their fiber direction. Therefore, contraction of longitudi-
nally oriented fibers results in deformation in the apex-
base direction, moving the valve plane closer to the apex 
(in normal hearts, the apex remains relatively stationary 
within the thorax) and shortening the long-axis dimen-
sion of the heart. When circumferential fibers contract 
they shorten the circumference, thus decreasing the 
short-axis diameter and bringing opposite walls closer 
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together. Since myocardial tissue is quasi uncompressible 
(except by the blood within the muscle being pressed out 
during systole), longitudinal and circumferential short-
ening (the ‘active’ deformation components) result in 
thickening in the radial direction (the ‘passive’ deforma-
tion component). Due to the slightly oblique orientation 
of the epi- and endocardial fibers, when contracting, they 
result in rotation of the basal plane with regard to the api-
cal plane. The differential rotation of the apical and basal 
planes, normalized by the length of the ventricle, results 
in the overall torsion of the LV (expressed in degrees/m) 
 [21, 22] .

  During fetal development, myocardial tissue forms in 
several stages  [23] . Around 12 weeks, the ventricles reach 
their final shape and the muscle, which until then main-
ly consisted of a network of trabeculations, starts to com-
pact and form its final fiber structure. The compaction of 
the wall continues until early neonatal life. Additionally, 

it has been shown that fetal conditions (especially pres-
sure and volume load) can alter this compaction process, 
resulting in different distributions of fibers across the 
wall  [24] . Little information is currently known about 
how the different stages of compaction influence the dif-
ferent deformational components or whether alterations 
during development have consequences for deformation/
function of pediatric and adult hearts.

  The cumulative magnitude of all of these components 
results in the overall 3D deformation of the segment, thus 
contributing to the change in internal cavity size and vol-
ume ejection. However, while suggestions have been 
made to calculate the contribution of individual seg-
ments to the overall ejection  [25, 26] , this is extremely 
difficult, especially in pathological conditions, due to the 
integration of the segment into the whole muscle (con-
stantly changing in overall position/shape) and the inter-
action of the neighboring segments. 
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 Myocardial Deformation versus Ventricular Size 

 As discussed above, the ventricle ejects a certain 
amount of blood with each heartbeat (stroke volume) by 
overall deformation of the cavity. This overall deforma-
tion is realized by the cumulative effect of the deforma-
tion of all of the individual segments. More segmental 
deformation for a given ventricle (e.g. with increased con-
tractility or inotropic stimulation) will result in more 
overall deformation and therefore increased stroke vol-
ume ( fig. 3 )  [27] . However, the overall size of the ventricle 
importantly determines the amount of stroke volume 
that can be generated with each contraction. With the 
same amount of segmental deformation, a larger ventricle 
can eject much more compared to a smaller one because 
the ejected volume is contained in the outer part of the 
cavity, which is obviously larger in a larger ventricle 
( fig.  3 ). To illustrate the importance of this effect: the 
2-cm outer shell of a sphere with a radius of 10 cm con-
tains about the same volume as a whole sphere of 8 cm in 
radius.

  This also implies that a bigger ventricle could generate 
the same amount of stroke volume as a smaller one with 

less segmental deformation  [28] . During development 
and childhood, ventricular size as well as the required 
stroke volume is changing. This implies that deformation 
can be different when comparing different stages of fetal 
life or different age groups, although contractility is ex-
actly the same  [29] . Similarly, the difference in ventricu-
lar size between the sexes implies different normal defor-
mation values  [30] .

  This relationship is also used by the ventricle in order 
to remodel to adapt to changing conditions. If more 
stroke volume is required (e.g. with valve regurgitations 
or shunts), dilatation will provide a way to increase stroke 
volume with the same amount of segmental deformation. 
In the case of decreased contractility (e.g. with ischemia 
or genetic alterations), dilatation provides a way to gener-
ate the same amount of stroke volume with less deforma-
tion.

  Similarly, during fetal development, a redistribution of 
volumes passing through each of the cardiovascular com-
partments is to be expected  [31] . This gestational age-de-
pendent volume change will influence the deformation of 
the different segments of the ventricles.
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  Therefore, when comparing different populations 
with different ventricular size or stroke volume, or when 
studying individuals during follow-up, when size or out-
put is changing, care has to be taken to investigate the 
relation between size, deformation, stroke volume, and, 
in the fetus, gestational age.

  Myocardial Deformation versus Function 

 It has been shown in numerous studies that deforma-
tion, or specifically some of its components, is changing 
in cardiovascular diseases. However, as stated above, de-
formation does not directly represent myocardial ‘func-
tion’ but is influenced by loading conditions and its local 
and global neighborhood. Therefore, it is important to 
understand local tissue mechanics, linking deformation 
to contractile force development by the tissue.

  When assessing the deformation of an elastic object, 
Hooke’s law of physics states that the amount of deforma-
tion is proportional to the force per unit area divided by 
the elastic modulus of the material ( fig. 4 ). Therefore, a 
more elastic object will deform more when a similar force 
is applied to it. Since this is a universal law, it also holds 
true for myocardium. However, it is important to keep in 
mind that deformation in a certain direction is a result of 
the sum of all forces acting upon the object in that direc-
tion. Thus, to understand myocardial segmental defor-
mation, one has to study all of the forces acting within 
and upon the segment. Among these forces, the contrac-

tile force of the myocytes within the segment is the most 
evident. However, this is not the only force involved. An-
other important one is the ‘pressure loading’ resulting 
from the intracavitary pressure, acting perpendicular to 
the endocardial surface and translated into a circumfer-
ential and longitudinal wall stress component (depend-
ing on the local curvature)  [32] . Besides these two ‘obvi-
ous’ forces, one should not forget that neighboring seg-
ments are closely connected to the segment under 
investigation and, when these contract, they exert a ‘pull-
ing force’ on the segment. In normal myocardium, when 
all segments contract with similar forces this interaction 
is cancelled out, but when one segment, for example, can 
develop less force, there is a local imbalance of forces and 
the resulting force will play a potentially important role 
in the local deformation of the segment. Lastly, myocar-
dial tissue (due to its matrix skeleton) becomes stiffer the 
more it is stretched, so there is the passive elastic force of 
the tissue (which can vary with disease processes) to take 
into account.

  All of these forces are time variant, with sometimes 
very different timings (e.g. the active contractile force de-
velopment goes down much earlier, during the ejection 
phase, compared to the intracavitary pressure), and the 
magnitude and direction of the forces is dependent on the 
overall and local shape of the ventricle.

  Therefore, to interpret and understand changes in (re-
gional) deformation, the combination of all of the above 
mentioned forces, and the relation with tissue elasticity, 
has to be investigated.

Wall stresspassive – Contractile forceactive
=

Elasticity × strain Pressure

Segment
interaction

Contractile
force
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  Fig. 4.  Relationship between local forces 
and deformation.     
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  Changes with Cardiac Abnormalities 

 From the information above, it is clear that myocar-
dial deformation changes whenever one of its determin-
ing factors is altered. Easy access to noninvasive, image-
based technologies to assess regional deformation thus 
enables quantification of these changes and allows detec-
tion and follow-up of alterations and use of these for di-
agnosis, therapy guidance, and follow-up. During the 
past decade, a multitude of studies have improved our 
pathophysiological understanding and clinical knowl-
edge of myocardial diseases and their associated changes 
in deformation. This knowledge, together with thorough 
insight into the (dis-)advantages of each of the quantita-
tive techniques, provides a powerful tool to better under-
stand an individual heart, both in a research and in the 
clinical setting.

  To provide some examples of how deformation could 
be interpreted, the next sections will discuss cardiac me-
chanics and remodelling in some of the most frequently 
found abnormalities in fetal and adult hearts.

  Abnormal Contractility 

 Myocardial Hypoxia/Ischemia 
 Many myocardial abnormalities are associated with 

changes in the contractile force development of some seg-
ments of a ventricle. While fetal abnormalities often 
change the volume and pressure loading of the heart, they 
might also result in hypoperfusion, decreasing the con-
tractility and thus changing the deformation.

  Myocardial hypoxia/ischemia can be induced in fetal 
life due to placental insufficiency, severe anemia, or other 
conditions  [33, 34]  and (rarely) due to coronary anoma-
lies (such as abnormal origin of the coronary arteries) 
 [35] .

  From the above description of the relation between de-
formation and function, it is clear that if the contractile 
force decreases (and it decreases linearly with the de-
crease in local perfusion  [36] ), the local deformation will 
decrease. Similarly, if contractility is increased (e.g. by 
administration of dobutamine), deformation (and espe-
cially the speed of deformation, i.e. strain rate) will in-
crease (as long as the heart rate does not prevent complete 
filling). If hypo perfusion persists chronically, addition-
ally the tissue elasticity will change due to fibrosis and 
necrosis and deformation will decrease even more. Since 
fetal conditions result in global ventricular changes, the 
overall deformation might be decreased and especially 

the rate of deformation might be smaller. In these cases, 
regional changes will be mainly determined by the in-
duced overall remodelling and shape change and the al-
terations in (pressure) loading.

  Deformation has been extensively studied in re-
gionally reduced contractile force development due to 
coronary artery anomalies or narrowing (mainly in 
adults – coronary artery disease)  [36] . Besides changes 
in the segmental contractile force, the segment interac-
tion, with neighboring segments with retained perfu-
sion, will become prominent  [37] . When adjacent seg-
ments develop a different amount of force during sys-
tole, their deformation at end-systole is different. When 
the aortic valve subsequently closes and the pressure 
drops, this differential deformation results in exagger-
ated interaction of the segments and the segment with 
the lesser contractile force starts to show postsystolic 
shortening/thickening, which obviously does not con-
tribute to ejection. Combination of systolic deformation 
together with postsystolic deformation provides a great 
deal of information about the contractility and tissue 
properties of the segments.

  Besides hypoperfusion, the presence of edema is im-
portant in determining local tissue properties. In the 
presence of intracellular edema, e.g. in stunned myocar-
dium  [38]  and potentially induced by some medications 
(such as chemotherapy agents), the contractile apparatus 
of the cell becomes less efficient and contractile force de-
velopment decreases, resulting in less systolic deforma-
tion and the induction of postsystolic events. When gross, 
interstitial edema is present, such as that induced by re-
perfusion of a prolonged total coronary occlusion  [39, 40] , 
the tissue becomes very stiff and thickened, preventing 
any deformation, systolic or postsystolic.

  Genetic Cardiomyopathies 
 In fetal life, genetic cardiomyopathies are an addition-

al source of abnormal contractile functions  [41] . The po-
tential for the tissue to develop force and deform can be 
changed as a result of an abnormal genotype. Depending 
on the genetic defect, the properties of the myocytes (con-
tractile apparatus, mitochondria, etc.) can change or the 
structure and distribution of the fibers and the support-
ing (collagen) matrix can be altered. Additionally, this 
can result in a segmentally different phenotype (such as 
local fiber disarray, which can be present in any segment, 
although predominantly in the septum, in hypertrophic 
cardiomyopathy) or in global tissue changes which, de-
pending on the type, can become evident as deformation 
alterations in specific myocardial segments  [42] . In typi-
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cal genetic cardiomyopathies, such as Fabry’s disease 
 [43] , Friedreich’s ataxia, or Duchenne muscular dystro-
phy, the basal inferolateral segment shows the first chang-
es (decreased systolic + postsystolic) in deformation. Hy-
pertrophic cardiomyopathy manifests as the presence of 
at least one segment, wherever it is localized, with almost 
total absence of deformation. The associated deposition 
within the myocardium in amyloidosis (acquired or he-
reditary) results in the inhibition of deformation of the 
endo- and epicardial fibers, thus markedly reducing lon-
gitudinal shortening, while circumferential/radial defor-
mation is partially retained.

  Volume Overload 

 When the amount of cardiac output to be generated 
increases importantly (e.g. anemia  [33] , tumors  [44] , in-
trauterine growth restriction  [34] , abnormal ductus ve-
nosus/shunts  [45] , twin-twin transfusion syndrome 
 [46] , valve leakage, etc.), the ventricle remodels to cope 
with this. As discussed above, when addressing the rela-
tion between size, deformation, and stroke volume, the 
natural response is to enlarge the cavity by ventricular 
dilatation. Additionally, the contractility can be slightly 
increased by increasing the amount of contractile mate-
rial in the cells, thus increasing the myocardial mass 
(hypertrophy) so that more deformation can be induced. 
Therefore, the natural consequence of a slow chronic in-
crease in volume load is an increase in ventricular di-
mensions (cardiomegaly) with a maintained, or slightly 
increased, strain  [28] . However, the major disadvantage 
of increasing the ventricular size is that this changes the 
geometry and alters the local curvature and results in an 
increase in local wall stress with unaltered intracavitary 
pressure (since the translation of the pressure into the 
muscle is governed by the local shape). When wall stress 
becomes too high and cannot be overcome by increased 
contractility from hypertrophying, myocytes start to get 
damaged and matrix proteins are altered, resulting in 
local fibrosis and cell death. This both increase local 
stiffness and decreases contractility, thus inhibiting de-
formation. This decrease in deformation has to be com-
pensated for to ensure enough stroke volume. This starts 
the fast, detrimental cycle of increasing dilation, further 
increasing wall stress and tissue damage, and ultimately 
leads to failure of the ventricle (inducing hydrops in fetal 
life), which can only be prevented by decreasing the vol-
ume load to a level where wall stress is tolerable for the 
tissue.

  Pressure Overload 

 When for some reason (twin-twin transfusion syn-
drome – recipient  [47] , aortic or pulmonary stenosis  [48–
50] , external vascular compression due to fetal masses 
such as lower urinary tract obstruction  [51] , intrauterine 
growth restriction  [14] , etc.) the pressure that needs to be 
developed to get the blood flowing is increased, the wall 
stress in the tissue increases and thus triggers a remodel-
ling response aimed at normalizing stress. The natural 
response is that the myocytes increase their potential for 
force development by increasing the amount of contrac-
tile material, thus inducing enlargement of the cells. This 
enlargement manifests as hypertrophy, preferentially 
also decreasing the cavity size, thus changing the local 
curvature towards a decrease in wall stress. Associated 
with this, and with reduced wall stress, is a change in the 
overall shape of the ventricles, from ellipsoid (with a 
much larger base-apex dimension compared to the trans-
versal) towards a more spherical shape  [14] .

  When not totally compensated for by increased force 
development, the increased pressure will decrease the 
rate of deformation, and deformation itself, if the force 
development cannot be maintained long enough. There-
fore, another mechanism (besides hypertrophy) to cope 
with pressure loading is to develop force for a longer pe-
riod during systole. This can actually be observed from, 
for example, the velocity profile of the aortic outflow, 
which in normal circumstances has a triangular shape, 
peaking early in systole, and becomes much more round-
ed, with a later peak, in cases of noncompensated pres-
sure overload  [52] .

  Since the curvature of the ventricle is markedly differ-
ent in the longitudinal compared to the radial direction, 
the stress (change) observed by the longitudinal fibers is 
importantly higher. Therefore, when the cavity pressure 
increases, longitudinal deformation is altered much more 
compared to radial deformation (which might increase to 
compensate and to retain stroke volume). Measuring lon-
gitudinal function and comparing it to circumferential/
radial function is therefore absolutely required to under-
stand the changes induced by pressure loading. Addition-
ally, since the (longitudinal) endocardial fibers are more 
vulnerable compared to the (differently oblique longitu-
dinal) epicardial fibers, endocardial deformation de-
creases more compared to epicardial deformation. Since 
twisting, as described above, is the result of the sum of the 
(opposite) rotations induced by endo- end epicardial fiber 
shortening, when endocardial shortening is reduced, this 
decreases the rotation counteracting the (oppositely) in-
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duced rotation by the epicardial fibers, thus effectively 
increasing the overall twisting. This, together with in-
creased radial function, is a typical example of a compo-
nent of deformation which increases as a result of a path-
ological condition.

  Besides these global changes in deformation (especial-
ly in strain rate rather than strain), there are regional dif-
ferences induced by the fact that the local shape and cur-
vature of the muscle is not homogeneous within a ven-
tricle. These differences in local shape result in slight 
differences in local wall stress  [32]  which become even 
more pronounced with increasing pressure in the cavity. 
In the segments with the highest wall stress (the basal 
part and predominantly the septum), the hypertrophic 
response becomes more prominent, resulting in localized 
thickening of the muscle. A typical manifestation of this 
is the basal septal bulge, leading to the ‘sigmoid’ septum, 
as is present in hypertension  [53] . This local change in 
wall stress not only results in a local alteration of wall 
thickness, but also induces changes in deformation. Since 
the wall stress is higher, the resulting contractile force ap-
pears smaller and systolic deformation diminishes and 
postsystolic deformation is induced. Therefore, the pres-
ence of reduced systolic deformation and postsystolic 
shortening/thickening in the basal septal segment is a 
sensitive indicator of increased pressure loading of the 
ventricle.

  Conclusion 

 Contemporary imaging techniques offer the possibil-
ity of noninvasive quantification of myocardial deforma-
tion. This new clinical tool is attractive to use for the as-
sessment of ventricular function. However, it is of great 
importance to understand cardiac mechanics – a com-
plex interplay between the tissue structure/shape, force 
development, and interaction with the environment/
neighbors – to interpret alterations in deformation and 
extract clinically relevant conclusions. The combination 
of insight into the measurement techniques and their 
limitations, together with knowledge of myocardial me-
chanics and physiology, provides new perspectives to im-
prove the assessment and management of fetal, pediatric, 
or adult patients.
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