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Abstract. The objective of this study was quantitate
diastolic dysfunction in the postoperative phase of
tetralogy of Fallot (TOF) and to correlate it with the
type of surgical procedure and clinical parameters.
Fifty consecutive patients (mean age, 5.0 years; mean
weight, 13.5 kg), operated for TOF during the period
November 2004 to May 2005, were prospectively
studied [infundibular resection, 23; infundibular
resection and transannular patch (TAP), 19; right
ventricle fi pulmonary artery conduit, 8). Detailed
echocardiography was done on postoperative days 3
and 9 with a focus on Doppler indices of right ven-
tricular (RV) function, Antegrade late diastolic flow
in the right ventricular outflow tract (RVOT) was
taken as the marker of restrictive RV physiology. The
previous parameters were correlated to the type of
surgery and clinical indices of RV dysfunction. There
was no mortality. Twenty-four patients showed
restrictive RV physiology. This finding correlated
with lower values of E/A ratio (0.98 ± 0.17 vs
1.33 ± 0.49, p < 0.002), tricuspid valve E-wave
deceleration time (86.9 ± 21.7 vs 151.4 ± 152 msec,
p < 0.05), index of myocardial performance
(0.15 ± 0.06 vs 0.26 ± 0.09, p < 0.001), isovolumic
relaxation time (19.4 ± 17 vs 39±30 msec, p <
0.009), and a higher central venous pressure
(15.1 ± 1.5 vs 12.7 ± 1.9, p < 0.001). Restrictive
RV physiology correlated with prolonged intensive
case unit (ICU) stay (5.1 ± 3.7 vs 2.8 ± 2 days, p <
0.015), longer duration of inotropic support
(108.3 ± 56.2 vs 55.5 ± 28.3 hours, p < 0.02), and
higher dosage of diuretics. RV diastolic dysfunction
is demonstrable by Doppler echocardiography in the
first week following surgery for TOF and tends to be
worse with TAP. Restrictive physiology demon-
strated by RVOT pulse Doppler predicts longer
duration of inotropic support, prolonged ICU stay,
and higher dosage of diuretics.

Keywords: Tetralogy of Fallot — Right ventricular
function — Diastolic dysfunction — Doppler echo-
cardiography

The postoperative course is uncomplicated in most
patients after repair of tetralogy of Fallot (TOF).
However, in some patients the postoperative period is
associated with episodes of low cardiac output, raised
filling pressures, prolonged ventilation and inotropic
support and the development of pleural effusions/
ascites [17]. Biventricular systolic function is usually
normal, but data regarding diastolic function are
sparse.

Abnormalities of right ventricular diastolic
function have been demonstrated in a small number
of patients late after repair of right ventricular out-
flow tract obstruction. Pulsed Doppler echocardiog-
raphy demonstrated forward late diastolic flow in the
right ventricular outflow tract, coincident with pre-
mature opening of the pulmonary valve during atrial
systole [12, 19]. Simultaneous catheter pressure
monitoring demonstrated that this flow occurred
when right ventricular end diastolic pressure equaled
or exceeded pulmonary arterial diastolic pressure
[12]. It has been proposed that this antegrade late
diastolic pulmonary arterial flow reflects reduced
right ventricular diastolic compliance, suggesting that
the right ventricle is unfillable and truly ‘‘restrictive’’
at end diastole, acting as a passive conduit between
the right atrium and pulmonary artery during atrial
systole [7].

The increased deceleration rate of early rapid
filling has also been proposed as an index of right
ventricular restrictive physiology [15]. However this
may be difficult to measure in children with rapid
heart rates and poorly defined early rapid filling and
atrial systole phases. A newly defined index of myo-
cardial performance that takes into consideration
both the isovolumetric relaxation and contraction
times can also be taken as a marker of restrictive
ventricular physiology [20, 21]. Lower values of this
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index reflect lower isovolumetric relaxation times
attributable to restrictive physiology.

In this study, we used the presence of antegrade
late diastolic pulmonary arterial flow as demon-
strated by right ventricular outflow tract pulsed
Doppler echocardiography as a marker of severe
restrictive right ventricular physiology. We attempted
to relate this to other abnormalities of right ventric-
ular diastolic function and to clinical indices of right
ventricular diastolic dysfunction.

Materials and Methods

Fifty consecutive patients undergoing repair of tetralogy of Fal-
lotat (TOF) at our institution during the period November 2004
through May 2005 were studied prospectively. The mean age at
operation was 5.0 years (range, 8 months to 19 years) and the mean
weight was 13.5 kg (range, 6.4–40). Right ventricular outflow tract
was reconstructed by infundibular resection and pulmonary valv-
otomy in 23 patients (46%), infundibular resection and transan-
nular patch in 19 patients (38%) and a valved conduit in 8 patients
(16%).

Echocardiographic and Doppler studies

All patients were examined using an S4 or S8 transducer interfaced
with an HP Sonos 5500 system (Phillips). Transthoracic imaging
was performed in the left lateral decubitus position. Two-dimen-
sional echocardiography, including Doppler Color flow imaging,
and pulsed/continuous-wave Doppler studies were performed on
postoperative days 3 and 9 and at 1 month follow-up. Pulsed
Doppler flow across the tricuspid and pulmonary valves was as-
sessed with simultaneous electrocardiogram (ECG) in each patient
without respiratory gating. The size of pulsed Doppler gate was 1.5
mm and the filter was set at 100 Hz for optimal acquisition. The
mean value of each parameter was calculated in three consecutive
cardiac cycles.

In an apical four-chamber view, the tricuspid inflow velocity
profile was recorded with Doppler sample placed at the tip of the
tricuspid valve, Velocities of E and A waves were recorded and
their ratio (E/A) was calculated. E wave deceleration time was
calculated by extending the descending limb of the E wave to the
baseline. The ‘‘a’’ value, the time interval from closure to the
opening of the tricuspid valve, and the ‘‘c’’ value, the time interval
from the peak of R wave (first positive deflection after P wave) of
simultaneously recorded ECG to the tricuspid valve opening, were
measured from the tricuspid valve inflow pulsed Doppler (Fig. 1).

Velocities of the right ventricular outflow tract were recorded
in a parasternal short-axis view with pulsed Doppler sample vol-
ume placed just below the pulmonary valve. The ejection time (‘‘b’’
value) and the time interval from the peak of R wave on the
simultaneous ECG to the end of pulmonary valve flow velocity
signal (‘‘d ’’ value) were measured (Fig. 1) The index of myocardial
performance (IMP) was calculated by the formula; IM-
P = (a ) b)/b. Patients data were compared with the normal
published values [6]. The right ventricular isovolumetric relaxation
time, the time interval between cessation of ventricular ejection and
onset of ventricular filling, was calculated by subtracting the d

value from the c value, The isovolumetric contraction time, the
time interval between cessation of right ventricular filling and the
onset of ventricular ejection, was calculated by using the formula,
isovolumetric contraction time = (a ) b) - isovolumetric relaxa-
tion time, Data were compared to normal published values.

The gradient across the right ventricular outflow tract was
measured by continuous wave Doppler echocardiography,
Gatzoulis criterion for restriction (i.e., the occurrence of positive
forward flow in late diastole concordant with atrial systole) was
noted using pulsed Doppler echocardiography of the right ven-
tricular outflow tract with sampling just below the semilunar valve
[9].

The degree of pulmonary regurgitation (mild, moderate, or
severe) was judged from Doppler color flow imaging of the right
ventricular outflow tract. The width and length of the regurgitant
jet and the velocity and pattern of regurgitant flow in the right
ventricular outflow tract and pulmonary artery were studied in
multiple views. Duration of regurgitation jet less than two-thirds of
the diastole was considered as mild to moderate. Duration of the
regurgitant jet more than two-thirds of the diastole accompanied
by flow reversal in the distal pulmonary artery was considered to
represent severe pulmonary regurgitation [10, 11].

The previous data were correlated with clinical indices of
right ventricular dysfunction [evidence of right heart failure, chest
tube drainage times, duration of inotropes, duration of intesive
Care Unit (ICU) stay, dosage of diuretics, and central filling
pressures].

Statistical Analysis

Group data are expressed as mean ±SD. Student t-tests were used
to compare normally distributed variables. Statistical significance

Fig. 1. Illustration of index of myocardial performance (IMP). ET,
ejection time; ICT, isovolumentric contraction time; IRT, isovol-
umetric relaxation time.
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was inferred at a value of p < 0.05. Multivariate analysis was done
using the logistic regression model.

Results

There was no mortality. Right ventricular restriction
as defined by Gatzoulis’ criterion [9] was present in 24
of 50 patients. Of these 24 patients, 14 had a trans-
annular patch, 7 had infundibular resection and pul-
monary valvotomy with pulmonary arterial patch
with sparing of the annulus, and 3 had a valved con-
duit reconstruction of the right ventricular outflow
tract. The duration of pulmonary regurgitation in the
group with right ventricular restriction was signifi-
cantly less (166.6 ± 79.5 vs 233.3 ± 86.8 msec,
p < 0.05). Right ventrict outflow tract Doppler
characteristics of these patients were shown in
Table 1.

Right ventricular restrictive physiology was cor-
related with other indices of right ventricular diastolic
dysfunction. The results are shown in Table 2. Those
with restrictive physiology had a significantly lower
peak E velocity, a lower E/A ratio, a higher rate of E
wave deceleration (i.e., a lower deceleration time), a
significantly lower index of myocardial performance,
and lower isovolumetric relaxation times.

Hepatic venous Doppler flow pattern in the
nonrestrictive group showed the presence of an an-
tegrade flow during ventricular systole in all patients.
Retrograde flow coincident with atrial systole was not
present in any patient in this group.

All patients with restrictive right ventricular
physiology had retrograde hepatic venous flow coin-
cident with atrial systole (mean velocity 21.59 msec)
Central venous pressures (centimeters of water) were
significantly higher in this group compared to the
nonrestrictive group (15.1 ± 1.5 vs 12.7 ± 1.9,
p < 0.001).

The mean age, weight, aortic cross-clamp time
and cardiopulmonary bypass time were comparable
between the two groups. The mean ICU stay, dura-
tion of inotropes, and diuretic dosages were signifi-
cantly higher in the group with restrictive physiology.
The mean ventilation time and the mean chest tube
drainage time, although statistically not significant,
tended to be longer in those with restrictive right
ventricular physiology (Table 3).

The Doppler and clinical indices of right ven-
tricular dysfunction were correlated with the surgical
subsets (Tables 4 and 5). On multivariate analysis the
use of transannular patch was the only risk factor
predictive of restrictive physiology (Table 6).

Follow-up data at 1 month were available for 14
patients. Of these, 9 belonged to the restrictive group
and all except 1 patient continued to show evidence
of restrictive pattern as well as other Doppler evi-
dence of RV diastolic dysfunction, despite significant
clinical improvement. All of them were in functional
class 1. Restrictive physiology did not appear in any
patient in whom it was not previously present.

Study Limitations

The multiple surgical subsets have reduced the num-
ber of patients in each group and this may have
affected tests of statistical significance. This may be
rectified because the study is ongoing. The number of
patients currently available at follow-up is too small
to draw valid conclusions about late natural history
of RV dysfunction.

Discussion

Early repair has become standard surgical treatment
for patients with TOF [8, 16]. The postoperative
course in a significant number of patients is charac-
terized by low cardiac output, longer requirement of
inotropes, longer ICU stay, and longer chest drainage
times. Also, with younger age at repair, the require-
ment for transannular patch has increased [5].
Assessment of RV diastolic function is important in
these patients, and whether any of the indices of RV
function can predict the postoperative course is a
matter of interest.

Pulsed Doppler echocardiography demonstrated
forward late diastolic flow in the right ventricular

Fig. 2. Tracings show Doppler examination of pulmonary arterial
blood flow demonstrating antegrade flow coincident with atrial
systole (arrow) associated with an increase in (RVP) (0–25 mm Hg).
PCG, phonocardiogram; ECG, electrocardiogram.
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outflow tract coincident with premature opening of
the pulmonary valve during atrial systole [9, 12, 19].
Simultaneous catheter pressure monitoring demon-
strated that this flow occurred when right ventricular
end diastolic pressure equaled or exceeded pulmonary
arterial diastolic pressure [9]. It has been proposed
that this antegrade late diastolic pulmonary arterial
flow reflected reduced right ventricular diastolic
compliance, suggesting that the right ventricle is un-
fillable and truly ‘‘restrictive’’ at end diastole, acting
as a passive conduit between the right atrium and
pulmonary artery during atrial systole [2]. Based on
these findings, Gatzoulis defined the presence of late
diastolic flow in the pulmonary artery Doppler
coincident with atrial systole as the marker of
restrictive RV physiology.

Most patients in this series showed evidence of
RV diastolic dysfunction. Those with restrictive RV
physiology had significantly lower values of peak E
wave velocity, E/A ratio, E wave deceleration times,
isovolumetric relaxation time, and a lower index of
myocardial performance (IMP). These patients also
showed evidence of antegrade flow coincident with
atrial systole on hepatic venous Doppler sampling.

IMP is a newer parameter, that has been vali-
dated as the measure of both systolic and diastolic
functions of the right ventricle and is free from errors
generated by the geometry of the ventricle [7, 20, 21].
Normal published values for this index for children
are 0.32 ± 0.04 [6]. It was initially proposed as a
noninvasive method to assess the combined right
ventricular function in patients with pulmonary
hypertension. A higher than normal IMP in these
patients was indicative of reduced global ventricular
function. In this study, the RV IMP was paradoxi-

cally below the normal range in the majority, espe-
cially in those with restrictive RV physiology. The
reason for this was the significantly shortened iso-
volumetric relaxation time and in, some cases, even a
negative calculated value. This can be explained by
early opening of the pulmonary valve in late or even
middiastole before the actual closure of the tricuspid
valve. This finding was comparable to that of EI
Rahman et al. [7]. This index can serve as additional
evidence in favor of restrictive RV physiology apart
from the Gatzoulis criterion.

There are various theories regarding the mecha-
nism of RV restriction, including inadequate intra-
operative protection (due to its anterior location) [3,
4] and chronic hypoxemia leading to down regulation
of antioxidant defenses and resultant free radical in-
jury [13, 14]. An association between acute RV
restrictive physiology following surgical repair of
TOF and severe iron loading of transferrin and
postoperative oxidative stress was shown by
Chaturvedi et al [1].

It is of clinical interest whether any technical
variable related to surgery is associated with greater
RV dysfunction. On multivariate risk factor analysis,
the use of transannular patch remains the only
independent determinant of restrictive RV physiol-
ogy following surgical repair of TOF, and our finding
is consistent with that by Nogard et al. [17].

Patients with restrictive physiology had longer
requirements for inotropes, higher filling pressures,
and longer ICU stay. The duration of chest drainage
and ventilation times tended to be higher in this
group, although the difference was not statistically
significant. Rathore et al. [18], who studied similar
parameters in postoperative TOF, observed signifi-

Table 1. Right ventricular outflow tract Doppler characteristics

Characteristic Restriction No restriction p

PA diastolic velocity (cm/sec) 29.2 ± 10.5 —
PA systolic velocity (cm/sec) 64.8 ± 23.2 72.3 ± 21.2 NS
PR duration (msec) 166.6 ± 79.5 233.3 ± 86.8 <0.05

NS, not significant; PA, pulmonary artery; PR, pulmonary regurgitation.

Table 2. Comparison of right ventricular diastolic functional indices between those with restrictive physiology and those without it

Characteristic Restriction No restriction p

E wave velocity (cm/sec) 70.98 ± 19.9 96.9 ± 23.4 <0.001
A wave velocity (cm/sec) 71.76 ± 7.9 75.67 ± 14.8 NS
E/A 0.98 ± 0.17 1.33 ± 0.49 <0.01
E wave deceleration time (msec) 86.9 ± 21.7 151.4 ± 152.6 NS
IMP 0.15 ± 0.06 0.26 ± 0.09 <0.001
IRT 19.4 ± 17.7 39 ± 30 <0.05
ICT 25 ± 12.5 28.1 ± 29 NS

IMP, index of myocardial performance; IRT, isovolumetric relaxation time; ICT, isovolumetric contraction time; NS, not significant.
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cantly prolonged chest tube drainage in children with
restrictive RV physiology.

Follow-up data, although available for only a
small number of patients, suggested that Doppler

evidence of restrictive RV physiology persisted in
almost all patients even after their clinical parameters
and functional class improved. This is at variance
with the observation of Cullen et al. [2] of resolution

Table 3. Clinical comparison of patients with and without RV restriction

Parameter Restriction No restriction p

Age (years) 4.4 ± 2.3 5.5 ± 3.1 NS
Weight (kg) 12.3 ± 4.6 14.9 ± 2.9 NS
ACC (min) 69.23 ± 18.96 63.36 ± 17.23 NS
CPB (min) 124.38 ± 34.24 112.89 ± 27.31 NS
Ventilation (hr) 72.5 ± 19 42.2 ± 23 NS
ICU stay (days) 5.1 ± 3.7 2.8 ± 2.0 <0.05
Drain time (hr) 116.5 ± 64.2 60.8 ± 60.1 NS
Inotropes duration (hr) 108.3 ± 56.2 55.5 ± 28.3 <0.05
Diuretics frusemide (mg/kg) 2.89 ± 0.86 1.74 ± 0.64 <0.05
TAP 14 5 <0.05

ACC, aortic cross-clamp; CPB, cardiopulmonary bypass; NS, not significant; TAP, transannular patch.

Table 4. Comparison of right ventricular diastolic functional parameters between surgical groups

Characteristic IR TAP Conduit p

E wave velocity (cm/sec) 91.44 ± 20 77.71 ± 14.49 80.41 ± 30.2 <0.05
A wave velocity (cm/sec) 75.32 ± 20.4 73.21 ± 7.81 70.78 ± 12.48 NS
E/A 1.21 ± 0.47 1.06 ± 0.19 1.13 ± 0.47 <0.05
E wave deceleration time (msec) 148 ± 149.7 85.9 ± 18.4 108.3 ± 82.8 <0.05
IMP 0.24 ± 0.09 0.13 ± 0.05 0.30 ± 0.09 <0.05
IRT 33 ± 29.03 14.7 ± 14.77 46.4 ± 21.16 <0.05
ICT 28.6 ± 25.84 23.4 ± 9.95 26.4 ± 21.35 NS

IR, infundibular resection; TAP, transannular patch; IMP, index of myocardial performance; IRT, isovolumetric relaxation time; ICT,
isovolumetric contraction time; NS, not significant.

Table 5. Clinical comparison of patients in different surgical groups

Parameter IR TAP Conduit p

Age (years) 5.5 ± 4.9 3.9 ± 2.7 6.1 ± 3.6 NS
Weight (kg) 14.3 ± 9.9 9.6 ± 3.8 19.8 ± 11.9 NS
ACC (min) 65.31 ± 17.94 67.39 ± 19.46 75.19 ± 21.23 NS
CPB (min) 114.23 ± 31.23 121.59 ± 33.24 137.12 ± 28.31 NS
Ventilation (hr) 43.7 ± 18 57.8 ± 19 96.9 ± 25 <0.05
ICU stay (days) 2.7 ± 1.8 4.8 ± 3.2 6.8 ± 4.7 <0.05
Drain time (hr) 62.1 ± 60.8 80.2 ± 60.6 203.4 ± 160.1 NS
Inotropes duration (hr) 56.0 ± 54.3 84.4 ± 56.5 169.1 ± 128.3 <0.05
Diuretics frusemide (mg/kg) 1.89 ± 0.78 2.63 ± 0.88 2.88 ± 0.84 <0.05

IR, infundibular resection; TAP, transannular patch; ACC, aortic cross-clamp; CPB, cardiopulmonary bypass; NS, not significant.

Table 6. Results of multivariate analysis using logistic regression

Parameter Odds ratio 95% CI p

TAP 5.10 2.28–81.51 <0.001
Age (<1 year) 2.15 0.67–14.87 NS
Palliative surgery 0.37 0.07–1.98 NS
ACC 1.19 0.24–5.96 NS

TAP, transannular patch; ACC, aortic cross-clamp time; CI, Confidence interval; NS, not significant.
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of restrictive physiology in 13/17 patients at 4-week
follow-up.

In conclusion, right ventricular diastolic dys-
function is present in a significant number of patients
following repair of TOF. The presence of antegrade
late diastolic pulmonary artery flow concomitant
with atrial systole and a lower IMP are markers for
restrictive RV physiology. They tend to predict a
complicated postoperative course with a longer
duration of inotropic support, ventilation time and
ICU stay, higher central filling pressures, prolonged
chest tube drainage, and a higher dose of diuretics.
These patients continue to show a restrictive pattern
at follow-up despite functional improvement.
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