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A B S T R A C T   

Background: Right atrial (RA) dysfunction and atrial arrhythmias are relatively common in adults with repaired 
tetralogy of Fallot. The purpose of this study was to determine whether RA function improved after surgical 
pulmonary valve replacement (PVR), and the association between postoperative RA reverse remodeling and late 
postoperative atrial arrhythmias. 
Method: RA reverse remodeling (ΔRA reservoir strain based speckle tracking echocardiography) was calculated 
as: ([postoperative RA reservoir strain – preoperative RA reservoir strain]/preoperative RA reservoir strain)x100. 
Optimal RA reverse remodeling was defined as ΔRA reservoir strain >15%. 
Results: Of 411 patients (age 36 ± 13 years), preoperative RA reservoir strain was 31 ± 13%, postoperative RA 
reserve remodeling was 13 ± 9%, and 171 (42%) had optimal RA reserve remodeling. Preoperative RA reservoir 
strain (β±SE 1.12 ± 0.09, p < 0.001) was associated with postoperative RA reverse remodeling on multivariable 
analysis. Preoperative RA reservoir strain ≥33% predicted optimal postoperative RA reverse remodeling (area 
under the curve 0.792). 
ΔRA reservoir strain was associated with postoperative atrial arrhythmias (HR 0.91, 95%CI 0.86–0.96, p =
0.004), on multivariable analysis. Compared to patients with preoperative RA reservoir strain <33% (n = 242, 
59%), those with RA reservoir strain ≥33% (n = 169, 41%) had more robust RA reverse remodeling (ΔRA 
reverse remodeling 19 ± 11% versus 7 ± 10%, p < 0.001), and lower incidence of atrial arrhythmias (1.1% 
versus 2.9%, p = 0.003). 
Conclusions: Preoperative RA reservoir strain was associated with RA reverse remodeling after PVR, and in turn, 
postoperative atrial arrhythmia. These results suggest that RA strain indices could be used to determine optimal 
timing for PVR in order to reduce the risk of atrial arrhythmia.   

1. Introduction 

Patients with repaired tetralogy of Fallot (TOF) develop recurrent 
hemodynamic lesions over time, the most common lesion being pul
monary regurgitation and right ventricular (RV) outflow tract stenosis 
[1–3]. Surgical and transcatheter pulmonary valve replacement (PVR) 
are effective in relieving the hemodynamic stress secondary to RV 
outflow tract lesions, and have been shown to promote RV reverse 
remodeling (changes in RV structure and function) over time [4,5]. 
Previous studies have proposed optimal cut-off points for RV volumetric 
indices beyond which the normalization of RV structure and function 
were unlikely to occur after PVR [2,4–9]. These studies provide the 
empirical basis for the guideline recommendations for PVR in this 

population [9–11]. 
Although RV volumetric indices provide robust framework for the 

timing of PVR in order to achieve the normalization of RV structure and 
function, the use of these RV volumetric cut-off points for clinical 
decision-making regarding timing of PVR have not been shown to pro
vide survival benefits across different studies [1,3,8,12,13]. Bokma et al. 
demonstrated a survival benefit after PVR only in patients with preop
erative RV end-systolic volume index >80 ml/m2, but not in patients 
that underwent PVR prior to this threshold [14]. These inconsistent 
results may be related to the fact that RV volumetric indices only provide 
an assessment of RV preload and systolic function, but not an assessment 
of the other aspects of right heart hemodynamic performance such as RV 
diastolic function and right atrial (RA) function [2,9,15–18]. These 
other aspects of right heart function (RV diastolic function and RA 
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function) play critical roles in the pathogenesis of atrial arrhythmias, 
right heart failure, and cardiovascular death based on studies conducted 
in patients with acquired heart disease [19–22]. 

Similar data are lacking in adults with repaired TOF, even though RA 
dysfunction, atrial arrhythmias, heart failure, and cardiovascular death 
are relatively common in this population [16,23–27]. Atrial strain im
aging provides an assessment of atrial function at different phases of the 
cardiac cycle (reservoir strain, conduit strain, and booster strain) 
[28–31]. Atrial reservoir strain measures atrial compliance; atrial 
conduit strain measures ventricular relaxation and chamber stiffness, 
and atrial booster strain measures intrinsic atrial contractility and ven
tricular end-diastolic compliance [28–31]. However, the role of atrial 
strain imaging for risk stratification in patients with TOF has not been 
studied. As the next step towards addressing this knowledge gap, the 
current study would answer two clinical questions. (1) Does RA function 
(RA reverse remodeling) improve after PVR? (2) Is postoperative 
improvement in RA function (extent of RA reverse remodeling) associ
ated with a lower risk of atrial arrhythmias, an important link in the 
pathogenesis of heart failure and cardiovascular death in this 
population? 

2. Methods 

2.1. Study population 

The Mayo Clinic Institutional Review Board approved this retro
spective cohort study of adults (age ≥18 years) with repaired TOF that 
underwent surgical PVR and had at least one year of imaging follow-up 
after PVR at Mayo Clinic Rochester from January 1, 2003 and December 
31, 2020. We restricted to inclusion criteria to only patients that un
derwent surgical PVR (i.e., excluding patients that underwent trans
catheter PVR) since myocardial insult and recovery may differ 
significantly between patients that underwent surgical PVR versus 
transcatheter PVR because of the use of cardiopulmonary bypass in the 
surgical group. From this cohort, we excluded patients with the 
following conditions: (1) prior tricuspid valve replacement or requiring 
tricuspid valve replacement at the time of PVR. (2) inadequate echo
cardiographic images for offline assessment of RA strain. 

2.2. Study objectives 

The study objectives were to determine the clinical and hemody
namic correlates of postoperative RA reverse remodeling after PVR, and 
the relationship between postoperative RA reverse remodeling and late 
postoperative atrial arrhythmias. The exploratory objective was to 
determine the relationship between restrictive RV physiology on pre
operative echocardiogram, and the risk of late postoperative atrial ar
rhythmias. Similar to previous studies from our group, we defined 
restrictive RV physiology as the combination of dilated inferior vena 

cava with <50% collapsibility on inspiration and the presence hepatic 
vein diastolic flow reversal or pulmonary artery forward flow during 
atrial systole [18]. 

2.3. Data collection and echocardiography 

All patients underwent comprehensive transthoracic echocardio
grams at 3 different time points. (1) Preoperative echocardiogram (Echo 
#1) which was the last comprehensive echocardiogram performed 
within 3 months prior to PVR. The echocardiographic and clinical 
indices obtained within this time frame were used to define the baseline 
clinical characteristics of the cohort. (2) Immediate postoperative 
echocardiogram (Echo #2) which was the echocardiogram performed at 
the time of hospital dismissal after PVR. The purpose of this echocar
diogram was to determine the new baseline hemodynamic characteris
tics after PVR, and we limited the indices retrieved from this study to 
only pulmonary valve gradient, estimated RV systolic pressure, esti
mated RA pressure, and residual tricuspid regurgitation since these 
variables can influence long-term right heart remodeling. We also 
retrieved data on heart rate and hemoglobin at the time of echocar
diogram since these variables influence echocardiographic indices. (3) 
Late postoperative echocardiogram (Echo #3) which was the echocar
diogram performed at the time of routine annual outpatient cardiac 
evaluation, within 12–18 months after PVR. 

2.4. Echocardiography 

RA function was assessed using RA reservoir strain imaging derived 
from offline analysis of echocardiographic images. RA reverse remod
eling (Δ RA reservoir strain) was defined as a relative increase (or 
decrease) in RA reservoir strain at Echo #3 from preoperative levels, and 
was calculated as follows: Δ RA reservoir strain = ([RA reservoir strain 
from Echo #3 - Echo #1]/RA reservoir strain from Echo #1) x100. There 
are no defined criteria for optimal RA reverse remodeling. However, a 
previous study by Tops et al. [32] showed that >15% reduction in left 
atrial (LA) volume after catheter ablation for atrial fibrillation was 
associated with lower risk of recurrence of atrial fibrillation, hence 
signifying clinical meaningful change in LA reverse remodeling post 
intervention. Based on these data, we defined optimal RA reverse 
remodeling as Δ RA reservoir strain >15% from preoperative levels, and 
suboptimal RA reverse remodeling as Δ RA reservoir strain ≤15% from 
preoperative level. 

The procedural details for speckle tracking strain imaging in our 
laboratory have been described [33,34]. In brief, imaging was acquired 
using Vivid E9 and E95 (General Electric Co, Fairfield, Connecticut) with 
M5S and M5Sc-D transducers (1.5–4.6 MHz) at frame rate of 40–80 Hz, 
and these images were exported (DICOM) and then analyzed offline 
using TomTec (TomTec Imaging Systems, Unterschleissheim, Germany). 
The offline assessment of RA reservoir strain involved manual endo
cardial tracing of a single frame at end-systole by a point-click approach, 
starting from the lateral tricuspid annulus to the septal tricuspid annulus 
using images from an RV focused view (Supplementary Fig. 1). RA 
reservoir strain, RA conduit strain, and RA booster strain were assessed 
using the QRS as the fiduciary point. LA reservoir strain was assessed 
using similar techniques. Other indices of right and left heart structure, 
function, and hemodynamics were assessed as per guidelines [35,36]. 

2.5. Atrial arrhythmias 

We defined atrial arrhythmia as a diagnosis of atrial fibrillation, 
atrial flutter, or atrial tachycardia lasting longer that 30 s, based on 
electrocardiogram, Holter monitor, rhythm strip or device interrogation 
reports [37]. Similar to previous studies [37], we defined atrial fibril
lation as the absence of a constant atrial activity/p-wave on surface ECG, 
atrial flutter as a macro-reentrant atrial arrhythmia that is typically 
characterized by sudden onset and termination clinically, and atrial 

Abbreviations 

CMRI Cardiac magnetic resonance imaging 
CI Confidence interval 
HR Hazard ratio 
LA Left atrium 
LV Left ventricle 
PVR Pulmonary valve replacement 
RA Right atrium 
RV Right ventricle 
ROC Receiver operating characteristic 
SE Standard error 
TOF Tetralogy of Fallot  
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tachycardia has atrial arrhythmia originating from a focal source. We 
grouped atrial flutter and atrial tachycardia together because of diffi
culty to reliably differentiate between these arrhythmias on surface 
electrocardiogram. 

Preoperative atrial arrhythmia was considered to be present if a 
patient had documented atrial arrhythmia prior to the time of PVR. 
Postoperative atrial arrhythmia was defined as documented atrial 
arrhythmia from 30 days after PVR until the last clinical encounter 
within study period. We excluded atrial arrhythmias occurring within 
the first 30 days after surgery since atrial arrhythmias are common 
within this period based on previous studies [38]. 

2.6. Statistical analysis 

Data were presented as mean ± standard deviation, median (inter
quartile range), and count (%). Between-group comparisons were per
formed using unpaired t-test, Wilcoxon rank sum test and chi-square 
test, as appropriate. The relationships between continuous variables 
were assessed using Pearson correlation. 

Linear regression analysis was used to identify the correlates of 
preoperative RA reservoir strain, and postoperative RA reverse remod
eling. These models were adjusted for demographic indices (age, sex), 
surgical history (age at time of TOF repair, transannular patch repair, 
prior systemic to pulmonary shunt, PVR prior to baseline), preoperative 
right heart indices (RA volume, RA pressure, RV global longitudinal 
strain, moderate tricuspid regurgitation, RV systolic pressure, pulmo
nary valve gradient), preoperative left heart indices (LA volume, LA 
reservoir strain, left ventricular [LV] global longitudinal strain), and 
comorbidities (hypertension, diabetes, coronary artery disease). Of note, 
LV and RV global longitudinal strain were modeled as absolute values (i. 
e., without the negative sign). Prior to creating the multivariable 
models, we first created univariable linear regression models assessing 
the correlates of preoperative RA reservoir strain and postoperative RA 
reverse remodeling. The covariables used in these univariable models 
(demographic indices, surgical history, echocardiographic indices, and 
comorbidities) were selected based on clinical relevance, and known 
association with outcomes. The covariates with p < 0.1 on univariable 
analysis were entered into the multivariable models, and final selection 
of covariates in multivariable models were based on stepwise backwards 
selection of covariates with a p < 0.05 required for a covariate to remain 
in the model. Age and sex were forced into all the models. The strength 
of association was measured using β and standard error (SE). In an 
exploratory analysis, we used receiver operating characteristic (ROC) 
curve to determine the ideal cut-off point for preoperative RA reservoir 
strain that predicts optimal RA reverse remodeling (Δ RA reverse 
remodeling >15%) based on Youden index. 

Cox regression analysis was used to assess the relationship between 
RA reverse remodeling and postoperative atrial arrhythmias (new-onset 
and recurrent atrial arrhythmias), and the Cox models were adjusted for 
the same covariates listed above. Postoperative atrial arrhythmia was 
analyzed as a time-to-event outcome, and patients were censored at the 
time of first episode of postoperative arrhythmia or last clinical 
encounter in patients without postoperative atrial arrhythmias. The 
strength of association was measured using hazard ratio (HR) and 95% 
confidence interval (CI). Subgroup analyses were performed to assess 
the relationship between RA reverse remodeling and postoperative 
atrial arrhythmias in the following patient subgroups: (1) Patients with 
history of preoperative atrial arrhythmias (n = 112); (2) Patients 
without history of preoperative atrial arrhythmias (n = 299); (3) Pa
tients with ≥moderate tricuspid regurgitation prior to PVR (n = 90); (4) 
Patients with <moderate tricuspid regurgitation prior to PVR (n = 321); 
(5) Patients with complete echocardiographic and cardiac magnetic 
resonance imaging (CMRI) data (n = 331); (6) Patients without atrial 
arrhythmias within the first 12 months after PVR (n = 397). 

The single conditional imputation method was used to correct for 
missing data. The imputation for continuous variable was performed by 

replacing the missing variables with the group mean for each covariate. 
For the categorical variables, we created two sets of covariates, and 
missing data were coded as positive and negative responses in the 
different sets. We performed sensitivity analyses using the subset of 
patients with complete echocardiographic data (complete case analysis). 
All statistical analyses were performed with BlueSky Statistics software 
(version. 7.10; BlueSky Statistics LLC, Chicago, IL, USA), and p value <
0.05 was considered to be statistically significant for all analyses. 

3. Results 

3.1. Baseline characteristics 

There were 411 patients that met the study inclusion criteria, and the 
mean age at the time of preoperative echocardiogram (Echo #1) was 36 
± 13 years, and 212 (52%) were male patients. Of the 411 patients, 112 
(27%) patients had a history of preoperative atrial arrhythmias, of 
which 81 had atrial flutter/tachycardia while 72 had atrial fibrillation 
(41 patients had both types of arrhythmias at different times). Compared 
to patients without preoperative atrial arrhythmias (n = 299, 73%), 
those with preoperative atrial arrhythmias (n = 112, 27%) were older, 
more likely to have cardiac implantable electronic devices and PVR at 
baseline, comorbidities, and end-organ dysfunction, and also had worse 
echocardiographic indices of right and left heart function (Table 1). Of 
the 411 patients, 66 (16%) had restrictive RV physiology, and there was 
no significant between group difference in the prevalence of restrictive 
RV physiology between the patients with preoperative atrial arrhythmia 
(n = 21, 19%) versus those without preoperative arrhythmias (n = 45, 
15%), p = 0.8 (Table 1). 

3.2. Preoperative RA function 

The mean RA reservoir strain in Echo #1 was 31 ± 13% for the entire 
cohort. RA reservoir strain had a modest correlation with estimated RA 
pressure (r = − 0.66, p < 0.001), LA reservoir strain (r = 0.61, p <
0.001), ≥moderate tricuspid regurgitation (r = − 0.57, p < 0.001), but a 
poor correlation with RA volume index (r = − 0.48, p < 0.001), esti
mated RV systolic pressure (r = − 0.45, p = 0.006), RV global longitu
dinal strain (r = 0.41, p = 0.01), restrictive RV physiology (r = − 0.38, p 
= 0.02), and LV global longitudinal strain (r = 0.33, p = 0.03). 

Of the 411 patients, 331 (81%) underwent CMRI, and the median 
interval between preoperative echocardiogram and CMRI was 2 (1–3) 
days. There was a weak correlation between preoperative RA reservoir 
strain and CMRI-derived RV ejection fraction (r = 0.41, p = 0.003), but 
no correlation between preoperative RA reservoir strain and RV end- 
diastolic volume index (r = 0.19, p = 0.2) or RV end systolic volume 
index (r = 0.28, p = 0.1). 

Table 2 show the clinical and hemodynamic correlates of preopera
tive RA reservoir strain. Age, RA volume index, RA pressure, and LA 
reservoir strain were associated with preoperative RA strain after 
adjustment for demographic indices, surgical history, comorbidities, 
and imaging indices. 

3.3. Surgical data 

Of the 411 patients, 382 (93%) and 29 (7%) received bioprosthetic 
valves and mechanical prosthetic valves, respectively. Of the 411 pa
tients, 73 (18%) and 16 (19%) had concomitant tricuspid valve repair 
and RA Maze procedure at the time of PVR, respectively. The average 
size of the pulmonary valve prosthesis was 27 ± 3 mm. The median 
hospital stay was 5 (4–8) days, and all patients survived to hospital 
discharge (inclusion criteria). 

All patients had echocardiogram at the time of hospital discharge 
after PVR (Echo #2). At time of Echo #2, the mean RA pressure was 7 ±
3 mmHg, RV systolic pressure was 33 ± 8 mmHg, pulmonary prosthetic 
valve mean gradient was 14 ± 6 mmHg, and none of the patient had ≥
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moderate tricuspid regurgitation. The mean hemoglobin was 8 ± 2 g/dl, 
and heart rate was 79 ± 14 beat per minute at the time of the hospital 
discharge echocardiogram. 

3.4. Postoperative RA reverse remodeling 

The mean RA reservoir strain in Echo #1 and Echo #3 were 31 ±
13% and 35 ± 15%, respectively, and Δ RA reservoir strain (RA reverse 
remodeling) was 13 ± 9%. Of the 411 patients, 171 (42%) had optimal 
RA reserve remodeling (>15% increase from preoperative RA reservoir 
strain), while 240 (58%) had suboptimal RA reverse remodeling. Table 3 
shows a comparison of clinical and imaging indices between patients 
with optimal versus suboptimal RA reverse remodeling. 

The clinical and hemodynamic indices associated with RA reverse 
remodeling were postoperative RA pressure (beta coefficient [β] ± SE 
-0.47 ± 0.12, p = 0.006), age (β±SE -0.19 ± 0.07, p = 0.01), preoper
ative RA reservoir strain (β±SE 1.12 ± 0.09, p < 0.001), and preoper
ative LA reservoir strain (β±SE 0.22 ± 0.03, p = 0.004), Table 4. 

3.5. Postoperative RA reverse remodeling and atrial arrhythmias 

Of the 411 patients, 65 (16%) developed atrial arrhythmias (atrial 
flutter/tachycardia 36, and atrial fibrillation 29) during a median 
follow-up of 7.1 (4.4–7.3) years, yielding an annual incidence of 2.2% 
per year. Of the 65 patients, 14 had atrial arrhythmias within the first 
year after PVR (from postoperative day 30 to the end of 12 months 
postoperative period) while 51 had atrial arrhythmias after 12 months 
post PVR. Among the 397 patients without atrial arrhythmias within the 
first year after PVR, the incidence of late atrial arrhythmias was 2.1% 
per year after the first year. RA reverse remodeling was associated with 
postoperative atrial arrhythmias (hazard ratio [HR] 0.91, 95% confi
dence interval [CI] 0.86–0.96, p = 0.004), after adjustment for preop
erative RA reservoir strain, preoperative arrhythmia history, 
demographic indices, comorbidities, and echocardiographic indices 

Table 1 
Preoperative clinical and imaging data (n = 411).   

All (n =
411) 

Preop AA (n =
112, 27%) 

No Preop AA 
(n = 299, 
73%) 

p 

Age, years 36 ± 13 45 ± 13 32 ± 12 <0.001 
Male sex 212 

(52%) 
53 (47%) 159 (53%) 0.3 

Body mass index, kg/ 
m2 

27 ± 6 28 ± 6 26 ± 5 0.06 

Anatomic/surgical history 
Age at time of TOF 

repair, years 
3 (0.5–7) 4 (1–7) 1 (0.6–2) 0.08 

PVR prior to baseline 202 
(49%) 

73 (65%) 129 (43%) <0.001 

CIED prior to 
baseline 

56 (14%) 38 (34%) 18 (6%) <0.001 

Comorbidities 
Hypertension 79 (19%) 41 (37%) 38 (13%) <0.001 
Diabetes 53 (13%) 21 (19%) 32 (11%) 0.03 
Coronary artery 

disease 
24 (6%) 14 (13%) 10 (3%) <0.001 

Medications 
Beta blockers 89 (21%) 39 (35%) 50 (17%) <0.001 
ACEI/ARB 72 (18%) 35 (31%) 37 (12%) <0.001 
MRA 17 (4%) 7 (6%) 10 (3%) 0.2 
Loop diuretics 69 (17%) 38 (34%) 31 (10%) <0.001 
Laboratory data 
GFR, ml/min/1.73 m 

[2] 
102 ± 18 96 ± 17 105 ± 18 0.006 

NT-proBNP, ng/l 210 
(95–463) 

395 
(225–1056) 

164 (84–329) 0.003 

Right heart indices (Echo #1) 
RA reservoir strain, 

% 
31 ± 13 24 ± 11 34 ± 13 <0.001 

RA conduit strain, % 18 ± 9 15 ± 7 19 ± 9 0.01 
RA booster strain, % 13 ± 8 10 ± 6 15 ± 7 <0.001 
RA volume index, 

ml/m2 
42 ± 19 44 ± 17 35 ± 13 0.02 

Estimated RA 
pressure, mmHg 

8 ± 4 10 ± 4 7 ± 3 <0.001 

Estimated RV systolic 
pressure, mmHg 

43 
(34–54) 

47 (36–63) 41 (33–51) 0.03 

≥Moderate tricuspid 
regurgitation 

110 
(27%) 

49 (44%) 61 (20%) <0.001 

RV end-diastolic 
area, cm2 

38 ± 10 41 ± 13 36 ± 8 0.2 

RV end-systolic area, 
cm2 

25 ± 8 26 ± 11 24 ± 7 0.5 

RV fractional area 
change, % 

37 ± 9 36 ± 9 37 ± 8 0.6 

RV global 
longitudinal strain, 
% 

− 19 ± 4 − 18 ± 4 − 19 ± 3 0.4 

≥Moderate 
pulmonary 
regurgitation 

385 
(94%) 

102 (91%) 283 (95%) 0.6 

Pulmonary valve 
mean gradient, 
mmHg 

32 ± 19 35 ± 23 30 ± 16 0.4 

Restrictive RV 
physiology 

66 (16%) 21 (19%) 45 (15%) 0.8 

Left heart indices (Echo #1) 
LA reservoir strain, % 40 ± 15 35 ± 12 43 ± 15 0.001 
LA conduit strain, % 26 ± 10 21 ± 8 29 ± 11 <0.001 
LA booster strain, % 14 ± 8 11 ± 6 15 ± 7 0.006 
LA volume index, 

ml/m2 
27 ± 11 33 ± 15 24 ± 9 <0.001 

LV end-diastolic 
volume index, ml/ 
m2 

54 ± 9 56 ± 10 52 ± 11 0.2 

LV end-systolic 
volume index, ml/ 
m2 

25 ± 7 27 ± 8 24 ± 6 0.1 

LV ejection fraction, 
% 

58 ± 7 56 ± 9 58 ± 10 0.2  

Table 1 (continued )  

All (n =
411) 

Preop AA (n =
112, 27%) 

No Preop AA 
(n = 299, 
73%) 

p 

LV global 
longitudinal strain, 
% 

− 20 ± 5 − 18 ± 5 − 22 ± 6 <0.001 

Cardiac MRI (n = 331) 
RV end-diastolic 

volume index, ml/ 
m2 

161 ± 40 166 ± 41 158 ± 3 0.6 

RV end-systolic 
volume index, ml/ 
m2 

85 ± 29 87 ± 26 84 ± 23 0.8 

RV stroke volume 
index, ml/m2 

86 ± 21 81 ± 22 88 ± 25 0.7 

RV ejection fraction, 
% 

44 ± 10 43 ± 10 44 ± 9 0.8 

Pulmonary 
regurgitant volume 
index, ml/m2 

45 ± 19 42 ± 17 47 ± 20 0.2 

Pulmonary 
regurgitant 
fraction, % 

52 ± 24 51 ± 26 53 ± 21 0.4 

LV stroke volume 
index, ml/m2 

39 ± 11 35 ± 10 43 ± 11 0.1 

LV ejection fraction, 
ml/m2 

58 ± 9 56 ± 11 59 ± 10 0.3 

Abbreviations: AA: atrial arrhythmia; ACEI: angiotensin converting enzyme 
inhibitor; ARB: angiotensin receptor blocker; CIED: cardiac implantable elec
tronic devices; GFR: glomerular filtration rate; LA: left atrium; LV: left ventricle; 
MRI: magnetic resonance imaging; MRA: mineralocorticoid receptor antagonist; 
NT-proBNP: N-terminal pro-brain natriuretic peptide; Preop: preoperative; PVR: 
pulmonary valve replacement; Preop: preoperative; RA: right atrium; RV: right 
ventricle TOF: Tetralogy of Fallot. 
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(Table 5). 
Compared to the patients with suboptimal RA reverse remodeling, 

those with optimal RA reverse remodeling had lower annual incidence 
of atrial arrhythmias 0.8% versus 3.1% per year, p < 0.001. Having 
optimal RA reverse remodeling was associated 22% reduction in the risk 
of postoperative atrial arrhythmia (adjusted HR 0.78, 95% CI 0.67–0.89, 
p < 0.001), after adjustment for preoperative RA reservoir strain, pre
operative arrhythmia history, demographic indices, comorbidities, and 
echocardiographic indices (Fig. 1). 

Prespecified subgroup analyses were performed assessing the prog
nostic performance of RA reverse remodeling in the different groups. 

The association between RA reverse remodeling and postoperative atrial 
arrhythmia was consistent across all subgroups (Table 6). 

3.6. Exploratory analyses 

Exploratory analysis was performed to determine the optimal cut-off 
point for preoperative RA reservoir strain that predicts optimal post
operative RA reverse remodeling. Based on ROC analysis, we observed 
that preoperative RA reservoir strain ≥33% as the ideal cut-off point to 
predict optimal postoperative RA reverse remodeling (area under the 
curve 0.792). Compared to patients with preoperative RA reservoir 
strain <33% (n = 242, 59%), those with RA reservoir strain ≥33% (n =
169, 41%) had more robust RA reverse remodeling (Δ RA reverse 
remodeling 19 ± 11% versus 7 ± 10%, p < 0.001; proportion of patients 
with optimal RA reverse remodeling 61% [103/169], versus 28% [68/ 
242], p < 001), and lower incidence of postoperative atrial arrhythmias 

Table 2 
Linear regression model showing clinical and hemodynamic correlates of pre
operative RA reservoir strain.   

Univariable analysis Multivariable analysis 

Variables β±SE p β±SE p 

Demographics 
Age, years − 0.28 ±

0.11 
0.005 − 0.21 ±

0.09 
0.008 

Male sex 0.05 ±
0.16 

0.5 0.08 ±
0.22 

0.4 

Surgical History 
Age at TOF repair, years − 0.14 ±

0.29 
0.2   

Transannular patch repair − 1.07 ±
1.04 

0.3   

Prior systemic to pulmonary 
shunt 

− 0.26 ±
0.51 

0.1   

PVR prior to baseline − 0.17 ±
0.21 

0.4   

Comorbidities 
Hypertension − 4.66 ±

2.92 
0.004   

Diabetes − 2.43 ±
1.87 

0.07   

Coronary artery disease − 4.76 ±
3.08 

0.1   

Preoperative Echo Indices (Echo #1) 
RA volume index, ml/m2 − 0.39 ±

0.13 
<0.001 − 0.26 ±

0.14 
0.02 

RA pressure, mmHg − 0.62 ±
0.27 

<0.001 − 0.53 ±
0.24 

<0.001 

RV global longitudinal strain*, 
% 

0.28 ±
0.13 

0.01   

RV systolic pressure, mmHg − 0.37 ±
0.15 

0.006   

Restrictive RV physiology 0.26 ±
0.26 

0.1   

≥Moderate tricuspid 
regurgitation 

− 4.13 ±
1.87 

<0.001   

Pulmonary valve mean 
gradient, mmHg 

− 0.08 ±
0.95 

0.3   

LA volume index, ml/m2 − 0.16 ±
0.11 

0.08   

LA reservoir strain, % 0.39 ±
0.14 

<0.001 0.31 ±
0.12 

0.002 

LV global longitudinal strain*, 
% 

0.35 ±
0.21 

0.03   

Preoperative CMRI Indices 
RV end-diastolic volume index, 

ml/m2 
− 0.08 ±
0.11 

0.2   

RV end-systolic volume index, 
ml/m2 

− 0.16 ±
0.14 

0.1   

RV ejection fraction, % 0.22 ±
0.09 

0.003   

Abbreviations: CMRI: cardiac magnetic resonance imaging; LA: left atrium; LV: 
left ventricle; PVR: pulmonary valve replacement; RA: right atrium; RV: right 
ventricle; TOF: tetralogy of Fallot. 
Footnote: * LV and RV global longitudinal strain were modeled as absolute 
values (i.e., without the negative sign). Note that only the covariates with sta
tistically significant association with outcome are displayed in the multivariable 
model. 

Table 3 
Comparison of clinical and imaging indices between patients with optimal 
versus suboptimal RA reverse remodeling.   

Optimal RA reverse 
remodeling (n = 171, 
42%) 

Sub-optimal RA reverse 
remodeling (n = 240, 
58%) 

p 

Age, years 31 ± 11 39 ± 10 0.007 
Male sex 85 (50%) 127 (53%) 0.4 
Body mass index, 

kg/m2 
27 ± 5 26 ± 5 0.2 

Age at time of TOF 
repair, years 

2 (0.7–5) 3 (1–7) 0.3 

Laboratory data 
GFR, ml/min/1.73 

m [2] 
98 ± 14 103 ± 16 0.2 

NT-proBNP, ng/l 185 (141–383) 231 (182–511) 0.09 

Right heart indices (Echo #1) 
RA reservoir strain, 

% 
36 ± 10 28 ± 12 0.007 

RA volume index, 
ml/m2 

37 ± 15 46 ± 18 0.01 

Estimated RA 
pressure, mmHg 

7 ± 4 9 ± 5 0.006 

Estimated RV 
systolic pressure, 
mmHg 

38 (32–49) 47 (36–60) 0.02 

RV end-diastolic 
area, cm2 

35 ± 12 41 ± 12 0.1 

RV end-systolic 
area, cm2 

24 ± 10 26 ± 9 0.6 

RV fractional area 
change, % 

38 ± 9 36 ± 10 0.6 

RV global 
longitudinal 
strain, % 

− 20 ± 4 − 18 ± 5 0.1 

Left heart indices (Echo #1) 
LA reservoir strain, 

% 
43 ± 11 38 ± 12 0.006 

LA volume index, 
ml/m2 

25 ± 12 29 ± 13 0.2 

LV global 
longitudinal 
strain, % 

− 21 ± 5 − 18 ± 4 0.07 

Cardiac MRI 
RV end-diastolic 

volume index, ml/ 
m2 

156 ± 33 168 ± 31 0.4 

RV end-systolic 
volume index, ml/ 
m2 

83 ± 21 87 ± 22 0.7 

RV ejection fraction, 
% 

45 ± 11 43 ± 9 0.6 

Abbreviations: GFR: glomerular filtration rate; LA: left atrium; LV: left 
ventricle; MRI: magnetic resonance imaging; NT-proBNP: N-terminal pro-brain 
natriuretic peptide; PVR: pulmonary valve replacement; RA: right atrium; RV: 
right ventricle TOF: Tetralogy of Fallot. 
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(1.1% versus 2.9%, p = 0.003), Fig. 1. 

4. Discussion 

In this study, we assessed the relationship between postoperative 
improvement in RA function (RA reverse remodeling) after PVR and the 
risk of postoperative atrial arrhythmias during follow-up. The main 
findings are: (1) About 42% of adults with TOF undergoing PVR had 
optimal postoperative RA reverse remodeling defined as a relative 
postoperative increase in preoperative RA reservoir strain >15%, and 
postoperative RA reverse remodeling was associated with lower risk of 
postoperative atrial arrhythmia. This relationship was independent of 
preoperative RA reservoir strain and baseline characteristics. (2) Pre
operative RA reservoir strain was associated with postoperative RA 
reverse remodeling, and patients with preoperative RA reservoir strain 
≥33% were more likely to have optimal postoperative RA reverse 
remodeling and less likely to have postoperative atrial arrhythmias. 

Residual/recurrent hemodynamic lesions such as RV outflow tract 
stenosis, pulmonary regurgitation, and tricuspid regurgitation are 
common in adults with repaired TOF [1–3]. These lesions create right 
heart pressure and/or volume overload, and over time lead to RV 
remodeling (RV enlargement, hypertrophy, systolic dysfunction, and 
diastolic dysfunction) [2,15–18]. However, the hemodynamic impact of 
right heart pressure and/or volume overload is not limited to the RV but 
can affect the RA and other cardiac chambers [16,17,39,40]. The RA 
modulates the function of the RV by providing reservoir function in 
systole which in turn determines RV preload and systemic venous 
pressure; by acting as a passive conduit to enable RV filling in early 
diastole; and by augmenting RV preload in late diastolic through atrial 
contraction [19,20]. Since the RA function is intricately linked to all 
phases of the cardiac cycle, changes in RA function (dysfunction), can 
potentially be used as a barometer of right heart function [19,20]. RA 
strain imaging provides an assessment of RA and RV function 
throughout the cardiac cycle, with RA reservoir strain providing an 
assessment RA compliance [28–31]. Based on this premise, the clinical 
and hemodynamic benefits (or lack thereof) of right heart interventions 
such as PVR should result in measurable changes in RA function, but this 
has not been empirically tested. The current study fills this knowledge 
gap by demonstrating that RA function improved after PVR, and that the 
extent of improvement in RA function was dependent on preoperative 
RA function. Furthermore, it also showed that postoperative improve
ment in RA function after PVR was associated with a lower risk of atrial 
arrhythmias which is an important prognostic marker in this population. 

Several studies have demonstrated the feasibility and prognostic 
importance of RA function indices in patients with acquired heart dis
ease [19–22]. Hasselberg et al. and Alenezi et al. reported that RA 
reservoir strain was associated with heart failure hospitalization and 
all-cause mortality in patients with precapillary pulmonary hyperten
sion [19,20]. Other studies have shown that RA reservoir strain can 
identify patients at risk for postprocedural atrial arrhythmias after 
transcatheter closure of atrial septal defect and other cardiac surgeries 
[21,22]. To the best of our knowledge, only two previous studies have 
described the clinical application of RA strain in adults with repaired 
TOF [23,24]. In these studies, Kutty el demonstrated that RA reservoir 
strain as measured by CMRI was lower in TOF patients as compared to 
controls, and that CMRI-derived RA strain indices had poor correlations 
with CMRI-derived RV volumetric indices similar to the results of the 
current study [23]. In a different study, Timoteo et al. observed that RA 
strain, as measured by speckle tracking echocardiography, was associ
ated with atrial arrhythmia in the subset of TOF patients without prior 
history of PVR [24]. Both studies were based on smaller samples and 
relied on cross-sectional analysis [23,24]. Our study builds on these 

Table 4 
Linear regression model showing clinical and hemodynamic correlates of RA 
reverse remodeling.   

Variables 
Univariable analysis Multivariable analysis 

β±SE p β±SE p 

Postoperative Echo Indices (Echo #2) 
Postop pulmonary valve mean 

gradient 
− 0.05 ±
0.19 

0.1   

Pulmonary valve size, mm 0.26 ±
0.43 

0.6   

Concomitant tricuspid valve 
repair 

− 0.17 ±
0.22 

0.4   

Concomitant RA maze 
operation 

− 0.52 ±
0.34 

0.02   

Postop RA pressure, mmHg − 0.84 ±
0.31 

0.007 − 0.47 ±
0.12 

0.006 

Postop RV systolic pressure, 
mmHg 

− 0.37 ±
0.14 

0.01   

Hemoglobin, g/dl 0.09 ± 17 0.3   
Heart rate, bpm − 0.03 ±

0.21 
0.5   

Preoperative Clinical Indices 
Demographics 

Age, years − 0.23 ±
0.09 

0.008 − 0.19 ±
0.07 

0.01 

Male sex 0.08 ±
0.13 

0.4 0.11 ±
0.19 

0.2 

Surgical History 
Age at TOF repair, year − 0.16 ±

0.34 
0.3   

Transannular patch repair − 1.55 ±
1.32 

0.5   

Prior systemic to pulmonary 
shunt 

− 0.16 ±
0.48 

0.2   

PVR prior to baseline − 0.14 ±
0.29 

0.3   

Comorbidities 
Hypertension − 7.51 ±

2.41 
0.002   

Diabetes − 4.84 ±
3.31 

0.5   

Coronary artery disease − 6.22 ±
3.77 

0.2   

Preoperative Echo Indices (Echo #1) 
RA reservoir strain, % 0.53 ±

0.07 
<0.001 1.12 ±

0.09 
<0.001 

RA volume index, ml/m2 − 0.24 ±
0.04 

<0.001   

RA pressure, mmHg − 0.54 ±
0.28 

0.004   

RV global longitudinal strain*, 
% 

0.28 ±
0.21 

0.2   

RV systolic pressure, mmHg − 0.32 ±
0.12 

0.01   

≥Moderate tricuspid 
regurgitation 

− 6.46 ±
2.91 

0.03   

Pulmonary valve mean 
gradient, mmHg 

− 0.03 ±
0.26 

0.2   

LA volume index, ml/m2 − 0.28 ±
0.16 

0.04   

LA reservoir strain, % 0.24 ±
0.05 

0.01 0.22 ±
0.10 

0.004 

LV global longitudinal strain*, 
% 

0.27 ±
0.22 

0.4   

Preoperative CMRI Indices 
RV end-diastolic volume index, 

ml/m2 
− 0.09 ±
0.14 

0.3   

RV end-systolic volume index, 
ml/m2 

− 0.13 ±
0.11 

0.1   

RV ejection fraction, % 0.16 ±
0.18 

0.3   

Abbreviations: CMRI: cardiac magnetic resonance imaging; LA: left atrium; LV: 
left ventricle; PVR: pulmonary valve replacement; RA: right atrium; RV: right 
ventricle; TOF: tetralogy of Fallot. 
Footnote: * LV and RV global longitudinal strain were modeled as absolute 

values (i.e., without the negative sign). Note that only the covariates with sta
tistically significant association with outcome are displayed in the multivariable 
model. 
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previous studies, by demonstrating that RA function improved after 
PVR, especially when PVR was performed prior to significant deterio
ration in RA function, and that improvement in RA function was asso
ciated with lower risk of atrial arrhythmias during follow-up. These 
findings have potential clinical applications. 

5. Clinical implications and future directions 

The ability of the RV to remodel after PVR has been described in 
several studies, and these studies form the basis for the guideline rec
ommendations regarding timing of PVR in this population [2,4–8,10, 
11]. The current study extends our understanding of right heart 
remodeling after PVR by demonstrating that the RA can also remodel 
after PVR, and that the extent of postoperative RA remodeling was 
related to the risk of postoperative atrial arrhythmias. More importantly, 
it identifies the preoperative RA reservoir strain threshold associated 
with greater odds of achieving optimal RA reverse remodeling, and in 
turn, a lower risk of postoperative atrial arrhythmias after PVR. These 
data could potentially be integrated into the current clinical risk models 
(that are based mostly on RV volumetric indices) regarding timing of 
PVR, and potentially improve risk stratification in this population. Of 
note, the absence of correlations between RA reservoir strain and RV 
volumetric indices observed in this study, suggest that both sets of 
indices measure different aspects of right heart function. Hence, inte
grating both sets of indices into a single risk model would likely provide 
a more comprehensive assessment of right heart hemodynamic perfor
mance. Further studies are required to empirically validated these 
postulates. 

6. Limitations 

The results presented in this study were derived from retrospective 
analysis of data from patients that received care at a single tertiary 
center. It is therefore prone to selection and ascertainment bias, which 
may limit generalizability of the results. The criterion for optimal RA 
reverse remodeling used in this study was arbitrary due to lack of data. 
However, the results of the current study suggests that this threshold 
(>15% change in RA reservoir strain) may be clinically meaningful. 
Although we used robust statistical methods to adjust for confounders, it 
is possible that some of our findings could have been influenced by re
sidual confounders. We limited the inclusion criteria to patients that 
underwent surgical PVR, excluding those that underwent transcatheter 
PVR, since myocardial injury and recovery may differ between the 2 
groups because of the use of cardiopulmonary bypass in the surgical 
group. This would likely limit the applicability of the results to patients 
undergoing transcatheter PVR. Finally, we did not have CMRI data in all 
patients. However, the findings were consistent in the subgroup of pa
tients with CMRI data, as well as across all subgroups analyzed. 

7. Conclusions 

RA reverse remodeling occurred after PVR, and the extent of RA 
reverse remodeling was associated with lower risk of atrial arrhythmias. 
The preoperative RA reservoir strain was associated with RA reverse 
remodeling, and in turn, postoperative atrial arrhythmia. These results 
suggest that RA strain indices could be used to determine optimal timing 
for PVR in order to reduce the risk of atrial arrhythmia, which is an 
important risk factor for heart failure and mortality in this population. 
Further studies are required to validate the results of this study in a 
different population, and to determine whether the inclusion of RA 

Table 5 
Cox model showing clinical and hemodynamic correlates of postoperative atrial 
arrhythmia.  

Variables Univariable analysis Multivariable analysis 

HR (95% CI) p HR (95% CI) p 

Δ RA reservoir strain, % 0.93 
(0.91–0.95) 

<0.001 0.91 
(0.86–0.96) 

0.004 

Postoperative Echo Indices (Echo #2) 
Postop pulmonary valve 

mean gradient 
1.04 
(0.95–1.12) 

0.1   

Pulmonary valve size, mm 0.96 
(0.85–1.08) 

0.4   

Concomitant tricuspid 
valve repair 

1.14 
(0.93–1.25) 

0.3   

Concomitant RA maze 
operation 

1.28 
(1.03–1.59) 

0.02   

Postop RA pressure, mmHg 1.06 
(1.03–1.09) 

<0.001 1.03 
(1.01–1.06) 

0.03 

Postop RV systolic 
pressure, mmHg 

1.04 
(1.01–1.07) 

0.008   

Preoperative Clinical Indices Demographics 
Age, years 1.06 

(1.05–1.08) 
<0.001 1.05 

(0.98–1.12) 
0.2 

Male sex 0.65 
(0.41–1.03) 

0.08 1.46 
(0.94–1.76) 

0.4 

Arrhythmia History 
Preoperative atrial 

arrhythmias 
3.11 
(2.04–4.75) 

<0.001 2.76 
(1.55–3.98) 

0.006 

Surgical History 
Age at TOF repair, years 1.65 

(0.86–2.04) 
0.3   

Transannular patch repair 1.97 
(1.07–3.61) 

0.03   

Prior systemic to 
pulmonary shun 

1.34 
(0.73–2.18) 

0.5   

PVR replacement prior to 
baseline 

1.12 
(0.86–1.55) 

0.2   

Comorbidities 
Hypertension 1.93 

(1.21–3.08) 
0.005   

Diabetes 1.42 
(0.82–1.46) 

0.2   

Coronary artery diseas 1.92 
(1.01–3.65) 

0.04   

Preoperative Echo Indices (Echo #1) 
RA reservoir strain, % 0.97 

(0.95–0.99) 
0.02 0.96 

(0.93–0.99) 
0.04 

RA volume index, ml/m2 1.03 
(1.02–1.04) 

0.003 1.02 
(1.01–1.03) 

0.03 

RA pressure, mmHg 1.15 
(1.09–1.21) 

<0.001   

RV global longitudinal 
strain*, % 

0.93 
(0.84–1.03) 

0.2   

RV systolic pressure, 
mmHg 

1.02 
(1.02–1.03) 

0.004   

≥Moderate tricuspid 
regurgitation 

2.32 
(1.46–3.68) 

<0.001   

≥Moderate pulmonary 
regurgitation 

2.04 
(0.83–4.11) 

0.4   

Pulmonary valve mean 
gradient, mmHg 

1.01 
(0.99–1.03) 

0.3   

LA volume index, ml/m2 1.02 
(1.00–1.04) 

0.08   

LA reservoir strain, % 0.96 
(0.93–0.99) 

0.02   

LV global longitudinal 
strain*, % 

0.97 
(0.93–1.01) 

0.3   

Preoperative CMRI Indices 
RV end-diastolic volume 

index, ml/m2 
0.96 
(0.91–1.01) 

0.1   

RV end-systolic volume 
index, ml/m2 

0.95 
(0.91–0.99) 

0.09   

RV ejection fraction, % 0.96 
(0.92–1.00) 

0.1   

Abbreviations: CMRI: cardiac magnetic resonance imaging; CI: confidence in
terval; HR: hazard ratio; LA: left atrium; LV: left ventricle; PVR: pulmonary valve 

replacement; RA: right atrium; RV: right ventricle; TOF: tetralogy of Fallot. 
Footnote: * LV and RV global longitudinal strain were modeled as absolute 
values (i.e., without the negative sign). Note that only the covariates with sta
tistically significant association with outcome are displayed in the multivariable 
model. 
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function indices to the current risk models for determining the timing of 
PVR would lead to improved clinical outcomes. 
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Fig. 1. (A) Title: Association between postoperative right atrial (RA) remodeling and atrial arrhythmia. Caption: Forrest plot showing the relationship between 
postoperative RA reverse remodeling and atrial arrhythmia after pulmonary valve replacement. (B) Title: Postoperative RA reverse remodeling and atrial ar
rhythmias. Caption: Bar graphs comparing postoperative RA reverse remodeling and atrial arrhythmia based on preoperative RA reservoir strain.. 

Table 6 
Multivariable Cox Regression Models Assessing the Relationship Between RA Reverse Remodeling (Δ RA Reservoir strain) and Postoperative Atrial Arrhythmias.   

HR (95%CI) for Δ RA Reservoir strain modeled as continuous variable   
Model A Model B Model C Model D Model E Model F 

aHR 0.93 (0.87–0.99) 0.89 (0.86–0.93) 0.93 (0.87–0.99) 0.90 (0.87–0.93) 0.91 (0.85–0.97) 0.94 (0.91–0.97)  

HR (95%CI) for Δ RA Reservoir strain modeled as binary variable (>15% vs ≤ 15%)  
Model A Model B Model C Model D Model E Model F 

aHR 0.79 (0.64–0.83) 0.74 (0.61–0.69) 0.81 (0.68–0.95) 0.75 (0.69–0.81) 0.77 (0.71–0.83) 0.78 (0.72–0.84) 

Abbreviations: RA: right atrium; aHR: adjusted hazard ratio; CI: confidence interval. 
Footnote: Adjusted signifies HR adjusted for demographic indices (age, sex), surgical history (age at time of TOF repair, transannular patch repair, prior systemic to 
pulmonary shunt, and PVR prior to baseline), preoperative right heart indices (RA volume, RA pressure, RV global longitudinal strain, moderate tricuspid regurgi
tation, RV systolic pressure, pulmonary valve gradient), preoperative left heart indices (LA volume, LA reservoir strain, LV global longitudinal strain), and comor
bidities (hypertension, diabetes, coronary artery disease). 
Model A: Analysis restricted patients with history of preoperative atrial arrhythmias (n = 112). 
Model B: Analysis restricted to patients without history of preoperative atrial arrhythmias (n = 299). 
Model C: Analysis restricted to patients with ≥moderate tricuspid prior to PVR (n = 110). 
Model D: Analysis restricted to patients with <moderate tricuspid prior to PVR (n = 301). 
Model E: Analysis restricted to patients with complete echocardiographic and cardiac MRI data (n = 331). 
Model E: Analysis restricted to patients without atrial arrhythmias within the first year postoperatively (n = 397). 
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