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Abstract

Background: Unilateral pulmonary artery (PA) stenosis is common in the transposi-

tion of the great arteries (TGA) after arterial switch operation (ASO) but the effects

on the right ventricle (RV) remain unclear.

Aims: To assess the effects of unilateral PA stenosis on RV afterload and function in

pediatric patients with TGA‐ASO.

Methods: In this retrospective study, eight TGA patients with unilateral PA stenosis

underwent heart catheterization and cardiac magnetic resonance (CMR) imaging. RV

pressures, RV afterload (arterial elastance [Ea]), PA compliance, RV contractility (end‐

systolic elastance [Ees]), RV‐to‐PA (RV‐PA) coupling (Ees/Ea), and RV diastolic

stiffness (end‐diastolic elastance [Eed]) were analyzed and compared to normal

values from the literature.

Results: In all TGA patients (mean age 12 ± 3 years), RV afterload (Ea) and RV

pressures were increased whereas PA compliance was reduced. RV contractility

(Ees) was decreased resulting in RV‐PA uncoupling. RV diastolic stiffness (Eed) was

increased. CMR‐derived RV volumes, mass, and ejection fraction were preserved.

Conclusion: Unilateral PA stenosis results in an increased RV afterload in TGA

patients after ASO. RV remodeling and function remain within normal limits when

analyzed by CMR but RV pressure–volume loop analysis shows impaired RV diastolic

stiffness and RV contractility leading to RV‐PA uncoupling.
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1 | INTRODUCTION

Unilateral pulmonary artery (PA) stenosis is common in the

transposition of the great arteries (TGA) after arterial switch

operation (ASO).1 This results in increased blood flow to the

unobstructed contralateral PA, ventilation‐perfusion mismatch,

reduced ventilatory efficiency, and reduced exercise capacity.2 The

effects on right ventricle (RV) afterload and function remain unknown

but is of great importance since RV maladaptation leads to reduced

RV function, RV failure, and poor prognosis.3–5 RV pressure–volume

(PV) loop analysis assessing RV‐to‐PA (RV‐PA) coupling is considered

the gold standard to evaluate RV adaptation in relationship to RV

afterload and to predict maladaptive remodeling.6 This study explores

the effects of unilateral PA stenosis on RV afterload and its

relationship with RV function in patients with TGA after ASO using

heart catheterization, cardiac magnetic resonance (CMR) imaging,

and RV PV loop analysis.

2 | METHODS

NineteenTGA patients underwent heart catheterization for unilateral

PA stenosis after ASO at the University Medical Center Utrecht, The

Netherlands, between 2009 and 2021. Patients were included if they

underwent CMR within 6 months before heart catheterization.

Twelve out of 19 patients were, therefore, included. Four out of

12 patients did not have properly stored RV pressure curves to

perform RV PV loop analysis and were excluded. Therefore,

eight patients were analyzed and results were compared to normal

values from literature.7–12 Patients underwent regular clinical follow‐

up. Six out of eight patients underwent CMR and five out of eight

patients underwent cardiopulmonary exercise testing (CPET) during

follow‐up. All subjects gave written informed consent.

2.1 | Heart catheterization

Heart catheterization was performed under conscious sedation.

During invasive right and left‐sided heart catheterization, pressures

were measured in the right atrium, RV, mean PA, left PA (LPA), right

PA (RPA), left atrium, left ventricle (LV), and aorta. Pulmonary artery

compliance (PAC) was calculated as the ratio of stroke volume to

pulmonary pulse pressure.11

2.2 | CMR imaging

All CMR images were acquired using a 1.5 Tesla scanner (Philips

Medical Systems). Postprocessing was performed by an experienced

observer (R. S. J.) using Circle Cardiovascular Imaging (CVI42; version

5.12.4). Biventricular endocardial and epicardial borders were

manually drawn in a stack of short‐axis cine images from base to

apex in the end‐diastolic phase and end‐systolic phase to analyze

ventricular volumes, mass, and function. Stroke volume was

calculated as end‐diastolic volume (EDV)‐End‐systolic volume (ESV).

Ejection fractions were obtained using SV/EDV × 100. Wall masses

were computed as diastolic mass + systolic mass/2. Dimensions were

indexed (i) to body surface area. Papillary muscles and trabeculae

were enclosed in the ventricular wall mass. RV relative wall thickness

was calculated as RV mass/RVEDV.13 The feature tracking module of

the software was used to obtain RV free wall peak longitudinal strain

(RV FWGLS) using the four‐chamber cine.

2.3 | PV loop analysis

A single‐beat RV PV loop analysis was used to assess the

interaction between the RV and PA load (Figure 1).15 RV end‐

systolic elastance (Ees), considered a load‐independent measure of

ventricular contractility, was calculated at rest as (RV maximal

isovolumic pressure [RV Piso] − RV systolic pressure [RV Psys])/

stroke volume.14 Piso is based on the prediction of maximal

pressure if RV contraction remained isovolumic and is a validated

technique to determine the maximal isovolumic pressure of the

RV.15 The maximal isovolumetric pressure of the RV was

computed by sine wave extrapolation using RV pressure values

recorded before the maximal first derivative of pressure develop-

ment over time (dP/dt) and after minimal dP/dt. RV pressure

curves were averaged over multiple beats to reduce respiratory

variations. Pulmonary arterial elastance (Ea), considered mainly a

reflection of pulmonary vascular resistance (PVR), was calculated

as RV Psys/stroke volume.16 Subsequently, RV pulmonary arterial

(RV‐PA) coupling was calculated as the ratio of Ees/Ea and

represents the efficiency of mechanical energy transfer from the

RV to the pulmonary vasculature.16 RV end‐diastolic elastance

(Eed) was obtained by fitting a curve through (0.0), the begin‐

diastolic and end‐diastolic points on the PV curve. Eed was

calculated as the slope of this curve at end‐diastolic volume and

represents RV diastolic stiffness.17

2.4 | CPET

CPET was performed using an electronic braked cycle ergometer

according to a standard protocol described before.18

3 | RESULTS

Eight TGA patients were included (mean age 12 ± 3 years, 75% male)

(Table 1). All patients were asymptomatic and all had simpleTGA with

intact ventricular septum. ASO including a Lecompte maneuver was

performed in all patients at a mean age of 6.4 ± 1.8 days and weight

of 3.5 ± 0.4 kg. Unilateral PA interventions were performed in the

LPA in five out of eight (62%) cases and the RPA in three out of

eight cases (38%). None had pulmonary regurgitation.

944 | JOOSEN ET AL.

 1522726x, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ccd.31036 by U

trecht U
niversity, W

iley O
nline L

ibrary on [01/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



F IGURE 1 Right ventricle (RV) pressure–volume (PV) loop analysis in transposition of the great arteries (TGA) patients with unilateral
pulmonary artery stenosis after arterial switch operation (ASO). Schematic example and the individual results of RV PV loop analysis in
TGA patients with unilateral PA stenosis after ASO. (A) The maximal isovolumic pressure of the RV (maximal RV isovolumic pressure
[Piso]), used to analyze RV contractility (end‐systolic elastanc [Ees]), was computed by sine wave extrapolation using RV pressure values
recorded before maximal first derivative of pressure development over time (dP/dt) and after minimal dP/dt.14 (B) A schematic example
of RV PV loop analysis.15 Arterial elastance (Ea), mainly a reflection of pulmonary vascular resistance, was calculated as RV systolic
pressure/stroke volume.16 Ees, a load‐independent measure of ventricular contractility, was calculated as (RV maximal isovolumic
pressure–RV systolic pressure)/stroke volume.14 Right ventricular to pulmonary arterial coupling was calculated as right ventricular to
pulmonary arterial coupling and represents the efficiency of energy transfer from the RV to the pulmonary vasculature RV. RV end‐
diastolic elastance (Eed), used to assess diastolic stiffness, was calculated as the slope of the end‐diastolic pressure–volume relationship
(EDPVR) at end‐diastole.17 (C–F) Show comparison of Ea (C), Ees (D), Ees/Ea (E), and Eed (F) in TGA patients to normal literature
values.9,10 BDP, begin‐diastolic pressure; EDP, end‐diastolic pressure; ESPVR, end‐systolic pressure–volume relationship; Psys, RV
systolic pressure.
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All patients showed biventricular volumes, masses, ejection

fractions, and strain within normal limits after correction for age,

gender, and BSA (Table 2). Invasive RV systolic pressures were increased

in all TGA patients compared to normal literature values (38 ± 7 vs.

30mmHg).19 No pulmonary arterial hypertension was found and

pulmonary vein drainage was unaffected in all patients. RV PV loop

analysis showed increased RV afterload (Ea = 0.62 [0.45–0.76] vs.

0.29 ± 0.05), while RV contractility was decreased (Ees = 0.26

[0.14–0.41] vs. 0.47 ± 0.20).10 As a result, RV‐PA coupling was severely

impaired (Ees/Ea=0.40 [0.31–0.62] vs. 1.63 ± 0.74).10 RV end‐diastolic

pressures and Eed were increased (Ped: 11 ± 3 vs. 7mmHg, Eed: 0.31

[0.18–0.45] vs. 0.20 [0.15–0.24]).9,19 Invasive LV systolic pressures

were within normal limits (94 ± 9 vs. 140mmHg) while LV end‐diastolic

pressures were slightly elevated (13 ± 3 vs. 12mmHg).12 RV end‐

diastolic pressures correlated with LV end‐diastolic pressures (R = 0.88,

p = 0.004). PAC was mildly reduced (3.4 ± 0.7 vs. 3.8–12mL/mmHg) and

correlated with Eed (R = 0.97, p = 0.002) (Table 1, Figure 1).11 During a

mean follow‐up of 6 ± 2 years, all patients remained asymptomatic (New

York Heart Association functional class 1) and RV volumes, mass, and

systolic function remained unchanged (right ventricular end‐diastolic

volume indexed: 83 ± 16mL/m2; RVESVi: 36 ± 8mL/m2; RV mass

indexed: 19 ± 2 g/m2; RV relative wall thickness: 0.24 ± 0.06 g/mL;

RVEF: 57 ± 3%; RV FWGLS: −20 ± 3%). CPET was available in five out of

eight patients and showed VO2 max within normal range after

correction for age and weight.

4 | DISCUSSION

This is the first study that describes the effects of unilateral PA

stenosis on RV remodeling and function in TGA patients after ASO.

We found that (1) RV afterload, estimated by RV pressures and RV

TABLE 1 Individual characteristics and results heart catheterization.

Pt
Age
(years) Sex PA stenosis

NIBP
(mmHg)

LV
Psys
(mmHg)

LV
Ped
(mmHg)

RV/LV
pressure
ratio

RVEDP/
LVEDP
ratio

RV
Psys
(mmHg)

RV
Piso
(mmHg)

RV
Ped
(mmHg)

PAC
(mL/
mmHg)

LPA
gradient
(mmHg)

RPA
gradient
(mmHg)

1 15 M LPA 125/65 109 11 0.36 0.93 39 54 10 ‐ 20 0

2 13 F LPA 106/65 102 13 0.28 0.73 29 49 10 3.86 12 4

3 16 M LPA 145/65 94 17 0.36 0.76 34 44 13 4.44 9 4

4 9 M RPA 104/64 95 9 0.39 0.82 37 45 7 3.27 5 15

5 11 F LPA 111/63 87 8 0.45 1.03 39 55 8 ‐ 17 2

6 9 M RPA ‐ 92 15 0.54 0.91 50 69 14 2.69 4 24

7 12 M LPA ‐ 83 11 0.39 0.88 32 59 10 3.58 6 1

8 7 M RPA 113/65 86 17 0.51 1.06 44 67 18 2.61 4 13

Abbreviations: LPA, left PA; LV, left ventricle; LVEDP, left ventricular end‐diastolic pressure; NIBP, noninvasive blood pressure; PA, pulmonary artery;
PAC, pulmonary artery compliance; Ped, end‐diastolic pressure; Piso, maximal isovolumic pressure; Psys, systolic pressure; RPA, right PA; RV, right
ventricle; RVEDP, right ventricular end‐diastolic pressure.

TABLE 2 CMR results.

Pt
BSA
(m2)

Flow
LPA/
RPA (%)

LVEDVi
(mL/m2)

LVMi
(g/m2)

LV wall
thickness
(g/mL) LVEF (%)

LV GLS
(2,3,4‐
CH) (%)

RVEDVi
(mL/m2)

RVMi
(g/m2)

RV wall
thickness
(g/mL) RVEF (%)

RV
FWGLS
(%)

1 1.73 ‐ 82 58 0.71 63 −14.1 100 24 0.24 46 −17

2 1.56 26/74 98 54 0.55 42 −12 119 12 0.10 44 −17.4

3 1.86 29/71 92 83 0.90 53 −12 92 19 0.21 47 −26.3

4 1.03 69/31 94 44 0.46 62 −19.5 71 11 0.15 68 −17.1

5 1.36 14/86 56 35 0.63 66 −19.4 65 14 0.22 60 −28.7

6 1.07 80/20 115 61 0.53 65 −18.9 98 22 0.23 66 −22

7 1.27 ‐ 72 49 0.68 49 −14.4 75 13 0.17 46 −17.8

8 0.95 75/25 89 40 0.45 61 −19.1 83 16 0.19 59 −26.3

Abbreviations: BSA, body surface area; CMR, cardiac magnetic resonance imaging; FWGLS, free wall global longitudinal strain; GLS, global longitudinal

strain; LV, left ventricle; LVEDVi, left ventricular end‐diastolic volume indexed; LVEF, left ventricular ejection fraction; LVMi, LV mass indexed; RV, right
ventricle; RVEDVi, right ventricular end‐diastolic volume indexed; RVEF, right ventricular ejection fraction; RVMi, RV mass indexed.
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Ea was significantly increased, whereas PAC was decreased. (2) RV

volumes, mass, and RVEF remained within normal limits using CMR

but (3) RV contractility (Ees) and RV diastolic stiffness (Eed) were

compromised leading to RV‐PA uncoupling in all patients.

RV afterload and pressures were increased in TGA patients with

unilateral PA stenosis after ASO. Increased RV systolic pressure in

case of unilateral PA stenosis post‐ASO has previously been

observed and is particularly interesting since in case of unilateral

pulmonary aplasia, PA pressures in the unaffected lung may be

normal despite increased blood flow.20,21 Subtle gradients without an

indication for an intervention in the contralateral PA and a reduced

PAC of the PA might contribute to increased systolic RV pressures in

these patients. Ea, mainly reflecting PVR, was doubled compared to

normal literature values and is in agreement with research in a pig

model with unilateral PA stenosis after ASO.22 In addition, PAC was

decreased, possibly explained by compromised PA distension in

patients with fixed PA stenosis, and might contribute to increased

afterload in our patients.22 Despite increased RV afterload, RV

remodeling and function remained within normal limits using CMR.

This is supported by animal studies showing limited RV hypertrophy

in relationship to unilateral PA stenosis.22,23 However, we found

impaired RV contractility (Ees) and increased RV diastolic stiffness

(Eed) using RV PV loop analysis and observed RV‐PA uncoupling in all

patients. This is substantiated by an animal study that shows reduced

RV contractility in the presence of unilateral PA stenosis, which did

not restore after the intervention.22 These results may suggest that

conventional CMR might not be suitable to detect subclinical RV

dysfunction in these patients. Increased RV afterload, decreased RV

contractility and subsequently RV‐PA uncoupling are also witnessed

in other congenital heart diseases.24 LV function was within normal

limits and therefore we expect the effect of interventricular

interactions on RV function to be limited in our patient group. In

addition, despite normal RVEDV, RV Ped and Eed were increased

suggesting increased diastolic stiffness and diastolic dysfunction.

Previous reports also show RV relaxation abnormalities in the case of

preserved RV systolic function in TGA patients after ASO.25 Eed

correlated with PAC. Decreased PAC and increased pulse wave

velocity might result in increased systolic PA pressures, RV wall stress

and increased diastolic stiffness.26 Therefore, increased diastolic

stiffness might be the first response to increased afterload in these

patients and might even precede systolic dysfunction, as also

witnessed in heart failure patients.

4.1 | Clinical implications

Unilateral PA stenosis might result in subclinical RV dysfunction in

TGA patients after ASO, while not yet present on CMR. RV volumes,

mass and function remained within normal limits during a relatively

short follow‐up of 6 years. However, the impact of increased

afterload over a longer period of time and whether impaired

contractility will result in RV maladaptation and ultimately reduced

RV function and RV failure remains unknown. Future long‐term

studies are needed to 1). assess clinical importance of RV PV loop

analysis and 2). to investigate if RV PV loop analysis can be used to

assess early predictors for long‐term outcomes and to optimize the

timing of interventions in these patients.

4.2 | Limitations

Our retrospective study is limited by a small patient population, the

use of adult reference values for RV PV loop analysis due to a lack of

pediatric reference values and missing PVR data. In addition, RV PV

loop analysis was performed using the single‐beat method, which is

based on assumptions but remains a good and applicable alternative

for the multibeat method, which is often unfeasible in patients.15

Moreover, RV PV loop analysis was only performed at a single time

point and does not address the effects of pulmonary interventions on

RV‐PA coupling. This is currently being investigated in a multicenter

randomized controlled trial in patients with biventricular CHD

(ClinicalTials.gov ID: NCT05809310).

5 | CONCLUSION

Unilateral PA stenosis results in an increased RV afterload in TGA

patients after ASO. RV remodeling and function remain within normal

limits when analyzed by CMR but RV PV loop analysis show impaired

RV diastolic stiffness and RV contractility leading to RV‐PA

uncoupling.
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