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Abstract
We assessed right ventricular (RV)–pulmonary arterial (PA) coupling in patients with repaired tetralogy of Fallot (TOF). 
Sixty patients (34 males) aged 18.6 ± 8.3 years at 14.8 ± 7.4 years after repair and 60 controls were studied. Two-dimensional, 
tissue Doppler and speckle tracking echocardiography and colour flow mapping were performed to assess RV end-systolic 
(ESA) and -diastolic areas, tricuspid valve Doppler and myocardial velocities, left ventricular (LV) and RV deformation and 
pulmonary (PR), tricuspid regurgitation (TR), respectively. The ratios of RV area change to ESA and peak tricuspid annular 
systolic (s) velocity to RV ESA indexed to body surface area reflected RV–PA coupling. Patients had greater RV areas and 
reduced tricuspid annular and myocardial velocities, LV and RV myocardial mechanics compared to controls (all p < 0.05). 
Both RV area change/ESA ratio and peak tricuspid annular s velocity/indexed RV ESA ratio were reduced in patients (all 
p < 0.001). Sixty-one and 100% of patients had, respectively, RV area change/ESA ratio and peak tricuspid annular s veloc-
ity/indexed RV ESA ratio < -2SD of controls. Indices of RV–PA coupling correlated positively with tricuspid myocardial 
velocities, LV and RV deformation and inversely with PR and TR (all p < 0.05). Multivariate analysis showed RV systolic 
strain rate, PR and TR as independent predictors of both RV–PA coupling indices, whilst age, gender and LV systolic strain 
were also predictors of peak tricuspid annular s velocity/indexed RV ESA ratio (all p < 0.05). In conclusion, RV–PA coupling 
is impaired and is associated with RV and LV mechanics and severity of PR and TR in patients with repaired TOF.
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Introduction

In repaired tetralogy of Fallot (TOF), the long-term cardio-
vascular morbidities and mortalities remain to be impor-
tant issues of concern. In particular, the impact of chronic 
pulmonary regurgitation (PR) and right ventricular (RV) 
dysfunction on exercise capacity, cardiac arrhythmias and 
sudden cardiac death is well documented [1–3]. Assessment 
of functional perturbation of the right ventricle has hence 
been the focus of studies of patients after TOF repair [4, 5]. 
Performance of the subpulmonary right ventricle should, 
however, be interpreted in the context of the pulmonary arte-
rial (PA) system that it supports. In repaired TOF patients, 

alterations of PA substrates that may increase RV afterload 
exist. These include residual branch PA stenosis on the mac-
roscopic scale [6] and increased medionecrosis and fibrosis 
of pulmonary arterioles on a microscopic scale [7, 8]. The 
understanding of maladaptation of the subpulmonary right 
ventricle is repaired TOF patients would hence be incom-
plete without evaluation of its coupling to the PA circulation.

Right ventricular–PA coupling refers to the relation-
ship between RV contractility and its afterload as offered 
by the PA circulation [9]. The prognostic importance of 
RV–PA coupling is increasingly recognized in patients with 
advancing stages of heart failure [10] and in those with PA 
hypertension [11]. Whilst assessment of RV–PA coupling 
historically required invasive cardiac catheterization for 
determination of the ratio of RV end-systolic elastance (Ees) 
to effective arterial elastance (Ea) [9], non-invasive echo-
cardiographic indices of coupling have increasingly been 
utilized for its quantification [12–16]. These latter indices 
are based on the ratio of echocardiography-derived indices 
of RV systolic function to those of RV afterload. Examples 
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include the ratio of RV area change to end-systolic area 
(ESA) [12–14] and the ratio of peak tricuspid systolic annu-
lar velocity (s) to RV ESA indexed to body surface area [14].

Given the alteration of pulmonary arterial substrate as 
described above [6–8], we hypothesize that RV–PA coupling 
may be altered in patients with repaired TOF. The present 
study aimed to interrogate, using two-dimensional and tis-
sue Doppler echocardiography, RV–PA coupling in patients 
with repaired TOF and to explore factors associated with its 
alteration.

Methods

This is a retrospective study of the echocardiographic 
recordings of 60 patients with repaired TOF selected ran-
domly from our congenital heart database and those of 60 
age-matched healthy controls. The healthy controls included 
hospital staff, healthy siblings of patients and subjects 
attending the cardiac clinic with functional heart murmur, 
non-specific chest pain or palpitation and for which no 
underlying organic causes were identified. The following 
patient data were retrieved from case notes: type of opera-
tion performed, date and age at primary repair, the need 
for and type of reinterventions and occurrence of cardiac 
arrhythmias. The body height and weight of all subjects at 
the time of echocardiographic acquisitions were used for 
calculation of body surface area and body mass index. This 
study was approved by the Institutional Review Board of 
the University of Hong Kong/Hospital Authority Hong 
Kong West Cluster, Hong Kong. Informed consent had been 
obtained from all participants at the time of acquisition of 
echocardiographic images.

Echocardiographic assessment was performed using 
Vivid 7 ultrasound machine (General Electric, Vingmed, 
Horton, Norway). Data were stored digitally and analysed 
offline using the EchoPAC software version 201 (General 
Electric, Vingmed, Horten, Norway). The values of echo-
cardiographic parameters from three cardiac cycles were 
averaged for statistical analysis.

From the parasternal short-axis view, the LV end-sys-
tolic and -diastolic dimensions were measured by M-mode 
echocardiography. The LV shortening fraction was calcu-
lated according to standard formula. From the apical four-
chamber view, tricuspid annular peak systolic excursion 
(TAPSE) was also obtained through M-mode interrogation. 
From this view, the RV ESA and end-diastolic (EDA) areas 
were measured. Right ventricular area change was calcu-
lated as the difference between RV ESA and EDA. Right 
ventricular fractional area change (FAC) was then calcu-
lated as (RV area change/RV EDA) × 100%. Trans-tricuspid 
pulsed-wave Doppler imaging was performed from the api-
cal four-chamber view to determine the peak early (E) and 

late (A) tricuspid valve Doppler velocities and E/A ratio. 
Tissue Doppler imaging was then performed with sample 
volume placed at the basal RV free wall-tricuspid annular 
junction to obtain the following RV indices: s, early (e) and 
late (a) diastolic myocardial tissue velocities and e/a ratio. 
Right ventricular isovolumic myocardial acceleration (IVA), 
a relatively load-independent index of respective RV systolic 
function, was measured. The right-sided E/e ratio was calcu-
lated to estimate RV filling pressure. Colour flow mapping 
was used to assess semi-quantitatively the severity of PR 
and tricuspid regurgitation (TR) [17]. For PR, the width of 
the origin and the depth of penetration of the jet into the RV 
outflow were used to quantify its severity (mild: thin jet with 
a narrow origin; moderate: intermediate jet size; wide broad 
origin with deeper penetration). For tricuspid regurgitation, 
the area of the colour flow jet was used to quantify its sever-
ity (mild: a small and narrow central jet; moderate: moder-
ate central jet; severe: a large central jet or an eccentric jet 
that impinges on the atrial wall). Two-dimensional speckle 
tracking echocardiography was performed for quantification 
of global LV and RV longitudinal myocardial deformation 
from the apical four-chamber view as reported previously 
[18, 19]. Briefly, the entire contours of the left and right 
ventricles were traced to determine the global systolic lon-
gitudinal strain (GLS), systolic (SRs), early (SRe) and late 
diastolic (SRa) strain rates of the two ventricles.

Right ventricular–PA coupling was assessed by the cal-
culation of the following two indices: RV area change/ESA 
ratio [12–14] and peak tricuspid annular s velocity/indexed 
RV ESA ratio [14]. The ratio of RV area change/ESA ratio 
a two-dimensional surrogate measure of the stroke volume/
end-systolic volume ratio, which has been shown to identify 
RV maladaptation in pulmonary hypertension [12]. The peak 
tricuspid annular s velocity/indexed RV ESA ratio has also 
been shown to be a useful bedside surrogate assessment of 
RV–PA coupling in patients with stable and decompensated 
pulmonary hypertension and in experimental models with 
acute variation of PA pressure [14].

Results are presented as mean ± SD. Right ventricular 
areas were indexed by body surface areas. Absolute values 
of strain and strain rates are presented to facilitate inter-
pretation and statistical analyses. Demographics, clinical 
variables, echocardiographic indices and RV–PA coupling 
parameters of the patients and controls were compared using 
unpaired Student’s t test. For the whole cohort, Pearson’s 
correlation analysis was performed to explore associa-
tions between RV–PA coupling indices and demographic 
and echocardiographic functional indices. Multiple linear 
regression analysis of the entire cohort was performed to 
identify significant correlates of RV–PA coupling indices. 
The following covariates were included: age, gender, LV and 
RV GLS and systolic and diastolic strain rates and sever-
ity of PR and TR. Receiver operating characteristic (ROC) 
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curves were generated to determine the cutoff of RV–PA 
coupling and other echocardiographic indices to discrimi-
nate between patients and controls. A p value < 0.05 was 
considered statistically significant. All statistical analyses 
were performed using IBM SPSS Statistics 26 (SPSS, Chi-
cago, Illinois, USA).

Results

Sixty (34 males) repaired TOF patients aged 18.6 ± 8.3 years 
who underwent corrective surgery at 4.1 ± 2.7 years were 
studied at 14.8 ± 7.4 years after repair. All of the patients 
had transannular patch repair of the the RV outflow obstruc-
tion. Additional interventions after initial repair included 
pulmonary valve replacement in three patients, closure of 
residual ventricular septal defect in 1 and balloon pulmo-
nary angioplasty in 1. One patient had atrial flutter and 
ventricular tachycardia and underwent successful radiofre-
quency ablation. Four patients had syndromal associations, 
including DiGeorge syndrome in 3 and Down syndrome in 
1. A total of 60 (30 males) controls, aged 16.6 ± 7.0 years 
(p = 0.14) were studied. The body weight (45.7 ± 15.8 kg 
vs 50.5 ± 17  kg, p = 0.17), height (151.6 ± 17.6  cm vs 
155.4 ± 21.4 cm, p = 0.28), body mass index (19.2 ± 3.8 kg/
m2 vs 20.3 ± 4.0 kg/m2, p = 0.13) and body surface area 
(1.4 ± 0.3 m2 vs 1.5 ± 0.4 m2, p = 0.10) were similar between 
the two groups.

Table 1 summarizes the echocardiographic findings in 
patients and controls. Compared with controls, patients had 
a larger LV systolic dimension (p = 0.002) and lower LV 
fractional shortening, GLS and systolic and diastolic strain 
rates (all p < 0.001). With regard to RV indices, patients had 
significantly greater RV end-systolic and -diastolic areas, 
and lower TAPSE, RV FAC, tricuspid E wave velocity and 
E/A ratio (all p < 0.05). Tissue Doppler imaging revealed 
worse RV systolic and diastolic function as evidenced by 
the lower tricuspid annular s, e and a velocities, and RV 
IVA, and higher tricuspid A wave velocity, e/a ratio and 
E/e ratio (all p < 0.05). Speckle tracking echocardiography 
further showed significantly lower RV GLS and systolic and 
diastolic strain rates in patients compared with controls (all 
p < 0.001). Of the 60 patients, 37 (61.7%) had absent or mild 
and 23 (38.3%) had moderate-to-severe TR, whilst 8 (14.3%) 
had absent or mild and 52 (86.7%) patients had moderate-
to-severe PR.

With regard to the RV–PA coupling parameters, 
patients had significantly lower RV area change/ESA ratio 
(0.58 ± 0.17 vs 0.88 ± 0.12, p < 0.001) and peak tricus-
pid annular s velocity/indexed RV ESA ratio (0.54 ± 0.18 
m2s−1 cm−1 vs 1.85 ± 0.33 m2s−1 cm−1, p < 0.001) compared 
with controls (Fig. 1). Based on the RV area change/ESA 
ratio, using a cut-off of 0.64 (-2SD of control value), 37 

(61.7%) patients had evidence of abnormal RV–PA coupling. 
Based on RV peak tricuspid annular s velocity/indexed RV 
ESA ratio, the lower limit of normal was 1.19 m2s−1 cm−1 
(-2SD of control value), and all of the patients were found 
to have ratios below the lower limit of normal.

Receiver operating characteristic curves were gener-
ated to determine the cutoff of RV–PA coupling indices to 
discriminate patients from controls (Fig. 2). Table 2 shows 
that peak tricuspid annular s velocity/indexed RV ESA ratio 
had the greater area under the ROC curve. A peak tricuspid 
annular s velocity/indexed RV ESA ratio of 1.07 m2s−1 cm−1 
had a sensitivity of 100% and a specificity of 100% to dis-
criminate patients from controls.

Table 3 summarizes the results of univariate and multi-
variate analyses of clinical and cardiac functional parameters 
associated with RV–PA coupling. Univariate analysis identi-
fied that both RV–PA coupling indices were associated posi-
tively with tricuspid systolic and diastolic annular velocities, 
RV IVA and LV and RV GLS and strain rates and negatively 
with tricuspid e/a ratio, severity of PR and TR (all p < 0.05). 
Stepwise multivariate analysis of the entire studied cohort 
revealed RV SRs and severity of PR and TR as significant 
independent correlates of both RV–PA coupling indices (all 
p < 0.05). Age at study (p < 0.001), gender (p = 0.024), LV 
GLS (p < 0.001) and SRe were additionally identified as sig-
nificant independent correlates of peak tricuspid annular s 
velocity/indexed RV ESA ratio (Fig. 3).

Discussion

The present study provides evidence of impaired RV–PA 
coupling in patients with repaired TOF, as reflected by the 
reduced RV area change/ESA and peak tricuspid annular s 
velocity/indexed RV ESA ratios. Indices of RV–PA coupling 
were found to correlate positively with parameters of RV 
and LV systolic and diastolic function and negatively with 
severity of PR and TR. To our knowledge, this is the first 
study to explore the relationships between RV–PA coupling 
parameters and RV and LV mechanics and severity of right-
sided valvar regurgitation in patients with repaired TOF.

Whilst invasive cardiac catheterization with derivation 
of the RV Ees/Ea ratio remains to be the gold standard in 
the evaluation of RV–PA coupling, non-invasive echocardio-
graphic evaluation of RV–PA coupling has increasingly been 
adopted for use in different clinical settings [10–16]. In this 
study, we determined RV–PA coupling by derivation of the 
RV area change/ESA and peak tricuspid annular s velocity/
indexed RV ESA ratios [12–14]. These indices have been 
shown to correlate with invasively measured RV–PA cou-
pling in animal [14] and clinical [12] studies. Both of these 
indices have been found to be reduced in adults with PA 
hypertension [13, 14]. Importantly, reduced peak tricuspid 



210	 Pediatric Cardiology (2022) 43:207–217

1 3

Table 1   Echocardiographic 
indices of patients and controls

A late diastolic tricuspid inflow velocity, a tricuspid annular late diastolic velocity, E early diastolic tri-
cuspid inflow velocity, e tricuspid annular early diastolic velocity, EDd end-diastolic internal dimension, 
ESd end-systolic internal dimension, FS shortening fraction, IVA isovolumic myocardial acceleration, 
LV left ventricular, PR pulmonary regurgitation, RV right ventricular, s peak tricuspid annular systolic veloc-
ity, SRa late diastolic strain rate, SRe early diastolic strain rate, SRs systolic strain rate, TAPSE tricuspid 
annular peak systolic excursion, TR tricuspid regurgitation
*Statistically significant

TOF (n = 60) Controls (n = 60) p

Left ventricular indices
 M-mode echocardiography
  LV EDd (mm/m2) 32.5 ± 8.0 30.4 ± 7.0 0.13
  LV ESd (mm/m2) 22.0 ± 5.8 19.1 ± 4.2 0.002*
  FS (%) 32.5 ± 4.0 37.2 ± 4.4  < 0.001*

 Longitudinal deformation
  Systolic strain (%) 15.5 ± 1.7 19.0 ± 1.6  < 0.001*
  SRs (/s) 0.93 ± 0.15 1.10 ± 0.16  < 0.001*
  SRe (/s) 1.67 ± 0.40 2.08 ± 0.43  < 0.001*
  SRa (/s) 0.48 ± 0.14 0.60 ± 0.15  < 0.001*

Right ventricular indices
 M-mode echocardiography
  TAPSE (mm) 17.3 ± 1.5 24.6 ± 2.0  < 0.001*

 2D echocardiography
  RV end-diastolic area (cm2/m2) 22.3 ± 6.6 11.0 ± 1.9  < 0.001*
  RV end-systolic area (cm2/m2) 14.3 ± 4.7 5.9 ± 1.1  < 0.001*
  Fractional area change (%) 36.0 ± 6.8 46.5 ± 3.5  < 0.001*

 Tricuspid inflow Doppler indices
  E (cm/s) 54.2 ± 11.7 59.0 ± 13.5 0.040*
  A (cm/s) 46.4 ± 12.5 31.7 ± 6.6  < 0.001*
  E/A ratio 1.3 ± 0.4 1.9 ± 0.4  < 0.001*

 Tricuspid annular tissue Doppler imaging
 s (cm/s) 7.1 ± 1.3 10.6 ± 1.0  < 0.001*
 e (cm/s) 10.4 ± 2.0 13.1 ± 1.9  < 0.001*
 a (cm/s) 4.3 ± 1.7 7.0 ± 2.7  < 0.001*
 e/a ratio 2.8 ± 0.9 2.1 ± 0.8  < 0.001*
 E/e ratio 5.4 ± 1.5 4.6 ± 1.2 0.001*
 IVA (m/s2) 0.4 ± 0.2 1.9 ± 0.4  < 0.001*
 Longitudinal deformation
  Systolic strain (%) 16.5 ± 1.6 22.4 ± 3.0  < 0.001*
  SRs (/s) 0.82 ± 0.15 1.29 ± 0.25  < 0.001*
  SRe (/s) 1.29 ± 0.24 1.87 ± 0.46  < 0.001*
  SRa (/s) 0.44 ± 0.22 0.75 ± 0.20  < 0.001*

 Valvar regurgitation
  TR (nil-to-mild/moderate-to-severe) 37/23 60/0  < 0.001*
  PR (nil-to-mild/moderate-to-severe) 8/52 60/0  < 0.001*
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annular s velocity/indexed RV ESA ratio has been shown 
to predict mortality and the need for lung transplantation in 
patients with PA hypertension [14]. The RV area change/
ESA ratio is a two-dimensional surrogate measure of RV 
stroke volume/end-systolic volume ratio, the latter being 
regarded as a simplified measure of the ventriculoarterial 
coupling ratio Ees/Ea [12–14]. Indeed, the ratio of magnetic 
resonance-derived RV stroke volume to end-systolic volume 
has been used to estimate Ees/Ea in TOF patients post repair 
[20, 21]. The use of these indices also obviates the need 
to measure RV systolic pressure, which is advantageous as 
some of the patients do not have TR for its estimation.

Our findings of significantly reduced RV area change/
ESA ratio and peak tricuspid annular s velocity/indexed RV 
ESA ratio provide evidence of impaired RV–PA coupling 
in repaired TOF and agree with those reported previously. 
Latus et al. assessed the RV pressure–volume loops in a 
relatively small repaired TOF patient cohort and found that 
patients with transannular patch repair had worsening of 
RV–PA coupling during dobutamine stress [22]. Egbe et al. 
similarly found in adults with repaired TOF evidence of 
abnormal RV–PA coupling, the latter being also associated 
with exercise incapacity [15]. In this study, we further found 
that the coupling index of peak tricuspid annular s velocity/

Fig. 1   Scatter plots showing (a) RV area change/ESA ratio and (b) 
peak tricuspid annular s velocity/indexed RV ESA ratio in patients 
and controls. Solid lines represent the mean of respective groups. 
Dashed lines represent the cutoff of 2 standard deviations below 

the mean of RV area change/ESA ratio and peak tricuspid annular s 
velocity/indexed RV ESA ratio of controls. ESA end-systolic area, RV 
right ventricular, s peak tricuspid annular systolic velocity

Fig. 2   Receiver operating characteristic curves for RV–PA coupling 
and RV systolic functional indices to discriminate between patients 
and controls. The dashed line is the reference line. ESA end-systolic 
area, FAC fractional area change, GLS global longitudinal strain, RV 
right ventricular, s peak tricuspid annular systolic velocity, TAPSE 
tricuspid annular peak systolic excursion
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indexed RV ESA ratio best discriminates patients from con-
trols, as compared with parameters of systolic RV function 
and the RV area change/ESA ratio (Fig. 2). Interestingly, 
the value of peak tricuspid annular s velocity/indexed RV 
ESA ratio in our healthy controls, 1.85 ± 0.33, is numerically 
similar to the optimal RV Ees/Ea ratio of 1.5–2 [23]. The 
potential superiority of this RV–PA coupling index may per-
haps be related to the inclusion of s velocity that reflects RV 
systolic function and RV ESA that reflects in a composite 
manner, indices of preload (end-diastolic volume), systolic 
function (Ees and ejection fraction) and ventricular-arterial 
coupling [24]. On the other hand, volume or area-based 
ratios of ventricular-vascular coupling have been regarded 
as ejection fraction in disguise [25]. Our finding of overlap-
ping ROC curves of RV FAC and RV area change/ESA ratio 
(Table 2 and Fig. 2) supports this proposition.

Several factors contribute to impairment of RV–PA cou-
pling in patients with repaired TOF. Geometric distortion 
and cardiac remodelling of the right ventricle secondary to 
chronic volume load alters RV contractile patterns and pro-
motes RV–PA uncoupling [26, 27]. This is supported by our 
finding of strong negative associations between severity of 
PR and the RV–PA coupling indices and previous studies 
showing associations between impaired RV–PA coupling 
and RV dilation and systolic dysfunction [20, 28]. Further-
more, increased RV afterload may occur in our patients as 
a result of alteration of elastic architecture, increased medi-
onecrosis, fibrosis found in the pulmonary arteries [7, 8]. 

Indeed, Inuzuka et al. have found reduced PA compliance 
with greater PA pressure wave reflection and RV end-dias-
tolic volume in children with repaired TOF [29]. Reduced 
PA compliance also increases PR to increase RV preload 
[30]. Additionally, the present study suggests that impair-
ment of LV systolic and diastolic myocardial deformation 
may lead to unfavourable RV–PA coupling. Our findings 
corroborate those of Buddhe et al. who found that reduced 
LV ejection was associated with abnormal RV end-systolic 
volume/stroke volume ratio in adolescents with repaired 
TOF [28]. It is probable that LV dysfunction may increase 
RV afterload through reducing PA compliance and increas-
ing pulmonary vascular resistance [31].

An intriguing novel finding of the present study is the 
association between severe TR and worse RV–PA coupling 
after TOF repair. In adults with heart failure with reduced 
ejection fraction, the presence and severity of TR has 
recently been shown to be associated with RV–PA uncou-
pling [32]. In patients with secondary TR, RV–PA uncou-
pling was the only echocardiographic parameter indepen-
dently associated with all-cause mortality [33]. Whether 
TR is a manifestation or surrogate of severity of impaired 
RV–PA coupling, or a contributor of worsening RV–PA 
uncoupling is, however, unclear. In patients with repaired 
TOF, this novel finding should prompt further studies to 
determine the possible mechanisms and pathophysiological 
implications.

Table 2   Area under the curve 
of right ventricular–pulmonary 
arterial coupling indices and 
right ventricular systolic 
functional indices

Abbreviations as shown in Table 1. ESA end-systolic area

Parameter Area under 
the curve

95% 
confidence 
interval

Cut-off value Sensitivity (%) Specificity (%)

RV area change/ESA 0.90 0.85–0.96 0.75 88.3 85.0
Peak tricuspid annular 

s velocity/indexed RV 
ESA

1.00 – 1.07 100.0 100.0



213Pediatric Cardiology (2022) 43:207–217	

1 3

Ta
bl

e 
3  

C
or

re
la

te
s o

f r
ig

ht
 v

en
tri

cu
la

r–
pu

lm
on

ar
y 

ar
te

ria
l c

ou
pl

in
g 

in
di

ce
s

RV
 a

re
a 

ch
an

ge
/E

SA
Pe

ak
 tr

ic
us

pi
d 

an
nu

la
r s

 v
el

oc
ity

/in
de

xe
d 

RV
 E

SA

r
p

β
p

r
p

β
p

D
em

o-
gr

ap
hi

cs
A

ge
−

 0
.1

7
0.

07
0.

81
0.

93
0.

05
0.

56
0.

21
 <

 0.
00

1*
G

en
de

r
0.

12
0.

21
0.

30
0.

99
0.

00
2

0.
98

−
 0

.0
9

0.
02

4*
Le

ft 
ve

n-
tri

cu
la

r 
in

di
ce

s
Lo

ng
i-

tu
di

na
l 

de
fo

rm
a-

tio
n

 S
ys

to
lic

 
str

ai
n

0.
55

 <
 0.

00
1*

0.
16

0.
51

0.
69

 <
 0.

00
1*

0.
30

 <
 0.

00
1*

 S
R

s
0.

40
 <

 0.
00

1*
0.

45
0.

69
0.

46
 <

 0.
00

1*
0.

26
0.

31
 S

Re
0.

43
 <

 0.
00

1*
0.

23
0.

64
0.

36
 <

 0.
00

1*
−

 0
.1

3
0.

03
9*

 S
R

a
0.

27
0.

00
3*

−
 0

.1
1

0.
80

0.
40

 <
 0.

00
1*

0.
73

0.
69

R
ig

ht
 v

en
-

tri
cu

la
r 

in
di

ce
s

 T
ric

us
pi

d 
an

nu
la

r t
is

su
e 

D
op

pl
er

 im
ag

in
g

  s
0.

53
 <

 0.
00

1*
–

–
0.

84
 <

 0.
00

1*
–

–
  e

0.
37

 <
 0.

00
1*

–
–

0.
58

 <
 0.

00
1*

–
–

  a
0.

36
 <

 0.
00

1*
–

–
0.

59
 <

 0.
00

1*
–

–
  e

/a
 ra
tio

−
 0

.2
0

0.
02

8*
–

–
–0

.3
9

 <
 0.

00
1*

–
–

  E
/e

 ra
tio

−
 0

.1
6

0.
10

–
–

–0
.3

3
 <

 0.
00

1*
–

–

  I
VA

0.
64

 <
 0.

00
1*

–
–

0.
85

 <
 0.

00
1*

–
–

 L
on

gi
-

tu
di

na
l 

de
fo

r-
m

at
io

n
  S

ys
to

lic
 

str
ai

n
0.

58
 <

 0.
00

1*
0.

74
0.

20
0.

72
 <

 0.
00

1*
0.

08
0.

19

  S
R

s
0.

60
 <

 0.
00

1*
0.

23
0.

01
0*

0.
70

 <
 0.

00
1*

0.
25

 <
 0.

00
1*

  S
Re

0.
48

 <
 0.

00
1*

0.
75

0.
33

0.
55

 <
 0.

00
1*

0.
88

0.
31

  S
R

a
0.

44
 <

 0.
00

1*
0.

25
0.

49
0.

61
 <

 0.
00

1*
0.

42
0.

47



214	 Pediatric Cardiology (2022) 43:207–217

1 3

A
bb

re
vi

at
io

ns
 a

s s
ho

w
n 

in
 T

ab
le

 1
*  St

at
ist

ic
al

ly
 si

gn
ifi

ca
nt

Ta
bl

e 
3  

(c
on

tin
ue

d)

RV
 a

re
a 

ch
an

ge
/E

SA
Pe

ak
 tr

ic
us

pi
d 

an
nu

la
r s

 v
el

oc
ity

/in
de

xe
d 

RV
 E

SA

r
p

β
p

r
p

β
p

 V
al

va
r 

re
gu

rg
i-

ta
tio

n
  P

R
 se
ve

r-
ity

−
 0

.6
8

 <
 0.

00
1*

−
 0

.4
5

 <
 0.

00
1*

−
 0

.8
3

 <
 0.

00
1*

−
 0

.5
2

 <
 0.

00
1*

  T
R

 se
ve

r-
ity

−
 0

.4
7

 <
 0.

00
1*

−
 0

.1
6

0.
03

8*
−

 0
.4

8
 <

 0.
00

1*
−

 0
.1

1
0.

01
9*



215Pediatric Cardiology (2022) 43:207–217	

1 3

Our findings of altered RV–PA coupling and its associa-
tions with altered RV and LV mechanics and right-sided val-
var regurgitation have several clinical implications. First, the 
potential prognostic value of RV–PA coupling is shown by 
the recently reported association between cardiac magnetic 
resonance-derived RV–PA coupling index and the compos-
ite outcome of death, aborted sudden cardiac death, or sus-
tained ventricular tachycardia in patients with repaired TOF 
[21]. Second, assessment of RV–PA coupling may provide 
incremental information on early detection of abnormal RV 
performance as uncoupling has been found in repaired TOF 
patients with normal TAPSE and RV FAC [16]. Third, our 
findings of associations between RV–PA coupling and sever-
ity of TR and PR should provide the basis for further discus-
sions on the incorporation of RV–PA coupling indices when 
deciding the optimal timing of pulmonary valve replacement 

and necessity of tricuspid valve repair in repaired patients 
undergoing surgical implantation of the pulmonary valve.

Several limitations of the study warrant comments. This 
is a retrospective study that does not allow the determination 
of prognostic value of RV–PA coupling in repaired TOF. 
Longitudinal studies are required to evaluate the evolution of 
RV–PA coupling indices and their relationship to outcomes 
in repaired TOF patients. Larger scale prospective studies 
are required to establish the prognostic value of RV–PA 
uncoupling in these patients. We have explored only RV–PA 
coupling at rest in the present study. Given the reported asso-
ciations between RV–PA coupling and exercise capacity [15, 
16], it would be worthwhile to interrogate the changes on 
RV–PA coupling during exercise stress.

In conclusion, RV–PA coupling is impaired and is associ-
ated with RV and LV mechanics and severity of PR and TR 

Fig. 3   Scatter plots showing correlations between (a) RV area 
change/ESA ratio and RV systolic strain rate, and (b) peak tricuspid 
annular s velocity/indexed RV ESA ratio and RV systolic strain rate 
and (c) peak tricuspid annular s velocity/indexed RV ESA ratio and 

LV GLS. Solid circles represent patients, empty circles represent con-
trols. ESA end-systolic area, LV left ventricular, RV right ventricular, 
s peak tricuspid annular systolic myocardial velocity
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in patients with repaired TOF. Further studies to determine 
the prognostic significance of impaired RV–PA coupling in 
these patients are warranted.
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