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Abstract

OBJECTIVES: Pathophysiology of function tricuspid regurgitation (FTR) is incompletely understood. We set out to comprehensively evalu-
ate geometric and tissue remodelling of the tricuspid valve complex in ovine FTR.

METHODS: Twenty adult sheep underwent left thoracotomy and pulmonary artery banding (PAB) to induce right heart pressure overload
and FTR. After 8 weeks, 17 surviving animals and 10 healthy controls (CTL) underwent sternotomy, echocardiography and implantation of
sonomicrometry crystals on right ventricle and tricuspid valvular apparatus. Haemodynamic and sonomicrometry data were acquired in
all animals after weaning from cardiopulmonary bypass. Leaflet tissue was harvested for pentachrome histologic analysis and biomechan-
ical testing.
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RESULTS: Animal weight was 62 ± 5 and 63 ± 3 kg for CTL and PAB, respectively (P = 0.6). At terminal procedure, systolic pulmonary artery
pressure was 22 ± 3 and 40 ± 7 mmHg for CTL and PAB, respectively (P = 0.0001). The mean TR grade (+0–4) was 0.8 ± 0.4 and 3.2 ± 1.2
(P = 0.0001) for control and banded animals, respectively. Right ventricle volume (126 ± 13 vs 172 ± 34 ml, P = 0.0019), tricuspid annular
area (651 ± 109 vs 865 ± 247 mm2, P = 0.037) and area between papillary muscle tips (162 ± 51 vs 302 ± 75 mm2, P = 0.001) increased sub-
stantially while systolic excursion of anterior leaflet decreased significantly (23.8 ± 6.1� vs 7.4 ± 4.5�, P = 0.001) with banding. Total leaflet
surface area increased from 806 ± 94 to 953 ± 148 mm2 (P = 0.009), and leaflets became thicker and stiffer.

CONCLUSIONS: Detailed analysis of the tricuspid valve complex revealed significant ventricular, annular, subvalvular and leaflet remodel-
ling to be associated with ovine functional tricuspid regurgitation. Durable surgical repair of severe FTR may require a multi-level approach
to the valvular apparatus.
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ABBREVIATIONS

CPB Cardiopulmonary bypass
CTL Control
ED End diastole
ES End systole
FTR Functional tricuspid regurgitation
PAB Pulmonary artery banding
RA Right atrium
RV Right ventricle

INTRODUCTION

The tricuspid valve is often referred to as the ‘forgotten valve’, but a
recent large-scale population study deemed tricuspid regurgitation
a ‘public health crisis’ [1] emphasizing the severe under appreciation
of its incidence and infrequent surgical treatment. Current surgical
therapy of functional TR is centred on reductive ring annuloplasty
of the tricuspid annulus [2], but this strategy has been shown to be
inadequate in the presence of severe TR with high rates of residual
[3] and recurrent [4] insufficiency. The failure of annular reduction to
successfully treat severe functional tricuspid regurgitation (FTR)
emphasizes our incomplete understanding of the pathophysiology
of right ventricular, annular, subvalvular and leaflet alterations in the
evolution of TR. A more comprehensive and integrated evaluation
of the TV complex in the setting of FTR is needed to improve our
understanding of this vexing disease and potentially inform novel
strategies for medical and surgical therapy. With this goal in mind,
we set out to investigate tricuspid valvular complex remodelling
associated with right ventricular failure and FTR induced by pul-
monary artery banding (PAB) in adult sheep.

MATERIALS AND METHODS

Ethics statement

The study protocol was approved by Michigan State University
Institutional Animal Care and Use Committee protocol number
2020-35 approved on 27 July 2020. All animals received humane
care in compliance with the Principles of Laboratory Animal Care
formulated by the National Society for Medical Research.

Surgical preparation

PAB animals (n = 20) underwent both the PAB procedure and the
terminal procedure for the implantation of sonomicrometry

crystals, while control animals (CTL, n = 10) underwent the ter-
minal procedure only.

Pulmonary artery banding

Twenty Dorset healthy adult male sheep (63 ± 3kg) had external
right jugular intravenous catheter placed under local anaesthesia
with 1% lidocaine injected subcutaneously. Animals were then
anaesthetized with propofol (2–5 mg/kg IV), intubated and mechan-
ically ventilated. General anaesthesia was maintained with inhala-
tional isoflurane (1–2.5%) with fentanyl (5–20 lg/kg/min) infused as
additional maintenance anaesthesia. A sterile limited left thoracot-
omy was made through the fourth intercoastal space, and epicardial
echocardiography was performed to assess biventricular function
and tricuspid and mitral valve competence. Tricuspid regurgitation
grading included comprehensive evaluation of colour flow and
continuous-wave Doppler and was categorized by an experienced
echo sonographer as none or trace (0), mild (+1), moderate (+2) or
moderately severe (+3) or severe (+4). The main pulmonary artery
was then encircled with an umbilical tape before its bifurcation.
While monitoring systemic and pulmonary pressures, the umbilical
tape was tightened down with progressive clip approximations to
the brink of haemodynamic stability as described previously [5].
Animals were kept monitored for 8 weeks with intermittent treat-
ment with furosemide for evolving heart failure symptoms.

Terminal study

After completion of the recovery period, 17 surviving animals
were brought back to the operating room and anaesthetized as
outlined above. Ten health control sheep (CTL) also underwent
the terminal procedure. The operative procedure was performed
through a sternotomy, and epicardial echocardiography was
repeated to assess biventricular function and valvular compe-
tence. While on cardiopulmonary bypass and with the heart
beating, 6 (2 mm) sonomicrometry crystals (Sonometrics
Corporation, London, Ontario, Canada) were implanted around
the tricuspid annulus and 13 on the right ventricular epicardium
with additional crystal at the right ventricular apex as shown in
Fig. 1. A 1-mm crystal was placed on the central edge of the
anterior tricuspid leaflet in 6 CTL and 8 PAB animals for the cal-
culation of anterior leaflet tethering distance and angular excur-
sion. Pressure transducers (PA4.5-X6; Konigsberg Instruments,
Inc.) were placed in the right and left ventricle through the apex
and in the right atrium. All animals were studied under open-
chest experimental conditions 30 min after weaning from cardio-
pulmonary bypass.

2 A. Iwasieczko et al. / European Journal of Cardio-Thoracic Surgery



At the conclusion of the experiment, the animals were euthan-
ized by administering sodium pentothal (100 mg/kg IV). The heart
was excised, and tricuspid valve leaflets from all animals were
excised in continuity, photographed and divided for pentachrome
histologic analysis and biomechanical testing. Leaflet area was cal-
culated using custom imaging software and biomechanical testing
was performed using biaxial device with tissue stiffness calculated
as the tangent moduli to the tension–strain curves as described
previously [6]. Excised tricuspid leaflets were formalin fixed for
24–72 h and processed on a Tissue-Tek VIPVR 6 vacuum infiltration
processor and paraffin embedded. Resulting tissue blocks were cut
into 5-mM sections and stained with a modified Russell-Movat
pentachrome stain. Representative micrographs were obtained by
imaging on a Nikon Eclipse Ni microscope utilizing 4� and 10�
objectives. Morphometric data were obtained in ImageJ (v1.53c).
Measurements of cross-sectional thickness were obtained near the
anatomical middle of the leaflet and fibrosa, spongiosa and atrialis
regions were defined by a board-certified pathologist (Stephen
Cohle). Quantification of mucin, collogen, elastin and nuclei were
obtained in ImageJ utilizing macros developed to recognize their
respective pentachrome stains.

Data acquisition

All sonomicrometry data were acquired using a Sonometrics
Digital Ultrasonic Measurement System DS3 (Sonometrics
Corporation) as previously described [7]. All sonomicrometry
recordings were analysed with custom Matlab (Natick, MA) code.
Parameter values were calculated at end systole (ES) and end dia-
stole (ED). ED was defined as the time of the beginning of positive
deflection in ECG voltage (R wave) while ES was determined as the
time of maximum negative dp/dt of left ventricular pressure.

Data analysis

Right ventricular volume was determined using convex hull
method based on epicardial, annular and papillary muscle tip
crystals coordinates at ED (EDV) and ES and included myocardial
volume. Right ventricle (RV) ejection fraction was calculated as
(EDV – ESV)/EDV � 100%. Annular area and perimeter were
determined from 3D coordinates of annular crystals. Anterior
leaflet angle was defined as an angle made with annular plane by
a vector leading from mid anterior annular crystal to anterior
leaflet free edge crystal. Leaflet excursion angle was calculated as
a difference between ED and ES angles. Tenting height was calcu-
lated as orthogonal distance from the annular plane to anterior
leaflet free edge crystal at ES. Areal strain for the basal and mid-
portion of the RV free wall was calculated based on epicardial
crystals as recently described [7].

All the data are presented here as a mean with standard devi-
ation. In addition, measured parameters were compared be-
tween CTL and PAB conditions using a two-tailed t-test for
independent observations with a P-value of <0.05 considered sig-
nificant. As this was our first study with the model of pulmonary
banding, we felt that sufficient power was needed to detect a
20% increase in annular area that has been associated with FTR
in prior studies with a standard deviation of 15%. With the as-
sumption of �30% attrition rate and the power of 0.8, 19 animals
in the experimental group were needed to arrive at 13 survivals
and adequate sample size.

RESULTS

Three PAB animals died during the banding procedure one each
from stroke, pulmonary artery haemorrhage and acute right

Figure 1: Schematic representation of the right ventricle with implanted sonomicrometry crystals around the tricuspid annulus and on the right ventricular epicardium,
papillary muscle tips and central edge of the anterior leaflet. APM: anterior papillary muscle; PPM: posterior papillary muscle; SPM: septal papillary muscle.
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heart failure. The mean animal weight was 62 ± 5 and 63 ± 3 kg
for CTL and PAB, respectively (P = 0.6). Systolic pulmonary artery
pre-band pressure increased from 21 ± 2 to 62 ± 9 mmHg imme-
diately after banding in PAB animals. The mean TR grade (+0–4)
was 0.8 ± 0.4 and 3.2 ± 1.2 (P = 0.0001) for control and banded
animals, respectively, while tricuspid annular diameter increased
from 24.6 ± 2.3 to 31.2 ± 2.4 mm (P = 0.0001). Significant atrial
and ventricular remodelling was observed in PAB animals as
demonstrated in Fig. 2. Right ventricular fractional area change
(57 ± 3 vs 38 ± 7%, P = 0.0001) and tricuspid annular plane systol-
ic excursion (11.0 ± 0.9 vs 7.8 ± 1.3 mm, P = 0.00001) were sig-
nificantly lower in PAB animals. Echocardiographically measured
RV free wall thickness was 4.7 ± 0.5 mm in control and 5.4 ± 0.9
mm in banded animals (P = 0.04). Total weight of excised RV free
wall myocardium was 50 ± 5 and 96 ± 21 g for CTL and PAB, re-
spectively (P = 0.00001). In summary, PAB was associated with
moderately severe TR, RV dysfunction and chamber remodelling
and hypertrophy.

As demonstrated in Table 1, PAB animals had higher heart
rates and right ventricular pressures while left ventricular and
central venous pressures were did not differ from control. Right
ventricular volume, annular area and area between the 3 papil-
lary muscle tip crystals were substantially increased in PAB
animals at ES increasing by 69%, 33% and 86% versus CTL,
respectively. Inter-papillary distance increased between anterior–
posterior and posterior–septal muscles and no apical displace-
ment of papillary muscle tips away from the tricuspid annular
plane was observed. These parameters of ventricular and sub-
valvular remodelling remained greater in banded animals
throughout the cardiac cycle (Fig. 3) while RV free wall strain was
significantly reduced at both basal and midventricular levels
(Fig. 4). The above data reveal that functional TR was associated
with remarkable myocardial dysfunction and RV and right atrium
dilation as well as annular and subvalvular remodelling in our
ovine model of PAB.

Anterior leaflet angular excursion during systole was signifi-
cantly reduced in banded animals (7.4 ± 4.5� vs 23.8 ± 6.1�, P =
0.001; Fig. 5) while tenting height did not change at ES (12.3 ±
4.2 vs 9.0 ± 2.9 mm, P = 0.14). Surface area of all leaflets
increased significantly with PAB with total leaflet area increasing
from 806 ± 94 to 953 ± 148 mm2 (P = 0.009) equating to an 18%
enlargement (Table 2). Leaflet thickness increased in anterior and
septal leaflets driven mainly by increased size of the fibrosa and
the spongiosa layers. Leaflet tissue became stiffer in the circum-
ferential direction in the septal and posterior leaflets with
increasing radial stiffness in the anterior leaflet. Pentachrome
staining (Fig. 6) revealed decreased leaflet cellularity associated
with PAB as well as increased mucin content. Elastin and collagen
content was not different from control.

DISCUSSION

Pathophysiology of FTR remains incompletely understood result-
ing in suboptimal clinical outcomes of isolated ring annuloplasty
in patients with severe valve insufficiency [3, 4]. Results from the
current ovine experiment demonstrate that annular enlargement
is associated with severe functional TR, but subvalvular and leaflet
remodelling are also remarkable and should not be ignored.
These data behove multi-level interventions on the tricuspid
valvular complex in the surgical treatment of severe functional
FTR and may identify novel targets for surgical and potentially
pharmacologic interventions.

The ovine model of pulmonary banding used in the study
resulted in moderately severe FTR, which is consistent with prior
studies [5]. Echocardiographic findings of our study demonstrated
reduced RV function, chamber enlargement and annular dilata-
tion all consistent with experimental observations of other inves-
tigators [8] and clinical reports in patients with functional TR [9].
In the setting of moderate or less insufficiency or isolated annular

Figure 2: Intra-operative images of pulmonary artery banding animals. (A) Ovine heart after 8 weeks of pulmonary banding with remarkable right atrial and right ven-
tricular enlargement. (B) Epicardial echocardiography demonstrating right ventricular and annular dilation as well as impressive right atrial dilation associated with
pulmonary artery banding. (C) Colour Doppler confirming presence of severe functional tricuspid regurgitation. (D) Instrumented heart after weaning from cardiopul-
monary bypass with implanted epicardial sonomicrometry crystals and right and left ventricular pressure transducers.
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dilation of 40 mm regardless of TR, tricuspid annuloplasty pro-
vides durable and reproducible results [10]. However, it is postu-
lated that when annular dilatation is observed with severe
insufficiency, associated ventricular and subvalvular geometric
changes have become very advanced so as to deem isolated an-
nular reduction ineffective [11]. In our banded animals, right ven-
tricular volume increase was almost twice as great as annular
area dilation relative to control animals corroborating this
notion. This form of ventricular remodelling is consistent with el-
liptical RV chamber dilation that has been described echocardio-
graphically in patients with pulmonary hypertension. However,
lack of apical papillary muscle displacement or evidence of leaflet
tethering suggest that features of conical remodelling seem with
atriogenic FTR. The hybrid remodelling demonstrated in our ex-
periment may be due to limited follow-up and differences be-
tween clinical pulmonary hypertension which evolves over years
versus acute increase with pulmonary banding in our model.
Right ventricular dilation has been shown to be associated with
altered subvalvular geometry and leaflet tethering in patients
with severe FTR [12], and our observation of increased papillary
muscle area in PAB animals support these findings. Annular re-
duction alone is unlikely to correct these geometric perturba-
tions, and data from isolated pig hearts induced with severe FTR
have shown that tricuspid annuloplasty reduces but does not
eliminate TR suggesting that subvalvular interventions may be
needed [13]. In vitro studies have demonstrated that isolated pap-
illary muscle displacement can also cause TR [14], and we
observed impressive displacement of papillary muscle tip pos-
ition associated with PAB as illustrated by almost a doubling of
papillary muscle area. These findings support experimental
ex vivo [15] and early clinical [16] attempts at correction of sub-
valvular perturbations through papillary muscle approximation.

Matsumiya et al. [17] approximated anterior and posterior papil-
lary muscle to supplement ring annuloplasty in 7 high-risk
patients with severe TR and found reduced leaflet tethering and
good short-term results. The directionality of papillary approxi-
mation in this small clinical study is consistent with our data as
we observed the largest inter-papillary muscle distance increase
between anterior and posterior papillary muscle tips.

Clinically, the sum of annular, ventricular and subvalvular geo-
metric alterations ultimately leads to leaflet tethering and valvular
insufficiency. Anterior leaflet motion in banded sheep revealed
significantly restricted systolic angular excursion although end-
systolic tethering did not change. However, until recently [18],
leaflet tissue has been considered inert and not an active partici-
pant in the pathophysiology of FTR. In our study, leaflet area
increased significantly with pulmonary banding suggesting active
tissue remodelling. Our previous studies in sheep with FTR
induced by rapid pacing revealed 30% area increase of the anter-
ior leaflet [6] which is in line with approximately a 20% increase
observed in the current study. Although the geometric alterations
in the annulus and subvalvular structures observed herein have
been reported in other experimental and clinical studies, the

Table 1: Haemodynamics and valvular complex geometry

CTL (n = 10) PAB (n = 17) P-Value

HR (bpm) 88 ± 11 107 ± 15 0.007
LVP (mmHg) 98 ± 11 88 ± 17 0.20
RVP (mmHg) 30 ± 7 45 ± 14 0.015
CVP (mmHg) 12 ± 1 12 ± 2 0.55
RV EDV (ml) 126 ± 13 172 ± 34 0.0019
RV ESV (ml) 89 ± 7 149 ± 34 0.001
RV EF (%) 29 ± 6 13 ± 5 0.001
TAA (mm2) 651 ± 109 865 ± 247 0.037
TAP (mm) 92 ± 8 110 ± 18 0.021
PMA (mm2) 162 ± 51 302 ± 75 0.001
Inter-PM distance (mm)

A–P 21.5 ± 4.1 28.8 ± 4.3 0.003
P–S 17.5 ± 4.1 22.8 ± 4.5 0.026
A–S 30.9 ± 5.1 31.6 ± 4.0 0.73

PM–TA plane distance (mm)
A 22.6 ± 6.8 22.2 ± 4.8 0.89
P 18.2 ± 3.7 21.6 ± 4.5 0.095
S 19.4 ± 2.4 19.6 ± 3.4 0.88

RVA–TA plane (mm) 52.7 ± 6.8 55.8 ± 10.8 0.491

Values are represented as mean ± SD.
A: anterior; A–P: anterior–posterior; A–S: anterior–septal; CTL: control; CVP:
central venous pressure; EDV: end diastolic volume; EF: ejection fraction;
ESV: end-systolic volume; HR: heart rate; LVP: left ventricular pressure; P:
posterior; PAB: pulmonary artery banding; PMA: papillary muscle area; P–S:
posterior–septal; RV: right ventricle; RVA: right ventricular apex; RVP: right
ventricular pressure; S: septal; SD: standard deviation; TA: tricuspid annulus;
TAA: tricuspid annular area; TAP: tricuspid annular perimeter.

Figure 3: Group mean and standard deviation for right ventricular volume (top
panel), tricuspid annular area (middle panel) and area between papillary
muscle tips (bottom panel) throughout the cardiac cycle in control (CTL) and
banded (pulmonary artery banding) animals. ED: end diastole; EIVC: end-isovo-
lumic contraction; EIVR: end-isovolumic contraction; ES: end systole.
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alterations in leaflet size and histology are novel and corroborate
echocardiographic findings in patients. Afilalo et al. [18] found
that in patients with pulmonary hypertension, TR severity was
predicted by inadequate increase in tricuspid leaflet area demon-
strating clinical significance of tricuspid leaflet remodelling and
corroborating the current data. Furthermore, attenuated leaflet

enlargement was found to contribute to functional mitral regur-
gitation in sheep [19], while surgical anterior leaflet augmentation
has demonstrated good efficacy in selected patients with leaflet
tethering and severe FTR [20]. Conversely, short leaflet length was
found to be a predictor of residual valve insufficiency after surgi-
cal repair of functional TR with ring annuloplasty [21]. However,
the physiologic stimuli of adaptive leaflet growth and compensa-
tion remain to be defined.

In addition to increased leaflet area, we found that leaflets in
PAB animals became thicker and stiffer consistent with findings
in ovine FTR associated with rapid ventricular pacing [6].
Utsunomiya et al. [21] also found TV leaflet thickness to be a pre-
dictor of residual TR after surgical repair, and mitral leaflets were
reported to be 1.4-fold thicker in sheep with dilated cardiomy-
opathy and mitral regurgitation versus cardiomyopathy alone
[22]. Normal ovine tricuspid leaflets have been found to have
variable microstructure and mechanical properties [23] with layer
specific biomechanics reported in porcine anterior tricuspid leaf-
lets [24]. Tricuspid leaflet response to pulmonary banding was
likewise heterogenous as evidenced by our biomechanical find-
ings although fibrosa and spongiosa layers of all leaflets were the
consistent drivers of leaflet thickening. These alterations may be
mediated by tethering forces as thickening of the spongiosa layer
of mitral leaflets from experimentally induced in vivo stretch of
the valve without associated insufficiency was observed by Dal-
Bianco et al. [25]. It follows that increased mucin content found
in our banded animals may be directly related to spongiosa
hypertrophy and leaflet tethering. However, increased ventricular
pressure may also contribute as ex vivo study of porcine tricuspid

Figure 4: Group mean and standard deviation for right ventricular free wall
areal strain at basal (top panel) and mid-ventricle (bottom panel) throughout
the cardiac cycle in control (CTL) and banded (pulmonary artery banding) ani-
mals. ED: end diastole; EIVC: end-isovolumic contraction; EIVR: end-isovolumic
contraction; ES: end systole.

Figure 5: Group mean and standard deviation of anterior leaflet angle through-
out the cardiac cycle in control (CTL) and banded (pulmonary artery banding)
animals. ED: end diastole; EIVC: end-isovolumic contraction; EIVR: end-isovolu-
mic contraction; ES: end systole.

Table 2: Leaflet characteristics

Control PAB P-Value

Leaflet area (mm2)
Anterior 303 ± 56 363 ± 79 0.046
Posterior 254 ± 47 303 ± 49 0.018
Septal 248 ± 36 287 ± 51 0.041

Leaflet thickness (mM)
Anterior 559 ± 156 736 ± 213 0.052
Posterior 453 ± 128 613 ± 304 0.15
Septal 538 ± 142 868 ± 276 0.002

Atrialis (mM)
Anterior 73 ± 17 71 ± 33 0.83
Posterior 69 ± 31 63 ± 26 0.59
Septal 61 ± 25 86 ± 41 0.16

Fibrosa (mM)
Anterior 160 ± 59 218 ± 71 0.061
Posterior 137 ± 40 207 ± 82 0.029
Septal 163 ± 43 209 ± 43 0.011

Spongiosa (mM)
Anterior 325 ± 104 447 ± 172 0.084
Posterior 246 ± 95 344 ± 246 0.27
Septal 314 ± 115 589 ± 254 0.005

Radial stiffness (N/m)
Anterior 613 ± 270 789 ± 156 0.081
Posterior 598 ± 139 604 ± 152 0.928
Septal 635 ± 293 627 ± 252 0.945

Circumferential stiffness (N/m)
Anterior 1039 ± 263 1192 ± 339 0.295
Posterior 640 ± 110 937 ± 339 0.031
Septal 535 ± 164 797 ± 228 0.013

Values are represented as mean ± SD.
PAB: pulmonary artery banding; SD: standard deviation.
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valves revealed pressure induced changes in the extracellular ma-
trix [26]. Furthermore, the histologic and ultrastructural altera-
tions observed in the leaflet tissue may be a result of TR induced
turbulence and tissue injury with subsequent repair response.
Defining the molecular pathways responsible for leaflet remodel-
ling may offer novel adjunctive therapeutic targets for treatment
of FTR, and innovative studies of post-infarction ovine mitral
valves have shown this to be a possibility as Losartan treatment
was found to modulate fibrotic changes in the valve while main-
taining adaptive growth through inhibition of TGF-B [27]. Such
data are at this time lacking for the tricuspid valve.

The integrated pathophysiology model of FTR described in our
experiment warrants comparison to prior studies investigating
pathophysiology function mitral regurgitation. We found annular
and subvalvular geometric alterations similar to those described

in ovine chronic functional MR [28] and in the clinical literature.
Similarly, we have previously described leaflet remodelling asso-
ciated with FMR in dilated cardiomyopathy [29] further corrobo-
rating current findings on the right side of the heart. Although
leaflet tethering has been shown clinically to be associated with
both FMR and FTR, it is often extrapolated to apical displacement
of papillary muscle tips which we have not observed either in
ovine FTR or FMR although lateral displacement was present.
Clinically, FTR is most frequently a result of left-sided valvular
dysfunction and pulmonary hypertension whereas FMR is associ-
ated with myocardial dysfunction either from coronary artery
disease or cardiomyopathy. Central to both, is the notion of lack
of structural damage to the valve apparatus; yet, our current and
past studies suggest that the ‘normal’ appearing leaflets of func-
tional atrioventricular valve insufficiency may indeed not be so.

Figure 6: Pentachrome staining at 10� magnification of anterior tricuspid valve leaflet from control (top) and pulmonary artery banded (bottom) animal (A). Group
mean and standard deviation for control (CTL) and pulmonary artery banding (pulmonary artery banding) animals of leaflet thickness (B), cellularity (C), elastin con-
tent (D), collagen content (E) and mucin content (F).
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Limitations

The results of our study must be viewed from a perspective of
several important limitations. The chosen model of right ven-
tricular failure and FTR was afterload induced with a pulmonary
band and as such does not reflect clinical reality. However, ex-
perimental afterload-based models may be more reliable to in-
duce FTR as clinical studies have shown that volume overload
even when associated with RV dilation does not lead to signifi-
cant valvular insufficiency [30]. Furthermore, clinical FTR is pre-
dominantly associated with left-sided valve lesions which were
not duplicated in our model. As such, our model of FTR reflects
that which is clinically associated with pulmonary diseases or
chronic pulmonary thromboembolism rather than the FTR that is
seen in surgical practice. To this end, clinical extrapolation of
these experimental results to clinical practice should be made
with great caution. FTR usually develops over years in patients
and the 8-week duration of our experiment represents and accel-
erated course. However, the morphological changes in the tricus-
pid valve apparatus found in our model reflect clinical findings.

CONCLUSION

In conclusion, our model of FTR induced by 8 weeks of PAB was
associated with echocardiographic findings reported in patients
with severe FTR. Our detailed analysis of the tricuspid valve com-
plex revealed significant annular, ventricular and subvalvular and
leaflet remodelling to be associated with severe FTR. These data
add impetus to a more comprehensive approach to surgical re-
pair of FTR beyond reductive ring annuloplasty while further
investigations into the molecular mechanisms of leaflet remodel-
ling may offer pharmacologic targets for early treatment of FTR.
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