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Chapter 1
General introduction and outline of the thesis

Chapter 1

INTRODUCTION
Arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/C) is a relatively
uncommon cardiac disorder with an estimated prevalence of 0.1-0.02% in the general
population1, dependent on the geographic circumstances. Nevertheless, it is an important
condition to recognize as early as possible since it is associated with sudden cardiac death
(SCD) due to ventricular arrhythmias in (asymptomatic) young individuals. Endurance
athletes with (unrecognized) ARVC/D in particular are prone to these ventricular arrhythmias
since the incidence of SCD during or after exercise is increased 2.5 times compared to the
general population, with ARVD/C as the second most common cause in individuals aged <40
years. Since no single reference test exists, a composite of diagnostic tests is used to establish
the phenotypic characteristics of this disorder. Non-invasive cardiac imaging, and in particular
echocardiography, takes on a prominent role in this evaluation. Unfortunately, there are
important limitations in the interpretation of this technique; visual assessment of (subtle)
regional function abnormalities is difficult and right ventricular (RV) dilatation is a very
unspecific finding in endurance athletes. An objective method which could provide
quantitative information on regional right ventricular function would be of great clinical value
in individuals suspected for ARVD/C when evident signs of the disease are absent. Thus, the
main challenge in ARVD/C is to move towards a reliable distinction between normal and
abnormal RV function using echocardiographic deformation imaging, especially in the
presence of RV dilatation

AIMS
There are two major aims in this thesis, the common denominator being RV
remodelling/dilatation.
1. To investigate regional and global functional changes of the left and right ventricle in
response to physiological adaptations (endurance training) at one end, and pathological
remodelling on the other;
2. To investigate the additional clinical value of tissue deformation imaging in various
settings of RV adaptation (due to endurance training and due to RV cardiomyopathy) on
top of standard echocardiographic parameters.

HYPOTHESIS
1. The right ventricle undergoes remodelling as a response to long term endurance training
with right ventricular enlargement and with preservation of global and regional
myocardial function.
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2. Echocardiographic deformation imaging is a clinical useful tool to differentiate between
physiological RV dilatation (due to endurance training) and pathological dilatation (due to
a genetic defect).
3. This new technique is more sensitive and specific in early diagnosis of RV abnormalities
in patients with a known ARVD/C genotype but no detectable phenotype than the
standard echocardiographic parameters proposed in the current guidelines.
4. The evaluation of regional left ventricular function could improve the differentiation
between physiological cardiac remodelling and ARVD/C, a disease primarily affecting
RV function.

BACKGROUND AND THESIS OUTLINE
Part 1. Assessment of right ventricular function
Assessment of right ventricular function largely relies on non-invasive imaging to assess RV
anatomy, function, and impact and/or interaction with left ventricular (LV) function. For the
clinical cardiologist it is often difficult to distinguish a normal from an abnormal right
ventricle in patients with moderately altered RV morphology and function, since data to
distinguish normal from abnormal are currently lacking. Indeed, quantitative evaluation of
right ventricular function remains an elusive clinical challenge. Due to its complex shape and
retrosternal position, echocardiographic imaging of the RV is generally considered difficult.
While most research and clinical focus has been on LV function, knowledge on right
ventricular function is less well known.2 The clinical relevance of a reliable and accurate
evaluation of RV function, however, has already been clearly established.3, 4 Not only is RV
function a prognostic indicator, it is also the source of potential lethal ventricular arrhythmias.
The (ab-) normal function and shape of the RV on noninvasive imaging is discussed in
Chapter 2, with an additional focus on the physiological and pathophysiological changes that
occur in the RV. Furthermore, the current clinically applicable imaging modalities for RV
evaluation are discussed with respect to their strength and limitations, and their potential
future developments.
Novel techniques to objectively evaluate regional myocardial function could improve
interpretation of RV function. Studies in both echocardiography as well as cardiac magnetic
resonance (CMR) imaging have indicated that the visual interpretation of regional function is
cumbersome.5, 6 In particular, regional wall motion abnormalities are a frequent finding in
healthy individuals free from cardiovascular disease. With the introduction of both tissue
Doppler derived7 and speckle tracking based assessment of regional function8, the
echocardiographic examination has gained a potential important tool for a more reliable
interpretation of regional myocardial function. This technique provides a means to objectively
assess regional myocardial function truly independent of external forces. It offers information
on both the total deformation (and speed of deformation) and the timing of the changes in
deformation within a specific region. The theoretical background, the practical considerations
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and limitations for image acquisition and analysis, and potential clinical applications of this
novel technique are discussed in Chapter 3.
Since visual assessment of RV regional function is difficult in the absence of over pathology,
the quantification of regional function by this technique is of particular interest in this cardiac
chamber. Echocardiographic deformation imaging was initially developed for quantification
of regional LV function. Echocardiographic deformation analysis in the right ventricle has
been validated against sonomicrometry in animal studies.9 This quantitative
echocardiographic analysis to objectively assess RV regional function could be a more
appropriate imaging approach compared to MRI, because of its availability and lower costs.
Whether this technique could be reliably used for the quantification of regional RV
longitudinal function is unknown. In Chapter 4 the feasibility, reproducibility, and
comparability of the two commercially available techniques for deformation analysis (tissue
Doppler and speckle tracking) are evaluated in the right ventricle to test whether these
techniques are clinically useful for functional quantification.
Part 2. The athletes’ heart
Morphological changes, as a result of systematic endurance training, of the LV have been
extensively reported in athletes.10, 11 These changes occur to accommodate for the increased
need for oxygenated blood in the body. This is a necessary physiological adaptation, but
mimics several pathologic cardiac states which are associated with sudden cardiac death
(SCD). Furthermore, competitive sports activity increases the risk of SCD 2.5-fold in
adolescents and young adults with an occurrence of 2.8 in 100,000 persons per year.12
Approximately 80% of non-traumatic SCD in young athletes (aged <40 years) are due to
inherited/congenital structural and functional cardiovascular abnormalities, which provide a
substrate for ventricular arrhythmias in these individuals.13 While HCM accounts for the
majority of SCD cases in the young (40-50%), the second important cause is ARVD/C.13
Sports activity is not always the cause of death, but rather acts as a trigger of cardiac
arrhythmias in these cases.14
It is therefore important to recognize cardiovascular abnormalities in athletes, since they are at
higher risk for fatal events. Screening athletes for these disorders by means of ECG has
become clinical practice in certain athletes (e.g. Olympic competitors) and in those where
cardiac pathology is suspected.15 In case further study is warranted, non-invasive imaging is
indicated. Typically echocardiography is the modality of first choice to discriminate between
the athletes’ heart and the abovementioned cardiomyopathies. In the absence of overt
pathology (such as marked asymmetrical septal hypertrophy of >15mm or aneurysmatic
dilatation of the RV), this discrimination can prove to be difficult (Figure 1).
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Figure 1. “grey-zone” of morphological appearances on cardiac imaging. The distinction between cardiomyopathy and
the athletes’ heart in the absence of gross anatomic and/or functional abnormalities could be difficult in case the athletes’
heart fulfills criteria for either HCM or ARVD/C. Current echocardiographic parameters show overlap between pathological
and functional remodeling, often also referred to as the “grey-zone”.16

On one side of the spectrum, the athletes’ heart is characterized by a hypertophy of th
thee left
ventricle (LVH) to an extent that potentially fulfils criteria for (nonobstructive) hy
hypertrophic
pertrophic
cardiomyopathy. It is known that septal hypertrophy exceeding 15mm is very uncommon,
even in elite athletes, but mild hypertrophy (>12mm) has been reported as a typical finding in
the athletes’ heart.17 The key difference between these two forms of hypertrophy is that HCM
is characterized by myocardial disarray and the occurrence of interstitial fibrosis,18 while only
myocyte hypertrophy is seen in athletes. Not only is this myocardial disarray and fibrosis is a
potential substrate for re-entry tachycardia, it also results in regional functional impairment,
which could potentially be detected by deformation imaging (figure 2). Kato et al has shown
that HCM can be reliably detected using deformation imaging when compared to healthy
controls using a cut-off value of -10.5% for peak systolic longitudinal strain in the septal wall
in combination with an asymmetrical LV hypertrophy.19 Whether this physiological
hypertrophy in endurance athletes is indeed associated with a preserved regional LV-function
is unknown. In Chapter 6 the relationship between regional function and ventricular
remodelling in athletes is examined. In particular, the proposed cut-off values of abnormal
deformation in HCM was tested in the endurance athlete with marked LVH.
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Figure 2. Left ventricular hypertrophy. The right figure shows regional and global deformation in an endurance athlete
with LVH. The peak systolic strain is within normal limits in all segments and shows a normal synchronous timing of
contraction, finally the global strain (GS) of -20.5% (dotted line) also indicates normal systolic function. The left figure
shows a genetically characterized HCM carrier with moderate LVH, comparable to the endurance athlete. 2D-global strain is
also normal in this individual (-20.7%). Regional deformation, however, is abnormal in the basal septal segment with
severely reduced systolic shortening and post systolic shortening (not seen on visual assessment). The abnormalities result
from myocardial disarray and interstitial fibrosis, schematically shown in the top of the figure. See Colour Section page 238.

On the right side of the heart, there is ventricular enlargement due to increased heamodynamic
(volume and pressure) loading during exercise. Since right ventricular dilatation on ultrasound
is one of the hallmarks of ARVD/C, and even a major criterion in the current Task Force
criteria20, the enlargement of the RV could (incorrectly) resemble this condition in certain
individuals. When considering ARVD/C as a cause of sudden cardiac death in a significant
proportion of young athletes a diagnostic algorithm to enable differentiation between
physiological and pathological morphologic changes in the right ventricle is very relevant.
Moreover, regular endurance training has been shown to exacerbate the development of
ARVD/C due to the increased mechanical wall stress of the RV during these bouts of volume
and pressure loading.21 A phenomenon which is explained by the impaired desmosomal
function in this disease (see part 2). In order to prevent this effect on the disease progression,
individuals are encouraged to avoid participating in competitive sports. On the other hand,
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false positive findings should be prevented since these could result in an athlete being barred
from competitive activities, potentially a career changing event.
Unfortunately little is known about the normal functional and morphological adaptation of the
right ventricle in response to long term endurance training. Therefore, information on what
could be considered as “normal” in these individuals is clinically relevant information in order
to correctly identify those with increased risk for SCD. In Chapter 5 right ventricular global
and regional function in the athletes’ heart and the right ventricular function in relation to RV
remodelling is evaluated. In Chapter 7 the effects of long term endurance training on the
echocardiographic diastolic parameters is evaluated.
If echocardiographic results remain inconclusive or warrant further investigations, cardiac
magnetic resonance (CMR) imaging can be considered due to its high spatial resolution. Well
established cut-off values to identify cardiomyopathy have almost exclusively resulted from
studies using echocardiography as the non-invasive research tool.20, 22 Whether these
echocardiographic values can be implemented on CMR measurements in this specific
population is unknown. Secondly, the inter-technique variability, which should be minimal
when evaluating the same subject using different imaging modalities, is not well known. In
Chapter 8 these issues are studied in both endurance athletes and non-athletic controls.

Figure 3. ARVD/C pathophysiology. Different adaptations at a cellular level in response to mechanical stress in an
ARVD/C patients (left)23 and a healthy endurance athlete (right)24. Fibrous tissue (lines) and fatty infiltration (grey squares)
are pathognomonic findings in ARVD/C and provide a substrate for reentry tachycardia. Figure 5 schematically shows the
different components of the cardiac desmosomes, the cel-cell connections in this figure, indicated by “d”.

Part 3. Arrhythmogenic right ventricular dysplasia/cardiomyopathy
ARVD/C is a progressive disease which is characterized by loss of myocardial cells with
fibro-fatty replacement, which provides a substrate for potentially lethal ventricular
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arrhythmias (Figure 3). This loss of myocardial cells also gives rise to areas of diminished
contractile function, most often located in the so-called triangle of dysplasia (the apex,
outflow tract, and the subtricuspid area). As the disease progresses, both global RV systolic
and diastolic function become reduced and RV dilatation sets in. Diagnosis of ARVD/C is
established on the basis of criteria set by the Task Force (a combination of multiple major and
minor criteria Table 1) and partly relies on the presence of structura
structurall and functional
20
abnormalities on non-invasive imaging (Figure 4). Despite these criteria, the diagnosis
remains cumbersome,
cumbersome, especially in the early stages when patients are often asymptomatic and
show minimal or no structural morphologic and function changes using current imaging
techniques. This stage of the disease is often referred to as the concealed phase of ARVD/C.25
Recognition of the disease at this early stage is of importance since potentially lethal
ventricular arrhythmias could occur in this phase, often being the first clinical presentation.25
In the diagnostic work-up of patients suspected of ARVD/C, an approach to detect the early
loss of function in small areas of the RV could reduce false negative results
results,, identifying those
individuals at risk for SCD.
SCD. Echocardiographic tissue deformation imaging could potentially
be used as an additional tool in the echocardiographic examination to identify the
pathophysiologic changes induced by the fibro(-fatty) replacement in the RV free wall, truly
regionally and independent of adjacent myocardial segments.26 To test this hypothesis in
Chapter 9, the feasibility and diagnostic accuracy of both TDI and 2DSE deformation
imaging was examined in patients already fulfilling the current diagnostic criteria for
ARVD/C. In Chapter 10 the optimal parameters using deformation imaging were applied in
genotypically characterized ARVD/C relatives to test whether this techniques as added value
to unmask localized functional pathology, not seen on the conventional echocardiographic
examination.

Figure 4. ARVD/C Task Force criteria on echocardiography Three different cases which represent each of the major
point in imaging according to the Task Force criteria (see Table 1). All images were acquired in the apical 4-chamber view.
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Table 1. Diagnostic criteria for ARVD/C20
1. Global and/or regional dysfunction and structural

4. Depolarization/conduction abnormalities

alterations*
MAJOR

MAJOR

- Severe dilatation and reduction of RVEF with no (or only

- Epsilon waves or localized prolongation (>110 msec) of

mild) LV impairment

the QRS-complex in right precordial leads

- Localized RV aneurysms (a- or dyskinetic areas with

MINOR

diastolic bulging)

- Late potentials (signal-averaged ECG)

- Severe segmental dilatation of the RV
MINOR

5. Arrhythmias

- Mild global RV dilatation and/or RVEF reduction with

MINOR

normal LV

- LBBB type ventricular tachycardia (sustained and

- Mild segmental dilatation of the RV

nonsustained) by ECG, Holter, or exercise testing

- Regional RV hypokinesia

- Frequent ventricular extrasystoles on Holter registration
(>1,000/24h)

2. Tissue characterization of wall
MAJOR

6. Family history

- Fibrofatty replacement of myocardium on endomyocardial

MAJOR

biopsy

- Familial disease confirmed at necropsy or surgery
MINOR
3. Repolarization abnormalities

- Familial history of premature SCD (<35 yrs) due to

MINOR

suspected ARVD/C

- Inverted T-waves in right precordial leads (V2-3) in people

- Familial history (clinical diagnosis based on present

>12yrs, in the absence of RBBB

criteria)

* Detected by echocardiography, angiography, magnetic resonance imaging, or radionuclide scintigraphy. ARVD/C
diagnosis is met when: two major criteria, or one major criteria and two minor criteria, or four minor criteria are found.

In approximately 40% of ARVD/C patients a causative mutation can be found in one of the
genes encoding desmosomal proteins27. Cardiac desmosomes are major cell adhesion
complexes providing structural and functional integrity between myocardial cells23. Since this
mutation is expressed in both ventricles, no inherent reason exists why one side of the heart
would be unaffected by it. However, the generally accepted natural history of disease
progression in ARVD/C is that the disease starts in the RV free wall, deteriorating towards
RV systolic dysfunction and dilatation, with LV involvement as an end-stage phenomenon.25
In line with this, ARVD/C diagnostic criteria specify the presence of RV systolic dysfunction
and morphological changes with a preservation of left ventricular (LV) function.20 Recent
evidence, however, has shown that LV involvement is not uncommon in patients with
ARVD/C, even in earlier stages of the disease.28 This is of particular importance since LV
involvement implies greater clinical severity, as these patients suffer more often from
potential lethal ventricular arrhythmias than those with isolated RV disease.29, 30
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Figure 5. A schematic representation of the molecular organization of cardiac desmosomes. The main desmosome
proteins and their interaction are shown. The figure shows the role the proteins have in the extracellular space (linkage of
adjacent cells) and intracellular (anchoring to intermediate filaments). DSC2 = desmocollin-2; DSG2 = desmoglein-2; PG =
plakoglobin; PKP2 = plakophilin-2; DSP = desmoplakin; DES = desmin. Figure reproduced from van Tintelen et al23, with
permission from the publisher. See Colour Section page 238.

Noninvasive diagnostic modalities enabling reliable detection of LV involvement in patients
with ARVD/C, could therefore be of help in the risk stratification of individuals with an
increased risk for ventricular arrhythmias. Conventional echocardiography is likely unable to
detect the subtle LV pathology detected with gadolinium late enhancement (LE) on CMR,
since these abnormalities are often not associated with wall motion abnormalities.28 The
accuracy of deformation imaging to detect left ventricular regional abnormalities in nonischemic heart disease in areas with LE on CMR, and even in regions where LE developed
during follow-up has recently been demonstrated.31 Echocardiographic deformation imaging
could therefore be more sensitive than conventional echocardiographic parameters to detect
LV dysfunction in ARVD/C patients. In Chapter 11, the prevalence of LV involvement in
ARVD/C patients and gene carrying relatives using echocardiographic deformation imaging
was studied and correlated to CMR LE, and the extent of LV dysfunction across a wide
spectrum of ARVD/C severity was explored.
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Interpretation of non-invasive imaging of the right ventricle,
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ABSTRACT
Background: The right ventricle (RV) has often been referred to as the “forgotten ventricle”,
receiving little attention in both the clinical setting and the research field. Multiple reports,
however, have shown the clinical importance of the evaluation of RV function in a myriad of
disorders concerning an unfavourable prognosis in case of an impaired RV function.
Technical developments in non-invasive imaging have realized new possibilities for a reliable
interpretation and evaluation of RV anatomy and function. Deformation imaging as well as 3dimensional echocardiography are currently making their way into the clinical setting, and
magnetic resonance imaging is becoming the mainstay for the calculation of RV volumes and
ejection fraction. Nevertheless, despite these developments, a thorough knowledge of normal
anatomy and RV function are mandatory for a reliable interpretation of medical imaging
findings. In particular adaptations to physiological changes (occurring with aging or
endurance training), which should not be mistaken for RV dysfunction/disease.
Aim: In this review, we discuss the normal RV anatomy and function, physiological changes,
and the most common pathological disorders (volume overload, pressure overload, and
regional dysfunction) with special emphasis on non-invasive imaging and how this could be
implemented for distinguishing the normal from the abnormal right ventricle.
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INTRODUCTION
The importance of an accurate evaluation of the right ventricle (RV) has historically been
underestimated, consequently often referred to as the “forgotten ventricle”. Clinical and
preclinical research of left ventricular (LV) function is broadly being explored, while little is
known about normal and pathological RV function. This lack of knowledge has recently been
addressed in a statement by the Heart, Lung, and Blood Institute working group on cellular
and molecular mechanisms of right heart failure, which pointed out the need for more insight
in RV physiology and quantitative evaluation of RV function.1
An abnormal right ventricular function can be subdivided into either RV dysfunction or RV
failure. RV failure is characterized by clinical symptoms of fluid retention, a decrease systolic
reserve capacity (exercise intolerance and fatigue), and both atrial and ventricular
arrhythmias. In patients with RV dysfunction on the other hand, no symptoms are reported,
despite RV functional abnormalities. The prognostic importance of RV failure has been
clearly demonstrated in a variety of cardiac disorders, since it has been shown to be an
independent predictor of poor outcome.2-5 Importantly, patients with RV dysfunction also
have a worse prognosis compared to patients with normal RV function.6 Since clinical signs
are absent, non-invasive assessment of RV function becomes important in the clinical
evaluation of these individuals.
Assessment of right ventricular function largely relies on non-invasive imaging to assess RV
anatomy, function, and impact and/or interaction with LV function. However, quantitative
evaluation of right ventricular function remains an elusive clinical challenge. Due to its
complex shape and retrosternal position, echocardiographic imaging of the RV is generally
considered as difficult. Recent developments in both echocardiography7, 8 as well as magnetic
resonance imaging9, 10 have created new possibilities in the evaluation of both RV anatomy
and physiology.
In this overview, the following topics related to non-invasive imaging are discussed; different
imaging modalities, normal anatomy, normal function, and finally normal and abnormal
adaptations. Knowledge of all these topics is mandatory, and form the basis for the accurate
and correct assessment of the right ventricle. Congenital heart disease and RV hemodynamics
fall beyond the scope of this overview, but are nevertheless important in the evaluation of RV
(dys-)function.

NONINVASIVE IMAGING MODALITIES
Several imaging modalities are available to evaluate RV morphology and function. In the
following section, only the non-invasive techniques are discussed. RV angiography and
electroanatomic mapping therefore fall beyond the scope of this overview. Each imaging
modality is characterized by specific strengths and limitations which are directly related to
either the shape of the ventricle, its position within the thoracic cavity, and/or its function.
Generally, echocardiography is the initial modality for RV evaluation. Although imaging is
elusive in some cases, which makes the interpretation of RV anatomy difficult (see Anatomy),
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a reliable estimation of global systolic function is nearly always possible. Several robust
parameters, such as the tricuspid annular plane systolic excursion (TAPSE) and the peak
systolic velocity provide a quick insight into global RV function (see figure 1). Nevertheless,
loading conditions should always be taken into consideration in the interpretation of normal
values. Determining RV ejection fraction is approximated by the calculation of the fractional
area change in the apical 4-chamber view, or calculated more accurately with 3Dechocardiography 11, although some groups report variable results.12 Assessment of regional
RV function is cumbersome and preferably requires an optimal image quality for each RV
segment in two orthogonal image planes. Newer imaging modalities, such as deformation
imaging, might help in the differentiation between normal and abnormal regional function
(see Segmental dysfunction).7 Currently, two different techniques are commercially available
for the quantification of regional function: tissue Doppler imaging, and speckle tracking (or 2dimensional) deformation imaging.7 Both techniques rely on different principles to calculate
regional deformation and deformation velocities, nevertheless, values are largely
comparable.13 Deformation imaging provides information on the amount and timing of
regional function in the longitudinal direction, an example is given in figure 1.

Figure 1. Quantitative echocardiographic assessment of RV function. Different quantitative echocardiographic
parameters to evaluate RV function. TAPSE and TVI are clinically routinely used parameters to assess global longitudinal
RV systolic function. 3D-echocardiography extends this objectification, since it assesses all wall segments and radial
function as well. Deformation imaging quantifies regional longitudinal RV function. Shown here is the speckle tracking
based method7. See Colour Section page 239.
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Cardiac magnetic resonance (CMR) imaging is an upcoming image modality to evaluate RV
anatomy, both of the ventricle and the surrounding structures, as well as RV function.14
Valvular function, in particular regurgitant volume/fraction, can be calculated with high
accuracy, although studies in the RV are currently lacking.15 CMR provides an accurate and
reproducible measurement of RV volumes and ejection fraction, and could be considered the
gold standard for these measurements, although differences between MRI and first-pass
radionuclide ventriculography and gated blood-pool single photon emission tomography have
been reported.16 Another important question to be resolved is the best method for the
endocardial delineation. With the introduction of SSFP (steady-state free-precision) CMR
sequences, RV trabeculations are more prominently visible than with the previous TGE (turbo
gradient echo). Whether these should be included or excluded (including the papillary
muscles) from the blood pool varies between centers, and should therefore be acknowledged
while interpreting research findings and in follow-up examinations. Secondly, volumetric data
is derived from short axis recordings (using the Simpsons rule). An important limitation with
this method is the trough-plane motion of the annular plane, which also does not move
perfectly in parallel with the short axis plane. Special software correcting for longitudinal
motion of the annular plane (in a long axis view)17 or the use of axial rather than short axis
slices18 could potentially reduce the error (volumetric overestimation) of the inclusion of atrial
volume.19 Although the evaluation of regional wall motion is almost always possible with
CMR, its interpretation has been shown to be difficult,20 which has led to both overdiagnosis
and/or misinterpretations.21 It has been therefore suggested that RV evaluation should be
confined to specific expert centers.20, 21 Gadolinium delayed enhancement, which detects
regions with myocardial fibrosis, is another important potential new technique within the
CMR evaluation, although feasibility is hampered by the thin walled characteristic of the RV.9
Finally, quantification of regional myocardial function, by means of tissue tagging
(comparable to echocardiographic deformation imaging), is currently in development with
promising preliminary results.10
CT-imaging is a modality that, as with CMR, provides the opportunity of a reliable
calculation of RV volumes and ejection fraction in combination with anatomical information
of surrounding structures. Furthermore, it has the advantage of the evaluation of the coronary
arteries supplying the RV musculature. It should be kept in mind that the use of contrast
agents for the visualization of both the coronary arteries and the RV cavity should be done
with care to ensure optimal imaging of the RV cavity.22 Another, often forgotten, application
is the assessment of RV function in patients with suspected pulmonary embolisms, whom
undergo diagnostic CT evaluation. RV dysfunction, associated with increased mortality, could
be studied with retrospective gating of the available images.23 A novel application within the
CT examination is the identification of myocardial scar, comparable to CMR delayed
enhancement.24 Whether this will be a clinical feasible tool, especially in the RV, remains to
be investigated. The main disadvantage of CT however, is the radiation exposure. Newer
machines and more sophisticated image acquisition protocols (such as prospective ECG
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triggering) will most likely significantly reduce the exposure to radiation.25 Finally, using
nuclear imaging, RVEF can be accurately measured by means of first pass radionuclide
ventriculography and myocardial perfusion using stress myocardial scintigraphy.26
While echocardiography is limited by the acoustic window and a suboptimal evaluation of
extracardiac structures, CMR and CT are both limited to patients with stable rhythm and have
a limited temporal resolution. Furthermore, CMR is not possible in patients with implanted
ferromagnetic material. In practice the logistics are also in favour of echocardiography as the
first method of choice.

Figure 2. RV anatomy. 3-dimensional reconstruction of the right ventricular intracavitary surface by 3D echocardiography.
Note the triangular shape of the RV in the septal view (left) and the curved shape in the apical view (right), wrapped around
the LV (not shown). PV = pulmonary valve, TV = tricuspid valve.

ANATOMY
There are marked differences between the LV and the RV. What would be considered
(ab)normal in the LV does not always apply for the RV. The RV is connected to the low
pressure pulmonary system (systolic pressure approximately 1/6 of the LV), and should
generate an equal stroke volume compared to the LV. Due to this reduced stroke work, both
RV mass and wall thickness are much less than in the LV. Another typical difference is the
higher end diastolic, and end-systolic volume in the RV. Several distinct morphological
features differentiate the RV from the LV: 1) the presence of numerous trabeculations, 2) the
presence of the moderator band, and 3) the clear difference of the AV-valve (trileaflet, more
apical insertion of the septal valve leaflet, and the less general depicted subvalvular
apparatus).
In contrast to the “relatively simple” geometry of the left ventricle (LV), which has an
ellipsoid shape with a predominantly circumferential fiber orientation, the right ventricle (RV)
is generally more complex. The RV has a triangular shape and curves over the left ventricle
and inserts on the anteroseptal and posterior walls (see figure 2). The right ventricle can be
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divided into two distinct anatomic, and functional, compartments divided by the crista
supraventricularis.27, 28 Proximal to this border (upstream) lies the RV sinus, which comprises
>80% of the total RV volume and contributes >85% of RV stroke volume. The second
compartment is the infundibulum, which lies between the crista supraventricularis and the
pulmonary valve. This compartment covers <20% of the total RV volume and contributes
<15% of the RV stroke volume. In addition to the abovementioned differences,
electrophysiological studies have shown that the infundibulum is activated later then the RV
sinus resulting in a different timing of contraction and relaxation.29 In addition to this division
of the RV into two components, there is also a possibility to divide the RV into three
compartments: the inlet, the apical trabecular and the outlet compartment.27, 28 This division is
more useful in the analysis of congenitally malformed hearts, whereas the two component
model is more useful when considering functional characteristics. A different approach is the
wall-segmentation, similar to the LV, which is generally used for wall motion analysis. An
example is shown in figure 3.
The fiber orientation, and thus the systolic/diastolic deformation and overall shape changes in
the RV is also markedly different compared to the LV. Whereas the LV cardiomyocytes are
predominantly arranged in a circular direction; in the RV fiber direction is predominantly
longitudinal (in the sinus) and oblique (in the infundibulum).30 These differences account, to
some degree, the differences between LV and RV systolic function.

Figure 3. RV imaging and segmentation. Typical recordings during an echocardiographic evaluation of the RV according
to Foale et al31. RV walls are color-coded according to the wall segmentation used in all imaging modalities28. RA = right
atrium, LA = left atrium, RV = right ventricle, LV = left ventricle. See Colour Section page 239.
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NORMAL RV FUNCTION
Due to the longitudinal fiber orientation of the RV cardiomyocytes, the resulting systolic
deformation is consequently longitudinal.32 Thus, the base of the ventricle (annular plane)
moves apically, while the inward motion is minimal and predominantly a result of
tethering/traction at the LV insertion sites.33 In the clinical assessment of RV function,
evaluation of longitudinal systolic function (echocardiography: TAPSE, TVI, deformation
imaging) gives an accurate estimate of myocardial function. Furthermore, RV contraction
occurs in a distinct sequence, starting in the apical part (sinus) and ending in the
infundibulum, producing a peristaltic like contraction of blood into the pulmonary
circulatory.29 Moreover, the longitudinal shortening of the RV sinus (inlet component) is the
main contributor to the overall systolic RV function.32 It is therefore important to keep in
mind when assessing RV function that the sinus and the infundibulum have a different shape,
extent of fiber shortening and timing of contraction and relaxation. Vital for the generation of
systolic RV pressure is a good LV (and thus septal) function. This ventricular interpendence is
responsible for approximately 20 to 40% of the systolic pressure and output by the RV.34
Since under normal circumstances the RV is connected in series with the LV, the effective
stroke volume should be equal. Since RV volumes exceed those of the left side, this would
imply that RV ejection fraction will be lower in the absence of shunting and significant
valvular disease. Therefore, an RV ejection fraction ≥40-45% could be considered normal.14
Despite the lower ejection fraction, the systolic function appears more vigorous compared to
the LV, due to the abovementioned different deformation during systole and due to the lower
afterload. Normal values (with loading taken into consideration) for RV function by
noninvasive imaging are listed in Table 1.
Table 1. Quantitative parameters of RV function
Parameter
Imaging modality
Comment
RV-EF

14, 35

CMR, CT, 3Decho

Normal Values*

Measure of global RV function.

> 40-45 %

Differences between techniques exist (CMR >
3Decho volumes)
36

Echocardiography

Correlates to RVEF.

> 32 %

36, 37

Echocardiography

Simple, reproducible measure.

> 18-20 mm

RV-FAC
TAPSE

Correlates to RVEF in the absence of LV
translation motion / dysfunction.38
TVI 39

Echocardiography

Correlates to RVEF.

> 12 cm/s
40

Color TVI < pulsed TVI velocities
IVA 37

, 41

Echocardiography

Novel index on global RV-function, reference

> 1.25 cm/s2

values not well defined.
Deformation
imaging

37, 42

Echocardiography

Regional

assessment

independent

(CMR)

translation motion (tethering).

of

> -18 %

Requires post processing.
* These normal values should be implemented with care, since they are influenced by not only pathological, but also
physiological factors (such as loading).
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Volume and pressure overload have a direct impact on RV function, even more so than in the
LV since pressure overload is poorly tolerated.43 Measures of diastolic function also show
some remarkable differences. Inflow velocities are generally lower in the RV, which is due to
the larger valve area requiring less velocity for the same stroke volume.44 Nevertheless, the
ratio of early/late filling velocity should mirror that of the LV and changes in diastolic
parameters, which would generally indicate diastolic dysfunction in the LV, will also indicate
elevated filling pressures in the RV. Furthermore, respiratory variation (RV filling increases
during inspiration) is much larger in the RV compared to the LV. Other, more structural
changes in RV physiology are also known, where the most prominent remodeling has been
associated with aging and sports activity.

PHYSIOLOGICAL CHANGES
Aging:
With normal aging both systolic and diastolic function change on top of a decrease in RV
mass and volumes.14 This is a result of both normal myocardial senescence and changes in
RV afterload, which increases due to the normal increase in pulmonary pressure.39, 45 Systolic
function is largely preserved (in particular the RV ejection fraction remains within normal
limits), but the pattern of contraction however, seems to change with aging. Radial function
becomes more important in the ejection of blood, while longitudinal function decreases.39, 46
Parameters to evaluate diastolic filling using echocardiography have shown that the decline in
diastolic function which occurs in the LV is also apparent in the RV.44 Thus, with normal
aging, ventricular filling moves toward biventricular impaired relaxation.
Endurance training:
The athletes’ heart undergoes morphological changes as a result of long term endurance
training. These changes occur to accommodate for the increased need for oxygenated blood in
the body during sports activity. The left ventricle dilates and shows eccentric hypertrophy. In
the right ventricle dilatation is equally apparent. We have recently shown that endurance
training does not seem to affect the resting RV diastolic function, while regional and global
systolic function is slightly lower in athletes with marked RV dilatation.42
The extent of remodeling/adaptation is a necessary physiological adaptation mechanism to
cope with the frequent increase in hemodynamic loading during high intensity exercise.
Nevertheless, the resulting cardiac dilatation mimics several pathological conditions
associated with an increased risk of sudden cardiac death, such as arrhythmogenic right
ventricular dysplasia/cardiomyopathy (ARVD/C).47 Therefore, the sports activity of an
individual is of importance in the interpretation of RV size and function (in addition to
gender, body surface area, and to some degree, mean heart rate).
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PATHOPHYSIOLOGICAL CHANGES
Volume overload:
The most common causes of RV volume overload are:
- Tricuspid regurgitation
- Pulmonary regurgitation
- Left-to-right shunting (atrial septal defect, anomalous pulmonary venous return)
RV systolic function is usually preserved in these cases, and typically appears exaggerated.
This implies that measures of global systolic RV function, such as RVEF or TAPSE, might
indicate normal function, while systolic function could be impaired.48 Right atrial and
ventricular dimensions are enlarged, typically larger than the LV. Another hallmark of RV
volume overload is the D-shaped septal wall (on short axis images) during diastole, which
restores in systole, producing a paradoxal septal motion which can be quantified using the
eccentricity index (Figure 4).49 In general, the RV adapts better to volume overload than to
pressure overload.43 Nevertheless, long standing volume overload will eventually result in a
decrease in RV systolic function. Finally, it should be kept in mind that both tricuspid and
pulmonary valve regurgitation could also be secondary to an initial RV dilatation.
Pressure overload:
Most common causes for RV pressure overload are:
- Left-sided heart failure
- Pulmonary embolism
- Other causes of pulmonary hypertension
- Long standing RV volume overload
Left sided disease included elevated filling pressures in the setting of diastolic dysfunction,
mitral stenosis, mitral regurgitation, and aortic valve stenosis. These conditions result in
elevated pulmonary pressures, elevated RV afterload, and consequently RV pressure
overload. Exercise echocardiography should be considered in case RV pressures are within
normal limits, while the clinical suspicion of pulmonary hypertension is high to unmask
elevated systolic pressures.50 The clinical evaluation of a patient with LV (valvular) disease
should therefore also include the evaluation of RV systolic pressures.
In contrast to volume overload, pressure overload will result in RV dysfunction occurring
predominantly in the RV mid-free wall in acute pulmonary embolism (McConnell sign)51,
while chronic pressure overload seems to result in dysfunction in apical region.52 RV
dilatation is also apparent. Both the dilatation and dysfunction show a progressive course
towards RV failure.43 Other signs of pressure overload include a D-shaped septum which is
present during both diastole and systole (Figure 4)49, right ventricular hypertrophy, and
obviously signs of elevated pressures using Doppler echocardiography (using either tricuspid
regurgitation velocity or pulmonary acceleration time).
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Figure 4. Eccentricity index in volume/pressure overload. Short axis recordings which can be acquired on
echocardiography and CMR during end diastole (ED) and end-systole (ES). In the normal situation, the LV is circular
throughout the cardiac cycle. In volume overload, diastolic flattening occurs during diastole which resolves in systole (LV
pressure exceeds RV pressure), while in RV pressure overload, this remains throughout systole. Using the eccentricity index,
this can be quantified as shown in the figure.

Serum biomarkers which depend on RV function also have a role in the diagnosis and followup in patients with impaired RV function, particularly in pulmonary hypertension.53 B-type
natriuretic peptides (BNP) are released in response to ventricular stretch, which is the case in
both volume and pressure overload in the RV, and shows a close correlation to increased
pressures and RV dysfunction.54 It is therefore a useful marker to evaluate the response to
therapy in pulmonary hypertension since a decreasing BNP levels after intervention have
been associated with improved haemodynamics and survival.55, 56 Lower cut-off values than
used to detect LV-dysfunction are likely necessary to ensure optimal sensitivity/specificity.56
Myocardial disease / segmental dysfunction:
Causes of segmental RV dysfunction include:
- RV myocardial infarction / ischemia
- RV cardiomyopathy (ARVD/C)
- “LV” cardiomyopathy
o Sarcoidosis
o Amyloidosis
o Hypertrophic cardiomyopathy
- (Myocarditis)
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The most common and important cause of segmental RV dysfunction is RV infarction in the
setting of a myocardial infarction. Non-invasive imaging will reveal a- or dyskinesia in the
affected segment downstream of the culprit lesion (right coronary artery in the majority), RV
dilatation, and RV failure in case a large proportion of the ventricle is affected. These
infarctions typically involve the LV inferior(posterior) wall as well. Echocardiographic
deformation imaging, CMR LE, or scintigraphy could aid in the identification of the affected
segment(s). Furthermore, as stated in the introduction, RV function is an independent
predictor of clinical outcome in ischemic heart disease, and its assessment should therefore be
included in the routine evaluation.3 It should be noted that the RV responds differently to
ischemia compared to the LV myocardium since its susceptibility to ischemia is less. A
common finding, for example, is the improvement of RV function after myocardial function,
indicating that dysfunctional tissue is often viable. The lower myocardial oxygen demand and
the coronary perfusion during the entire cardiac cycle most likely contribute to this
phenomenon.57
ARVD/C is an usually inherited cardiomyopathy characterized by fibro-fatty myocardial
replacement predominantly in the right ventricle (RV) resulting in functional and
morphological changes which provide a substrate for both (life threatening) arrhythmias and
heart failure.58, 59 Typical predilection sites have been identified in the RV, the so-called
“triangle of dysplasia”, which encompasses the RV outflow-tract, the RV apex and the RV
base. The diagnosis is established using a set of major and minor criteria as proposed by an
international Task Force in 199460, where non-invasive cardiac imaging takes a prominent
role in the diagnostic process. While magnetic resonance imaging seems to be confined to
experienced centers, echocardiography is still one of the most important non-invasive tools. In
addition to the conventional echocardiographic evaluation, preliminary reports have shown
promising results using deformation imaging in detecting regional abnormalities in RV
function.37, 61 Contrast echocardiography is another useful tool in patients with poor or
suboptimal acoustic windows. In case echocardiography is unsatisfactory or doubtful, MRI
should be performed for further analysis, preferentially in specialized centers.62 The exact role
of delayed gadolinium contrast enhancement in the detection of RV fibrosis remains to be
determined. Promising results have been reported,9 but technical issues currently seem to
limit the widespread use of this method.
Other causes for segmental RV dysfunction include diseases which also typically affect the
LV, such as hypertrophic cardiomyopathy63 and sarcoidosis.64 Each of these disorders display
typical predilection sites within the LV, but involvement of the RV myocardium is not
uncommon. RV size, function, and pressures should therefore also be evaluated in these
patients.
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CONCLUSION
Right ventricular anatomy and function are markedly different from the LV. This should be
taken into account when differentiating between the normal and abnormal RV. Furthermore,
the RV is more load dependent than the LV. Changes in RV shape and volume can be the first
signs of RV dysfunction and pressure/volume overload. The non-invasive evaluation by
echocardiography or CMR should therefore focus on RV volume, RV shape, RV wall
thickness and tissue characterization. Secondly, RV function should be assessed, both global
and regional. Thirdly, the influence on, or by the LV should be evaluated. Finally well known
demographic variables (e.g. age, gender, body constitution and sports participation) should be
taken into account in this evaluation.
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ABSTRACT
Background: Recent developments in the field of echocardiography have allowed the
cardiologist to objectively quantify regional and global myocardial function. Regional
deformation (strain) and deformation rate (strain-rate) can be calculated non-invasively in
both the left and right ventricle, providing information on regional (dys-)function in a variety
of clinical settings. Although this promising novel technique is increasingly applied in clinical
and preclinical research, knowledge about the principles, limitations and technical issues of
this technique is mandatory for reliable results and for implementation both in the clinical as
well as the scientific field.
Aim: In this article, we aim to explain the fundamental concepts and potential clinical
applicability of strain and strain-rate for both tissue Doppler imaging (TDI) derived and
speckle tracking (2D-strain) derived deformation imaging. In addition, a step-by-step
approach to image acquisition and post processing is proposed. Finally, clinical examples of
deformation imaging in hypertrophic cardiomyopathy (HCM), cardiac resynchronization
therapy (CRT) and arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/C) are
presented.
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BACKGROUND
There is an increasing need for diagnostic modalities able to objectively quantify myocardial
function. Quantification of regional myocardial function with ultrasound is challenging on its
own. Visual assessment of wall motion and thickening requires extensive training1 and
remains highly subjective2. In addition to this visual assessment on 2-dimensional B-mode
images and new 3-dimensional recordings, “classic” M-mode echocardiography can be used
to evaluate myocardial thickening. Unfortunately, M-mode can only be used in a limited
number of segments since it has to be perpendicular to the investigated myocardial segment.
New techniques such as anatomical M-mode have partly overcome the problems with
insonation angle, at the expense of a reduced temporal resolution. Tissue velocity imaging
along the long axis of the ventricle is a commonly used and well validated technique to
quantify longitudinal ventricular function. Tissue velocities at the ventricular base represent
the integral of myocardial shortening velocity from base to apex and therefore provide
information on global, rather than on regional ventricular function.
Tissue deformation imaging is a recently introduced technique which enables the objective
assessment of regional myocardial deformation assessed by ultrasound based strain and strain
rate using myocardial Doppler data or B-mode images. This is a promising new technique to
quantify regional left and right ventricular function and appears of added value in unmasking
or unraveling cardiac pathology (Table 1). Knowledge of its principles and limitations is
mandatory for proper application and reliable interpretation of the results both in the clinical
as well as the scientific setting. This review therefore aims to explain the basic concepts and
potential clinical applicability of strain (ε) and strain-rate (SR) for both tissue Doppler derived
and speckle tracking derived deformation imaging. In addition, a step-by-step approach of
image acquisition and post processing will be discussed.
Table 1. The additional value of tissue deformation imaging in the field of echocardiography.
Additional value
Potential utilities
Unmasking subtle pathology

Early diagnosis coronary artery disease3 and cardiomyopathy4

Quantifying myocardial function

Objective assessment of regional function5

Visualizing timing issues

Quantification of timing within a heart cycle6

Detecting subtle changes over time

Therapy evaluation in patient follow-up7

Improving inter/intra observer variability

Increasing accuracy of stress echocardiography8

MYOCARDIAL DEFORMATION
Following electro-mechanical activation, the myocardium deforms during systole due to
sarcomere shortening. This active deformation causes a reduction in intracavitary size,
resulting in the ejection of blood from the ventricle. In diastole the original ventricular
geometry is restored due to active relaxation and passive filling following atrial contraction.
Since myocardial tissue is virtually incompressible, the volume of the ventricular wall
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remains the same during the cardiac cycle and, thus, deforms in three dimensions. During
systole there is three-dimensional deformation which can be expressed in three ventricular
coordinates: a longitudinal shortening and a circumferential shortening and a radial
thickening.

Figure 1. Calculation of deformation. Calculation of strain (ε), with L0 as the original length (grey bar in figure), ∆L the
change in length (orange bar) and L as the total length (grey and orange bar).

Myocardial deformation is expressed as a one dimensional parameter: strain (ε). It defines the
total deformation during the cardiac cycle relative to the initial length at the onset of the
cardiac cycle, and is expressed in percentages (figure 1). This implies that longitudinal and
circumferential (systolic) shortening result in a negative strain and radial (systolic) thickening
in a positive strain. When the initial length of the investigated myocardial segment is known
during the cardiac cycle, the relative length change (strain) can be calculated throughout the
entire cardiac cycle. The local end-systolic strain value reflects the regional ejection fraction
and the global LV end-systolic strain reflects the LV ejection fraction9 (Figure 2). When
visualized in a graph (figure 3) the different phases of the cardiac cycle can usually be
identified: during systole the strain values become more negative (S-wave) with the negative
peak at the aortic valve closure, representing the maximal longitudinal myocardial shortening
during contraction (or peak systolic strain). In diastole the strain values return towards zero
(towards the original length of the analyzed myocardial segment at the onset of the cardiac
cycle) in three phases: (1) the early, or rapid filling phase (E-wave) followed by (2) a plateau
phase, or diastasis and finally (3) atrial filling (A-wave).

Figure 2. LVEF – global 4Ch strain correlation. Correlation plot of absolute strain values vs LV ejection fraction (LVEF)
in a CRT population (unpublished data, De Boeck, et al). Absolute strain values are calculated as mean of the end systolic
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(global) strain values of the septal and lateral wall using 2DSE. LVEF is calculated using the Simpson`s rule. Note the good
correlation over a broad range of LVEF.

The speed at which the myocardial deformation occurs is the strain-rate (SR) and is expressed
in s-1. SR depicts the change in strain over a period of time. Thus, when the myocardium
shortens there is a negative SR and, the steeper the slope of the strain-curve, the higher the
SR-values. The peak systolic strain rate correlates well to loading independent indices of
contractility and hence provides valuable information on regional contractile function9, 10.
Comparable to strain, when plotted in a graph (figure 4) the different cardiac phases can be
recognized: in systole a negative deflection indicating myocardial shortening with a peak
systolic SR at the steepest part of the strain-curve, and in diastole two positive deflections: the
E- and A-wave and diastasis when no change in strain occurs.
To optimally assess regional myocardial function, both strain and SR need to be calculated
since they provide complementary information: end systolic strain estimates ejection fraction
and peak systolic SR is a measure of contractility. By analogy, when driving a car both the
total distance of the journey as well as the speed of the car during the journey provide
valuable information.

Figure 3. Example of longitudinal strain graph (Doppler derived). Longitudinal strain derived from tissue Doppler data in
the interventricular septum in a healthy person. Y-axis represents strain (%), X-axis represents time (one cardiac cycle). Blue
lines represent cardiac events: (MVC) mitral valve closure and (MVO) opening, and (AVC) aortic valve opening and (AVC)
closure.
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Figure 4. Example of longitudinal strain-rate graph (Doppler derived). Longitudinal strain-rate using the region of
interest of figure 3. Y-axis represents strain-rate (s-1), X-axis represents time (one cardiac cycle). Note the negative SR during
systole when the ε becomes more negative (myocardial shortening) in figure 3 and the positive SR during the upstroke of the
strain-curve during the E and A-wave. The SR is zero when no deformation occurs.

Figure 5. Calculation of strain-rate using the velocity gradient. Longitudinal velocities using two ROI points in the same
recording as figure 3. Y-axis represents velocity (cm/s), X-axis represents time (one cardiac cycle). IVC = isovolumic
contraction; IVR = isovolumic relaxation. Calculation of strain-rate (SR) can be derived from the spatial velocity gradient
(∆v) at a defined distance (∆x). The red area indicates a negative ∆v due to shortening, resulting in a negative SR (and thus a
reduction in strain) and the blue area results in a positive SR, demonstrated in figure 4.See Colour Section page 240.
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TISSUE DEFORMATION IMAGING
Currently there are two different methods to calculate myocardial deformation using
ultrasound: tissue Doppler derived strain and two-dimensional strain derived from B-mode
images (speckle tracking). These two techniques will be briefly explained in the following
section. Notably, differences in software packages may exist between manufacturers11. The
examples in this review are based on the commercially available software packages from GE
Vingmed (GE Vingmed ultrasound, Horten, Norway).
Tissue Doppler strain:
Principles
By color coded tissue Doppler images (TDI), the velocity relative to the transducer is
recorded and can be calculated in each pixel (figure 5). In the longitudinal recordings, the
gradual increase in velocity from the nearly stationary apex to a maximal velocity at the
annular plane is called the velocity gradient and is generated by longitudinal shortening of the
myocardium. Within a defined region of interest (ROI) the difference in velocities is used to
calculate the SR using the velocity of the distal (v1) and the proximal (v2) point within the
ROI and the distance between these two points (see formula, figure 4). Strain is calculated
from the SR values by temporal integration.
v −v
∆v
SR = 1 2 =
∆x
∆x
From this formula it is also clear that if a myocardial segment is not deforming during systole,
for example due to an infarction, there is no difference in velocities and thus a SR of zero,
although the segment could show a displacement and velocity due to tethering of a functional
neighboring segment. This translated velocity on the non-deforming segment could give the
impression of normal function when assessing it by velocity imaging only, but this is
unmasked when calculating the regional SR and ε.
TDI is one-dimensional, thus only deformation along the ultrasound beam can be derived
from velocity. Therefore, only the longitudinal SR/ε in the apical views and radial SR/ε in the
parasternal views can be calculated.
Validation
Several studies have established the robustness and potential useful role of this novel
echocardiographic technique. The accuracy of the measurement of velocities has recently
been investigated using tissue mimicking gelatin blocks in two commercially available
ultrasound systems 11. This in-vitro study reported a very high degree of accuracy for velocity
measurements, although there was a small overestimation of ε and SR11. In-vivo invasive
studies, using sonomicrometry as a reference method, have confirmed the validity to calculate
strain and strain-rate from tissue velocity over a wide range of strains in animal models 12, 13.
Nowadays, the reference method for non-invasive validation in humans is three-dimensional
tagged magnetic resonance imaging, which relies on deformation of tag lines to assess strain
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in 3 dimensions. Doppler derived strain measurements in humans, both healthy controls and
patients with acute myocardial infarction, under different conditions (at rest and during
Dobutamine infusion) have proven to be accurate when comparing ultrasound with MRI 14.
Thus, tissue Doppler imaging is a well validated technique to calculate strain and SR over a
wide range of conditions, indicating the feasibility for the usefulness of this technique in the
clinical setting.
Limitations
When evaluating regional myocardial function with tissue Doppler derived SR/ε, knowledge
of the limitations of this technique is essential to ensure appropriate acquisition as well as
correct post-processing since artifacts often mimic pathology. The most important and
common artifacts will be briefly discussed in this section.
Since all calculations are derived from the measured velocities, it is essential to work with a
data set which provides the true velocities of the myocardium. Reverberations, side lobes and
drop out all interfere with obtaining the true velocities and disturb the data used to calculate
SR and strain. Reverberations and side lobes are stationary artifacts of extracardiac structures
projecting through the myocardium. The measured velocity within such an artifact is close to
zero, resulting in 1) random noise within the artifact 2) an overestimation of negative SR/ε
below the artifact, 3) a reversal directly above the artifact and 4) an underestimation above the
reversal region (Figure 6). If, for example, the true v1 is 4 cm/s and v2 is 3 cm/s, but due to a
stationary artifact the measured v2 is 0 cm/s. This means that the calculated ∆v is 4 cm/s
instead of the true 1 cm/s, overestimating the SR (see formula) and strain. Drop-out interferes
in a similar manner in the calculation of SR, since no velocities are measured, within the drop
out zone SR is close to zero, giving the impression of hypo- or akinesia.
Deviation of the insonation angle is another important limitation of the technique. If the
ultrasound beam deviates from the direction the investigated myocardial segment moves, the
measured velocity (vm) is lower than the actual myocardial velocity. This underestimation is
dependent on the angle between the myocardial wall and the ultrasound beam, this implies
that vm reduces if the angle increases. Angle correction however, is not an option. As
explained earlier, the myocardium deforms in three dimensions, meaning that when
measuring longitudinal deformation, one has to keep in mind the simultaneous radial
deformation. When the ultrasound beam is parallel to the myocardial wall, the vm is the actual
velocity and the vm of the transverse deformation is zero, since the movement is perpendicular
to the ultrasound beam. When the angle changes, the contribution of the transverse velocity
increases in the vm. For the resulting SR/ε this results in a combination of both a negative
(longitudinal) and a positive (transverse) strain, severely disturbing the derived SR/ε patterns.
For acceptable calculations, an angle deviation below the 20 to 15 degrees is mandatory.

50

Fundamental concepts of deformation imaging

3

Figure 6. Impact of a stationary artifact on Doppler derived SR. TDI derived color coded M-mode of strain-rate in the
lateral wall of one cardiac cycle. A stationary artifact (between white arrows) disturbs the velocity derived parameters. Note
the reversal of the strain rate in the artifact and the overestimated SR below the artifact. This pattern closely resembles
pathology, although the reversal in each phase (also during the atrial contraction) suggest an artifact which is also clearly
seen on the B-mode images in this case (green arrows). Bottom = base; top = apex; yellow-red = negative SR; green = no SR;
Blue = positive SR. See Colour Section page 240.

Image acquisition and post-processing
As pointed out, TDI is a technique which has some limitations inherent to the technique,
which could potentially disturb the derived parameters. Optimal image acquisition and
knowledge of post-processing techniques are essential to minimize artifacts and, respectively,
deal with them in post processing.
Image acquisition: The ultrasound investigation starts with an optimal ECG signal with a clear
definition of the QRS-complex and P-wave ensuring a consistent ECG-triggering. Pulsed or
continuous wave measurements of the valves are needed to incorporate event timing in the
off-line measurements. An optimal quality in the 2D gray scale image is mandatory for a high
quality tissue Doppler recording. In the following section we present a step-by-step approach
for image acquisition.
1) The myocardial wall needs to be optimally visualized with a clear delineation of
myocardial tissue and extracardiac structures (e.g. suppression of the blood pool), a
minimum of extracardial artifacts should be achieved and the angle of interrogation
limited (deviation below 15-20 degrees). The latter is achieved by orienting the
transducer parallel or perpendicular to the investigated wall.
2) TDI settings need to be adjusted for optimal post-processing. The velocity scale needs
to be adjusted to avoid aliasing. Although a reduction in the velocity scale will result
in lower frame rates, the lowest possible velocity scale will result in the highest spatial
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and temporal resolution combination. Further optimization of the temporal and spatial
resolution is achieved by narrowing of the image sector until it is slightly wider than
the investigated wall or wall segment. Wall by wall acquisition is essential to achieve
adequate frame rates, for reliable SR calculations the optimal sampling rate is >180
frames/sec.
3) Three complete cardiac cycles are recorded digitally during breath hold (to minimize
image translation) in the presence of a regular rhythm. This will allow filtering of
average noise during post processing without losing resolution.
Longitudinal ε/SR can be derived from the apical three (posterior and anteroseptal wall), two
(inferior and anterior wall) and four chamber views (lateral, septal and RV free wall). Radial
strain can be derived from the parasternal recordings of the posterior wall. The measurement
of septal wall radial strain often produces artifacts due to the morphological and functionally
bilayered architecture (LV and RV fibers) of the interventricular septal wall.15.
Circumferential strain can be calculated from the short axis recording (lateral and inferoseptal
wall).
Post-processing: Knowledge and experience in the post-processing techniques are important
to interpret the ε and SR graphs and to distinguish pathological deformation from artifacts.
All commercial software programs are equipped with numerous settings to offer the
possibility to optimize the calculations to derive SR from velocity. These settings are
available to reduce the ‘random-noise’ in the SR and ε graphs. With the reduction of noise,
the SR and ε graphs are smoothed with the consequence that potentially important temporal or
regional information is lost. Therefore, a maximal signal to noise ratio should be achieved
with a maximal spatial resolution. Averaging more than one cardiac cycle (reduction of
random noise and the beat-to-beat variation), temporal (reducing the effective sampling rate)
and spatial averaging and increasing the offset length (changing the ∆x in figure 1) are
alternative options to reduce noise, although, with careful tracking this is often unnecessary
using default settings. Another important setting is the correction for drift in the strain graphs.
Assuming that the length of the myocardium returns to its original length at the end of the
cycle, the strain value should return to zero. Time integrating the strain-rate can result in
drifting of the strain curve. Drift compensation could introduce an error in the strain estimates
and should be taken into account when interpreting the strain graphs.
All derived parameters are calculated within a specific region of interest (ROI), therefore the
ROI needs to follow myocardial motion during the cardiac cycle. A brief explanation on
tracking is described in the following segment.
1) The ROI should be defined; this implies adjustment of both the offset length and ROI
size. These parameters can vary and depend on the investigated parameter (radial vs.
longitudinal strain) or the clinical question (since small defects appear normal in a
large ROI or offset length).
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2) The ROI should be placed in the myocardium, typically, three ROI locations are
defined in each wall (basal-, mid- and apical segment).
3) The ROI should be tracked throughout the cardiac cycle to follow the myocardial
movement. Special attention should be made to avoid stationary artifacts (e.g.
reverberations) and the blood pool.
4) Finally the quality of the tracking should be checked. Sub-optimal tracking of the ROI
will result in drift in the strain-graphs and in a noisy SR-graph. The ROI position can
be corrected after the identification of the noisy frames (to eliminate frame-to-frame
artifact or blood-pool noise) which are best identified in the SR graph.
Parameters: Numerous measurements and calculations can be performed after the tracking of
the ROI. These can be divided into parameters concerning the timing and/or the magnitude of
strain and SR. The most relevant measurements are presented in figure 7. For shortening
strains, the peak systolic strain value is defined as the lowest value between aortic valve
opening and closure. Post-systolic strain is defined as myocardial deformation (shortening for
longitudinal and lengthening for radial function) after the aortic valve closure. From these
values, the post-systolic index (PSI) can be calculated (figure 7). For the SR trace,
comparable parameters can be obtained as in the velocity trace; peak systolic, peak early- and
late diastolic SR and time to peak systolic SR, although the last measurement can be
unreliable, due to the noisy aspect of the SR curves.

Figure 7. Strain and strain-rate parameters. Left: strain (ε) and right: strain-rate (SR) measurements of the basal and mid
segment of the interventricular septum. Note the prestretch and the post systolic shortening (4) in the cyan curve. Post
systolic strain is defined as the amount of deformation after the AVC (value 3 minus value 2). In the yellow curve, the peak
systolic value and the peak value are the same, while in the cyan curve these are two distinctive points (2 and 3). From this,
the post-systolic index (PSI) can be calculated: (4) / (3) x 100 = PSI (%). The definition of the onset value (1) could also be
defined at the onset of the QRS-complex for the yellow curve. See Colour Section page 240.

53

Chapter 3

Speckle tracking / two-dimensional strain:
Principles
2-dimensional strain imaging is a new technique which uses standard B-mode images for
speckle tracking analysis, in which the speckled pattern (acoustic backscatter generated by the
reflected ultrasound beam) is followed frame by frame. This speckle pattern is unique for each
myocardial region and it is relatively stable throughout the cardiac cycle. The displacement of
this speckled pattern is considered to follow myocardial movement and a change between
speckles represents myocardial deformation (Figure 8). When tracking a defined region of
speckles, a software algorithm follows the change in geometric position of this region, frame
by frame, and extracts the displacement, velocity, strain and strain rate of a defined
myocardial segment. In contrast to TDI derived parameters, speckle tracking is an angle
independent technique as the movement of speckles can be followed in any direction. For the
apical views this implies that not only longitudinal, but also transverse parameters can be
calculated, which is not possible in TDI recordings. In short axis images both circumferential
and radial parameters can be calculated for all myocardial segments. In addition to the
circumferential deformation parameters, ventricular rotation and twist (additional parameters
for LV function) can also be calculated using this technique16, 17. Since the deformation
parameters can be calculated in two dimensions (while TDI derived parameters are onedimensional), this technique is often referred to as two-dimensional strain echocardiography
(2DSE).

Figure 8. Typical speckled pattern of the myocardium on ultrasound in the septal wall. The tracking algorithm follows a
unique speckle pattern during the cardiac cycle. The left square represents the starting location and the right square the
location of the pattern at end systole. Note the change in distance between the speckles due to deformation (longitudinal
shortening and radial thickening of the square). RV = right ventricle; LV = left ventricle; RA = right atrium.

54

Fundamental concepts of deformation imaging

3
Validation
Validation of early versions of 2DSE software in a tissue mimicking gelatin block revealed a
good correlation compared to sonomicrometry, although values (both strain and strain-rate)
were overestimated in the lower range of values18. These findings were also found in an
animal model (sonomicrometry in pigs with myocardial infarction), where 2DSE was found to
slightly overestimate values compared to the reference test. A weaker correlation was found
in the lower range of deformation values18. Tracking is affected by dyskinetic segments (e.g.
ischemia), causing the fiber orientation to change, thus affecting acoustic properties and
speckle integrity. Using a new (two-stage) tracking algorithm, a better correlation was found
between the 2DSE values and those obtained using sonomicrometry over the entire broad
range of tested clinical relevant values19. For radial and circumferential parameters, a good
correlation was found using sonomicrometry in dogs20.
The first study to determine the feasibility and accuracy of 2DSE in patients with myocardial
infarction reported that of all segments, 98% in the control population and 80% in the patient
group could be analyzed, findings which were reproduced in later studies20. Importantly,
2DSE data are highly reproducible and analysis is affected by only small intraobserver (mean
4.4 (SD 1.6)%) and interobserver variability (7.3 (SD 2.5)%)21. Values were significantly
reduced in the infarcted segments, implying a reduction in systolic deformation. There was no
significant difference between TDI and 2DSE parameters22. In a direct comparison of TDI
and 2DSE with MRI-tagging as a reference, comparable values were found for 2DSE and TDI
in both normal and dysfunctional segments. For radial measurements, 2DSE was more
reliable than TDI23.
Limitations
2DSE is generally more smoothed and, therefore, less influenced by artifacts than TDI
derived strain (Figure 9), but also less sensitive to detect small regions of pathology. Some
other limitations of this technique exist. Despite noise reduction by increased smoothing and
despite an anti-clutter filter, drop-out is still problematic and stationary reverberations are
sometimes still tracked or interfere with the frame-by-frame tracking, resulting in drift or
incorrect calculation of strain and strain-rate. In addition, a clear delineation of the
endocardial border is also important for a reliable radial and transverse tracking. Since spatial
resolution is lower in the transverse direction, tracking perpendicular to the ultrasound beam
becomes less robust.
At present, the optimal frame rate for speckle tracking seems to be 50-70 frames per second
(FPS), which is lower compared to TDI (>180 FPS): this could result in undersampling,
especially in patients with tachycardia. Rapid events during the cardiac cycle (e.g. isovolumic
phases) may disappear all together, and peak SR and velocity values may be reduced due to
under sampling, especially in isovolumic phases and in early diastole. Higher frame rates
could reduce the undersampling problem, although this will result in a reduction of spatial
resolution and, consequently, less optimal ROI tracking24. Low frame rates increase the
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Figure 9. Impact of stationary artifact on 2DSE. 2DSE derived strain-rate of one cardiac cycle in the lateral wall in the
same ultrasound examination of figure 6. Top left: B-mode recording with 2DSE ROI of the lateral wall. Bottom left: Colorcoded M-mode of strain-rate values. The stationary artifact can be seen at the level of the green arrow. Due to the
implementation of a clutter filter in the tracking algorithm, 2DSE is less influenced by artifacts. Note the normal SR curves
(right) despite the prominent artifact. Consequently, no reversal of strain-rate is seen in the color-coded M-mode between the
white arrows (compare to figure 6). See Colour Section page 240.

spatial resolution, but introduce a new problem. Speckle-tracking software uses a frame-byframe approach to follow the myocardial movement and searches each consecutive frame for
a speckle pattern closely resembling and in close proximity to the reference frame. With a too
low frame rate the speckle pattern could be outside the search area, again resulting in poor
tracking.
Another limitation of 2SDE is the fact that calculated parameters are averaged over the
myocardial segment when using the “results page” of the software program (see figure 10).
For most pathologic conditions this is not an important limitation, although in conditions with
small regions of myocardial dysfunction, such as early stages of hypertrophic cardiomyopathy
or arrhythmogenic right ventricular dysplasia, the averaging could result in normal
deformation parameters due to normal deformation properties of the adjacent myocardium.
Optimal tracking of the ROI is not only dependent on optimal image quality, but also on the
implemented tracking algorithm. Software programs designed for speckle tracking are
relatively new and are subjected to periodical improvements. Implementation of a new twostage tracking algorithm (correcting initial ‘rough’, block matching estimates using optical
flow techniques25) has indeed shown to improve tracking quality19. However, different
tracking algorithms potentially produce different results, therefore it should be kept in mind
that a periodical update of the software package conceivably influences reference values.
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Figure 10. “Results-screen” of 2DSE. Circumferential strain is calculated on a short axis recording at the level of the
papillary muscle in a healthy individual. On the top left the short axis view with the ROI divided into six segments; top right:
graphical representation of the selected parameter of all accepted segments; bottom right: peak values of all segments, these
values are automatically calculated and can be manually adjusted in the graph if necessary; middle bottom: all available
parameters (radial and circumferential strain and strain-rate, radial displacement, rotation and rotation rate), if approved,
these values are stored; bottom left: color coded M-mode of the selected parameter. See Colour Section page 240.

Image acquisition and post-processing
Image acquisition: The same basic principles for image acquisition as mentioned for TDI
recordings apply for 2DSE: digitalized recordings of a minimum of one cardiac cycle are
made during breath hold (to minimize through plane motion) with a stable ECG recording.
Since the angle of interrogation does not influence strain and strain-rate calculations, the
transducer can be placed off-axis to obtain the optimal gray scale image. However,
misalignment in the third dimension (foreshortening in apical views and oblique transsections
in parasternal views) cannot be corrected in post-processing and should be correct. We would
like to state that optimal frame rates for 2DSE are still under discussion, but in our own
experience: a frame rate of 50-80 FPS seems to result in the optimal tracking quality in the
left ventricle long and short axis. For single wall recordings, a frame rate between 70-110 FPS
will result in proper tracking24.
Visualization of the myocardial wall needs to be optimal, with a clear delineation of
myocardial tissue and extracardiac structures and avoidance of drop-out since this will result
in unacceptable ROI tracking and drift. The optimal balance between temporal and spatial
resolution is achieved when adjusting the image sector slightly wider than the interrogated
wall. For small-angle acquisitions this has the advantage that frame-rate can be reduced into
the 50-110 FPS range while greatly enhancing the lateral resolution and overall quality of the
image. Moreover, near field clutter can be reduced with the implementation of dual-focus
imaging when artifacts are prominent. For parasternal recordings (for radial and
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circumferential function on the short axis) small angle recordings are not possible, all
myocardial segments need to be in the image field. For any recording, it should be kept in
mind that all myocardial segments need to be visualized optimal, since poor tracking of any
segment often affects tracking of the adjacent segments.
Post-processing: Comparable to TDI calculations, careful post-processing is mandatory to
obtain reliable regional data, although ROI tracking is less influenced by artifacts and are
easier to identify as inappropriate ROI tracking. ROI tracking in 2DSE is discussed in the
following section.
1) The ROI is defined by tracing the endocardium in a still frame (default at end systole).
2) The ROI width is set to match the myocardial thickness. An automated software
program calculates the frame-to-frame displacements of the speckle-pattern within the
ROI throughout the cardiac cycle.
3) The resulting tracking quality is then scored as either acceptable or non-acceptable.
Since the program follows any speckle pattern, tracking of a stationary artifact during
the cardiac cycle is not uncommon, and often scored as appropriate tracked. Therefore,
the tracking has to be visually checked and adjusted if necessary. Even the slightest
failure of ROI tracking can result in drifting of the calculated strain curve.
For each myocardial segment, velocity, displacement, strain and SR are calculated in two
dimensions: longitudinal and transverse parameters in the apical recordings and
circumferential and radial parameters in the parasternal recordings (Figure 10). For the right
ventricle, only longitudinal parameters can be reliably calculated due to the thin wall.
Additionally, ventricular rotation and rotation-rate are calculated for the short axis recordings.
With these parameters, left ventricular torsion can be calculated. Likewise for the TDI
parameters, temporal and spatial smoothing can be adjusted.
Comparability between TDI and 2DSE:
Both TDI and 2DSE derived parameters are accurate quantitative measures of local
longitudinal myocardial deformation, and thus (dys)function and will general yield
comparable values for local deformation and deformation rates in both the LV22 and the RV24.
Variability in the measurements and technical factors however, make that minor differences
between the calculated parameters should be anticipated when comparing values of TDI and
2DSE in a single patient. Most of the observed differences between the two techniques are
those inherent to the limitations described earlier. For example, TDI is not possible when the
investigated wall is not optimally aligned, or in the presence of a stationary artifact, whereas
2DSE is less influence by these interferences. On the other hand, 2DSE has a relative low
temporal resolution hindering tracking in the presence of high heart rates when undersampling
also becomes an issue26, this is not a problem with TDI, where frame-rates are higher (up to
250 FPS). Practical differences between the two techniques are an additional factor when
choosing between one or the other. Training requirements for both image acquisition and
post-processing are equal, although TDI is generally perceived as more difficult to master.
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This is particularly the case for post-processing. In our experience, acquisition time is
comparable between the two techniques. Post-processing time, however is significantly
shorter with speckle tracking27 with approximately 2 minutes for 2DSE and 11 minutes for
TDI analysis of 16 segments from 3 apical views. This mainly results from a more rapid
tracking and parameter extraction in 2DSE, which is automated. The number of segments
which can be analyzed with either technique is comparable (Table 2, feasibility), although
some studies reported a lower feasibility for 2DSE compared to TDI27. The reproducibility of
2DSE is generally better in the LV than with TDI (Table 2). In the RV, this difference is not
seen. Despite the advantages 2DSE offers compared to TDI, we feel that both techniques are
of equal or complementary value in the quantification of myocardial function.
Table 2. Feasibility and reproducibility.
TDI

Feasibility

2DSE

LV

RV

LV

RV

85 ; 93%

93%

88%

93%

Reproducibility

Strain (%)

-17.1 ; 28.5

- 9.2 ; 9.8

-7.5 ; 9.7

-8.6 ; 11.8

Interobserver

SR (s-1)

-0.76 ; 0.96

-0.91 ; 0.81

-0.77 ; 0.83

-0.79 ; 0.81

Reproducibility

Strain (%)

-9.4 ; 9.6

-9.3 ; 9.9

-0.16 ; 2.28

-13.1 ; 15.3

SR (s-1)

-0.42 ; 0.54

-0.85 ; 0.91

-0.54 ; 0.54

-0.73 ; 0.75

Intraobserver

Feasibility is expressed as a percentage of analyzable segments in the LV5
95% limits of agreement in the LV26 and RV24.

, 5, 26, 26

and RV24. Reproducibility is expressed as

CLINICAL EXAMPLES
Clinical and experimental research on the potential role of deformation imaging in various
clinical settings is currently an ongoing topic. The additional value of deformation imaging in
echocardiography has been proposed in various pathological conditions although more
research is needed.28 In addition, tissue deformation imaging has given us recent new insights
into ventricular function, adaptation and mal-adaptation in response to pathology. In the
following section we present some clinical examples of tissue deformation imaging in various
cardiac pathology, underlining the additional advantage in the field of echocardiography.
Hypertrophic cardiomyopathy:
Hypertrophic (obstructive) cardiomyopathy (HCM) is a genetic disorder characterized by
hypertrophy of the myocardium. The differentiation of HCM from hypertensive left
ventricular hypertrophy (H-LVH) on the basis of morphological information obtained by
conventional echocardiography is cumbersome. Myocardial disarray is a typical
histopathological finding in HCM and provides a substrate for potential lethal ventricular
arrhythmias. This disarray also induces functional abnormalities, which could be detected
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using tissue deformation imaging. A recent article found that this technique reliably
distinguishes HCM from H-LVH with a cut-off value for peak systolic strain of -10.6%.4
In the following example we present an asymptomatic first degree family member (male, 44
years) of a patient with HCM. This patient had the same mutation as the index patient. On
conventional echocardiography a septal thickness of 12 mm (upper limit of normal) was
measured with no wall motion abnormalities. Deformation imaging (TDI) unmasked a
pathologic deformation in the basal segment of the septum with prestrech, a low peak systolic
strain (-3.3%) and post-systolic shortening (Figure 11).

Figure 11. Tissue Doppler derived strain curve of three cardiac cycles of a patient suspected for HCM. Yellowcurve/arrow = basal segment, cyan = mid, red = apex. Note the abnormal deformation pattern in the yellow curve. There is
prestrech (blue arrow), a reduced peak systolic value (green arrow) and post-systolic shortening (red arrow). See Colour
Section page 241.

Right ventricular function:
Although clinical and preclinical research of LV function is broadly being explored, little is
known about normal and pathologic RV function and there is an urgent need for more insight
in RV function by quantitative techniques.29 In our own experience, the quantification of
regional RV function using either 2DSE or TDI is feasible and reproducible.24 This technique
has a potential place in the assessment and follow up of patients with primary or secondary
RV disease such as pulmonary artery disease.30
The following case is a 36 year old woman evaluated for arrhythmogenic right ventricular
dysplasia/cardiomyopathy (ARVD/C), an inherited cardiomyopathy characterized by fibrofatty myocardial replacement predominantly in the right ventricle. She has a first degree
family member diagnosed with ARVD/C. The RV was not dilated and no typical ARVD/C
findings on conventional echocardiographic examination31. TDI strain analysis as well as
2DSE revealed abnormal deformation in the basal segment (Figure 12).
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Figure 12. Deformation imaging of the right ventricle in a patient suspected for ARVD. 2DSE trace of the right ventricle
during one cardiac cycle (top-left). Note the low peak systolic strain (bottom-left) in the basal segment. When visualized
graphically (top-right) or with color-map M-mode (bottom-right) the abnormal deformation pattern becomes evident, there is
prestretch (blue area on M-mode and positive deflection in graph, yellow arrow) and post-systolic shortening (negative
deflection after pulmonic valve closure (AVC) in the graph and late-red area on the color-coded M-mode, red arrow). See
Colour Section page 241.

CRT-patient selection:
A potential clinical role of tissue deformation imaging is for patient selection for cardiac
resynchronization therapy. The maximal delay between wall segments can be visualized using
different parameters. The application of regional deformation imaging in this patient group
has the advantage to be able to carefully calculate timing issues of regional deformation
properties of the myocardium, independent of translated displacement induced by adjacent or
opposite wall segments. In addition, LV ejection fraction can be estimated using global LV
end-systolic strain (Figure 2).
In the following example a patient (male, 54 years) is presented fulfilling CRT criteria (LBBB
with a QRS-width > 120ms, NYHA-class III-IV and an ejection fraction of 22%) who was
implanted with a CRT-device. Prior to implantation, we found a septal-to-lateral delay to peak
strain value of 425 msec using 2DSE (Figure 13A/B). After 8 months follow up after device
implantation, there was a significant improvement of ejection fraction (to 42%) a reduction in
LV volume and a dramatic improvement of longitudinal deformation during systole. 2DSE
revealed a nearly synchronous longitudinal shortening with a septal-to-lateral delay of -60
msec (figure 13 C/D).
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B

C

D

Figure 13. Deformation imaging in asynchrony and CRT. A) Longitudinal strain of one cardiac cycle in the 4-chamber
view using 2DSE before CRT device implantation. Note the early septal peak-systolic strain (yellow arrow/graph)
simultaneous with lateral stretching and the late lateral peak strain values (red arrow/graph). B) Bulls-eye figure of peak
systolic strain values in the left ventricle before CRT device implantation. Red = normal strain values, pink = reduced value,
light pink = severely reduced values. Global strain of the left ventricle is -10.1%. C) Longitudinal strain after CRT device
implantation. Note the synchronous contraction pattern of all wall segments and the increase in septal strain to the total
ejection. The septal to lateral delay has decreased (distance between yellow and red arrow) after resynchronization therapy.
Note the pre-exitation in the mid-lateral wall in combination with mildly reduced strain values, indicating the position of the
LV lead. D) Bulls-eye figure of peak systolic strain values in the left ventricle after CRT device implantation. The global
systolic strain of the left ventricle has increased to -14.8%. Note the improvement of systolic deformation in the septal wall
compared to pre-implantation. See Colour Section page 241.

FUTURE PERSPECTIVES
Several new developments are to be expected, not only to improve tracking quality, reduction
noise and improve post processing time32, but also to make this promising technique more
clinically appealing. New automated programs for 2DSE (“automated function imaging”), for
instance, allow rapid evaluation of left ventricular deformation in a 17 segment model and
visualization of peak systolic strain and post systolic strain index in a bulls-eye figure.
Angle dependency and the impact of artifacts in TDI derived parameters and the low temporal
resolution in 2DSE are important limiting factors in the technology. A combination of the two
techniques (high quality, angle independent gray scale data and Doppler data with high
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temporal resolution) could enhance the robustness of the technique and reduce the postprocessing time.
MRI-tagging is a technique to calculate deformation in three dimensions. As explained
earlier, new echocardiographic techniques have “upgraded” the one-dimensional tissue
Doppler to 2DSE. A next step in development is the calculation of strain in three dimensions.
With the recent advances in three-dimension echocardiography, this could be possible in the
near future. Currently, the low temporal resolution is a severe limitation which has to be
overcome before accurate calculations of deformation parameters are feasible.

CONCLUSION
Tissue deformation imaging is a rapidly evolving technique able to objectively evaluate
regional myocardial function. In this review we aimed to give insight into the basic concepts,
image acquisition, data analysis and potential clinical applications. Although this
quantification provides both the clinician as well as the researcher with detailed information
on the myocardial function during the cardiac cycle, it should be kept in mind that, like all
ultrasound techniques, image acquisition and quality remain a limiting factor. Although tissue
deformation imaging is a promising technique, knowledge of image acquisition, post
processing techniques and interpretation of strain and strain-rate graphs are essential to
reliably differentiate myocardial pathology from artifacts both in the clinical setting, and for
reliable and reproducible research. Its limitations notwithstanding, tissue deformation imaging
is an accurate and robust techniques that may successfully fulfill the need for quantitative
assessment of myocardial function. The application of this technique in the clinical setting is
currently not routine, but the potential of tissue deformation imaging and the need for
quantitative measurements of ventricular function should promote its introduction in various
clinical settings in the near future.
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ABSTRACT
Purpose: To compare the results of two new echocardiographic techniques to quantify
regional deformation; Tissue Doppler Imaging (TDI) derived strain and strain-rate (SR) and
2D-strain echocardiography (2DSE) in the right ventricular free wall in individuals with
varying RV function and geometry.
Methods: Three groups were prospectively analyzed: patients with an impaired RV function
(n=23), endurance athletes (n=22) and controls (n=22). Absolute values and timing of strain
and SR were calculated in the basal, mid and apical segments of the RV free wall using TDI
and 2DSE.
Results: Acceptable image quality was available in 93% using TDI-strain and 93% using
2DSE. The overall correlation for onset strain values was 0.59, with better correlation in the
pathological RV (r 0.77). The overall correlation of peak strain was moderately good for
strain-values (r 0.73) and timing (r 0.64). Correlation increased in the patient group showing
significantly lower values. Systolic and diastolic SR correlated closely (r 0.90). In addition,
TDI systematically calculated higher values for strain and SR compared to 2DSE in the
healthy individuals. Inter- and intraobserver variability was comparable for both techniques.
Conclusion: TDI calculated higher strain/SR values compared to 2DSE. There is a
moderately good correlation between TDI and 2DSE derived strain and SR with a better
correlation in the pathologic RV and feasibility is comparable for TDI and 2DSE, thus both
techniques reliably distinguish normal from dysfunction of the RV.
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INTRODUCTION
Tissue Doppler imaging (TDI) is increasingly applied in echocardiographic research. The
derived parameters, strain and strain-rate (SR), offer a quantitative evaluation of regional
myocardial deformation and deformation rate. Although clinical and preclinical research of
left ventricular function is broadly being explored, little is known about normal and
pathologic right ventricular (RV) function. This lack of knowledge has recently been
addressed in an article pointing out the need for quantitative evaluation of RV function.1
Longitudinal shortening of the RV has been shown to be a more important contributor to the
RV systolic function compared to circumferential shortening in the study of Kukulski et al.2
Therefore longitudinal strain and strain-rate measurements reflect regional RV function and
these parameters could serve as useful tools for quantitative evaluation. Although magnetic
resonance imaging (MRI) is useful to visually assess RV regional wall motion and measure
ejection fraction, it is currently not possible to reliably quantify RV deformation using MRI
tagging, since the RV free wall is too thin. Therefore, the role of echocardiographic
quantification of RV function becomes even more important in isolated RV pathology (e.g.
ARVD/C) compared to the left ventricle (LV). Normal values for right ventricular (TDI)
strain (ε) and SR have been reported in the literature for healthy subjects.3, 4 Although
velocity derived strain/SR provides a method to quantify regional function, it is restricted by a
number of practical limitations related to noise, artifacts, angle dependency and inter-observer
variability. Indeed, in daily practice ε/SR imaging of the RV can be difficult due to artefacts
(often in the basal segment), drop out (in the apical segment) and alignment difficulties due to
its complex geometry and position beneath the sternum, making imaging and functional
assessment challenging. In subjects with RV dilatation these difficulties become even more
cumbersome and potentially limit clinical applicability of the technique.
Recently a new technique has been developed for 2-dimensional (2D) ε/SR imaging using Bmode images.5 Myocardial deformation is calculated from continuous frame-by-frame
tracking of speckled myocardial patterns generated by irregularities in acoustic backscatter.
This pattern is considered stable and changes in their position and changes between the
speckles are assumed to follow myocardial motion and myocardial deformation respectively.
In this manner, angle-independent information on strain (or “contraction”) can be obtained.
This angle-independency gives rise to the possibility of acquiring off-axis images to improve
B-mode image quality. Recently, 2D-strain echocardiography (2DSE) has been validated in
the left ventricle with sonomicrometry6-8 and MRI-tagging8 in vitro and in vivo, and new
clinical application of this technique on LV9, 10 and RV11 function are currently being
explored. However it remains unclear how 2DSE derived measurements relate to TDI
measurements, especially in the RV free wall.
The aim of this study was to compare the results of commercially available TDI with 2Dstrain echocardiography in the right ventricular free wall with respect to absolute values and
timing of strain, strain-rate, velocity and displacement in individuals with varying RV
function and geometry.
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METHODS
Study population: Our study population consisted of three different groups who were
prospectively enrolled. The local ethical committee approved of the study protocol and
informed consent was obtained before the ultrasound examination. The first group is
composed of patients with variably impaired RV function, defined as global or regional
hypokinesia in the RV free wall in the setting of left sided heart failure or in patients with a
primary disease of the RV (e.g. ARVD/C). The second group is composed of endurance
athletes with a training level of >9 hours per week. These individuals have right ventricular
dilatation and a presumably normal RV function.12 The last group are healthy, non athletic
controls with normal right ventricular geometry and function used as a reference group. All
subjects in the latter two groups are volunteers with no history of heart disease and a normal
electrocardiogram.
Standard echocardiographic study: The echocardiographic examination was performed
with the subject lying in left lateral decubitus. Ultrasound data was acquired using a Vivid 7
scanner (GE Vingmed ultrasound, Horten, Norway) with a 2.5 MHz ultrasound probe. A
complete echocardiographic study was performed in two dimensional (B-mode) and Tissue
Doppler Imaging (TDI) mode. Pulsed Doppler imaging was used to interrogate trans-tricuspid
and RV outflow tract flow. Real time two dimensional ultrasound data from the RV free wall
was recorded in the apical view for offline, 2D-strain analysis. The image sector width was set
as narrow as possible and depth was adjusted to exclude the atrium from the image view.
Additionally, dual focus imaging was used in most cases to obtain optimal gray-scale images
with a frame-rate of approximately 80fr/s.
Tissue Doppler imaging: Tissue Doppler myocardial imaging data from the RV free wall
was recorded in the standard apical 4 chamber view at frame rates of >150 frames/s. The
Nyquist limit was adjusted to the lowest level avoiding aliasing. The image sector angle was
set parallel to the investigated wall and as narrow as possible to achieve the maximal tissue
Doppler frame rate. Three consecutive cycles were recorded at end-expiration for offline
analysis.
Offline analysis: Data was stored in a digital format and transferred to a computer
workstation for offline analysis. This allowed the computation of velocity, displacement,
strain and strain rate by dedicated, commercially available software (EchoPAC PC version
6.0.1, GE Vingmed Ultrasound, Horten, Norway). Doppler flow curves of the cardiac valves
were used for the timing of mechanical cardiac events and all timing information was aligned
through ECG traces. All data for TDI was averaged over three consecutive cardiac cycles.
A. Doppler Strain and Strain-rate:
The region of interest (ROI) for strain and SR analysis was placed in the basal, mid and apical
part of the RV free wall. An offset distance of 12 mm was used with a ROI size of 8 by 4 mm.
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The ROI was manually tracked throughout the cardiac cycle to follow myocardial motion
unless the investigated segment moved through an artefact. Linear drift compensation was
applied. Reverberations, drop out and a deviation of the ultrasound insonation angle of >20o
resulted in exclusion of the myocardial segment from analysis.
The onset strain (εO) was defined as the point on the strain curve where a consistent down
sloping started after the onset of the QRS-complex on the ECG, the peak strain (εP) as the
peak strain value after the pulmonic valve opening. Systolic strain rate (SR-S) was defined as
the peak negative SR value between the pulmonic valve opening and closure. Early diastolic
strain rate (SR-E) was defined as the peak positive SR value after the εP; and the late diastolic
strain rate (SR-A) as the peak positive SR value after the P-wave on the ECG. For all these
parameters the absolute values and the time to peaks were measured with onset of the QRScomplex as a zero-reference.
B. Doppler Velocity and Displacement:
A stationary region of interest of 4 by 4 mm was placed in the basal part of the investigated
wall just above the annular plane in end-systole. The peak velocity during the isovolumic
contraction phase (V1) and the peak systolic velocity (V2), defined as the peak value between
pulmonic valve opening and closure, were measured as well as the time to the peak. The
tricuspid annular plane systolic excursion was calculated from the velocity derived
displacement and defined as the total displacement from peak negative to peak positive value.
C. Two Dimensional Strain and Strain-rate:
B-mode images of one cardiac cycle of the RV free wall were used to extract 2D strain and
strain-rate curves. Dedicated software (EchoPAC PC 2D-strain, version 59) using a two step
tracking algorithm was used13. A ROI was manually traced along the endocardial border from
base to apex at the end of systole and the ROI-width was set to match the wall thickness. The
tracked ROI was visually checked and adjusted if necessary. The ROI was divided into three
segments (basal, mid and apical), matching the segments in which the ROI of the TDI
analysis were placed. The calculated values for strain and strain-rate were averages over
entire myocardial segments. Only inappropriate tracking and drop out from the image plane
resulted in exclusion of the myocardial segment from analysis.
The starting point of the strain-curve was placed at the onset of the QRS complex on the
ECG. Drift compensation was applied and temporal and spatial smoothing was set to the
default setting of the application. The strain (εO and εP) and strain-rate (SR-S, SR-E and SRA) were similar to the Doppler derived measurements.
D. Two dimensional Velocity and Displacement:
A sample was placed at the most basal part of the tracked ROI and the V1, V2 and the total
displacement were measured. At this point, values were not averaged over the total basal
segment.
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Statistical analysis:
All values are presented as mean ± standard deviation (SD). Normal distribution of the data
was explored using the Kolmogorov-Smirnov test after which correlation between the two
techniques was calculated with either Pearson (normal distributed data) or Spearman (for
nonparametric data) correlation. Significant differences between the two techniques were
calculated using the paired-Student T-test. P values of < 0.05 were considered to indicate
significance. A good correlation is defined as a correlation-coefficient of > 0.70. Correlationcoefficient values between 0.50 and 0.70 are considered to indicate a moderate correlation.
The bias and agreement between the two techniques were analyzed according to Bland and
Altman.14 Feasibility of both techniques was calculated as the percentage of segments
acceptable for analysis and the bias (or mean difference) will be expressed as the absolute
value of 2DSE minus TDI; this implies that an overestimation of TDI will result in a positive
value for negative values (e.g. strain) and vice versa.
For inter- and intra observer variability a randomly selected third of each group was reanalyzed, in which the entire process from ROI tracking to measurement was repeated.
Reproducibility was assessed by mean difference, 95% limit of agreement, and coefficient of
variation (CV %).

Table 1. Mean values, difference and correlation between TDI and 2DSE derived parameters (absolute values)
TDI
2DSE
Mean difference
Correlation

Onset values strain (%)

Peak systolic strain (%)

-1

Strain-rate (s ) (all segments)

Velocity (cm/s)

Displacement (mm)

(mean ± SD)

(mean ± SD)

(± SD)

Basal

1.4 (3.1)

1.8 (2.3)

0.41 (2.6)

0.51

Mid

0.9 (2.1)

1.4 (1.9)

0.57 (1.6)

0.53

Apical

1.0 (1.8)

1.4 (1.8)

0.47 (1.7)

0.39

All segments

1.1 (2.4)

1.6 (2.0)

0.49 (2.0)

0.59

Basal

-21.0 (6.6)

-22.8 (7.4)

-1.81 (5.9)

0.64

Mid

-27.0 (9.9)

-24.4 (7.7)

2.56 (6.8)

0.73

Apical

-28.7 (9.9)

-27.6 (8.9)

1.13 (6.4)

0.78

All segments

-25.4 (9.5)

-24.8 (8.2)

0.64 (6.6)

0.73

S

-1.56 (0.61)

-1.45 (0.53)

0.10 (0.50)

0.59

E

-2.39 (1.15)

-1.85 (0.80)

-0.55 (0.97)

0.56

A

-1.24 (0.69)

-1.10 (0.49)

-0.14 (0.67)

0.39

V1

6.6 (2.4)

7.8 (2.6)

1.17 (2.3)

0.58

V2

9.8 (2.8)

10.9 (2.8)

1.14 (1.8)

0.83

21.8 (6.0)

28.3 (7.8)

6.51 (4.0)

0.88

All three groups are pooled. Italic = Spearman correlation, other = Pearson correlation. All reported correlations are
significant (p < 0.01)
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RESULTS
Feasibility: A total of 67 people were included in this study, 22 controls, 22 athletes and 23
patients with an impaired RV function. Acceptable data quality was available in 186 segments
(93%) using TDI-strain and 187 segments (93%) using 2DSE of a total of 201 segments. The
most missing segments were in the apical segment in group 1 due to alignment inability or
because of drop out from the image plane. Data for comparison of both techniques was
available in 179 segments (89%). The mean frame rate used in 2DSE was 77.8 ± 7 fps
(frames/s) versus 222 ± 39 fps in the TDI recordings.
Strain: With both techniques the peak systolic strain values were significantly different
between the groups, with the highest values in the control group (εTDI -30.0% ± 7.6; ε2DSE 29.4% ± 5.6), slightly reduced values in the athletes (εTDI -28.0% ± 7.6, p NS; ε2DSE -26.7%
± 6.8, p < 0.05), and severely reduced values in the group with RV pathology (εTDI -18.0% ±
8.5, p < 0.01; ε2DSE -17.4% ± 7.0, p < 0.01). The correlation between 2DSE and TDI for peak
systolic strain was good (r 0.73) when all segments in all three groups were pooled (Table 1).
The correlation was best in the group with RV pathology (Figure 1a). Correlation was poor in
the basal segment of the athletes (r 0.33 compared to 0.66 in the group with RV pathology).

Figure 1. A) Correlation plot of peak systolic strain values. Open circles = controls (r 0.47); open triangles = athletes (r
0.57); closed circles = RV pathology (r 0.70); solid lines = linear regression line and 95% confidence interval of total
population. B) Bland-Altman plot peak strain values of total population. Solid line = mean difference or bias (0.64 ±
6.6%); Dashed lines = 95% level of agreement (-12.6, 13.9 %)

TDI strain values were systematically higher in all groups producing a bias of 0.64% with the
95% limits of agreement (LOA) between -12.6 and 13.8% (Figure 2). The difference between
the two measurements was consistent, regardless of the average value. In the basal segment
however, 2DSE calculated higher values in the controls and athletes compared to TDI. There
was a moderate correlation (r 0.56) for the time to peak systolic strain with the best
correlation in the group with RV pathology (Figure 2 / Table 2).
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The onset strain values correlated moderately (r 0.59) with the best correlation in the group
with RV pathology (r 0.77). Time to onset strain correlated less (r 0.37) with a poor
correlation in the group with a narrow range of values (controls, r 0.24) and a clearly better
correlation when the range of values was larger (RV pathology, r 0.52).
Table 2.Mean values, difference and correlation between TDI and 2DSE derived parameters (concerning timing).

Onset time (ms)

Peak systolic strain (ms)

Strain-rate (ms) (all segments)

Velocity (ms)

TDI

2DSE

Mean difference

Correlation

(mean ± SD)

(mean ± SD)

(± SD)

Basal

42 (38)

58 (49)

15.5 (47.8)

0.42

Mid

23 (30)

37 (38)

13.9 (33.9)

0.41

Apical

28 (34)

35 (41)

7.3 (47.8)

NS

All Segments

31 (35)

44 (44)

12.6 (39.9)

0.37

Basal

394 (67)

425 (80)

31.0 (52.2)

0.76

Mid

396 (73)

409 (73)

12.9 (69.7)

0.54

Apical

403 (50)

416 (64)

13.0 (48.6)

0.65

All segments

397 (65)

417 (73)

19.2 (58.7)

0.56

S

217 (65)

232 (66)

14.7 (74.6)

0.35

E

519 (76)

516 (76)

-2.7 (65.5)

0.54

A

1029 (225)

1020 (238)

-9.3 (91.8)

0.93

V1

61 (27)

82 (25)

20.4 (19.4)

0.72

V2

205 (32)

206 (32)

13.9 (39.4)

0.53

All three groups are pooled. Italic = Spearman correlation, other = Pearson correlation. All reported correlations are
significant (p < 0.01). NS = no significant correlation.

Figure 2. Correlation plot for time to peak strain. Open circles = controls (r 0.47); open triangles = athletes (r 0.61); closed
circles = RV pathology (r 0.67); solid lines = linear regression line and 95% confidence interval of total population.

74

Deformation imaging in the right ventricle

4
Strain-rate: In line with the findings of the strain analysis, both systolic as well as diastolic
strain-rate values were significantly different between the groups with the highest values in
the control group (SRTDI -1.77 s-1 ± 0.55; SR2DSE -1.75 s-1 ± 0.55), slightly reduced values in
the athletes (SRTDI -1.77 s-1 ± 0.53, p NS; SR2DSE -1.50 s-1 ± 0.40, p < 0.01), and severely
reduced values in the group with RV pathology (SRTDI -1.12 s-1 ± 0.54, p < 0.01; SR2DSE -1.08
s-1 ± 0.42, p < 0.01). There was a strong correlation (r 0.90) between 2DSE and TDI for
strain-rate over the entire range of strain-rate values (both S and E values) (Figure 3a).
Correlation was moderate for the peak systolic SR (r 0.59) with a difference of 0.10 ± 0.50,
95% LOA -0.90, 1.11 s-1 (Figure 3b) and early diastolic SR (r 0.56) with a difference of -0.55
± 0.97, 95% LOA -2.48, 1.38 s-1 and weak for the late diastolic SR (r 0.39) difference -0.14 ±
0.67, 95% LOA 1.48, 1.20 s-1 (Table 1). The difference between the two measurements was
more pronounced with an increase in the average value. Comparable with the findings in the
strain analysis, the SR values were higher with TDI compared to 2DSE in all groups and in all
segments, except for the SR-S of the basal segment.
Correlation was weak for the time to peak systolic SR (r 0.35), with a better correlation in the
group with RV pathology (r 0.57) (Table 2). Correlation was better for the time to early
diastolic SR (r 0.54) and correlated closely for the time to late diastolic SR (r 0.93).

Figure 3. A) Correlation plot of Strain-rate values. Both the peak systolic values (open circles) as well as the early peak
diastolic values (closed circles) are incorporated in this graph, data from all segments are pooled. 2DSE and TDI strain-rate
correlate closely (Spearman r = 0.90). Solid lines = linear regression line and 95% confidence interval of total population. B)
Bland-Altman plot peak systolic strain-rate. Bland-Altman plot peak strain values of total population. Solid line = mean
difference or bias (0.10 s-1); Dashed lines = 95% level of agreement (-0.90, 1.11 s-1)
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Figure 4. A) Correlation plot velocities. Open circles = controls (r 0.74); open squares = athletes (r 0.82); closed circles =
RV pathology (r 0.63); solid lines = linear regression line and 95% confidence interval of total population. B) Bland-Altman
plot velocities. Bland-Altman plot velocity values of total population. Solid line = mean difference or bias (1.16 cm/s);
dashed lines = 95% level of agreement (-3.08, 5.24 cm/s).

Velocity and displacement: Acceptable quality data was available in 66 segments (99%)
using TDI-strain and 65 segments (97%) using 2DSE of a total of 67 segments to measure the
velocity and total displacement in the basal segment. With the 2DSE approach, V1 could not
be identified in 4 of the 65 segments; V1 could be identified in all 66 segments with TDI.
Total systolic displacement and velocities were comparable in the controls and athletes and
were decreased in the group with RV pathology. Values for V1 correlated moderately (r 0.58),
V2 showed a good correlation (r 0.83, bias 1.14 ± 1.77, 95% LOA -2.4 to 4.68 cm/s) (Figure
4) as well as the displacement (r 0.86, bias 6.5 ± 4.0, 95% LOA -1.6 to 14.6 mm) (Figure 5).
In contrast to the strain/SR findings, 2DSE calculated higher velocity and displacement values
in all three groups. Inter- and intraobserver variability are shown in Table 3 and indicate a
largely comparable reproducibility of strain/SR by both techniques.

DISCUSSION
To evaluate the value of 2DSE and TDI as research and as clinical tools in the study of RV
function, we sought to compare these two currently available echocardiographic techniques to
quantitate global and regional RV function in a clinical relevant range. For this purpose a
direct comparison of absolute values and timing issues was performed and the overall
feasibility was tested. Our study showed an overall good correlation between the two
techniques for peak values of motion and deformation with an overall moderate correlation
for timing issues. From a technical point of view, both techniques had comparable feasibility.
To our knowledge this study is the first to directly compare TDI and 2DSE measurements in
the right ventricle in a head to head fashion.
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Table 3. Inter- and intra observer variability
Inter-observer

2DSE
Parameter

CV

corr

(%)

Intra-observer

TDI
Mean

CV

diff

(%)

corr

(SD)
Strain

15.5

0.83

1.6

20.2

0.67

0.01

12.8

0.88

21.8

0.82

-0.15

19.5

0.77

8.1

0.91

-0.18

26.0

0.77

10.4

0.86

-2.3
(3.6)

(%)

0.2

-0.05

-0.12

5.8

0.96

-0.17

13.4

0.63

0.96

-0.4
(1.5)

Mean

CV

diff

(%)

corr

1.1

18.6

0.71

0.01

(SD)
13.3

0.89

0.83

-0.09

19.3

0.83

0.85

0.11

26.9

0.75

0.87

-0.3
(4.1)

-0.15
(0.89)

3.8

0.99

(1.74)
10.5

0.03
(0.44)

(0.48)
11.4

0.3
(4.8)

(0.37)
26.3

Mean
diff

(7.1)

(0.78)
5.0

TDI

(SD)

(0.85)

(1.25)
Displ

diff

corr

(0.43)

(0.51)
Velocity

CV

(4.8)

(0.40)
SR diastolic

Mean

(SD)

(5.1)
SR systolic

2DSE

-0.34
(0.42)

3.2

0.99

-0.5
(0.9)

Inter- and intraobserver variability for both techniques is presented as the coefficient of vaiation (CV), correlation (corr) and
the mean difference (or bias) for all measured parameters (absolute values).

Leitman et al5 were the first to investigate the correlation between 2DSE and TDI derived
parameters in the left ventricle, they found a relatively good correlation for the strain
measurements (r 0.74) and a moderate correlation for SR (r 0.52) for longitudinal
measurements. Our findings are concordant with this, even though assessment of right
ventricular regional function can be considered more difficult because of its thin wall.
Modesto et al15 found a very good correlation between the two techniques (r 0.94 and 0.96 for
SR and strain, respectively) in the left ventricle. These authors presumably performed both
TDI as well as 2DSE on TDI-recordings, which might have strongly affected the overall
correlation. Therefore, also this study differs from our own, and it remains to be investigated
whether combining Doppler information in the speckle tracking algorithm will result in a
more accurate and reproducible deformation imaging.
Stefani et al16 investigated the comparability between TDI and velocity vector imaging (VVI)
derived parameters in the right ventricle. Although VVI relies on tracking endocardial
speckles on B-mode images, it is unknown whether VVI and 2DSE produce comparable
results. Indeed, in a recent paper by Korinek et al13 the influence of different tracking
algorithms (for 2DSE) in quantifying regional myocardial function has been found to produce
significant differences. This implies that further investigation is needed to establish the
comparability of VVI versus 2DSE.
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Figure 5. A) Correlation plot displacement. Open circles = controls (r 0.57); open squares = athletes (r 0.73); closed circles
= RV pathology (r 0.66); solid lines = linear regression line and 95% confidence interval of total population. B) BlandAltman plot displacement. Bland-Altman plot displacement values of total population. Solid line = mean difference or bias
(6.51 mm); dashed lines = 95% level of agreement (-1.58, 14.6 mm).

Strain: In our study, there was a moderate correlation between TDI and 2DSE derived strain
values over a broad spectrum of clinical relevant strain values. A consistent finding was the
overall higher values for TDI derived strain and SR values compared to 2DSE. A potential
explanation could be the tendency of TDI to overestimate these velocity derived parameters as
suggested by Kjaergaard et al17, who validated TDI derived parameters against
sonomicrometry in a tissue mimicking gelatin phantom. Alternatively, 2DSE initially has
been found to produce a small systematic underestimation of regional deformation.6 However,
with the two-stage tracking algorithm, as used in our study, the underestimation of 2DSE
strain has been reported to be minimal.13 In our study, the only exception on this systematic
bias was the tendency toward higher values in the basal segment with 2DSE. Possible
explanations for this finding could be underestimation of TDI strain in this segment due to the
influence of alignment, wall curvature and/or due to interference of a frequently observed
stationary reverberation in close proximity to this segment. With regard to timing issues, our
study yielded a moderate correlation, although in the group with RV pathology we found a
good correlation between the two techniques (Figure 2). In the athletes and control group, the
moderate correlation could be attributed to the limited physiological range of values (in
particular for onset time). Thus the measuring error as well as lower sampling rate in the
2DSE recordings will have a greater negative impact on this correlation than in the group with
RV pathology, in which asynchrony was more pronounced. Therefore, both techniques
probably comparably quantitate asynchrony, especially in the presence of RV pathology. We
noted systematically more prestretch and later onsets of strain using 2DSE. For this observed
difference between the two techniques we lack a good explanation.
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Strain-rate: In line with the strain analysis, strain-rate also yielded higher values in TDI
compared to 2DSE in both systolic and diastolic parameters, with the exception of the basal
segment. This has often been attributed to lower frame rates of 2DSE, although the inverted
finding in the basal segment is a plea against this explanation. A significant and real
overestimation of SR values with TDI techniques has also been reported in the validation
study of Kjaergaard et al17, with a trend toward an increase in bias with higher absolute values
of SR. Since 2DSE produced higher values compared to TDI in our study, it is possible that
TDI was less adequate in the basal segment. Alignment and artefacts could be a possible
explanation for this observation.

Figure 6. Modified Bland-Altman plot for systolic Strain-rate.
The difference between 2DSE and TDI systolic SR (y-axis) is expressed in percentages ((difference/average) * 100). The
arrow shaped distribution is no longer apparent now the difference between the two measurements is consistent, regardless of
the average value. Solid line = mean difference or bias (4.37%), dashed lines = 95% LOA (-72.0 to 63.2%).

The Bland-Altman analysis for both systolic and diastolic SR values indeed revealed an
increase in the deviation from the mean for higher strain-rate values (Figure 3b). When the
difference between both techniques is expressed as a percentage of the absolute value, this
increase in bias is no longer apparent (Figure 6). This implies that the measured agreement
between the two techniques is relative to the measured absolute value.
The poor correlation found for time to S and E-wave is in strong contrast to the high
correlation found for the time to A-wave (r 0.93). The high correlation in the latter implies
that the low correlation in the first is unlikely due to heart rate variability between the 2DSE
and TDI recordings. Rather, differences in sampling-rate (77.8 ± 7 fps for 2DSE vs 222 ± 39
fps for TDI), and the noisy character of the SR signal renders timing analysis more difficult.18
Indeed, often multiphasic systolic and in particular early diastolic peaks could be identified in
the SR signal. Of note, we found a reasonable correlation between observers for SR timing
issues with TDI but poor correlation for 2DSE which makes the latter inadequate for SR
timing issues.
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Velocity and displacement: For both TDI17, 19 and 2DSE13, high levels of accuracy have
been reported. In this study, the measurement of the peak systolic velocity showed a good
correlation between the two techniques, although the values were significantly higher for
2DSE. It has to be noted that the correlation could have been affected by the use of a
stationary ROI for the TDI measurements. Additionally, the impact of alignment and exact
position within the basal segment could also be an explanation, since 2DSE follows the
movement of the wall and is not confounded by radial movement, thus, measures the true
longitudinal velocity. The same could be stated for the total systolic displacement of the
annular plane. 2DSE calculated significantly higher values compared to TDI, and most likely
approximates the true displacement, since the displacement is calculated along the myocardial
wall compared to TDI where it is calculated along the Doppler beam.
Reproducibility: The inter- and intra-observer variability were comparable for both
techniques for all parameters (Table 3), with the expected good reproducibility for velocity
and displacement measurements and somewhat poorer for derived parameters (strain and
strain-rate). Our findings are in concordance with previous reports4, 6, 17, but we also report on
the reproducibility of timing measurements. The superior reproducibility of 2D strain
compared to TDI for longitudinal strain measurements reported in the literature20 for the LV
could not be reproduced in the RV in our study.
The 95% LOA for repeated measurements was wide between -9.3 and 9.9 with a bias of 0.3
for TDI strain and between -13.1 and 15.2 with a bias of 1.1 for 2DSE derived strain. This
could mean for the individual patient that an absolute difference of about 10% for TDI strain
and 15 % for 2D strain has to be measured for the clinician to be 95% confident that the
condition or RV deformation of the patient has significantly changed.
Limitations
Strain, SR and velocity measurements in this study were not validated against a gold standard.
However a non-invasive reference method for RV deformation assessment in humans is
currently not available. Moreover, this study was not intended as a validation study, but rather
we aimed to determine whether there was a close correlation between these two techniques in
absolute numbers as well as technical feasibility.
The impact of the difference in smoothing and ROI size between the two techniques and
adjustments of these settings fell beyond the scoop of this study, but could have attributed to
the observed difference between the techniques. Rather we compared both techniques as they
commonly would be used clinically, using default settings on the machine. The relevance of
adjusting the temporal and spatial smoothing as well as the ROI size, in both absolute values
as well as timing information remains to be investigated. Nevertheless, to generate optimal
conditions for both TDI and 2DSE, we did adapt sector angle, insonation angle, frame rate
and focus position. We did not investigate the impact of a reduction of near field clutter (with
the implementation of dual focus) on either the temporal or lateral resolution that is induced
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Table 4. Optimal B-mode settings for 2DSE acquisition
recording

Lateral-

Beam

duration 1

temporal

Acquisition setting
Width

Frame-rate

Focus
frame-rate

beam width

density

beam

relation

(/sec)

(cm)

(beams/cm)

(ms)

(ms/cm)

1 wall

Default

Dual

77.2

0.14

7.22

0.23

1.64

1 wall

Low

Single

109.7

0.10

9.75

0.12

1.15

4 Ch

Default

Single

76.4

0.15

6.81

0.12

0.80

1 wall

Default

Single

164,6

0.15

6.46

0.12

0.77

The influence of image sector width, frame-rate and dual/single focus on the lateral (beams/cm) and temporal (frame-rate)
resolution in standard B-mode images at 15 cm depth. The “optimal lateral and temporal relation” was calculated by
multiplying the beam density (beam/cm) and the recording duration of one beam. The highest value indicates the optimal
setting (last column).

by an increase in image width (Table 4). Likely this could be of importance, since in our own
experience, optimal settings are important for acceptable ROI tracking in 2DSE, in particular
for the RV. Our results should therefore not be extrapolated to standard wide angle apical
acquisitions. To evaluate the reproducibility of both TDI as well as 2DSE we used the same
raw data recordings for retracking and measurements. The impact image acquisition by two
independent observers in the same patient will have on TDI and 2DSE derived parameters is
therefore not known and remains to be investigated.

CONCLUSION
We performed a head to head comparison of two techniques (TDI and 2DSE), to quantify
regional RV deformation, to estimate their value and limitations for research as well as
clinical purposes. Overall our study showed a good and comparable feasibility for both
techniques, as well as a comparable inter- and intra-observer reproducibility. Both techniques
showed comparable values with similar capacity to distinguish between different (patho-)
physiological conditions. Only a small bias towards higher values in TDI derived strain and
SR was observed. The overall correlation between the two techniques was moderate to good
for strain and SR values. Altered RV geometry had no impact on the comparability of both
techniques. For research purposes this suggests that both techniques are comparable.
Nevertheless, the relatively large LOA for repeated measurements found for both TDI and
2DSE still constitutes a practical limitation to reliable depict subtle changes in RV function in
the assessment and follow up of the individual patient.
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ABSTRACT
Aims: To investigate the physiological adaptation of the right ventricle (RV) in response to
endurance training and to define reference values for regional deformation in the RV in
endurance athletes.
Methods and Results: Healthy controls (n=61), athletes (n=58) and elite athletes (n=63)
were prospectively enrolled with a training intensity of 2.2±1.6, 12.5±2.3 and 24.2±5.7
hours/week respectively (p<.001). Conventional echocardiographic parameters, tissue
Doppler imaging (TDI), and 2D-strain echo (2DSE)-derived velocity, strain and strain-rate
were calculated in three RV segments. LV and RV dimensions were significantly increased
(p<.001) in both groups of athletes compared to controls. RV systolic velocities and
displacement were not different between the groups. RV strain and strain rate values were
reduced in the RV basal and mid segment in athletes. Athletes with marked RV dilatation
showed lower strain and strain-rate values in the basal (-20.9±4.7% vs. -24.5±4.9%, p<.001
and -1.23±0.31 s-1 vs. -1.50±0.33 s-1, p<.001) and mid (-29.3±5.4% vs. -32.1±5.3%, p=0.017
and -1.58±0.41 s-1 vs. -1.82±0.42 s-1, p=0.009) segment, while athletes without RV dilatation
showed no significant difference compared to the controls.
Conclusion: Regional deformation and deformation-rates (TDI and 2DSE) are reduced in the
basal RV segment in athletes. This phenomenon is most pronounced in athletes with RV
dilatation and should be interpreted as normal when evaluating athletes suspected for RV
pathology.
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BACKGROUND
The athletes’ heart undergoes morphological changes as a result of long term endurance
training. These changes occur to accommodate for the increased need for oxygenated blood in
the body during sports activity. The left ventricle (LV) dilates1, 2 and shows eccentric
hypertrophy1, 2. In the right ventricle (RV) dilatation is equally apparent3, 4 but while
endurance training does not affect the resting LV systolic and diastolic function4, 5, the
functional adaptation of the right ventricle remains unknown. Morphological and/or
functional changes are necessary physiological adaptation mechanisms to cope with the
frequent increase in hemodynamic loading during high intensity exercise1. The resulting
cardiac dilatation mimics several pathological conditions associated with an increased risk of
sudden cardiac death, such as arrhythmogenic right ventricular dysplasia/cardiomyopathy
(ARVD/C). Unfortunately, for the clinical cardiologist it is often difficult to distinguish a
normal from an abnormal right ventricle in patients with moderately altered RV morphology
and function, since data to distinguish normal from abnormal are currently lacking. New
techniques to objectively evaluate myocardial function could aid in identifying dilatation
secondary to intrinsic myocardial pathology in these individuals who are at higher risk for
sudden cardiac death6-8. Echocardiographic tissue deformation imaging is a technique with
sufficient sensitivity to detect minor functional changes that can occur in the RV of athletes9,
10
. Moreover, it provides the clinician with a quantitative tool in the evaluation of the
aetiology of the dilated right ventricle and has the potential to differentiate between
pathological and physiological dilatation of the RV in endurance athletes. To date, no studies
have been published which evaluated either normal (reference values) right ventricular
function in the athletes heart, or right ventricular function in relation to its geometry.
The aim of this study is twofold: 1) to investigate the physiological adaptation of the right
ventricle in response to endurance training and 2) to define reference values in endurance
athletes for regional deformation in the RV.

METHODS
Study population:
Our study population consisted of three different groups based on training intensity, who were
prospectively recruited by N.P. through sports physicians, advertisements and by word of
mouth between 2006 and 2007. We aimed to enrol 60 individuals in each group (see
Statistical analysis), in case more individuals responded, the first 60 were enrolled. With the
specification of our in- and exclusion criteria in our recruitment, all assessed individuals were
included and analyzed with the exception of 4 (see Results). All enrolled athletes were
endurance athletes (rowing, triathlon, cycling and long distance running) participating in
national and international competitions for >5 years. All abovementioned athletic activities
were selected on the associated high dynamic component according to the Mitchell
classification of sports11, of which volume overload is the typical cardiovascular response to
exercise. In addition, all sports activities, with the sole exception of long distance running, are
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associated with a high static component. The study was carried out in accordance with the
Declaration of Helsinki. The local ethical committee approved of the study protocol of this
single centre study and written informed consent was obtained before the ultrasound
examination.
The first group were endurance athletes (n=58) with a training intensity ≥9 and <18
hours/week, the second group was composed of Olympic and internationally competing
professional endurance athletes, training ≥18 hours/week (n=63), the third group consisted of
healthy, non-athletic controls (training ≤ 3 hours week) used as a reference group (n=61). All
subjects were healthy individuals, aged between 18 and 40 years, with no history of heart
disease, including hypertension and diabetes, and a normal electrocardiogram and blood
pressure.
Standard echocardiographic study:
The echocardiographic examination was performed with the subject at rest, lying in left lateral
decubitus position. Ultrasound data were acquired using a Vivid 7 scanner (GE Vingmed
ultrasound, General Electric, Milwaukee, Wis) with a broadband M3S transducer. A complete
echocardiographic study was performed in two-dimensional (B-mode) and tissue Doppler
imaging (TDI) mode. Both standard parasternal views (long and short axis) and apical views
(4-, 2- and 3 chamber) were obtained.
LV and RV dimensions were measured according to the standards of the American Society of
Echocardiography (ASE)12 and Foale et al13. The parasternal two-dimensional measurements
included the LV end-diastolic (LVIDd) and systolic diameter (LVIDs) obtained in the long
axis M-mode. The RVOT end-diastolic diameter was determined in the long (perpendicular
to the septum) and short axis recordings (above the aortic valve). In the apical 4 chamber view
we measured the LV and RV inflow tract diameter at the level of the valve leaflet-tips (LVIT
and RVIT), the RV midventricular short (RV SAX) and long axis (RV LAX), the end
diastolic and systolic area, from which the fractional area change (FAC) was calculated
(Figure 1); and the tricuspid annular plane systolic excursion (TAPSE) on M-mode.
Additionally, all dimensions were corrected for body surface area (BSA) according to Dubois
and Dubois14. Pulsed Doppler imaging was used to measure transtricuspid and RV outflow
tract flow at end expiration during breath hold.
Tissue deformation imaging:
Image acquisition: Our protocol of image acquisition and post processing was previously
described in detail for both tissue Doppler and 2D-strain imaging10. Briefly, for TDI
recordings, small angle recordings with optimal temporal and spatial resolution (>180
frames/s) of the RV free wall were made in the apical recordings. Three consecutive cardiac
cycles were digitally stored at end expiration for offline analysis. Real-time small angle twodimensional ultrasound data from the RV free wall was recorded for offline 2D-strain analysis
(frame-rate 74 - 110 frames/s).
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Figure 1. Right ventricular measurements. Left: the typical RV measurements in the 4-chamber view. The FAC is the
difference in percent between the end diastolic and end systolic area. Middle: 2DSE and TDI segmentation of the RV free
wall during post processing. Right: typical examples of 2DSE SR and strain graphs. The colours correspond to the segmentcolours in the top-middle figure. The peak systolic measurements are marked by the white points on each graph. See Colour
Section page 242.

Offline analysis: Data were stored in a digital format and transformed to a computer
workstation for offline analysis. This allowed for the computation of regional velocity, strain
and strain rate by dedicated, commercially available software. The beginning and ending of
ejection were measured on Doppler flow over the cardiac valves relative to the onset of the
QRS-complex and were subsequently used to define the cardiac mechanical events on TDI
and 2DSE data. For Doppler derived parameters (EchoPAC PC version 6.0.1, GE Vingmed
Ultrasound, Milwaukee, Wis), all data was averaged over three consecutive cardiac cycles.
For 2D-strain analysis, B-mode images of one cardiac cycle of the RV free wall were used to
extract 2D strain and strain-rate curves using commercially available software (EchoPAC, GE
Vingmed Ultrasound, Milwaukee, Wis). Default configurations on the software packages
were used. For TDI analysis, each wall was divided into basal, mid and apical segments
conform the default segmentation for 2DSE (see figure 1, middle). The Doppler sample
volume (8 x 4 mm, offset length 12 mm, Gaussian temporal smoothing 30 ms) was placed
within these segments and manually adjusted throughout the cardiac cycle to ensure its
position within the myocardial segment. Reverberations, drop out, and misalignment (>20
degrees) resulted in exclusion. Secondly, the quality of the derived SR curves were
subjectively verified. For 2DSE analysis, a region of interest was manually traced along the
endocardial border from base to apex at the end of systole, and width was set to match the
wall thickness. If the automated 2D analysis appraisal of acceptable tracking or the subjective
assessment of tracking quality (at 50% loop-speed) indicated inappropriate tacking, the
segment was excluded from analysis. The following parameters were measured: peak systolic
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strain (ε) and strain-rate (SR), defined as the maximal negative value between pulmonic valve
opening and closure in all three segments. In the basal segment the peak systolic velocity (Vs)
and the isovolumic acceleration were measured15. In addition, for the 2D-strain data set, the
global systolic strain and SR was determined when tracking quality was acceptable along the
entire RV free wall. An example of the 2DSE and TDI segmentation and corresponding
graphs are shown in Figure 1.
The standard echocardiographic measurements, the TDI, and 2DSE offline analysis were
performed by one observer (A.T.) at different time points (minimum of two days between
each analysis), to minimize the effect of post-process bias. Furthermore, this observer was
blinded to the grouping, performed by N.P.
Statistical analysis:
All values are presented as mean ± standard deviation (SD). Differences between the groups
were calculated using one-way analysis of variance (ANOVA) with Bonferroni post hoc
correction for multiple comparisons, all tests were two-sided. Pearsons correlation was used
to evaluate the correlation coefficient between deformation parameters and RV dimensions.
P-values of < 0.05 were considered to indicate statistical significance. To define our reference
values we used bootstrap procedure in which we randomly resampled the study population
1000 times with replacement and estimation for each sample for each deformation parameter
and each group the 2.5% reference values (lower limit). From this distribution, we took the
mean point estimate of the reference values. The 95% confidence interval was empirically
determined from these distributions by the 2.5 and 97.5% values16. The bootstrap analysis was
performed using the statistical package R 2.7. Inter and intra observer variability was
determined by a re-examination of 18 randomly selected controls and athletes (10%) for TDI
and 2DSE. This analysis was performed at least one week after the original analysis.
Variability was calculated using a Bland-Altman analysis. We calculated our sample size
using a α of 0.05, a power of 80%, and a control:athlete ratio of 1:2 to detect a difference of
5% in mean strain values between the groups (=1.5% of absolute strain values). With a known
SD of RV strain and SR of 10-11% in healthy controls in the literature17, our sample size was
calculated for an unpaired design at 115 athletes (and thus 58 controls). Statistical calculations
were made using commercially available software (SPSS version 15.0 for Windows, SPSS
Inc, Chicago, Ill).

RESULTS
Baseline characteristics:
Baseline characteristics of the study population are shown in Table 1. A total of 182
volunteers were enrolled in this study after exclusion of three athletes and one control due to
cardiac pathology found during the study (anomalous pulmonary venous return with atrial
septal defect requiring operative closure, first degree AV-block, hypertension and suspected
non-compaction cardiomyopathy, respectively). Between the three groups, no significant
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Table 1 Baseline characteristics of the study population
Parameters

Number

Controls

Athletes

P-value C

Elite

P-value

(C)

(A)

vs. A

athletes

C vs.

A vs.

ANOV

(EA)

EA

EA

A

61

58

-

63

-

-

-

27.7 (5.5)

28.1 (5.4)

-

27.0 (4.7)

-

-

NS

59.0

53.4

-

69.8

-

-

NS

2.2 (1.6)

12.5 (2.3)

<0.001

24.2 (5.7)

<0.001

<0.001

<0.001

Body height (cm)

179.0 (9.0)

179.8 (7.5)

-

183.2 (8.3)

0.015

NS

0.010

Body weight (kg)

71.7 (12.2)

71.9 (9.2)

-

73.7 (10.4)

-

-

NS

Body surface area (m2)

1.89 (0.20)

1.90 (0.15)

-

1.95 (0.18)

-

-

NS

Systolic blood pressure (mmHg)

126.5 (14.3)

125.5 (14.2)

-

122.8 (11.2)

-

-

NS

Diastolic blood pressure (mmHg)

73.0 (9.6)

72.9 (9.7)

-

70.4 (8.5)

-

-

NS

Heart rate (bpm)

59.6 (10.5)

50.7 (7.3)

<0.001

50.4 (9.0)

<0.001

NS

<0.001

Age (year)
Men (%)
Endurance training (h/week)

Data presented as mean (± SD). P-values of post hoc analysis < 0.05 are in bold. ANOVA indicates the overall p-values for
the overall comparisons between the three groups.

differences were found other than height of the elite athletes, who were slightly taller. The
amount of training/week between the control and athlete groups was significantly different by
definition. As expected, heart rate was reduced in both athlete groups. All included
individuals were Caucasian with the exception of 2 (controls) of North African origin. More
men were included in this study, but the distribution among the groups was equal. The relative
large mean height conforms to the national Dutch average.
Of all athletes, 37.5 percent were rowers, 28.3% triathletes, 20% cyclists, 9.2% runners and
5% participated in other endurance sports. Rowers and cyclists in this study had more training
hours compared to runners and triathletes due to the inclusion of the Dutch national rowing
selection and the inclusion of a professional cycling team participating in the major cycling
events (e.g. Tour de France, Giro d`Italia).
All end-diastolic dimensions corrected for BSA in both the LV and the RV were significantly
larger in athletes and elite athletes compared to the control group (Table 2). When expressing
the biventricular dilatation as a LV/RV-ratio, our data suggests a more predominant dilatation
of the RV in the elite athlete group. In comparison with the athlete group, elite athletes
demonstrated even larger dimensions, although this effect of training intensity was not
uniformly recognizable in all dimensions. Despite the increase in both end diastolic and
systolic areas, the RV FAC was reduced in the elite athlete group (Figure 2), while TAPSE
was preserved. Using pulsed Doppler, no remarkable differences in RV diastolic function was
observed between the groups.
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Table 2 Conventional echocardiographic data
Parameters

2

Controls

Athletes

P-value C

Elite

P-value

(C)

(A)

vs. A

athletes

C vs.

A vs.

(EA)

EA

EA

ANOVA

LVIDd (mm/m )

26.1 (2.0)

27.4 (2.1)

0.002

27.7 (2.1)

<0.001

1.0

<0.001

LVIDs (mm/m2)

17.3 (2.1)

17.7 (2.0)

-

18.2 (2.0)

-

-

NS

LVIT (mm/m2)

22.8 (1.9)

24.4 (1.8)

<0.001

24.6 (2.1)

<0.001

NS

<0.001

RVIT (mm/m )

18.5 (2.2)

20.4 (2.2)

<0.001

21.0 (2.1)

<0.001

NS

<0.001

LVIT/RVIT ratio

1.25 (0.16)

1.21 (0.14)

NS

1.18 (0.13)

0.025

NS

0.041

RV SAX (mm/m2)

14.7 (2.2)

15.8 (2.3)

0.033

16.5 (2.4)

<0.001

NS

<0.001

RV LAX (mm/m )

40.8 (4.0)

42.2 (4.7)

NS

43.1 (3.3)

0.005

NS

0.007

RVOT SAX (mm/m2)

15.5 (2.2)

16.6 (2.6)

0.038

16.4 (2.3)

NS

NS

0.034

13.9 (2.0)

14.9 (2.2)

0.035

15.2 (2.6)

0.004

NS

0.003

RV end diastolic area (cm /m )

10.8 (1.7)

12.0 (1.7)

0.003

13.4 (1.9)

<0.001

<0.001

<0.001

RV end systolic area (cm2/m2)

6.4 (1.4)

7.2 (1.2)

0.017

8.4 (1.5)

<0.001

<0.001

<0.001

RV FAC (%)

40.9 (6.2)

40.3 (5.2)

-

37.0 (5.0)

0.001

0.004

<0.001

TAPSE (mm)

24.1 (2.6)

25.6 (3.7)

NS

26.0 (4.7)

0.019

NS

0.016

TV E/A-ratio

2.33 (0.60)

2.39 (0.58)

-

2.57 (0.58)

-

-

NS

TV E` (cm/s)

14.71 (2.443)

14.31 (2.87)

-

13.77 (2.78)

-

-

NS

4.22 (0.87)

4.11 (1.04)

-

4.45 (1.05)

-

-

NS

2

2

RVOT PLAX (mm/m2)
2

TV E/E`

2

Abbreviations as in text. Data presented as mean (± SD). P-values of post hoc analysis < 0.05 are in bold. ANOVA indicates
the overall p-values for the overall comparisons between the three groups.

Tissue deformation imaging:
Both strain and SR values showed a base to apex gradient in all three groups. RV deformation
parameters (Table 3) showed significant differences between groups both for strain and SR
measurements in the RV free wall for both techniques. Both athlete groups showed a
significant reduction of strain and SR values in the basal segment which was most
pronounced in the elite athlete group, and a reduction in SR values in the mid-segment in the
elite athlete group. No significant differences were found between the two athlete groups or
between the different sports. These findings were also apparent using 2DSE analysis with the
exception of strain values in the basal segment in the amateur athletes. In addition, the global
systolic strain and SR (representing the global RV function deformation of the entire free
wall) evaluated with 2DSE was significantly lower in the elite athletes.
In comparison to athletes without RV dilatation (n=60, elite athletes 45%), defined as a BSA
corrected RVIT within 1 SD of mean in the control population, athletes with RV dilatation
(n=59, elite athletes 57%), were characterized by slightly, but non-significant lower heart
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rates (48.8±7.0 vs. 52.1±8.2 bpm, p=0.133) and more hours of training/week (20.0±7.9 vs.
17.3±6.7 h/week, p=0.058).

Figure 2. Amount of endurance training and global RV function. Histogram plots of the RV FAC in the three groups and
the interpolation lines are shown. The RV FAC in the elite athletes is significantly lower (p<0.01) compared to the other
groups.

Other baseline characteristics were not significantly different between the two athlete groups.
All parameters for RV dimensions were significantly increased in the group with dilatation.
Of note, RV FAC was reduced in this group (38.0±5.3%, p=0.025) compared to both controls
(40.9±6.2%) and athletes with normal RV dimensions (39.1±5.4%).
When comparing both athlete groups and the control group, the previously observed
differences in RV deformation parameters between controls and both athlete groups appeared
largely driven by the presence of RV dilatation in the athlete groups (Table 4). Both strain
and SR values were lower in the basal and mid segment in athletes with dilatation compared
to controls, while athletes without RV dilatation showed no significant difference using TDI
derived parameters. Although strain values in the mid-segment were not significantly
different, these differences were also observed in the basal segment using 2DSE. This
observation is further supported by the significant (p<0.01) correlation between RVIT and the
peak systolic strain and SR values in the basal (TDI: r = 0.30 and 0.21, respectively, and
2DSE r = 0.31 and 0.40) and mid segment (TDI: r = 0.21 and 0.19, respectively, and 2DSE: r
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= 0.24 and 0.42), indicating a reduction of these values with increasing RV dimensions.
Moreover, the global systolic strain/SR values also showed a reduction in athletes with RV
dilatation, not seen in athletes with normal RV dimensions, indicated by correlations between
RVIT and global strain and SR of 0.34 and 0.43, respectively (p<0.01).
Finally, the determination of the lower threshold for normal regional RV deformation(-rate)
using either TDI or 2DSE are reported in Table 5 for the control group, am ateur and elite
athletes, and for athletes with and without RV dilatation.
Table 3 Velocity and peak systolic deformation parameters in the right ventricle.
Parameters

Control

Athlete

P-value C

Elite athlete

P-value

(C)

(A)

vs. A

(EA)

C vs. EA

A vs. EA

ANOVA

TDI
RV S-velocity (cm/s)

11.0 (1.8)

11.2 (1.7)

-

11.5 (2.0)

-

-

NS

2

IVA RV-bas (m/s )

1.91 (0.47)

2.04 (0.46)

-

2.02 (0.59)

-

-

NS

Strain RV bas (%)

-24.5 (4.9)

-21.9 (3.9)

0.015

-21.5 (5.7)

0.003

NS

<0.001

Strain RV mid (%)

-32.1 (5.3)

-30.1 (5.4)

NS

-29.6 (5.8)

0.037

NS

0.021

Strain RV apex (%)

-30.9 (6.1)

-33.5 (6.5)

-

-32.9 (6.5)

-

-

NS

-1

SR RV bas (s )

-1.50 (0.33)

-1.34 (0.33)

0.038

-1.31 (0.37)

0.008

NS

0.002

SR RV mid (s-1)

-1.82 (0.42)

-1.68 (0.39)

NS

-1.61 (0.45)

0.022

NS

0.018

-1

-1.91 (0.49)

-2.03 (0.48)

-

-2.05 (0.57)

-

-

NS

SR RV apex (s )

2DSE
RV S-velocity (cm/s)

11.2 (1.6)

11.4 (1.6)

-

11.7 (1.5)

-

-

NS

Strain RV bas (%)

-25.5 (5.4)

-24.5 (4.9)

NS

-22.1 (5.0)

0.002

0.035

0.002

Strain RV mid (%)

-28.6 (4.6)

-28.0 (3.8)

-

-27.1 (3.9)

-

-

NS

Strain RV apex (%)

-31.5 (4.4)

-31.7 (4.5)

-

-32.0 (4.6)

-

-

NS

Global strain RV (%)

-29.3 (3.6)

-28.5 (2.9)

NS

-27.6 (3.1)

0.032

NS

0.037

SR RV bas (s )

-1.62 (0.47)

-1.43 (0.32)

0.026

-1.36 (0.36)

0.001

NS

0.001

-1

-1.56 (0.39)

-1.43 (0.26)

NS

-1.35 (0.25)

0.027

NS

0.001

-1

SR RV mid (s )
-1

SR RV apex (s )

-1.68 (0.31)

-1.65 (0.36)

-

-1.66 (0.39)

-

-

NS

Global SR RV (s-1)

-1.48 (0.27)

-1.37 (0.20)

NS

-1.36 (0.21)

0.026

NS

0.017

Abbreviations as in text. Data presented as mean (± SD). P-values of post hoc analysis < 0.05 are in bold. ANOVA indicates
the overall p-values for the overall comparisons between the three groups.

Variability:
The intra- and interobserver variability (bias ± SD) was 0.3±4.8% and 0.2±4.8% for TDIstrain, 1.1±7.1% and 1.6±5.1% for 2DSE-strain, 0.03±0.44 s-1 and -0.05±0.43 s-1 for TDI-SR,
and 0.01±0.37 s-1 and 0.01±0.40 s-1 for 2DSE-SR measurements, respectively. Feasibility for
TDI offline analysis was 97.8%, 99.4%, and 89.9% for the basal, mid and apical segment
respectively and 94.0%, 96.7%, and, 82.4% for 2DSE analysis.
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Table 4. The impact of RV dilatation on peak systolic deformation parameters
Parameters

Control

Dilatation

P-value

No Dilatation

(C)

(DA)

C vs. DA

(nDA)

P-value
C vs. nDA

DA vs.

ANOVA

nDA
TDI
Strain RV bas (%)

-24.5 (4.9)

-20.9 (4.7)

<0.001

-22.6 (5.0)

NS

NS

<0.001

Strain RV mid (%)

-32.1 (5.3)

-29.3 (5.4)

0.017

-30.4 (5.8)

NS

NS

0.016

Strain RV apex (%)

-31.1 (6.2)

-33.3 (6.8)

-

-33.0 (6.2)

-

-

NS

-1

SR RV bas (s )

-1.50 (0.33)

-1.23 (0.31)

<0.001

-1.42 (0.37)

NS

0.008

<0.001

SR RV mid (s-1)

-1.82 (0.42)

-1.58 (0.41)

0.009

-1.70 (0.44)

NS

NS

0.009

-1

-1.93 (0.49)

-1.94 (0.52)

-

-2.12 (0.51)

-

-

NS

SR RV apex (s )

2DSE
Strain RV bas (%)

-25.5 (5.4)

-22.6 (4.8)

0.010

-24.0 (5.2)

NS

NS

0.013

Strain RV mid (%)

-28.6 (4.6)

-27.6 (3.8)

-

-27.5 (4.0)

-

-

NS

Strain RV apex (%)

-31.5 (4.4)

-31.4 (4.1)

-

-32.3 (5.0)

-

-

NS

Global strain RV (%)

-29.3 (3.6)

-27.5 (2.6)

0.022

-28.6 (3.5)

NS

NS

0.001

SR RV bas (s )

-1.62 (0.47)

-1.33 (0.28)

<0.001

-1.47 (0.38)

NS

NS

<0.001

-1

-1.56 (0.39)

-1.36 (0.25)

0.001

-1.43 (0.25)

NS

NS

0.001

-1.68 (0.31)

-1.60 (0.34)

-

-1.71 (0.42)

-

-

NS

-1.48 (0.27)

-1.32 (0.18)

0.001

-1.42 (0.22)

NS

NS

0.001

-1

SR RV mid (s )
-1

SR RV apex (s )
-1

Global SR RV (s )

Abbreviations as in text. Data presented as mean (± SD). P values of post hoc analysis < 0.05 are in bold. ANOVA indicates
the overall p-values for the overall comparisons between the three groups.

DISCUSSION
This study with special focus on the right ventricle provides new insights into functional
adaptations in the RV using new echocardiographic parameters. Quantitative functional
evaluation of RV myocardial function revealed an unexpected reduction in systolic
deformation at the inlet portion of the RV in athletes, and in athletes with RV dilatation in
particular.
In concordance with previous studies we found significantly larger left and right ventricular
dimensions in athletes1-3, 18-21, while RV diameters had a trend to increase even more than the
left sided diameters, as suggested by a decreased LV-RV ratio. An interesting finding was that
only around half of all athletes showed marked ventricular dilatation, an observation
previously reported by Pelliccia et al18. A distinction between a physiological dilatation in
response to endurance training and remodelling with dilatation secondary to intrinsic
myocardial pathology is cumbersome since criteria of cardiomyopathy22 are often met in these
athletes. Regional assessment of myocardial function could potentially aid in this distinction.
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Table 5. Reference values for lower limits of RV deformation parameters.
Parameters
lower limit
(95% CI)

Controls

Athletes
Amateur

Elite

Dilatation

No dilatation

Peak systolic strain (%)
RV base

RV mid

RV apex

TDI

-18.4
(-18.9/-17.9)

-15.4
(-15.8/-13.4)

-14.2
(-14.3/-11.6)

-14.2
(-14.3/-11.7)

-15.7
(-16.1/-12.4)

2DSE

-17.1
(-20.5/-14.9)

-16.9
(-17.8/-14.9)

-13.5
(-13.1/-11.5)

-13.7
(-14.9/-11.1)

-16.8
(-17.1/-15.7)

TDI

-22.6
(-24.1/-19.5)

-21.3
(-22.6/-19.3)

-21.0
(-22.0/-19.3)

-21.4
(-21.2/-19.0)

-20.8
(-21.0/-18.4)

2DSE

-20.3
(-20.6/-16.4)

-21.5
(-22.0/-19.6)

-21.0
(-22.1/-20.3)

-21.2
(-22.8/-20.6)

-21.2
(-21.3/-19.4)

TDI

-21.8
(-22.1/-18.5)

-23.5
(-25.6/-20.8)

-22.4
(-23.4/-17.4)

-23.6
(-26.8/-20.9)

-22.6
(-24.9/-19.4)

2DSE

-23.3
(-25.1/-20.5)

-24.1
(-24.1/-20.3)

-24.6
(-25.7/-22.7)

-25.1
(-28.1/-24.4)

-23.8
(-23.6/-20.6)

Peak systolic SR (s-1)
RV base

RV mid

RV apex

TDI

-1.02
(-1.12/-0.89)

-0.86
(-0.90/-0.74)

-0.83
(-0.86/-0.70)

-0.80
(-0.82/-0.71)

-0.94
(-0.98/-0.89)

2DSE

-1.03
(-1.10/-0.95)

-0.92
(-0.97/-0.73)

-0.86
(-0.93/-0.64)

-0.85
(-0.94/-0.67)

-0.94
(-1.00/-0.76)

TDI

-1.20
(-1.23/-1.00)

-1.11
(-1.35/-1.08)

-0.95
(-1.07/-0.79)

-0.96
(-1.06/-0.76)

-1.07
(-1.25/-0.99)

2DSE

-1.08
(-1.12/-0.97)

-1.03
(-1.04/-0.87)

-0.97
(-1.01/-0.90

-0.97
(-1.03/-0.94)

-1.04
(-1.17/-0.88)

TDI

-1.15
(-1.16/-0.88)

-1.33
(-1.46/-1.16)

-1.19
(-1.39/-0.88)

-1.15
(-1.37/-0.95)

-1.43
(-1.62/-1.43

2DSE

-1.13
(-1.17/-0.88)

-1.10
(-1.36/-1.05)

-1.20
(-1.23/-1.14)

-1.11
(-1.39/-1.06)

-1.18
(-1.25/-1.14)

Abbreviatios as in text. Data are presented as the mean value of the 2.5% percentile (95% confidence interval). The athlete
population is presented twice, subdivided by either the amount of endurance training or by the presence of RV dilatation.

RV deformation:
In an attempt to limit spurious findings, we employed two independent methods to calculate
RV deformation, i.c. Doppler as well as the angle independent two-dimensional speckle
tracking strain imaging10. Measurement of longitudinal strain (-rate) in the RV can be
regarded as a reliable measure for (global) RV myocardial function and ejection fraction, even
more than in the LV, since 80% of total stroke volume is generated by longitudinal
shortening23. Previous studies have shown an augmented RV systolic function in athletes
using measures of global RV function20, 21. While the results of our study also indicate that
global RV function in athletes is not diminished compared to controls, regional differences
however, do exist. Indeed, both tissue Doppler and 2D-strain derived parameters of regional
deformation showed significant differences between athletes and non-athletes. This reduction
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in both strain and SR in predominantly the basal segment and in a lesser extent in the mid
segment seemed to be related to RV-dilatation since it was only apparent in athletes with RV
dilatation (see Figure 3).
The mechanisms behind the current observation remain to be elucidated. Since athletes were
characterized by lower resting heart rates, a deformation matched to the RV-dilatation could
simply reflect a normal physiologic adaptation to accommodate the basic metabolic needs of
the body at rest. In other words, at lower heart rates, ventricular dilatation guarantees an
increased stroke volume and a preserved resting cardiac output when global shortening is
preserved. All athletes participated in sport activities with a high dynamic component,
associated with a high volume load on the cardiovascular system11. Inversely, in case
endurance training would induce a disproportional dilatation, cardiac output could be
maintained even at lower global strains, a theory supported by the findings in our study, since
global longitudinal strain with 2DSE and FAC were reduced in this specific group.
A second mechanism behind the inverted relation between strain/SR and RV dimensions
could be RV myocardial damage induced by chronic endurance training. Indeed, evidence is
arising that high intensity sports activity induces transient ventricular damage with both
biochemical24-26 and functional abnormalities24, 26-28, which is most pronounced in the RV24, 27,
28
most likely due to the greater increase in stroke work-load in the RV during exercise. In a
large study of endurance athletes presenting with ventricular tachycardia a majority of athletes
had RV abnormalities which were found to serve as the arrhythmogenic focus (manifest in
59% and suggestive in 30%)29. The most common finding in the latter study was both
enlargement and a mildly reduced contractility of the RV. The authors speculated that
endurance exercise not only acts as a trigger for ventricular arrhythmias, but also as a
promoter of RV changes29. Furthermore, a decrease in RV ejection fraction has been found in
athletes with RV tachycardia30. The reduction in RV function in athletes without evidence of
ARVD/C in that study was only mild although consistently present. Thus, endurance sports
by itself may also lead to RV structural damage that might not have developed without the
activity. Long lasting volume overload could be the mechanism leading to, or contributing to
the development of structural changes leading to functional abnormalities. Our findings of
reduced strain and in particular strain-rate in the basal and mid segment in the dilated RV
seem to be in concordance with this hypothesis, since strain and SR are measures for ejection
fraction and contractility, respectively, with the latter being relatively preload independent.
The question remains why in particular the basal segment of the RV free wall seems to
respond by a decreased deformation while this is not seen towards the apex. In line with the
above mentioned hypothesis that the response to exercise can be physiological, a preferential
dilatation of the inlet portion of the RV would allow a lower deformation to preserve the
contribution of the basal wall to the stroke volume. On the contrary, preferential damage to
the inlet portion during exercise could occur. The response to short term pressure overload in
the RV inflow tract is characterised by a decrease in systolic shortening, which persists even
after loading conditions has returned to normal, a phenomenon not observed in the LV31.
Differences in response between the smooth inlet portion and the trabecularised apical portion
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Figure 3. RV dilatation and peak systolic RV strain-rate values. SR values in the basal segment are significantly reduced
in athletes with RV dilatation compared to controls and athletes without RV dilatation (* = p<0.01). SR values in the mid
segment are also significantly reduced in this group compared to controls.

of the RV have been demonstrated by previous studies in pressure and volume overload32-34.
These findings suggest that the adaptation to volume and pressure stress might spatially differ
within the RV. This may very well be a result of differences in wall stress between the apical
and the inflow tract. Because of differences in morphology and local radii of curvature, the
basal portion of the RV may be more vulnerable to increases in wall stress following volume
overload and hence more prone to a preferential dilatation, reduced strain, or both.
Furthermore, the inlet and the trabecular portions have a different muscular arrangement. This
could result in different responses to both changes in preload and afterload which both
increase during endurance training, resulting in an increased fiber stretch as a result of
dilatation. Since data on this spatial difference in the RV are scarce, this remains speculative.
Future work is needed to better understand the adaptations in regional RV function to
different loading conditions and to have a better understanding of the results of our study.
Clinical perspective:
Although athletes in our study, especially those with marked RV remodelling, showed
significantly increased dimensions (fulfilling the cut-off value of >30 mm in the RVOT
PLAX for ARVD/C22 in 34% of all endurance athletes, thus resulting in a large number of
false positive cases) and reduced RV deformation parameters, the absolute differences (and
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the lower reference values) of the deformation values were relatively small. In addition,
pathological deformation patterns (for example prestretch, moderate to severe reductions in
peak systolic deformation (-rate), and/or marked post-systolic shortening) were not seen in
any of the enrolled athletes. Finally, all conventional echocardiographic measures of global
systolic RV function were still well within normal limits in endurance athletes. Therefore,
only deformation with normal curve-characteristics and very mildly reduced deformation
values (Table 5) in combination with a preserved global systolic function can be considered
normal in an athlete population when evident dilatation is present. Whether the observed
functional reduction is either physiological or pathological, and thus of clinical and prognostic
relevance, remains speculative.
Limitations:
All echocardiographic exams were performed with the subject at rest. It is therefore unknown
if the reduced deformation in the basal and mid segment of the RV free wall returns to normal
or remain slightly reduced compared to controls with exercise. A small study performed in
speed skaters found an increase in SR values in the apical segment of the RV after a short
bout of exercise compared to baseline35. Whether this is also the case for the other RV
segments, which were reduced in our study, is unknown.
Echocardiographic exams were performed blinded, although body constitution might have
revealed enrollment group. Furthermore, several professional athletes are well known
individuals leading to the same potential bias during image acquisition.
Significant reductions in strain and SR values in the left ventricle have been reported after
strenuous exercise (such as marathon running)25, normalizing within 3-4 weeks. Our study did
not a priori exclude athletes having endured such exertions days prior to the ultrasound
examination and since it was only mentioned sporadically by our included athletes, it is
unknown whether this may have affected our results.

CONCLUSION
The RV undergoes remodelling as a response to long term endurance training, involving RV
enlargement and overall a preserved or only very mildly reduced myocardial function.
Regional deformation and deformation rates are slightly, but significantly reduced in the
inflow tract of the RV free wall. This phenomenon becomes apparent in athletes with marked
RV dilatation. The presence of preferential dilatation of the RV inlet and mechanisms behind
the regional alteration of RV-deformation require further study. For the clinician this implies
that the reduction in TDI and 2DSE derived deformation parameters should be taken into
account when evaluating athletes suspected for RV pathology, especially in the presence of
RV dilatation.

101

Chapter 5

REFERENCE LIST
(1)

Maron BJ, Pelliccia A. The Heart of Trained Athletes: Cardiac Remodeling and the Risks of Sports, Including
Sudden Death. Circulation 2006;114(15):1633-44.

(2)

Pluim BM, Zwinderman AH, van der Laarse A, van der Wall EE. The Athlete`s Heart : A Meta-Analysis of
Cardiac Structure and Function. Circulation 2000;101(3):336-44.

(3)

Henriksen E, Landelius J, Wesslen L et al. Echocardiographic right and left ventricular measurements in male elite
endurance athletes. Eur Heart J 1996;17(7):1121-8.

(4)

Scharhag J, Schneider G, Urhausen A, Rochette V, Kramann B, Kindermann W. Athlete's heart: Right and left
ventricular mass and function in male endurance athletes and untrained individuals determined by magnetic
resonance imaging. J Am Coll Cardiol 2002;40(10):1856-63.

(5)

Herbots L, Claessens J, D'hooge J et al. Contractile function at rest in endurance trained athletes: a strain rate
imaging study. Dissertation University Hospital Gasthuisberg, Leuven, Belgium; 2006.

(6)

Corrado D, Basso C, Rizzoli G, Schiavon M, Thiene G. Does sports activity enhance the risk of sudden death in
adolescents and young adults? J Am Coll Cardiol 2003;42(11):1959-63.

(7)

Firoozi S, Sharma S, Hamid MS, McKenna WJ. Sudden Death in Young Athletes: HCM or ARVC? Cardiovasc
Drugs Ther 2002;16(1):11-7.

(8)

Maron BJ, Shirani J, Poliac LC, Mathenge R, Roberts WC, Mueller FO. Sudden death in young competitive
athletes. Clinical, demographic, and pathological profiles. JAMA 1996;276(3):199-204.

(9)

Teske AJ, De Boeck BWL, Melman PG, Sieswerda GT, Doevendans PA, Cramer MJ. Echocardiographic
quantification of myocardial function using tissue deformation imaging, a guide to image acquisition and analysis
using tissue Doppler and speckle tracking. Cardiovasc Ultrasound 2007;5(1):27.

(10)

Teske AJ, De Boeck BWL, Olimulder M, Prakken NH, Doevendans PAF, Cramer MJ. Echocardiographic
Assessment of Regional Right Ventricular Function: A Head-to-head Comparison Between 2-Dimensional and
Tissue Doppler-derived Strain Analysis. J Am Soc Echocardiogr 2008;21(3):275-83.

(11)

Mitchell JH, Haskell W, Snell P, Van Camp SP. Task Force 8: Classification of sports. J Am Coll Cardiol
2005;45(8):1364-7.

(12)

Lang RM, Bierig M, Devereux RB et al. Recommendations for Chamber Quantification: A Report from the
American Society of Echocardiography's Guidelines and Standards Committee and the Chamber Quantification
Writing Group, Developed in Conjunction with the European Association of Echocardiography, a Branch of the
European Society of Cardiology. J Am Soc Echocardiogr 2005;18(12):1440-63.

(13)

Foale R, Nihoyannopoulos P, McKenna W, Kleinebenne A, Nadazdin A, Rowland E. Echocardiographic
measurement of the normal adult right ventricle. Br Heart J 1986;56(1):33-44.

(14)

DuBois D, DuBois EF. A formula to estimate the approximate surface area if height and weight be known. Arch
Intern Med 1916;17:863-71.

(15)

Dalsgaard M, Snyder EM, Kjaergaard J, Johnson BD, Hassager C, Oh JK. Isovolumic Acceleration Measured by
Tissue Doppler Echocardiography Is Preload Independent in Healthy Subjects. Echocardiography 2007;24(6):5729.

(16)

Wright EM, Royston P. Calculating reference intervals for laboratory measurements. Stat Meth Med Res
1999;8(2):93-112.

(17)

Kowalski M, Kukulski T, Jamal F et al. Can natural strain and strain rate quantify regional myocardial
deformation? A study in healthy subjects. Ultrasound Med Biol 2001;27(8):1087-97.

102

Right ventricular function in athletes

(18)

Pelliccia A, Maron BJ, Spataro A, Proschan MA, Spirito P. The upper limit of physiologic cardiac hypertrophy in
highly trained elite athletes. N Engl J Med 1991;31(324):295-301.

(19)

Pelliccia A, Maron BJ, Culasso F et al. Clinical Significance of Abnormal Electrocardiographic Patterns in Trained
Athletes. Circulation 2000;102(3):278-84.

(20)

Kasikcioglu E, Oflaz H, Akhan H, Kayserilioglu A. Right ventricular myocardial performance index and exercise
capacity in athletes. Heart Vessels 2005;20(4):147-52.

(21)

D'Andrea A, Caso P, Sarubbi B et al. Right ventricular myocardial adaptation to different training protocols in toplevel athletes. Echocardiography 2003;20(4):329-36.

(22)

Yoerger DM, Marcus F, Sherrill D et al. Echocardiographic findings in patients meeting task force criteria for
arrhythmogenic right ventricular dysplasia: New insights from the multidisciplinary study of right ventricular
dysplasia. J Am Coll Cardiol 2005;45(6):860-5.

(23)

Carlsson M, Ugander M, Heiberg E, Arheden H. The quantitative relationship between longitudinal and radial
function in left, right, and total heart pumping in humans. Am J Physiol Heart Circ Physiol 2007;293(1):H636H644.

(24)

La Gerche A, Connelly KA, Mooney DJ, MacIsaac AI, Prior DL. Biochemical and functional abnormalities of left
and right ventricular function following ultra-endurance exercise. Heart 2007;94(7):860-6.

(25)

Neilan TG, Yoerger DM, Douglas PS et al. Persistent and reversible cardiac dysfunction among amateur marathon
runners. Eur Heart J 2006;27(9):1079-84.

(26)

Neilan TG, Januzzi JL, Lee-Lewandrowski E et al. Myocardial Injury and Ventricular Dysfunction Related to
Training Levels Among Nonelite Participants in the Boston Marathon. Circulation 2006;114(22):2325-33.

(27)

Neilan TG, Ton-Nu TT, Jassal DS et al. Myocardial Adaptation to Short-term High-intensity Exercise in Highly
Trained Athletes. J Am Soc Echocardiogr 2006;19(10):1280-5.

(28)

Dávila-Román VG, Guest TM, Tuteur PG, Rowe WJ, Ladenson JH, Jaffe AS. Transient Right but Not Left
Ventricular Dysfunction After Strenuous Exercise at High Altitude. J Am Coll Cardiol 1997;30(2):468-73.

(29)

Heidbuchel H, Hoogsteen J, Fagard R et al. High prevalence of right ventricular involvementin endurance athletes
with ventricular arrhythmias: Role of an electrophysiologic study in risk stratification. Eur Heart J
2003;24(16):1473-80.

(30)

Ector J, Ganame J, van der Merwe N et al. Reduced right ventricular ejection fraction in endurance athletes
presenting with ventricular arrhythmias: a quantitative angiographic assessment. Eur Heart J 2007;28(3):345-53.

(31)

Greyson C, Xu Y, Cohen J, Schwartz G. Right ventricular dysfunction persists following brief right ventricular
pressure overload. Cardiovasc Res 1997;34(2):281-8.

(32)

Dambrauskaite V, Delcroix M, Claus P et al. Regional Right Ventricular Dysfunction in Chronic Pulmonary
Hypertension. J Am Soc Echocardiogr 2007;20(10):1172-80.

(33)

Dambrauskaite V, Herbots L, Claus P et al. Differential changes in regional right ventricular function before and
after a bilateral lung transplantation: an ultrasonic strain and strain rate study. J Am Soc Echocardiogr
2003;16(5):432-6.

(34)

Bodhey NK, Beerbaum P, Sarikouch S et al. Functional Analysis of the Components of the Right Ventricle in the
Setting of Tetralogy of Fallot. Circulation: Cardiovasc Imaging 2008;1(2):141-7.

(35)

Poh KK, Ton-Nu TT, Neilan TG, Tournoux FB, Picard MH, Wood MJ. Myocardial adaptation and efficiency in
response to intensive physical training in elite speedskaters. Int J Cardiol 2008;126(3):346-51.

103

5

Chapter 5

104

Chapter 6
Echocardiographic deformation imaging reveals preserved
regional systolic function in endurance athletes with left
ventricular hypertrophy.
Arco J. Teske1, Niek H. Prakken2, Bart W. De Boeck1, Birgitta K. Velthuis2, Pieter A.
Doevendans1, Maarten J. Cramer1
1
2

Department of Cardiology, University Medical Center Utrecht, the Netherlands
Department of Radiology, University Medical Center Utrecht, the Netherlands

British Journal of Sports Medicine, In press

Chapter 6

ABSTRACT
Background: Left ventricular hypertrophy (LVH) is often observed in athletes which should
be differentiated from hypertrophic cardiomyopathy (HCM). The aim of the study was to
explore the functional changes measured using tissue Doppler imaging (TDI) deformation
analysis in athletes fulfilling LVH criteria participating in different endurance sports.
Methods: Healthy controls (n=62, 58% men) and endurance athletes (n=120, 62% men) aged
18 to 40 years were prospectively enrolled and underwent both standard echocardiography as
well as TDI. Longitudinal TDI derived strain and strain-rate (SR) were calculated in the septal
and posterior wall in three segments. LVH was defined as an LVmass of >132 g/m2 in men
and >109 g/m2 in women.
Results: Echocardiographic LVH was observed in 33 athletes (67% men). LVmass was
significantly increased in both athlete groups (102.6±16.0 and 135.7±15.9 g/m2 vs. 88.0±16.5
in controls, p<0.001). Diastolic parameters were not significantly different between groups.
Athletes with LVH showed no significant difference in strain and SR values in any segment
of the septal or posterior wall compared to controls or those without LVH. A weak but
significant correlation (also after multivariate analysis) was found for septal wall thickness
and LVmass in peak systolic strain (r=0.26, p<0.01 and 0.23, p<0.01) and SR (r=0.27, p<0.01
and 0.29, p<0.01). Nevertheless, strain and SR values were still within normal limits in all
athletes.
Conclusion: Athletes with LVH overall show normal deformation values in the LV. Our data
suggest that a moderate reduction in regional septal deformation should not be considered as
pathological when evaluating the endurance athlete with echocardiographic LVH of unknown
origin.
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INTRODUCTION
Morphological changes of the left ventricle (LV) as a result of systematic endurance training
have been extensively reported in athletes.1-4 This is a necessary physiological adaptation, but
mimics pathologic states which are associated with sudden cardiac death (SCD). Indeed, left
ventricular hypertrophy (LVH) is often observed in athletes, closely resembling mild LVH
which is observed in some patients with hypertrophic cardiomyopathy (HCM).2, 3 This is of
particular interest since competitive sports activity enhances the risk of SCD 2.5-fold in
adolescents and young adults compared to the general population.5 Below the age of 35 this is
mainly ascribed due to unrecognized inherited/congenital structural and functional
cardiovascular abnormalities providing a substrate for ventricular arrhythmias.5-8 The majority
of these cases are due to previous unrecognized HCM, a relatively common disorder in the
general population.8, 9 A method to differentiate between physiological and pathological LVH
is therefore very relevant in determining if an individual is eligible for competitive sports,
especially in case of borderline findings on ultrasound.10
Using echocardiographic deformation imaging, a reduction in regional systolic function has
been reported in patients with HCM.11, 12 This regional approach of functional quantification
also seems to be a more optimal method to detect small areas of dysfunction compared to
tissue velocity imaging (TVI).13 This suggests that it could be used to discriminate between
pathological and physiological LVH. However, it is unknown whether deformation properties
are altered in athletes with LVH and thus, whether this novel echocardiographic technique is
valuable in this specific group of individuals.
The aim of this study was to evaluate whether LVH, as a result from chronic endurance
training, is characterized by a preservation of regional function assessed by deformation
imaging.

METHODS
Study population:
The local ethical committee approved the study protocol and written informed consent was
obtained before the ultrasound examination. All enrolled athletes were endurance athletes
(rowing, triathlon, cycling and long distance running) participating in national and
international competitions for >5 years. All abovementioned athletic activities were selected
on the associated high dynamic component, according to the Mitchell classification of
sports.14
Of all enrolled athletes (n=120, men 62%), 57 were amateur athletes with a training intensity
>9 and ≤18 hours/week (men 54%), and 63 were Olympic and internationally competing
professional endurance athletes, training >18 h/week (men 70%). Athletes were subdivided
based on the echocardiographic presence or absence of LVH (men> 132 g/m2, women> 109
g/m2, see below).15 As a reference group, healthy, non-athletic controls (training <3 h/week)
were enrolled (n=62, men 58%). All 182 subjects were healthy individuals, aged between 18
and 40 years, with no history of cardiovascular disease, including diabetes and known or
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treated hypertension, with no family history of SCD and a normal electrocardiogram (ECG).
Height, weight, resting heart rate, blood pressure and an ECG were obtained prior to the
echocardiographic examination.
Standard echocardiographic study:
The echocardiographic examination was performed with the subject at rest, lying in left lateral
decubitus position. Ultrasound data were acquired using a Vivid 7 scanner (GE Vingmed
Ultrasound, General Electric, Milwaukee, Wis) with a M3S broadband transducer. A
complete echocardiographic study (parasternal and apical views) was performed in twodimensional (B-mode) and tissue Doppler imaging (TDI) mode.
LV dimensions were measured according to the standards of the American Society of
Echocardiography (ASE).15 The parasternal two-dimensional measurements included the left
atria (LA) and aortic root diameter (Ao), the LV internal diameter at end-diastole (LVIDd)
and at end-systole (LVIDs), and the septal and posterior wall thickness obtained in the long
axis M-mode, special care was taken to avoid the inclusion of the moderator band in the septal
wall measurement. From these measurements the septal/posterior-ratio (S/P-ratio), LVmass
and the relative wall thickness (RWT = (septal + posterior wall thickness) / LVIDd) were
calculated.15 In the apical 4-chamber view, LA end-systolic area and the LV inflow tract
(LVIT) diameter (at the level of the mitral valve tips) were measured. Additionally, all
dimensions and LVmass were corrected for body surface area (BSA) indicated by “/mm2”.16
Pulsed Doppler imaging was used to interrogate transmitral and LV outflow tract flow at end
expiration during breath hold using a sample area of 5 mm. All Doppler variables were
averaged over two beats. Using tissue velocity imaging, the peak early diastolic velocity of
the mitral annuls (E`) was recorded in the apical 4-chamber view with a 6mm sample area in
the septal and lateral annulus.
Tissue deformation imaging:
Image acquisition: Our protocol of image acquisition and post processing was previously
described in detail for tissue Doppler imaging.17, 18 Briefly, small angle recordings with
optimal temporal and spatial resolution (>180 frames/s) of the septal (Sept) and posterior wall
(Post) were made in the apical 4 and 3 chamber recordings, respectively. Three consecutive
cardiac cycles were digitally stored at end expiration for offline analysis.
Offline analysis: Data was stored in a digital format and transformed to a computer
workstation for offline analysis. Doppler flow over the cardiac valves was used for timing
cardiac events and all timing information was aligned through ECG traces. For the Doppler
derived parameters (EchoPAC PC version 6.0.1, GE Vingmed Ultrasound), all data was
averaged over three consecutive cardiac cycles. Default configurations on the software
packages were used. For analysis, each wall was divided into basal (BAS), mid (MID) and apical
(AP) segments. The Doppler sample volume (8x4 mm, offset length 12 mm, Gaussian
temporal smoothing 30 ms) was placed within these segments and manually adjusted
throughout the cardiac cycle to ensure its position within the myocardial segment. The
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following parameters were measured: peak systolic strain and strain-rate (SR), defined as the
maximal negative value between aortic valve opening and closure in all three segments.
Finally, the peak systolic velocity was calculated in the basal segment (Vs). The standard
echocardiographic measurements and the TDI offline analysis were performed blinded and at
different time points (minimum of two days between each analysis), to minimize the effect of
post-process biasing.
Statistical analysis:
All values are presented as mean ± standard deviation (SD). Differences between the groups
were calculated using one-way analysis of variance (ANOVA) with Bonferroni Post Hoc
correction for multiple comparisons. Linear regression analysis and partial correlation test by
Pearson’s methods were done to assess univariate relations between functional regional
systolic characteristics (strain/SR) and wall thickness, LVmass, and RWT. Stepwise multiple
regression was performed to assess the independent correlations of strain and SR with
baseline characteristics (age, gender, heart rate, systolic blood pressure, BSA and hours
sports/week) and echocardiographic parameters of ventricular remodeling; regional wall
thickness of the IVSd and LVPWd (corresponding to the deformation parameter), LVmass,
RWT, and LVIDd. We set the p-values for variables to enter and stay in the regression models
at 0.05 and 0.10, respectively. P-values of <0.05 indicated significance. Statistics were
performed on SPSS version 15.0 for Windows (SPSS Inc, Chicago, Ill).

RESULTS:
Baseline characteristics:
Baseline characteristics of the study population are shown in Table 1. A total of 182
volunteers were enrolled in this study after exclusion of four athletes and one control due to
cardiac pathology found during the study (anomalous pulmonary venous return with atrial
septal defect requiring operative closure, first degree AV-block with a P-Q time of 410 msec,
newly diagnosed hypertension requiring pharmacological therapy, and suspected noncompaction cardiomyopathy, respectively). A total of 33 athletes (27.3%) fulfilled the
echocardiographic criteria for LVH. No significant differences in baseline parameters were
found between the athletes with and without LVH. Compared to controls, resting heart rate
was lower and the amount of training was higher in the athletes. All individuals were
Caucasian with the exception of two (controls) of North African origin. More men were
included in this study (62%), but the distribution among the groups was equal. Isolated
systolic hypertension (SBP≥140 mmHg and DBP<90 mmHg) was found in 7 controls, in one
athlete with and 7 without LVH (SBP>160 in one control and athlete). Grade 1 hypertension
(SBP 140-159 and DBP 90-99 mmHg) was found in an additional 2 controls and 1 in each
athlete group. Of all athletes, 36.7% were rowers (57.8% men, LVH 20.5%), 29.2% triathletes
(54.3% men, LVH 31.4%), 20.0% cyclists (91.7% men, LVH 5.8%), 10.0% runners (58.3%
men, LVH 8.3%), and 4.2% participated in other sports (20% men, LVH 20.0%).
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Table 1. Baseline characteristics of the study population
Parameters

Controls

Athletes LVH

Mean (± SD)
Number

P-value

Athletes nLVH

vs. C

P-value

P-value

vs. C

vs. LVH

62

33

-

87

-

-

27.9 (5.6)

28.5 (5.9)

NS

27.2 (4.7)

NS

NS

58.1

66.7

NS

60.9

NS

NS

Body height (cm)

178.8 (9.0)

182.5 (8.7)

NS

181.2 (7.9)

NS

NS

Body weight (kg)

71.4 (12.3)

75.0 (10.0)

NS

72.1 (9.8)

NS

NS

Body surface area (m2)

1.89 (0.20)

1.96 (0.17)

NS

1.92 (0.16)

NS

NS

Systolic blood pressure (mmHg)

126.3 (14.2)

124.2 (12.2)

NS

123.9 (13.1)

NS

NS

Diastolic blood pressure (mmHg)

72.9 (9.6)

70.5 (9.5)

NS

72.2 (9.1)

NS

NS

Heart rate (bpm)

59.3 (10.6)

48.4 (7.8)

<0.001

51.3 (8.3)

<0.001

NS

0/0

12/21

-

45/42

-

-

2.2 (1.6)

20.6 (7.5)

<0.001

17.9 (7.2)

<0.001

NS

Age (year)
Men (%)

Athletic subdivisions
Amateur/Elite
Endurance training (h/week)

Data are presented as mean (±SD). Abbreviations as in text. C = controls; A = athletes; EA = elite athletes. NS = not
significant (p-value ≥0.05)

Standard echocardiographic findings:
All end-diastolic dimensions corrected for BSA in the LV were significantly larger in both
athlete groups compared to the control group (Table 2). By study design, the LVmass was
significantly larger in the athletes with LVH compared to those without, which was also the
case for all other end-diastolic dimensions. The RWT and the S/P-ratio was comparable
between the athlete groups, and a moderately increase in RWT in the LVH group compared to
the controls, indicating a predominantly eccentric LV remodeling in both athlete groups.
Criteria for LVH were met in only one male control (1.7%) with an LVmass of 136 g/m2, this
did not result in exclusion due to a normal blood pressure, ECG, and deformation values in
this individual.
Sports specific differences were mainly found in cyclists, where LVmass (129.9±13.7 g/m2)
was significantly larger compared to other athletes (rowers 105.9±18.6 g/m2, p<0.001; long
distance runners 107.3±19.0 g/m2, p=0.016; triathletes 113.0±25.1 g/m2, p=0.020 and other
sports 94.3±12.2 g/m2, p=0.001). Rowers on the other hand, showed the least ventricular
remodeling, with mean values closest to the control group for LVmass and all LV dimensions.
Parameters for diastolic function were within the normal range in all groups. No remarkable
differences were found in any of the Doppler parameters for diastolic function. Furthermore,
sport specific differences in diastolic parameters were not found (data not shown).
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Table 2. Standard echocardiographic findings
Parameters

Controls (C)

Athletes LVH

Mean (±SD)

P-value

Athletes nLVH

vs. C

P-value

P-value

vs. C

vs. LVH

LV dimensions corrected for BSA
LVIDd (mm/m2)

25.7 (1.9)

28.4 (1.6)

<0.001

26.5 (1.7)

0.037

<0.001

17.3 (2.1)

18.6 (1.9)

0.010

17.7 (2.0)

NS

NS

5.2 (0.5)

6.1 (0.6)

<0.001

5.6 (0.6)

0.003

<0.001

4.8 (0.5)

5.7 (0.6)

<0.001

5.1 (0.5)

0.005

<0.001

Relative wall thickness

0.39 (0.04)

0.42 (0.04)

0.027

0.40 (0.04)

NS

NS

Septal/posterior-ratio

1.09 (0.11)

1.07 (0.09)

NS

1.08 (0.10)

NS

NS

LV mass (g/m2)

88.0 (16.5)

135.7 (15.9)

<0.001

102.6 (16.0)

<0.001

<0.001

8.6 (1.7)

11.1 (1.6)

<0.001

10.1 (1.6)

<0.001

0.010

LA diameter (mm/m )

19.3 (1.8)

21.9 (2.2)

<0.001

20.9 (2.6)

<0.001

NS

Ao diameter (mm/m2)

14.3 (1.4)

15.2 (1.5)

0.028

14.7 (1.7)

NS

NS

2

LVIDs (mm/m )
Septal wall thickness (mm/m2)
2

Posterior wall thickness (mm/m )

LA end systolic area (cm2/m2)
2

Diastolic function
E/A-ratio

2.09 (0.46)

2.26 (0.68)

NS

2.20 (0.55)

NS

NS

E/E`-ratio

5.24 (0.88)

5.20 (1.01)

NS

5.15 (0.82)

NS

NS

Data are presented as mean (±SD). Abbreviations as in text. C = controls; LVH = athletes with LVH; nLVH = athletes
without LVH. NS = not significant (p-value ≥0.05)

Regional deformation analysis:
Feasibility was high, with acceptable image quality for offline analysis in 544 segments
(99.1%) in the septal wall and 488 posterior wall segments (88.9%).
Athletes with LV hypertrophy did not exhibit any significant differences in strain and SR
values in any segment of the septal and posterior wall compared to the athletes without LV
hypertrophy or controls (Table 3). Furthermore, the range of observed strain and SR values
(95% observed range) differed only marginally between the three groups.
Although no significant differences were found in mean values, a weak but significant
correlation between (antero-)septal wall thickness and strain and SR basal segment and to a
lesser extend in the mid segment (Table 4, Figure 1) was found, indicating a reduction in
septal longitudinal function when local wall thickness is larger. When evaluating the influence
of wall thickness in the entire cohort (including the control group), the correlations were
comparable. In the posterior wall, no correlation between wall thickness and regional
deformation values could be identified. RWT showed poor correlations with any of the
regional deformation parameters, while LVmass showed comparable correlations similar to
septal wall thickness (Table 4).
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Table 3. Regional peak systolic deformation parameters (mean and lower limits)
Parameters

Controls
Mean (SD)
Lower
limit

Athletes LVH
Mean (SD)
Lower
limit
Septal wall

Athletes nLVH
Mean (SD)
Lower limit

Base Vs (cm/s)

6.9 (0.7)

5.9

7.0 (0.9)

5.6

7.1 (1.0)

5.5

Base strain (%)

-19.8 (3.5)

-14.1

-19.6 (3.6)

-13.3

-18.9 (3.5)

-14.1

Mid strain (%)

-20.6 (3.4)

-12.9

-20.3 (4.0)

-13.3

-21.0 (3.9)

-16.0

Apex strain (%)

-24.3 (3.2)

-18.8

-24.8 (4.3)

-15.8

-24.1 (3.8)

-18.1

Base SR (s-1)

-1.25 (0.23)

-0.90

-1.22 (0.27)

-0.81

-1.15 (0.21)

-0.83

Mid SR (s-1)

-1.23 (0.30)

-0.74

-1.19 (0.27)

-0.76

-1.16 (0.26)

-0.83

Apex SR (s-1)

-1.30 (0.25)

-0.88

-1.35 (0.27)

-0.85

-1.30 (0.26)

-0.89

Base Vs (cm/s)

7.8 (1.3)

5.6

8.1 (1.3)

5.7

8.2 (1.1)

6.9

Base strain (%)

-18.1 (4.3)

12.5

-18.0 (4.1)

12.2

-18.6 (3.9)

11.7

Mid strain (%)

-19.2 (3.8)

13.4

-17.8 (3.3)

12.4

-19.1 (4.5)

13.5

Apex strain (%)

-21.1 (4.3)

13.6

-20.1 (4.2)

13.7

-20.3 (5.0)

13.6

Base SR (s-1)

-1.21 (0.37)

0.65

-1.15 (0.33)

0.62

-1.14 (0.35)

0.74

Mid SR (s-1)

-1.07 (0.26)

0.69

-0.99 (0.24)

0.61

-1.07 (0.45)

0.63

Apex SR (s-1)

-1.32 (0.33)

0.83

-1.27 (0.35)

0.73

-1.26 (0.35)

0.78

Posterior wall

Data are presented as mean (±SD) / lower limit of the 95% observed values. Abbreviations as in text. C = controls; LVH =
athletes with LVH; nLVH = athletes without LVH. No significant differences were observed in any parameter.

Stepwise multiple regression analysis showed for the basal septal wall, that septal wall
thickness explained 6.4% of the variance in strain and LVmass 9.0% for SR values (of note,
LVmass and septal wall thickness were closely correlated, r=0.82, p<0.01). This inverse
relation between wall thickness and regional function was the only independent predictor in
the model, thus applies for athletes as well as non-athletes. In the posterior wall, no
echocardiographic parameters explained variance in the regional deformation parameters.
However, heart rate explained 6.2% variance for SR values in the basal posterior wallsegment. Subdivision of the athletes into amateur and elite athletes also revealed no
significant differences in any of the deformation parameters in any segment. Subdivision into
specific sports showed no remarkable difference other than slightly lower SR values in the
basal septal segment in cyclists (-1.07±0.22 s-1) compared to controls (-1.25±0.23 s-1,
p=0.044) and rowers (-1.26±0.26 s-1, p=0.042).
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Figure 1. Correlation plot of basal septal strain and regional wall thickness. Note the relative large spread of strainvalues and the weak correlation (R-square 0.061, p=0.007). The solid line indicates the linear regression line ± 95%
confidence interval. The vertical dashed line represents the cut-off value of -10.6% to discriminate from HCM by Kato et al.
The horizontal dashed line indicates a septal wall thickness >12 mm on M-mode. Note the overall lower strain values in the
individuals above this line.

Table 4: Univariate correlations between wall thickness and regional function in all athletes
Vs (cm/s)
sept
IVSd

(mm)
2

(mm/m )
LVPWd

(gr/m )
RWT

Sept

post

0.23*

-0.17

0.18

0.19*

(mm/m )
2

sept
0.25**

(mm)

(gr)

SR bas (s-1)

0.05

2

LVmass

Post

Strain bas (%)

post

-0.02

-0.09

-0.01

-0.22*

-0.13

-0.09

0.07

0.12

0.26**

0.03

0.32**

0.18

0.16

0.19*

0.26**

0.05

0.28**

0.19

-0.71

-0.17

0.10

0.01

0.09

0.11

Data are presented as regression coefficients (r). Significant correlations are indicated with * (p<0.05) and ** (p<0.01).

DISCUSSION
This study shows that in athletes with echocardiographic evidence for LVH, regional systolic
LV deformation is within normal limits. Furthermore, despite the absence of any significant
differences in regional systolic function, we did observe a weak, but significant, inverse
relation between strain/SR values and wall thickness in the septal wall. Subgroup analysis did
not reveal any differences between amateur and professional athletes, nor were there any sport
specific differences, concerning regional deformation (-rate) and diastolic function.
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The athletes` heart is characterized by morphological changes (an increase in cavity size and
an increase in wall thickness/mass) with a preservation of global diastolic and systolic
function.3, 19 This ventricular remodelling also seems to be driven by the type of sport activity,
with different responses to dynamic and/or static sports.3 However, the typical morphological
alterations after long term sports activities are only observed in approximately 50% of
athletes.2 The changes in ventricular morphology vary from individual to individual ranging
from the appearance of a ‘normal’ non-athletic heart to an athletes` heart which could closely
resemble HCM.6, 10, 20
Indeed, in athletes with signs of LVH, a clear distinction should be made between a
physiological phenotype and LVH due to pathology, which carries a high risk for SCD and
consequently will result in exclusion of competitive sports activities. Although clinical
distinction is guided by family history, typical ECG and echocardiographic findings,21, 22
diagnostic dilemmas often occur in discriminating the two entities when gross asymmetrical
LVH and/or septal thickness >15mm is not present on echocardiography, since mild LVH is
seen in some HCM patients.20
In patients with HCM, myocardial disarray is the histological hallmark of the disease,23 unlike
the normal adaptation seen in the hypertrophied athletic myocardium.24 This chaotic
arrangement of myocardial cell most commonly affects the interventricular septum, but may
also involve other areas of the myocardium, also including non-hypertrophied areas,23 and
gives rise to regional impairment of systolic function. The recently introduced
echocardiographic deformation imaging provides the opportunity to study small regional
segments of the myocardium, and reflect different aspects of regional myocardial deformation
with the calculation of strain and strain-rate,18 offering a novel insight into the
(patho)physiological mechanisms of LVH, potentially unmasking subtle pathology suggesting
HCM. In detecting the abnormal functional properties in patients with HCM, the usefulness of
echocardiographic deformation imaging has previously been shown in discriminating
pathological (HCM) from physiological hypertrophy (due to hypertension) by Kato et al.11
These investigators showed that deformation imaging was able to reliably identify patients
with HCM (confirmed with endomyocardial biopsy) using a cut-off value of -10.6% for peak
systolic strain values in combination with a septal/posterior-ratio of >1.3. In our study we did
not observe strain values below this cut-off point in any segment in any of the enrolled
participants despite the gradual reduction we observed with the increase in wall thickness
(Figure 1). This suggests that echocardiographic strain and SR could be applied in athletes to
discriminate between physiological hypertrophy and HCM (Figure 2).
Comparison to previous studies:
Despite the significant differences observed in ventricular cavity dimensions, wall thickness,
and consequently LVmass, the number of athletes with a septal wall thickness exceeding 12
mm (absolute value) was relatively uncommon (Figure 1). This is in line with large studies
reporting upper limits which were encountered in athletes.2, 25, 26 The sports-specific
difference we encountered with respect to ventricular dimensions are in line with what could
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Figure 2. Regional function in athlete with LVH. An example of a female professional (Olympic) heavyweight rower with
echocardiographic signs of LVH (LVmass 130 g/m2). Despite the increase in wall thickness (>12 mm), regional deformation
values are within the normal range. Deformation patterns are typical to those observed in our study: peak deformation
occurring at the time of aortic valve closure and moderate post-systolic shortening in the basal septal segment in combination
with a normal end-systolic strain value. See Colour Section page 242.

be expected from the literature.2, 3, 25 The rowers however, did not show the most pronounced
remodelling as would be expected.2, 25, 26 In fact they revealed the opposite outcome with the
least hypertrophy. This is an unexpected finding since rowers in our study mainly consisted of
the national Dutch rowing selection and/or Olympic competitors, and almost all are
heavyweight rowers according to the classification of the International Rowing Federation (22
men (81.5%) with a weight of >72.5 kg and 18 women (94.7%) >59 kg).
Our study is the first to report regional systolic deformation properties in endurance athletes
in relation to the morphological changes in response to chronic endurance training. Previous
studies investigating regional deformation properties in athletes reported conflicting results,
with either no remarkable differences27-29 or an increase in deformation parameters compared
to controls.29, 30 It has to be noted that all these studies included small numbers of athletes,
investigated strength athletes,28, 29 or used a speckle tracking to calculate regional function.30
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This suggests that our findings most likely do not apply to strength athletes, and since the
difference between TDI and speckle tracking is neglectable irrespective of cardiac
morphology,17 the difference between the study by Richand et al30 and our own remains
speculative.
The reduction septal deformation with an increase in wall thickness in athletes in our study
shows interesting similarities to a recent publication by Kuznetsova et al.31 In this large
population-based study, strain and SR decreased with age and RWT, explaining a variance of
7 to 10% observed in their population. Although no influence of age was seen in our study
group (due to a narrow spread of age, see limitations), we did see a similar moderate decline
with wall thickness, explaining 6 to 9% of the variance in strain/SR values. Thus it seems that
a comparable amount of change in deformation values occurs in the remodelled athletes’ heart
as in non athletes.
Limitations:
No patients with either HCM or hypertension induced LVH were included in this study. We
therefore had to compare our observed results to those reported in the literature,11, 28 a
situation similar to the clinician applying echocardiographic deformation imaging in
individuals with LVH of unknown origin in daily practice. In addition, knowledge of
inclusion of solely healthy participants could have biased the post-processing interpretation.
Thus, abnormal deformation values could have been rejected from further analysis.
Only subjects aged 18 to 40 years were enrolled in this study. We chose this study design to
study an athlete group in whom HCM is most common cause for SCD. Thus, where the
differentiation between normal and abnormal LVH is clinically most relevant, since above the
age of 40 years, unsuspected atherosclerotic coronary artery disease causes the vast majority
of deaths.32 This study design is most likely the reason why we could not detect an effect of
age on regional deformation values. Also, we like to emphasise that the findings in our study
apply to the young endurance athlete, since it is unknown how morphological changes are
related to regional function in the older athlete (>40 years).

CONCLUSION
This study shows that in athletes with echocardiographic evidence for LVH, regional systolic
LV deformation is well within normal limits. Despite the absence of any significant difference
in regional systolic deformation, an increase in septal wall thickness and/or LVmass is
characterized by a mild decrease in strain/SR. Thus, a moderate reduction in regional septal
deformation should therefore not be considered as pathological when evaluating the
endurance athlete with echocardiographic LVH of unknown origin.
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ABSTRACT
Purpose: In this study we aimed to evaluate 1) the effect of endurance training on left (LV)
and right ventricular (RV) diastolic function and 2) whether the normal aging effect on LV
and RV diastolic function is slowed down by endurance training.
Methods: A total of 269 healthy individuals were prospectively enrolled for
echocardiographic evaluation. Five groups were defined based on age and athletic activities:
1) young (18-39 yrs) non athletes (n=62), 2) veteran (≥40 yrs) non athletes (n=33), 3) young
regular athletes (9-18 hours/sports/week (h/sp/wk)) (n=58), 4) young elite athletes
(>18h/sp/wk) (n=63) and 5) veteran athletes (≥40 years and ≥9 h/sp/wk) (n=53). Pulsed wave
Doppler indices for diastolic function in both the LV and the RV were obtained at rest.
Results: No significant differences were found between the young controls, regular- and elite
athletes in LV and RV pulsed wave and tissue Doppler diastolic parameters. These were also
comparable between the veteran athletes and controls. In both the athletes and controls,
similar and significant correlations were found between age and diastolic parameters. Age
was the most important determinant in almost all parameters in multivariate analysis while the
influence of the amount of training did not account for more than 2% of the observed variance
in any of these parameters.
Conclusion: The amount of endurance training has not altered diastolic parameters in either
ventricle in the young. Furthermore, the biventricular decline in diastolic function observed in
healthy, nonathletic individuals with age is also observed in the aging athletes’ heart.
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BACKGROUND
Echocardiographic assessment of diastolic function by means of extensive Doppler evaluation
of ventricular inflow and tissue velocities has become an important tool to detect both early
signs of cardiomyopathies as well as signs of heart failure despite a preserved systolic
function1, 2. It is well known that with increasing age the healthy myocardium ages, which
results in a decrease in diastolic function. Using Doppler parameters, this diastolic
deterioration shows a gradual, and ongoing decline3-7 towards impaired relaxation1, 7.
In endurance athletes, the heart undergoes changes to accommodate for the increased need for
oxygenated blood in the body during sports activity8-10. Morphologic changes, entailing left
ventricular (LV) dilation with eccentric hypertrophy, right ventricular (RV) dilatation and
bilateral atrial dilatation, is often seen9, 10. Functional changes in the heart of endurance
athletes are less apparent. While preservation of systolic function has been acknowledged in
multiple studies8-10, several small studies have reported conflicting results concerning the
effects of long term endurance training on diastolic function. This is of particular importance
since an impaired diastolic function in athletes could indicate the presence of an unrecognized
cardiomyopathy1. Some have reported augmented filling properties in athletes11-14, while
others found no change compared to non-athletic control subjects8, 15, 16. These opposing
results have been reported in both the LV8, 11-15 as well as the RV11, 16. Likewise, with respect
to the abovementioned decline in diastolic function with age, small studies have reported
conflicting findings13-15, 17-23.
Since diastolic dysfunction poses an important clinical problem in elderly subjects, it is of
importance to know whether long term endurance training could somehow slow down this
process of myocardial senescence, averting the development of diastolic heart failure, and,
consequentially, complaints of diastolic dysfunction. Thus, whether intense and/or long term
endurance training improves and/or slows the age related decline in diastolic function is
unknown. Therefore the aim of this study was twofold: 1) to evaluate the effect of endurance
training on diastolic function in the LV and RV and 2) whether the normal aging effect on LV
and RV diastolic function is slowed down due to endurance training.

METHODS
Study population:
The local ethical committee approved the study protocol and written informed consent was
obtained before the ultrasound examination. All enrolled athletes were endurance athletes
(rowing, triathlon, cycling and long distance running) participating in national and
international competitions for >5 years. A total of 269 healthy individuals were prospectively
enrolled for echocardiographic evaluation after exclusion of 2 athletes and 1 control due to
cardiac pathology found during the study and hypertension in 2 athletes and 2 controls. Five
groups were defined based on age and athletic activities (see figure 1): 1) young (18-39 yrs)
non athletes (n=62), 2) veteran (≥40 yrs) non athletes (n=32), 3) young regular athletes (9-18
hours/sports/week (h/sp/wk)) (n=59), 4) young elite athletes (>18h/sp/wk) (n=62) and 5)
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veteran athletes (≥40 years and ≥9 h/sp/wk) (n=54). The group of veteran athletes was also
selected on the total duration in years (typically >12 years) during which this amount of
endurance training was practiced (≥9 h/sp/wk). All subjects were healthy individuals, with no
history of cardiovascular disease, including diabetes and known or treated hypertension, with
no family history of SCD and a normal electrocardiogram (ECG). Height, weight, resting
heart rate, blood pressure and an ECG were obtained prior to the echocardiographic
examination.
Echocardiographic study:
The echocardiographic examination was performed with the subject at rest, lying in left lateral
decubitus position. Ultrasound data were acquired using a Vivid 7 scanner (GE Vingmed
Ultrasound, General Electric, Milwaukee, Wis) with a M3S broadband transducer. A
complete echocardiographic study was performed, including both standard parasternal and
apical views. LV and RV dimensions were measured according to the standards of the
American Society of Echocardiography (ASE). The parasternal two-dimensional
measurements (M-mode) included the left atria (LA) and aortic root diameter (Ao), the LV
internal diameter at end-diastole (LVIDd) and at end-systole (LVIDs), and the septal and
posterior wall thickness. From these measurements the LVmass was calculated. The RVOT
end-diastolic diameter was determined in the long (perpendicular to the septum) axis
recording (RVOT-PLAX). In the apical 4-chamber view, LA and RA end-systolic area and
the LV and RV inflow tract (LVIT and RVIT) diameter (at the level of the mitral valve tips)
were measured.

Figure 1. Study population
Subdivisions in the study population by age (at 40 years) and by training intensity (at 4, 9 and 18 hours/week) indicated by
the horizontal and vertical bars in the figure, respectively. Numbers allocated to each group are used in the Tables.
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Diastolic parameters:
Conventional pulsed Doppler imaging was used to obtain LV and RV diastolic parameters
using a sample area of 5 mm. All images were acquired at end expiration during breath hold.
All Doppler measurements were averaged over 2 beats. Transmitral (MV) and transtricuspid
(TV) flow were measured at the tips of the valve leaflets. From this, the peak early (E) and
late (A) inflow velocity were measured; the E/A-ratio calculated; and, only at the mitral valve,
the E deceleration time (Edt). From the 4-chamber view the RV and LV peak early (E`) and
late (A`) diastolic velocities (average of 3 measurements) were recorded at the tricuspid and
mitral annuls, respectively. For the LV we used the septal and lateral annulus and for the RV
the lateral tricuspid annulus. All velocities were derived from color-coded TDI small angle
recordings (frame-rate >180/s) and measured off-line (EchoPAC PC version 6.0.1, GE
Vingmed Ultrasound) as described previously24. From this, the RV and LV E/E`-ratio and the
E`/A`-ratio were calculated. The tricuspid Edt was not included in the final analysis, since
almost 10% of all available trace measurements of this parameter were of unsatisfactory
quality. In the Doppler recordings of the pulmonary (PV) and subdiaphragmatic hepatic veins
(HV) the peak systolic (S) and diastolic (D) flow velocities were measured, and the S/D-ratio
was calculated.
Statistical analysis:
All values are presented as mean ± standard deviation (SD). Unpaired Student`s t-test was
used to compare groups and one-way analysis of variance (ANOVA) with Bonferroni Post
Hoc correction for multiple comparisons were used for comparison between more than 2
groups. The univariate association of age and the amount of endurance training on diastolic
parameters was examined by linear regression analysis and partial correlation test by
Pearson`s methods. Using multiple regression analysis we tested whether the relationship
between diastolic parameters and age differs between controls and athletes. Stepwise multiple
regressions were performed to assess the independent correlations of diastolic parameters with
baseline characteristics (age, heart rate, systolic and diastolic blood pressure, BSA, LV mass,
and hours/sports/week). We set the p-values for variables to enter and stay in the regression
models at 0.05 and 0.10, respectively. P-values of <0.05 were considered to indicate
significance. Statistical calculations were calculated using SPSS version 15.0 for Windows
(SPSS Inc, Chicago, Ill).

RESULTS
Study population:
The baseline characteristics of the study population are listed in Table 1. By study design,
both age and amount of training were different between groups. Relevant differences between
groups were the younger age of the veteran controls compared to the veteran athletes, blood
pressure was slightly increased in the veteran athletes, and, as expected, the heart-rate was
lower in all athlete groups. The amount of endurance training/week in the veteran athlete
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group was comparable to the regular athlete group. Only 2 (4%) veteran athletes reported
training >18 hours/week.
Cardiac dimensions:
All ventricular and dimensions are summarized in Table 2. Almost all dimensions were
increased in the athlete groups compared to their age-matched control group; in particular the
elite athletes showed the most pronounced remodeling. With respect to age, left and right
atrial dimensions increased in both the control and athlete population. Ventricular dimensions
were comparable in the control population, while in the athlete groups, RV dimensions were
significantly larger in the veterans compared to the young athletes, and, consequently the
LV/RV-ratio was lower. When comparing the regular to the elite athletes, all parameters are
larger in the elite athlete group, but only reached significance for LV mass.
Table 1. Baseline characteristics
Parameter
Mean (±SD)

Controls

Athletes

Young (1)

Veteran (2)

Regular (3)

Elite (4)

Veteran (5)

Number

62

32

58

63

54

Age (y)

27.9±5.6

45.5±4.3

27.9±5.4

27.1±4.7

50.8±6.5

**
Male (%)

Training (h/w)

58.1

2.2±1.6

** ##

31.3

52.5

69.9

72.2

*

†

2.5±1.5

12.4±2.3

24.4±5.4

11.9±3.8

## ††

##

## ††

50.4±9.0

50.1±11.1

* ##

Heart rate (bmp)

59.3±10.6

59.8±8.6

50.7±7.3
##

##

##

BSA (m2)

1.89±0.20

1.88±0.25

1.90±0.15

1.96±0.17

1.87±0.18

Length (m)

178.8±9.0

174.4±11.7

179.7±7.4

183.3±8.3

176.4±7.9

#

††

Weight (kg)

71.4±12.3

73.7±16.1

71.7±9.3

73.9±10.3

71.3±11.2

Systolic BP (mmHg)

126.3±14.2

126.8±16.3

125.5±14.2

122.8±11.2

137.1±17.3

Diastolic BP (mmHg)

72.9±9.6

78.8±12.0

73.0±9.7

70.4±8.5

81.4±10.5

## ††

** ††
Numbers after group classifications refers to subdivision from figure 1. Abbreviations as in text. P-values using Bonferroni
post-hoc: * p<0.05 and ** p<0.01 vs. training matched young, # p<0.05 and ## p<0.01 vs. age matched controls, † p<0.05
and †† p<0.01 regular/veteran vs. elite athletes.
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Table 2. Echocardiographic dimensions
Controls
Parameter
Mean (± SD)
2

LVIDd (mm/m )
2

Athletes

P-value
ANOVA

Young

Veteran

Regular

Elite

Veteran

(1)

(2)

(3)

(4)

(5)

25.7±1.9

25.7±2.4

26.9±1.8

27.2±2.0

26.6±2.6

<0.001

#

##

LVIDs (mm/m )

17.3±2.1

16.3±2.1

17.7±2.0

18.2±2.0

17.2±2.8

0.002

IVSd (mm/m2)

5.23±0.48

5.46±0.66

5.62±0.59

5.76±0.72

5.98±0.61

<0.001

##

##

* ##

5.30±0.56

5.32±0.64

5.08±0.75

##

##

* ##

107.2±18.1

117.0±24.0

110.1±18.8

##

##

##

20.8±2.6

21.5±2.5

23.0±2.9

2

LVPWd (mm/m )

4.84±0.55

2

LVmass (g/m )

87.6±15.8
2

5.08±0.75

90.4±13.9

LA diameter (mm/m )

19.3±1.8

21.3±1.7
**

##

##

*#

Ao diameter (mm/m2)

14.3±1.4

15.6±1.7

14.4±1.5

15.1±1.7

15.7±1.7

#

**

15.2±2.6

16.7±1.9

#

** ##

24.4±1.8

24.6±2.1

24.4±2.6

##

##

##

20.4±2.2

21.0±2.1

22.4±2.2

##

##

** ##

1.21±0.14

1.18±0.13

1.10±0.11

#

**

**
2

RVOT (mm/m )
2

LVIT (mm/m )

14.0±2.1

22.9±1.9

2

RVIT (mm/m )

18.5±2.2

LVIT/RVIT-ratio

1.25±0.15

14.8±2.0

22.6±2.6

19.9±2.0

1.15±0.13

14.9±2.2

**
LA area (cm2/m2)
2

2

RA area (cm /m )

8.63±1.68

8.44±1.48

10.17±1.48

10.20±1.50

10.56±1.77

11.21±2.18

**

##

##

** #

9.76±1.62

10.21±1.66

10.92±2.25

12.29±2.00

*

##

##

* ##

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

Numbers for group classifications from figure 1. Abbreviations as in text. P-values using Bonferroni post-hoc: * p<0.05 and
** p<0.01 vs. training matched young, # p<0.05 and ## p<0.01 vs. age matched controls, † p<0.05 and †† p<0.01
regular/veteran vs. elite athletes.

Diastolic parameters: we assessed LV and RV diastolic parameters in 2 separate groups. The
young controls and the young regular and elite athletes were used to evaluate the first aim:
impact of the amount of endurance training on ventricular diastolic function. The young and
veteran controls and athletes, excluding the elite athletes to match the h/sp/wk, were used to
evaluate the second aim: effect of endurance training on the age related changes in diastolic
parameters.
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Table 3. The effect of the amount of training on diastolic function
Parameter
Mean (± SD)

Controls

Regular athletes

Elite athletes

P-value

(1)

(3)

(4)

ANOVA

Left Ventricle
MV-E (cm/s)

79.8±12.5

78.1±13.6

74.0±13.7*

0.026

MV-Edt (ms)

178.3±21.3

180.8±21.5

186.3±19.4

NS

MV-A (cm/s)

38.8±6.3

38.0±7.0

33.9±8.1** ##

0.001

MV-E/A

2.10±0.43

2.11±0.45

2.31±0.66

NS

MV-E’ (cm/s)

12.6±1.9

12.3±1.6

12.5±2.0

NS

MV-E/E’ (cm/s)

6.39±1.07

6.42±1.08

5.99±1.09

NS

MV-E’/A’

3.00±1.30

2.95±1.31

3.26±1.58

NS

PV-S/D

0.84±0.20

0.80±0.23

0.79±0.24

NS

Right Ventricle
TV-E (cm/s)

60.9±10.4

56.9±10.2

59.5±11.3

NS

TV-A (cm/s)

27.2±6.3

24.9±6.3

24.1±5.0*

0.010

TV-E/A

2.35±0.59

2.40±0.57

2.56±0.59

NS

TV-E’ (cm/s)

11.0±1.8

11.2±1.7

11.5±2.0

NS

TV-E/E’ (cm/s)

5.43±1.50

4.91±1.35

5.21±1.48

NS

TV-E’/A’

1.53±0.56

1.50±0.53

1.71±0.61

NS

HV-S/D

1.79±0.44

1.62±0.54

1.75±0.54

NS

Numbers after group classifications refers to subdivision from figure 1. Abbreviations as in text. P-values using Bonferroni
post-hoc: * p<0.05 and ** p<0.01 vs. control, # p<0.05 and ## P<0.01 elite vs. amateur.

The impact of the amount of training in the young: Doppler derived parameters for the first
aim of the study are listed in Table 3. The only significant differences were encountered in
the elite athlete group, where peak MV-E, MV-A, and TV-A velocities were moderately
reduced. All other parameters, including E/A- and E/E’ -ratios, were comparable between
groups. Univariate analysis, however, did show a significant, but weak, correlation between
the amount of endurance training and some diastolic parameters in the entire group (n=183).
For the LV, MV-E and MV-A showed a negative association to the amount of training (R=0.19, p<0.05; and R=-0.24, p<0.01, respectively), and MV-Edt increased with an increase in
training (R=0.15, p<0.05). All other parameters showed no correlation. In the RV, only TV-A
showed a significant correlation with respect to training (R=-0.17, p<0.05).
The impact of training and age: Mean values of Doppler parameters in the different age
groups, the second aim of the study, are listed in Table 4. In the control groups, all diastolic
parameters, with the exception of peak MV-E velocity and MV-Edt, showed significant
changes indicative of a decrease in diastolic function with aging. In the RV, these changes
were less apparent, nonetheless E/A- and E’/A’-ratios were significantly reduced in the
veteran controls. In the athlete groups the differences between young and old were
comparable to those described in the control group for both the LV as well as the RV.

126

Impact of endurance training on diastolic function

7
Univariate analysis of the correlations between age and diastolic parameters in either the
control or the athlete group are shown in Table 5. In the control group, almost all parameters
in the LV and most in the RV are affected by age. Notable differences between the LV and
RV are the inflow velocities, and consequently the E/A-ratio and the change in E’, which
seems less affected in the RV with increasing age. In the athlete group, findings are
comparable to those observed in the controls, also for the differences between both ventricles
(see Figure 2). Of all diastolic parameters, the only difference in the regression coefficients
between athletes and non-athletes was observed in the MV E/E’-ratio (p=0.003) and in the PV
S/D-ration (p=0.045). Thus, the change in all other parameters occurring with aging were not
significantly different between athletes and non-athletes.
Table 4. The effect of age on diastolic function
Parameter
Controls
Mean (± SD)

Young (1)

Athletes
Veteran (2)

Young (3)

Veteran (5)

Left Ventricle
MV-E (cm/s)

79.8±12.5

76.0±14.3

78.1±13.6

67.5±13.6**#

MV-Edt (ms)

178.3±21.3

182.1±20.8

180.8±21.5

190.2±25.0*

MV-A (cm/s)

38.8±6.3

47.2±12.4**

38.0±7.0

45.8±8.9**

MV-E/A

2.10±0.43

1.68±0.48**

2.11±0.45

1.52±0.39**

MV-E’ (cm/s)

12.6±1.9

10.5±2.0**

12.3±1.6

10.2±1.8**

MV-E/E’ (cm/s)

6.39±1.07

7.49±2.04**

6.42±1.08

6.82±1.58

MV-E’/A’

3.00±1.30

1.72±0.63**

2.95±1.31

1.55±0.48**

PV-S/D

0.84±0.20

1.08±0.27**

0.80±0.23

1.27±0.48**#

Right Ventricle
TV-E (cm/s)

60.9±10.4

54.4±9.0*

56.9±10.2

52.4±9.0

TV-A (cm/s)

27.2±6.3

29.7±5.7

24.9±6.3

26.4±5.7

TV-E/A

2.35±0.59

1.94±0.43**

2.40±0.57

2.06±0.46**

TV-E’ (cm/s)

11.0±1.8

10.7±1.6

11.2±1.7

11.1±1.6

TV-E/E’ (cm/s)

5.43±1.50

5.28±1.38

4.91±1.35

5.00±1.33

TV-E’/A’

1.53±0.56

0.97±0.30**

1.50±0.53

0.90±0.24**

HV-S/D

1.79±0.44

1.80±0.51

1.62±0.54

1.96±0.58**

Numbers after group classifications refers to subdivision from figure 1. Abbreviations as in text. P-values using Bonferroni
post-hoc: * p<0.05 and ** p<0.01 young vs. training matched old, # p<0.05 and ## P<0.01 control vs. age matched athletes.

By multivariate analysis (see Table 6), age remained a significant factor affecting all LV
diastolic parameters, whether the elite athletes were included in the analysis or not. The
amount of training contributed significantly, but to a lesser degree in MV-E, MV-E/A, and
MV-E/E’, but the resulting R-square change was never more than 0.02. In the RV, age was a
significant factor affecting all diastolic parameters, except the E/E’-ratio, where the amount of
training was the only (weak) significant factor.

127

Chapter 7

Table 5. Correlations between diastolic parameters and age in athletes and controls
Parameter

Athletes (3&5)#

Controls (1&2)
LV

RV

LV

RV

E

-0.18

-0.41**

-0.45**

-0.30**

Edt

0.049

A

0.52**

0.18

0.46**

0.11

E/A

-0.54**

-0.38**

-0.64**

-0.34**

E’

-0.60**

-0.22*

-0.60**

-0.22*

E/E’

0.43**

-0.10

0.13

-0.039

E’/A’

-0.59**

-0.58**

-0.64**

-0.63**

V-S/D

0.59**

0.11

0.64*

0.32**

0.21*

Numbers after group classifications refers to subdivision from figure 1. Abbreviations as in text. Reported values are
Pearson’s correlation coefficient (r), with * p<0.05, and ** p<0.01. #elite athletes training >18h/w are excluded

Table 6. Multiple regression analysis for all dependent diastolic parameters
Variable
Left ventricle
Right ventricle
Dependent

Independent

E

Age

0.131

-0.39

Training

0.155

-0.40

Edt

Age

0.032

0.33

-

A

Age

0.366

0.35

HR

0.403

0.26

Training

0.423

0.11

Age

0.366

HR
Training

E/A

Rsq

Coefficient

Independent
Age

Rsq

Coefficient

0.140

-0.32

-

-

HR

0.097

0.19

Age

0.117

0.07

-0.03

Age

0.120

-0.02

0.403

-0.01

HR

0.198

-0.01

0.423

-0.01

LV mass

0.219

0.01

dBP

0.237

-0.01

E’

Age

0.359

-0.11

Age

0.040

-0.04

E/E’

Age

0.057

0.03

Training

0.026

-0.04

sBP

0.083

0.02

Training

0.104

-0.04

E’/A’

Age

0.375

-0.06

Age

0.376

-0.03

S/D

Age

0.391

0.02

Age

0.064

0.01

HR

0.101

0.01

Abbreviations as in text. sBP and dBP indicate systolic and diastolic blood pressure, respectively, HR indicates heart rate,
and training indicates the h/sports/week. All included independent variables are listed in the Methods section. Rsq indicates
the summed R-square if multiple independent factors were identified for the parameter
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DISCUSSION
This cross sectional study shows that, among 269 athletic and non-athletic individuals aged
between 18 and 62 years, the amount of endurance training has not altered echocardiographic
parameters of diastolic function in either ventricle. Furthermore, the decrease in diastolic
function observed in healthy, nonathletic individuals with aging is also observed in the aging
athletes’ heart in all evaluated diastolic parameters. The influence of the level of training did
not account for more than 2% of the observed variance of any of these parameters.
Myocardial senescence:
The progressive deterioration of diastolic function with aging occurs in healthy individuals,
free of cardiovascular disease3-7, and it is believed to be an important reason for the
exponential increase of diastolic heart failure with aging25, 26. The possible mechanisms that
occur during myocardial senescence which contributes to the reduction in diastolic function
include an increase in peripheral resistance, extracellular matrix proliferation and collagen
cross-linking, and an alteration in calcium handling25.
It has been shown that the effects of aging on most diastolic parameters are independent of the
age-related alterations in LV morphology and systolic function4, 7. The findings of the present
study in the non-athletic individuals confirm and extend these previous observations. In the
RV this is less well established, and even not observed in one study27. Our study shows a
similar trend towards a decreased RV diastolic function resembling that of the LV. Aging
alone may not totally explain all the changes that occur during myocardial senescence. Other
factors that change with age, such as a diminishing cardiovascular fitness, could also account
for the gradual decline of diastolic function. Indeed, small studies have suggested that long
term endurance training delays the age-associated diastolic decline13, 14, 17, 18, 23. These
findings are further supported by animal studies where endurance training, to some degree,
stopped the progress or reversed the impairment in early diastolic filling with aging in rats28.
To the contrary, our study in human subjects showed no evidence of this “beneficial” effect of
long-term endurance training on the age-associated decline in diastolic function.
Diastolic function in athletes:
Several small studies have suggested that early diastolic function is augmented in young
endurance athletes11-13. Other reports have challenged these findings by demonstrating no
differences to controls8, 15, 16. The findings in our study comply better with the latter.
Compared to previous published work, we included a relative large number of young athletes
(n=121) and ensured that both amateur and high level, professional athletes were investigated.
The only changes we observed were the LV diastolic inflow velocities, which were lower in
the elite athletes, possibly due to ventricular (and thus, annular) dilatation in this group.
Nevertheless, newer indices (TDI) which are more independent of HR, loading, and
ventricular dilatation showed very comparable values in all groups. In the retrospective
analysis of Pavlik et al14, diastolic LV function using the E/A-ratio was assessed in a
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comparable, larger study population. An increase of the E/A-ratio was observed in endurance
athletes, while in our study this ratio and the E`/A`-ratio were only moderately increased in
the elite athletes. We could therefore not clearly establish that Doppler parameters in
endurance athletes indicate an improved diastolic function compared to non-athletes.
Literature on RV diastolic function in athletes is scarce, and conflicting11, 16. Since we have
previously shown that RV structural adaptations in the athletes’ heart are very common9,
often mimicking specific forms of cardiomyopathy, knowledge on the normal physiology is
very relevant in the clinical evaluation of the endurance athlete. Our data indicates that RV
diastolic function is unchanged in athletes, since all relevant parameters were similar between
groups.

Figure 2. LV and RV diastolic parameters vs. age.
The MV E/A-ratio (A) and E’/A’-ratio (B) in all controls and athletes (excluding the elite athletes). Note the similar
regression occurring with aging in both groups. A similar pattern was observed for the TV E/A-ratio (C) and E’/A’-ratio (D).
Open circles indicate controls and solid circles athletes. The solid and dashed lines correspond to the athlete and control
linear regression.
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Age was the most important determinant of variance in almost all Doppler parameter for
diastolic function in both ventricles in athletes. It has previously been suggested that older
athletes have better filling properties than age-matched untrained individuals13, 14, 17, 18, 23.
Other small studies, however, did not observe any differences between veteran athletes and
controls15, 19-22. The results of our study demonstrate that Doppler parameters of diastolic
function in both ventricles show an identical decline with age in athletes and non-athletes (see
Figure 2). The amount of training never accounted for more than 2% of total variance in any
of the parameters.
Clinical relevance:
The cardiovascular changes that occur with aging in the healthy person, in particular the
impairment of diastolic function, do not necessarily result in clinical heart disease. All
enrolled individuals in our study were free of cardiovascular complaints and showed no
abnormalities on ECG or echocardiogram. Nevertheless, the physiological myocardial
senescence does compromise the cardiac reserve capacity, which decreases the individual
threshold for the development of signs and symptoms, as well as the severity and prognosis of
cardiac disease, when a disease related challenge occurs25. This concept is supported by the
increasing incidence of atrial fibrillation29 and heart-failure with increasing age30, 31.
Accordingly, the most important determinant for the occurrence of diastolic heart failure is
age26.
The hypothesis that life-long endurance training somehow impedes myocardial senescence,
implies that endurance training throughout life determines changes in myocardial diastolic
properties in a prognostic favorable direction. Our data however, does not support this
hypothesis. From a different point of view, our data does show that diastolic function is
normal irrespective of morphologic changes which are a consequence of regular endurance
exercise, such as LVH and RV dilatation, which differentiates these alterations from
pathologic changes.
Limitations:
A small study has shown that, while Doppler parameters were comparable to controls in the
supine position, significant changes appeared between athletes and non-athletes when
evaluating pulmonary vein flow in the upright position32. Secondly, diastolic function seems
to be augmented in athletes during exercise13. We aimed to assess diastolic LV and RV
function conform the typical clinical setting, in the supine position and at rest. It would
nevertheless be interesting to evaluate the aging athletes’ heart in these specific conditions, as
to assess whether the diastolic reserve is better preserved by long term training.
Individuals aged >65 years were not included in this study, mainly due to the fact that high
level endurance training (≥9 hours/week) is very uncommon above this age. This could
explain some of the unexpected findings, such as MV-Edt, which did not increase with aging,
what would be expected. Nevertheless, the typical deterioration in diastolic parameters could
be demonstrated in the control group in most parameters. Finally, our study design was cross-
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sectional, thus based on our results it may not be completely justified to conclude that
longitudinal improvement of diastolic function is not achieved by long term endurance
training. It would be of interest to evaluate the changes with aging/training in a longitudinal
study design, where variations in Doppler parameters which could be attributed to individual
variations would become irrelevant.

CONCLUSION
The amount of endurance training does not alter diastolic properties in either ventricle in
young athletes, when evaluated with Doppler echocardiography. Furthermore, the decrease in
diastolic Doppler parameters towards impaired relaxation, observed in healthy, nonathletic
individuals with aging, is also observed in the aging athletes’ heart.
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ABSTRACT
Purpose: The aims of this study are 1) to compare echocardiography and cardiovascular
magnetic resonance imaging (CMR) measurements in a head-to-head fashion and 2) to relate
echocardiographic estimates of ventricular volumes and mass to CMR ventricular volumes.
Methods: Healthy controls (n=59), athletes (n=59) and elite athletes (n=63) between 18 and
39 years of age were prospectively enrolled with an average endurance training intensity of
2.5±1.9, 13.0±3.0 and 25.0±5.4 hours/week, respectively (p<0.001). Standard
echocardiography and CMR were performed during one visit. LV and RV dimensions were
measured on both modalities according to the American association of echocardiography. LV
and RV end diastolic and systolic volumes and LV-mass were calculated on CMR. On
echocardiographic M-mode LV volumes were estimated according to Teichholz and LVmass
was calculated.
Results: All ventricular and atrial dimensions were significantly increased in both athlete
groups in both modalities as compared to controls. LV and RV dimensions were
systematically smaller on echocardiography (p<0.001) and showed an excellent and
significant (p<0.01) correlation to the actual volume on CMR. LV wall thickness and wall
mass, however, were significantly (p<0.001) larger on echocardiography.
Conclusions: Overall, echocardiography systematically underestimates ventricular and atrial
dimensions and volumes compared to CMR, while wall thickness and wall mass are
overestimated. These findings should be taken into account in the interpretation of CMR
findings in athletes in whom cardiomyopathy is suspected on echocardiography. We have
provided a correction on these formulas to facilitate intertechnique comparability.
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INTRODUCTION
Pre-participation screening of endurance athletes has gained interest during the past decade.
Its main focus is to prevent sudden cardiac death (SCD) from unrecognized cardiac
pathology, including hypertrophic cardiomyopathy (HCM) and arrhythmogenic right
ventricular dysplasia/cardiomyopathy (ARVD/C) in individuals <40 years, and predominantly
coronary artery disease in ≥40 years of age.1-3 If the results of clinical evaluation or
preparticipation screening (including medical history, assessment of symptoms and sign, and
electrocardiography (ECG)) of athletes warrant further investigation, non invasive imaging is
typically used to identify the presence of structural heart disease.4, 5 The most frequently used
imaging modality is echocardiography, which can accurately assess cardiac function and
morphology, whilst being inexpensive, rapid and widely available.
Unfortunately, physiologic changes due to long term remodeling in response to the increased
volume load during endurance training (athletes’ heart) can resemble relevant cardiac
disorders, associated with SCD in athletes.6, 7 This is especially the case when left ventricular
(LV) wall thickness is increased to an extent to fulfill HCM criteria7, 8, or when the right
ventricle (RV) becomes enlarged, a hallmark feature of ARVD/C on ultrasound.9, 10 This
distinction is relevant when a potentially career changing decision must be made for the
individual athlete with already suspect findings on the ECG.5, 7, 11 If echocardiographic results
remain inconclusive or warrant further investigations, cardiac magnetic resonance (CMR)
imaging can be considered.12 Well established cut-off values to identify cardiomyopathy have
almost exclusively resulted from studies using echocardiography as the non-invasive research
tool.13, 14 Whether these echocardiographic values can be implemented on CMR
measurements in the athletic population is unknown.
The aim of this study is to compare CMR and echocardiographic measurements of ventricular
and atrial dimensions as well as ventricular wall thickness to establish the potential bias
between the two techniques. A secondary goal was to relate the conventionally obtained
dimensions to the actual ventricular volumes and wall mass, with CMR as the reference
method.

METHODS
Study Population:
Healthy endurance athletes (national and international competition level) and non-athletes,
aged 18 to 39 years, were prospectively enrolled. All subjects were healthy individuals with
no history of cardiovascular disease (including hypertension and diabetes). Unexpected
(pathological) findings on the ECG, echocardiography, or CMR during the study resulted in
exclusion. The echocardiographic examination and the CMR study were performed during
one visit in all subjects.
The final study population consisted of 181 individuals (mean age 27.1 ±5.2 years, 39.2 %
women): 122 endurance athletes whose training activities had not changed appreciably one
year prior to inclusion consisting of 59 regular athletes (A) training 9 to 18 hours/week and 63
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elite athletes (EA) training >18 hours/week; and 59 non-athletic healthy controls (C)
exercising ≤3 hours/week. The study was approved by the Institutional Ethics Committee of
the University Medical Center Utrecht. All persons gave written informed consent prior to the
examinations.
Echocardiographic study:
The echocardiographic examination was performed with the subject at rest, lying in left lateral
decubitus position. Ultrasound data were acquired using a Vivid 7 scanner (GE Vingmed
Ultrasound, General Electric, Milwaukee, Wis) with a M3S broadband transducer. A
complete echocardiographic study of both standard parasternal and apical views was
performed in two-dimensional (B-mode) and M-mode.
LV dimensions were measured according to the standards of the American Society of
Echocardiography (ASE).15 The parasternal two-dimensional measurements included the left
atria (LA) and aortic root diameter (Ao), the LV internal diameter at end-diastole (LVIDd)
and at end-systole (LVIDs), and the septal (IVSd) and posterior wall thickness (PWd)
obtained in the long axis M-mode (leading edge to leading edge method), special care was
taken to avoid the inclusion of the moderator band in the septal wall measurement. LVmass
was calculated from these measurements according to the ASE convention: LVmass (gr) = 0.8
x (1.04([LVIDd + IVDs + PWd]3 – [LVIDd]3)) + 0.6. The LV end diastolic and end systolic
volumes were calculated according to the Teichholz method: V (ml) = (7 / [2.4 + LVID]) x
[LVID]3, with LVID being the internal dimension at end diastole and end systole, and V the
corresponding volume.15 The RVOT end-diastolic diameter was determined in the long axis
recording, perpendicular to the septum. On the apical 4-chamber view, left (LA) and right
(RA) atrial end-systolic areas and RV end-diastolic area were measured by tracing the
endocardial border. The end diastolic diameter of the inflow tract of the LV (LVIT) and RV
(RVIT), at the level of the mitral and tricuspid valve tips respectively, were also measured on
the 4-chamber view (Figure 1).
Cardiac magnetic resonance imaging:
Acquisition Protocol: All persons were examined in the supine position on a 1.5-T MRI
scanner (Achieva, Philips Medical Systems, Best, the Netherlands). A 5-element phased-array
cardiac coil was used for signal reception with a vector-ECG set-up for ECG triggering. The
protocol included ECG-gated breathhold transversal T1-weighted black-blood series, and
Steady-State Free-Precession (SSFP) cines with 2 chamber LV, 4-chamber, short axis, and
LVOT views. The short-axis was identified using the 2-chamber LV and 4-chamber cine
images. The whole heart was imaged in the short axis plane, from ventricular apex to base
including both atria, using 14 to 20, 10-mm slice cines without inter-slice gap of 50 frames
per cardiac cycle during 15-second breathholds, with a matrix of 256x256 and field of view
350-400, repetition time/echo time of 3.2/1.6 ms, in-plane pixel size of 1.4 mm, flip angle 55o.
Images were stored digitally for offline analysis. All cardiac MRI scans were performed by
the same operator. All acquired cardiac images were viewed to rule out cardiac pathology.
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Figure 1. Illustrative case on methodology and inter-technique bias. Example of an elite athletes (professional male
cyclist), with several measurements on echocardiography and CMR indicated (reported values are all in mm).

CMR Image analysis: Analysis was performed with a workstation and semi-automated
contour tracing software (View Forum cardiac package version R5.1V1L1 2006, Philips,
Best, The Netherlands). An experienced blinded observer (A.B.) performed cardiac MRI data
analysis of atrial and ventricular diameters, wall-thickness, and atrial area contours. LVIDd,
LVIDs, IVSd, LVPWd, RVOT-PLAX, and LA-PLAX were measured on the LVOT cine
view and the LVIT and RVIT were measured on the 4-chamber view conform the
echocardiographic analysis (see above, Figure 1). LA and RA area contours were measured
on the 4-chamber view using the area-length-ejection-fraction (ALEF) tool.16 In addition the
LV-sax and RV-sax were measured on the mid short-axis view and the IVSd in the 4-chamber
view (midIVSd). Endocardial contours for the LV end-diastolic and end-systolic volumes
(EDV, ESV) were traced on the short-axis slices, including LV outflow-tract. Epicardial
borders were drawn in end-diastolic phase for the calculation of LV wall-mass. Papillary
muscles and trabeculae were included in the endocardial blood volume.17 Our contour
analysists used a reproducible contour-tracing protocol for the segmentation method with an
intraobserver and interobserver disagreement of ≤8% and ≤5% respectively (R2 0.93-0.99).
Operators were trained with test cases before blinded analysis of study cases.17 All
measurements were checked by a second blinded observer (A.T., N.P.) experienced in cardiac
MRI before finalizing the results.
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Statistical analysis:
Continuous data are presented as mean values ± standard deviation (SD) and categorical data
are presented as frequencies and percentages. For the comparison between the two techniques
we used paired students T-test (differences in mean values), Pearson correlation (with the
calculation of the slope of the linear regression, b), and Bland-Altman analysis (estimation of
bias) on the pooled data of all 181 subjects. Histograms of the bias of all values were
constructed to evaluate whether there was a (normal) Gaussian distribution. One way
ANOVA with Bonferroni post hoc correction, was used to identify differences in baseline
characteristics, absolute values, and the mean echo-CMR bias (indicated by ∆”-parameter”)
between the groups (based on athletic subdivision). Several conventional echocardiographic
measures of dimensions and estimated ventricular volumes were compared to the
corresponding CMR atrial and ventricular volumes using a two-tailed Pearson’s correlation. A
P-value of < 0.05 was considered statistically significant. All statistical analyses were
performed on commercially available software (SPSS version 16.0, SPSS Inc., Chicago, Ill).

RESULTS
Study population:
Baseline characteristics: The baseline characteristics of the study population have been
described in detail previously8, 10 and are summarized in Table 1. More men were included in
this study, but the distribution among the groups was equal. Of all athletes, 36.7% were
rowers (57.8% men), 29.2% triathletes (54.3% men), 20.0% cyclists (91.7% men), 10.0%
runners (58.3% men) and 4.2% participated in other endurance sports (20.0% men).
Table 1. Baseline characteristics
Parameters

Control (C)

Regular athlete (A)

Elite athlete (EA)

P-value

(mean±SD)

N = 59

N = 59

N = 63

ANOVA

Age (year)

27.4±5.6

27.4±5.5

26.6±4.8

NS

57.6

55.9

68.3

NS

2.7±2.0

12.5±2.7*

23.3±6.2*‡

<0.001

178.9±9.2

180.1±7.8

182.9±8.4†

0.026

71.3±12.3

72.3±9.5

73.7±10.5

NS

Body surface area (m )

1.89±0.20

1.91±0.16

1.95±0.18

NS

Systolic BP (mmHg)

127.1±14.1

125.0±12.7

123.3±11.1

NS

Diastolic BP (mmHg)

74.1±9.0

72.6±9.3

70.3±8.3

NS

Heart rate (bpm)

58.3±9.9

50.6±7.2*

50.2±8.9*

<0.001

Men (%)
Endurance training (h/week)
Body height (cm)
Body weight (kg)
2

Abbreviations as in text. * indicates p < 0.001 and † = p<0.05 between athlete groups compared to controls, and ‡ indicates p
<0.001. by post-hoc (Bonferroni) analysis.
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Ventricular dimensions: The average values of the echo and CMR measurements of
ventricular and atrial dimensions are summarized in Table 2 for each of the three groups.
Compared to the control group, all measurements are larger in both athlete groups. Although
all measurements were higher in the elite athletes compared to the regular athletes, statistical
significance was not reached in all (data reported in detail previously).8, 10 The RV enddiastolic area, only measured on echo, was increased in both athlete groups (C 20.5±4.1; A
22.7±3.4, p=0.023; EA 26.2±4.7 cm2, p<0.001), Commonly used CMR measurements
showed the same increase: RV-SAX (C 44.5±6.6; A 47.1±6.1, p=NS; EA 47.6±6.4 mm,
p=0.025), LV-SAX (C 54.7±4.0; A 58.0±4.7, p<0.001; EA 59.1±4.8 mm, p<0.001), and
midIVSd (C 9.0±1.5; A 9.9±1.4, p=0.006; EA 10.4±1.6 mm, p<0.001).
Table 2. Ventricular and atrial dimensions of echocardiography and CMR.
Parameters

Control
Echo

Regular athletes
CMR

Echo

Elite athletes
CMR

Echo

CMR

Ventricular dimensions
LVIDd (mm)

48.4±4.1

53.5±4.0*

51.3±4.1

56.8±4.3*

53.1±4.8

58.7±5.3*

LVIDs (mm)

32.3±3.7

34.3±3.6*

34.0±3.8

36.0±3.6*

35.5±4.5

37.3±5.0*

LVIT (mm)

43.0±4.2

54.0±4.3*

46.4±3.6

56.6±4.2*

47.8±4.7

59.2±5.0*

RVIT (mm)

35.2±4.6

45.1±6.9*

38.9±4.4

49.6±6.2*

41.1±4.9

50.5±6.1*

RVOT-plax

26.2±4.0

29.9±3.4*

28.4±3.9

31.9±4.2*

29.5±4.4

32.7±4.6*

LV wall thickness
IVSd (mm)

9.9±1.2

8.6±1.5*

10.7±1.1

9.1±1.6*

11.1±1.3

10.0±1.8*

LVPWd (mm)

9.0±1.1

7.0±1.1*

9.9±0.8

7.7±1.5*

10.2±1.1

8.6±1.4*

Volumetric measures
LVmass (gr)

172.1±44.8

84.9±26.5*

210.7±42.3

103.8±27.4*

232.8±53.8

123.8±33.9*

LVEDV (ml)

110.5±21.7

183.7±37.8*

126.9±23.4

222.8±40.8*

137.5±29.0

245.1±51.2*

LVESV (ml)

27.7±7.0

77.1±20.9*

30.4±6.8

95.4±21.9*

33.2±8.5

109.3±29.0*

Atrial dimensions
RA-area (cm2)

16.0±3.7

23.5±4.5*

19.4±3.4

27.6±4.4*

21.4±5.1

30.0±6.1*

LA-area (cm2)

16.6±3.5

26.8±4.0*

19.5±2.9

29.0±3.8*

20.7±3.9

31.3±4.4*

LA-plax (mm)

36.2±4.5

34.5±4.3*

39.5±4.3

38.4±4.8†

41.6±4.2

39.4±4.6*

Abbreviations as in text. A * indicates p < 0.001 and † indicates p<0.05 between echo and CMR values using paired T-test in
each subgroup. ANOVA indicated a p-value of <0.001 for each separate technique. Post-hoc analysis is not shown.

141

Chapter 8

Table 3. Direct comparison between echocardiographic and CMR measurements.
Parameter

Echo

CMR

Difference

Corr

Regression
Slope

(mean±SD)

R

b

Ventricular dimensions
LVIDd (mm)

51.0±4.7

56.4±5.0

5.4±2.6*

0.86†

0.92

LVIDs (mm)

34.0±4.2

35.9±4.3

1.9±3.3*

0.71†

0.72

LVIT (mm)

45.8±4.6

56.6±5.0

10.9±3.2*

0.78†

0.84

RVIT (mm)

38.4±5.2

48.5±6.8

10.0±4.9*

0.70†

0.91

RVOT PLAX (mm)

28.1±4.2

31.5±4.3

3.5±3.6*

0.63†

0.64

LV wall thickness
IVSd (mm)

10.6±1.3

9.3±1.7

-1.3±1.1*

0.76†

1.01

LVPWd (mm)

9.7±1.1

7.8±1.5

-1.9±1.3*

0.55†

0.71

Atrial dimensions
RA-area (cm2)

19.1±4.7

17.2±4.7

-1.9±2.6*

0.85†

1.07

LA-area (cm2)

19.0±3.8

29.1±4.5

10.1±3.7*

0.62†

0.73

LA-PLAX (mm)

39.3±4.8

37.5±5.0

-1.9±3.3*

0.77†

0.81

Abbreviations as in text. Data shown is of the entire study population. * indicates a p-value of <0.001 for the mean bias, †
indicates a p-value of <0.001 for the Pearson correlation (r).

Echo vs. CMR:
Direct comparison between measurements: The mean differences between echocardiography
and CMR are shown in Table 3. We found significant differences between the two modalities
in all evaluated parameters. In general, absolute values were higher on CMR compared to
echo concerning ventricular and atrial dimensions, while values were significantly lower with
respect to wall thickness. The relatively high and significant correlations between the two
techniques indicate that the observed bias is a systematic over/under estimation. Indeed, when
the absolute differences were plotted in a histogram, the distribution showed a (normal)
Gaussian distribution in all parameters. Secondly, the regression coefficients were all within
0.7 and 1.1, indicating that the bias did not increase or decrease when the absolute measures
were larger. In other words, the bias reported in Table 3 applies to the entire range of
measured values. Graphic representations of the results of the LVIDd, the IVSd, and the
RVIT are shown in Figure 2. In subgroup analysis of our study population, divided in three
groups based on athletic activity, we found no differences in the mean bias in any parameter
other than the posterior wall thickness, where a smaller bias was found in the elite athletes.
Since the absolute values were significantly different between the groups, it seems that the
ventricular/atrial size has no impact on the difference in absolute values between the two
modalities (Table 4).
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Table 4. Subgroup analysis of mean bias between echo and CMR.
Parameters

Controls

Athletes

Elite athletes

P-value

Mean (SD)

(C)

(A)

(EA)

ANOVA

Ventricular dimensions
∆-LVIDd (mm)

5.1±1.8

5.4±2.8

5.6±2.9

NS

∆-LVIDs (mm)

2.0±2.8

2.0±3.3

1.8±3.7

NS

∆-LVIT (mm)

10.9±3.2

10.2±2.9

11.4±3.6

NS

∆-RVIT (mm)

10.0±4.7

10.7±4.9

9.4±5.0

NS

∆-RVOT PLAX

3.6±3.5

3.5±3.8

3.3±3.7

NS

LV wall thickness
∆-IVSd (mm)

-1.3±1.0

-1.6±1.2

-1.1±1.2

NS

∆-LVPWd (mm)

-2.0±1.1

-2.2±1.3

-1.6±1.3

0.019

Atrial dimensions
∆-RA-area (cm2)

7.5±2.5

8.1±2.6

8.5±3.0

NS

∆-LA-area (cm2)

10.1±3.3

9.6±3.8

10.6±3.9

NS

∆-LA-PLAX (mm)

-2.0±2.9

-1.1±3.2

-2.5±3.6

NS

LV mass and volumes
∆-LVmass (gr)

-87.1±28.8

-106.9±30.2†

-107.9±38.4†

0.001

∆-LVEDV (ml)

73.1±25.1

95.9±29.2*

107.8±30.3*

<0.001

∆-LVESV (ml)

49.4±17.9

64.9±18.8*

76.1±23.6*‡

<0.001

Abbreviations as in text. * indicates p < 0.001 and † = p<0.05 between athlete groups compared to controls, and ‡ indicates p
<0.001. by post-hoc (Bonferroni) analysis.

Estimations of ventricular size/mass:
For the second aim of the study we evaluated how the measured dimensions on both CMR
and echocardiography related to the actual corresponding LV/RV volumes and LV mass. For
the actual volumes/mass we used the calculated (3-dimensional) volumes on CMR as the
reference method. Table 5 shows the correlation of all ventricular parameters to the actual
ventricular volumes. For both modalities, all parameters showed a good correlation between
the measured dimension and the corresponding end diastolic volume, only the correlation for
the RV short axis diameter on CMR was moderate. The correlation between the LV end
systolic volume and the LVIDs was also relatively good in both techniques (echocardiography
r = 0.69, p<0.01 and CMR r = 0.72, p<0.01). Using the Teichholz formulas to calculate LV
volumes, we found a large bias for both the LVEDV (125.1±27.4 vs. 217.5±53.4 ml, bias
92.5±31.6, p<0.001) and the LVESV (30.5±7.8 vs. 94.1±27.5 ml, bias 63.6±22.9, p<0.001),
where CMR shows larger values compared to echocardiographic estimates. On the other
hand, calculation of LV wall-mass using the ASE formula resulted in twofold higher values
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Figure 2. Comparison between echocardiographic and CMR measurements. (A) Echocardiographic measurements
plotted against CMR, solid line indicates the linear regression, dotted line the 95% confidence interval; (B) Bland-Altman
plot, solid line indicates the bias and the dashed lines the 1.96 SD; (C) Histogram showing the distribution of the bias, the
vertical solid line indicates the mean bias. LVIDd (1), IVSd (2), and the RVIT (3) are shown. The dashed line indicates the
identity line. Stars = controls; open circles = regular athletes; solid circles = elite athletes

on echo (205.1±53.4 vs. 104.4±33.4 gr, bias -100.7±34.0, p<0.001). The correlations between
the techniques were relatively good (LVEDV r = 0.83, LVESV r = 0.68, and LV wall-mass r
= 0.79), while we observed that bias increased with increasing values using these formulas
(LVEDV b = 1.53, LVESV b = 2.38, and LV wall-mass b = 0.49), also see Figure 3. In line
with these findings, bias for each of these parameters was also significantly higher in the
athletes groups compared to the control group (Table 4).
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Table 5. Correlation between echocardiographic and CMR dimensions compared to CMR volume/mass findings.
Parameter

Echocardiography

CMR

LV end diastolic volume (ml)
LVIDd

0.83*

0.88*

LVIT

0.80*

0.80*

LV-SAX

-

0.86*
LV mass (gr)

IVSd

0.67*

0.71*

LVPWd

0.65*

0.70*

MidIVSd-4ch

-

0.75*
RV end diastolic volume (ml)

RVIT

0.80*

0.65*

RVOT PLAX

0.56*

0.66*

RVED area

0.80*

-

RV SAX

-

0.55*

Abbreviations as in text. Correlations calculated on the entire study population. * indicates a p-value of <0.01 for the
correlation.

DISCUSSION
We aimed to investigate the comparability between CMR and echocardiographic
measurements of ventricular and atrial dimensions and ventricular wall thickness in healthy
subjects and endurance athletes in a head-to-head study design. CMR measurements produced
larger values of ventricular and atrial dimensions and ventricular volumes, while wall
thickness and wall mass were smaller, compared to echocardiography. When relating these
conventional obtained dimensions to the actual ventricular volumes and wall mass on CMR,
there was a good correlation for both separate techniques.
Comparison to previous literature:
Our study differs in methodology from previous publication, since we aimed at the lowest
possible influence of methodological bias by minimizing individual variations by performing
both examinations during one session (within one hour), where previous studies allowed for
larger time windows (even up to 6 months18). Furthermore, our study was prospective with a
relatively large population of individuals using state of the art non-invasive techniques.
Previous studies have already suggested findings confirmed by the present study; RV and LV
volumes and dimensions on 2D-echocardiography are significantly lower and LV wall-mass
and wall-thickness higher as compared to CMR measurements, with moderate agreement per
measurement.18-24 In particular the large difference between LV volumes and mass on CMR
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compared to those derived from M-mode has been described.21, 24 Taken together with the
findings in our study, the accuracy of these formulas (ASE and Teichholz) is limited, even in
individuals with a normal LV geometry.
The ongoing developments in both echocardiography and CMR have resulted in significant
improvements in endocardial border definition. Despite the improvement in
echocardiographic image quality, CMR still provides a higher LV and RV volume and wallmass measurement reproducibility and accuracy due to its high signal to noise ratio.22, 25, 26
The contrast between blood and myocardium for SSFP CMR has also been shown to be better
compared to the previous turbo gradient echo image sequences.27 It seems, however, that
these improvements in CMR spatial resolution has resulted in a larger difference compared to
echocardiography when the current criteria for chamber quantification are implemented in a
head-to-head study design. Most likely, ventricular trabecularizations are better recognized on
CMR and are therefore included in the ventricular measurement, while on echo this would be
included in the LV-wall (Figure 1). This could be the explanation why the mean bias was
larger in our evaluation as compared to the literature, despite the use of identical formulas for
estimation of volumes and mass.
Clinical relevance:
A reliable assessment of ventricular dimensions by non-invasive imaging is mandatory when
aiming to rule out potential lethal cardiomyopathies.4, 5 The ideal non-invasive technique for
this assessment has to be accurate, widely available and, above all, should be able to reliably
distinguish between normal and abnormal. To this end, a large body of evidence has been
published producing specific cut-off values, specifically for echocardiography. With
increasing availability of CMR units, more individuals are sent for CMR evaluation after an
initial echocardiographic analysis. This highlights the relevance to establish the intertechnique variability within the same subject in order to test the hypothesis that reference
values derived from other imaging modalities are interchangeable. The results from this study
indicate that the absolute “reference values” and “cut-off values” that indicate cardiac
pathology which are derived from echocardiographic studies should not be implemented on
CMR and vice versa. A septal wall thickness of >12mm on echocardiography, for instance,
has generally been regarded as a cut-off value to indicate LV hypertrophy.13 When applied on
a CMR examination, this could result in “false negative” findings given the >1mm bias of this
measure in our study. Ventricular and atrial dimensions, on the other hand, will generally be
larger on CMR compared to echo in a clinically relevant order of size (up to 10 mm). The bias
between the techniques seems to be a systematic one, not influenced by the value of the
measure itself, indicated by the comparable bias in the controls (normal dimensions and LV
wall thickness) and athletes (ventricular enlargement and LVH). Echocardiographic
estimation of the LVmass and LV volumes using commonly applied formulas, however,
showed an increase in bias as the absolute values increased. Although this is to be expected
due to the exponential contributions of the 2D measurements in the different formulas, the
relationship was however linear. This problem might be overcome using 3D-
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echocardiography, which is free from geometrical assumptions. In order to achieve a 1:1
relation between CMR and M-mode estimation of LVmass, the ASE value has to be divided
by approximately 2 to obtain CMR values (LVmass (gr): CMR = [0.49ASE] + 3.2). For
LVEDV(ml) this would be CMR = [1.53Teichholz] + 26.3 and for the LVESV: CMR =
[2.38Teichholz] + 21.6.

Figure 3. Calculated echocardiographic LV volume and mass vs. CMR
LV end diastolic volume (A), end systolic volume (B), and LV mass (C) calculated for the parasternal long axis view on
echocardiography plotted against volumes and mass on CMR. The solid line indicates the linear regression, the dotted line
the 95% CI, and the dashed line indicates the identity line (y = x). Note the increase in bias with larger volumes/mass. Stars =
controls; open circles = regular athletes; solid circles = elite athletes.

In clinical practice, a single dimension is often used to get an impression of a 3-dimensional
parameter, e.g. the LVIDd for the LVEDV or the IVSd for the LVmass. The results in our
study indicate that most of these commonly applied measurements do provide a good insight
into the actual volume/mass in both echocardiography and CMR. The short axis RV diameter
on CMR, however, showed only a moderate correlation to the actual RV volume. This was an
unexpected finding, since it is a routinely used measure to determine RV size. With respect to
the other measures, it should be noted that all included individuals were healthy with normal
cardiac function, which implies that the geometrical shape of the cardiac compartments were
not abnormal. These estimates of geometric size may be less accurate in case of cardiac
pathology where the shape of the ventricle is deformed.
Limitations:
Several factors, which are inherent to these image modalities, could have provided additional
bias to the observed difference between the two techniques, independent of the previous
mentioned differences in spatial resolution. First, the measurements were performed by two
different observers; this could have resulted in a systematic difference in the application of the
ASE guidelines. This could very well explain the difference in bias between RA (-1.9mm)
and LA (+10.1mm) where the exclusion of the pulmonary vein ostia could have been
performed differently. Nevertheless, we tried to minimize this effect by training one another
and by checking the actual measurements in several examinations for overall consistency with
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the guidelines. Secondly, some reference points used for echocardiographic measurements
were less clear on CMR, such as the tips of the atrioventricular valves. This can result in a
slightly different measurement location within the heart, which was the case for the LVIT and
RVIT. Thirdly, image planes were presumably not identical during acquisition. While CMR
follows a protocolized image acquisition sequence26, 29, echocardiography is a more user
dependent method, where different cardiac compartments could be recorded separately to
obtain the optimal image. Nevertheless, the observed differences between echocardiography
and CMR are too large to be solely attributed to these limitations and showed a typical
systematic bias with a Gaussian distribution, suggesting a relevant clinical difference rather
than just random measuring errors.

CONCLUSION
In healthy individuals and endurance athletes, CMR systematically shows larger values of
ventricular and atrial dimensions and volumes compared to echocardiography, while wall
thickness and wall mass are smaller. In particular the echocardiographic estimations of LV
mass and volumes showed a large bias, which questions the accuracy of these formulas. We
have provided a correction on these formulas to facilitate intertechnique comparability. These
findings should be taken into account in the interpretation of CMR findings in athletes in
whom cardiomyopathy is suspected on echocardiography.
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ABSTRACT
Purpose: The aim of this study was to determine the accuracy of new quantitative
echocardiographic strain and strain-rate imaging parameters to identify abnormal regional
right ventricular (RV) deformation associated with arrhythmogenic right ventricular
dysplasia/cardiomyopathy (ARVD/C).
Methods: 34 ARVD/C patients (confirmed by Task Force criteria) and 34 healthy controls
were prospectively enrolled. Conventional echocardiography including Doppler tissue
imaging (DTI) was performed. Doppler as well as 2D-strain derived velocity, strain and
strain-rate were calculated in the apical, mid and basal segment of the RV free wall.
Results: RV dimensions were significantly increased in ARVD/C patients (RV outflow tract
19.3 ± 5.2 vs. 14.1 ± 2.2 mm/m2, p<0.001; RV inflow tract 23.4 ± 4.8 vs. 18.8 ± 2.4 mm/m2,
p<0.001), whereas LV dimensions were not significantly different compared to controls.
Strain and strain rate values were significantly lower in ARVD/C patients in all three
segments. All deformation parameters showed a higher accuracy to detect functional
abnormalities compared to conventional echocardiographic criteria of dimensions or global
systolic function. The lowest DTI strain value in any of the three analyzed segments showed
the best receiver operating characteristics (AUC 0.97) with an optimal cut-off value of 18.2%.
Conclusions: DTI and 2D-strain derived parameters are superior to conventional
echocardiographic parameters in identifying ARVD/C. This novel technique could have
additional value in the diagnostic work up of patients suspected of ARVD/C.
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INTRODUCTION
Arrhythmogenic Right Ventricular Dysplasia/Cardiomyopathy (ARVD/C) is a usually
inherited cardiomyopathy characterized by fibro-fatty myocardial replacement predominantly
in the right ventricle (RV) resulting in functional and morphological changes which provide a
substrate for both arrhythmias and heart failure.1-5 The diagnosis is established using a set of
major and minor criteria as proposed by an international Task Force in 1994.6 Non-invasive
cardiac imaging takes a prominent role in the diagnostic process. While cardiac magnetic
resonance (CMR) imaging seems to be confined to experienced centers,7 echocardiography is
one of the most important non-invasive tools to evaluate both the structural and functional
changes associated with ARVD/C, due to its low cost, widespread availability and ease of use.
Unfortunately, based on conventional visual echocardiographic assessment, identification of
functional abnormalities is difficult (resulting mainly in false positive findings8, 9) and RV
dilatation is often nonspecific.10 Quantification of global RV function using annular velocities
and displacement provide robust parameters. However, in myocardial disease resulting in
inhomogeneous loss of function, such as ARVD/C, a regional approach to quantitative
analysis could prove to be more sensitive to local changes in myocardial function. The
recently introduced echocardiographic deformation imaging is able to quantify regional
myocardial function in the RV free wall using both Doppler tissue imaging (DTI) as well as
B-mode derived deformation parameters (speckle tracking or 2D-strain echocardiography
(2DSE)).11, 12
We hypothesize that a regional approach to functional assessment of RV function, by means
of deformation imaging, provides more reliable quantitative parameters to identify ARVD/C
on ultrasound than measures of global function. We therefore aimed to evaluate the accuracy
of deformation imaging (both DTI and 2DSE) to detect regional myocardial dysfunction in
ARVD/C patients and to define the most reliable quantitative parameter and its cut-off value.

METHODS
Study population:
A total of 34 consecutive patients with ARVD/C were prospectively enrolled for
echocardiographic examination in 2006 and 2007. Prior to enrollment, diagnosis was
established based on the abovementioned Task Force criteria.6 Criteria for ARVD/C diagnosis
were obtained while off drugs using 12-lead electrocardiography, Holter monitoring, exercise
testing, conventional echocardiography and family history in all, and in equivocal cases CMR,
RV and left ventricular (LV) cine-angiography, and/or an electrophysiologic study was
performed. Genetic testing for mutation-detection was performed in all ARVD/C patients, as
described previously.13 As a reference group, 34 healthy individuals with a normal
electrocardiogram (sinus rhythm and no apparent conduction abnormalities), no history of
heart disease and no family history of sudden cardiac death were recruited. The local ethical
committee conceded of the study protocol and consent was obtained prior to the examination.
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Standard echocardiographic study:
The echocardiographic examination was performed with the subject at rest, lying in left lateral
decubitus position. Ultrasound data were acquired using a Vivid 7 scanner (GE Vingmed
ultrasound, General Electric, Milwaukee, Wis) equipped with a M3S broadband transducer. A
complete echocardiographic study was performed in two-dimensional (B-mode) and DTI
mode. Both standard parasternal and apical views were obtained,14 as well as additional views
as proposed by Foale et al.15 of both the left and right ventricle, respectively.
Conventional measurements included the right ventricular outflow tract (RVOT) end-diastolic
diameter in the long and short axis recordings (at the aortic valve level).16, 17 The fractional
change of the RVOT (RVOT-FC) was measured in the parasternal long axis view as the
difference in percentage between end-systolic and end-diastolic RVOT-diameter.16 The LV
end-diastolic diameter was measured in the parasternal long axis view on M-mode. In the
apical 4-chamber view, the LV and RV short axis inflow diameter at the level of the valve
leaflet tips (LVIT and RVIT, respectively) and long axis diameter (RV LAX) were measured
at end diastole. RA and LA single plane area were measured at end-ventricular systole. In the
4-chamber view, the tricuspid annular plane systolic excursion (TAPSE) was measured on Mmode. Pulsed Doppler imaging was used to interrogate transtricuspid and RV outflow tract
flow at end expiration during breath hold. Transtricuspid flow was measured at the tips of the
valve leaflets. From this, the peak early (E) and late (A) inflow velocity were measured and
the E/A-ratio calculated. In the 4-chamber view the peak early (E`) diastolic velocity was
recorded at the tricuspid annuls using pulsed wave Doppler. Pulmonary artery pressure was
considered elevated in case the pulmonary acceleration time was <110 msec and/or the
tricuspid regurgitation estimated RV systolic pressure (according to the Bernoulli equation +
estimated RA pressure) by continuous wave Doppler was > 35mmHg. Finally, in the
subcostal view, the inferior caval vein was measured at end expiration, from which the RA
pressure was estimated (based on size and response to inspiration).
Visual wall motion analysis (WMA) was performed by two experienced observers in the
apical 4-chamber view. According to the deformation segmentation (see below), wall motion
was considered as normal, hypokinetic, or severely abnormal (a/dyskinetic or aneurysm).14
Secondly, using all images and measurements (excluding deformation analysis), the
echocardiogram was evaluated according to the Task Force criteria, thus a major (severe
dilatation and reduction of RV function, localized RV aneurysms, or severe segmental
dilatation) or a minor criterion (mild global dilatation and/or reduction of function, mild
segmental dilatation, or regional hypokinesia) was allocated.6
Tissue deformation imaging:
Image acquisition: Only consecutive sinus rhythm beats were recorded for deformation
analysis. For the DTI recordings, small angle recordings of the RV free wall with optimal
lateral and spatial resolution (>180 frames/s) were made in the apical 4-chamber view. Three
consecutive cardiac cycles, at end-expiration, were digitally stored for offline analysis. Real-
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time, small angle two-dimensional ultrasound data from the RV free wall were recorded for
offline 2DSE analysis (frame-rate 78-110 frames/s).
Offline analysis: DTI and 2DSE data were stored in a digital format and transferred to a
computer workstation for offline analysis. This allowed the computation of regional velocity,
strain and strain rate by dedicated, commercially available software. Doppler flow curves of
the cardiac valves were used for timing cardiac events and all timing information was aligned
through ECG traces. For Doppler derived parameters (EchoPAC PC version 6.0.1, GE
Vingmed Ultrasound, Milwaukee, Wis), all data were averaged over three consecutive cardiac
cycles. An insonation angle of >20 degrees, stationary reverberations and drop out resulted in
exclusion of the myocardial segment from analysis.
For quantitative analysis, the RV free wall was divided into a basal (RVBAS), mid (RVMID) and
apical segment (RVAP). A sample volume (8 x 4 mm, offset length 12 mm, temporal and
spatial smoothing set at default) was placed within each of these segments and manually
adjusted throughout the cardiac cycle to ensure its position within the specific myocardial
segment (see Figure 1). For 2DSE analysis, B-mode images of one cardiac cycle of the RV
free wall were used to extract 2D longitudinal strain and strain-rate curves using the (visually
checked) automatic point detection system incorporated in the software package in three
segments (EchoPAC PC version 59, GE Vingmed Ultrasound, Milwaukee, Wis). Default
configurations on the software package were used. For both DTI and 2DSE, only the single
wall recordings were available at the time of analysis, ensuring optimal blinding during postprocessing.
For both modalities, the following parameters were measured in all three segments: peak
systolic strain (ε) and strain-rate (SR), defined as the maximum negative value between
pulmonic valve opening and closure. In case values were positive during systole, the end
systolic value was measured (2 illustrative DTI examples are shown in Figure 1). The peak
systolic velocity (Vs) and the isovolumic acceleration (IVA) were calculated in RVBAS from
the Doppler data.18 Global peak systolic strain and SR of the entire RV wall in case all three
segments could be analyzed from the 2DSE data. Throughout the manuscript, reduced strain
and SR indicates less negative values.
The standard echocardiographic measurements, the RVOT-FC, DTI-derived parameters and
2DSE offline analysis were performed blinded to disease status and each at a different time
point (with a minimum of two weeks between each analysis) by one experienced observer, to
minimize the effect of post-process bias. Visual assessment was performed by two
experienced observers, blinded to group, who had to reach consensus for both regional WMA
and the assignment of Task Force criteria point(s).
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Figure 1. Regional heterogeneity of functional impairment in ARVD.
In ARVD/C case 1 (left) RVBAS is most affected (dyskinetic) with a normal function in RVAP. In ARVD/C case 2 (right),
normal peak systolic values are found in RVBAS and RVMID, but RVAP shows an abnormal deformation pattern. AVO and
AVC represent pulmonic valve opening and closure respectively, RVBAS = yellow curve, RVMID = blue curve, RVAP = red
curve. See Colour Section page 243.

Statistical analysis:
All continuous data are presented as mean ± standard deviation (SD) and categorical variables
as numbers or percentages. Significant differences between the groups were calculated using
the independent-Student T-test. The diagnostic accuracy of deformation imaging was
analyzed by a receiver operating curve (ROC) analysis with ≥4 points in the Task Force
criteria (major criterion = 2 points, minor = 1 point) as the gold-standard. Missing values were
excluded in the ROC analysis. Optimal cut-off values for each parameter were defined as the
values with the highest specificity and sensitivity to detect the disease. The ROC-curves were
subjected to an algorithm which estimates the correlation between the areas under two ROC
curves derived from the same sample of patients to test for significant differences between the
curves.19 A p-value of <0.05 was used to indicate a significant difference between tests.
Statistical calculations were performed using SPSS version 15.0.

RESULTS
Study population:
The baseline characteristics of the ARVD/C-patients and the control group are summarized in
Table 1. Group were not matched for age, which resulted in the higher age in the ARVD/C
patients. Pathogenic mutations in the Plakophilin 2 (PKP2) gene were identified in 24 (71%),
mutations with incertain pathogeneity in PKP2 in two (6%) and Desmoglein-2 in one (3%) of
the ARVD/C patients and no mutations in the remaining. Three patients were in NYHA
functional class 2, the remaining in class 1. Ventricular arrhythmias (ventricular tachycardia
or fibrillation confirmed on Holter or ECG registration) had occurred in 22 (65%) of the
ARVD/C patients and was probable (syncope or palpitations) in 3 (9%). Repolarization
abnormalities were observed in 26 (77%) and depolarization or conduction abnormalities in
18 (53%) patients. A total of 23 (68%) patients were classified as index patients and the
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remaining were first degree family members of these index patients. At the time of
echocardiographic analysis, a total of 12 patients (35%) of the ARVD/C cohort had an
implantable cardioverter-defibrillator (ICD). In 19 patients (56%) antiarrhythmic medication
was prescibed (Amiodarone in two and Sotalol in the remaining). All ARVD/C patients were
in stable sinus rhythm during the examination.
Table 1: Baseline characteristics

Number

ARVD/C-patients

Healthy controls

mean (± SD)

mean (± SD)

P-value

34

34

-

45.5 (14.4)

35.4 (9.4)

0.001

58.8

55.9

NS

Length (m)

179.1 (8.0)

179.9 (11.4)

NS

Weight (kg)

80.0 (13.7)

75.2 (17.3)

NS

1.99 (0.18)

1.94 (0.26)

NS

BMI (kg/m )

24.9 (4.2)

23.0 (3.4)

0.036

Heart rate (bmp)

60.6 (10.5)

57.3 (13.0)

NS

Diastolic blood pressure (mmHg)

76.6 (9.1)

77.3 (11.5)

NS

Systolic blood pressure (mmHg)

122.2 (17.1)

126.4 (12.4)

NS

5.0 (1.2)

-

-

Age (years)
Male (%)

2

BSA (m )
2

Task Force criteria (mean)

BSA = body surface area; BMI = body mass index; NS = not significant

Standard echocardiographic findings:
The RVOT, RVIT and RV long axis corrected for BSA (Table 2) were significantly enlarged
in ARVD patients. In line with these findings, the LVIT/RVIT-ratio was found to be below
1.0 in the ARVD/C group, signifying the predominantly RV involvement of this disease. The
estimated RV systolic pressure was within normal limits in all controls and ARVD/C patients.
RV diastolic function was reduced in ARVD/C patients, with a reduction in early diastolic
filling velocity (E) and early diastolic TVI (E’), and an increase in E/A-ratio and E/E’-ratio
(Table 2).
As expected, mean values of all parameters for global systolic RV function (TAPSE, Vs,
RVOT-FC, and IVA) were significantly reduced in the ARVD/C patients (Table 2). The
diagnostic accuracy of each of these parameters was expressed as the area under the ROC
curve (AUC). The accuracy was suboptimal for all other parameters but Vs with an AUC of
0.93, with a cut-off value of 9.35 cm/s (Table 3). Using the cut-off values in table 3, global
RV function was normal in several ARVD/C patients; 12 (35%) with normal TAPSE (>18.5
mm), 4 (12%) for Vs (>9.35 cm/s), and 12 (35%) for IVA (>1.25 cm/s2). Normal dimensions
for RVIT (<21.2 mm/m2) and RVOT (<16.0 mm/m2) were found in 11 (32%) and 9 (26%)
patients respectively. Using cut-off values as proposed previously (RVOT >30 mm),17 the
number of false positives was high (29%), and the amount of false negatives was comparable
at 26%.
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Table 2: Conventional echocardiographic parameters
ARVD/C-patients

Healthy controls

mean (± SD)

mean (± SD)

P-value

Dimensions corrected for BSA
2

RVOT-PLAX (mm/m )
2

RVOT-SAX (mm/m )
2

19.3 (5.2)

14.1 (2.2)

<0.001

19.9 (5.1)

15.4 (2.3)

<0.001

RV LAX (mm/m )

44.2 (4.3)

42.2 (3.8)

0.046

RVIT (mm/m2)

23.4 (4.8)

18.8 (2.4)

<0.001

LVIT (mm/m2)

20.6 (2.2)

22.5 (2.5)

0.002

LVIT/RVIT-ratio

0.92 (0.22)

1.21 (0.17)

<0.001

LVIDd (mm/m )

25.2 (2.4)

25.5 (2.4)

NS

2

2

10.8 (4.0)

8.8 (1.7)

0.019

2

2

8.7 (1.6)

9.0 (1.6)

NS

1.0 (0.2)

0.9 (0.2)

NS

57.6 (10.1)

<0.001

2

RA (cm /m )
LA (cm /m )
2

Inferior vena cava (mm/m )

RV diastolic parameters
Early diastolic filling velocity, E (m/s)

40.1 (9.6)

Late diastolic filling velocity, A (m/s)

30.9 (9.8)

28.0 (6.4)

NS

E/A-ratio

1.43 (0.62)

2.17 (0.56)

<0.001

Early diastolic TVI, E` (cm/s)

8.24 (3.62)

13.69 (2.39)

<0.001

E/E`-ratio

5.37 (2.05)

4.34 (0.99)

0.013

7.4 (1.9)

11.2 (1.9)

<0.001

IVA (cm/s )

1.30 (0.61)

1.97 (0.61)

<0.001

TAPSE (mm)

17.2 (4.0)

22.5 (2.6)

<0.001

RVOT FC (%)

14.6 (7.4)

26.9 (7.8)

<0.001

Global RV systolic parameters
DTI Vs (cm/s)
2

Abbreviations as in text; NS = not significant; TVI = tissue velocity imaging.

Table 3: ROC characteristics and optimal cut-off values of conventional echocardiographic parameters.
Parameter

AUC

95% CI

P-value

Cut-off value

Sensitivity

Specificity

2

0.85

0.75-0.94

<0.001

16.0

75.8

85.3

RVIT (mm/m )

0.80

0.68-0.91

<0.001

21.2

65.6

88.2

TAPSE (mm)

0.86

0.77-0.95

<0.001

18.5

54.5

97.1

DTI Vs (cm/s)

0.93

0.87-0.99

<0.001

9.35

87.9

88.6

RVOT-FC (%)

0.87

0.78-0.95

<0.001

17.2

71.0

93.9

0.79

0.67-0.91

<0.001

1.25

56.7

91.4

RVOT (mm/m )
2

2

IVA (cm/s )

AUC = area under the curve; CI = confidence interval, other abbreviations as in text.
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Visual assessment according to the current criteria resulted in a major criterion in 28 (82%),
minor in 5 (15%), and was normal in 1 (3%) of the ARVD/C-patients. In the control group a
major criterion was given in 3 (9%) and a minor in 7 (21%). The remaining were normal.
Regional WMA resulted in a large number of abnormal segments in the control group equally
distributed in three segments (12-15%).
Deformation imaging:
Feasibility: in one of the 34 included patients image quality was insufficient (due to obesity)
for both DTI and 2DSE offline analysis in any segment of the RV free wall. In all the
remaining patients, reliable analysis of DTI parameters could be performed in all three
segments (overall feasibility 97%). For 2DSE analysis, tracking quality was inadequate in an
additional 2 basal and 2 mid segments (overall feasibility 92.1%). We recently described, in
detail, the inter- and intraobserver variability for both DTI as well as 2DSE derived
parameters in the RV.12
DTI: analysis of regional deformation and deformation rates showed that both were
significantly reduced in all three segments in the RV in the ARVD/C group (Table 4).
Despite the large difference in mean values of both strain and SR, overlap is still present when
comparing the individual values between the two groups in all three segments (Figure 2).
Marked prestretch or dyskinesia (lengthening after pulmonic value opening/positive systolic
strain values) and post-systolic shortening (post-systolic index >15%) was found in 52.9%
and 68.8% in RVBAS, 9.4% and 28.1% in RVMID and 9.4% and 22.6% in RVAP in the
ARVD/C group, respectively. In the control group, no positive systolic strain values were
found in any segment. Post-systolic strain was only observed in the basal segment of two
controls associated with normal end systolic values (see below). Subgroup analysis revealed
no significant changes for any of the measured deformation parameters between ARVD/C
patients receiving anti-arrhythmic drug therapy compared to those without.
2DSE: a comparable reduction of deformation and deformation rate was found in the
ARVD/C group in all segments (Table 4). The ROC characteristics, was better than measures
of global systolic function. In line with the finding of other global parameters, a significant
reduction was observed in global systolic strain and SR, measures of ejection fraction and
contractility, respectively. Marked prestretch/dyskinesia and post-systolic shortening was
found in 16.1% and 77.4% in RVBAS, 10.0% and 20.0% in RVMID and 12.1% for both in RVAP
in the ARVD/C group, respectively. In the control group, prestrech was observed once in
RVBAS. Post-systolic strain was seen 3 times in RVBAS, twice associated with reduced end
systolic values (see below).
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Figure 2. Regional peak systolic strain values.
Peak systolic strain values by DTI analysis in all three segments. Note the overlap of values seen in all three segments despite
the significant difference in mean values (horizontal bars). * indicates p <0.001 of mean values.

Optimal parameters: the accuracy for all parameters of regional deformation were
comparable for all segments compared to the conventional measures of global function and
dilatation to identify ARVD/C patients (Table 4). Nonetheless, the best quantitative
parameter was the lowest strain value in any of the three segments separately using DTI,
which showed a ROC AUC of 0.97. The optimal cut-off value for this parameter was -18.2%,
with a specificity of 91.2%, sensitivity of 97.0%, negative and positive predicting value of
96.9% and 91.4%, respectively (see Figure 3, Table 4). This parameter performed
significantly better than any of the parameters of RV dimensions (P<0.001) and function;
TAPSE (p = 0.008), IVA (p=0.001), RVOT FC (p=0.014), and showed a trend towards
superiority compared to DTI-Vs (p=0.083). Using this cut-off value, regional deformation
was reduced for RVBAS in 82.6%, 56.5% for RVMID, and 47.8% for RVAP in the ARVD/C
group. For 2DSE, an identical cut-off value was found (-18.1%) for the lowest strain value in
any segment, sensitivity and specificity of 91.2% (Figure 4). A global systolic strain value of
<-25.1% carries a sensitivity of 90% and a specificity of 100%. All RV segments which were
considered abnormal on WMA in the control group were normal using the DTI cut-off value
(see, figure 5/Table 5).
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Table 4: TDI and 2DSE derived peak systolic parameters in the RV.
ARVD/C-patients

Controls

mean (± SD)

mean (± SD)

AUC

95% CI

Tissue Doppler derived parameters
Strain RV-base (%)

-6.9 (11.9)

-24.6 (5.8)*

0.91*

0.83-0.98

Strain RV-mid (%)

-17.2 (10.4)

-32.7 (6.0)*

0.92*

0.85-0.99

Strain RV-apex (%)

-18.5 (10.2)

-29.9 (5.9)*

0.86*

0.76-0.95

Lowest RV strain (%)

-3.8 (10.1)

-23.3 (4.3)*

0.97*

0.93-1.00

-0.80 (0.59)

-1.57 (0.49)*

0.84*

0.74-0.94

-1.01 (0.57)

-1.84 (0.53)*

0.88*

0.80-0.97

-1.29 (0.81)

-2.08 (0.63)*

0.80*

0.69-0.92

-0.59 (0.45)

-1.42 (0.34)*

0.92*

0.85-0.99

-1

SR RV-base (s )
-1

SR RV-mid (s )
-1

SR RV-apex (s )
-1

Lowest RV SR (s )

Speckle tracking derived parameters
Strain RV-bas (%)

-11.1 (10.1)

-25.4 (5.5)*

0.88*

0.80-0.97

Strain RV-mid (%)

-16.5 (7.4)

-29.7 (3.6)*

0.96*

0.91-1.00

Strain RV-apex (%)

-19.0 (10.1)

-31.9 (3.0)*

0.90*

0.82-0.99

Lowest RV strain (%)

-8.3 (8.9)

-25.0 (5.1)*

0.95*

0.90-1.00

Global RV strain (%)

-17.8 (6.4)

-29.6 (3.0)*

0.96*

0.91-1.00

SR RV-bas (s )

-1.01 (0.51)

-1.53 (0.34)*

0.81*

0.70-0.92

-1

-0.89 (0.33)

-1.61 (0.37)*

0.95*

0.89-0.99

-1.10 (0.54)

-1.73 (0.34)*

0.82*

0.71-0.92

-0.76 (0.41)

-1.45 (0.30)*

0.91*

0.83-0.98

-0.83 (0.39)

-1.50 (0.28)*

0.92*

0.85-0.99

-1

SR RV-mid (s )
-1

SR RV-apex (s )
-1

Lowest RV SR (s )
-1

Global RV SR (s )

AUC = area under the ROC curve; * = P<0.001; NS = not significant

DISCUSSION
In this study we aimed to identify a reliable quantitative echocardiographic parameter with
high accuracy to detect regional myocardial dysfunction associated with ARVD/C using both
DTI and 2DSE. The lowest strain value in any of the three analyzed segments of the RV free
wall using DTI showed the best diagnostic properties when using a cut-off value of -18.2%
which carried a sensitivity of 97% and a specificity of 91%. This was significantly better than
conventional measures for functional and structural alterations in the RV, in particular the
false positive findings on subjective analysis were almost completely resolved.
ARVD/C is a progressive disease which is characterized by loss of myocardial cells with
fibro-fatty replacement, which provides a substrate for potentially lethal ventricular
arrhythmias. This loss of myocardial cells also gives rise to areas of diminished contractile
function, most often located in the so-called triangle of dysplasia.4 As the disease progresses,
both global RV systolic and diastolic function become reduced and RV dilatation sets in.
Unfortunately, potentially lethal ventricular arrhythmias are often the first clinical
presentation in an early (concealed) phase when typical echocardiographic findings are often
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still absent or very subtle.2 In the diagnostic work-up of patients suspected of ARVD/C, an
approach to detect the early loss of function in small areas of the RV could reduce false
negative results. For instance when global systolic RV function is still within the normal
range due to large parts of still healthy myocardial tissue in the RV and LV, thus influenced
by overall wall motion (translation, rotation and tethering towards the LV). Furthermore, RV
dilatation, another typical sign of this disease, is nonspecific and often seen in other cardiac
disorders with RV volume or pressure overload, and particularly frequent in endurance
athletes,10 potentially producing false positive cases. Echocardiographic tissue deformation
imaging provides the clinician with a tool to evaluate myocardial function in the RV, truly
regionally and independent of adjacent myocardial segments, and could unmask localized
pathology in patients with normal indices of global systolic function.

Figure 3. ROC characteristics. ROC characteristics of ventricular dimensions, global systolic function and (DTI)
deformation imaging are shown. See Colour Section page 243.

Conventional parameters vs. deformation imaging:
In line with our hypothesis, overlap was seen between the patient and control groups for the
indices of systolic function and for RV dimensions in particular. The measures for global
systolic function (TAPSE, Vs and IVA) are all relatively easy measures with a low inter- and
intraobserver variation, and seem to provide valuable information in RV pathology. However,
when these values are inconclusive, deformation imaging could potentially be used to unmask
subtle, localized pathology. Indeed, the number of false positives and false negatives observed
in conventional echocardiographic parameters was reduced when regional deformation was
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measured. From a different point of view, visual assessment of either regional function or the
interpretation of the entire echocardiogram resulted in a large number of false positive results
in our control group. This was mainly due to observed hypokinesia in the RVBAS and RVMID,
and a/dyskinisia in RVAP . This indicates the difficulty in the assessment of regional function
of these segments, a finding previously reported in the subjective evaluation of both
echocardiography9 and CMR (explicitly reporting a/dyskinesia in the apical segment at the
modurator band insertion in healthy controls)8. Regional assessment using deformation
imaging almost completely resolved these false positive findings (Figure 5). The value of
both DTI and 2DSE derived parameters appeared almost comparable in this study to detect
RV functional abnormalities. Due to the higher feasibility of DTI in the RV in the ARVD/C
patient group compared to 2DSE, DTI seems to be the preferential technique. Since results for
2DSE and DTI are relatively comparable, implementation of 2DSE could be considered when
DTI is not possible.12 ARVD/C is a heterogeneous disease that also affects regions in the LV
in some patients. The analysis of LV deformation was beyond the scope of the current paper.
Nevertheless, combining LV parameters with the findings in the current study may improve
the diagnostic accuracy even further.

Figure 4. Lowest systolic strain value in any segment.
The most reduced peak systolic strain values of the three analyzed segments are shown for both DTI (x-axis) and 2DSE (yaxis). The solid and dashed lines represent the optimal cut-off values for DTI (-18.2%) and 2DSE (-18.1%), respectively.
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Figure 5. Agreement between visual assessment and DTI derived deformation.
The light-gray bars represent the segments with abnormal wall motion by visual assessment, but with a normal deformation
(“false positive segments”), while the dark-gray bars represent the segments with normal wall motion and an abnormal
deformation (“false negative segments”). Note the large number of abnormal segments in the control group by visual
assessment (hypokinesia in the majority, 70%), which were normal using deformation imaging.

Comparison with previous studies:
Our study is the first to evaluate the value of 2DSE in ARVD/C patients. The implementation
of DTI characteristics, however, has previously been reported in a case report and two
studies.20-22 In the case report by Herbots et al. it was shown that abnormal deformation
properties in RVAP closely correlated to histopathological findings in a patient with ARVD/C,
while CMR findings suggested normal function and morphology in this segment,
demonstrating the potential clinical value of deformation imaging to detect unrecognized RV
pathology.20 In the study by Kjaergaard et al. 20 patients with a mild form of ARVD/C (only
slightly reduced RV function and moderate RV dilatation) showed a reduction in strain values
in three segments, which reached significance in RVMID and RVAP.21 However, this reduction
in strain values was only moderate, and considerable overlap was observed with the control
group. Unfortunately, instead of an individual approach to identify the one segment most
affected, the authors only analyzed each segment’s data of the entire group altogether. Our
study showed that the segment which should be analyzed varied between individuals (see
Figure 1), favoring an individual and regional approach.
Prakasa et al. evaluated the role of DTI derived strain analysis in only RVMID in 30 ARVD/C
patients.22 In concordance with our study, they found a higher sensitivity and specificity
compared to conventional parameters (ROC AUC 0.82 for peak systolic strain vs. 0.77 for
TAPSE). However, this difference is small, and the ROC characteristics are comparable to
those observed for global parameters in our study. The analysis of only one segment in this
study could have attributed to a lower sensitivity and specificity for DTI deformation
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properties. Indeed, RVBAS and RVAP segments, were not subjected to analysis is this study.
These are exactly the segments expected to be the earliest and/or most affected parts, since
they are part of the triangle of dysplasia.4 In line with this, a normal deformation in any of the
RV segments was a common finding in our study populations (see Figure 1/2). Thus, the
negative predictive value of a normal deformation in any segment will be low, and the
“worst” segment should therefore be sought for.
Tissue deformation imaging, practical considerations for RV quantification:
Although confirming a locally reduced deformation enables discrimination between ARVD/C
patients and healthy controls, we acknowledge that it is a nonspecific finding in itself. Other
conditions which affect regional RV function, such as myocardial infarction23 and chronic RV
pressure overload24, 25 are also characterized by altered regional deformation in the RV free
wall. Therefore, when using deformation imaging, such conditions should be excluded as a
possible cause of RV dysfunction in the evaluation of ARVD/C.
False negative results could result from the limited segments which are available for DTI and
2DSE quantification due to the retrosternal position of the RV. In our study we solely
evaluated the RV lateral wall since it is relatively easy to obtain acceptable quality images in
a standardized view. Of note, two of the three ARVD/C predilection sites are situated in this
view. Hence, any isolated pathology in any other segment of the RV free wall and outflow
tract remained undetected. Indeed, in the individual with normal deformation properties
aneurysms near the RVOT were observed. Like all echo measurements, deformation imaging
should always be interpreted within the findings of the total echo examination. Of interest,
patients with a lowest strain value very close to the cut-off value, often showed marked postsystolic shortening in these borderline-abnormal segments, thus revealing an abnormal
regional function.
Limitations:
By study design, all included ARVD/C patients fulfilled the criteria established by the Task
Force criteria. Therefore overt RV dilatation and dysfunction were apparent in most and had
often contributed to the diagnosis on a previous occasion, and presumably progressed in some
individuals with a longer duration of the disease (thus, regional function will become more
abnormal over time in these patients). The observed values in our study, which were derived
from a relative small number of patients, therefore represent those that are to be expected in
patients with the disease. Whether these results can be extrapolated to individuals in an early
stage (or concealed stage) of the disease remains to be investigated. The groups were not
optimally matched for age. This age difference may have introduced a slight bias in our
findings towards higher values in the (younger) control group, since a moderate decrease in
RV longitudinal deformation with age has previously been reported.11
In the ARVD/C patient group 19 individuals (56%) were on anti-arrhythmic drug therapy
during the echocardiographic examination. This may have affected our results, although
subgroup analysis showed no significant differences between ARVD/C patients with or
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without drug therapy in either DTI or 2DSE values (Table 6). However, heart rate was lower
(56.9±10.0 vs. 65.3±9.6 bmp, p=0.019), the RVIT was larger (24.8±4.4 vs. 21.3±4.6 mm/m2,
p=0.033), and IVA was lower (1.03±0.43 vs. 1.61±0.66 cm/s2, p=0.010) in individuals on
anti-arrhythmic drugs.
Table 6. Conventional and deformation imaging values in patients on- and off anti-arrhythmic drug therapy.
On anti-arrhythmic drugs

Off anti-arrhythmic drugs

(n=19)

(n=15)

P-value

RV dimensions
2

RVOT-PLAX (mm/m )
2

RVIT (mm/m )

20.7±5.8

17.5±3.4

NS

24.8±4.4

21.3±4.6

0.033

Global RV systolic parameters
DTI-Vs (cm/s)

7.0±1.9

7.9±1.8

NS

IVA (cm/s2)

1.03±0.43

1.61±0.66

0.010

TAPSE (mm)

16.1±4.2

18.8±3.2

NS

RVOT FC (%)

12.2±6.6

16.9±7.5

NS

-4.6±8.2

-2.8±12.4

NS

-0.56±0.45

-0.63±0.45

NS

-6.1±7.6

-11.4±9.8

NS

Lowest systolic SR 2DSE (s )

-0.66±0.34

-0.90±0.47

NS

Global systolic strain 2DSE (%)

-15.8±6.0

-20.4±6.1

NS

-0.72±0.37

-0.98±0.37

NS

Deformation imaging
Lowest systolic strain DTI (%)
-1

Lowest systolic SR DTI (s )
Lowest systolic strain 2DSE (%)
-1

-1

Global systolic SR 2DSE (s )
Abbreviations as in text; NS = not significant.

CONCLUSION
Doppler-derived strain in the RV free wall was found to be the best single quantitative
echocardiographic parameter to detect RV pathology in patients with known ARVD/C. The
fact that deformation imaging improved both sensitivity as well as specificity compared to
conventional parameters in a study population already known with RV pathology, highlights
the added value of a regional assessment by a quantitative technique. Importantly, false
positive findings with visual assessment were almost completely resolved. This indicates a
potential role for tissue deformation imaging in the diagnostic work-up of patients in whom
ARVD/C is suspected, especially when RV global systolic function and dimensions appear
normal or borderline abnormal. However, its ability to differentiate from other RV disease is
unknown, most likely overestimating the specificity in our study. The findings of this study
should therefore be interpreted with caution. In order to establish the exact role of this
technique in the diagnostic process, our approach to use DTI derived strain in three segments
with a cut-off value of -18.2% has to be confirmed in a study with ARVD/C patients in the
earlier stages of their disease.
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ABSTRACT
Purpose: To evaluate the additional value of echocardiographic tissue deformation imaging to
detect subclinical right ventricular (RV) functional abnormalities in asymptomatic carriers of
pathogenic ARVD/C mutations.
Methods: A total of 14 asymptomatic (not fulfilling diagnostic criteria for ARVD/C) first
degree relatives of ARVD/C probands (ARVD/C-r, 38.0±13.2 yrs) were studied, all carriers
of a pathogenic Plakophilin-2 mutation (PKP2). All individuals were age-matched with 4
controls (n=56, 38.2±12.7 years) undergoing the same echocardiographic evaluation
(dimensions, global systolic parameters, visual assessment, and deformation imaging of the
RV free wall). A peak systolic strain <|-18%| and/or post-systolic shortening (post-systolic
index >15%) in any RV segment was considered abnormal.
Results: RV dimensions in the ARVD/C-r group were similar to the controls (respectively,
RVOT 15.4±2.9 vs. 14.4±1.9 mm/m2, RVIT 18.6±2.6 vs. 19.1±2.6 mm/m2, NS), while global
systolic parameters were moderately reduced (TAPSE 20.0±3.2 vs. 23.9±2.8 mm, p=0.001,
RV fractional area change 40.3±8.4 vs. 40.6±7.1, NS). On visual assessment 40% ARVD/C-r
and 28% controls were classified as abnormal. Mean TDI and 2D-strain deformation (-rate)
values were reduced in the ARVD/C-r in the basal and mid RV segment (p<0.001). In the
ARVD/C-r a peak systolic strain of <|-18|% was seen in 6 (43%), post systolic strain in 10
(71%), and either abnormality in 11 (79%), almost exclusively in the basal segment, and in
non of the controls.
Conclusion: Echocardiographic deformation imaging detects functional abnormalities in the
subtricuspid region in almost 80% of asymptomatic carriers of a pathogenic PKP2 mutation,
while regional deformation was normal in all control subjects.
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BACKGROUND
Arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/C) is a disease
characterized by fibrofatty infiltration predominantly in the right ventricular (RV)
myocardium1-5. A genetic origin of this disease can be identified in up to 70% in familial
ARVD/C with an autosomal dominant mode of inheritance6 with incomplete penetrance2, 7.
The first presentation of this disease often is potentially lethal ventricular arrhythmias
originating from the RV, typically at a young age2, 7. This emphasizes the importance of an
early recognition of this disease, for instance in family members of ARVD/C probands.
Currently the diagnosis is established using a composite of criteria proposed by an Task Force
including electrocardiographic disturbances, functional and morphological abnormalities, and
family history8. Unfortunately, the pathognomonic characteristics on non-invasive imaging
are often not present at young age. This phase is often referred to as the concealed phase of
the disease5, but nevertheless carries the risk for sudden cardiac death (SCD)9.
An objective and regional approach to evaluate the functional changes in RV function could
improve the diagnostic accuracy of echocardiography and thus identify the phenotypic
expression of the disease earlier in its course. We have previously shown that regional
assessment using echocardiographic deformation imaging is able to accurately identify
patients in whom ARVD/C has previously been diagnosed10. The exact role of this technique
in detecting functional abnormalities as an early manifestation of ARVD/C, however, remains
unknown. This study aims to evaluate the additional value of tissue deformation imaging
within the echocardiographic examination to detect subclinical right ventricular functional
abnormalities in asymptomatic genotyped carriers of pathogenic ARVD/C mutations.

METHODS
Study population:
A total of 38 consecutive relatives of ARVD/C probands referred for echocardiographic
evaluation at our tertiary center were prospectively enrolled for this study between 2006 and
2008. All included individuals were first degree relatives of 28 index patients in whom the
diagnosis of ARVD/C was established (previously described in reference10). At the time of
the echocardiographic examination, none of these relatives fulfilled the diagnosis of
ARVD/C, as established by the criteria of the abovementioned Task Force8. On the same day
of the echocardiographic examination, an ECG was obtained at rest. All included individuals
were offered genetic testing as part of our clinical work up if a disease causing mutation had
been found in the proband. Of the initial cohort, 24 individuals were excluded: 1) in those
whom no pathogenic mutation or an unspecified variant was identified in the proband (n=11,
4 families) did not undergo genetic testing; 2) in the family members of probands with a
mutation, those in whom the mutation of the proband could not be detected (n=6), and 3)
those who refused to undergo genetic testing (n=7). Thus, the study population consisted of a
total of 14 ARVD/C first degree relatives of 9 index patients with a disease causing mutation
(ARVD/C-r). As a reference group, a total of 56 age-matched healthy controls (ARVD/C-r to
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control = 1 to 4) were included free from cardiovascular disease who were subjected to the
same echocardiographic protocol. No genetic analysis was performed in any of the control
subjects. All included individuals were ≥18 years and in stable sinus rhythm. The local ethical
committee conceded of the study protocol and consent was obtained prior to the
echocardiographic examination.
Standard echocardiographic examination:
The echocardiographic examination was performed with the subject at rest, lying in left lateral
decubitus position. Ultrasound data were acquired using a Vivid 7 scanner (GE Vingmed
ultrasound, General Electric, Milwaukee, Wis) equipped with a M3S broadband transducer. A
complete echocardiographic study was performed in two-dimensional (B-mode) and tissue
Doppler imaging (TDI) mode. Both standard parasternal and apical views were obtained11 as
well as additional views as proposed by Foale et al.12 of both the left and right ventricle,
respectively.
Conventional measurements included the RV outflow-tract (RVOT) end-diastolic diameter in
the long (PLAX) and short axis (SAX). The left ventricular (LV) internal diameter at enddiastole (LVIDd) on M-mode. In the apical 4-chamber view, the LV and RV short axis inflow
tract (LVIT and RVIT) end-diastolic diameter at the level of the valve leaflet tips, and the RV
end-diastolic and end-systolic area, from which the fractional area changes (RV FAC) was
calculated. The right (RA) and left atrial (LA) single plane area were measured at end-systole.
Additionally, all dimensions were corrected for body surface area (BSA). In the 4-chamber
view, the tricuspid annular plane systolic excursion (TAPSE) was measured on M-mode.
Pulsed Doppler imaging was used to interrogate transtricuspid and RV outflow tract flow at
end expiration during breath hold for timing of cardiac events.
Wall motion was evaluated on the apical 4-chamber view in the RV free wall in the basal, mid
and apical segment. Wall motion was classified as normo-, hypo-, a-, dyskinetic, or non
interpretable. Finally, a major or a minor criterion was ascribed to the echocardiographic
examination according to the Task Force criteria8 if appropriate, using all available
echocardiographic data with the exception of the results of the deformation analysis. Visual
assessment was performed by two experienced observers, blinded to group, who had to reach
consensus for both regional WMA and the assignment of Task Force criteria point(s).
Tissue deformation imaging:
Our protocol for image acquisition and post-processing has previously been described in
detail10, 13. In brief, for the tissue Doppler recordings, small angle recordings of the RV free
wall (>180 frames/sec) were made in the apical 4-chamber view. Three consecutive cardiac
cycles, at end expiration, were digitally stored for offline analysis. Real-time twodimensional, small angle ultrasound data from the RV free wall were recorded for offline 2Dstrain analysis (frame-rate 78-110 frames/s).
Offline analysis: Data were stored in a digital format and transferred to a computer
workstation for offline analysis. Doppler flow curves of the cardiac valves were used for
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timing cardiac events and all timing information was aligned through ECG traces. For
Doppler derived parameters (EchoPAC PC version 6.0.1, GE Vingmed Ultrasound, Horten,
Norway), all data were averaged over three consecutive cardiac cycles. For quantitative
analysis, the RV free wall was divided into a basal (RVBAS), mid (RVMID) and apical segment
(RVAP). A sample volume (8 x 4 mm, offset length 12 mm, temporal and spatial smoothing
set at default) was placed within each of these segments and manually adjusted throughout the
cardiac cycle. For 2D-strain analysis, B-mode images of one cardiac cycle of the RV free wall
were used to extract 2D strain and strain-rate curves using the (visually checked at 50%
speed) automatic point detection system incorporated in the software package in three
segments and of the entire free wall (EchoPAC PC version). Default configurations on the
software package were used.
For both modalities, the following parameters were measured: peak systolic strain (ε) and
strain-rate (SR), defined as the maximum negative value between pulmonic valve opening and
closure in all three segments and in the most abnormal segment10. In case values were positive
during systole, the end systolic value was measured. Post-systolic strain index (PSI) was
calculated as the amount of shortening after pulmonic valve closure (PSI = peak strain value –
ε / peak strain value * 100%). RV deformation was classified abnormal when ε was <|-18%|
(less negative or positive values) was measured and/or if a PSI of >15% was present in any of
the analyzed segments10. An illustrative example of these measurements is shown in Figure 1.
Systolic (TDI-s) and diastolic, both early (TDI-e) and late (TDI-a), velocities were calculated
in RVBAS. In addition, the isovolumic acceleration (IVA) was calculated in RVBAS from the
Doppler data.

Figure 1. Illustrative example of abnormal TDI deformation in an ARVD/C relative
TDI analysis of regional strain in the RV free wall in a PKP2 gene carrier. The conventional parameters indicate a normal RV
function and geometry. Visual wall motion analysis was considered normal. Peak systolic strain (syst) was normal in all
segments, indicated by the horizontal dashed line at -18%10. The basal segment showed a normal ε (open arrow), but an
abnormal post systolic strain index (PSI) of >15% (closed arrow). See Colour Section page 243.
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Blinding:
Since un-blinding occurred after all echocardiographic off-line measurements, all 43 family
members and 56 controls were randomly analyzed. The standard echocardiographic
measurements, TDI-derived parameters, 2DSE offline analysis and the echocardiographic
analysis according to the current guidelines were performed blinded and at four different time
points (with a minimum of two weeks between each analysis). For the TDI as well as 2DSE
analysis, only the small angle recording and the RV outflow tract Doppler-flow (for timing)
were available for the offline deformation analysis.
Statistical analysis:
All continuous data are presented as mean ± standard deviation (SD) and categorical variables
as numbers or percentages. Significant differences between the groups were calculated using
the independent-Student T-test for continuous data and Chi-square or Fisher’s exact test for
categorical data. Secondly, we implemented previous proposed cut-off values10, 14 for
conventional parameters of global RV function and size, and deformation analysis to calculate
the value of deformation compared to the conventional echo. The diagnostic accuracy of each
separate technique is expressed as the positive (PPV) and negative predicting value (NPV),
sensitivity, and specificity. The presence of a pathogenic desmosomal mutation was used as a
“gold standard” for this analysis. A p-value of <0.05 was used to indicate significant
differences. Statistical calculations were performed using SPSS version 16.0 for Windows.
Table 1: Baseline characteristics
ARVD/C-r

Controls

P-value

Number

14

56

-

Male (%)

14.3

48.2

0.021

Age (years)

38.0±13.2

38.2±12.7

NS

Length (cm)

175.4±6.2

176.5±9.6

NS

Weight (kg)

72.0±10.9

71.8±12.7

NS

Body surface area (m2)

1.86±0.16

1.88±0.20

NS

Heart rate (/min)

62.6±8.8

59.3±11.2

NS

Systolic blood pressure (mm/Hg)

130.0±18.3

127.4±15.8

NS

Diastolic blood pressure (mm/Hg)

80.0±4.1

75.9±11.2

NS

Data are presents s mean ± SD. NS = not significant.

RESULTS
Study population:
A total of 14 asymptomatic gene carriers and 56 healthy control subjects were used in the
final analysis. The baseline characteristics are summarized in Table 1.
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In all ARVD/C-r a pathogenic mutation in the Plakophilin-2 (PKP2) gene was identified in
concordance to the genetic mutation of the index patient, no other mutations were
encountered in this study population. In 1 gene carrier, the ECG showed depolarization
abnormalities, (epsilon waves), and negative T-waves on the right precordial leads (V2-V3). In
3 others, negative T-waves in V2-V3 were also observed. In the remaining (71.4%) and in all
controls, there were no ECG signs of ARVD/C. None were on anti-arrhythmic medication or
had an implantable cardioverter-defibrillator. None had reported complaints of palpitations or
syncope and all were in NYHA functional class 1.
Standard echocardiographic findings:
Left ventricular and in particular RV dimensions showed no significant differences between
gene carriers and controls (Table 2). In line with these findings, the LV/RV ratio, a marker
for RV dilatation, was comparable for both groups. This ratio indicated “RV dilation” (<1.0)
in 21.4% of ARVD/C-r and in 10.7% of the controls. The conventional quantitative
parameters for global RV function showed a reduction of mean values for TAPSE and TDI-s,
while IVA, RVOT-FC, and RV-FAC were unchanged (Table 2). Using our previous
proposed cut-off values for these parameters in ARVD/C10, abnormalities were found in the
ARVD/C-r and control group in respectively 64.3 and 14.3% for TDI-s (<9.35 cm/s,
p<0.001); in 28.6 and 9.3% for IVA (<1.25 cm/s2, p=NS); in 35.7 and 0% for TAPSE
(<18.5mm, p<0.001); in 14.3 and 14.3% for RVOT-FC (<17.2%, p=NS), and in 14.3 and
12.5% for RV-FAC (<32%14, p =NS).
Table 2: Conventional quantitative echocardiographic parameters
ARVD/C-r

Controls

P-value

15.4±2.9

14.4±1.9

NS

16.7±2.9

15.6±1.9

NS

Dimensions corrected for BSA
2

RVOT-PLAX (mm/m )
2

RVOT-SAX (mm/m )
2

LVIDd (mm/m )

25.5±2.8

26.1±2.2

NS

2

18.6±2.6

19.1±2.6

NS

2

LVIT (mm/m )

22.0±2.0

22.7±2.0

NS

LVIT/RVIT-ratio

1.22±0.26

1.21±0.17

NS

RV end-diastolic area (cm2/m2)

11.3±1.9

11.2±2.1

NS

7.1±2.2

6.7±1.7

NS

8.1± 1.4

9.0±1.7

NS

9.1±1.6

11.1±1.7

<0.001

IVA (cm/s )

1.89±0.84

2.00±0.52

NS

TAPSE (mm)

20.0±3.2

23.9±2.8

<0.001

RVOT FC (%)

25.9±6.6

27.0±8.1

NS

RV FAC (%)

40.3±8.4

40.6±7.1

NS

RVIT (mm/m )

2

2

RV end-systolic area (cm /m )
2

2

RA (cm /m )

Global RV systolic parameters
RV TDI-s (cm/s)
2

Data are presented as mean ± SD. Abbreviations as in text, NS = not significant.
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Regional wall motion was abnormal by visual assessment in the ARVD/C-r and control group
in 50.0 and 12.5% for RVBAS (p=0.005), in 28.6 and 12.5% for RVMID (p=NS), and in 23.2
and 11.1% for RVAP (p=NS). Each echocardiographic examination was also scored according
to the current Task Force criteria, and was considered abnormal (either a major or minor
criterion) or normal (Table 3). Using these criteria, the echocardiographic examination was
considered abnormal in 57.1% of the ARVD/C-r (major criterion in 28.6%) and in 28.6% of
the controls (major criterion in 5.4%), p=NS. The positive and negative predictive value, the
sensitivity, and specificity of all conventional echocardiographic parameters are reported in
Figure 2.
Table 3: Abnormalities on visual assessment conform current guidelines
ARVD/C-r

Controls

N (%)

N (%)

Global echocardiographic assessment
4 (29)

3 (5)

Severe dilatation and reduction of RVEF

0 (0)

0 (0)

Localized RV aneurysms

4 (29)

3 (5)

Severe segmental dilatation of the RV

0 (0)

0 (0)

4 (29)

13 (23)

Mild global RV dilatation and/or RVEF reduction

0 (0)

0 (0)

Mild segmental dilatation of the RV

0 (0)

0 (0)

Regional RV hypokinesia

4 (29)

13 (23)

(8) 57

16 (29)

RV base

7 (50)

7 (13)

RV mid

4 (29)

7 (13)

RV apex

3 (23)

6 (11)

Major criterion

Minor criterion

Any of the above
Visual wall motion analysis

Deformation imaging:
Mean values for peak systolic deformation and deformation rate were significantly reduced in
all RV segments using TDI, which was less pronounced using 2DSE (Table 4). In particular
RVBAS and the lowest strain(-rate) in any segment showed the most pronounced difference
between the groups. Conform the reduced TAPSE and TDI-s, global strain(-rate) using 2DSE
was reduced.
Using our previous defined cut-off value for the lowest TDI strain of <|-18%|, thus a ε in any
of the three segments fulfilling this cut-off value, TDI was abnormal in 42.9% in the ARVC-r
and in none of the controls (p<0.001). Post systolic strain (PSI >15%) was observed in 71.4%
in the ARVD/C-r and in none of the controls (p<0.001). Either one of these was observed,
thus any abnormality in regional deformation, in 78.6% of the ARVD/C-r group (Figure 3),
almost exclusively in the basal segment. The 3 (21.4%) ARVD/C-r with normal deformation
were unrelated and aged 18, 31, and 55 years. Using 2DSE, ε was abnormal (<|-18%|) in 50.0

178

Functional abnormalities in concealed ARVD/C

10
and 3.8% (p<0.001) and post-systolic strain was observed in 64.3 and 11.5% in the ARVD/Cr and controls, respectively (p<0.001). Either one of these was seen in 71.4% of ARVD/C-r,
but also in 19.2% in the control group. Global 2DSE strain was reduced (<|-25%) in 53.8% in
the ARVD/C-r and in 17.8% in the controls (p=0.026).
Feasibility: Overall feasibility was 94.3% for TDI (198 segment of 210) and 91.9% for 2DSE
(193 segments). 2DSE global strain, requiring all three segments analyzable, could be done in
82.9% (58 out of 70 cases).
Table 4: TDI and ST derived peak systolic parameters
ARVD/C-r

Controls

P-value

Tissue Doppler derived parameters
Peak systolic strain bas (%)

-16.5±9.8

-25.7±4.4

<0.001

Peak systolic strain mid (%)

-25.2±5.4

-32.8±6.1

<0.001

Peak systolic strain apex (%)

-27.6±7.5

-31.3±5.2

0.046

Lowest peak systolic strain (%)

-16.4±9.8

-25.2±3.9

<0.001

Peak systolic SR bas (s )

-1.21±0.42

-1.63±0.38

<0.001

-1

-1.33±0.41

-1.86±0.52

0.001

-1.68±0.47

-1.98±0.53

NS

-1.08±0.43

-1.52±0.38

<0.001

-1

Peak systolic SR mid (s )
-1

Peak systolic SR apex (s )
-1

Lowest peak systolic SR (s )

Speckle tracking derived parameters
Peak systolic strain bas (%)

-19.5±8.0

-25.2±5.3

0.003

Peak systolic strain mid (%)

-23.8±5.8

-28.2±4.4

0.003

Peak systolic strain apex (%)

-28.4±7.2

-31.2±4.9

NS

Lowest peak systolic strain (%)

-17.8±6.7

-24.6±4.5

<0.001

Global systolic strain (%)

-25.0±5.3

-29.0±3.9

0.004

Peak systolic SR bas (s )

-1.39±0.31

-1.59±0.47

NS

-1

-1.31±0.30

-1.55±0.38

0.032

-1.66±0.49

-1.74±0.37

NS

-1.20±0.27

-1.43±0.31

0.017

-1.31±0.31

-1.48±0.29

NS

-1

Peak systolic SR mid (s )
-1

Peak systolic SR apex (s )
-1

Lowest peak systolic SR (s )
-1

Global systolic SR (s )

Data are presented as mean ± SD. Abbreviations as in text, NS = not significant.

Miscellaneous:
ECG abnormalities and echo: In the ARVC-r with negative T-wave on the right (V2-V3)
precordial leads (n=4, 28.6%), deformation imaging was abnormal in all for TDI and in 3 for
2DSE, while TAPSE was abnormal in 1 and RV-FAC and RVOT-FC in 2. TDI-s was
abnormal in all 4, and visual assessment resulted in a minor criterion in 3 and a major in 1.
False positive findings: In the individuals from the control group with an abnormal
echocardiogram on visual analysis (28.6%), there was no significant difference in any of the
baseline characteristics other than a lower heart rate (52.7±10.1 vs. 61.4±9.8 /min, p=0.003),
compared to the other controls. All echocardiographic parameters were also comparable, other
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than a small increase in the RVOT-PLAX (15.2±1.9 vs. 14.0±1.7 cm/m2, p=0.022). In
particular the lowest TDI ε (-23.9±3.5 vs. -25.3±4.1%, p=NS) and 2DSE ε (-23.7±4.1 vs. 25.2±4.5%, p=NS) were almost identical in the controls with an abnormal and a normal visual
interpretation, respectively.
Excluded relatives: The results of the TDI analysis in the excluded individuals is shown in
Figure 4. In the 11 relatives where no mutation was found in the index case, we observed
abnormal RV deformation in 6 (55%). In 1, no deformation analysis was possible due to poor
imaging quality (obesity), this individual was classified as not abnormal. In the 7 relatives of
index patients with a mutation, but whom refused to undergo genetic testing themselves, 2
(29%) were abnormal. The 6 individuals with no mutation were all normal but 1 (17%),
whether this is a false positive finding or due to an unrecognized second mutation, remains
speculative.

Figure 2. Diagnostic accuracy of conventional and deformation parameters
Negative (NPV), positive predicting value (PPV), sensitivity, and specificity are shown of several quantitative parameters.
The cut-off values used are: LV/RV ratio >1.0; tricuspid annular plane systolic excursion (TAPSE) <18.5 mm; tissue Doppler
imaging peak systolic velocity (TDI-s) <9.35 cm/s; RV fractional area change (RV-FAC) <32%; RVOT fractional change
(RVOT-FC) <17.2%. TDI and 2DSE were abnormal when ε was <|-18%| and/or post-systolic strain (PSI >15%) was seen in
any RV segment.
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DISCUSSION
In this prospective cross sectional observational case control study we evaluated the value of
echocardiographic deformation imaging in detecting regional functional abnormalities in
asymptomatic carriers of a pathogenic PKP2 mutation. We observed an abnormal deformation
in almost 80% of these individuals, almost exclusively in the basal segment of the lateral RV
wall (subtricuspid region), while deformation was normal in all control subjects. Subjective
evaluation of the echocardiographic examination, conform the current guidelines, resulted in a
large number of false positive results (almost 30%).
ARVD/C is a condition that could be considered as a desmosomal disease, since many
pathogenic mutations in genes encoding for proteins in these desmosomes have been
identified in these patients6. These desmosomes, located mainly in the intercalated disks,
form an integrated part of the cardiomyocyte, providing structural integrity in the cell-cell
contact and communication15. The abovementioned mutations alter the number or integrity of
desmosomes, leading to disruption of cardiomyocyte coupling. This in turn, induces
cardiomyocyte apoptosis and inflammation followed by fibro(-fatty) replacement, both
leading to electrical uncoupling and fibrotic alteration of tissue architecture, providing a
substrate for reentry tachycardia. These ventricular arrhythmias are often the first clinical
presentation of this disease, typically occurring during late adolescence or in early adulthood2,
5
. The phenotypic expression, including onset of the disease, in genotypically characterized
individuals shows a large heterogeneity. A particular mutation in one family could result in a
wide variety of clinical expressions from typical ARVD/C at young age to no abnormalities
throughout life7, 16, 17. It is known that certain environmental factors, such as regular
endurance training, accelerate the progression of the disease on top of the genetical
predisposition18 and that a higher occurrence and expression is seen in men5. What other
genetic and/or environmental factors modulate the pathophysiologic process are currently
unknown5. The clinical consequence of this genotype-phenotype “mismatch” and the
incomplete penetrance, is that it is difficult to predict who is at risk for potential lethal
ventricular arrhythmias and at what age this would occur2, 16. Previous studies have suggested
that the penetrance in PKP2 mutations is approximately 75%2, 7. A direct consequence is that
a mutation alone in the absence of symptoms does not imply a diagnosis of ARVD/C19.
Nevertheless, recognizing ARVD/C at an early presymptomatic stage could save lives20. This
calls for a diagnostic test which is able to detect the early pathophysiological changes which
occur in the myocardium.
The recognition of familial ARVD/C has lead to an increasing number of referrals for
assessment of individuals with few (if any) symptoms. The diagnostic process continues to be
a challenge in these individuals, despite the current guidelines, which provide quantitative
cut-off values for a wide variety of diagnostic tools. Most of these criteria for non-invasive
imaging however, are difficult to put into practice when overt pathology is absent. The
relevance of this limitation has been highlighted in the study by Bauce et al, in genetic
characterized individuals whom initially did not fulfill the criteria for ARVD/C, SCD
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Figure 3. TDI deformation analysis of the study population
Peak systolic strain values (x-axis) and the post-systolic strain index (y-axis) are shown for each individual of the segments
which showed the lowest peak systolic strain. The intersection of the axis is at the point which was defined as abnormal (i.e.
peak systolic strain -18% and post-systolic index of 15%), thus all cases below these cut-off values fall within the
“abnormal”-zones, as indicated. A post-systolic index >50% is rounded off at 50%.

Figure 4. TDI deformation analysis of the excluded relatives
TDI deformation values of the most “abnormal” segments are shown of the excluded relatives. For explanation, see Figure 3.
Note the high number of abnormalities in regional RV function, particular in the relatives from the ARVD/C probands
without a mutation.

182

Functional abnormalities in concealed ARVD/C

10

21

occurred nonetheless during follow-up . Corrado et al has also indicated the occurrence of
SCD by ARVD/C in young individuals where the typical macroscopical signs were absent9.
These observations have motivated research aimed to improve the sensitivity for the Task
Force criteria, ranging from ECG findings22, to invasive23 and non-invasive imaging10, 14, 24, 25.
We hypothesized that the fibro (-fatty) myocardial replacement induces subtle regional
dysfunction, which could consequently be detected by echocardiographic deformation
imaging. We have recently shown that could indeed be reliably detected by this technique in
patients with ARVD/C10. In the current study we have extended these findings, since this
technique also seems to be able to quantify functional abnormalities in individuals whom
were classified a unaffected by conventional testing. Why only the subtricuspid region was
affected in these individuals remains speculative. We have recently shown that early changes
in regional function occur in this segment in response to the chronic volume/pressure overload
in endurance athletes26. Given the fact that the development of this disease is accelerated by
endurance training18, it could be hypothesized that this region in the triangle of dysplasia is
most sensitive to myocardial stretch and thus a specific area of interest in the RV for
functional evaluation.
Literature on noninvasive imaging in individuals whom are presymptomatic are scarce, while
findings in individuals with severe disease are abundantly available. The problem with the
latter is that all imaging modalities are likely to show exceptionally good results.
Nevertheless, some have attempted to detect functional abnormalities in asymptomatic gene
carriers. Already in 1998, Scognamiglio et al. have indicated the importance of subtle
echocardiographic findings in the development of ARVD/C27. However, recent findings have
shown that conventional echocardiography is likely unsuited for the detection of these very
subtle abnormalities10, 28, also indicated by the finding in our study population. Recently,
Dalal et al, have described a promising novel subjective finding on CRM, the “accordion
sign”, a regional functional abnormality in the subtricuspid region24. This “sign” was only
seen in asymptomatic genetically characterized relatives, similar to our study population. It
should be kept in mind however, that other CMR studies have thought us that increasing
sensitivity of subjective findings could also lead to a large number of false positive results,
often with therapeutical repercussions in essentially healthy individuals. This overdiagnosis
seems to be related to the experience of the observer and the over reliance of CMR
abnormalities29, 30. With the implementation of TDI deformation and our proposed cut-off
values (decrease peak systolic strain and/or post-systolic shortening) in the RV free wall we
have identified a marker not only able to detect regional functional abnormalities in
“unaffected” individuals (Figure 1), but also able to reduce the false positive findings to zero.
The strength of this approach appears to be the quantitative trait of the technique.
The main role for non-invasive imaging in the diagnostic work-up in individuals suspected (or
at high risk) for ARVD/C is to identify presymptomatic individuals (i.e. those who are at risk
for SCD). We would like to emphasize that the prognostic implications of the abnormal
deformation in the RV basal segment in these gene carriers is unknown. One could argue that
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the phenotypical expression of the disease also depends on the sensitivity of the diagnostic
test which is applied. Given their genetic background and the fact that this phenomenon was
not seen in any of our controls suggests a causal relationship, but whether these functional
abnormalities are an early marker for arrhythmogenic events remains speculative. Currently
there is no evidence that genetic affected individuals with subtle abnormalities on imaging or
ECG, but not fulfilling TFc, are indeed at increased risk for SCD. Thus, the adjustment of
these TFc in relatives, as previously suggested31, and the clinical relevance of our findings
remain to be investigated in a prospective long-term follow-up study on clinical events.
Limitations:
The findings of the current study should be interpreted with respect to its strengths and
limitations. Our analysis were performed on a relatively small study population. The total
number of individuals whom were excluded for the final analysis was higher than initially
expected. Nevertheless, the deformation results from the blinded analysis were very
convincing in both groups. A larger study would be desirable to test the promising findings
which we have reported here. Also, we only investigated carriers of pathogenic mutations in
the PKP2-gene, the most common mutation in familial ARVD/C in the Netherlands6. Since it
has been shown that mutations in other genes encoding for desmosomal proteins could have a
different phenotypical expression15, it is uncertain if our results apply to these other mutations
as well.
A notable finding in the current study was the high number of false-positive findings by visual
assessment in our control group. This could most likely be ascribed to the “overinterpretation” of subtle wall motion abnormalities (regional hypokinesia), which fall within
the wide spectrum of normal RV function. This has been described before both on echo10, 28
and CMR29, 32, and could have been amplified by our study design; the readers could have had
a low threshold to classify an echo as abnormal since they knew a large portion were genecarriers. This could imply that the high number of abnormalities by visual assessment in the
ARVD/C-r group most likely is an overestimation as well.

CONCLUSION
In this study we reported regional RV functional abnormalities using echocardiographic
deformation imaging in almost 80% of genetically characterized ARVD/C relatives, who did
not fulfill diagnostic criteria using conventional testing. With follow-up studies pending to
address the prognostic implications of these findings, this study highlight the potential of
echocardiographic deformation imaging to identify early functional abnormalities while also
decreasing the number of false positive findings.
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ABSTRACT
Purpose: In arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/C),
manifestations of left ventricular (LV) involvement is associated with poor outcome but often
goes unrecognized. The aim was to detect LV involvement in ARVD/C patients using
conventional and new quantitative echocardiographic parameters.
Methods: 34 ARVD/C patients (ARVD/C-p) according to Task Force criteria (TFC) ≥ 4
points, 14 relatives (either 3 TFC points or <3 points plus pathogenic mutation, ARVD/C-r),
and 34 healthy controls were enrolled. Conventional echocardiography and deformation
imaging were performed. Doppler (TDI) derived as well as speckle tracking (ST) strain (-rate)
was calculated in 18 LV-segments. Peak systolic strain <|-12%| was considered abnormal. In
a subgroup (n=18) cardiovascular magnetic resonance (CMR) imaging was performed with
late enhancement (LE).
Results: Compared to controls (61.4±4.2%) LVEF was reduced in ARVD/C-p (55.6±9.9%,
p<0.01) but not in ARVD/C-r; (58.6±10.6%, NS). In ARVD/C-p, abnormal TDI deformation
was found in 26 (77%) individuals (mean 3.8±3.2 segments, range 1-12), ST was abnormal in
20 (59%) individuals (3.7±3.7 segments, range 1-14). In the ARVD/C-r group, in 7 (50%)
TDI was abnormal (2.3±1.8 segments, range 1-6) and in 6 (43%) for ST (2.3±2.0 segments,
range 1-6). CMR-LE in the LV was present in 5 ARVD/C-p and 1 ARVD/C-r and correlated
closely to abnormal deformation imaging. During 3 yrs follow-up (2yrs retrospectively), 9
ARVD/C-p and 2 ARVD/C-r showed clinically relevant events (VT with RBBB-morphology,
ventricular arrhythmias with syncope/SCD, signs of LV heart failure, or death). All showed
evidence of LV involvement by TDI.
Conclusion: Regional deformation imaging, in particular TDI, could have additional value in
detecting subtle LV involvement in individuals with proven ARVD/C and in the
genotypically predisposed. This is of particular importance since LV-involvement was almost
exclusively seen in symptomatic patients.
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BACKGROUND
Arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/C) is an inherited
cardiomyopathy characterized by fibro-fatty myocardial replacement, primarily affecting the
right ventricle (RV)1. Even though, ARVD/C diagnostic criteria specify the presence of RV
systolic dysfunction and morphological changes with a preservation of left ventricular (LV)
function2, LV involvement is not uncommon in patients with ARVD/C3, 4. This is of particular
importance since LV involvement implies greater clinical severity, as these patients suffer
more often from potential lethal ventricular arrhythmias than those with isolated RV disease57
. Noninvasive diagnostic modalities enabling reliable detection of LV involvement in
patients with ARVD/C, could therefore be of help in the risk stratification of individuals with
an increased risk for ventricular arrhythmias. Cardiac magnetic resonance (CMR) imaging has
taken a prominent role, especially using gadolinium late enhancement (LE) to detect structural
LV abnormalities (myocardial fibrosis) associated with ARVD/C8, 9. However, the need of
contrast agents, limited availability, the costs, and the inability to evaluate patients with
implantable cardioverter defibrillators (ICD) render this technique relatively unsuited for
periodical evaluation. Conventional echocardiography is likely unable to detect the subtle LV
pathology detected with CMR-LE, since these abnormalities are often not associated with
wall motion abnormalities9. However, echocardiographic deformation imaging enables
regional objective quantification of myocardial function10 which closely correlates to CMRLE with regard to fibrotic segments in patients with non-ischemic heart disease, and can even
detect regional abnormalities prior to the appearance of CMR-LE11, 12.
We hypothesized that echocardiographic deformation imaging would be more sensitive than
conventional echocardiographic parameters to detect LV dysfunction in ARVD/C patients.
The aim of this observational study is to detect LV involvement in ARVD/C patients and gene
carrying relatives using echocardiographic deformation imaging and to explore the extent of
LV dysfunction across a wide spectrum of ARVD/C severity.

METHODS
Study population:
Between 2006 and 2008, a total of 76 consecutive individuals, with either known or suspected
ARVD/C, ARVD/C family members, and 29 healthy controls were prospectively enrolled for
echocardiographic examination. All subjects were aged >12 years and in stable sinus rhythm
during the echocardiographic examination. The local ethical committee conceded of the study
protocol and consent was obtained prior to the echocardiographic examination.
Group classification was established upon points scored on ARVD/C diagnostic Task Force
Criteria (TFC)2 and results of DNA analysis of mutations in genes associated with ARVD/C,
performed as described previously13. Figure 1 demonstrates, in detail, the group (re-)
classification based on clinical assessment and genetic testing. Three groups were specified:
1) ARVD/C-patients (ARVD/C-p) (n=34), 2) ARVD/C-relatives (ARVD/C-r) (n=14), and 3)
controls (C) (n=34), free of any cardiovascular disease.
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Figure 1: Flow chart of the study group subdivisions.
Clinical evaluation indicates the conventional diagnostic work-up for ARVD/C. TF-c is the number of point according to the
Task Force criteria (minor = 1, major = 2 points). Genetic testing (+) indicates a mutation associated with ARVD/C (from the
index patient), (-) this mutation is not found, and (?) indicates that no genetic analysis was performed (individual refused to
undergo testing or an unspecified variant was encountered in de index patient), resulting in exclusion from the study.

Standard echocardiographic study:
The echocardiographic examination was performed with the subject at rest, in left lateral
decubitus position on a Vivid 7 scanner (GE Vingmed ultrasound, General Electric,
Milwaukee, Wis) equipped with a M3S broadband transducer. A complete echocardiographic
study was performed in two-dimensional (B-mode) and tissue Doppler imaging (TDI) mode
according to the ASE guidelines of the parasternal and apical views14. Additional recordings
of the three conventional apical views were recorded with implementation of dual focus to
optimize wall motion assessment. Special care was taken to avoid the recording of the RV in
any of these views for optimal blinding during post-processing. According to the 16-segment
model of the ASE, regional wall motion was designated as normo-, hypo-, a- and dyskinetic
or not interpretable, after consensus by two blinded experienced observers (AJ.T. and MJ.C.).
From this, the wall motion score index (WMSI) was calculated as the sum of scores divided
by the total number of analyzed segments.
Conventional measurements included the RV outflow-tract (RVOT) end-diastolic diameter in
the long (PLAX) and short axis (SAX) recordings. End-diastolic LV internal diameter
(LVIDd), septal (IVSd) and posterior wall thickness (LVPWd), and LV end-systolic diameter
(LVIDs) were measured in the PLAX on M-mode. In the apical 4-chamber view, the LV and
RV short axis inflow tract diameter was measured at the level of the valve leaflet tips (LVIT
and RVIT, respectively) at end-diastole. Right (RA) and left atrial (LA) single plane area
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were measured at end-systole. All dimensions were corrected for body surface area (BSA).
LV ejection fraction (LVEF) was measured using the biplane Simpson method. Pulsed
Doppler imaging was used to interrogate transmitral as well as LV outflow tract flow (5mm
sample) at end expiration during breath hold for diastolic parameters (early (E) and atrial (A)
peak velocities, E/A-ratio and deceleration time) and timing of cardiac events, respectively. In
the apical 4-chamber view, a pulsed tissue Doppler sample (6 mm) was placed at the lateral
and septal mitral annulus (E` peak velocity and E/E`-ratio). Diastolic function was defined as
either normal or abnormal (impaired relaxation, pseudonormal or restrictive), corrected for
age15.
Tissue deformation imaging:
We previously described in detail our methods for image acquisition and post processing for
both TDI and ST analysis10, 16. In brief, for TDI, small angle recordings (>180 frames/s) of the
six LV walls (septal, lateral, inferior, anterior, anteroseptal, and posterior) were made
respectively in the apical 4-, 2-, and 3-chamber views. Three consecutive cardiac cycles at end
expiration were digitally stored for offline analysis. For ST, we acquired wide-angle, real-time
two-dimensional ultrasound data from the LV walls in the three standard apical views (framerate ±40-60 frames/s). Commercially available software (EchoPAC PC version, GE Vingmed
Ultrasound, Milwaukee, Wis) was used for offline analysis. Doppler flow curves of the
cardiac valves were used for timing cardiac events and all timing information was aligned
through ECG traces. For both modalities, the following parameters were measured in the
basal, mid and apical segment of each wall: peak systolic strain (ε) and strain-rate (SR),
defined as the maximum negative value between aortic valve opening and closure (in case
values were positive during systole, the end systolic value was measured). For TDI,
deformation values in three consecutive cycles were averaged. Based on the results in the
control group (see “results” section) we considered a myocardial segment abnormal for both
TDI and ST if peak systolic strain was less than -12%, in other words less negative or positive
values.
Magnetic resonance imaging:
A subgroup underwent CMR as part of their clinical work-up on a 1.5 Tesla MRI scanner
(Achieva, Philips Medical Systems, Best, the Netherlands). Late enhancement (LE) of
intravenously administered Gadolinium was used to identify areas within the LV with
myocardial fibrosis using the 16-segment model of the ASE. The presence of gadolinium LE
on CMR was determined by consensus reading of two blinded experienced observers (MC.B
and MJ.C.) and only considered definite if present in two orthogonal planes. All CMR
examinations were performed within 4 months of the echocardiographic study.
LE was correlated to both deformation analysis as well as the visual wall motion assessment
on echocardiography. The standard echocardiographic measurements, deformation analysis
(both TDI and ST) and wall motion analysis were performed blinded for CMR results and
vice versa.
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Statistical analysis:
Continuous data are presented as mean ± standard deviation (SD) and categorical variables as
numbers or percentages. Differences in continuous data between either ARVD/C-p or
ARVD/C-r and controls were calculated using the independent-student t-test and Chi-square
or Fisher’s exact test for categorical data. Bivariate correlations between continuous variables
were determined using Pearson’s correlation coefficient. In the control group, the 95% range
of observed peak systolic values for both strain and SR was evaluated to identify the normal
values’ lower limit. This resulted in a single cut-off value of |-12%| for peak systolic strain for
both TDI and ST which was used to differentiate normal from abnormal regional deformation.
P-values of <0.05 were considered to indicate statistical significance. Statistical calculations
were made using commercially available software (SPSS version 16.0 for Windows, SPSS
Inc, Chicago, Ill).

RESULTS
Study population:
The baseline characteristics of the study population are summarized in Table 1. No
significant differences were seen between the two patient groups and the controls, other than
age, which was higher in ARVD/C-p. The mean time from diagnosis (“duration of disease”)
in ARVD/C-p to time of echocardiographic examination was 9.3 ± 9.4 years (range 0-37). At
the time of echocardiographic analysis, a total of 19 ARVD/C-p (56%) were on
antiarrhythmic medication. All included patients were in stable sinus rhythm during the.
Table 1: Baseline-characteristics
Controls

ARVD/C-p

ARVD/C-r

(mean ± SD)

(mean ± SD)

(mean ± SD)

Number

34

34

14

Male (%)

56

59

36
†

42.2±14.8

Age (years)

35.4±9.4

45.5±14.5

Length (cm)

179.9±11.4

179.1±8.0

175.2±6.6

75.2±17.3

80.0±13.7

71.6±13.2

Body Surface Area (m )

1.94±0.26

1.99±0.17

1.87±0.19

Heart rate (/min)

57.3±13.0

60.6±10.5

61.8±7.3

Task Force Criteria points

-

5.0±1.1

2.3±0.9

Mutation (%)

-

74

72

ICD (%)

-

35

14

Weight (kg)
2

* = p<0.05, and † = p<0.01 vs. controls

In the ARVD/C-p group, pathogenic mutations in the Plakophilin-2 (PKP2) gene were
identified in 24 (71%), Desmoglein-2 (DSG2) in one (3%), and no mutations in the remaining
including mutations with uncertain pathogeneity in PKP2 in two (6%). In the ARVD/C-r, a
mutation in PKP2 was identified in 10 (72%) and no mutations in the remaining 4 (28%) who
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were classified as probable-ARVD/C (3 points according to the TFC). Only 1 (4%) ARVD/Cp showed left-sided predominant negative T-waves on the ECG. None had signs of
myocardial infarction on the ECG, or a history of coronary artery disease.
Table 2: Conventional echocardiography parameters
Controls

ARVD/C-p

ARVD/C-r

(mean ± SD)

(mean ± SD)

(mean ± SD)

Dimensions corrected for BSA
2

RVOT-PLAX (mm/m )
2

14.1±2.2

19.3±5.2†

15.3±3.4

†

17.0±3.5

15.4±2.3

19.9±5.1

2

18.8±2.4

23.4±4.8†

19.0±3.2

2

22.5±2.5

20.6±2.2†

22.1±2.2

RVOT-SAX (mm/m )
RVIT (mm/m )
LVIT (mm/m )

†

LVIT/RVIT ratio

1.21±0.17

0.92±0.22

2

2

8.8±1.7

10.8±4.0*

9.5±2.5

2

2

9.0±1.6

8.7±1.6

8.4±1.7

5.3±0.6

5.1±0.7

5.3±0.9

†

4.5±0.8

RA (cm /m )
LA (cm /m )
2

IVSd (mm/m )
2

1.20±0.26

4.9±0.7

4.3±0.8

2

16.9±2.5

17.9±3.3

16.8±2.4

2

25.5±2.4

25.2±2.4

25.5±2.4

LVPWd (mm/m )
LVIDs (mm/m )
LVIDd (mm/m )

LV diastolic parameters

Early diastolic filling velocity. E (cm/s)

75.5±15.5

59.7±14.8†

70.6±16.8

Late diastolic filling velocity. A (cm/s)

40.9±7.2

46.8±12.9*

43.9±10.2

E/A-ratio

1.88±0.39

1.38±0.49†

1.75±0.82

14.5±3.15

8.74±3.49

†

12.00±3.90*

5.26±0.93

7.85±3.62

†

6.09±0.90†

0.0

29.4†

15.4†

61.4±4.2

55.6±9.9†

58.6±10.6

49.2±8.5

47.3±10.8

43.6±10.2

19.1±4.5

21.6±10.8

18.0±7.3

Early diastolic TVI. E` (cm/s)
E/E` ratio
Abnormal diastolic function (%)

LV systolic parameters

Ejection fraction (%)
2

End-diastolic volume (mL/m )
2

End-systolic volume (mL/m )
Wall motion score index

1.08±0.13

1.30±0.41

†

1.12±0.14

†

Abbreviations as in text. * = p<0.05, and = p<0.01 vs. controls

Standard echocardiographic findings:
All RV dimensions (mean values) were significantly increased in ARVD/C-p, while no
significant dilatation was seen in ARVD/C-r. Left ventricular dimensions and volumes were
not increased in either ARVD/C group (Table 2). LVEF, however, was moderately, but
significantly reduced in ARVD/C-p. A reduced LVEF was present in 14 (41%) ARVD/C-p
(<45%: n=3 and 45-55%: n=11), in 5 (36%) ARVD/C-r (<45%: n=2 and 45-55%: n=3), and
in none of the controls (Figure 2). The WMSI was increased in both ARVD/C groups, which
reached significance in ARVD/C-p. In the control group, the mean WMSI was >1.0; wall
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motion was scored as abnormal in 15 controls (44%, mean number of abnormal segments 2.7
± 2.1, range 1-7).
LV diastolic dysfunction was present in 9 (29%) ARVD/C-p and 2 (14%) ARVD/C-r
(pseudonormal in one ARVD/C-p, and an impaired relaxation in the remaining). All diastolic
parameters are listed in Table 2. In patients with diastolic dysfunction, LVEF was lower
(51.2±14.0 vs. 58.4±7.7, p=0.033), WMSI was higher (1.39±0.58 vs. 1.20±0.24, p=NS), and
disease was more severe (TF-criteria 5.2±1.5 vs. 4.0±1.5, p=0.026) compared to patients with
normal LV-filling properties.

Figure 2: LVEF on echo vs. disease severity.
Disease severity on the x-axis is expressed as the number of TF-criteria. The solid and dashed horizontal lines indicate an
LVEF of 55% and 45%, respectively. The 2 ARVD/C-r with LVEF <45% were those classified as ARVD/C probable.

Deformation imaging:
A total of 1679 LV segments (849 for TDI and 830 for ST) were analyzed after exclusion of
229 segments (105 for TDI and 124 for ST) due to suboptimal image quality, indicating an
overall feasibility of 89% for TDI and 87% for ST.
In the ARVD/C-p, mean values of peak systolic strain and SR were significantly reduced in
most LV segments for both TDI and ST (Table 3a/3b). Abnormal deformation (peak systolic
strain <|-12%|) was found in 92 (17.4%) and 74 (14.5%) segments of all analyzed segments
for TDI and ST respectively. These abnormal deformation properties were encountered in 26
(77%) individuals using TDI (mean 3.8±3.2 segments, range 1-12, 22.9±20.2% of LV) and in
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20 (59%) using ST (mean 3.7±3.7 segments, range 1-14, 25.3±23.4% of LV). Segments with
abnormal deformation showed predilection sites within the LV (Figure 3): 1) the apical
region of the free wall (anterior, lateral, and posterior), 2) the midventricular posterolateral
region, and 3) the basal (antero-)septal region. For the entire ARVD/C-p group, the
percentage of affected LV segments correlated well between TDI and ST (16.8±20.1% vs.
15.6±22.1%, p=NS, and r=0.83, p<0.001), and both techniques showed identical predilection
sites.
In the ARVD/C-r group, mean peak systolic deformation values were moderately reduced in
the apical segments for TDI and midlateral, basoseptal and posterior for ST (Table 3a/3b).
Abnormal deformation was found in 17 (7.2%) segments of all analyzed segments for both
TDI and ST. In 7 (50%) individuals TDI was abnormal in ≥1 segment (mean 2.3±1.8
segments, range 1-6, 13.4±10.0% of LV) and in 6 (43%) using ST (mean 2.3±2.0 segments,
range 1-6, 13.6±10.8% of LV). Predilection sites were less apparent in this group, due to the
lower number of segments affected. However, the three regions described in the ARVD/C-p
showed the highest occurrence of abnormal deformation in this group as well.

Table 3a: Doppler deformation imaging
Controls
Segments
Base
Septum

Lateral

Inferior

Mid

Posterior

AntSept

ARVD/C-r

Peak strain

Peak SR

Peak strain

Peak SR

(mean ± SD)

(mean ± SD)

(mean ± SD

(mean ± SD)

-15.8 ± 5.8

†

-0.93 ± 0.33

†

-17.1 ± 4.8

†

-1.00 ± 0.27

†

†

-1.07 ± 0.47

†

-20.1 ± 4.5

-19.0 ± 3.4
-20.3 ± 3.8

1.19 ± 0.22
-1.20 ± 0.32

Peak strain

Peak SR

(mean ± SD)

(mean ± SD)

-18.9 ± 4.8

-1.10 ± 0.25

-19.4 ± 3.8

-1.08 ± 0.32

†

-1.11 ± 0.20†

Apex

-23.7 ± 3.9

-1.33 ± 0.27

-19.7 ± 7.1

Base

-18.0 ± 4.0

-1.26 ± 0.33

-17.4 ± 5.4

-1.19 ± 0.37

-18.0 ± 4.1

-1.26 ± 0.41

-1.19 ± 0.37

†

-0.92 ± 0.33

†

-19.1 ± 4.8

-1.23 ± 0.47

†

-16.0 ± 5.1

-0.98 ± 0.46*

Mid

-19.6 ± 3.6

-13.9 ± 7.3

Apex

-18.7 ± 3.6

-1.38 ± 0.43

-15.1 ± 6.3*

-1.02 ± 0.39

Base

-20.3 ± 3.7

-1.22 ± 0.25

-19.5 ± 6.5

-1.21 ± 0.46

-19.9 ± 4.6

-1.31 ± 0.42

Mid

-19.6 ± 3.9

-1.07 ± 0.28

-18.1 ± 4.6

-0.99 ± 0.34

-18.8 ± 4.4

-1.06 ± 0.45

-1.53 ± 0.32

†

-1.17 ± 0.39

†

-23.7 ± 5.3

-1.41 ± 0.37

†

Apex

Anterior

ARVD/C-p

-24.5 ± 4.5

-20.6 ± 5.5

Base

-20.8 ± 4.6

-1.36 ± 0.41

-17.5 ± 5.8*

-1.02 ± 0.34

-21.7 ± 7.2

-1.22 ± 0.47

Mid

-22.3 ± 5.1

-1.32 ± 0.36

-16.2 ± 3.7†

-0.95 ± 0.32†

-20.3 ± 4.5

-1.33 ± 0.67

Apex

-19.4 ± 4.1

-1.39 ± 0.59

-15.0 ± 6.7*

-0.96 ± 0.39*

-15.6 ± 5.3

-0.87 ± 0.36*

Base

-18.8 ± 4.4

-1.30 ± 0.47

-17.6 ± 4.9

-1.20 ± 0.32

-18.8 ± 4.8

-1.23 ± 0.39

-1.16 ± 0.39

-14.4 ± 7.3

†

-0.94 ± 0.42*

-18.2 ± 4.3

-1.03 ± 0.27

†

†

-19.2 ± 6.1*

-1.22 ± 0.53

Mid

-19.9 ± 3.7

Apex

-23.0± 4.1

-1.43 ± 0.41

-15.3 ± 5.8

Base

-15.3 ± 4.3

-1.07 ± 0.28

-13.1 ± 6.0

-0.90 ± 0.37*

-14.2 ± 4.7

-1.05 ± 0.38

†

†

-20.0 ± 4.5

-1.08 ± 0.33†

-0.91 ± 0.35*

-17.4 ± 4.6

-1.07 ± 0.34

Mid

-21.0 ± 3.3

-1.39 ± 0.34

-16.9 ± 5.7

Apex

-19.3 ± 3.7

-1.14 ± 0.33

-15.0 ± 5.0†

-0.92 ± 0.34

-1.02 ± 0.39

†

* = p<0.05, and = p<0.01 vs. controls
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Table 3b: ST deformation analysis
Controls
Segments
Base
Septum

Lateral

Inferior

Anterior

Posterior

ARVD/C-r

Peak strain

Peak SR

Peak strain

Peak SR

Peak strain

Peak SR

(mean ± SD)

(mean ± SD)

(mean ± SD

(mean ± SD)

(mean ± SD)

(mean ± SD)

-18.3 ± 2.4

-1.04 ± 0.18

-16.5 ± 4.5

-0.91 ± 0.24*

-16.0 ± 2.9

†

-1.01 ± 0.30

†

-17.9 ± 3.6

0.95 ± 0.15

Mid

-19.7 ± 2.8

-1.03 ± 0.18

-17.7 ± 4.4*

-0.91 ± 0.20

Apex

-22.7 ± 4.2

-1.35 ± 0.28

-19.7 ± 7.0*

-1.23 ± 0.38

-22.5 ± 5.4

-1.28 ± 0.36

Base

-20.1 ± 2.9

-1.45 ± 0.30

-18.7 ± 5.7

-1.36 ± 0.36

-19.2 ± 4.3

-1.45 ± 0.52

0.97 ± 0.26†

Mid

-20.5 ± 2.5

-1.15 ± 0.23

-14.7 ± 7.1†

-18.5 ± 4.2*

-1.03 ± 0.24

Apex

-22.1 ± 3.6

-1.37 ± 0.29

-15.9 ± 8.1†

-1.11 ± 0.43†

-20.7 ± 6.5

-1.16 ± 0.38

Base

-20.6 ± 3.0

-1.27 ± 0.25

-19.6 ± 4.5

-1.23 ± 0.41

-21.3 ± 4.2

-1.42 ± 0.31

Mid

-20.6 ± 3.2

-1.10 ± 0.19

-18.8 ± 4.2

-0.98 ± 0.30

-21.1 ± 4.1

-1.09 ± 0.24

Apex

-21.5 ± 3.2

-1.23 ± 0.22

-20.7 ± 4.7

-1.20 ± 0.28

-22.0 ± 5.2

-1.26 ± 0.31

Base

-21.4 ± 3.5

-1.07 ± 0.25

-19.7 ± 5.2

-1.32 ± 0.49

-21.9 ± 5.9

-1.29 ± 0.47

-1.13 ± 0.24

-18.5 ± 4.9

†

-1.09 ± 0.29

-20.0 ± 3.9

-1.10 ± 0.30

†

-1.09 ± 0.36*

-19.0 ± 6.6

-1.19 ± 0.32

Mid

-22.2 ± 3.9

Apex

-21.9 ± 3.4

-1.33 ± 0.35

-16.9 ± 6.3

Base

-21.4 ± 3.1

-1.47 ± 0.26

-19.0 ± 5.1*

-1.45 ± 0.45

-18.8 ± 4.5*

-1.61 ± 0.48

-1.15 ± 0.18

-16.0 ± 7.6

†

-1.01 ± 0.33*

-17.5 ± 4.5*

-1.05 ± 0.30

-15.8 ± 7.0

†

-1.10 ± 0.49

-17.1 ± 6.0*

-1.18 ± 0.51

-15.1 ± 4.0

†

-0.86 ± 0.18*

-16.5 ± 3.8*

-0.89 ± 0.15

-1.10 ± 0.20

-15.4 ± 4.8

†

†

-19.4 ± 3.5

-1.02 ± 0.17

-1.37 ± 0.35

-15.8 ± 7.4†

-1.07 ± 0.50*

-19.7 ± 4.7

-1.24 ± 0.39

Mid
Apex
Base

AntSept

ARVD/C-p

Mid
Apex

-20.2 ± 2.5
-21.2 ± 3.5
-19.0 ± 3.6
-20.8 ± 2.6
-22.5 ± 4.2

-1.31 ± 0.33
-0.99 ± 0.20

-0.91 ± 0.24

†

* = p<0.05, and = p<0.01 vs. controls.

Magnetic resonance imaging:
In a subgroup of 18 ARVD/C-p, 10 ARVD/C-r and 2 controls CMR with Gadolinium LE was
performed. Gadolinium LE in the LV was reported in 5 ARVD/C-p and 1 ARVD/C-r, all
others were negative. None had subendocardial distribution pattern of the LE suggesting
fibrosis due to coronary artery disease. Comparison between the distribution pattern of
abnormal deformation using TDI or ST and LE on CMR showed an excellent agreement
between the two techniques (Table 4). Both TDI and ST exhibited larger regions with
abnormal deformation compared to the LE-region (typically around the LE-segments). Also,
abnormal strain was seen in several ARVD/C-p without LE on CMR (8 for TDI, and 7 for
ST), although never in more than 2 segments for TDI and 3 for ST.
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Figure 3. Graphical representation of abnormal segments by WMA and deformation imaging.
“Abnormal segments” indicate the segments which were classified as abnormal for each separate technique as a percentage of
the total analyzable segments (thus with feasibility taken into account). Using deformation analysis, abnormalities were
exclusively seen in the 2 patient groups with clear predilection sites. There also was a high number of abnormalities
encountered in the ARVD/C-r patients, bottom row. Visual analysis resulted in a large amount of abnormal segments in our
control group.

Consequences of LV involvement:
In ARVD/C-p with LV involvement by deformation imaging (≥1 segment), baseline
characteristics showed no significant differences compared to those without, including the
presence of a PKP2 mutation (76% vs. 69%, p=NS) and “disease duration” was comparable in
the two groups (9.0±6.7 vs. 10.5±9.0 years, p=NS). Also notable were the following
comparable values: WMSI (1.31±0.46 vs. 1.27±0.26, p=NS), LVEF (55.0±11.0% vs.
57.1±5.9%, p=NS), and disease severity (TF-criteria 5.1±1.2 vs. 4.8±0.8, p=NS) in ARVD/Cp with LV-involvement compared to those without. Diastolic function was normal in all
ARVD/C-p without LV involvement (n=8, 23%), and abnormal in all patients with ≥5
abnormal segments (n=6, 18%).
In addition to heamodynamic tolerated VTs with a LBBB morphology, 8 ARVD/C-p and 2
individuals classified as ARVD/C probable have showed clinically relevant events such as a
VT with a right bundle branch block (RBBB) morphology, ventricular arrhythmias with
syncope/SCD, signs of LV/RV heart failure, or death. These clinical events occurred within
the period from 2 years prior to the echocardiographic examination up until 1 year after.
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These findings are summarized in Table 5. All showed evidence of LV involvement using
deformation imaging, despite a normal LVEF in 4, with the exception of normal TDI in 1
where image quality as poor due to obesity (case 1).
Table 4: Location gadolinium late enhancement related to segments with abnormal peak systolic strain
Location (number of LV segments)
CMR LE

TDI

ST

WMA

LVEF

ARVD/C-p

1

2
3
4
5

Anterior-Lateral

Anterior-Lateral

Anterior-Lateral

Septal (apex)*

(6)

(12)

(14)

(2)

Lateral

Lateral

Lateral

Inferior-Septal*

(2)

(5)

(2)

(7)

Septal (base)

Anteroseptal (base)

Anteroseptal (base)

Septal (base)

(2)

(2)

(1)

(1)

Posterior-Lateral

Posterior-Lateral

Posterior-Lateral

Septal (base)*

(3)

(3)

(3)

(1)

Posterior (apex)

Lateral (apex)

Lateral (apex)

Septal* & Posterior

(2)

(3)

(3)

(6)

45%

53%
56%

72%
65%

ARVD/C-r

6

Septal (base)

Anteroseptal (base)

(2)

(3)

Anteroseptal (base)
Anterior (apex)*
(3)

Anterior (apex)*
(2)

42%

Abbreviations as in text. * indicates false positive findings with CMR LE as the reference method. ARVD/C-p #1 showed
abnormal strain in the segments at the LE site and in the bordering segments.

DISCUSSION
In this prospective observational cross-sectional study we aimed to detect LV involvement in
both phenotypic ARVD/C patients as well as asymptomatic but genetically predisposed
relatives using conventional and new quantitative echocardiographic parameters. Deformation
imaging detected LV involvement in 77% and 50% of ARVD/C-p and ARVD/C-r,
respectively, with a distribution pattern matching that of CMR-LE. Conventional
echocardiographic parameters detected only a moderate reduction in LV function in half of
these subjects with abnormal regional deformation.
In up to 50% of Dutch ARVD/C patients, a disease causing gene can be identified which
encodes for desmosomal proteins17. These proteins form an integral part of cardiac
desmosomes, major cell adhesion complexes providing structural and functional integrity
between myocardial cells. Mutations in genes encoding desmosomal proteins may alter the
number or integrity of desmosomes and thereby lead to impaired mechanical coupling of
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F, 49

M, 62

F, 52

M, 46

M, 56

M, 69

M, 59

M, 16

M, 37

M, 64

1

2
(CMR #1)

3

4

5

6
(CMR #3)

7

8
(CMR #4)

9

10
(CMR #6)

3

3

7

5

3

7

4

6

6

6

TFc

270/min

190/min

-

-

-

-

220/min

-

200/min

-

VT
RBBB

Multiple LBBB-VT, no
syncope

VT with syncope, LVHF, Death

VT (LBBB) with
syncope

Death due to LV-HF

Syncope

VT with syncope
Death due to VT/VF

No syncope during VT

RV-HF

LV-HF

VT 20/yr, no syncope
terminated by ICD-ATP

Clinical event(s)

42%

36%

68%

20%

56%

51%

55%

41%

45%

n.a.

LVEF

3/16
(Ant)septum

6/18
Apex / Posterior-lateral

3/18
Posterior / Lateral

12/16
Septum / free wall

2/16
(Ant)septum

4/17
(Ant)septum

8/13
Posterior-lateral/
Septum
2/14
Septum

12/18
Anterior-lateral / Apex

0/4

TDI

2/16
(Ant)septum

6/18
Apex / Posterior-lateral

3/18
Posterior / Lateral

13/17
Septum / free wall

1/15
(Ant)septum

3/14
Posterior / Lateral

8/11
Posterior-lateral /
Septum
1/11
Anteroseptum

14/18
Anterior-lateral / Apex

2/13
Apex

ST

LE
Septum

n.a.
(ICD)

LE
Posterior / Lateral

n.a.

LE
Septum

No LE

No-LE*

n.a.
(ICD)

LE
Antlateral / Apex

No-LE

CMR-LE

Table 5. Clinical events and echocardiographic findings
All patients with clinical events other than heamodynamically tolerated LBBB VT are shown: ARVD/C-p (case 1-8) and ARVD/C-r (case-9-10). CMR #
indicates the patient number in Table 4. CMR = cardiovascular magnetic resonance imaging; TFc = points according to Task Force criteria; M= male; F =
female; VF = ventricular fibrillation; VT = ventricular tachycardia RBBB/LBBB = right/left bundle branch block morphology; RV/LV-HF = symptomatic
right/left ventricular systolic heart failure; LE = late enhancement on CMR; n.a. = not available, ICD = implantable cardioverter defibrillator; ATP = antitachycardia pacing. * LE on CMR was observed by one reader, but scored as negative by consensus reading.

Gender /
Age

Case
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cardiac myocytes18. Subsequently this may lead to electrical uncoupling and apoptosis with
fibro (-fatty) replacement under circumstances of mechanical stress17, 19. Since the effects of
this mutation are present in both ventricles, no inherent reason exists why one side of the heart
would remain unaffected9, 18. Nevertheless, the generally accepted natural history of disease
progression in ARVD/C is that the disease starts in the RV free wall and LV involvement is
only seen as the disease has progressed1, 20. However, evidence is cumulating which
challenges the concept of LV involvement as purely an “end-stage” phenomenon. Already in
1997, Corrado et al observed histological evidence of LV involvement in 76% in necropsy
and explanted hearts6. Although this high prevalence is in accordance with the findings in our
study, it should be considered a different study population based on the unfortunate outcome
of these patients. Nevertheless, a recent large CMR study showed LV-involvement in over
80% in 200 genotypically and phenotypically characterized living ARVD/C patients/relatives,
thus also in earlier stages of the disease9.
Numerous studies have highlighted the clinical relevance of LV involvement in typical
ARVD/C-patients9, 21-27. From a prognostic standpoint, LV-involvement has been shown to be
an independent, and often only predictor for the occurrence/recurrence of arrhythmic events9,
21, 24, 25
and associated with cardiac death6, 21, 22, 24, 27. Data on the exact mechanisms which
could explain these findings are scarce, but are thought to be reflections of more extensive
disease resulting in systolic failure during ventricular tachycardia, deterioration to VF, and in
severe involvement heart transplant or death from heart failure. Nevertheless, the more
frequent occurrence of ventricular arrhythmias with RBBB morphology suggests LV
transmural or subepicardial fibro (-fatty) areas, providing a substrate for reentry and thereby
ventricular arrhythmias5, 6, 28. In the study by Sen-Chowdry et al, arrhythmias of LV origin
were associated with LV LE findings on CMR9. Concordantly, we also observed these
arrhythmias in 4 individuals, all showing multiple segments with abnormal LV-deformation.
This seems to emphasize the importance of accurate detection of these localized diseased
areas in the LV. Importantly, in their study, LV LE was frequently observed without
concomitant WMA in the same segment or LV volume expansion. This implies that these
structural abnormalities go unnoticed during the conventional echocardiographic examination.
Indeed, a large mismatch exists between the CMR and necropsy studies on one hand, and the
amount of LV involvement reported in the literature on ultrasound (prevalence 15 to 40%)7, 23,
26, 29, 30
. With respect to conventional echocardiographic parameters, the findings in our study
are in line with these studies, since we found normal dimensions, and a moderately reduced
LVEF (typically between 45 and 55%) which was abnormal in 41% of ARVD/C-p and 36%
of ARVD/C-r. Thus approximately 60% of ARVD/C patients with no abnormalities on the
conventional echocardiogram show (unrecognized) LV-involvement using deformation
imaging.
The accuracy of deformation imaging to detect regional abnormalities in non-ischemic heart
disease in areas with LE on CMR, and even in regions where LE developed during follow-up
has recently been demonstrated12. Recently we showed that this could be potentially used for
LV involvement in ARVD/C as well (Figure 411). The findings in the current study clearly
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Figure 4. Example of a case with CMR LE.
Each separate technique is shown in the top row. Visual assessment indicated only hypokinesia in the septal wall (A), while
ST (B) and TDI (C) clearly show reduced deformation in the posterolateral region, respectively the pink and green/blue
region. The color-coding in the abnormal region in (B) is adjusted for clarification. Note the corresponding LE on CMR in
(D) and (E) in the posterolateral region, indicated by the white arrows. (This case has been published in reference 11). See
Colour Section page 244.

show that with both TDI as well as ST deformation, higher numbers of abnormal segments in
ARVD/C-p and ARVD/C-r are seen compared to conventional ultrasound parameters. The
amount of LV-involvement increased to 77% for TDI and 59% for ST in the ARVD/C-p
group, a prevalence comparable to those reported using sophisticated imaging tools9, 31, 32 or
necropsy studies6. Inversely, visual abnormal segments in the control group were frequently
reported, predominantly in the septal and inferior wall, while deformation was normal.
A main finding in our study is the high number of individuals with LV involvement in the
ARVD/C-r group, further supporting the concept that LV involvement should not be
considered an end stage phenomenon. Since LV involvement was seen in such a high number
of individuals who did not fulfil ARVD/C criteria suggests that quantitative analysis of LV
regional function might also play an important role in the early identification of ARVD/C.
Finally, another important observation in our study was that in all symptomatic individuals,
LV involvement was present in ≥2 segments using TDI-deformation imaging. LV
involvement was also present in all individuals from whom a VT with a RBBB morphology
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was registered. Death in the period between the examination and writing and symptomatic
heart failure occurred in 3 individuals with minimally 20% of the LV affected using
deformation imaging. Future studies regarding the relationship between LV involvement and
clinical events with prospective follow-up are needed to confirm these observations, and to
evaluate the additional role of deformation imaging in the clinical work up of these
individuals.
Limitations:
We determined a single cut-off value for peak systolic strain and SR to discriminate normal
from abnormal deformation. Although we based the expected lower limit of normal values on
our control population, this approach may not be optimal to discriminate abnormal from
normal due to the heterogeneity of deformation within the LV. As strain-values < |-12%| were
observed in the control group (never more than 1 segment), mainly in the basal segment of the
anteroseptal wall, the high number of abnormalities in both ARVD/C groups could have
produced a small overestimation of abnormalities in this segment. Larger studies in healthy
controls may shed light on the range of normal values within specific regions of the LV.
Another approach in ARVD/C patients could be to monitor changes in LV deformation during
follow-up. Nevertheless, our approach to identify regional abnormalities still appears superior
to conventional echocardiography.

CONCLUSION
Deformation imaging detected LV involvement in 77% of patients with proven ARVD/C, and
even in 50% of gene-carriers not fulfilling current diagnostic ARVD/C criteria, showing an
excellent agreement to CMR-LE. Conventional echocardiographic parameters detected only a
moderate reduction in LV function in half of these subjects with abnormal regional
deformation. The results from this study show that regional deformation imaging, in particular
TDI, could have additional value in detecting subtle LV involvement in individuals with
proven ARVD/C and in the genotypically predisposed. This is of particular importance since
LV-involvement was almost exclusively seen in symptomatic patients.
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INTRODUCTION
There are two major topics in this thesis, the common denominator being right ventricular
(RV) remodeling/dilatation:
1. To investigate regional and global functional changes of the left and right ventricle in
response to physiological adaptations (endurance training) at one end, and pathological
remodeling on the other;
2. To investigate the additional clinical value of tissue deformation imaging in various
settings of RV adaptation (due to endurance training and due to RV cardiomyopathy) on
top of standard echocardiographic parameters.
This thesis is divided into three parts; we addressed the currently available imaging modalities
to evaluate RV function and morphology, the role echocardiographic deformation imaging
could have for this assessment, and explored its technical traits in Part 1. The questions
related to the physiological right and left ventricular (LV) remodeling in the athletes’ heart
were addressed in Part 2, where the functional and morphological adaptations in response to
long term endurance training were studied. Finally, the role of echocardiographic deformation
imaging in pathological RV remodeling was studied in Part 3. The clinical applicability of
this technique in the evaluation and diagnostic process of arrhythmogenic right ventricular
dysplasia/cardiomyopathy (ARVD/C) was explored with respect to the detection of subtle
functional abnormalities in both the RV and the LV. The major findings are summarized
below and subsequently discussed with respect to our aims and hypothesis (see Chapter 1).

SUMMARY
Part 1. Right ventricular imaging and echocardiographic deformation imaging
In Chapter 2 we discussed the normal RV anatomy and function, physiological changes, and
the most common pathological disorders (volume overload, pressure overload, and regional
dysfunction) with special emphasis on non-invasive imaging (echocardiography, CT, and
cardiac magnetic resonance (CMR) imaging) and how this could be implemented for
distinguishing the normal from the abnormal RV. We searched the literature for the novel
technical applications of these techniques and discussed these with respect to their application
for RV evaluation. The main conclusions were that RV function and functional adaptation are
markedly different from the LV. This should be taken into account when differentiating
between the normal and abnormal RV. Furthermore, the RV is more load dependent than the
LV, which is reflected in both acute and chronic adaptations. Changes in RV shape and
volume can be the first signs of RV dysfunction and pressure/volume overload. The noninvasive evaluation by echocardiography or CMR should therefore focus on RV volume, RV
shape, RV wall thickness and tissue characterization. Secondly, RV function should be
assessed, both global and regional. Thirdly, the influence on, or by the LV should be
evaluated. Finally well known demographic variables (e.g. age, gender, body constitution and
sports participation) should be taken into account in this evaluation.
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In Chapter 3, we aimed to explain the fundamental concepts and potential clinical
applicability of strain and strain-rate (SR) for both tissue Doppler imaging (TDI) derived and
speckle tracking (2DSE) derived deformation imaging. In addition, a step-by-step approach to
image acquisition and post processing is proposed. The main conclusions from our review
from the literature were the following: although tissue deformation imaging is a promising
technique, knowledge of its principles and limitations is mandatory for proper application and
reliable interpretation of the results both in the clinical as well as the scientific setting. Its
limitations notwithstanding, tissue deformation imaging is an accurate and robust technique
that may successfully fulfill the need for quantitative assessment of myocardial function.
Despite the advantages 2DSE offers compared to TDI (e.g. shorter post-processing time),
current literature suggests that both techniques are of equal or complementary value in the
quantification of myocardial function.
Whether echocardiographic deformation imaging, initially developed for quantification of LV
function, could be reliably used to calculate regional RV longitudinal function is unknown. In
Chapter 4 the feasibility, reproducibility, and comparability of the two commercially
available techniques for deformation analysis (tissue Doppler and speckle tracking) are
evaluated in the right ventricle. Three groups were prospectively analyzed: patients with an
impaired RV function (n=23), endurance athletes (n=22) and healthy controls (n=22). Our
main findings were that TDI calculated higher strain/SR values compared to 2DSE. We
observed a moderately good correlation between TDI and 2DSE derived strain and SR with a
better correlation in the pathologic RV. The feasibility was comparable for TDI and 2DSE in
all three groups. The inter- and intra observer variability were also almost identical for both
techniques.
Part 2. Physiological myocardial adaptation, the athletes’ heart.
In Chapter 5 we investigated the physiological adaptation of the right ventricle (RV) in
response to endurance training and defined reference values for regional deformation in the
RV in endurance athletes. For this we evaluated healthy controls (n=61), athletes (n=58) and
elite athletes (n=63) with conventional echocardiography and deformation analysis (TDI and
2DSE) in the RV. LV and RV dimensions were significantly larger in both athlete groups,
most pronounced in the elite athletes. With respect to RV function, most quantitative
parameters were comparable between the groups, although the RV fractional area change was
lower in elite athletes. Regional deformation and deformation-rates (TDI and 2DSE) were
reduced in the basal RV segment in athletes. This phenomenon was most pronounced in
athletes with RV dilatation and should therefore be interpreted as normal when evaluating
athletes suspected for RV pathology. Based on our data we proposed the lower limits of what
could be considered normal in athletes. Of particular importance are the lower deformation (rate) values in athletes with RV dilatation.
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Whether physiological hypertrophy in endurance athletes is associated with a preserved
regional LV-function, which is not the case in pathological LV hypertrophy, has not been
thoroughly investigated. In Chapter 6 the relationship between regional function and
ventricular remodeling in athletes is examined. In particular, the proposed cut-off values of
abnormal deformation in HCM were tested in the endurance athlete with marked LVH. We
studied 120 endurance athletes and 62 healthy controls. Echocardiographic criteria for LVH
were met in 33 athletes. Athletes with LVH showed comparable deformation values in the LV
to the athletes without LVH and the control group. The only association between morphology
and regional function we observed was a moderate reduction in peak systolic strain with
increasing septal wall thickness. However, the previous proposed cut-off value for abnormal
deformation was not met in any of the individuals. Thus, our data suggests that a moderate
reduction in regional septal deformation should not be considered as pathological, while a
deformation of <|-10.5%| is most likely abnormal when evaluating the endurance athlete with
echocardiographic LVH of unknown origin.
With respect to diastolic function in athletes, there are conflicting reports form studies
showing an improved diastolic function to other small reports showing unchanged function. In
Chapter 7 we evaluated: 1) the effect of endurance training on left and right ventricular
diastolic function and 2) whether the normal aging effect on LV and RV diastolic function is
slowed down by endurance training. A total of 269 healthy individuals were prospectively
enrolled for echocardiographic evaluation. Five groups were defined based on age and athletic
activities: 1) young (18-39 yrs) non athletes (n=62), 2) veteran (≥40 yrs) non athletes (n=33),
3) young regular athletes (9-18 hours/sports/week (h/sp/wk)) (n=58), 4) young elite athletes
(>18h/sp/wk) (n=63) and 5) veteran athletes (≥40 years and ≥9 h/sp/wk) (n=53). In this study
we have shown that the amount of endurance training had no influence on any diastolic
parameter in either ventricle in the young compared to our non-athletic control group.
Furthermore, the biventricular decline in diastolic function observed in healthy, nonathletic
individuals with age was also observed in the aging athletes’ heart.
Whether conventional echocardiographic values of cardiac dimensions can be implemented
on CMR measurements is relatively unknown. This is of importance to know since the intertechnique variability should be minimal when evaluating the same subject using different
imaging modalities. In Chapter 8 we compared CMR and echocardiographic measurements
of ventricular and atrial dimensions and ventricular wall thickness to establish the potential
bias between the two techniques. A secondary goal was to relate the conventional obtained
dimensions to the actual ventricular volumes and wall mass, with CMR as the reference
method. Healthy controls (n=59), athletes (n=59) and elite athletes (n=63) were subjected to
both standard echocardiography as well as a CMR examination where LV and RV dimensions
were measured according to the recommended guidelines for chamber quantification. Overall,
CMR systematically showed higher values of ventricular and atrial dimensions and volumes
compared to echocardiography, while wall thickness and wall mass were smaller. In particular
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the echocardiographic estimations of LV mass and volumes showed a considerable bias,
which questions the accuracy of these formulas. We have provided a correction on these
formulas to facilitate intertechnique comparability. These findings should be taken into
account in the interpretation of CMR findings in athletes in whom cardiomyopathy is
suspected on echocardiography.
Part 3. Pathological myocardial adaptation, ARVD/C
We hypothesized that a regional approach to functional assessment of RV function, by means
of deformation imaging, provides more reliable quantitative parameters to identify ARVD/C
on ultrasound than measures of global function. Therefore, in Chapter 9 we evaluated the
accuracy of deformation imaging (both DTI and 2DSE) to detect regional myocardial
dysfunction in ARVD/C patients and to define the most reliable quantitative
echocardiographic-derived parameter and its cut-off value. For this study, 34 ARVD/C
patients (confirmed by Task Force criteria) and 34 healthy controls were prospectively
enrolled. Conventional echocardiographic parameters and visual assessment was performed.
Parameters of global systolic function were all significantly reduced in our patient population
and RV dimensions were increased. Doppler as well as 2D-strain derived velocity, strain and
strain-rate were calculated in the apical, mid and basal segment of the RV free wall. The
lowest strain value in any of the three analyzed segments of the RV free wall using DTI
showed the best diagnostic properties when using a cut-off value of -18.2% which carried a
sensitivity of 97% and a specificity of 91%. This was significantly better than conventional
measures for functional and structural alterations in the RV; in particular the false positive
findings on subjective analysis were almost completely resolved.
The exact role of deformation imaging in detecting functional abnormalities as an early
manifestation of ARVD/C, however, remained unknown. In Chapter 10 we evaluated the
additional value of tissue deformation imaging within the echocardiographic examination to
detect subclinical right ventricular functional abnormalities in asymptomatic genotyped
carriers of ARVD/C, potentially identifying pre-symptomatic individuals whom are at risk for
ventricular arrhythmias. We studied 14 asymptomatic (not fulfilling diagnostic criteria) first
degree relatives of ARVD/C probands (ARVD/C-r, 38.0±13.2 yrs), all carriers of a
Plakophilin-2 mutation (PKP2). All individuals were age-matched with 4 controls (n=56,
38.2±12.7 years) undergoing the same echocardiographic evaluation (dimensions, global
systolic parameters, visual assessment, and deformation imaging of the RV free wall). We
observed an abnormal deformation in almost 80% of asymptomatic carriers of a PKP2
mutation, while conventional quantitative parameters indicated abnormal function in only
30% with false positive findings in ±15%. The abnormal deformation was almost exclusively
in the basal segment of the lateral RV wall (subtricuspid region). Subjective evaluation of the
echocardiographic examination, conform the current guidelines, resulted in an unexpected
large number of false positive results (almost 30%). These were all resolved using our
proposed evaluation since deformation was normal in all control subjects.
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In ARVD/C, manifestations of left ventricular (LV) involvement are associated with poor
outcome, but often go unrecognized on the conventional echocardiography examination. In
Chapter 11 we investigated the role of echocardiographic deformation imaging in detecting
these abnormalities and to explore the extent of LV dysfunction across a wide spectrum of
ARVD/C severity. 34 ARVD/C patients (ARVD/C-p) according to Task Force criteria (TFC)
≥ 4 points, 14 relatives (either 3 TFC points or ≤3 points plus pathogenic mutation, ARVD/Cr), and 34 healthy controls were enrolled. In a subgroup (n=18) cardiovascular magnetic
resonance (CMR) imaging was performed with late enhancement (LE). Deformation imaging
detected LV involvement in 77% of patients with proven ARVD/C, and even in 50% of genecarriers not fulfilling current diagnostic ARVD/C criteria, showing an excellent agreement to
CMR-LE. Conventional echocardiographic parameters detected only a moderate reduction in
LV function in half of these subjects with abnormal regional deformation. The results from
this study show that regional deformation imaging, in particular TDI, could have additional
value in detecting subtle LV involvement in individuals with proven ARVD/C and in the
genetical predisposed. This is of particular importance since LV-involvement was almost
exclusively seen in symptomatic patients.

GENERAL DISCUSSION
The role for echocardiographic deformation imaging in the non-invasive assessment of
RV function:
Several imaging modalities are currently available to evaluate RV morphology and function,
each characterized by specific strengths and limitations. CMR is an upcoming technique due
to its high spatial resolution and its ability to image the entire RV with respect to its global
shape, function, and even tissue characteristics. Currently, echocardiography is the initial
modality for RV evaluation, while the other modalities are implemented when specific
information is needed. With all these, often complimentary, modalities available to the
clinician, the first question which has to be answered is whether there is any need for
improvement. Studies in both echocardiography as well as cardiac magnetic resonance
(CMR) imaging have indicated that the visual interpretation of regional function is
cumbersome1, 2. In particular, regional wall motion abnormalities are a frequent finding in
healthy individuals free from cardiovascular disease, a finding also repeatedly seen in our
studies. Another important finding from previous studies is that pathological changes in the
LV myocardium are often not seen on visual assessment3. An observation which most likely
also holds true for the RV. Thus, since visual assessment of RV regional function is difficult
in the absence of overt pathology, the quantification of this regional function therefore seems
of particular interest.
With the introduction of both tissue Doppler (TDI)4 derived and speckle tracking (2DSE)5
based assessment of regional function, the echocardiographic examination has gained a
potential important tool for a more reliable interpretation of regional myocardial function.
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This technique provides a means to objectively assess regional myocardial function truly
independent of external forces. It offers information on both the total deformation (and speed
of deformation) and the timing of the changes in deformation within a specific region. In this
thesis we have shown that both TDI and 2DSE seem to be feasible techniques to be
implemented for quantification of regional RV function. The main challenge of such a novel
technique is always that it should improve sensitivity without increasing the number of false
positives as a side effect. Thus, the following steps towards clinical application of this
technique would be: 1) a reliable identification of functional abnormalities in the RV,
preferably better than the current parameters, and 2) to match or, preferably, improve the
specificity of the conventional echocardiographic examination especially in individuals where
findings will most likely be false positive (i.e. athletes’ heart gray-zone).
The additional value of quantification of regional systolic function in the
echocardiographic examination of ARVD/C:
Non-invasive cardiac imaging takes a prominent role in the diagnostic process of ARVD/C.
While cardiac magnetic resonance (CMR) imaging seems to be confined to experienced
centers6, echocardiography is one of the most important non-invasive tools to evaluate both
the structural and functional changes associated with ARVD/C7, due to its low cost,
widespread availability and ease of use. Quantification of global RV function using annular
velocities and displacement provide robust parameters. However, in myocardial disease
resulting in inhomogeneous loss of function, such as ARVD/C, a regional approach to
quantitative analysis could therefore prove to be more sensitive to local changes in myocardial
function. We have shown that echocardiographic deformation imaging (TDI in particular)
shows a high diagnostic accuracy to distinguish between normal RV function and ARVD/C,
even better than other quantitative parameters. These findings should be interpreted with
caution, since imaging modalities are likely to show exceptionally good results in ARVD/C
patients with severe disease. Literature on new imaging parameters (different
echocardiographic techniques8, CMR9, etc) are abundantly available on typical ARVD/C
cases, almost exclusively reporting very encouraging results, but will most likely disappoint
when implemented in the daily routine. In other words, a typical case of ARVD/C on
echocardiography does not require deformation imaging, 3D-echocardiography, or other
advanced imaging techniques; its clinical value would rather be in the majority of cases where
findings are classified as borderline (ab-) normal. The main challenge for non-invasive
imaging in the diagnostic work-up in individuals suspected (or at high risk) for ARVD/C is to
identify presymptomatic individuals (i.e. those who are at risk for SCD)10.
We therefore aimed to evaluate whether deformation imaging would be able to detect early
functional abnormalities in asymptomatic gene carriers. With the implementation of TDI
deformation and our proposed cut-off values (decrease peak systolic strain and/or postsystolic shortening) in the RV free wall we have described a marker which is able to detect
regional functional abnormalities mainly at the subtricuspid region in asymptomatic
genetically characterized ARVD/C relatives. The prognostic implications of the abnormal
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deformation in the RV basal segment in these gene carriers are currently unknown. Given
their genetic background and the fact that this phenomenon was not seen in any of our
controls suggests a causal relationship, but whether these functional abnormalities are an early
marker for arrhythmogenic events remains speculative. Thus, the adjustment of the Task
Force criteria in ARVD/C relatives, as previously suggested11, and the clinical relevance of
our findings remain to be investigated in a prospective long-term follow-up study on clinical
events and other novel markers of this disease12.
Numerous studies have highlighted the clinical relevance of LV involvement in typical
ARVD/C-patients13-15. From a prognostic standpoint, LV-involvement has been shown to be
an independent and often only predictor for the occurrence/recurrence of arrhythmic events
and associated with cardiac death (arrhythmias/heart failure). Conventional echocardiography
is probably unable to detect the subtle LV pathology detected with CMR-LE, since these
abnormalities are often not associated with wall motion abnormalities3. However,
echocardiographic deformation imaging enables objective regional quantification of
myocardial function which closely correlates to CMR-LE with regard to fibrotic segments in
patients with non-ischemic heart disease, and can even detect regional abnormalities prior to
the appearance of CMR-LE16. This is in line with the findings in our study, where
deformation imaging identified twice as many individuals with LV-involvement compared to
the conventional echocardiographic evaluation. Furthermore, when comparing our results to
CMR-LE, the affected region was generally a few segments larger than the area with
gadolinium delayed enhancement. Whether this abnormal deformation is indeed a sign for the
occurrence of myocardial fibrosis or merely the functional impact of fibrosis on adjacent
segments in ARVD/C is unknown. Follow-up examinations by CMR-LE could indicate
whether abnormal deformation could be used as an early marker for myocardial fibrosis.
We correlated the findings of LV-involvement with clinical events in our population and
observed that those with abnormal deformation did worse, in particular, the three individuals
who died during follow-up all showed abnormal deformation in >20% of the LV. Our followup period, however, was too short to perform valid statistics on the added value of
deformation imaging on top of the conventional evaluation to predict clinical outcome. Future
studies regarding the relationship between LV involvement by deformation imaging and
clinical events with prospective follow-up are needed to confirm these observations, and to
evaluate the additional role of deformation imaging in the clinical work up of the individuals
where the conventional echocardiographic examination was normal. Finally, the large
heterogeneity of deformation values in our control group suggests that a single cut-off value
to define “abnormal LV segmental function” could be an oversimplification. Another
approach in ARVD/C patients could be to monitor changes in LV deformation during followup. Larger studies in healthy controls may shed light on the range of normal values within
specific regions of the LV and their change over time. This may improve the detection of the
development of regional abnormalities in ARVD/C patients when functional changes start
deviating from the reference values during follow-up.

214

General discussion

12
Table 1. Summary of the main findings relating to cardiac morphology and function
Group
Control

RV

Morphology

Global function

Deformation

Normal dimensions

Normal systolic/diastolic function

ɛ >|-18%|

Regional WMAs in 30%
LV

Normal dimensions

Normal systolic/diastolic function

ɛ >|-12%|

Regional WMAs in 40%
Athletes

RV

LV

ARVD/C-p

RV

Global dilatation in 50%

Normal / moderately reduced

No RV dilatation ɛ >|-16%|

Symmetrical RV-LV
dilatation

Normal diastolic function

RV dilatation ɛ >|-14%|, no
post-systolic strain

Eccentric LVH in 30%

Normal systolic function

ɛ >|-10.5%| in all
irrespective of LVH

Septal wall <15mm
(<13.5mm on CMR)

Normal diastolic function

Global or regional dilatation

(severely) reduced systolic
function

Preferential RV dilatation

ɛ <|-18%| in any segment
Post-systolic strain

Diastolic dysfunction
LV

Normal dimension

Systolic dysfunction in 40%

Abnormal in 80%, in ± 4
segments

Diastolic dysfunction in 30%
ARVD/C-r

RV

Normal dimensions

Normal / moderately reduced

Abnormal in 80%, in the
basal segment

Normal diastolic function
LV

Normal dimensions

Systolic dysfunction in

Abnormal in 50% in ± 2
segments

Normal diastolic function

The athletes’ heart; turning the “grey-zone” into black and white:
In Chapter 1 we discussed the difficulties on non-invasive imaging when evaluating the
athletes’ heart for cardiac pathology (i.e. hypertrophic cardiomyopathy (HCM) and ARVD/C)
due to the resemblance of these conditions in the absence of pathognomonic characteristics17.
This “overlap” in morphologic characteristics has been referred to as the grey zone, which we
aimed to unravel using deformation imaging. In this thesis we have explored the
morphological changes in the athletes’ heart and correlated these findings to both global and
regional function in both ventricles.
HCM is characterized by myocardial disarray and interstitial fibrosis18 resulting in typical
morphological (asymmetrical hypertrophy) and functional (e.g. diastolic dysfunction, regional
systolic dysfunction, systolic anterior movement of the mitral valve) changes19. The findings
in our study in athletes has shown that asymmetrical hypertrophy is uncommon, as well as a
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septal wall thickness of >15 mm. Therefore, when these findings are encountered in an
athlete, it should not be interpreted for physiological remodeling, and requires further
investigation. With respect to the diastolic function, Doppler parameters for diastolic function
should be normal irrespective of morphologic changes which are a consequence of regular
endurance exercise, such as LVH and RV dilatation. An augmented diastolic function in rest
should not be expected in endurance athletes, since we observed comparable values to nonathletes, even with respect to the deterioration of diastolic function with aging. Finally,
regional deformation by TDI is normal in athletes with myocardial hypertrophy. The previous
proposed cut-off value of -10.5% by Kato et al.20 therefore also applies to athletes,
irrespective of the amount of physiological remodeling.
Right ventricular remodeling is equally apparent in endurance athletes. With respect to the
morphological changes, the RV shows marked dilatation fulfilling previous proposed cut-off
values for ARVD/C in many. Global systolic function is largely preserved, although some
parameters, e.g. RV-FAC are reduced. Regional assessment by deformation imaging showed
a reduction of deformation parameters in the basal RV segment in athletes with marked RV
dilatation, although the absolute differences (and the lower reference values) of the
deformation values were relatively small. Technical factors are likely not responsible for these
differences since two independent techniques showed this reduced regional function. Whether
the observed functional reduction is either physiological or pathological, and thus of clinical
and prognostic relevance, remains speculative and is discussed in detail in Chapter 5.
Importantly, pathological deformation patterns (for example prestretch, moderate to severe
reductions in peak systolic deformation (-rate), and/or marked post-systolic shortening) were
not seen in any of the enrolled athletes. The implication of these findings is that the cut-off
value of -18% to identify ARVD/C should be implemented with care in these individuals.
Thus, only deformation with normal curve-characteristics and very mildly reduced
deformation values in combination with a (relatively) preserved global systolic function can
be considered normal in an athlete population when evident dilatation is present.
One of the remaining issues to be resolved with respect to regional myocardial function in
athletes is the individual variation in response to ageing and changes in training intensity. Our
studies in endurance athletes were cross sectional, while a prospective evaluation should
provide a better insight into the isolated impact of endurance training on RV function since
the variation between individuals was relatively large.
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INTRODUCTIE / ACHTERGROND
Aritmogene rechterventrikeldysplasie/cardiomyopathie (ARVD/C) is een relatief zeldzame
aandoening van het hart, maar een ziekte die wel in een vroeg stadium herkend dient te
worden. Het is een van de belangrijkste oorzaken van de plotse hartdood bij jonge sporters.
Een van de eerste manifestaties van ARVD/C is namelijk een plotseling, potentieel dodelijke,
hartritmestoornis. De oorsprong van deze hartritmestoornissen bevindt zich in het
rechterventrikel. Recent onderzoek toont aan dat ongeveer 40% van alle gevallen een
genetisch defect (mutatie) heeft. Deze mutatie wordt doorgegeven op ongeveer 50% van het
nageslacht, waarvan ¾ ook daadwerkelijk de ziekte zal ontwikkelen. De mutatie ligt in een
gen dat codeert voor een desomsoom-eiwit. In de normale situatie (bij gezonde personen)
zorgen deze eiwitten voor het versterken van het contact tussen de hartspiercellen. Zodoende
laten de hartspiercellen niet van elkaar los bij rek of trek door de hartspiercellen, bijvoorbeeld
bij het beoefenen van duursport. Door de mutaties in ARVD/C zijn deze desmosomen in
mindere aantallen aanwezig of verkeerd in aanleg. Hierdoor is het contact tussen de cellen
onvoldoende en is verbreking (loslating) mogelijk. Indien het contact tussen de hartspiercellen
verbroken raakt zal een ontstekingsproces op gang komen en zullen de betrokken hartcellen
dood
gaan.
De
ruimte
wordt
vervangen
(reparatiemechanisme)
met
littekenweefsel/bindweefsel (fibrose) en vet. Deze combinatie (veranderd cel-cel contact en
bindweefsel in de hartspier) zorgt er uiteindelijk voor dat hartritmestoornissen kunnen
ontstaan (zie figuur 1). Vooral het rechterventrikel is gevoelig voor deze veranderingen
omdat zijn spierwand aanzienlijk dunner is dan de wand van het linkerventrikel. In de
“driehoek van dysplasie” worden de meeste afwijkingen gezien. De diagnostiek van ARVD/C
is relatief eenvoudig indien de ziekte zeer uitgesproken is. Helaas is het vroege stadium,
wanneer deze ziekte zich veelal presenteert, zeer moeilijk te herkennen. De diagnostiek berust
voornamelijk op het beoordelen van de elektrische geleiding in het hart en het opsporen van
structurele en functionele afwijkingen. Een juiste interpretatie van de metingen aan het hart in
het vroege stadium is moeizaam en zorgt voor diagnostische dilemma’s. In de beeldvorming,
verkregen met o.a. echo, moet gezocht worden naar subtiele regionale afwijkingen van de
contractie van de hartspier. Juist deze subtiele veranderingen kunnen ook, onjuist, worden
gezien bij gezonde mensen. Een andere aanwijzingen in de beeldvorming is een vergrootte
hartkamer, een bevinding die bij gezonde sporters ook regelmatig wordt gezien.
Met bovengenoemde ontstaan de volgende diagnostisch dilemma’s bij ARVD/C:
1. Het hart van gezonde mensen, m.n. sporters, kan worden aangezien voor afwijkend;
2. Individuen die daadwerkelijk kans hebben op plotse dood, worden veelal niet op tijd
herkend met de huidige diagnostische middelen.
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Figuur 1. Pathofysiologisch mechanisme ARVD/C en anatomische voorkeurslocaties in het rechterventrikel
Schematische weergave van het rechterventrikel (RV) en atrium (RA) met de drie voorkeurlocaties waarbij vervetting en
fibrose optreedt. Rechts is schematisch weergegeven hoe het contact van de hartspiercellen wordt verstoord door vervetting
en fibrose. In de normale situatie zou er een sterker contact zijn tussen de cellen door meer desmosomen (d).

Een zekere ruimte is er dus voor verbetering in de diagnostiek bij het stellen dan wel
uitsluiten van deze aandoening. De grootste zwakte van de beeldvorming bij echo is
momenteel de subjectieve beoordeling van regionale contracties van het rechterventrikel. Een
objectieve maat, reproduceerbaar en toepasbaar bij een grote groep mensen, zou de
betrouwbaarheid van de echocardiografische evaluatie sterk kunnen verbeteren.

DOEL VAN HET PROEFSCHRIFT
Het doel van dit proefschrift is de klinische waarde vast te stellen van echocardiografische
deformation-imaging voor het objectief beoordelen van de regionale rechter ventrikelfunctie.
Met de klinische waarde wordt bedoeld de toegevoegde waarde van deze techniek bovenop de
conventionele methoden om individuen te identificeren die een verhoogd risico dragen voor
het ontwikkelen van ventriculaire ritmestoornissen.

INHOUD PROEFSCHRIFT
Deel 1. Is er plaats voor deformation imaging in de kliniek?
Momenteel zijn er verschillende beeldvormingstechnieken beschikbaar om een indruk te
krijgen van de rechterventrikel functie en anatomie. Echocardiografie is veelal de eerste keus,
gevolgd door meer geavanceerde technieken zoals CT en MRI. Omdat elke techniek zijn
eigen sterke en zwakke punten heeft wordt in Hoofdstuk 2 een uiteenzetting gegeven van de
momenteel klinisch beschikbare beeldvormingstechnieken, specifiek voor het in beeld
brengen van het rechtventrikel. De normale anatomie, functie, fysiologische aanpassingen en
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de meest voorkomende pathologische aandoeningen van het rechterventrikel worden
besproken, waarbij de nadruk ligt op de nieuwe ontwikkelingen in de beeldvorming. Een
belangrijke bevinding uit deze literatuurstudie was het probleem van het beoordelen van de
regionale functie van de rechterventrikelfunctie. Zowel bij echocardiografie als bij MRI
worden afwijkingen gezien in gezonde mensen, terwijl er bij patiënten juist afwijkingen
worden gemist. De oorzaak hiervan is voor een deel de subjectieve interpretatie van de
onderzoeken en daarnaast de grote variatie in normale functie. Ondanks alle huidige
beeldvormingtechnieken lijkt er dus een diagnostische verbetering mogelijk door de regionale
hartspierfunctie met behulp van de beeldvormende onderzoeken objectief te interpreteren.
Na elektrische activatie van de hartspier vindt er contractie plaats welke als gevolg heeft dat
er druk wordt opgebouwd in de ventrikels. Wanneer de druk hoog genoeg wordt, openen de
hartkleppen en zal een bloedstroming richting de aorta en pulmonaalarterie plaats vinden. In
deze ejectiefase vervormt de hartspier: er vindt een verkorting plaats in de lengterichting en
een binnenwaartse verdikking. Na de ejectiefase keert de hartspier weer terug naar de
oorspronkelijke vorm en lengte. Deformation-imaging is een echocardiografische techniek
waarmee zowel grafisch als in getal uitgedrukt wordt in hoeverre en met welke snelheid de
hartspier vervormt gedurende de gehele cardiale cyclus (zie figuur 2). De berekende waarden
geven een objectieve maat voor de globale en regionale functie, maar ook voor de
contractiliteit. Naast informatie over de hoeveelheid van vervorming geeft deformation
imaging ook nauwkeurige informatie over de timing van de myocardiale verkorting. Zo is
postsystolische verkorting, verkorting optredend na klepsluiting, een fenomeen wat duidt op
pathologie indien het zeer uitgesproken aanwezig is. Om informatie te verkrijgen over
myocardiale deformatie kan gebruik gemaakt worden van twee verschillende
echocardiografische technieken; Doppler-strain (TDI) en 2D-strain (2DSE). De beide
technieken berusten op verschillende principes, maar berekenen uiteindelijk hetzelfde: de
vervorming van de hartspier. Een uitgebreid overzicht van de principes en toepasbaarheid van
deze twee commercieel beschikbare technieken wordt besproken in Hoofdstuk 3. Bij de
deformation imaging kan in het rechterventrikel enkel de longitudinale verkorting tijdens de
contractie worden gemeten. Aangezien dit de belangrijkste vervorming is van de rechter
hartkamer (i.t.t. het linkerventrikel) is dit geen belangrijke beperking. Beide bovenbeschreven
technieken zijn van oorsprong ontwikkeld om toegepast te worden voor metingen in het
linkerventrikel. De toepasbaarheid van deformation imaging in het rechterventrikel was dan
ook onbekend. Deze hartkamer heeft een dunnere wand, is moeilijker in beeld te brengen, en
beweegt heviger wat mogelijk een belangrijke invloed kan hebben op de verkregen beelden en
metingen. In Hoofdstuk 4 laten we zien dat beide technieken betrouwbare metingen geven in
93% van alle segmenten die we wilden beoordelen in gezonde vrijwilligers, sporters, en
patiënten. De variatie die optreedt als de meting opnieuw wordt gedaan (reproduceerbaarheid)
was vergelijkbaar voor beide technieken. Tot slot hebben we de metingen van TDI en 2DSE
met elkaar vergeleken TDI liet iets hogere waarden zien (met andere woorden, er werd een
grotere deformatie berekend), maar tussen beide technieken bestond een goede
overeenstemming, die onafhankelijk was van de vorm en de functie van het rechterventrikel.
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Figuur 2. Voorbeeld van deformatie imaging in het rechterventrikel.
Een opname wordt gemaakt van de vrije wand van het rechterventrikel, waarna in drie segmenten wordt berekend wat de
totale deformatie (verkorting) en snelheid van deformatie is. Deze worden respectievelijk in de linker en rechterfiguur
weergegeven. Zie “Colour Section” pagina 244.

Deel 2. Het sporthart
Het hart van een duursporter past zich aan op de hoge vraag naar zuurstofrijk bloed tijdens het
sporten. Deze aanpassingen vinden in het hele hart plaats, en kenmerkend in de beeldvorming
is de verdikking (hypertrofie) van de hartspier van het linkerventrikel en de toename van het
volume inhoud van het rechterventrikel. Deze aanpassingen lijken soms op bepaalde
hartspierziekten (o.a. ARVD/C) waarbij er een hoog risico is op plotse dood door
hartritmestoornissen, welke vaak ook nog uitgelokt kunnen worden door het fanatiek
beoefenen van sport. Studies hebben ook aangetoond dat sporters een 2,5 maal hogere kans
hebben om plots te overlijden dan niet-sporters. De belangrijkste oorzaken van deze hartdood
is hypertrofische cardiomyopathie (HCM). Bij deze aandoening is de hartspier van het
linkerventrikel verdikt, waarbij de hartspiercellen veelal kriskras door elkaar heen liggen,
verweven met bindweefsel. Deze verandering zorgt voor een verstoring van de elektrische
geleiding door de hartspier, waardoor hartritmestoornissen kunnen ontstaan. Daarnaast zijn de
locaties waar deze verandering is opgetreden, ook aangetast in de regionale functie. Dit kan
nauwkeurig worden aangetoond met deformation imaging. In Hoofdstuk 6 beschrijven we
dat deformation imaging metingen in het linkerventrikel niet worden beïnvloed door de
“gezonde” linkerventrikelhypertrofie bij sporters. Dit betekend dat het afkappunt van
abnormale deformatie tijdens de ejectiefase, zoals door andere is gedefinieerd, ook geldig is
bij sporters, en dat deze waarden onafhankelijk moeten zijn van de dikte van de hartspier, mits
deze verdikking berust op een fysiologische aanpassing.
De tweede oorzaak van acute hartdood bij jonge mensen, en bij sporters in het bijzonder, is
ARVD/C. Het rechterventrikel past zich fysiologisch aan in vorm en functie bij het beoefenen
van duursport, echter er bestaat nog veel onduidelijkheid over deze aanpassing. Doordat deze
fysiologische aanpassing bij veel sporters plaatsvindt en doordat het beoordelen van de
regionale hartspierfunctie zeer moeilijk is, is het onderscheid tussen een sporthart en ARVD/C
in veel gevallen erg moeilijk. In Hoofdstuk 5 beschrijven we in een grote groep amateur en
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professionele duursporters deze veranderingen, onderzocht met echocardiografie. Het hart van
een duursporter kenmerkt zich inderdaad door dilatatie van het rechterventrikel, waarbij de
globale functie (gemeten met conventionele maten) behouden blijft. Tissue deformation
imaging (zowel TDI als 2DSE) liet echter, onverwacht, een lichte vermindering van de
systolische functie zien in de subtricuspidale regio (= instroombaan, zie figuur 1) van het
rechterventrikel in de helft van de duursporters. Juist deze duursporters lieten de meeste
rechterventrikeldilatatie zien. De reden van deze vermindering in functie is speculatief en zou
mogelijk een fysiologische aanpassing zijn danwel een mogelijke uiting van schade door
intensief sporten. De directe consequentie van deze bevinding is dat er bij de
echocardiografische beoordeling van een topsporter, rekening dient gehouden te worden met
een lichte verminderde regionale rechterventrikelfunctie. In hoofdstuk 7 hebben we
onderzocht hoe de vulling van het hart (na de ejectiefase) in de beide ventrikels veranderd
door regelmatig intensief sporten. De invloed van sporten blijkt geen invloed te hebben op de
metingen die een inschatting geven over het vermogen van het hart om zich met bloed te
kunnen vullen (diastolische functie). De verslechtering van de diastolische vulling die typisch
optreed bij veroudering, werd ook gezien bij oudere sporters.
Indien er aanvullend onderzoek gedaan moet worden na het echocardiografische onderzoek,
dan is MRI een beeldvormende techniek die steeds vaker wordt ingezet. Door de hoge
kwaliteit van de beelden is de beeldvorming van MRI veelal nauwkeuriger dan
echocardiografie. In Hoofdstuk 8 hebben we in sporters en niet-sporter onderzocht of de
bevindingen van echocardiografie vergelijkbaar zijn met die van MRI door dezelfde metingen
te verrichten op beide modaliteiten. De belangrijkste bevinding in deze studie is een
systematisch verschil tussen de twee modaliteiten: met de echo wordt een grotere wanddikte
gemeten terwijl de diameter van de compartimenten (ventrikels en atria) weer groter uitvallen
op MRI. De consequenties van deze bevindingen zijn dat de afkappunten om pathologie aan
te tonen niet op elke modaliteit gebruikt kan worden; de wanddikte van het linkerventrikel,
gemeten met MRI, zal bij 11 mm als abnormaal moeten worden beschouwd terwijl dit
>12mm is bij echometingen. Indien een individu beide testen ondergaat dient er rekening
gehouden te worden met deze systematische verschillen.
Deel 3. Aritmogene rechter ventrikeldysplasie / cardiomyopathie
ARVD/C is een progressieve ziekte waarbij voornamelijk het rechterventrikel is aangedaan.
Zoals boven beschreven, zorgt bindweefsel en vervetting in de hartspier voor
ritmestoornissen. Deze verandering in de hartspier, in combinatie met het verlies in
hartspiercellen kan ook leiden tot een verminderde functie. Een van de hypotheses in dit
proefschrift is dat de aangedane gebieden opgespoord kunnen worden met deformation
imaging, want deze techniek kan zeer nauwkeurig de functie van een klein gebied in de
hartspier meten. Momenteel wordt de diagnose gesteld aan de hand van een aantal criteria. Er
wordt onder andere gekeken naar afwijkingen op het elektrocardiogram en naar afwijkingen
op beeldvorming (echocardiografie). De criteria van echocardiografie zijn geschikt om zeer
uitgesproken ARVD/C op te sporen. Echter, onduidelijk is hoe deze criteria geïnterpreteerd
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dienen te worden voor echocardiografie bij alles wat tussen normaal/gezond en zeer
abnormaal in zit. In Hoofdstuk 9 hebben we getest of deformation imaging een bruikbare
toevoeging is in het conventionele echocardiografische onderzoek. Dit hebben we getest in
een groep van 34 ARVD/C patiënten die reeds voldeden aan de huidige diagnostische criteria
waarbij de bevindingen zijn vergeleken met een groep gezonde vrijwilligers. Deformation
imaging (met name TDI) bleek een zeer nauwkeurige techniek te zijn om de regionale
afwijkingen bij dit ziektebeeld op te sporen, beter zelfs dan de huidige parameters voor
echocardiografie. Een zeer belangrijke bevinding was daarnaast dat bij de gezonde individuen
het echocardiogram vaak, onjuist, als afwijkend werd beschouwd terwijl deformation imaging
aangaf dat er geen afwijkingen waren. Er ontstaat dus een hogere betrouwbaarheid in de test
om normaal en abnormaal van elkaar te onderscheiden. Deze bevindingen lijken erop te
wijzen dat het nuttig is om deze techniek toe te voegen in de echocardiografische beoordeling.
Meerdere studies hebben laten zien dat hartritmestoornissen al vroeg in het ziektebeloop
kunnen optreden (vaak zelfs als eerste symptoom), dus nog voor de typische kenmerken
meetbaar zijn op ECG of echocardiografie. Indien deformation imaging een klinisch relevante
toegevoegde zou hebben, dan zou het zeker kunnen zijn bij het identificeren of screenen van
individuen die een verhoogde kans hebben op het ontwikkelen van ARVD/C waarbij de
overige testen (nog) geen afwijkingen laten zien. Om dit te onderzoeken hebben we in
Hoofdstuk 10 de deformation techniek toegepast bij 14 familieleden van ARVD/C patiënten.
Alle 14 familieleden zijn drager van de mutatie en voldeden zelf (nog) niet aan de criteria
voor ARVD/C. Bij 80% van deze mensen liet deformation imaging subtiele afwijkingen zien
in het rechterventrikel terwijl de overige parameters over het algemeen normaal waren.
Tevens hadden de mensen met echocardiografische (onjuiste) abnormale bevindingen uit onze
gezonde controlegroep allemaal een normale deformatie, dit betekend een laag vals-positive
waarde van deze techniek. Deze bevindingen zijn een sterk argument dat deformation imaging
een klinische toepasbaarheid heeft voor het vroeg opsporen van afwijkingen in ARVD/C
mutatiedragers alsook het voorkomen van vals-positieve bevindingen.
In tegenstelling tot wat de naam doet vermoeden, zijn er ook afwijkingen beschreven in het
linkerventrikel bij ARVD/C. Het is belangrijk de linkerventrikel afwijkingen te herkennen
wegens de ongunstige invloed op de prognose. Bij aanwezigheid van afwijkingen is een
hogere frequentie van ritmestoornissen te verwachten, maar ook meer klachten t.g.v. deze
ritmestoornissen, een hoger risico op ontwikkeling van hartfalen, en een grotere kans op
sterfte dan ARVD/C patiënten zonder linkerventrikelbetrokkenheid. Recent onderzoek heeft
laten zien dat deze afwijkingen goed kunnen worden aangetoond door MRI met
contrastinjectie, waarbij het contrastmiddel de afwijkingen in de hartspier zichtbaar maakt.
Een belangrijke observatie bij deze studies was dat linkerventrikelafwijkingen vaak niet
gezien werden zonder contrast. Echocardiografie wordt verricht zonder dit contrast en
daardoor zou het kunnen zijn dat linkerventrikelafwijkingen op echo zullen worden gemist. In
hoofdstuk 11 hebben we zowel conventionele als TDI en 2DSE deformation parameters
gebruikt om de regionale en globale linkerventrikelfunctie te beoordelen. Hierbij hebben we
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ARVD/C patiënten en ARVD/C mutatiedragers vergeleken met een gezonde controlegroep.
Onze bevindingen lieten zien dat in bijna 80% van de ARVD/C patiëntengroep
linkerventrikelafwijkingen gevonden werden met deformation imaging tegenover 40% met
het conventionele onderzoek. Deze bevindingen hadden een uitstekende overeenkomst met de
referentietest, MRI met contrastinjectie. In 50% van de familieleden vonden we met deze
meting afwijking in het linkerventrikel. Bij alle ARVD/C patiënten hebben we eveneens
gekeken naar de klinische incidenten zoals symptomatische hartritmestoornissen, hartfalen en
dood. Deze incidenten werden enkel gezien bij patiënten en familieleden waarbij
linkerventrikelafwijkingen gemeten waren.

Figuur 3. Voorbeeld van abnormale deformatie bij ARVD/C familielid
Bevindingen bij een gezonde drager van een mutatie voor ARVD/C. In het basale segment (gele curve) is er een abnormale
deformatie; namelijk een verkorting na de pulmonaalklepsluiting (PVC), aangegeven tussen de gele pijlen. Zie “Colour
Section” pagina 243.

TOEKOMSTIG ONDERZOEK
Met het gepresenteerde onderzoek hebben we de vragen grotendeels weten te beantwoorden
die aan de basis stonden van dit proefschrift. Er resteren nog wel vraagstukken die onderzocht
dienen te worden om de klinische/prognostische waarde van echocardiografische
kwantificatie van regionale rechterventrikelfunctie op de juiste waarde in te schatten.
Follow-up onderzoek in de gepresenteerde ARVD/C patiënten groep zal aan moeten wijzen
wat de prognostische waarde inhoud bij identificatie van linkerventrikelafwijkingen. Uit de
literatuur blijkt dat ARVD/C patiënten met linkerventrikelafwijkingen, gezien met
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conventionele middelen, een slechtere prognose hebben. Met deformation imaging hebben we
in een grote groep patiënten deze linkerventrikelafwijkingen gevonden die aanvankelijk eerst
waren gemist. We zullen deze groep vervolgen om te onderzoeken of er na een periode van
enkele jaren al dan niet meer symptomen optreden. De bevindingen daaruit kunnen mogelijk
lijden tot een andere behandelding van ARVD/C patiënten met in een vroeg stadium herkende
linkerventrikelafwijkingen.
Follow-up onderzoek zal ook moeten aantonen of de grote groep asymptomatische
mutatiedragers, waarbij deformation imaging subtiele afwijkingen aantoonde in het
rechterventrikel, ook daadwerkelijk de ziekte zullen ontwikkelen en op welke termijn dit zal
gebeuren.
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