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Abstract
Background: To evaluate RV-PA coupling in post operative TOF patients with ventricular dilatation underwent for
PVR and investigate the correlation between ventricular functions measuring Ea/Emax ratio using cardio magnetic
resonance and the effect of surgical type at primary repair of TOF on coupling.
Method: RV-PA coupling was measured noninvasively by Ea/Emax ratio from CMRI and ECHO. From CMRI results
the patients were divided in two groups, RV-PA coupling and RV-PA uncoupling. Ea/Emax ≤1 was considered for
coupling patients and Ea/Emax > 1 for uncoupling patients.
Results: Ninety patients were uncoupled (Ea/Emax: 1.55 ± 0.46) and 45 were coupled (Ea/Emax: 0.81 ± 0.15). Out of
75 TAP repaired patients 60 were uncoupled RV-PV. In addition, higher pro-BNP is an important factor for
uncoupled RV-PV (P = 0.001). CMR evaluation for right ventricular function between uncoupling and coupling were
RVEDVi (196.65 ± 63.57 vs. 154.28 ± 50.07, P = 0.001), RVESVi (121.19 ± 51.47 vs. 83.94 ± 20.43, P = 0.001), RVSVi
(67.19 ± 19.87 vs. 106.31 ± 33.44, P = 0.001), and RVEF (40.90 ± 8.73 vs. 54.63 ± 4.76, P = 0.001). The increased RVEDVi,
RVESVi and RVSVi and decreased RVEF have significant correlation with Ea/Emax. Ea/Emax was also found positively
correlated with RVEDVi (P = < 0.05, r = 0.35), RVESVi (P = < 0.001, r = 0.41) and negatively correlated with RVSVi (P = <
0.05, r = 0.22) and RVEF (P = < 0.05, r = 0.78).
Conclusions: Unfavorable RV-PA coupling is present in post operative TOF patients and it is affected by several
factors. Our results explain a new concept of RV-PA interactions as a contributing mechanism for the observed
decline in RV function.
Keywords: Right ventricular pulmonary artery (RV-PA), Arterial elastance (Ea), End-systolic elastance (Ees), Cardiac
magnetic resonance imaging (CMRI)
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General introduction
Today, one of severe problem is an increasing number
of TOF patients with right ventricular dysfunction which
leads to ventricular dilatation and ventricular failure
which in long term causes residual pulmonary valve regurgitation (PR) [1]. Cardiovascular magnetic resonance
imaging (CMRI) techniques have visualized marked enlargement of the right ventricular dimensions in postoperative TOF patients with severe PR [6]. After a time
period PR leads to develop RV dilatation which causes
RV dysfunction, and it progresses into exercise intolerance, ventricular arrhythmias, and sudden death of patients [4]. Earlier studies mainly discuss the evaluation of
RV function and dimensions. However, these pathophysiological changes are not done by RV alone; relatively, it is coupled to a highly compliant low pressure
pulmonary arterial (PA) system which is known as right
ventricular pulmonary artery (RV-PA) coupling. Consequently, RV chamber and myocardial adaptation cannot
be considered independent from the PA system. RV-PA
coupling is defined as the ratio of pulmonary artery elastance (an index of arterial load) and right ventricular
end-systolic elastance (an index of contractility) [21].
RV-PA coupling occurs when there is maximum transfer
of potential energy from one elastic chamber (the ventricle) to another (the pulmonary arterial system), and
this process occurs when both of the elastance are equal.
Therefore the ratio Ea/Emax is used as an index of RVPA coupling. The ratio of end-systolic pressure divided
by the stroke volume is defined as the effective pulmonary artery elastance (Ea) and it includes all components
of total ventricular afterload including peripheral resistance, arterial compliance and characteristic impedance
[19]. A load-independent parameter of myocardial contractility of ventricle is ventricular end-systolic elastance
(Emax) and is typically calculated by invasive measurements with conductance catheters under various loading
conditions and by non-invasive measurements by CMRI.
The RV-RP coupling is calculated from the Ea/Emax ratio [18]. It has been indicated that normal RV functional
adaptation to afterload is connected with maintenance
of an Ea/Emax ratio of about 0.5, which allow for a flow
output at a least amount of energy expense and the most
favorable RV-PA coupling (ratio: 1) occurs when the RV
and PA system both have equal elastance, which maximizes energy transfer and stroke work [15]. An adverse
coupling between the RV and PA system with ineffective
mechanical work production occurs when the Ea/Emax
ratio increases by one and this is known as uncoupling
[7]. The increased Ea/Emax ratio is a deciding factor in
the progression of RV dysfunction and has currently
been reported in post operative TOF patients. RV-PA
uncoupling in post operative TOF patients underwent
for PVR has not estimated in clinical studies. Our study
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is the first study regarding RV-PA coupling in post operative TOF patients underwent for pulmonary valve replacement (PVR). PVR is performed to overcome these
adverse late effects with symptomatic beneficial outcome
in remodeling of the right ventricle in addition with improved RV volumes and right ventricular function [8]. A
marked RV remodeling occurred when the right ventricular end-diastolic volume becomes more than 150
ml/m2, and many researchers concluded that a cut-off
level of 150 ml/m2 should be used as a clinical guide to
recommend PVR [17]. As RV-PA coupling is not widely
evaluated in repaired TOF patients, only one study
shows that TOF patients have uncoupled RV-PA, our
main objective is to evaluate RV-PA coupling in TOF
patients and to investigate the correlation between ventricular functions using CMRI. Accordingly, using the
CMRI technique, we used this coupling concept in post
operative TOF patients with RV dilatation to reach a
more meaningful understanding of RV performance to
evaluate the role of the RV- PA coupling measuring Ea/
Emax ratio, We also focused on either the surgical strategy at primary repair of TOF has any effect on RV-PA
coupling.

Patients and methods
Study population

We retrospectively studied 135 post operative TOF patients admitted in Chengdu second people’s hospital for
PVR between the time periods of January 2009 to
February 2017. We assessed all these 135 patients and
measured their age, weight, and blood pressure at the
time of admission and HCT and Pro-BNP by blood routine test. For right ventricular evaluation we examined
CMRI. Only post operative TOF patients underwent for
PVR were selected. We excluded post operative TOF patients with other cardiac malformation, unilateral PA,
and previous palliation.
Cardiovascular magnetic resonance imaging (CMRI)

CMRI examinations were performed in 45 post operative
TOF patients who admitted for PVR on a 1.5-T magnetic resonance system (Magnetom Sonata) with a maximum gradient strength of 40 mT/m and a maximum
slew rate of 200 mT/m/ms. No sedative medicines were
applied during this process. The ventricular enddiastolic and end-systolic volumes, stroke volumes, and
ejection fractions for both of the ventricles were estimated using the software dedicated for this. For all the
patients the right ventricular and left ventricular examinations were performed, we calculated RVEDVi, RVES
Vi, RVSVi and RVEF for the right ventricle and LVED
Vi, LVESVi, LVSVi and LVEF for the left ventricle. We
used equation: Ea/Emax (CMR) = ESV/SV As discussed
in previous literatures for defining coupling and
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uncoupling patients. ESV is ventricular end-systolic volume, SV is ventricular systolic volume.
Statistical analysis

All continuous variables were tested for normality using
the paired t-test for calculating p-values. The results are
presented as the mean ± standard deviation. Comparisons of the Ea/Emax and other variables were performed
using the t test for paired data. An unpaired, nonparametric Mann-Whitney U test was used to compare the
patients who underwent a Transatrial/Transpulmonary
approach and those with insertion of a transannular
patch (TAP) at the primary repair. The categorical variables were analyzed by Pearson’s correlation. Analysis
was performed using the SPSS version 25 and Graph
Pad statistical software package, version 6.0 (Graph Pad,
San Diego, Calif). P < .05 was considered statistically
significant.
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Clinical outcome

Out of 135 patients RV-RP uncoupling was identified
in 90 patients (66.7%), 45 patients have coupled RVRP on basis of CMRI examinations. Both groups were
compared in terms of gender, weight, height, age at
TOF repair, age at PVR, type of TOF repair, method
of PVR, Hb, Hct, QRS duration, blood pressure and
Pro-BNP were measured in both coupled and
uncoupled group of patients. (Table 2) In our study
males predominates females (55%). In our study the
gender, weight, height, age at TOF and age at PVR,
Hb, HCT and blood pressure did not appear as a significant factor for RV-RP uncoupling. We measured
Pro-BNP just before PVR in all patients and Pro-BNP
emerges as a strong predictor for uncoupling with a
significant p-vale 0.001.
CMRI correlations between coupling and uncoupling

Age at TOF Repair (Years)

8.52 ± 5.84

Age at PVR (Years)

19.88 ± 10.04

The hemodynamic data measured at each state are
presented in Table 3. In uncoupling patients, the RV
end-systolic volume was greater than coupling patients with a significant p-value0.001. (Table-3). The
hemodynamic data also shows a greater indexed RV
end systolic volume in uncoupling patients compare
with coupling patients with a significant p-value
0.001. A reduced mean RVEF was found in uncoupling patients than coupling patients with a significant
p-value 0.001. Most of LV hemodynamic shows no or
less change between coupling and uncoupling patients
except LV ejection fraction with a significant p-value
of 0.001, so the LV hemodynamic shows a weak correlation with RV-PA coupling. Ea/Emax ratio was
0.81 ± 0.15 in coupling patients which was almost
double in uncoupling patients which was 1.55 ± 0.46
with a significant p-value of< 0.001.

1.TAP

75 (55%)

Factors affecting RV-PA coupling

2.RVOT Patch

24 (18%)

3.Transatrial/Transpulmonary

21 (16%)

Results
Patient characteristics

The demographic data of these 135 patients are summarized in Table 1 below.
Table 1 Patient characteristics (n = 135)
Demographics

Parameters

Sex
Male

75 (55%)

Female

60 (45%)

Weight (kg)

39.66 ± 18.43

Height (cm)

146.95 ± 23.40

Surgery Type (TOF)

4.BT SHUNT

0

5.RV-PA conduit

15 (11%)

PVR

135

Surgical Approach

90 (67%)

Trans Catheter

45 (33%)

Hb

115 ± 10.72

HCT

0.36 ± 0.03

QRS Duration

147.6 ± 20.51

Blood Pressure
Systolic (mm Hg)

106.6 ± 11.4

Diastolic (mm Hg)

68.8 ± 12.4

Pro-BNP

211.1 ± 65.1

Pro-BNP and Pearson’s correlation When we correlated Pro-BNP with Ea/Emax by Pearson’s correlation it
shows a linear correlation with r value 0.16 and p-value
0.005 (Fig. 1).
Right ventricular volumetric correlations The Ea/
Emax showed a significant relationship with RVEDVi,
RVESVi, RVSVi and RVEF when we correlate these
data with Pearson’s correlation equation. The Ea/
Emax shown a positive linear relationship with
CMRI-derived RVEDVi with r = 0.35 and p-valve <
0.005. Correlation with RVESVi with Ea/Emax was
positive linear expression with r value 0.41 and a
significant p-valve of 0.001. The Ea/Emax showed a
significant inverse relationship with RVSVi and RVEF.
The r value for RVSVi was 0.22 and p-valve was <
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Table 2 Results of clinical outcome
Variables

Coupling pts.(45)

Uncoupling pts.(90)

P-value

Male

21 (28%)

54 (72%)

0.396

Female

24 (40%)

36 (60%)

Weight

36.66 ± 14.66

44.74 ± 12.93

0.065

Height

142.20 ± 21.33

153.46 ± 15.63

0.50

Age at TOF repair(Y)

6.70 ± 6.42

6.31 ± 4.92

0.822

Age at PVR (Y)

19.70 ± 6.92

19.71 ± 9.37

0.997

1. TAP

15

60

< 0.001

2. RVOT

12

12

Sex

Surgery type TOF

3. TA/TP

12

9

4. BT- stunt

0

0

5. RV-PA conduit

6

9

PVR
Surgical approach

30

60

Catheter method

15

30

Hb

114.46 ± 12.00

115.88 ± 9.98

0.468

Hct

0.36 ± 0.04

0.35 ± 0.03

0.106

Qrs duration

149 ± 23.19

150.36 ± 16.60

0.696

Blood pressure
Systolic

106 ± 11.21

110.44 ± 10.28

0.023

Diastolic

60.06 ± 11.14

73.64 ± 10.45

0.001

Pro-BNP

171.33 ± 70.25

237.76 ± 64.29

0.001

TAP Trans annular patch, RVOT Right ventricle outflow tract, TA/TP Trans atrial/Trans pulmonary, RV-PA Right ventricle-Pulmonary artery, HB Hemoglobin,
Hct Hematocrit

0.05 which was found significant. For RVEF the r
value was 0.78 and a significant p-value of < 0.05. An
increase in Ea/Emax thus describes the relative uncoupling of the RV-PA interaction, where afterload
exceeds the ability of the RV to adapt. Thus, Ea/Emax
is inversely related to RV ejection fraction (Fig. 2).

Table 3 MRI analysis for coupling and uncoupling
Variables

Coupling

Uncoupling

No of Pts

45

90

RVEDVi (ml/m2)

154.28 ± 50.07

196.65 ± 63.57

2

P-value
0.001*

RVESVi (ml/m )

83.94 ± 20.43

121.19 ± 51.47

0.001*

RVSVi (ml/m2)

106.31 ± 33.44

67.19 ± 19.87

0.001*

RVEF (%)

54.63 ± 4.76

40.90 ± 8.73

0.001*

LVEDVi (ml/m2)

92.67 ± 21.10

95.98 ± 65.78

0.743

LVESVi (ml/m2)

37.75 ± 8.35

44.79 ± 15.25

0.005

LVSVi (ml/m2)

54.16 ± 14.64

49.08 ± 17.79

0.100

LVEF (%)

59.19 ± 4.47

52.63 ± 9.32

0.001*

Ea/Emax

0.81 ± 0.15

1.55 ± 0.46

0.001*

Effect of surgical strategy

To evaluate whether the surgical procedure at the primary
repair at TOF affects RV-PA coupling, we compared the
75 patients who had TAP repair with 18 patients who
have RVOT repair, 21 patients with the Transatrial/Transpulmonary (TA/TP) repair, and 15 patients with RV-PA
conduit repair. Out of 75 TAP repaired patients 60 patients were uncoupled, in 24 RVOT patients 12 patients
were uncoupled, in 21 TA/TP patients 9 patients were
uncoupled and in 15 patients with RV-PA conduit 9 patients were uncoupled (Fig. 3). There was no significant
difference of age, weight, and height in TAP, RVOT, RVPA conduit and TA/TP group of patients.
RV-PA coupling and its correlation in TOF

From CMRI data we calculated Ea/Emax ratio for all 135
patients and from Ea/Emax ratio the patients were divided
in two groups coupling and uncoupling respectively. Ea/
Emax ≤1 was considered for coupling patients and Ea/
Emax > 1 for uncoupling patients. On the basis of Ea/
Emax ration the patient’s distribution is shown in (Fig. 4)
below. For coupling patients 3 patients Ea/Emax was
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Fig. 1 Correlation between Ea/Emax and Pro-BNP

between 0 and 0.5 and 42 patients ranges between Ea/
Emax > 0.5–1. In uncoupling patients majority of patients
(n = 51) the Ea/Emax ration was between > 1–1.15.
Twenty-one patient’s Ea/Emax ranges between > 1.5–2
and 15 patients were between Ea/Emax > 2–2.5. Only 3
uncoupled patient Ea/Emax was > 2.5.

Impact of PVR on ventricular performance (follow up)
CMRI

After six months of PVR all 135 patients were
followed up with CMRI. We compared 90 uncoupled
RV-RP patients with their previous CMRI data to
check out either their ventricular performance have

Fig. 2 Relationship between Ea/Emax and indexed right ventricle end diastolic volume (RVEDVi), indexed right ventricle end systolic volume
(RVESVi) right ventricular ejection fraction (RVEF) and indexed RV systolic volume
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Fig. 3 Surgical strategy in TOF repair

been improved or not. Their follow up MRI data is
below in the Table 4.

Discussion
RV-PA uncoupling exists in a significant number of
patients. When the Ea/Emax ratio increases by one an
unfavorable uncoupling between the RV-PA vascular
system occurs, which leads to an unproductive mechanical work production. This uncoupling between the RV
and PA is a significant determinant in the development
of RV dilatation which causes RV failure and has recently been reported in post operative TOF patients. We
described a new noninvasive approach for the quantification of RV-PA coupling with simple measures derived

Fig. 4 Distribution of patients on Ea/Emax value

from CMRI. A previous study of six patients with pulmonary hypertension using a CMRI-compatible catheter
validated an invasive RV-PA coupling evaluation using
CMRI-derived volumetric data [20].
Our study is the first description of RV-PA coupling
in a large number of post operative TOF patients
underwent for PVR with PR of a wide range of severity.
Our findings support the theoretical outcomes and limited experimental observations regarding Ea/Emax. We
found median Ea/Emax values of 0.81 ± 0.15 mm in
coupling patients and 1.55 ± 0.46 in uncoupling patients.
This is a good outcome with previously reported non invasive calculations. At most favorable coupling (ratio: 1)
RV is capable of generating a maximum flow with
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Table 4 CMRI data before and after PVR
CMRI variables

Before PVR (N = 90)

After PVR (N = 90)

P-value

RVEDVi (ml/m2)

221.50 ± 75.32

137.21 ± 8.91

0.001*

RVESVi (ml/m2)

146.62 ± 56.19

70.5 ± 10.04

0.001*

RVSVi (ml/m )

101.05 ± 21.01

79.06 ± 9.38

0.001*

RVEF (%)

45.01 ± 7.48

54.35 ± 2.35

0.001*

Ea/Emax

1.43 ± 0.36

0.88 ± 0.05

0.001*

2

minimum energy loss. In turn, maximum efficiency occurs when stroke work is maximum and oxygen consumption is minimum [21]. The RV circulation is nearly
matched optimally in normal conditions [2]. In this
condition, the RV works at maximum efficiency and
sub-maximal stroke work (Ea < Emax). During acute
ventricular dilatation and, as reported in several investigation, in earlier phases of ventricular failure, contractility increases to match with increased load and to
maintain the SV, maintaining optimal coupling (Ea/
Emax) at the cost of suboptimal mechanical efficiency
(which causes increased oxygen demand) [7]. In this
course, the RV fails as a pump with a decreased Emax
and a larger increase in Ea/Emax which indicates insufficient coupling and reduced myocardial efficiency. PVR
has been proved in improvement of ventricular function,
and dilatation, stabilizing the QRS duration [21]. But
there is also contradiction as a previous study supported
that if RV function is significantly impaired it is unlikely
to recover after PVR [16].
In our study RV-PA coupling is impaired in 90 patients, reflects maladaptive effects of the PA system on
chronic volumetric loading in the presence of RVretentive contractions. Additionally, we found that the
surgical procedures used at the TOF repair has a major
effect on the RV-PA coupling, the patients who received
a TAP repair have significantly uncoupled RV-PA than
patients with Transatrial TOF repair. Many previous
studies demonstrated the mechanisms for decline in RV
function and performance in patients after TOF repair.
These studies mainly focus on the dimension and
function of the right ventricle; but, in previous studies
RV-PA coupling has never been studied systematically in
post operative TOF patients. Normally the absolute
stroke volume is increased to maintain sufficient cardiac
output when longstanding severe PR is present after
TOF repair. This condition leads to subsequent chronic
volume overload of RV and proximal PA systems. After
a time period, a progressive increase in the size and capacitance of the main PA is frequently observed in
repaired TOF patients after several years. The situation
is more complicated in TOF patients because the highly
compliant PA system reduces the RV postload but due
to the elastic retraction of the PA early in diastole it also
worsens the PR in the absence of a functional pulmonary

Page 7 of 9

valve [12]. When the PA loses its elasticity it mainly depends on its original size and tissue structure resulting
in a subsequent increase in stiffness and the RV pulsatile
afterload [9]. Therefore one might wonder whether some
form of vascular adaptation of the PA occurs in chronic
volume overload to maintain the optimal coupling between the RV and the vascular system. Recently it has
been reported that abnormal elastic tissue architecture
and increased degree of moderate fibrosis (destruction
of elastic tissue) and fibrosis in the pulmonary trunk of
patients with TOF may affect mechanical wall properties
[3]. Supporting a major role for major pulmonary arteries studies using four-dimensional CMRI velocity maps
shows an increased wall shear stress in major pulmonary
trunks in patients with TOF [5]. Considering that previously explained aortic histological malformations that
also influence left ventricular function in patients with
post operative TOF [13, 14]. The stroke volume output
and end-systolic pressure ratio known as effective Ea
represent valid estimates of systolic afterload in the systemic circulation and PA systems [10]. This parameter
contains all the components of the vessel load including
PA compliance which is necessary for sufficient RV-PA
coupling [16]. Because Ea is mainly affected by PR these
indices show a significant negative correlation.
We also found a significant negative correlation between Ea / Emax and RV ejection fraction indicating
that RV function is not only affected by volume overload
but also directly affected by pulsatile afterload. This finding suggests that only the PR assessment may not reflect
the total hemodynamic burden of the RV following TOF
repair. Depending on the size of the annulus and the PA
system surgical treatment involves conventional TOF repair via the transpulmonary approach or through a ventricular incision usually using an implanted TAP [11].
Under positive inotropic stimulation the uncoupling of
RV-PA observed in the TAP group was a result of a
significant increase in Ea and a slow increase in Emax
compared with Transatrial repair group. The findings indicate an unadaptable vascular response to increasing
stroke volume followed by an increase in RV pulsatility
afterload and may reflect the non-shrinkable patch material implanted at the RV-PA junction directly affecting
ventricular performance and pulmonary vasculature
characteristic.
Study limitations

Our study population is small and in particular the subgroup analysis included only 135 patients. Although we
were able to exclude this as a confounding factor in our
study, the effect of aging after PVR on Ea/Emax remains
unknown. The present study was mainly designed to
perform a retrospective analysis to reveal causes of uncoupling after repair of TOF and to compare the sequele
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of different surgical approaches and CMRI, examinations. We can only speculate on the reasons by which
they have occurred and their implications for the
patients’ clinical condition and outcomes. Additional
studies are necessary to evaluate the effect of Ea, Emax,
and Ea/Emax and CMRI during follow up years and
their outcome.

Conclusions
RV-PA uncoupling is prevalent in repaired TOF patients
and is affected by several factors. The degree of uncoupling is associated with patients RV dysfunction. By
evaluation of the RV-PA coupling, the results of our
study provide new insights into the RV-PA response to
ventricular dilatation which can help in additional
understanding for the decline of RV performance. Also
the results explains the emerging role of RV-PA interactions as a contributing mechanism for the observed
decline in RV function and impairment in post operative
TOF patients underwent for PVR.
Abbreviations
CMRI: Cardiac magnetic resonance imaging; Ea: Arterial elastance; Ees: Endsystolic Elastance; PVR: Pulmonary valve replacement; PR: Pulmonary valve
regurgitation; RV-PA: Right ventricle pulmonary artery; RV: Right ventricle;
TOF: Tetralogy of Fallot; TAP: Transannular patch
Acknowledgements
All authors contribute equally to this manuscript.
Authors’ contributions
BS: Corresponding author, Concept/Design, Data analysis/interpretation,
drafting article, Critical revision of article, Approval of article, Statistics,
Funding, Data collection. XH: Concept/Design, Data analysis, drafting article,
Critical revision of article, Approval of article. LY: Concept/Design,
Interpretation, Critical revision of article, Approval of article. ML: Concept/
Design, Interpretation, Critical revision of article, Approval of article. KY:
Concept/Design, Interpretation, Critical revision of article, Approval of article.
XD: Concept/Design, Interpretation, Critical revision of article, Approval of
article. GK: Concept/Design, Interpretation, Critical revision of article, Approval
of article. ZX: Concept/Design, Data analysis, drafting article, Critical revision
of article, Approval of article. The author(s) read and approved the final
manscript.
Funding
Not applicable.
Availability of data and materials
Not applicable, Please contact author for data requests.
Ethics approval and consent to participate
The protocol was approved by the Chengdu Second People’s Hospital,
Clinical Research Ethics Committee, and parents of all subjects provided
informed consent.
Consent for publication
Not applicable.
Competing interests
“The authors declare that they have no competing interests.”
Author details
1
Department of Cardiothoracic surgery, Chengdu second People’s Hospital,
Chengdu 610017, Sichuan, China. 2Department of Anesthesiology, Chengdu
second People’s Hospital Chengdu, Chengdu 610017, Sichuan, China.

Page 8 of 9

Received: 10 April 2020 Accepted: 1 September 2020

References
1. Bhushan S, Xin H, Fan X, Pengxiao S, Ting W, Xiaoke S. Etiology of right
ventricular restrictive physiology early after repair of tetralogy of Fallot in
pediatric patients. J Cardiothorac Surg. 2019;14:84. https://doi.org/10.1186/
s13019-019-0909-8.
2. Bustamante-Labarta M, Perrone S, Leon DLFR, Stutzbach P, Perez DLHR.
Right atrial size and tricuspid regurgitation severity predict mortality or
transplantation in primary pulmonary hypertension. J Am Soc Echocardiog.
2002;15(10):1160–4. https://doi.org/10.1067/mje.2002.123962.
3. Benza R, Foreman AJ, Gombergmaitland M, Frantz R. Predicting survival in
pulmonary arterial hypertension using the reveal database. Circulation. 2010;
122:164–72. https://doi.org/10.1161/CIRCULATIONAHA.109.898122.
4. Bove T, Bouchez S, Hert SD, Wouters P. Acute and chronic effects of
dysfunction of right ventricular outflow tract components on right
ventricular performance in a porcine model. J Am Coll Cardiol. 2012;60:64–
71. https://doi.org/10.1016/j.jacc.2012.03.035.
5. Champion HC, Michelakis ED, Hassoun PM. Comprehensive invasive and
noninvasive approach to the right ventricle in pulmonary circulation unit. J
Cell Physiol. 2009;226:2198–205. https://doi.org/10.1161/CIRCULATIONAHA.
106.674028.
6. François CJ, Srinivasan S, Schiebler ML, Reeder SB. 4d cardiovascular
magnetic resonance velocity mapping of alterations of right heart flow
patterns and main pulmonary artery hemodynamics in tetralogy of fallot. J
Cardiov Magn Reson. 2012;14:16. https://doi.org/10.1186/1532-429X-14-16.
7. Bédard E, Mccarthy KP, Dimopoulos K, Giannakoulas G. Structural
abnormalities of the pulmonary trunk in tetralogy of fallot and potential
clinical implications: a morphological study. J Am Coll Cardiol. 2009;54:
1883–90. https://doi.org/10.1016/j.jacc.2009.06.040.
8. Eyskens B, Reybrouck T, Bogaert J, Dymarkowsky S, Gewillig M. Homograft
insertion for pulmonary regurgitation after repair of tetralogy of fallot
improves cardiorespiratory exercise performance. Am J Cardiol. 2000;85:221–
5. https://doi.org/10.1016/S0002-9149(99)00640-2.
9. Forfia PR, Fisher MR, Mathai SC, Housten-Harris T, Hemnes AR.
Tricuspid annular displacement predicts survival in pulmonary
hypertension. Am J Resp Crit Care. 2006;174:1034–41. https://doi.org/
10.1164/rccm.200604-547OC.
10. Fourie PR, Coetzee AR, Bolliger CT. Pulmonary artery compliance: its role in
right ventricular-arterial coupling. Cardiovasc Res. 1992;26:839–44. https://
doi.org/10.1093/cvr/26.9.839.
11. Geva T. Repaired tetralogy of fallot:the roles of cardiovascular magnetic
resonance in evaluating pathophysiology and for pulmonary valve
replacement decision support. J Cardio Magn Reson. 2011:13. https://doi.
org/10.1186/1532-429X-139.
12. Gatzoulis M. Risk factors for arrhythmia and sudden cardiac death late after
repair of tetralogy of fallot: a multicentre study. Lancet. 2000;356. https://doi.
org/10.1016/S0140-6736(00)02714-8.
13. Hoeper MM, Bogaard HJ, Condliffe R, Frantz R. Definitions and diagnosis of
pulmonary hypertension. J Am Coll Cardiol. 2013;62:D42–50. https://doi.org/
10.1016/j.jacc.2013.10.032.
14. Kelly RP, Ting CT, Yang TM, Liu CP, Kass DA. Effective arterial elastance as
index of arterial vascular load in humans. Circulation. 1992;86:513–21.
https://doi.org/10.1161/01.CIR.86.2.513.
15. Kilner PJ, Balossino R, Dubini G, Babu-Narayan SV, Taylor AM. (2009).
Pulmonary regurgitation: the effects of varying pulmonary artery
compliance, and of increased resistance proximal or distal to the
compliance. Int J Cardiol, 133:0–166. doi:https://doi.org/10.1016/j.ijcard.
2008.06.078.
16. Kuehne T, Yilmaz S, Steendijk P. Magnetic resonance imaging analysis of
right ventricular pressure-volume loops: in vivo validation and clinical
application in patients with pulmonary hypertension. Circulation. 2004;110:
2010–6. https://doi.org/10.1161/01.CIR.0000143138.02493.DD.
17. Naeije R, D"Alto M, Forfia PR. Clinical and research measurement techniques
of the pulmonary circulation: the present and the future. Prog Cardiovasc
Dis. 2015;57:463–72. https://doi.org/10.1016/j.pcad.2014.12.003.
18. Olschewski H, Hoeper MM, Borst MM, Ewert R, Worth H. Diagnosis and
therapy of chronic pulmonary hypertension. Clin Res Cardiol. 2007;96:301–
30. https://doi.org/10.1055/s-2006-954981.

Sandeep et al. Journal of Cardiothoracic Surgery

(2020) 15:241

19. Piene H. Pulmonary arterial impedance and right ventricular function.
Physiol Rev. 1986;66:606–52. https://doi.org/10.1152/physrev.1986.66.3.606.
20. Rebergen SA, Chin JG, Ottenkamp J, WEE V d. Pulmonary regurgitation in
the late postoperative follow-up of tetralogy of fallot. Volumetric
quantitation by nuclear magnetic resonance velocity mapping. Circulation.
1993;85:2257–66. https://doi.org/10.1161/01.CIR.88.5.2257.
21. Therrien J, Siu SC, Mclaughlin PR, Liu PP, Webb GD. Pulmonary valve
replacement in adults late after repair of tetralogy of fallot: are we
operating too late? J Am Coll Cardiol. 2000;36:1670–5. https://doi.org/10.
1016/S0735-1097(00)00930-X.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 9 of 9

