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A B S T R A C T   

Background: Patients with palliated pulmonary valve stenosis (PVS) have less cardiac remodeling and symptoms 
as compared to patients with repaired tetralogy of Fallot (TOF) presenting with similar severity of right ven
tricular outflow tract (RVOT) disease. What is not known is whether patients with PVS versus TOF presenting 
with similar severity of RVOT disease at baseline, would have similar (or different) pace of cardiac remodeling 
and disease progression over time. The study objective was to compare temporal changes in clinical and cardiac 
function indices between adults with palliated PVS and repaired TOF presenting with moderate/severe RVOT 
disease. 
Methods: Cardiac function indices (based on strain imaging) and clinical indices (N-terminal pro–B-type natri
uretic peptide [NT-proBNP], model for end-stage liver disease excluding international normalized ratio [MELD- 
XI], peak oxygen consumption [VO2]), were assessed at baseline, 3 years, and 5 years. Temporal changes were 
calculated as relative changes from baseline (Δ). Cardiovascular adverse event was assessed as time-to-event 
outcome. 
Results: Compared to TOF group (n = 173), the PVS group (n = 173) had less temporal change in right atrial 
reservoir strain (− 9±4% versus − 21 ± 6%, p < 0.001), RV free wall strain (− 8±4% versus − 20 ± 5%, p <
0.001), NT-proBNP (8 ± 5% versus 17 ± 6 %, p < 0.001), MELD-XI (6 ± 4% versus 19 ± 4%, p = 0.008), and 
peak VO2 (− 7±3% versus − 12 ± 7%, p < 0.001) at 5 years. The 5-year freedom from cardiovascular adverse 
event was higher in the PVS group (76% versus 54%, p = 0.01). 
Conclusions: These data suggest that a less frequent clinical and imaging follow-up may be appropriate in patients 
with PVS (as compared to patients with TOF).   

1. Introduction 

Transcatheter and surgical pulmonary valve interventions are 
effective for the treatment of pulmonary valve stenosis (PVS) [1–4]. 
However, most patients develop either iatrogenic pulmonary regurgi
tation and/or recurrent right ventricular outflow tract (RVOT) stenosis 
leading to RV volume and/or pressure overload [1–4]. Chronic RV 
volume and/or pressure overload would, in turn, lead to RV remodeling, 
and cardiovascular symptoms [1–6]. This pathophysiologic cascade can 
be halted, and potentially reversed if the patients undergo pulmonary 
valve replacement (PVR) prior to the onset of irreversible RV dysfunc
tion [7–9]. However, the long-term clinical benefits derived from PVR 
are limited by the risks associated with subsequent reinterventions 
because of the limited longevity of bioprosthetic valves [10–12]. Hence, 

determining the optimal timing of PVR is important to avoid irreversible 
RV dysfunction and also minimize the risks associated with multiple 
RVOT reinterventions [10–12]. 

The decision to recommend PVR is based on a set of clinical and 
imaging criteria proposed in the guidelines for the management of 
adults with congenital heart disease [13–16]. However, most of the data 
supporting these recommendations were derived from studies con
ducted in patients with repaired tetralogy of Fallot (TOF). In the absence 
of robust longitudinal data from patients with PVS, these guideline 
recommendations (designed for patients with TOF) are often applied to 
patients with PVS [13–16]. 

Previous studies showed that patients with PVS had less RV dilation 
and systolic dysfunction, aerobic impairment, and cardiovascular 
symptoms as compared to patients with repaired TOF with similar 
severity of RVOT disease [2,4,7,16]. What is unknown is whether 
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patients with PVS versus TOF presenting with similar severity of RVOT 
disease at baseline, would have similar (or different) pace of cardiac 
remodeling and disease progression over time. This is an important 
knowledge gap, as it will determine the frequency of clinical and im
aging follow-up in patients with PVS, which would in turn, determine 
healthcare resource utilization. The purpose of this study was to 
compare the pace of cardiac remodeling and disease progression be
tween adults with palliated PVS and those with repaired TOF presenting 
with similar severity of RVOT disease. 

2. Methods 

2.1. Study population 

The Mayo Clinic Institutional Review Board approved this retro
spective cohort study. 

2.1.1. PVS group (case group) 
We identified adults (age ≥18 years) with palliated PVS that received 

care at Mayo Clinic between January 1, 2003, and December 31, 2022. 
From this cohort, we selected consecutive patients with moderate/se
vere RVOT disease that had more than 2 years of clinical and imaging 
follow-up. Moderate/severe RVOT disease was defined as ≥ moderate 
RVOT stenosis (Doppler derived maximum instantaneous gradient ≥36 
mmHg) and/or ≥ moderate pulmonary regurgitation. 

Based on these criteria, the patients were divided into 3 RVOT dis
ease group. (1) Isolated RVOT stenosis defined as RVOT Doppler derived 
maximum instantaneous gradient ≥36 mmHg with <moderate pulmo
nary regurgitation. (2) Isolated pulmonary regurgitation defined as ≥
moderate pulmonary regurgitation with RVOT Doppler derived 
maximum instantaneous gradient <36 mmHg. (3) Mixed RVOT disease 
defined as RVOT Doppler derived maximum instantaneous gradient 
≥36 mmHg with ≥moderate pulmonary regurgitation. The severity of 
pulmonary regurgitation was based on multiparametric qualitative 
Doppler assessment. Patients with prior palliative systemic-pulmonary 
shunt, and those without adequate echocardiographic images for off
line strain analysis were excluded. 

2.1.2. TOF group (control group) 
We also identified a control group comprising of adults with repaired 

TOF presenting with moderate/severe RVOT disease. Similarly, we 
defined moderate/severe RVOT disease as ≥ moderate RVOT stenosis 
(Doppler derived maximum instantaneous gradient ≥36 mmHg) and/or 
≥ moderate pulmonary regurgitation. The patients were also divided 
into 3 RVOT disease groups using the same criteria as the PVS group. 

Patients with prior palliative systemic-pulmonary shunt, and those 
without adequate echocardiographic images for offline strain analysis 
were excluded. 

We then performed 1:1 matching of patients with PVS to patients 
with TOF based on RVOT anatomy (native RVOT versus prosthetic 
pulmonary valve), and RVOT disease type (isolated RVOT stenosis 
versus isolated pulmonary regurgitation versus mixed RVOT disease). 

2.2. Study objectives 

(1) Compare temporal change in cardiac function indices between 
the PVS and TOF groups. (2) Compare temporal change in clinical 
indices (functional status, aerobic capacity, neurohormonal activation, 
and end-organ dysfunction) between the PVS and TOF groups. (3) 
Compare incidence of cardiovascular adverse events between the PVS 
and TOF groups. 

2.3. Data collection 

2.3.1. Cardiac function indices 
A comprehensive assessment of cardiac structure and function was 

performed using 2-dimensional, Doppler and speckle tracking echocar
diography according to contemporary guidelines [17–19]. The first 
echocardiogram performed within the study period showing moder
ate/severe RVOT disease was considered as the baseline echocardio
gram. The baseline echocardiogram was reviewed to obtain the baseline 
cardiac function indices. Cardiac function indices at 3 years were 
determined based on the review of echocardiograms performed between 
24 and 48 months from baseline encounter, while cardiac function 
indices at 5 years was determined based on a review of echocardiograms 
performed between 48 and 72 months. 

Offline image analyses and measurements were performed, to 
determine the following cardiac function indices. (1) Right atrial (RA) 
function was assessed using RA reservoir strain. (2) Left atrial (LA) 
function was assessed using LA reservoir strain. (3) Right ventricular 
(RV) systolic function was assessed using RV free wall strain. (4) Left 
ventricular (LV) systolic function was assessed using LV global longi
tudinal strain. Temporal changes in cardiac function indices were 
calculated as relative changes from baseline values as follows: (indices 
from baseline echocardiogram minus indices from follow-up echocar
diogram)/indices from baseline echocardiogram and expressed as 
%-change. Restrictive RV physiology was defined as pulmonary artery 
forward flow in atrial systole for >3 cardiac cycles, and was assessed by 
pulsed wave Doppler of the pulmonary valve [20]. RV to pulmonary 
artery (RV-PA) coupling was assessed as the ratio of RV free wall 
strain/RV systolic pressure (RVSP) and tricuspid annular plane systolic 
excursion/RVSP ratio [21]. 

In addition to the above prespecified cardiac function indices, car
diac magnetic resonance imaging (CMRI) performed within 6 months 
from the baseline echocardiogram were reviewed and used to define the 
baseline characteristics. 

2.3.2. Clinical indices 
The clinic notes, cardiopulmonary exercise test, and laboratory tests 

were reviewed, and the data obtained within 6 months from the baseline 
and follow-up echocardiograms were used to define the clinical indices 
at the different time points. The following clinical indices were assessed. 
(1) Functional status was assessed using the New York Heart Association 
(NYHA) functional classification. (2) Aerobic capacity was assessed 
using predicted peak oxygen consumption (VO2). (3) Neurohormonal 
activation was assessed using N-terminal pro–B-type natriuretic peptide 
(NT-proBNP). (4) End-organ function was assessed using the model for 
end-stage liver disease excluding international normalized ratio (MELD- 
XI). Similarly, temporal change in clinical indices was assessed as a 
relative change from baseline and calculated as: (indices from baseline 
assessment minus indices from follow-up assessment)/indices from 

Abbreviations 

CMRI Cardiac magnetic resonance imaging 
IQR Interquartile range 
LA Left atrium 
LV Left ventricle 
NT-proBNP N-terminal pro–B-type natriuretic peptide 
NYHA New York Heart Association 
MELD-XI Model for end-stage liver disease excluding 

international normalized ratio 
VO2 Oxygen consumption 
PVS Pulmonary valve stenosis 
PVR Pulmonary valve replacement 
RVOT Right ventricular outflow tract 
TOF Tetralogy of Fallot 
RV-PA Right ventricular to pulmonary artery 
RVSP Right ventricular systolic pressure  
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baseline assessment and expressed as %-change. 

2.3.3. Cardiovascular adverse event 
Cardiovascular adverse event was defined as a composite outcome of 

sustained atrial arrhythmias requiring medical intervention, heart fail
ure hospitalization, or progressive functional impairment (progression 
in NYHA functional class). Cardiovascular adverse event was assessed 
time-to-event outcome, from baseline echocardiogram to the occurrence 
of cardiovascular adverse event or December 31, 2022. The patients 
without cardiovascular adverse events were censored at last clinical 
encounter, time of PVR or December 31, 2022. 

2.4. Statistical analysis 

Data were presented as mean ± standard deviation, median (inter
quartile range [IQR]), and count (%). Between-group comparisons were 
performed using chi-square test, unpaired t-test, or Wilcoxon rank sum 
test, as appropriate. Pearson correlation was used to assess the corre
lations between continuous variables. Temporal change in cardiac 
function and clinical indices were assessed using paired t-test. RV and LV 
strain values were treated as absolute values in the assessment of tem
poral change in cardiac function indices. NYHA functional class was 
treated as continuous variable in the assessment of temporal change in 
clinical indices. The freedom from cardiovascular adverse event was 
assessed using the Kaplan Meier method and compared using log-rank 
test. All statistical analyses were performed with BlueSky Statistics 
software (version. 7.10; BlueSky Statistics LLC, Chicago, IL, USA), and 
JMP statistical software (version 17.1.0, JMP Statistical Discovery LLC, 
NC). P value < 0.05 was considered to be statistically significant for all 
analyses. 

3. Results 

3.1. Baseline clinical and cardiac function indices 

They were 173 patients with PVS and 173 patients with TOF that met 
the study inclusion criteria. Both groups were adequately matched based 
on RVOT anatomy and RVOT disease type (Table 1). Compared to the 
TOF group, the patients in the PVS group were older at the time initial 
RVOT intervention (6.3 [IQR 1.2–17.9] versus 1.6 [IQR 0.9–3.1] years, 
p < 0.001), and at the beginning of the study period (35 [IQR 25–48] 
versus 28 [IQR 20–39] years, p < 0.001). The PVS group also had a 
lower prevalence of ventricular arrhythmia (1% versus 8 [5%], p =
0.03), higher aerobic capacity (predicted peak VO2 73 ± 22% versus 62 
± 16%, p < 0.001), less neurohormonal activation (NT-proBNP 175 
[IQR 85–337] versus 234 (IQR 107–561) pg/ml, p = 0.02), and less end- 
organ dysfunction (MLED-XI score 9.8 [IQR 9.4–10.6] versus 10.7 [IQR 
9.8–11.4], p = 0.01) (Table 1). 

Table 2 shows the baseline echocardiographic indices. Compared to 
the TOF group, the PVS group had better RA function (RA reservoir 
strain 36% [IQR 28–49] versus 25% [IQR 20–32], p < 0.001), RV sys
tolic function (RV free wall strain − 25 ± 4% versus − 22 ± 5%, p =
0.007), LA function (LA reservoir strain 38 ± 9% versus 31 ± 10%, p =
0.008), and LV systolic function (LV global longitudinal strain − 23 ±
5% versus − 19 ± 4%, p < 0.001). However, there was no significant 
between-group difference in RV-PA coupling between the PVS group 
versus the TOF group as measured by RV free wall strain/RVSP ratio 
(0.54 ± 0.93 versus 0.52 ± 1.06 %/mmHg, p = 0.1) or as measured by 
tricuspid annular plane systolic excursion/RVSP ratio (0.42 ± 0.39 
versus 0.41 ± 0.32 mm/mmHg, p = 0.7) (Table 2). Similalry, there was 
no significant between-group difference in the prevalence of restrictive 
RV physiology (8% [n = 14] versus 9% [n = 16], p = 0.5). 

CMRI data were available in 148 (86%) and 159 (92%) patients in 
the PVS and TOF groups, respectively. Compared to the TOF group, the 
PVS group had smaller RV end-diastolic volume index (126 ± 15 versus 
139 ± 32 ml/m2, p = 0.02), and RV end-systolic volume index (49 ± 14 

versus 63 ± 21 ml/m2, p = 0.008), as well as a higher RV ejection 
fraction (54 ± 10 versus 47 ± 13%, p = 0.01) (Table 2). There was a 
modest correlation between CMRI derived RV ejection fraction and 
echocardiography derived RV free wall strain in the PVS group (r =
− 0.56, p = 0.004) and in the TOF group (r = − 0.52, p = 0.008). Simi
larly, there was a modest correlation between CMRI derived LV ejection 
fraction and echocardiography derived LV global longitudinal strain in 
the PVS group (r = − 0.63, p < 0.001) and in the TOF group (r = − 0.61, 
p < 0.001). 

Table 1 
Comparison of baseline clinical indices.   

PVS TOF   

(N =
173) 

(N =
173) 

p 

Demographic indices 
Age, years 35 (25–48) 28 (20–39) <0.001 
Male sex 81 (47%) 95 (53%) 0.2 
Body mass index, kg/m2 26 ± 5 27 ± 4 0.2 
Body surface area, m2 1.91 ± 0.26 1.87 ± 0.29 0.1 
Initial RVOT intervention 
Age of initial RVOT 

intervention, years 
6.3 (1.2–17.9) 1.6 (0.9–3.1) <0.001 

Type of initial RVOT 
intervention   

<0.001 

Balloon valvuloplasty 47 (27%) 0  
Transannular patch repair 29 (17%) 36 (21%)  
Non-transannular patch repair 97 (56%) 137 (79%)  
RVOT anatomy   0.9 
Pulmonary valve bioprosthesis 42 (24%) 42 (36%)  
Native RVOT 131 (76%) 131 (76%)  
RVOT disease type   0.9 
Isolated RVOT stenosis 34 (20%) 34 (20%)  
Isolated pulmonary 

regurgitation 
97 (56%) 97 (56%)  

Mixed RVOT disease 42 (24%) 42 (24%)  
Comorbidities 
Atrial flutter/tachycardia 12 (7%) 21 (12%) 0.07 
Atrial fibrillation 2 (1%) 3 (2%) 0.6 
All atrial arrhythmias 12 (7%) 22 (13%) 0.05 
Non-sustained ventricular 

tachycardia 
2 (1%) 8 (5%) 0.03 

Sustained ventricular 
tachycardia 

0 0 – 

Any ventricular arrhythmia 2 (1%) 8 (5%) 0.03 
Hypertension 39 (23%) 32 (19%) 0.4 
Coronary artery disease 6 (4%) 5 (3%) 0.6 
NYHA functional class   0.3 
I 146 (84%) 138 (80%)  
II 27 (16%) 35 (20%)  
Aerobic capacity 
Peak VO2 (ml/kg/min) 26 ± 5 22 ± 7 <0.001 
Peak VO2 (%-predicted) 73 ± 22 62 ± 16 <0.001 
Medications 
Diuretics 29 (17%) 40 (23%) 0.03 
Beta blockers 33 (19%) 42 (24%) 0.2 
ACEI/ARB 36 (21%) 39 (23%) 0.6 
Mineralocorticoid receptor 

antagonist 
5 (3%) 8 (5%) 0.3 

Laboratory data 
NT-proBNP, pg/ml 175 (85–337) 234 

(107–561) 
0.02 

MELD-XI 9.8 (9.4–10.6) 10.7 
(9.8–11.4) 

0.01 

Estimated GFR, ml/min/1.73 
m2 

93 (79–109) 89 (76–102) 0.4 

Abbreviations: ACEI: Angiotensin converting enzyme inhibitor; ARB: 
Angiotensin-II receptor blockers; GFR: glomerular filtration rate; MELD-XI: 
Model for end-stage liver disease excluding international normalized ratio; 
NYHA: New York Heart Association; NT-proBNP: N-terminal pro–B-type natri
uretic peptide; PVS: Pulmonary valve stenosis; RVOT: Right ventricular outflow 
tract; TOF: Tetralogy of Fallot; VO2: Oxygen consumption. 
Footnote: p values were derived from pairwise comparisons using chi-squared 
test, unpaired t-test, and Wilcoxon rank sum test. 
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3.2. Temporal change in clinical and cardiac function indices 

Compared to the TOF group, the PVS group had less temporal decline 
in RA function at 3 years (Δ RA reservoir strain − 6±3% versus − 11 ±
4%, p = 0.007) and 5 years (Δ RA reservoir strain − 9±4% versus − 21 ±
6%, p < 0.001). Similarly, the PVS group had less temporal decline in RV 
systolic function at 3 years (Δ RV free wall strain − 5±2% versus − 9 
±4%, p = 0.03) and 5 years (Δ RV free wall strain − 8±4% versus − 20 ±
5%, p < 0.001) (Fig. 1). The temporal change in left-sided cardiac 
indices, compared to right-sided indices were less pronounced in both 
groups. There were no significant temporal changes in LA reservoir 
strain and LV global longitudinal strain in either group at 3 years. 
However, both groups showed statistically significant decline in LA 
reservoir strain and LV global longitudinal strain at 5 years, but the 
magnitude of change was similar in both groups (Fig. 1). 

Fig. 2 shows temporal change in clinical indices. Compared to the 
TOF group, the PVS group had less temporal change in NT-proBNP (8 ±
5% versus 17 ± 6 %, p < 0.001), MELD-XI (6 ± 4% versus 19 ± 4%, p =
0.008), and aerobic capacity (Δ predicted peak VO2 -7±3% versus − 12 
± 7%, p < 0.001) at 5 years follow-up (Fig. 2). However, there was no 
significant temporal change in NYHA functional class in either group 

(Fig. 2). 
The median follow-up was 6.9 (4.3–8.5) years and 5.8 (3.9–7.2) 

years in the PVS and TOF groups, respectively. During this period 31 
(18%) patients experienced at least one cardiovascular adverse event, 
while 16 (9%) patients underwent PVR in the PVS. Similarly, 43 (25%) 
patients experienced at least one cardiovascular adverse event, while 29 
(17%) patients underwent PVR in the TOF. The 5-year freedom from 
cardiovascular adverse event was higher in the PVS group as compared 
to the TOF group (76% versus 54%, p = 0.01), (Fig. 3). 

4. Discussion 

In this study, we compared temporal changes in cardiac function and 
clinical indices in patients with palliated PVS to patients with repaired 
TOF presenting with similar severity of RVOT disease. The main findings 
are follows: (1) The PVS group had better cardiac function and clinical 
indices at baseline compared to the TOF group. (2) The PVS group had 
less temporal decline in right-sided cardiac function indices (RA func
tion and RV systolic function) as compared to the TOF group. (3) The 
patients with PVS had less temporal decline in clinical indices (neuro
hormonal activation, end-organ function, and aerobic capacity), and 
lower incidence of cardiovascular adverse events as compared to the 
patients with TOF. 

About half of patients with palliated PVS would develop hemody
namically significant pulmonary regurgitation and/or recurrent RVOT 
stenosis on long-term follow-up [5,22]. While isolated recurrent RVOT 
stenosis typically responds to balloon pulmonary valvuloplasty, PVR is 
often required in patients with concomitant pulmonary regurgitation [4, 
7,22]. The timing of PVR is dependent on the presence of clinical indices 
such as functional capacity (symptoms) and aerobic capacity, as well as 
cardiac function indices such as RV dilation and systolic dysfunction 
[13,14]. In the absence of well-defined criteria for PVR in patients with 
palliated PVS, the decision to proceed with PVR in this population is 
often based on extrapolation of data derived from studies conducted in 
patients with repaired TOF [13,14]. Similarly, the frequency of clinical 
and imaging surveillance for patients that currently do not meet criteria 
for PVR are also based on extrapolations from data derived from the TOF 
population [13,14]. The current study demonstrates a slower pace of 
disease progression in patients with PVS as compared to patients with 
TOF, as evidenced by a less temporal decline in clinical indices (aerobic 
capacity, neural hormonal activation, and hepatorenal function), and 
right-sided cardiac function indices (RA function and RV systolic 
function). 

Previous studies have shown that patients with PVS had less symp
toms and cardiac remodeling at baseline as compared to patients with 
TOF [4,22]. Joynt et al. compared CMRI data between 24 patients with 
PVS and 47 patients with TOF with similar severity of pulmonary 
regurgitation [23]. They observed that the PVS group had a higher RV 
ejection fraction and less late gadolinium enhancement as compared to 
the TOF group. Within the TOF group, RV systolic dysfunction and late 
gadolinium enhancement were more pronounced in the RVOT [23]. 
Similarly, Mercer-Rosa et al., observed a higher CMRI derived RV 
ejection fraction and aerobic capacity, as well as better functional ca
pacity in patients with palliated PVS as compared to TOF [23]. While 
these previous studies demonstrated better baseline clinical status and 
cardiac function in patients with PVS (as compared to TOF), they do not 
provide data about the pace of disease progression during follow-up. The 
current study addressed this knowledge gap. 

The observed differences in the pace of disease progression may be 
related to differences in disease pathophysiology and impact of initial 
palliative interventions [24]. Patients with TOF are exposed to cyanosis 
within the first year of life which may have long-term adverse effects on 
RV myocardial structure and function, leading to RV fibrosis and dia
stolic dysfunction [24]. This is consistent with the higher prevalence and 
severity of late gadolinium enhancement (marker of myocardial fibrosis) 
and diastolic dysfunction described in patients with TOF [22,24,25]. 

Table 2 
Comparison of baseline cardiac indices.   

VPS TOF  

Echocardiographic indices (N = 173) (N = 173) p 

RA indices 
RA volume index (ml/m2) 35 (24–45) 37 (29–47) 0.2 
RA reservoir strain (%) 36 (28–49) 25 (20–32) <0.001 
RA pressure (mmHg) 6 ± 3 8 ± 3 0.002 
RV indices    
RV end-diastolic area index (cm2/m2) 15.7 ± 3.8 18.3 ± 4.2 0.008 
RV end-systolic area index (cm2/m2) 9.8 ± 2.2 12.6 ± 3.1 0.01 
RV fractional area change (%) 39 ± 8 36 ± 10 0.1 
RVFWS (%) − 25 ± 4 − 22 ± 5 0.007 
TAPSE (mm) 19 ± 7 17 ± 6 0.1 
≥Moderate tricuspid regurgitation 22 (13%) 28 (16%) 0.3 
Pulmonary mean gradient (mmHg) 24 (13–41) 22 (9–38) 0.3 
RVSP (mmHg) 46 (31–57) 41 (32–53) 0.6 
Restrictive RV physiology 13 (8%) 16 (9%) 0.5 
RVFWS/RVSP (%/mmHg) 0.54 ± 0.93 0.52 ± 1.06 0.1 
TAPSE/RVSP (mm/mmHg) 0.42 ± 0.39 0.41 ± 0.32 0.7 
LA indices    
LA volume index (ml/m2) 25 ± 7 26 ± 8 0.7 
LA reservoir strain (%) 38 ± 9 31 ± 10 0.008 
Lateral E/e’ 7.1 ± 2.8 8.4 ± 3.5 0.03 
LV indices    
LV end-diastolic volume index (ml/m2) 52 ± 15 55 ± 16 0.4 
LV end-systolic volume index (ml/m2) 21 ± 10 24 ± 11 0.1 
LV ejection fraction (%) 61 ± 9 56 ± 8 0.06 
LV global longitudinal strain (%) − 23 ± 5 − 19 ± 4 <0.001 
LV stroke volume index (ml/m2) 43 ± 11 37 ± 8 0.03 
Cardiac index (l/min/m2) 2.98 ± 0.74 2.69 ± 0.71 0.01 
CMRI indices (N = 148) (N = 159)  
RV end-diastolic volume (ml/m2) 126 ± 15 139 ± 32 0.02 
RV end-systolic volume (ml/m2) 49 ± 14 63 ± 21 0.008 
RV ejection fraction (%) 54 ± 10 47 ± 13 0.01 
RV stroke volume index (ml/m2) 78 ± 18 76 ± 21 0.8 
Pulm regurgitant volume index (ml/m2) 36 ± 12 38 ± 10 0.6 
LV end-diastolic volume (ml/m2) 79 ± 18 84 ± 26 0.1 
LV end-systolic volume (ml/m2) 38 ± 16 45 ± 14 0.06 
LV ejection fraction (%) 62 ± 15 58 ± 16 0.3 
LV stroke volume index (ml/m2) 41 ± 12 39 ± 12 0.2 

Abbreviations: CMRI: Cardiac magnetic resonance imaging; E/e’: ratio of 
mitral inflow pulsed wave Doppler early velocity to tissue Doppler early ve
locity; LA: Left atrium; LV: Left ventricle; PVS: Pulmonary valve stenosis; RA: 
Right atrium; RV: Right ventricle; RVFWS: Right ventricular free wall strain; 
RVSP: Right ventricular systolic pressure; TOF: Tetralogy of Fallot; TAPSE: 
Tricuspid anular plane systolic excursion. 
Footnote: p values were derived from pairwise comparisons using chi-squared 
test, unpaired t-test, and Wilcoxon rank sum test. 
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Fig. 1. Box and whisker plots comparing relative change in cardiac function indices between patients with pulmonary valve stenosis (PVS, red) versus tetralogy of 
Fallot (TOF, black). Data were presented as relative changes from baseline values. Abbreviations: FU: Follow-up; LARS: Left atrial reservoir strain; LVGLS: Left 
ventricular global longitudinal strain; RVFWS: Right ventricular free wall strain; RARS: Right atrial reservoir strain. Footnote: * statistically significant change from 
baseline value based on paired t-test. P values were derived from between-group comparisons using unpaired t-tests. N: Number of patients with available data at 
each time point. 

Fig. 2. Box and whisker plots comparing relative change in clinical indices between patients with PVS (red) versus TOF (black). Data were presented as relative 
changes from baseline values. Abbreviations: NYHA: New York Heart Association; MELD-XI: Model for end-stage liver disease excluding international normalized 
ratio; NT-proBNP: N-terminal pro–B-type natriuretic peptide; VO2: Oxygen consumption. Footnote: * statistically significant change from baseline value based on 
paired t-test. P values were derived from between-group comparisons using unpaired t-tests. N: Number of patients with available data at each time point. 
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This may explain the higher RA pressure observed in the TOF group in 
the current study. Since RA hypertension has been linked to right heart 
failure and hepatorenal dysfunction in adults with congenital heart 
disease, we postulate that RV fibrosis and diastolic dysfunction 
described in TOF patients in previous studies [26,27], may also explain 
the higher NT-proBNP and MELD-XI score observed in the TOF group in 
the current study. Other factors that may contribute to the rapid pace of 
disease progression in the TOF group include abnormal pulmonary ar
tery compliance and worse RV to pulmonary arterial coupling that have 
been described in patients with TOF as compared to PVS [6,11,28]. 

Additionally, differences in the type of initial RVOT intervention 
may explain some of the observed differences in outcomes. About one- 
quarter of the patients in the PVS group underwent balloon pulmo
nary valvuloplasty, and hence were not exposed to the hypoxic-ischemic 
injury associated with cardiopulmonary bypass. Presumably, these pa
tients started off with less RV myocardial injury as compared to those 
that underwent surgical repair. 

An important negative finding from this study was the absence of 
temporal change in NYHA functional class in either group, even though 
both groups had decline in aerobic capacity and other clinical indices of 
disease severity. This is consistent with observation from previous 
studies showing a discordance between objectively measured aerobic 
capacity and subjective assessment of symptoms by the patient [29,30]. 
This highlights the limitations of relying solely on patient reported 
symptoms for clinical decision-making regarding timing of surgical or 
transcatheter interventions. 

4.1. Clinical implications 

Patients with PVS and residual RVOT disease not meeting the criteria 
for PVR require ongoing clinical and imaging surveillance [13,14]. The 
practice guidelines recommend transthoracic echocardiogram every 24 
months in asymptomatic/mildly symptomatic (physiologic stage A/B) 
patients with palliated PVS, which is similar to the frequency of echo
cardiogram in TOF patients [13,14]. The slower pace of disease pro
gression observed in the PVS group suggest that, perhaps, less frequent 
clinical and imaging follow-up may be appropriate in patients PVS. This 
will reduce healthcare resource utilization, and potentially increase 
economic productivity as it will reduce number of days spent off work 
because of medical evaluation. 

Limitations: This is a retrospective single center study, and it is 
therefore prone to selection and ascertainment bias. The patient lost to 
follow and those that underwent PVR during follow-up were censored, 
further introducing a selection bias to the study. We did not have serial 
CMRI data to assess temporal change in cardiac remodeling over time. 

However, by using strain imaging to assess cardiac function in all four 
chambers, we demonstrated that the hemodynamic effect of RVOT dis
ease is not limited to the right heart, but also affects LA and LV function 
over time. Finally, we do not have invasive hemodynamic data, or data 
about ventricular dyssynchrony, and this limits our ability to make in
ferences about RV-PA coupling and ventricular interaction. Further
more, there important molecular/genetic differences between PVS and 
TOF, that were not assessed in this study. 

Conclusion: Patients with PVS had a slower pace of disease pro
gression, as evidenced by less temporal decline in clinical indices and 
cardiac function indices, as well as lower cumulative incidence of car
diovascular adverse events as compared to patients with TOF. These 
data suggest that a less frequent clinical and imaging follow-up may be 
appropriate in patients with PVS (as compared to patients with TOF). 
This will likely reduce healthcare resource utilization and IMPROVE 
quality of life of the patients. 
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Perspectives 

Clinical competencies 

Patients with PVS had a slower pace of disease progression, as evi
denced by a less temporal decline in clinical and cardiac function 
indices, as well as lower cumulative incidence of cardiovascular adverse 
events as compared to patients with TOF. 

Translational outlook 

These data suggest that a less frequent clinical and imaging follow-up 
may be appropriate in patients with PVS (as compared to patients with 
TOF). 

Clinical summary 

Compared to the TOF group (n = 173), the PVS group (n = 173) had 
less temporal change in right atrial reservoir strain (− 9±4% versus − 21 
± 6%, p < 0.001), RV free wall strain (− 8±4% versus − 20 ± 5%, p <
0.001), NT-proBNP (8 ± 5% versus 17 ± 6 %, p < 0.001), MELD-XI (6 ±
4% versus 19 ± 4%, p = 0.008), and peak VO2 (− 7±3% versus − 12 ±
7%, p < 0.001) at 5 years. The 5-year freedom from cardiovascular 
adverse event was higher in the PVS group (76% versus 54%, p = 0.01). 
These data suggest that a less frequent clinical and imaging follow-up 
may be appropriate in patients with PVS (as compared to patients 
with TOF). 
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