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Background: Early detection of right ventricular (RV) failure is required to improve the management of patients
with congenital heart diseases. The aim of this study was to validate echocardiography for the early detection
of overloaded RV dysfunction, compared with hemodynamic and myocyte contractility assessment.

Methods: Using a porcine model reproducing repaired tetralogy of Fallot, RV function was evaluated over
4 months using standard echocardiography and speckle-tracking compared with hemodynamic parameters
(conductance catheter). Sarcomere shortening and calcium transients were recorded in RV isolated myo-
cytes. Contractile reserve (DEmax) was assessed by b-adrenergic stimulation in vivo (dobutamine 5 mg/kg)
and ex vivo (isoproterenol 100 nM).

Results: Six operated animals were compared with four age- and sex-matched controls. In the operated
group, hemodynamic RV efficient ejection fraction was significantly decreased (29.7% [26.2%–34%] vs
42.9% [40.7%–48.6%], P < .01), and inotropic responses to dobutamine were attenuated (DEmax was 51%
vs 193%, P < .05). Echocardiographic measurements of fraction of area change, tricuspid annular plane sys-
tolic excursion, tricuspid annular peak systolic velocity (S0) and RV free wall longitudinal systolic strain and
strain rate were significantly decreased. Strain rate, S0, and tricuspid annular plane systolic excursion were
correlated with DEmax (r = 0.75, r = 0.78, and r = 0.65, respectively, P < .05). These alterations were associated
in RV isolated myocytes with the decrease of sarcomere shortening in response to isoproterenol and pertur-
bations of calcium homeostasis assessed by the increase of spontaneous calcium waves.

Conclusions: In this porcine model, both standard and strain echocardiographic parameters detected early
impairments of RV function and cardiac reserve, which were associated with cardiomyocyte excitation-
contraction coupling alterations. (J Am Soc Echocardiogr 2017;-:---.)
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Right ventricular (RV) performance is a major factor in the long-term
survival of patients with congenital heart diseases. A reliable noninva-
sive technique for RV evaluation is essential in managing these pa-
tients. Among congenital heart diseases that result in long-term RV

dysfunction, repaired tetralogy of Fallot (TOF) is one of the most
frequent. Although cardiac magnetic resonance imaging (CMR) pro-
vides a good estimation of RV volumes and geometry, CMR could
not accurately assess clinical status impairment in adult patients
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with TOF repair.1 These observa-
tions highlighted the need for
more sensitive parameters to
detect an early decrease in RV
performance to initiate treat-
ments that can affect the progres-
sion of RV dysfunction and
prevent the development of de-
compensated RV failure.

In clinical practice, echocardi-
ography is the modality of choice
for RVassessment and screening.
Developments in echocardio-
graphic techniques with speckle-
tracking imaging that assesses
strain and strain rate may poten-
tially provide a more sensitive
detection of RV dysfunction.2

Although speckle-tracking has
demonstrated its clinical utility
for the assessment of left ventric-
ular (LV) dysfunction at an early
stage,3,4 the accuracy for RV
evaluation in pathologic conditions
remains questionable. Considering
the characteristics of the right
ventricle in terms of geometry
and mode of contraction,
speckle-tracking measurements

cannot be achieved with the same level of confidence for the right
ventricle as for the left ventricle. The complexity of RV morphology,
including geometry and numerous trabeculations, makes it chal-
lenging to accurately define endocardial borders for the application
of the speckle-tracking algorithm. In recent clinical studies, patients
with repaired TOF had decreased RVmyocardial deformation, which
seemed to be independently associated with CMR-derived RV ejec-
tion fraction.5-7 These authors have defined thresholds of
longitudinal strain for predicting low RV ejection fraction in
pediatric and adult populations with TOF repair.6,7 Furthermore,
speckle-tracking may be helpful to identify the optimal timing for pul-
monary valve replacement in patients with TOF repair, which should
be performed early to increase the likelihood of complete recovery.8

To date, speckle-derived parameters assessing RV systolic function
have not been validated using the conductance catheter. The conduc-
tance technique is the gold-standard method for the evaluation of RV
myocardial contractility and function. This was previously demon-
strated in experimental models of RV chronic volume and pressure
overload9,10 and for patients with TOF repair.11

To establish correlations between speckle-tracking echocardiog-
raphy and hemodynamic parameters, an animal model of RV
dysfunction is required. Our group validated a porcine model of
repaired TOF that presented with early RV dysfunction by chronic
combined overload.12 We used this model to evaluate the accuracy
of echocardiographic standard and strain parameters in the detec-
tion of early alterations of RV myocardial performance.13,14

Because echocardiographic evaluation of RV function is
influenced by load conditions, we investigated functional
(myocyte contractility and calcium homeostasis) changes at the
cardiomyocyte level to support the validity of these
echocardiographic parameters to detect myocardial alteration at
a subclinical stage.

The objective of this study was to validate echocardiographic
standard and strain parameters against hemodynamic and cellular
contractility changes for detection of early overloaded RV
dysfunction.

METHODS

Experimental Design

A surgical procedure mimicking repaired TOF was performed on
six Landrace piglets (operated group) that were between 50 and
67 days of age. Six age-matched animals were used as controls (con-
trol group). Control animals did not undergo sham surgery. All ani-
mals were male to avoid bias related to hormonal variations.
Echocardiographic and hemodynamic assessment of RV function
were performed at baseline just before the surgical procedure and
4 months later. Clinical status was evaluated daily during the study.
After completing the 4-month follow-up period, animals were
euthanatized for a cellular study on isolated RV myocytes. All exper-
iments were carried out according to the European Community guid-
ing principles on the care and use of animals (2010/63/UE,
September 22, 2010), the local ethics committee (CEEA26
CAPSud) guidelines, and French decree 2013-118 on the protection
of animals used for scientific purposes (JORF 0032, February 7,
2013, p. 2199, text no. 24). Authorization to perform animal experi-
ments according to this decree was obtained from Minist�ere Français
de l’Agriculture, de l’Agroalimentaire et de la Forêt (agreement
B92-019-01).

Experimental Model of Combined RV Overload

As previously described by our group,12 after premedication with
ketamine hydrochloride (15 mg/kg intramuscularly), general anes-
thesia was induced with propofol 1% and cisatracurium (0.3 mg/
kg every 2 hours), allowing endotracheal intubation, which was
maintained with isoflurane in 100% oxygen (Servo 900; Siemens-
Elema, Solna, Sweden). Through a left thoracotomy approach, a
side-biting vascular clamp was longitudinally placed across the pul-
monary valve annulus without obstruction of the RV outflow tract.
A pulmonary valve leaflet was excised and the pulmonary infundib-
ulum, annulus, and trunk were enlarged by a 2-cm-long, elliptically
shaped polytetrafluoroethylene patch to ensure the loss of valve
integrity. This chronic pulmonary valve regurgitation led to RV vol-
ume overload. Branch pulmonary arterial obstruction is not uncom-
mon after surgical correction of TOF related to native hypoplasia or
surgical complications and is known to increase pulmonary valve
regurgitation.15 In our model, RV pressure overload was achieved
by pulmonary artery banding, made of umbilical tape, placed
around the artery truncus and secured for a final diameter of approx-
imately 1 cm to ensure progressive pulmonary stenosis with animal
maturation.

Echocardiographic Analysis

Echocardiography was performed on closed-chest animals under
general anesthesia in the dorsal decubitus position. We used a
commercially available Vivid E9 ultrasound machine (GE Medical
Systems, Milwaukee, WI) equipped with a 2.5-MHz transducer.
The values of all echocardiographic parameters were obtained as
the average value of three consecutive cardiac cycles during transient
apnea and were analyzed on a comprehensive workstation
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