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Abstract

OBJECTIVES: Indications for and timing of pulmonary valve replacement (PVR) after tetralogy of Fallot repair are controversial. Among
magnetic resonance imaging indices proposed to time valve replacement, a right ventricular (RV) end-diastolic volume index greater than
160 ml/m2 is often used. Recent evidence suggests that this value may still identify patients with irreversible RV dysfunction, thus hindering
recovery. Our goal was to define, using intraoperative video kinematic evaluation, whether a relationship exists between timing of PVR
and early functional recovery after surgery.

METHODS: Between November 2016 and November 2018, a total of 12 consecutive patients aged 27.1 ± 19.1 years underwent PVR on
average 22.2 ± 13.3 years after tetralogy of Fallot repair. Mean RV end-diastolic volume evident on the magnetic resonance images was
136.9 ± 35.7 ml/m2. Intraoperative cardiac kinematics were assessed by video kinematic evaluation via a high-speed camera acquiring vid-
eos at 200 fps before and after valve replacement.

RESULTS: Patients presenting with RV end-diastolic volume <147 ml/m2 were significantly younger (11.2 ± 5.0 vs 38.4 ± 17.0; P = 0.005)
and had a shorter time interval to valve replacement (11.0 ± 5.2 vs 30.1 ± 11.3; P = 0.03). The entire population showed a moderate correl-
ation among energy expenditure, cardiac fatigue, perimeter of contraction and preoperative RV end-diastolic volume index. Both groups
showed a reduction in all kinematic parameters after PVR, but those with end-diastolic volume >147 ml/m2 showed an unpredictable
outcome.

CONCLUSIONS: Video kinematic evaluation provides insight into intraoperative RV recovery in patients with tetralogy of Fallot under-
going PVR. Accordingly, functional recovery can be expected in patients with preoperative end-diastolic volume <147 ml/m2.

Keywords: Tetralogy of Fallot • Pulmonary valve replacement • Video kinematic evaluation • Magnetic resonance imaging

ABBREVIATIONS

ANOVA Analysis of variance
MRI Magnetic resonance imaging
NYHA New York Heart Association
PR Pulmonary regurgitation
PVR Pulmonary valve replacement
RV Right ventricular
RVEDVi RV end-diastolic volume index
RVEF RV ejection fraction
RVESVi RV end-systolic volume index
ToF Tetralogy of Fallot
Vi.Ki.E Video kinematic evaluation

INTRODUCTION

Indications for and timing of pulmonary valve replacement (PVR)
in repaired tetralogy of Fallot (ToF) are debated due to limitations
in estimating right ventricular (RV) dysfunction and predicting its
recovery [1, 2]. Moreover, clinical outcomes assessed both sub-
jectively and objectively by cardiopulmonary exercise testing
have not been uniformly consistent concerning a beneficial effect
of PVR [2]. Whereas consensus exists on indications for PVR in
symptomatic patients with severe pulmonary regurgitation (PR),
the debate continues on predictive diastolic and systolic indices
of RV functional recovery [1–3]. Among the parameters proposed
in the current guidelines to define the timing of PVR are the RV
end-diastolic volume index (RVEDVi) and the RV end-systolic
volume index (RVESVi) determined from magnetic resonance
imaging (MRI). Accordingly, values above 160 ml/m2 or 80 ml/
m2, respectively, would lead us to recommend PVR in patients
with ToF with at least moderate PR [3]. However, recent studies
suggest that these cut-off values may still preclude a significant
portion of patients from recovering RV function [4–6], suggesting
that the thresholds for PVR should be lowered even further. The
debate stems from the paucity of prospective studies [5] and
from the limitations inherent in retrospective analyses, in which

patients surviving from the pioneering era of ToF repair are
mixed with those from the current era. This situation has stimu-
lated the quest for alternative methods, including experimental
ones, to investigate RV function during PVR [7–9].

Previous pilot work from our group assessed the safety and ef-
ficacy of video kinematic evaluation (Vi.Ki.E.), an original contact-
less experimental technology [10], to define RV functional
changes in patients with ToF before and after PVR [11].

The goal of the present study was to establish whether Vi.Ki.E.
can be used to assess intraoperative RV functional recovery after
surgery, possibly offering prognostic insight into the timing of
PVR in patients with ToF.

PATIENTS AND METHODS

Patients

The study was approved by our institutional review board
(#847CESC Protocol # 13371), and all patients signed an
informed consent form. Between November 2016 and
November 2018, a total of 12 consecutive patients aged
27.1 ± 19.1 years undergoing PVR 22.1 ± 13.2 years after ToF re-
pair were enrolled. Per institutional protocol, all patients under-
going surgical PVR, including the 12 herein, were initially
assessed for transcatheter pulmonary valve implants. When
deemed not suitable for catheter-based intervention, patients
were referred for surgical PVR. The first 6 patients in this series
were the object of a previous pilot study designed to assess the
safety and efficacy of the Vi.Ki.E. technique [11].

The inclusion criteria for the current study were (i) isolated PR
after transannular patch repair of ToF with pulmonary stenosis;
(ii) symptomatic patients with severe PR or asymptomatic
patients with evidence of progressive severe RV dilatation or dys-
function; and (iii) feasibility of PVR normothermic cardiopulmon-
ary bypass on the beating heart. Patients with associated septal
defects, aortic valve or root disease, pulmonary artery branch
stenosis or acquired coronary artery disease were excluded from
this study. The entire population underwent preoperative MRI
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and transthoracic echocardiographic evaluation. The demo-
graphic and MRI variables of the patient population are shown in
Table 1.

Surgical methods

All surgical procedures were performed by 1 surgeon (G.B.L.) via
repeat median sternotomy, using aortic and bicaval cannulation,
under normothermic (36�C) cardiopulmonary bypass on the
beating heart. Video kinematic recordings were focused on the
apical trabecular component of the right ventricle, in line with
previous evidence showing this portion as the one taking most of
the chronic volume overload [12]. The camera and the tripod
were sterilized before being brought into the operating room
and between every recording.

Intraoperative video kinematic evaluation

The video recordings were performed as previously described by
our group [10]. Briefly, Vi.Ki.E. comprises placing a high-speed
camera (Basler acA1300-200um USB 3.0 with the ON
Semiconductor PYTHON 1300 CMOS sensor, Ahrensburg,
Germany, equipped with Edmund Optics 6-mm compact fixed
focal length lens, Barrington, NJ, USA) approximately 0.45 m
above the patient during open-heart surgery to acquire videos of
the beating heart at high temporal and spatial resolution. Four
videos of 5 s each were recorded before and after PVR for each
patient. The pre-PVR time point was at chest opening after free-
ing pericardial adhesions, whereas the post-PVR recording was
performed 30 min after protamine sulfate was administered. In
the post-PVR recording, care was taken to re-establish the same
haemodynamic conditions observed in the pre-PVR recording,
including central venous pressure, systolic arterial blood pressure,
heart rate and ventilator settings. Right after completing the
recordings, the tracking software Video Spot Tracker (Computer
Integrated Systems for Microscopy and Manipulation, UNC,
Chapel Hill, NC, USA) was used to process the videos because it
placed a virtual marker on the epicardium on the first frame of
the video. The virtual marker was positioned and optimized on
the light spots present on the epicardial surface through a kernel
(mathematical function). The frame-by-frame movement of the
marker was recorded as a list of coordinates in x and y (Video 1).

Then, a custom-made algorithm, implemented in MATLABVR and
based on Hamiltonian mechanics, elaborated those coordinates
and provided the following cardiac kinematic parameters:

• Displacement: frame-by-frame estimate of the virtual mark-
er movement. It is used to calculate the instantaneous
movement of the epicardial tissue.

• Perimeter: the sum of all the virtual marker displacements
during the cardiac cycles. It represents the entire movement
of the epicardial tissue during the video recording and is
used as an index of the ventricular compliance.

• Contraction velocity: the frame-by-frame estimation of the
virtual marker velocity during the contraction phase. It esti-
mates the instantaneous velocity of the epicardial tissue dur-
ing the contraction phase.

• Cardiac fatigue: the mean acceleration of the virtual marker
(of unitary mass) over all the cardiac cycles following the
Hamiltonian mechanics. It calculates the epicardial tissue ac-
celeration during the cardiac cycles.

• Energy: the mean kinetic energy of the virtual marker over
all the cardiac cycles following the Hamiltonian mechanics.
It estimates the heart energy expenditure during the video
recording.

In this work, the perimeter of contraction was used instead of
the displacement [10], because it estimates the ventricular com-
pliance, which is clinically more relevant. As in the previous work
[10], these parameters were converted from the pixel unit, the
raw unit derived from the algorithm, to the SI-accepted unit (m).

Statistical analyses

The Pearson correlation was performed to evaluate the correlation
between kinematic parameters and RVEDVi at MRI. After observa-
tion of a relationship between preoperative RVEDVi and intrao-
perative kinematic parameters recorded prior to PVR, the
population was divided into 2 groups based on the RVEDVi

Video 1: Video reproduces the tracking function in a patient with tetralogy of
Fallot, head down. Red circle: virtual marker attached to the light on the epicar-
dium; yellow line: the epicardial trajectory obtained by the marker movement.

Table 1: Demographic and magnetic resonance imaging
variables of patients with tetralogy of Fallot

N = 12 Mean ± SD Median Range

Gender (male/female) 7/5
BSA (m2) 1.6 ± 0.41 1.7 0.73–1.97
Age at PVR (years) 27.1 ± 19.1 20 6–64
ToF to PVR (years) 22.2 ± 13.3 19.5 6–48
RVEDVi (ml/m2) 136.9 ± 35.7 147.5 62.5–183
RVESVi (ml/m2) 74.0 ± 30.1 81 12.5–104
RVEF (%) 50.1 ± 12.0 51 37–79
LVEF (%) 54.3 ± 5.9 54 42–62

BSA: body surface area; LVEF: left ventricular ejection fraction; PVR: pul-
monary valve replacement; RVEDVi: right ventricular end-diastolic volume
index; RVEF: right ventricular ejection fraction; RVESVi: right ventricular
end-systolic volume index; ToF: tetralogy of Fallot.
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threshold of 147 ml/m2, the median value of the parameter
(<147 ml/m2 for group 1 vs >147 ml/m2 for group 2). Therefore,
after checking the normality of the data for each parameter with
the Kolmogorov–Smirnov test, the Wilcoxon matched pairs signed
rank test or a two-way analysis of variance (ANOVA) for repeated
measures with ‘time’ as the within-subject factor (2 levels: pre-PVR
and post-PVR) and ‘group’ as the between-subject factor (2 levels:
group 1 and group 2) was performed. A post hoc analysis was con-
ducted using the Student’s t-test with a Bonferroni correction for
multiple comparisons where necessary. The Wilcoxon matched
pairs signed-rank test or the paired t-test was used only for the
parameters for which the two-way ANOVA for repeated measures
could not be performed. A value of P < 0.05 was considered sig-
nificant. The programme SPSS version 26 (IBM, Armonk, NY, USA)
was used for the statistical analyses and GraphPad v.6 (GraphPad
Software, Inc., La Jolla, CA, USA) was used to display the results.

RESULTS

Clinical outcome

All patients underwent surgical PVR on the beating heart: 5
patients received 23-mm stented bioprostheses; 2 patients,
25 mm; 2 patients, 21 mm; and 3 patients received a pulmonary
homograft (size 27 mm in 2, and 25 mm in 1), respectively. A
brief period of cardioplegic cardiac arrest was necessary to com-
plete a right-sided Maze procedure using cryoablation catheters
in 3 patients with a history of paroxysmal atrial fibrillation. There
were no perioperative complications, except for 1 patient who
experienced reversible subclinical hepatic dysfunction and 1 pa-
tient who required 2 days of inotropic support in the intensive
care unit. Patients were discharged after a mean of 7.2 ± 2.4 days
(5–12 days) of hospitalization, all in regular sinus rhythm.
Transthoracic echocardiography prior to discharge documented
the recovery of normal RV dimensions in 8 patients (67%) and
moderate dilation in 4 (33%). Preserved (>50%) RV ejection frac-
tion (RVEF) was found in 7 (58%) patients, mildly reduced (>40%)
in 4 and severely reduced in 1 patient, who was 64 years old at
PVR and the oldest in this series. Doppler studies showed the ab-
sence of PR in all patients and a mean peak trans-prosthetic pul-
monary valve gradient of 16.5 ± 7.1 mmHg. During a mean
follow-up of 24.6 ± 12.5 months (13–39 months), all patients were
in New York Heart Association (NYHA) functional class I, except
for 1 patient who was in NYHA functional class II. No patient
experienced adverse cardiovascular events, and all were in regu-
lar sinus rhythm, free from oral anticoagulation, except for 1,
who developed complete atrioventricular block 6 months after
PVR and the Maze procedure, requiring a permanent pacemaker
implant. The information from the follow-up echocardiogram
was similar to that from the evaluation prior to discharge, with a
mean peak trans-prosthetic pulmonary valve gradient of
18.5 ± 7.9 mmHg, preserved RVEF in 8 (67%) patients and mildly
reduced RVEF in 3. RV dilation was absent or mild in 11 (92%)
patients, whereas 1 patient in NYHA functional class II main-
tained moderate RV dilation and reduced RVEF.

Intraoperative cardiac kinematics

As previously observed [11], the pre-PVR Vi.Ki.E. parameters that
yield the strongest clinical implications, namely energy and

cardiac fatigue, along with the perimeter, were plotted against
preoperative RVEDVi to investigate the degree of correlation.
Figure 1 shows the correlation coefficient r for energy expend-
iture (r = 0.59), cardiac fatigue (r = 0.62) and the perimeter of con-
traction (r = 0.64) in the whole population. For the 3 kinematic
parameters, a cut-off value of 147 ml/m2 emerged, whereafter
the curve describes an exponential relationship. Plotting of pre-
PVR kinematic parameters against preoperative RVESVi, an index
also recently proposed to guide PVR timing, did not depict a
moderate-to-good correlation (data not shown).

Figure 1: Correlation between video kinematic evaluation parameters and
RVEDVi during pre-PVR in patients with tetralogy of Fallot. (A) Correlation be-
tween the average energy expenditure parameter against RVEDVi at pre-PVR.
(B and C) Same as A but for cardiac fatigue and perimeter of contraction, re-
spectively. Blue: patients with RVEDVi <147 ml/m2; orange: patients with
RVEDVi >147 ml/m2. The dashed line represents the best fitting curve, which is
an exponential with the correlation coefficient (r) displayed. PVR: pulmonary
valve replacement; RVEDVi: right ventricular end-diastolic volume index.
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In Fig. 2A–D, the kinematic parameters of the 12 patients are
displayed. All parameters examined decreased significantly after
PVR. In detail, the maximum contraction velocity (Fig. 2A)
decreased from 486.8 ± 104.2 to 285.4 ± 82.4 mm/s (P = 0.064)
and the energy expenditure (Fig. 2B), from 2.55� 103 ±
7.84� 102 to 9.65� 102 ± 3.03� 102 mm2/s2 (P = 0.016). The
two-way ANOVA for repeated measures yielded a main effect of
both ‘time’ (F[1,10] = 6.810; P = 0.026) and ‘group’ (F[1,10] = 5.635;
P = 0.039) on cardiac fatigue, reflecting a significant difference be-
tween pre-PVR and post-PVR (9900.86 ± 2039.27 vs
5090.30 ± 748.87) and between group 1 and group 2
(4578.30 ± 1877.18 vs 10412.86 ± 1586.51). Similarly, the two-way
ANOVA revealed a main effect of ‘time’ (F[1,10] =13.13; P = 0.005)
on the perimeter, reflecting a significant difference between pre-
PVR and post-PVR (57.84 ± 7.21 vs 35.40 ± 4.64). Post hoc analysis
also revealed that group 2 showed almost significantly higher
pre- (P = 0.057) and post-PVR (P = 0.082) cardiac fatigue com-
pared to group 1. In addition, the average pre-PVR value of per-
imeter was higher (P = 0.05) in group 2 than in group 1. Finally,
within group 2, we observed a significant decrease between pre-
and post-PVR values of both cardiac fatigue (P = 0.009) and per-
imeter (P = 0.002). Therefore, all patients showed prompt recov-
ery, whether partial or complete, of RV functional parameters.

Cardiac kinematics and right ventricular end-
diastolic volume index

The patient population was thus stratified based on the relation-
ship between pre-PVR kinematic parameters and preoperative

RVEDVi, around a threshold value of 147 ml/m2 (Fig. 1).
Thereafter, significant differences emerged, showing that patients
in group 1 were younger (P = 0.005), had a shorter time interval
from ToF repair to PVR (P = 0.03), presented with greater RVESVi
(P = 0.054) and had greater RVEF and left ventricular ejection
fraction, albeit the difference was not significant (Table 2). To in-
vestigate possible differences in intraoperative experimental
results based on timing of PVR (i.e. age at PVR, time interval of
ToF repair and PVR), the kinematic parameters were also com-
pared within the 2 groups for maximum contraction velocity and
energy expenditure because they were not suitable for a two-
way ANOVA comparison (see Statistical analyses). In group 1, a
counterintuitive increasing trend for the maximum contraction
velocity (from 3.20� 102 ± 77.4 to 3.44� 102 ± 189 mm/s)
(Fig. 3A) and a decreasing trend for the energy expenditure (from
1.08� 103 ± 3.78� 102 to 9.65� 102 ± 5.97� 102) (Fig. 3C)
emerged. The maximum contraction velocity result was probably
influenced by 1 patient experiencing reversible atrial tachycardia
after PVR. In group 2, the maximum contraction velocity signifi-
cantly decreased from 6.07� 102 ± 159.8 to 2.43� 102 ±
60.18 mm/s (P = 0.037) (Fig. 3B) and the energy expenditure from
3.65� 103 ± 1.19� 103 to 9.65� 102 ± 3.47� 102 mm2/s2

(P = 0.024) (Fig. 3D).
When comparing the post-PVR kinematics between the 2

groups, we found that only cardiac fatigue was significantly
higher in group 2 (P = 0.001) (data not shown).

Finally, in order to offer prognostic insight about the timing for
PVR, the difference of the recovery between pre- and post-PVR
for the parameters that yield the strongest clinical implication

Figure 2: Kinematic parameters in patients with tetralogy of Fallot before and after PVR. (A) Maximum contraction velocity in patients with tetralogy of Fallot (N = 12)
at both pre-PVR (black) and post-PVR (grey) time points. (B) Same as A but for the energy parameter. (C) Cardiac fatigue for group 1 (blue, N = 5) and group 2 (orange,
N = 7). (D) Same as C but for the perimeter. Data are shown as mean ± SEM. *P < 0.05; **P < 0.01 versus pre-PVR. #P < 0.05 versus group 1. PVR: pulmonary valve
replacement.
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was compared in the 2 groups (Fig. 4A–C). Patients in group 2
showed greater relative recovery compared to those in group 1.
In detail, the energy expenditure decreased by 58% vs 31%, car-
diac fatigue by 45% vs 35% and perimeter of contraction by 41%
vs 25%. However, patients referred later for PVR (group 2)
showed greater variability in postoperative outcomes (Fig. 4).

DISCUSSION

This experimental study shows that intraoperative video kinemat-
ics can describe early RV functional recovery after PVR in patients
with ToF. Furthermore, the current results provide insight into
factors influencing prompt ventricular recovery. Accordingly,

Table 2: Demographic and magnetic resonance imaging variables stratified by right ventricular end-diastolic volume index at pre-
operative assessment

RVEDVi < 145 ml/m2 RVEDVi > 145 ml/m2

Mean ± SD Median Range Mean ± SD Median Range P-
value

BSA (m2) 1.2 ± 0.4 1.3 0.73–1.61 1.8 ± 0.1 1.86 1.64–1.97 0.025
Age at PVR (years) 11.2 ± 5.0 10 6.0–19.0 38.4 ± 17.0 39 20.0–64.0 0.005
ToF to PVR (years) 11.0 ± 5.2 10 6.0–19.0 30.1 ± 11.3 25 18.0–48.0 0.03
RVESVi (ml/m2) 53.0 ± 32.4 48 12.5–102.0 91.5 ± 12.7 94.5 72–104 0.054
RVEF (%) 57.5 ± 13.6 55 42–79 44.0 ± 6.3 43 37–52 0.1
LVEF (%) 56.4 ± 4.5 55 51–62 52.5 ± 6.8 54 42–62 0.18

BSA: body surface area; LVEF: left ventricular ejection fraction; PVR: pulmonary valve replacement; RVEDVi: right ventricular end-diastolic volume index; RVEF:
right ventricular ejection fraction; RVESVi: right ventricular end-systolic volume index; ToF: tetralogy of Fallot.

Figure 3: Maximum contraction velocity and energy in groups 1 and 2 before and after PVR. (A) Maximum contraction velocity in group 1 (blue, N = 5) before and
after PVR (pre- and post-PVR time points, respectively). (B) Same as A but for group 2 (orange, N = 7) at pre- and post-PVR. (C and D) Same as A and B but for the
energy parameter. Data are shown as mean ± SEM. *P < 0.05 versus pre-PVR. PVR: pulmonary valve replacement.
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RVEDVi lower than 147 ml/m2 at preoperative MRI, a surrogate
for earlier timing of PVR in the present work, is associated with
intraoperative RV functional recovery.

Our experience allowed us to corroborate the preliminary ob-
servation from a safety and efficacy study, whereby a correlation
was suggested between preoperative RVEDVi at MRI and the
kinematic parameters of cardiac fatigue and energy expenditure
in patients with preoperative RV volumes lower than those that
are the current ‘proactive’ recommendations for surgery [11]. It is
evident that long-standing RV volume overload due to PR is dir-
ectly correlated with preoperative RV dysfunction, as assessed by
intraoperative video kinematic analysis (Fig. 1). Interestingly, the
correlation with cardiac fatigue, energy expenditure and ven-
tricular compliance presents with a dichotomous behaviour with
a watershed around an RVEDVi of 150 ml/m2.

Our entire patient population showed prompt improvement in
all kinematic parameters after PVR with a significant decrease in
maximum contraction velocity, cardiac fatigue, energy consump-
tion and, indirectly, increase in ventricular compliance (reduction
of perimeter of contraction). These changes may be explained by
the Frank-Starling law, which asserts that a decrease in ventricu-
lar preload is followed by a reduction of the force generated [13],
in line with the reduction of cardiac fatigue and of energy con-
sumption. The acute preload reduction right after PVR leads to a
less stretched ventricle and indirectly improves ventricular com-
pliance, herein measured using the perimeter of contraction.
Finally, the maximum contraction velocity is reduced because of
the force–velocity relationship of the Frank-Starling law, which
states that, after a decrease in preload, cardiac muscle fibres will
have a lower velocity of shortening. The decrease in preload after
PVR not only affects the right ventricle but, indirectly, also the
left ventricle [14]. The interventricular interactions are regulated
by the changes in chamber pressure and volume and anatomically
by the pericardium, interventricular septum and myocardial tracts
linking the ventricles [15]. In the open-chest setting, the interaction
between ventricles is important in determining the position of the
interventricular septum during diastole. Physiologically, the pos-
ition of the septum is determined by the difference in the pres-
sures on both sides. Hence, pathological conditions like ToF
characterized by increased RV end-diastolic pressure and chamber
enlargement determine a septal shift towards the left ventricle,
thereby hampering its mechanical performance. Therefore, any de-
crease in RV end-diastolic pressure after PVR may also lead to an
improvement in the mechanics of the left ventricle.

However, patients presenting with RVEDVi greater than
147 ml/m2 undoubtedly had a distinct behaviour compared with
those with lower RV volume overload. This situation was evi-
denced not only by the worse kinematic performance prior to
PVR, but also by the observation that recovery of baseline kine-
matic functional parameters was not always complete and was,
most notably, less predictable. Considering that the RVEDVi
threshold value clearly separated younger patients with a shorter
time interval between ToF repair and PVR, from our experimental
study, we infer that recovery of the RV functional parameter direct-
ly depends on the timing of the PVR. The present results agree
with prior experimental findings using cardiac catheterization and
MRI, where rapid decline in RV power and efficiency were shown
at cut-off values of 139 ml/m2 RVEDV and 75 ml/m2 RVESVi [8].

Retrospective studies and meta-analyses have been unable to
unravel the issue of benefits and timing of PVR after ToF repair,
possibly due to limitations inherent with study design such as the
heterogeneity of the patient population, overlap of historical and
current patients, variability in operative techniques and outcome
[1, 2, 16]. Although the issue of PVR timing in current clinical
practice depends on a variety of parameters, including symp-
toms, exercise testing, RV and left ventricular function and RV
volumes at MRI, previous clinical studies support the present ex-
perimental analysis. One prospective study has identified thresh-
olds for complete RV remodelling at MRI (RVEDVi < 158 ml/m2;
RVESVi < 82 ml/m2), which closely mirror our findings [5].
Furthermore, a previous observational study reporting on a pa-
tient population comparable to the one herein (relative to age at
PVR, time of original repair and preoperative MRI profile) has
shown how more proactive indications (RVEDVi < 150 ml/m2)
may afford negligible early and late mortality, recovery of RV vol-
umes, improvement in biventricular function and normalization
of VE/VCO2 [4]. Finally, there is more recent evidence supporting

Figure 4: Distribution of percentage changes (D%) in energy, cardiac fatigue
and perimeter for both group 1 and group 2. (A) The percentage changes (D%)
were calculated as the difference between the values of energy at pre-PVR and
post-PVR for both group 1 and group 2. (B and C) same as A but for cardiac fa-
tigue and perimeter. PVR: pulmonary valve replacement.
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the inference that earlier timing of PVR may reduce the risk of
malignant arrhythmias and death after PVR [17, 18].

Limitations

This study has some limitations. The patient cohort size is partly
due to the stringent selection criteria. In addition, 3 patients in
group 2 required a brief period of myocardial ischaemia so we
could perform a right-sided Maze procedure. Although the kine-
matic results in the latter patients did not diverge significantly
from those in patients having a completely beating heart oper-
ation (data not shown), an influence on the experimental results
cannot be ruled out. Furthermore, a limitation of the Vi.Ki.E.
evaluation is the use of a single 2-dimensional camera to record
the 3-dimensional movement of the heart. Therefore, the present
results may represent a simplification of kinematics analysis, al-
beit necessary to derive translational inferences on the impact of
surgery on RV functional properties.

Conversely, the present technique may offer some advantages
over echocardiography and MRI when assessing patients under-
going PVR. Compared with MRI, PVR allows real-time, cost-ef-
fective patient evaluation during the acute phase. Compared with
transoesophageal echocardiography, it is non-invasive, contact-
less and less operator-dependent due to the algorithm-driven
evaluation. Other advantages compared to both techniques are
the higher spatial and temporal resolutions, the image quality
and the RV mechanical quantitative assessment. Future develop-
ments related to the current observations include follow-up MRI
and exercise testing to assess late clinical implications of intrao-
perative findings.

CONCLUSIONS

Vi.Ki.E. is an experimental technique able to describe intraoperative
RV functional changes in patients with ToF undergoing PVR. The
results herein offer further insight into the extent of RV recovery.
Accordingly, prompt recovery can be expected in patients with pre-
operative end-diastolic volume less than 147 ml/m2, suggesting ear-
lier timing of PVR.
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