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Abstract

Following reparative surgery for tetralogy of Fallot or critical pulmonary stenosis (PS), patients frequently present with 
severe right ventricular (RV) volume overload due to pulmonary regurgitation, resulting in decreased RV function. 
Surgical pulmonary valve replacement (PVR) is known to improve RV function, but changes in left ventricular (LV) 
function after PVR have rarely been described. We sought to determine the midterm results regarding LV systolic func-
tion after PVR using cardiac MRI in 40 consecutive patients with repaired TOF (31 patients) or PS (9 patients) with an 
age of 29 ± 9 years who underwent PVR from 2006 to 2011 at a single center. Cardiac MRI RV and LV volumes before 
and after PVR were analyzed. Demographics, clinical variables, cardiopulmonary bypass duration, and medications 
were reviewed. LV ejection fraction (LVEF) increased from (54 ± 8) to (57 ± 6)% (P = 0.02). Before PVR, 26 patients had 
depressed LVEF of (49 ± 5)% (range 36–54%). In this group, LVEF increased by (7 ± 7)% (P < 0.0001) after PVR. Low 
LVEF before PVR was correlated with increased LVEF after PVR (regression coefficient −0.7, R2 = 0.59, P < 0.0001). 
Demographics, medications, prior pregnancies, and cardiopulmonary bypass duration had no effect on LVEF after PVR. 
The increase in LVEF was most significant in patients with low pre-PVR LVEF.
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Abbreviations

ACE-I	� Angiotensin-converting enzyme 
inhibitor

CAD	 Coronary artery disease
CMR	 Cardiovascular magnetic resonance
LV	 Left ventricular
LVEDVI	� Left ventricular end-diastolic volume 

index
LVEF	 Left ventricular ejection fraction
LVESVI	� Left ventricular end-systolic volume 

index
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PR	 Pulmonary regurgitation
PS	 Pulmonary stenosis
PVR	 Pulmonary valve replacement
rTOF	 Repaired tetralogy of Fallot
RV	 Right ventricular
RVEF	 Right ventricular ejection fraction
TOF	 Tetralogy of Fallot

Background

Tetralogy of Fallot (TOF) accounts for approxi-
mately 10% of all cases of congenital heart dis-
ease, and is one of the most common cyanotic 
congenital heart defects [1]. It has been more than 
five decades since the first total TOF repair was 
performed in 1955 [2]. Reparative surgery per-
mits more than 85% of children born with TOF 
to survive into adulthood [3]. With advances in 
surgical techniques, perioperative support, and 
imaging modalities, long-term outcomes have 
also substantially improved in the last 20  years, 
but resultant abnormalities such as severe pulmo-
nary regurgitation (PR), significant right ventricu-
lar (RV) enlargement, dyskinetic interventricular 
septal motion, and reduced RV systolic func-
tion are still present in more than half of these 
patients [4, 5]. It is now commonly accepted that 
pulmonary valve replacement (PVR) in patients 
with severe PR and concomitant RV volume over-
load can result in preservation or recovery of RV 
function. As such, much of the current literature 
on congenital heart disease focuses on preserva-
tion and recovery of RV function in patients with 
repaired TOF (rTOF).

In the last two decades, the presence of left ven-
tricular (LV) systolic dysfunction in adults with 
rTOF has been increasingly recognized, and was 
reported in multiple recent studies [6–9]. Although 
the left ventricle is not directly involved in the 
surgical repair of patients with TOF, patients who 
have undergone total repair appear to be prone 
to developing LV dysfunction that is out of pro-
portion to the severity of any residual left-to-
right shunting or residual PR [10]. The cause of 
LV dysfunction in such patients remains unclear. 
Fibrosis, hypertrophy of the interventricular sep-
tum, or the presence of a prosthetic patch could 
prevent the LV chamber from appropriately 
changing shape or accommodating an increased 

preload during diastolic filling. Conceivably, such 
interventricular septal changes could adversely 
affect LV systolic function, although this remains 
to be unequivocally proven [11]. Studies have 
also shown that LV dysfunction is independently 
predictive of adverse clinical events in patients 
with rTOF [12]. Khairy et  al. [13] showed that 
the most important variable associated with the 
risk of appropriate implantable cardioverter-
defibrillator shocks in a multivariate analysis of 
various predictors in patients with rTOF was an 
elevated LV end-diastolic pressure rather than PR 
severity, RV function, or the degree of RV vol-
ume loading. Broberg et  al. [6] in a multicenter 
study showed that 21% of 511 patients with rTOF 
had at least mild LV dysfunction, with 6% of their 
population having an LV ejection fraction (LVEF) 
of less than 45%. In their study, predictors of LV 
dysfunction were RV systolic dysfunction, longer 
palliative shunt duration before complete repair, 
and arrhythmia history.

Two recent small cross-sectional studies showed 
a statistically significant, but modest, increase in 
LVEF after PVR for volume-overloaded right ven-
tricles. In both studies the degree of improvement 
in LV systolic function was greater in patients who 
had depressed LV systolic function before PVR than 
in those patients who had normal LV systolic func-
tion [14]. Echocardiographic parameters, including 
ventricular strain and strain rate, speckle tracking, 
and vector velocity imaging have also been used to 
document abnormalities in LV function or to evalu-
ate interventricular dyssynchrony in patients with 
rTOF [15–17].

Our primary aim was to determine if surgical PVR 
would correlate with an increase in LVEF measured 
by cardiovascular magnetic resonance (CMR) anal-
ysis in patients with volume-loaded right ventricles 
secondary to PR. The secondary aims were to deter-
mine the prevalence of LV systolic dysfunction in 
patients with rTOF or critical pulmonary stenosis 
(PS), a population with similar issues of PR and RV 
volume loading following surgical intervention, and 
to evaluate if demographic and clinical variables, 
including cardiopulmonary bypass duration, heart 
failure medication use, coexisting hypertension, 
and concomitant coronary artery disease (CAD) or 
diabetes, related to LV systolic dysfunction in this 
cohort.
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Methods

Study Population

Following institutional review board approval, a 
single-center retrospective review of all patients 
who underwent surgical PVR from January 2006 
to September 2011  was performed. Patients aged 
16 years or older at the time of surgery with an ini-
tial diagnosis of TOF or critical PS were included if 
they had undergone CMR imaging before and after 
PVR. All CMR studies were performed 2 years or 
less before PVR and at least 6 months after PVR.

Patient Data

Relevant medical and surgical history, includ-
ing date of birth, sex, anatomic diagnosis, surgi-
cal history, date of PVR, and date of CMR study, 
were extracted from medical record review. A his-
tory of hypertension, diabetes, or hyperlipidemia 
and previous or current tobacco use was recorded. 
Height, weight, and blood pressure at the time of 
the visit were recorded, if available. New York 
Heart Association functional class and QRS dura-
tion measured from an electrocardiogram (ECG) at 
the time of CMR imaging were reviewed before and 
after PVR.

Cardiac Magnetic Resonance Imaging

Studies were performed with a commercially avail-
able 1.5 T scanner (Magnetom Avanto, Siemens, 
Erlangen, Germany). Torso or cardiac phased 
array coils were chosen according to body size. 
Ventricular dimensions and function were assessed 
with an ECG-gated steady-state free precession 
pulse sequence with the following parameters: echo 
time 1.27 ms, repetition time 41 ms, flip angle 90o, 
maximum field of view tailored to the patient’s 
body size to avoid wrap, matrix size 256 × 100, 
slice thickness 8 mm, interslice gap 20%, and 12–
18 views per segment (depending on heart rate). 
Steady-state free precession cine imaging sequences 
were acquired in the following planes during breath 
holds: two-chamber plane, four-chamber plane, and 
short-axis plane with 12–15  slices fully covering 
the ventricular mass. Flow measurements were per-
formed in the proximal main pulmonary artery with 

a prospectively gated velocity-encoded cine MRI 
pulse sequence with the following parameters: echo 
time 1.97 ms, repetition time 48.25 ms, maximum 
field of view based on the patient’s size to avoid 
wrap of the vessel, matrix size 192 × 99, slice thick-
ness 6 mm, and velocity encoding of 150–400 cm/s 
during free breathing. End-diastolic volumes, end-
systolic volumes, stroke volumes, and ventricular 
ejection fraction were measured with a commercially 
available software package (Leonardo, Siemens, 
Erlangen, Germany). All volumes were indexed to 
body surface area. An ejection fraction between 45 
to 55% was considered mildly depressed; an ejec-
tion fraction between 35 and 45% was considered 
moderately depressed; an ejection fraction of 35% 
or less was considered severely depressed. The last 
ECG before PVR and the ECG performed at the 
time of the post-PVR CMR imaging were measured 
off-line by a single investigator (WAK).

Statistical Analysis

All continuous variables are presented as the 
mean ± standard deviation when normally distrib-
uted. Paired t tests or the Wilcoxon signed-ranked 
test were used to compare pre-PVR and post-PVR 
ventricular volumes and ejection fraction, and a 
unpaired t test or a Mann-Whitney test was used to 
compare continuous variables between groups of 
patients. Statistical significance was inferred when 
P was less than 0.05.

Results

During the study period, 40 patients met the inclu-
sion criteria: 31  had rTOF and 9  had critical PS. 
The age at the time of PVR was 29 ± 9 years (range 
16–53  years). Baseline demographic information 
is shown in Table 1. Before PVR, LVEF ranged 
from 35 to 70% as shown in Figure 1. The low-
LVEF group consisted of 26 patients (65%) with 
baseline LVEF of less than 55%; (49 ± 5)%, range 
36–54%. Of these, the age at the time of PVR was 
31 ± 9  years, with 1.6 ± 0.9 prior open heart surgi-
cal procedures. Twenty-one of these patients (81%) 
had rTOF, and 5 patients had PS. There was no 
history of CAD in any patient in this group; one 
patient had diabetes, and four patients used tobacco 
products. After PVR, in 19% of the patients in the 
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low-LVEF group, angiotensin-converting enzyme 
inhibitor (ACE-I) therapy was started, and in 31% 
of the patients, β-blocker therapy was started. In 
this low-LVEF group, the use of heart failure medi-
cations (either ACE-I or β-blocker) did not corre-
late with significant postoperative increase in LVEF 
(P = 0.75). The normal-LVEF group consisted of 14 
patients with LVEF of 55% or more before PVR, 
age of 25 ± 7 years at the time of PVR, and 1.4 ± 0.5 
open heart surgical procedures before PVR. Ten 

patients (71%) in the normal-LVEF group had rTOF, 
and four patients had PS. No patients in the normal-
LVEF group had diabetes or CAD; two patients had 
a history of tobacco abuse. After PVR, in 29% of 
patients ACE-I therapy was started, and in 14% of 
patients β-blocker therapy was stared. In the normal-
LVEF group, the use of heart failure medications 
(either ACE-I or β-blocker) was not associated with 
a statistically significant difference in postoperative 
LVEF increase (P = 0.96). Demographics, clinical 
variables, β-blocker or ACE-I use, prior pregnan-
cies, and cardiopulmonary bypass duration had no 
effect on post-PVR LVEF (Table 2).

Twelve women had successful pregnancies; seven 
of these had baseline LVEF of less than 55%. Two 
women had one pregnancy, six women had two 
pregnancies, three women had three pregnancies, 
and one woman had four pregnancies. There were 
no differences in pre-PVR or post-PVR LVEF or 
volumetric indices when CMR data for women with 
and without pregnancies were compared (Table 1). 
There were no patients with known CAD; one 
patient had diabetes mellitus, one patient had a his-
tory of hypertension, and six patients (15%) were 
known smokers. There was no statistically signifi-
cant correlation between these risk factors for CAD 
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Figure 1  Range of Left Ventricular Ejection Fraction 
before Pulmonary Valve Replacement in all Patients.

Table 1  Baseline Demographic Data in Patients before Pulmonary Valve Replacement (PVR).

Variable   Entire cohort 
(n = 40)

  LVEF <55% before 
PVR (n = 26)

  LVEF ≥55% before 
PVR (n = 14)

  P-value

Age at PVR (years)   28.6 ± 8.9   31 ± 9   25 ± 7   0.06
Male sex   17 (43%)   12 (46%)   5 (36%)   0.74
Body mass index (kg/m2)   25.8 ± 5.5   26.5 ± 5.8   24.7 ± 5.0   0.18
NYHA class   1.9 ± 0.6   2.0 ± 0.6   1.8 ± 0.6   0.32
Diagnosis of TOF   31 (78%)   21 (81%)   10 (71%)   0.69
TOF: transannular patch repair   23/31 (74%)   14/21 (67%)   9/10 (90%)   0.22
TOF: prior shunt   8/31 (26%)   3/21 (14%)   5/10 (50%)   0.07
Diagnosis of PS   9 (22%)   5 (19%)   4 (29%)   0.69
Known CAD   0   0   0   –
Diabetes mellitus   1 (2%)   1 (4%)   0 (0%)   1.00
Tobacco abuse   6 (15%)   4 (15%)   2 (14%)   1.00
Previous pregnancy   12/23 women (52%)   7/14 women (50%)   5/9 women (56%)   1.00
ACE inhibitor use after PVR   9 (23%)   5 (19%)   4 (29%)   0.69
β-blocker use after PVR (%)   25   31   14   0.44
Number of surgical procedures 
before PVR

  1.5 ± 0.8   1.6 ± 0.9   1.4 ± 0.5   0.45

ACE, angiotensin-converting enzyme; CAD, coronary artery disease; LVEF, left ventricular ejection fraction; NYHA, New 
York Heart Association; PS, pulmonary stenosis; TOF, tetralogy of Fallot.
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and reduced LVEF before or after PVR. There were 
also no differences in any of the CMR variables (PR, 
ejection fraction, or volumetric indices) between 
patients with a pre-PVR BMI of less than 25 kg/m2 
and those with a pre-PVR BMI of 25 kg/m2 or more 
(P = 0.32) (Table 1).

All patients with moderately reduced LVEF (LVEF 
35–45%) also had moderately to severely reduced 
RV ejection fraction (RVEF) before PVR (Figure 2). 
There was no significant correlation between LVEF 
and RVEF before PVR. There was no statistically 
significant difference in RVEF before PVR between 
the rTOF group and the PS group; (40 ± 9)% and 
(36 ± 13)%, respectively (P = 0.21) (Table 3). The 
pre-PVR and post-PVR RV end-diastolic volume 
indices were comparable in both groups. There was 
also no statistically significant difference in pulmo-
nary regurgitant fraction between the rTOF group 
and the PS group (P = 0.195) (Table 3).

Pre-PVR CMR studies were done at 173 ± 103 days 
(range 33–459 days) before surgery, and the post-
PVR CMR studies were done at 412 ± 196  days 
(range 188–730 days, median 375 days) after sur-
gery. In the entire cohort, LVEF increased from 
(54 ± 8) to (57 ± 6)% (P = 0.023). Before PVR, there 
were 26 patients with depressed LVEF: (49 ± 5)%, 
range 36–54%. In this group, LVEF increased by 
(7 ± 7)% after PVR (P < 0.0001). By multivariate 

analysis to assess CMR predictors for increased 
LVEF after PVR, the only independent variable 
that was significantly associated with a postopera-
tive increase in ejection fraction was a low LVEF 
before PVR, as seen in Figures 3 and 4 (regres-
sion coefficient −0.7, R2 = 0.59, P < 0.0001). In the 
entire cohort (n = 40), the LV end-diastolic volume  
index (LVEDVI) after PVR increased from 
66 ± 20  mL/m2 to 71 ± 19  mL/m2 (P = 0.03), with 

Table 2  Demographic Data in Patients After Pulmonary Valve Replacement (PVR).

Variable   LVEF <55% after 
PVR (n = 15)

  LVEF ≥55% after 
PVR (n = 25)

  P-value

Age at PVR (years)   31.8 ± 8.4   26.6 ± 8.8   0.07
Male sex   8 (53%)   9 (36%)   0.34
Body mass index (kg/m2)   27.3 ± 6.2   25.0 ± 5.0   0.19
NYHA class before PVR   2.1 ± 0.5   1.9 ± 0.6   0.32
Diagnosis of TOF   9 (60%)   22 (88%)   0.06
TOF: transannular patch repair   6/9 (67%)   17/22 (77%)   0.66
TOF: prior shunt   1/9 (11%)   7/22 (32%)   0.38
Known CAD   0   0   –
Diabetes mellitus   1 (7%)   0   0.38
Tobacco abuse   3 (20%)   3 (12%)   0.65
ACE inhibitor use after PVR   4 (27%)   5 (20%)   0.71
β-blocker use after PVR   5 (33%)   6 (24%)   1.00
Cardiopulmonary bypass 
duration during PVR (min)

  116 ± 46   124 ± 71   0.68

ACE, angiotensin-converting enzyme; CAD, coronary artery disease; LVEF, left ventricular ejection fraction; NYHA, New 
York Heart Association; TOF, tetralogy of Fallot.
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Figure 2  Correlation of Right Ventricular Ejection 
Fraction (RVEF) and Left Ventricular Ejection Fraction 
(LVEF) before Pulmonary Valve Replacement (PVR).
All patients with moderately reduced LVEF before PVR also 
had moderately to severely reduced RVEF.
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Table 3  Comparison of Cardiac Magnetic Resonance Parameters between the Tetralogy of Fallot (TOF) Group and the 
Pulmonary Stenosis (PS) Group.

Variable   TOF group   PS group   P-value

Number of patients   31   9   –
Male sex   14 (45%)   3 (33%)   0.707
Age at time of PVR (years)   27.5 ± 8.6   32.1 ± 9.3   0.181
LVEF before PVR (%)   53 ± 8   54 ± 9   0.736
LVEF after PVR (%)   58 ± 6   55 ± 6   0.153
RVEF before PVR (%)   40 ± 9   36 ± 13   0.210
RVEF after PVR (%)   44 ± 9   43 ± 11   0.894
RVEDVI before PVR (mL/m2)   128 ± 36   122 ± 16   0.645
RVEDVI after PVR (mL/m2)   90 ± 23   87 ± 38   0.730
RVEDV/LVEDV ratio before PVR   2.0 ± 0.5   2.4 ± 1.0   0.154
RVEDV/LVEDV ratio after PVR   1.3 ± 0.3   1.4 ± 0.9   0.394
LVEDVI before PVR (mL/m2)   67 ± 17   61 ± 29   0.446
LVEDVI after PVR (mL/m2)   73 ± 19   66 ± 22   0.396
Pre-PVR PR regurgitant fraction (%)   47 ± 11   41 ± 16   0.195
QRS duration before PVR (ms)   150 ± 26   129 ± 33   0.048
QRS duration after PVR (ms)   148 ± 25   127 ± 31   0.041
Cardiopulmonary bypass duration during PVR (min)   119 ± 47   129 ± 103   0.687
Total number of cardiac surgical procedures   2.5 ± 0.7   2.6 ± 1.0   0.892
ACE inhibitor or β-blocker use after PVR   12 (39%)   3 (33%)   1.000

ACE, angiotensin-converting enzyme; LVEDV, left ventricular end-diastolic volume; LVEDVI, left ventricular end-diastolic 
volume index; LVEF, left ventricular ejection fraction; PR, pulmonary regurgitation; PVR, pulmonary valve replacement; 
RVEDV, right ventricular end-diastolic volume; RVEDVI, right ventricular end-diastolic volume index; RVEF, right ventricu-
lar ejection fraction.
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Figure 4  Change in Left Ventricular Ejection Fraction 
(LVEF) as a Function of LVEF before Pulmonary Valve 
Replacement (PVR).
The only statistically significant variable to correlate with an 
increase in LVEF after PVR was the pre-PVR LVEF. Lower 
pre-PVR LVEF correlates with a statistically significant 
increase in LVEF after PVR (P < 0.0001).
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no significant change in LV end-systolic volume 
index (LVESVI): 31 ± 12  mL/m2 before PVR and 
34 ± 14 mL/m2 after PVR (P = 0.15) (Table 4). LVEF 
increased to (56.3 ± 5.8)% after PVR in patients 
with a baseline low pre-PVR LVEF and increased 
to (58.7 ± 5.7)% in patients who had a preserved 
LVEF of 55% or greater (P = 0.22) (Table 4).

The CMR volumetric and functional (LVEF) 
parameters were also compared in patients after 
PVR, with the patients divided into two main 
groups: patients with normal LVEF and those 
with low LVEF (<55%) after PVR. For patients 
with low LVEF after PVR, there was no signifi-
cant change in LVEF in this subgroup: pre-PVR 
LVEF of (52.8 ± 8)% and post-PVR LVEF of 
(51.2 ± 2.6)% (P = 0.46) (Table 5). However, in 
patients with low LVEF after PVR, RVEF signifi-
cantly increased from (36.0 ± 7.1) to (42.5 ± 9.2)% 
(P = 0.01) after PVR (Table 5). There were no 
statistically significant changes in the diastolic 
or systolic LV volumetric indices before or after 
PVR in patients who had either a low LVEF or 
preserved LVEF after PVR. The degree of PR 
before PVR did not correlate with either RV or 
LV diastolic/systolic indices or RVEF or LVEF in 
either group after PVR (Table 5).

Discussion

Although the right ventricle has been the primary 
focus of attention in patients with rTOF, LV dys-
function is not an uncommon finding in these 
patients, and may play a role in determining long-
term morbidity and mortality. The presence of LV 
systolic dysfunction in adults with rTOF has been 
increasingly recognized, and was reported in mul-
tiple recent studies [6–9]. It has been suggested 
that the reduced volume load on the right ventricle 
after PVR results in the rapid improvement of RV 
systolic function and in a more gradual recovery of 
RV diastolic function [17]. Although the right ven-
tricle and left ventricle are separate chambers, their 
interdependence has been described in the past. The 
ventricular chambers are anatomically linked in 
several ways, including by spiral muscle fibers that 
ensure synchronous contraction, with evidence for 
hemodynamic impact of the right ventricle on the 
left ventricle, and vice versa. This has been demon-
strated in several studies in both the normal heart 
and the diseased heart [18, 19]. Since the right ven-
tricle is more compliant than the left ventricle, a sig-
nificant degree of RV volume overload is required 
to adversely affect LV compliance and geometry 

Table 4  Comparison of Cardiac Magnetic Resonance Parameters in Patients with Baseline Low Left Ventricular Ejection 
Fraction (LVEF) (≤55%) and Normal LVEF (≥55%) before Pulmonary Valve Replacement (PVR).

Variable   Entire cohort 
(n = 40)

  Baseline LVEF 
<55% (n = 26)

  Baseline LVEF 
≥55% (n = 14)

  P-value

LVEF before PVR (%)   57.1 ± 5.8   56.3 ± 5.8   58.7 ± 5.7   0.22
RVEF before PVR (%)   39.2 ± 9.8   39.2 ± 9.8   39.3 ± 10.1   0.99
RVEF after PVR (%)   43.5 ± 9.2   44.9 ± 9.4   40.8 ± 8.5   0.18
Pre-PVR QRS duration (ms)   145 ± 29   144 ± 32   146 ± 22   0.84
RVEDVI before PVR (mL/m2)   127 ± 32   125 ± 32   131 ± 35   0.55
RVEDVI after PVR (mL/m2)   89 ± 27   89 ± 29   90 ± 22   0.85
LVEDVI before PVR (mL/m2)   66 ± 20   65 ± 23   66 ± 13   0.86
LVEDVI after PVR (mL/m2)   71 ± 19   73 ± 21   68 ± 17   0.39
LVESVI before PVR (mL/m2)   31 ± 12   33 ± 13   26 ± 7   0.04
LVESVI after PVR (mL/m2)   34 ± 14   32 ± 10   27 ± 6   0.15
RVEDV/LVEDV ratio before PVR   2.06 ± 0.69   2.10 ± 0.79   2.00 ± 0.50   0.69
RVEDV/LVEDV ratio after PVR   1.30 ± 0.50   1.22 ± 0.27   1.45 ± 0.77   0.17
PR regurgitant fraction (%)   46 ± 12   48 ± 14   42 ± 8   0.13

LVEDV, left ventricular end-diastolic volume; LVEDVI, left ventricular end-diastolic volume index; LVESVI, left ventricu-
lar end-systolic volume index; PR, pulmonary regurgitation; RVEDV, right ventricular end-diastolic volume; RVEDVI, right 
ventricular end-diastolic volume index; RVEF, right ventricular ejection fraction.
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with consequent LV dysfunction. Such ventricular 
changes are often seen in patients with rTOF sec-
ondary to long-standing severe PR. It therefore 
stands to reason that LV function may improve fol-
lowing restoration of pulmonary valve competence. 
This functional recovery can differ depending on 
the preoperative status of LV function [19].

Although LV systolic dysfunction has been 
reported in rTOF, there are only sparse data regard-
ing its prevalence, associated factors, and etiologi-
cal cause [9]. Factors playing a role in decreased 
LV function can include abnormalities of the ven-
tricular septum due to surgical patch material and 
septal or myocardial fibrosis from prior surgical 
repair, all of which would be difficult to reverse 
with PVR [14]. Our findings of an LVEF increase 
for all patients and a significantly larger LVEF 
increase for patients with more depressed LVEF 
at the baseline (before PVR) are similar to those 
of recent studies by Tobler et al. [19] using CMR 
imaging and Kane et al. [14] using echocardiogra-
phy. The findings of Tobler et  al. [19] imply that 
there was an increase in LV contractility, rather 
than an increase in LV end-diastolic volumes, driv-
ing the increase in LVEF after PVR in patients with 
an abnormal LVEF at the baseline. An alternative 

hypothesis to explain LVEF increase after PVR is 
that restored pulmonary valve competence results 
in increased forward flow through the pulmonary 
vasculature and thus increased pulmonary venous 
return to the left atrium and left ventricle, thereby 
increasing LVEDVI without changing contractility.

Studies in young adults have demonstrated a 
significant increase in LVEDVI with a significant 
improvement in CMR or echocardiographic indi-
ces of LV systolic function following PVR [14, 
20]. We found a statistically significant, but only 
mild, increase in LVEDVI of 5 mL/m2 in the entire 
cohort (P = 0.03). There was a statistically signifi-
cant increase in LVEDVI in the low-LVEF group, 
but this trend was not demonstrated in patients with 
preserved LVEF before PVR. There was no sig-
nificant change in LVESVI in either the low-LVEF 
group or the preserved-LVEF group. Our study did 
not show any relationship between the severity of 
PR and LV dysfunction (P = 0.136).

Since all rTOF patients had a ventricular septal 
defect patch as part of their complete intracardiac 
repair, the mechanics of the interventricular septum 
are likely very different in rTOF patients compared 
with PS patients given that a ventricular septal 
defect patch has no contractility. However, both 

Table 5  Comparison of Cardiac Magnetic Resonance Parameters in Patients with Low Left Ventricular Fraction (LVEF) and 
Normal LVEF After Pulmonary Valve Replacement (PVR).

Variable   Entire cohort 
(n = 40)

  Post-PVR LVEF 
<55% (n = 15)

  Post-PVR LVEF 
≥55% (n = 25)

  P-value

LVEF before PVR (%)   53.7 ± 8.1   52.8 ± 8.0%   54.2 ± 8.2%   0.61
LVEF after PVR (%)   57.1 ± 5.8   51.2 ± 2.6%   60.7 ± 3.9%   –
RVEF before PVR (%)   39.2 ± 9.8   36.0 ± 7.1%   41.2 ± 10.8%   0.11
RVEF after PVR (%)   43.5 ± 9.2   42.5 ± 9.2%   44.1 ± 9.3%   0.60
Pre-PVR QRS duration (ms)   145 ± 29   133 ± 34   153 ± 23   0.03
RVEDVI before PVR (mL/m2)   127 ± 32   118 ± 18   132 ± 38   0.20
RVEDVI after PVR (mL/m2)   89 ± 27   81 ± 26   94 ± 26   0.15
LVEDVI before PVR (mL/m2)   66 ± 20   62 ± 21   68 ± 19   0.34
LVEDVI after PVR (mL/m2)   71 ± 19   66 ± 22   74 ± 17   0.20
LVESVI before PVR (mL/m2)   31 ± 12   29 ± 12   31 ± 11   0.58
LVESVI after PVR (mL/m2)   34 ± 14   32 ± 11   29 ± 8   0.34
RVEDV/LVEDV ratio before PVR   2.06 ± 0.69   2.13 ± 0.85   2.02 ± 0.60   0.65
RVEDV/LVEDV ratio after PVR   1.30 ± 0.50   1.35 ± 0.76   1.28 ± 0.67   0.68
PR regurgitant fraction (%)   46 ± 12   41 ± 12   48 ± 12   0.136

LVEDV, left ventricular end-diastolic volume; LVEDVI, left ventricular end-diastolic volume index; LVESVI, left ventricu-
lar end-systolic volume index; PR, pulmonary regurgitation; RVEDV, right ventricular end-diastolic volume; RVEDVI, right 
ventricular end-diastolic volume index; RVEF, right ventricular ejection fraction.
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disease processes (rTOF and PS) are associated 
with hemodynamically significant PR and resultant 
RV dilation and dysfunction, which are thought to 
affect LV function adversely.

Limitations

We are limited by the retrospective nature of this 
study. Because this was a retrospective study, data 
were limited to those available from medical record 
review. Referral bias is expected because patients 
were selected from a single established tertiary care 
adult congenital heart disease center. This was a 
single-center study with a small number of patients 
and, thus, limited statistical power.

Conclusions

Although LV volume and systolic function can be 
abnormal in adults late after TOF repair, PVR may 

have a beneficial effect on LV systolic function. We 
found that the only independent CMR predictor of 
postoperative improvement in LV systolic function 
is preoperative LV systolic dysfunction. This may 
be secondary to normalization of interventricular 
interactions after PVR, but the exact mechanisms 
responsible are as yet unknown. Larger studies are 
needed to further analyze our findings and deter-
mine accurate predictors associated with increased 
LVEF following PVR.
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