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post-PVR. Patients with larger pre-operative RV volumes 
had lower RV strain post-operatively. The impact of LV 
rotation on RV mechanics highlights the presence of ven-
triculo-ventricular interactions. These findings have impor-
tant clinical implications in pediatric rTOF patients towards 
identifying pre-operative factors that predict RV post-oper-
ative remodeling.
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Introduction

Chronic pulmonary regurgitation after surgical repair of 
tetralogy of Fallot (rTOF) can result in progressive right 
ventricular (RV) dilatation and biventricular dysfunc-
tion leading to adverse clinical outcomes [1–4]. A reduc-
tion in both right and left ventricular (LV) strain param-
eters compared to controls have been described in young 
patients with rTOF [5, 6]. In current clinical practice sur-
gical pulmonary valve replacement (PVR) is proposed to 
patients who become symptomatic or who develop progres-
sive right ventricular (RV) dilation and/or RV dysfunction 
[7–9]. Determining the optimal timing of surgery, how-
ever, remains a challenge as it requires a balance between 
intervening too early, or too late to allow for RV recovery. 
Improvements in global LV strain and RV in subgroups 
are reported following percutaneous PVR [10] but over-
all the effects of surgical PVR on ventricular remodeling 
and myocardial deformation remain poorly defined. We 
hypothesized that PVR has a beneficial effect on ventricu-
lar remodeling characterized by improvements in myocar-
dial deformation. The primary objective of our study was to 

Abstract Impaired ventricular myocardial mechanics 
are observed in patients with repaired tetralogy of Fallot 
(rTOF). Effects of pulmonary valve replacement (PVR) 
on ventricular remodeling are controversial. The objec-
tive was to assess the impact of surgical PVR on ventricu-
lar mechanics in pediatric patients after rTOF. Speckle-
tracking analysis was performed in 50 rTOF children, aged 
12.6 ± 3.3  years, pre-operatively and 14.5 ± 2.2  months 
post-PVR. Early post-operative studies 2.2 ± 0.6  months 
post-PVR were performed in 28 patients. Cardiac mag-
netic resonance (CMR) pre- and post-PVR was collected. 
Mid-term post-PVR right ventricular (RV) longitudinal 
strain increased above pre-operative strain (−19.2 ± 2.7 
to −22.0 ± 3.0%, p < 0.001) with increases observed in 
individual RV segments. Left ventricular (LV) strain did 
not differ at medium-term follow-up. LV and RV longitu-
dinal strain was reduced early post-operatively, followed 
by recovery of biventricular systolic strain by mid-term 
follow-up. CMR RV end-diastolic indexed volumes corre-
lated with RV strain pre-operatively (r = 0.432, p = 0.005) 
and at mid-term follow-up (r = 0.532, p = 0.001). Volume-
loaded RVs had reduced early RV basal longitudinal strain 
compared to pressure-loading conditions. Reversed basal 
counterclockwise rotation was associated with lower mid-
term global LV and basal RV strain compared to patients 
with normal rotation. An increase in mid-term global and 
regional RV strain beyond pre-operative values suggests 
positive RV remodeling and adaptation occurs in children 
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assess the short and medium term effects of surgical PVR 
on ventricular function and myocardial strain in children 
after rTOF. Secondary objectives were to determine the 
effect of pre-operative RV volume loading as well as LV 
myocardial mechanics on post-operative strain.

Methods

This is a single-center retrospective cross-sectional study 
conducted with approval from the research ethics board. 
The institutional echocardiography database was screened 
for patients following rTOF and who had serial follow-up 
after surgical PVR between January 2008 and December 
2014. Patients were included if they had a transthoracic 
echocardiogram (TTE) performed prior to and approxi-
mately 12 months following PVR without interval surger-
ies or interventions. If available, early post-operative stud-
ies performed within 1–3  months following PVR were 
collated. Patients were excluded if they had a primary diag-
nosis of an atrioventricular septal defect with TOF, absent 
pulmonary valve syndrome, if they required multiple staged 
operations prior to complete repair or were being paced 
during the TTEs. Studies with suboptimal quality TTE 
datasets unsuitable for strain analysis or had post-operative 
studies outside the desired time periods for analysis were 
excluded. Cardiac magnetic resonance (CMR) imaging 
information prior to and post-PVR were collected when 
available. Clinical and demographic details were obtained 
from the patients’ medical records.

Echocardiography

Clinical TTE studies were performed using Philips (IE33; 
Philips Ultrasound, Bothell, WA) or GE (Vivid 7 or 9; GE 
Medical Systems, Milwaukee, WI) machines. Images were 
stored on a Syngo Dynamics server (Siemens Medical 
Solutions, Malver, PA) in DICOM format at a default frame 
rate of 30 frames/sec for all studies. Two-dimensional (2D) 
measurements were analyzed off-line using Syngo Dynam-
ics software and performed in accordance with previously 
published American Society of Echocardiography guide-
lines [11]. The 2D measurements included LV and RV end-
diastolic dimensions (EDD), LV M-mode derived ejection 
fraction (EF), RV end-diastolic and end-systolic areas, RV 
fractional area of change (FAC) and tricuspid annular plane 
systolic excursion (TAPSE). The degree of pulmonary 
regurgitation (PR), tricuspid regurgitation, RV outflow tract 
(RVOT) obstruction and RV systolic pressures were also 
recorded.

Myocardial strain analysis was performed by 
speckle-tracking analysis using the TomTec Image-
Arena platform (Version 4.6, TomTec Imaging systems, 

Unterschleissheim, Germany). Left ventricular longi-
tudinal strain was calculated by tracing the endocardial 
border of the ventricles in the apical four-chamber, three-
chamber and two-chamber views, and recorded if reli-
able segmental strain on visual assessment in at least ≥3 
ventricular wall segments were present. The segments 
that did not have reliable tracking were excluded from 
analysis. Global longitudinal strain was calculated as an 
average of strain measurements in the three different lon-
gitudinal views. Circumferential LV strain was also cal-
culated by contouring the endocardial border in the basal, 
mid and apical short-axis planes with global circumferen-
tial strain calculated as an average of strain from the three 
short-axis levels. Right ventricular longitudinal strain 
was obtained by averaging RV basal, mid and apical lat-
eral wall measurements and recorded if segmental strain 
was present in at least two lateral RV segments. Regional 
strain parameters for the interventricular septum were 
incorporated into LV longitudinal strain calculations. 
Left ventricular rotation was recorded at basal and api-
cal levels. A single observer performed all strain analyses 
and the results were re-evaluated by blinded re-analysis 
of 15 randomly selected studies 3 months after the initial 
analysis was performed.

CMR

Clinical CMR studies were performed with a 1.5T Avanto 
scanner (Siemens Medical Systems, Erlangen, Germany). 
Quantification of ventricular volumes and ejection frac-
tion (EF) was performed using a cine short axis stack with 
manual contouring of the endocardial borders at end-dias-
tole and end-systole. Pulmonary regurgitant fractions were 
derived from phase contrast velocity mapping of the main 
pulmonary artery. The presence of late end-diastolic for-
ward flow as a marker of restrictive physiology was also 
noted. The CMR sequences were acquired and analyzed 
according to standardized CMR practice guidelines [12].

In order to evaluate the effect of volume and/or pressure 
loading effects on myocardial strain, a combination of echo-
cardiographic and CMR data were used. The patients were 
subdivided into three groups—those with a predominantly 
volume-loaded or pressure-loaded RVs, or if they had a 
combination of both obstruction and PR. A volume-loaded 
ventricle was defined as an RVOT gradient <25  mmHg 
by TTE and a PR fraction of >20% by CMR, whereas a 
pressure-loaded ventricle was defined as RVOT gradient 
>40  mmHg and a PR fraction of <20%. The remainder 
of the cohort was considered to have a mixed volume and 
pressure-loaded ventricle. In the cases that CMR was not 
available pre-operatively, the degree of PR was judged by 
echocardiography and was graded from nil/trivial to severe.
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Statistical methods

The statistical analysis was performed using IBM SPSS 
Statistics version 22 (IBM, Armonk, New York). Meas-
urements were expressed as mean values with standard 
deviation (SD) for continuous variables that were normally 
distributed and absolute numbers with percentages for 
categorical variables. A two-tailed paired Student’s t-test 
was used to determine significant differences between pre-
operative and post-operative measurements. The McNemar 
test was used to assess for significance between categorical 
variables for paired data and ANOVA was used to compare 
the differences between pressure, volume and mixed ven-
tricular loading conditions. Pearson bivariate correlation 
was used to compare continuous pre- and post-operative 
variables. P values <0.05 were considered statistically 
significant. Intraobserver variability was assessed using 
Bland–Altman analysis, linear regression and calculation of 
the intraclass correlation coefficients.

Results

50 children, aged 12.6 ± 3.4 years at the time of pre-oper-
ative TTE were included. 33 (66%) of cases were male. 
Ten patients (20%) had associated syndromes, including 
22q11.2 deletion in 5, VACTERL association in two, Tri-
somy 21 in one and Aarskog syndrome in one patient. Five 
(10%) patients required palliative Blalock-Taussig shunts 
prior to complete repair and 32 (64%) cases were repaired 
with a transannular patch. The mean age at primary TOF 
repair was 8.7 ± 6.2 months. A transannular patch was per-
formed in 30 (60%) cases and 18 (36%) patients underwent 
a valve-sparing repair. The surgical details of the primary 
operation were not available in 2 cases performed overseas. 
The mean age at PVR was 12.6 ± 3.3 years and the types 
of prostheses included the Mosaic® bioprosthetic valve in 

38 (76%) patients, Contegra® valved conduit in 6 (12%) 
patients and homograft bioprosthesis in 6 (12%) patients. 
The mean time frame between the pre-operative study (pre-
PVR) and PVR was 2.1 ± 2.1 months and between PVR and 
the mid-term post-PVR echocardiogram (mid post-PVR) 
was 14.5 ± 4.2 months. Additional early strain data was col-
lected in 28 patients who had post-operative echocardio-
grams 2.2 ± 0.6  months following PVR (early post-PVR). 
There were no significant differences in QRS duration or 
average heart rate between studies.

Echocardiographic measurements

Baseline demographics and two-dimensional (2D) echo-
cardiographic measurements between pre-PVR and mid 
post-PVR echocardiograms are summarized in Table 1 and 
ventricular dimensions in Table  2. There was a reduction 
in RV dimensions and size, degree of PR, RVOT obstruc-
tion and estimated RV pressures between studies. Left ven-
tricular dimensions and TAPSE increased post-operatively. 
There were no significant differences for LV EF or RV FAC 
between studies.

LV and RV myocardial strain

Pre‑operative vs mid‑term post‑operative results

Left ventricular and RV myocardial deformation param-
eters as well as rotation were measured pre-operatively and 
mid post-PVR in all patients and highlighted in Table  3. 
There was an increase in RV regional and global longitudi-
nal strain above pre-operative strain values mid post-PVR. 
The highest segmental strain values were observed in the 
basal RV segments and there was a progressive decrease in 
segmental strain from basal to apical segments. There were 
no significant changes in LV longitudinal strain or rotation 

Table 1  Comparison between 
pre- and mid post-pulmonary 
valve replacement (PVR) 
characteristics

Data are expressed as mean ± SD or % (fraction) where appropriate
BSA body surface area, HR heart rate, PR pulmonary regurgitation, RVOTO right ventricular outflow tract 
obstruction, RVSP right ventricular systolic pressure, TR tricuspid regurgitation

Variable Pre-PVR n = 50 Mid post-PVR P value n = 50

Age at Echo (years) 12.6 ± 3.4 13.8 ± 3.8 <0.001
BSA (m2) 1.27 ± 0.37 1.4 ± 0.36 <0.001
QRS duration (ms) 142 ± 26 144 ± 24 0.08
Average HR (bpm) 69 ± 13 68 ± 16 0.90
RVOTO (mmHg) 34 ± 22 26 ± 11 0.01
RVSP (mmHg) 46 ± 13 37 ± 10 <0.001
Restrictive physiology (%) 18 (9/50) 10 (5/50) 0.37
More than mild PR (%) 94 (47/50) 12 (6/50) <0.001
More than mild TR (%) 6 (3/50) 4 (2/50) 0.99
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parameters between pre-operative and mid-term post-oper-
ative studies.

Pre‑operative vs early post‑operative results

Further sub-analysis was performed in 28 (56%) patients 
who had additional early post-operative echocardiograms 
2.1 ± 2.1 months after PVR. A reduction in RV basal longi-
tudinal strain and global RV strain was initially observed in 

the early post-operative period. Longer-term follow-up sub-
sequently showed an increase in both regional and global 
RV strain when compared to early post-PVR strain. Box 
plots illustrating interval changes in segmental and global 
RV strain results in this subgroup of patients are high-
lighted in Fig. 1.

Similarly to the RV, LV apical 4-chamber longitudi-
nal strain fell in the early post-operative period follow-
ing PVR (−21.5 ± 5.0 pre-operatively vs −18.9 ± 2.9% 

Table 2  Two-dimensional 
echocardiographic RV and LV 
parameters

Data are expressed as mean ± SD
EDA end-diastolic area, EDD end-diastolic dimension, EF ejection fraction, ESA end-systolic area, FAC 
fractional area change, FS fractional shortening, RV right ventricular, TAPSE tricuspid annular planar sys-
tolic excursion, TDI tissue Doppler imaging

Variable Pre-PVR n = 50 Mid post-PVR n = 50 P value

 RV parameters
  RV EDD M-mode z-score 4.4 ± 1.3 2.6 ± 1.2 <0.001
  RV basal diameter (cm) 4.3 ± 1.0 3.7 ± 0.8 <0.001
  RV mid diameter (cm) 4.0 ± 0.8 3.4 ± 0.7 <0.001
  TAPSE (mm) 16 ± 2.5 17.1 ± 3.0 0.02
  RV EDA (cm2) 32.1 ± 9.7 25.2 ± 7.8 <0.001
  RV ESA (cm2) 19.2 ± 7.1 15.4 ± 5.5 <0.001
  RV FAC (%) 39.6 ± 8.8 39.4 ± 7.5 0.27
  RA area (cm2) 13.3 ± 4.5 12.2 ± 4.1 0.001

 LV parameters
  LV EDD M-mode z-score −1.4 ± 1.6 −0.06 ± 1.3 <0.001
  LV basal diameter (cm) 4.0 ± 0.8 4.3 ± 6.6 0.005
  LV mid diameter (cm) 3.8 ± 0.6 4.1 ± 0.8 <0.001
  LV M-mode FS (%) 38.1 ± 6.4 38.2 ± 5.2 0.85
  LV M-mode EF (%) 64.1 ± 8.2 67.7 ± 6 0.26

Table 3  Left and right 
ventricular strain and rotation 
parameters

Data are expressed as mean ± SD
A4C apical 4-chamber, A2C apical 2-chamber, A3C apical 3-chamber, LV left ventricular, PVR pulmonary 
valve replacement, RV right ventricular

Variable Pre-PVR n = 50 Mid post-PVR n = 50 P value

Basal RV longitudinal strain (%) −23.1 ± 3.9 −26.4 ± 5.1 <0.001
Mid RV longitudinal strain (%) −18.0 ± 3.8 −20.1 ± 3.9 0.005
Apical longitudinal RV strain (%) −16.3 ± 3.8 −18.9 ± 3.2 0.004
Global RV longitudinal strain (%) −19.2 ± 2.7 −22.0 ± 3.0 <0.001
LV A4C longitudinal strain (%) −21.4 ± 4.2 −23.2 ± 1.9 0.54
LV A2C longitudinal strain (%) −21.7 ± 4.1 −20.0 ± 2.3 0.05
LV A3C longitudinal strain (%) −19.3 ± 2.7 −20.1 ± 2.4 0.32
Global LV longitudinal strain (%) −20.7 ± 3.2 −21.2 ± 1.9 0.25
Basal circumferential strain (%) −25.6 ± 4.0 −26.5 ± 4.1 0.25
Mid circumferential strain (%) −27.2 ± 3.8 −27.0 ± 4.1 0.59
Apical circumferential strain (%) −29.0 ± 4.5 −30.3 ± 5.4 0.14
Global LV circumferential strain (%) −24.9 ± 2.5 −25.1 ± 2.8 0.66
Basal LV rotation (°) −4.9 ± 3.5 −4.5 ± 2.8 0.56
Apical LV rotation (°) 7.9 ± 5.0 6.5 ± 3.6 0.07
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early post-operatively, p = 0.048). Between early and 
mid-term postoperative studies, an interval increase in 
LV apical 4-chamber longitudinal strain (−18.9 ± 2.9 vs 
−21.2 ± 3.2%, p = 0.01) and global longitudinal LV strain 
(−20.2 ± 2.7 vs −24.1 ± 2.6%, p = 0.001) were observed. 
However, overall LV strain parameters at mid-term follow-
up did not increase significantly from pre-operative values.

Effect of volume vs pressure loading conditions

Using the cutoffs for pressure vs volume loading as 
stated in the “Methods”, the primary indications for PVR 
were predominantly due to volume loading in 28 (56%) 
patients, pressure loading in 4 (8%) patients and a combi-
nation of mixed pressure and volume loading in 18 (36%) 
patients. Pre-operative RV and LV strain parameters were 

not significantly different between groups, however, sig-
nificantly lower early post-operative RV basal strain was 
observed in volume loading compared with pressure load-
ing conditions (−15.8 ± 3.8 vs −25.9 ± 1.6% respectively, 
p = 0.01). There were no significant differences in lon-
gitudinal strain between loading conditions at mid-term 
follow-up.

Left ventricular rotation

Left ventricular rotation parameters were assessed and 
reversed counterclockwise basal rotation was observed 
in 12/50 (24%) patients prior to PVR. When patients 
with pre-operative counterclockwise basal rotation were 
compared to patients with usual clockwise basal rotation, 
the group with abnormal rotation had significantly lower 

Fig. 1  Box plots showing interval changes in right ventricular (RV) segmental and global RV longitudinal strain pre-pulmonary valve replace-
ment (PVR), early post-PVR and mid post-PVR
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basal, mid and global RV longitudinal strain early post-
PVR. Basal RV longitudinal strain remained reduced at 
mid-term follow-up. Mid post-operative global LV longi-
tudinal strain was also significantly decreased in patients 
who exhibited reversed basal rotation. Early post-opera-
tive LV strain parameters were not significant. Notably, 
patients with counterclockwise rotation had higher pre-
operative apical rotation compared with patients with 
clockwise rotation. The significant parameters between 
normal and abnormal basal rotation groups are outlined 
in Table 4. Examples of normal and reversed basal rota-
tion curves are illustrated in Fig. 2.

Five out of 12 (42%) patients with reversed counter-
clockwise rotation reverted to clockwise rotation at mid-
term follow-up. There were no significant differences 
in echocardiographic 2D or strain parameters between 
patients who reverted to normal rotation compared to 
those who had persistently abnormal basal rotation at 
mid-term follow-up.

CMR parameters and RV size and function

Clinical CMRs were performed in 41 (82%) patients pre-
operatively and 13 (26%) patients post-operatively. The 
average time frame from pre-operative CMR to PVR 
was 8.2 ± 6.7  months and between PVR to post-opera-
tive CMR was 2.0 ± 1.1 years. Patients who had an avail-
able post-operative CMR had significantly lower RVEDVi 
(218 ± 43 vs 143 ± 39 ml/m2, p < 0.001), RVESVi (131 ± 44 
vs 85 ± 43  ml/m2, p < 0.001) and PR fraction (51 ± 10 
vs 5 ± 12%, p < 0.001) post-operatively. The LVEDVi 
increased (81 ± 19 vs 98 ± 15  ml/m2, p = 0.02) post-PVR. 
There were no significant differences in LV or RV EF 
between pre- and post-operative CMR studies.

Pre-PVR RVEDVi volumes were further compared with 
RV longitudinal strain parameters. Pre-PVR RVEDVi was 
found to correlate with pre-operative RV global longitudi-
nal strain (r = 0.432, p = 0.005). The correlation persisted 
between pre-operative RVEDVi and RV global longitudinal 
strain mid-term post-PVR (r = 0.532, p = 0.001), suggest-
ing patients with larger pre-operative RV volumes tended 
to have lower RV deformation parameters post-operatively. 

Table 4  Strain parameters 
associated with reversed basal 
rotation

Data are expressed as mean ± SD
LV left ventricular, PVR pulmonary valve replacement, RV right ventricular

Variable Normal rotation n = 38 Reversed rotation 
n = 12

P value

Pre-PVR basal rotation (°) −4.9 ± 3.5 7.9 ± 4.3 0.001
Pre-PVR apical rotation (°) 7.2 ± 4.5 12.2 ± 6.6 0.02
Early-post basal RV strain (%) −20.0 ± 5.1 −14.7 ± 5.8 0.03
Early-post mid RV strain (%) −17.2 ± 3.5 −14.2 ± 2.6 0.02
Early-post global RV strain (%) −17.7 ± 2.0 −15.2 ± 1.9 0.003
Mid-post basal RV strain (%) −27.8 ± 4.6 −22.6 ± 5.4 0.02
Mid-post global longitudinal LV strain (%) −20.5 ± 2.0 −17.9 ± 0.7 0.003

Fig. 2  Rotation curves showing examples of usual clockwise basal rotation (a) and reversed counterclockwise basal rotation (b). Deg degrees, 
endo endocardial
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Scatter plots illustrating the relationship between global RV 
pre- and post-operative strain and pre-operative RVEDVi 
are shown in Fig. 3.

Intra‑observer variability

A blinded re-analysis of four randomly selected LV and RV 
strain parameters were performed in 15 randomly selected 
cases by a single observer approximately 3 months after 
the initial analysis. There was good overall agreement with 
acceptable reproducibility between both LV and RV meas-
urements. The mean bias [95% confidence interval (CI)] 
for RV global pre-operative and post-operative repeated 
strain measurements were 0.23 (−0.42 to 0.88)%, p = 0.47 
and 0.06 (−0.67 to 0.79)%, p = 0.87 respectively and corre-
sponding intraclass correlation coefficients (95% CI) were 
0.93 (0.81–0.98)%, p = <0.001 and 0.94 (0.82–0.98)%, 
p = <0.001 respectively.

Discussion

In our study we sought to determine the impact of PVR on 
ventricular myocardial deformation in pediatric patients 
with surgically corrected rTOF. Our results show that 
whilst an early reduction in regional and global RV strain is 
observed after PVR, myocardial function increases beyond 
pre-operative and early-post-operative values with longer 
term follow-up and suggests that positive RV remodeling 
occurs over time. An early reduction in LV longitudinal 

strain was followed by increases in both longitudinal and 
global LV strain at longer term follow-up after PVR, how-
ever, LV strain parameters at mid-term follow-up overall 
did not differ significantly from pre-operative results.

RV and LV myocardial mechanics following PVR

The impact of PVR on myocardial mechanics remains con-
troversial. Harrild et al. assessed the effect of percutaneous 
PVR on strain mechanics using CMR and reported similar 
improvements in LV longitudinal strain to our study, but 
not RV strain parameters in their patients with predomi-
nantly pulmonary regurgitation [13]. The differences in RV 
strain may be attributed to their smaller patient cohort with 
a mix of cardiac lesions (including patients post Ross pro-
cedure and transposition of the great arteries), older age of 
assessment (median age 19.8 years) and shorter duration of 
follow-up (median 6  months). It is possible that pediatric 
patients may exhibit a higher capacity of RV remodeling 
than adults and the heterogeneous study population in Har-
rild’s study may account for differences in RV mechanics 
and myocardial strain. Knirsch et  al. assessed 16 rTOF 
patients with surgical PVR and found similar reductions 
in early postoperative LV and RV longitudinal strain at 
1 month with improvement in both parameters at 6 months 
follow-up [14]. In their study LV longitudinal strain 
improved to pre-operative levels and RV strain values did 
not reach pre-operative strain values. Our study provides 
insights that ongoing RV remodeling and adaptation to 

Fig. 3  Relationship between global right ventricular (RV) pre- and post-operative strain and pre-operative indexed RV end-diastolic volumes. 
PVR pulmonary valve replacement, RVEDVi right ventricular indexed end-diastolic volume
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changes in loading conditions continue to occur in children 
with increasing time from surgery.

The recent effects of cardiopulmonary bypass and 
impact of surgery may explain the initial reduction in RV 
strain in the early post-operative period observed in our 
study. It may also, however, be in part related to the RV 
not yet re-adapting to the acute volume unloading follow-
ing PVR. The reduction or removal of PR following PVR 
results in a significant reduction in RV stroke volume. In 
the early stages post-PVR the RV remains dilated and hence 
needs to deform less to generate RV output. As remodeling 
continues to occur and chamber sizes decrease over time, 
the RV subsequently increases its deformation in order to 
maintain the same RV cardiac output. This may explain the 
subsequent observed changes in RV myocardial deforma-
tion, above and beyond pre-operative strain data at medium 
term follow-up. Similar to the RV, peri-operative effects of 
surgery and bypass may directly explain the early reduction 
in LV longitudinal strain, although proposed mechanisms 
of LV dyssynchrony, impaired LV compliance, effect of RV 
dysfunction on LV function and RV-LV diastolic interac-
tions may also lead to impaired LV deformation [5, 15–17].

In keeping with our previous studies, a progressive 
decrease in RV regional function from base to apex was 
observed pre-operatively [18]. This relationship of segmen-
tal RV function persisted after PVR. It has been reported 
that the apical trabecular segment of the RV has the high-
est volumes when compared to control subjects and pro-
nounced apical broadening and eccentric bulging of the 
RV free wall is present in the setting of volume loaded RVs 
[19, 20]. It is postulated that these changes in RV geometry 
toward a rounded apical curvature may result in increased 
wall stress and reduced apical deformation,[18] hence lead-
ing to a reduction in apical strain.

We did not observe significant pre-operative to mid-term 
post-operative differences in myocardial strain between 
volume, pressure and mixed loading conditions. However, 
the early post-operative reduction of basal RV strain in 
volume-loaded ventricles again reflects a combination of 
transient injury from surgical insults, persistent RV dila-
tion requiring less deformation to generate RV cardiac out-
put and the volume unloading effects of acute preload and 
afterload reduction to the RV.

LV rotation parameters

Our study provides interesting observations regarding LV 
rotation, both prior to and at medium term follow-up after 
PVR. Firstly, we found that just under a quarter of our 
patients exhibited counterclockwise basal rotation at their 
pre-operative study and these patients had higher apical 
rotation compared to patients with clockwise rotation. This 
is consistent with previous findings from our group and 

by Takayasu et al. although the mechanisms involved may 
be multifactorial but are largely unclear [6, 21]. Reversed 
basal rotation persisted in 58% patients at mid-term follow-
up and this subset of patients had significantly lower basal, 
mid and global RV longitudinal strain early post-PVR as 
well as lower basal RV strain and global LV longitudinal 
deformation at medium term follow-up. This suggests that 
counterclockwise basal rotation is associated with mala-
daptive ventricular remodeling post-operatively and fur-
ther emphasizes the importance of ventriculo-ventricular 
interactions.

2D echocardiographic parameters following PVR

Reductions in baseline RV echocardiographic 2D measure-
ments were observed, including a reduction in basal and 
mid RV diameter, RVEDD, end-diastolic and end-systolic 
areas as well as right area. Of note, the RVEDD z-score 
remained mildly increased, suggesting that the RV size 
does not completely normalize by the medium term fol-
lowing PVR. This is in keeping with a persistently elevated 
RVEDVi in the small number of patients who had a post-
operative clinical CMR performed. A concurrent increase 
in LV size reflected by increased LVEDD and basal and 
mid diameters was also observed. These observed changes 
to LV dimensions coupled with improved longitudinal and 
global LV strain parameters at mid-term follow-up com-
pared with early post-operative data, support the effects of 
enhanced LV filling and normalization of diastolic septal 
geometry [13, 22].

Similar to previous studies, we did not observe a change 
in systolic function with RV FAC, LV fractional shortening 
or EF on M-mode on medium-term follow-up [14, 23]. The 
differences observed with myocardial deformation supports 
that strain imaging is a more sensitive method for detect-
ing subtle changes in ventricular systolic function that may 
otherwise be missed with standard clinical parameters [5, 
6, 24–26].

Relationship of RV strain to pre‑operative CMR RV 
volumes

The inverse correlation between pre-operative RV strain 
values and pre-operative RVEDVi indicate that patients 
with larger RVs trend toward lower RV strain. Although 
RV deformation improved post-operatively in the medium 
term, the patients who had larger RVs and lower strain 
parameters prior to PVR had persistently lower RV strain 
post-operatively, with a higher correlation observed 
between post-operative strain values and indexed volumes. 
We were not able to demonstrate a ceiling effect of RV vol-
ume in which RV remodeling does not occur. Our center 
has previously published similar correlations between RV 



719Int J Cardiovasc Imaging (2017) 33:711–720 

1 3

volumes and function [18, 27]. The degree to which the 
observed increase in mid post-operative RV strain reflects a 
true improvement in myocardial function vs ongoing adap-
tation to reduced loading conditions with time remains to 
be elicited.

Limitations

This study was limited by its retrospective design and 
small sample size, and not all the study patients had early 
post-operative data at the eligible time frame for analysis. 
In addition, subdivision of patients into pressure, volume 
and mixed loading conditions lead to small patient sub-
groups for comparison and subsequently limits the strength 
of associations. Also, only a small number of our patients 
(26%) had clinical CMRs following PVR and time frames 
to the CMRs were different than to follow-up echocardio-
grams. Despite the small sample size, however, it was still 
possible to draw significant conclusions between pre-opera-
tive and post-operative PVR results for both CMR volumes 
and echocardiographic myocardial strain.

Conclusion

In summary, our study supports that RV deformation 
increases relative to pre-operative strain at medium term 
follow-up after PVR. These findings support the hypoth-
esis that RV remodeling and adaptation occurs in pediat-
ric patients with rTOF following PVR and that intervention 
may have a beneficial longer-term impact on RV function. 
Left ventricular strain and rotation abnormalities were 
observed and highlight the importance of ventriculo-ven-
tricular interactions. Larger scale studies with long-term 
follow-up are warranted to identify pre-operative factors 
that may predict post-operative ventricular function and to 
differentiate patients with positive vs adverse RV remod-
eling. The effect of PVR on long-term RV adaptation may 
have important clinical implications towards determining 
the optimal timing of surgery in this subset of patients.
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