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Background: Functional tricuspid regurgitation (FTR) commonly arises secondary to conditions affecting the left
heart and is associatedwith right ventricular dysfunction and tricuspid annular dilatation.We set out to establish
an animal model of acute RV failure (RVF) with FTR resembling the clinical features.
Methods: Ten adult sheephadpressure sensors placed in the LV, RV, and right atriumwhile sonomicrometry crystals
were implanted around tricuspid annulus and on the RV. Animalswere studied open-chest to assess for RV function
and FTR after: (1) volume infusion, (2) pulmonary artery constriction, (3) 5min posterior descending artery occlu-
sion, and (4) combination of all interventions. Hemodynamic, echocardiographic, and sonomicrometry data were
collected at baseline and after every intervention. RV dimensions, RV strain, and annular area, perimeter, and size
were calculated from crystal coordinates. The model was validated in six additional sheep studied only before
and after combined interventions.
Results: Neither volume infusion, pulmonary hypertension, nor ischemia were associated with RVF or clinically
significant TR when applied separately but combined resulted in RVF and greater than moderate FTR. In the
validation group, maximal RV volume increased (62 ± 14 vs 70 ± 16 ml, p= 0.006), contractility decreased
(20 ± 6 vs 12 ± 2%, p=0.02), and strain increased. FTR increased from 0.4 ± 0.5 to 2.5 ± 0.8 (p b 0.001) and
annular area from 652± 87mm2 to 739 ± 87mm2 (p=0.005).
Conclusions: The developed ovine model of acute RVF was associated with significant annular and RV enlarge-
ment and FTR. This novel and clinically pertinent research platform offers insight into the acute RVF pathophys-
iology and can be utilized to evaluate treatment interventions.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Right ventricular failure (RVF) is a situationwhen the ventricle is un-
able to adequately pump blood to the lungs and maintain proper left
ventricular at low filling pressures. Its most common cause is left
sided heart failure and pulmonary hypertension [1]. Right ventricular
dysfunction is associated with increased morbidity and mortality in
both the general population and patients undergoing cardiac surgery
tral venous pressure; EDP, end-
HR, heart rate; LV, left ventricle;
rtension; RA, right atrium; RV,
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[2,3]. This clinical condition is often accompanied by significant tricus-
pid regurgitation. Functional (or secondary) tricuspid regurgitation
(FTR) observed in these patients is not related to intrinsic damage of
the valve but is the result of valvular complex remodeling characterized
predominantly by right ventricular and tricuspid annular dilation [4].
The tricuspid valve has often been the “forgotten valve” during the
treatment of left sided valvular lesions, yet the incidence of at least
moderate tricuspid insufficiency in patients undergoing mitral valve
surgery may be as high as 30% [5]. The clinical determinants of FTR in-
clude pulmonary hypertension [6], volume overload [7], and ischemic
wall motion abnormalities leading to papillary muscle displacement
and leaflet tethering [8]. Reduced myocardial contractility surrounding
the tricuspid annulus has also been proposed as an additional mecha-
nism of secondary TR [9]. The results of surgical treatment of FTR are
still not satisfactory with up to 20% of patients having moderate or
greater recurrent TR after repair [5] and re-operative risk being prohib-
itively high in many patients [10].
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Fig. 1. The location of the sonomicrometry crystals implanted on the right ventricle and
around the tricuspid annulus. AL = anterior leaflet, PL = posterior leaflet, SL = septal
leaflet.
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Establishment of a pertinent animal model of right ventricular dys-
function with FTR may facilitate improvement in clinical outcomes by
elucidating the pathophysiology of this challenging entity and spurring
an evolution of novel repair techniques. Contemporary large animal
models of RVF involve pressure or volume overload but rarely consider
the tricuspid valve [11]. Similarly, models of pure tricuspid insufficiency
are centered around direct surgical or percutaneous damage to the val-
vular complex components i.e. the leaflets [12,13], subvalvular appara-
tus [14,15], or tricuspid annulus [16,17]. Mechanical prevention of
leaflet coaptation [18] or induction of non-physiological right ventricle
flow [19] offer alternative strategies to achieve experimental TR. Al-
though the degree of valvular insufficiency achieved in these models
is significant, they are far removed from clinical pathophysiology of
FTR centered around RV dysfunction. A clinically pertinent large animal
model of right ventricle failure (RVF) and functional tricuspid insuffi-
ciency in is yet to be described in the literature.

The aim of the current study was to create and validate a large ani-
mal model of RVF with functional tricuspid regurgitation that reflects
the clinical condition. Together with clinical parameters describing the
changes in the RV and tricuspid annulus, we also sought to assess the
model in terms of RV strains.

2. Methods

All animals received humane care in compliance with the Guide for Care and Use of
Laboratory Animals. The study protocol was approved by our local Institutional Animal
Care and Use Committee.

2.1. Surgical preparation

Sixteen healthy Dorset castrated male sheep had external right jugular intravenous
catheter placed under local anesthesia with 1% lidocaine. Animals were then anesthetized
with propofol (2–5mg/kg IV), intubated, and mechanically ventilated. General anesthesia
was maintained with inhalational isoflurane (1–2.5%). Fentanyl (5–20 μg/kg/min) was in-
fused as additional maintenance anesthesia. An 18 Ga arterial catheter was introduced
through left carotid artery for arterial blood pressure measurements. Animals were fully
heparinized and the right internal jugular artery and right internal jugular vein were ex-
posed and cannulated in preparation for cardiopulmonary bypass (CPB). The operative pro-
cedure was performed through a sternotomy and the heart was exposed in a pericardial
cradle. Pressure transducers (PA4.5-X6; Konigsberg Instruments, Inc., Pasadena, CA, USA)
were placed in the LV and RV through the apex. Additional pressure transducer was placed
in the right atrium (RA). A 24mm pulmonary artery pneumatic occluder (In Vivo Metric,
Healdsburg, CA, USA) was placed around the main pulmonary artery. Caval snares were
placed around the superior and inferior vena cava cannulatedwith amulti-stage venous can-
nula via the right jugular vein. After activated clotting time exceeded 480 s, normothermic
CPB was initiated. On the beating heart and with both cava snared, the right atrium was
opened and six 2mm sonomicrometry crystals (Sonometrics Corporation, London, Ontario,
Canada)were implantedwith 5–0 polyprophylene suture around the tricuspid annulus. One
crystalwas implanted at each commissure and an additional crystal equidistant between the
commissures. Crystal electrodeswere exteriorized through the right atriotomy. Four crystals
were implanted on the right ventricular myocardium along the mid right ventricular free
wall with a fifth crystal at the right ventricular apex (Fig. 1). An ECG electrode was sutured
to the right ventricular freewall. A silastic snarewas placed around the posterior descending
artery (PDA) branch of the circumflex coronary artery close to the atrio-ventricular groove.
After completion of crystal placements, the atriotomy was closed and the animal was
weaned from CPB. Animals were allowed to stabilize for 30min to achieve steady state he-
modynamics prior to simultaneous hemodynamic, sonomicrometric, and echocardiographic
data acquisition. Every animal received 300mg of amiodarone IV and was kept on lidocaine
IV drip (0.03mg/kg/min) to prevent ventricular ectopy during the experimental protocol. All
animals were studied as open-chest preparations.

2.2. Model development

In the first phase of the study, ten animals (56 ± 6 kg) were utilized to individually
test the influence of clinically recognized predictors of RVF and FTR on ovine tricuspid
valve insufficiency in a stepwise approach. Initially, baseline data were gathered and
then (1) 500ml of crystalloid solutionwas given over a period of 2 min, and subsequently,
(2) the pulmonary artery occluder was inflatedwith air to increasemaximal right ventric-
ular pressure by at least 50%. The occluder was then deflated for 5 min and the animal
allowed to achieve steady state hemodynamic. Last, (3) posterior descending artery
(PDA) was occluded for 5 min. Fiveminutes of stabilizationwas permitted between all in-
terventions and data captures to assure steady-state hemodynamics as defined by un-
changing blood pressure and heart rate. Simultaneous, hemodynamic, sonomicrometry
and echocardiographic date were acquired before and after every intervention.
2.3. Model validation

In the second phase of the experiment, based on the information gathered
from the model development series, RVF with FTR was induced in six additional animals
(50± 2 kg) by the combination of all three interventions tested in the first phase: 500ml
of crystalloid solution bolus infusion over 2min followed by the occlusion of PDA and subse-
quent (after 5min ischemia) pulmonary artery constriction to increase maximal RVP to at
least 150% of its pre-occlusion value. The animal was permitted to achieve stable hemody-
namics for fifteen minutes under these combined interventions (volume, ischemia, pulmo-
nary hypertension) prior to data collection. Data were collected at baseline and after the
combined intervention. At the conclusion of the experiments, the animals were euthanized
by administering sodium pentothal (100mg/kg IV). The heart was excised and the proper
placement of annular and ventricular crystals was confirmed.

2.4. Echocardiographic protocol

Epicardial echocardiography was used to acquire all images. It was performed with a
2–4 Mhz transducer connected to a Vivid S6 ultrasound machine (GE Healthcare, USA).
The degree of valvular insufficiency was assessed using American Society of Echocardiog-
raphy criteria. Grading included comprehensive evaluation of color flow and continuous
wave Doppler. TR was graded accordingly and categorized by an experienced cardiologist
(D.L) as noneor trace (0),mild (+1),moderate (+2),moderate to severe (+3) and severe
(+4).

2.5. Sonomicrometric data acquisition and analysis

All sonomicrometry data were acquired using a Sonometrics Digital Ultrasonic Mea-
surement System DS3 (Sonometrics Corporation, London, Ontario, Canada) as previously
described [20]. Data from ten consecutive cardiac cycles during normal sinus rhythm
were averaged for each animal. Data were acquired at 128 Hz with simultaneous LVP,
RVP, CVP and ECG recordings. All sonomicrometry recordings were analyzed in
CardioSOFT Software ver. 3.4.70 (Sonometrics Corporation). Annular area and perimeter
were calculated based on individual 3D crystal positions as previously described [20].
Septo-lateral (S-L) annular dimension was calculated as the distance between crystals
#7 and 11; antero-posterior (A-P) annular dimension as the distance between crystals
#6 and 9 (Fig. 1).

Sonomicrometry derived RV contractionwas calculated as the difference between the
end-diastolic and end-systolic area enclosed by crystals #1–4 ([AED-AES] / AED ∗ 100%). RV
volume was calculated using convex hull method. The RV radius of curvature (RV ROC)
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was calculated based on the least squares approach and fitting a circle to crystals #1–4
[21].

All values were calculated at their maximal andminimal during the cardiac cycle and
at end-systole (ES) and end-diastole (ED). End-diastole was defined as the time of the be-
ginning of positive deflection in ECG voltage (R wave) while end-systole (ES) was deter-
mined as the time of maximum negative dp/dt of left ventricular pressure.

2.6. Ventricular strain analysis

Right ventricular freewall equatorial strainwas calculated based on the 3Dposition of
ventricular crystals (#1–4 as depicted in Fig. 1) using the method previously described
[22,23]. Strain, as a relativemeasure of displacement and thus freewall deformation, is cal-
culated relative to a “reference configuration”. Here, we chose baseline at ED and ES as the
reference configurations for themodel at ED and ES, respectively. Therefore, strain reflects
the deformation of the RV free wall in the model relative to the baseline conditions. Spe-
cifically, Green-Lagrange strain was calculated along the free wall for each animal and
later displayed on a spline representation of the population averaged RV free wall seg-
ment. The global and regional strain patterns of the analyzed mid-level segment of RV
free wall were calculated for the entire circumference (crystals #1–4) and the anterior
(#1–2),middle (#2–3), and posterior (#3–4)wall by averaging them along the respective
regions. Negative or “compressive” strains imply that tissue is compressed, while positive
or “tensile” strains imply that tissue is stretched.

2.7. Statistical analysis

Data are presented as mean± standard deviation unless otherwise stated. The vari-
ables measured in model development series were compared between different individ-
ual interventions (volume, pulmonary hypertension, ischemia, model) with repeated
measures ANOVA or Friedman repeated measures ANOVA on ranks when normality test
failed, and compared to control (Baseline) with Dunnett's post hoc test. In the validation
series, experimental parameters before (Baseline) and after development of RVF with
FTR (Model)were compared using Students' two-tailed t-test for dependent observations.
p value b 0.05 was always considered significant. SigmaPlot 12.5 Softwarewas utilized for
statistical analysis (SYSTAT, San Jose, CA).

3. Results

3.1. Model development

All animals underwent uneventful surgery. The mean CPB time was
85± 12min. No cardiac arrhythmias were observed.

3.1.1. Hemodynamics
Hemodynamic variables before (Baseline) and during every inter-

vention are presented in Table 1. Expected hemodynamic changes
were observed with volume infusion and pulmonary artery constric-
tion, but isolated PDA ischemia did not perturb LVor RVhemodynamics.

3.1.2. Echocardiography
Echocardiographic assessment of biventricular function and size are

presented in Table 1. Reduced RV ejection fraction (EF) and RV frac-
tional area change (FAC) was seen with every intervention. Both RV
and LV EF drop together with right atrial enlargement were observed
when FTR was present. Significant dilation of the tricuspid annulus
and increase in the major right atrial size was observed with PHT and
combined intervention. TR increased significantly with isolated PHT
but this increase did not achieve a clinically meaningful level. The com-
bined intervention led to at least moderate FTR in all animals.

3.2. Model validation

3.2.1. Hemodynamics
Based on the data obtained from themodel development series, in the

validation phase, RVF with functional tricuspid regurgitation was
successfully created by combined intervention of volume infusion, PDA
ischemia and pulmonary hypertension. Induction of RV dysfunction was
associated with an increase in maximal RVP from 23± 7 to 42 ± 8
mmHg (p b 0.001), RV EDP from 9 ± 3 to 14 ± 7 mmHg (p= 0.059)
while maximal LVP (83 ± 7 vs. 75 ± 13mmHg; p= 0.2) and LV EDP
(16±9 vs. 12± 4mmHg; p=0.3) remained unchanged. CVP increased
from 9±3 to 13±5mmHg (p=0.02). FTR increased from 0.4± 0.5 at
baseline to 2.5 ± 0.8 (p b 0.001). All animals remained with stable
hemodynamics and required no inotropic support for the 15-min obser-
vation period after model generation.

3.2.2. Right ventricular geometry and contractility
Systolic and diastolic RV dimensions significantly increased as mea-

sured by sonomicrometry. The antero-posterior RV diameter (between
crystals #1 and #4) enlarged from 84± 3 to 86± 2mm (p=0.02) in
end-diastole and from 74 ± 3 to 78 ± 1 mm (p = 0.04) in end-
systole. Cumulative maximal RV free wall length (the sum of distances
between crystals 1–4) increased in the model at ED from 138 ± 9 to
144 ± 10 mm (p = 0.01) indicative of free wall dilation. The
RV free wall dilated significantly in the anterior (50± 4 vs 51± 5mm,
p= 0.02) and middle part (45 ± 3 vs. 47 ± 4 mm, p = 0.02) with no
change in the posterior segment (44± 7 vs 45± 9mm, p=0.16). The
end-systolic distance from RV apex to tricuspid annular plane
revealed a tendency toward an increase in the model from 44 ± 6 to
46± 5mm(p=0.056). Sonomicrometry derived RV volumes increased
alike from 61± 14ml to 70± 16ml (p=0.02) at ED and from 51± 14
to 62 ± 16ml (p=0.01) at ES. RV contractility dropped from 21± 2.6
to 12 ± 2.3% (p = 0.02). RV free wall radius of curvature increased
from 36.4 ± 2.5 to 38.2 ± 2.6 mm (p=0.005) at ED and from 33.3 ±
2.1 to 35.7± 2.3mm (p=0.006) at ES.

3.2.3. Right ventricular strains
RV free wall showed significant deformation with the development

of myocardial dysfunction. Both systolic and diastolic strain pattern in
themodel revealed greater strain globally and in all individual segments
of the mid RV free wall (Fig. 2).

3.2.4. Tricuspid annular size
Tricuspid annulus enlarged significantly with induction of acute

RVF. Maximal area increased by 14 ± 8% and perimeter by 6 ± 3%
(Table 2). The annular perimeter enlarged uniformly across
all segments. Maximal anterior annular perimeter enlarged
from 28.9 ± 4.5 to 31.1 ± 4.0 mm (p = 0.01) and posterior from
24.7 ± 7.8 to 26.0 ± 7.6 mmHg (p = 0.004) while the septal annu-
lus enlarged from 36.8 ± 4.2 to 38.0 ± 3.7 (p = 0.03).

4. Discussion

The surgical approach toward functional TR has evolved from a con-
servative strategy rooted in the belief that it resolves with successful
treatment of left heart lesions [24], to amore aggressive approach advo-
cated by current guidelines [25]. Despite introduction of different repar-
ative techniques, mild residual FTR is present in N40% of patients
immediately after ring annuloplasty [26] with moderate or greater
FTR observed in 14% [27] to 22% [28] of patients less than one week
post-operatively. Recurrent FTR rates reach approximately 30% beyond
oneyear after surgery [29,30] underscoring our incomplete understand-
ing of the pathophysiology of this complex clinical entity. Large animal
models of valvular pathophysiology provide mechanistic insight
[31,32] and spur surgical innovation that ultimately may lead to im-
proved clinical results [33]. The current study introduces a novel large
animal model of acute FTR that encompasses RV dysfunction, pulmo-
nary hypertension and volume burden as known clinical determinants
of functional tricuspid insufficiency.

Functional TR is predominantly attributed to tricuspid annular dila-
tation secondary to right ventricular chamber dilation, increased pul-
monary or right ventricular pressures, or volume overload. As a
primary mechanistic target, mechanical damage to the annulus [16,17]
through cuts in the annular tissue has been used to create tricuspid re-
gurgitation, but this approach ignores RV remodeling and does not re-
semble any stage of clinical FTR. Surgical damage to leaflets [13],
chords [34] or papillary muscles [14] cannot be treated as a model of
FTR but rather produces regurgitation of organic origin that over time
can induce RV and atrial dilation due to volume overload. RV



Table 1
Hemodynamic and echocardiographic parameters according to intervention.

Parameter (n = 10) Baseline Volume PHT Ischemia Model p

HR (min−1) 90 ± 6 95 ± 14 89 ± 10 88 ± 13 89 ± 12 0.43
LV EDP (mm Hg) 17 ± 10 29 ± 19⁎ 14 ± 7 14 ± 7 12 ± 7 0.02
LV ESP (mm Hg) 91 ± 16 127 ± 22⁎ 92 ± 17 84 ± 21 73 ± 21 b0.001
Max.LVP (mm Hg) 94 ± 16 129 ± 22⁎ 96 ± 15 87 ± 22 81 ± 30⁎ b0.001
RV EDP (mm Hg) 10 ± 6 16 ± 7⁎ 15 ± 4⁎ 10 ± 4 14 ± 5⁎ b0.001
RV ESP (mm Hg) 23 ± 3 33 ± 6⁎ 45 ± 11⁎ 25 ± 7 44 ± 11⁎ b0.001
Max.RVP (mm Hg) 25 ± 3 35 ± 5⁎ 47 ± 10⁎ 27 ± 7 45 ± 12⁎ b0.001
CVP (mm Hg) 9 ± 6 13 ± 7⁎ 12 ± 7⁎ 10 ± 6 15 ± 9⁎ 0.002

Right heart
TR grade 0.3 ± 0.5 0.8 ± 0.6 1.3 ± 0.5⁎ 1.0 ± 0.7 2.4 ± 0.8⁎ b0.001
TV annulus (mm) (dimention 26 ± 4 27 ± 3 28 ± 3⁎ 24 ± 3 27 ± 4⁎ b0.001
RV FAC (%) 40 ± 7 41 ± 7 29 ± 10⁎ 31 ± 12⁎ 26 ± 9⁎ b0.001
RV EF (%) 54 ± 12 35 ± 4⁎ 30 ± 10⁎ 32 ± 10⁎ 24 ± 7⁎ b0.001
RV ESD (cm) 2.0 ± 0.28 2.2 ± 0.34 2.3 ± 0.46 2.1 ± 0.55 2.4 ± 0.56 0.1
RV EDD (cm) 2.7 ± 0.26 2.9 ± 0.24 2.9 ± 0.44 2.6 ± 0.5 3.0 ± 0.6 0.12
RA major (cm) 3.07 ± 0.59 3.71 ± 0.59 ⁎ 3.7 ± 0.50⁎ 3.64 ± 0.66⁎ 3.84 ± 0.57⁎ 0.009
RA minor (cm) 2.86 ± 0.62 3.22 ± 0.39 3.07 ± 0.46 2.98 ± 0.34 2.97 ± 0.33 0.5
RAA (cm2) 7.81 ± 2.58 9.23 ± 3.22 9.41 ± 1.26 8.96 ± 1.38 9.83 ± 1.86 0.12

Left heart
LV EF (%) 55 ± 6 50 ± 6 49 ± 6 45 ± 9⁎ 43 ± 11⁎ 0.01
LV ESD (cm) 2.65 ± 0.28 3.1 ± 0.46⁎ 2.21 ± 0.27⁎ 2.63 ± 0.56 2.61 ± 0.37 b0.001
LV EDD (cm) 3.58 ± 0.56 3.8 ± 0.14 3.07 ± 0.32⁎ 3.20 ± 0.69 3.01 ± 0.30⁎ b0.001

p value from RM ANOVA. CVP= central venous pressure, EDD= end diastolic diameter, EDP= end diastolic pressure, EF= ejection fraction, ESD= end systolic diameter, ESP= left ven-
tricular end systolic pressure, FAC= fractional area change, HR=heart rate, LV= left ventricular, Max=maximal, PHT= pulmonary hypertension, RA= right atrium, RAA= right atrial
area, RV= right ventricular.
⁎ p b 0.05 vs. Baseline by Dunnett's post hoc test.
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remodeling was indeed reported during follow-up recovery in a study
utilizing this approach [13]. However, these models have very limited
applicability to clinical FTR, whereas the model presented in this study
is reliable, easy to reproduce, and incorporates clinically relevant
factors.

Annular enlargement seen with patients with RV dysfunction and
FTR represents the primary repair target for surgical annuloplasty de-
vices. However, similar to functional mitral regurgitation, the pathogen-
esis of FTR is not limited to the annulus but represents a sum of more
complex geometric perturbation. As such, isolated annular reduction
may not be sufficient to provide stable surgical results. According to
Dreyfus and Chan [35], FTR is a result of progressive dysfunction and di-
latation of the RV that in the initial phase results in annular dilatation
subsequently followed by progressive RV dilatation, leaflet tethering,
and ultimately TR. This is in fact what was observed during the develop-
ment of our model. A degree of RV failure was observed with volume
Fig. 2. Right ventricular free wall strain in the model validation group (n = 6). The strain is
A) Quantitative average global and regional free wall strain. Error bars indicate 1SEM. B) Color
infusion, PDA ischemia, and pulmonary hypertension, but only the com-
bined interventions resulted in sufficient acute RV remodeling to trigger
FTR. None of these interventions in isolation induced relevant TR al-
though annular enlargement was noted with volume infusion and PHT.
These observations corroborate the proposed complex pathophysiology
of FTR [35]. We have previously described the effect of acute pulmonary
hypertension on ovine tricuspid valve geometry. Similar to the current
study,we did not observe clinically significant TRwith pressure overload
despite presence of annular enlargement and RVF [20]. Indeed, isolated
annular dilatation of up to 40% may not result in significant TR [4]. We
observed a 14% annular enlargement in our model which without addi-
tional subvalvular dysfunctionwould not be sufficient to acutely perturb
the complex mechanism of TV competence. In the current experiment,
PDA occlusion was utilized to induce acute ischemia and resultant RVF
and papillary muscle displacement as these two related entities have
been shown to contribute to FTR by others [4,36]. Moreover, septal
calculated relative to Baseline condition. *p b 0.05 vs Baseline by means of paired t-test.
maps of average RV free wall strain. Crystal numbers as depicted in Fig. 1.



Table 2
Tricuspid annular size in model validation.

(n = 6) Area (mm2) Perimeter (mm) AP diameter (mm) SL diameter (mm)

Baseline Model Baseline Model Baseline Model Baseline Model

ED 626 ± 102 717 ± 99⁎ 97 ± 7 102 ± 7⁎ 30.1 ± 2.1 31.3 ± 1.6⁎ 25.5 ± 4.4 27.3 ± 3.4⁎

ES 589 ± 95 668 ± 126⁎ 95 ± 7 100 ± 8⁎ 29.8 ± 2.5 30.4 ± 2.1 23.7 ± 3.5 25.6 ± 3.3⁎

Max. 652 ± 87 739 ± 87⁎ 99 ± 6 104 ± 5⁎ 31.3 ± 3.3 32.8 ± 2.4⁎ 26.0 ± 3.8 27.8 ± 2.7⁎

Min. 570 ± 104 649 ± 127⁎ 94 ± 8 99 ± 9⁎ 27.9 ± 2.9 29.0 ± 2.1 23.1 ± 3.8 25.1 ± 3.4⁎

Data calculated based on sonomicrometric crystals (n= 6). AP= anterio-posterior, ED= end-diastole, ES = end-systole, SL= septo-lateral.
⁎ p b 0.05 by paired t-test between Baseline and Model.
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ischemia alters interventricular dependence, which is a recognized path-
ophysiologic mechanism of RV dysfunction and subsequent FTR [37]. As
we observed lower left ventricular diastolic dimensions with combined
interventions, it is feasible that septal shift contributed to the genesis of
TR in our model as similar observations were reported by Vargas Abello
and colleagues in patients with severe TR [38]. These investigators also
found correlation of atrial size and severity of TR. In our model, atrial
size increased in the acute setting supporting these clinical observations.

Prior studies suggested that annular dilatation associated with FTR
was predominant in the annular segments subtended by the RV free
wall [39], but in our model all annular segments enlarged during FTR.
Current findings corroborate pig experiments showing that the septal
segment is a dynamic structure prone to dilation [40]. However, further
studies are needed to describe the geometric and dynamic perturba-
tions in the subvalvular apparatus during FTR.

4.1. Limitations of the study

The results of our studymust be interpreted in the context of impor-
tant limitations. This study did not aim to describe the precise patho-
physiology of RVF with FTR. RV dysfunction and tricuspid annular
dilation were evident, but we did not assess leaflet tethering nor ana-
lyzed in details the changes in subvalvular apparatus. Coronary artery
occlusion was utilized to induce RV failure while clinically acute ische-
mia is not the predominant mechanism responsible for RVF and FTR.
The model represents acute RV dysfunction with functional TR and as
such is adequate for investigating acute interventions for FTR, but fur-
ther refinements are needed for chronic applications.

5. Conclusions

In healthy adult sheep, the combination of volume infusion, pulmo-
nary pressure overload, and posterior descending artery ischemia re-
sulted in right ventricular dysfunction and concomitant significant
acute functional tricuspid regurgitation. This ovine model embodies
right ventricular and tricuspid annular dilation that are representative
of clinical functional TR without induction of surgical or mechanical
damage to the tricuspid valvular complex. The developed model intro-
duces a reproducible, hemodynamically stable large animal platform
to gain better insight into the pathophysiology of right ventricular fail-
ure and evaluate novel surgical and interventional approaches.
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