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Abstract
Background: We hypothesized that echocardiographic indices of right ventricular to
pulmonary artery (RV‐PA) coupling were comparable to cardiac magnetic resonance
imaging (CMRI)‐derived RV volumetric indices in predicting disease severity in
chronic pulmonary regurgitation (PR).
Methods: Patients with ≥ moderate PR (2003‐2015) with and without prior CMRI
scans were enrolled into the study cohort and validation cohort, respectively.
Endpoint was to determine the association between noninvasive RV‐PA coupling in‐
dices (tricuspid annular plane systolic excursion/right ventricular systolic pressure
[TAPSE/RVSP] and fractional area change [FAC]/RVSP ratio) and markers of disease
severity, and compared this association to that of CMRI‐derived RV volumetric indi‐
ces and markers of disease severity (peak oxygen consumption [VO2], NT‐proBNP
and atrial and/or ventricular arrhythmias).
Results: Of the 256 patients in the study cohort (age 33 ± 6 years), 187 (73%) had
tetralogy of Fallot (TOF) while 69 (27%) had valvular pulmonic stenosis (VPS). TAPSE/
RVSP (r = 0.73, P < .001) and FAC/RVSP (r = 0.78, P < .001) correlated with peak VO2.
Among the CMRI‐derived RV volumetric indices analyzed, only right ventricular end‐
systolic volume index correlated with peak VO2 (r = −0.54, P < .001) and NT‐proBNP
(r = 0.51, P < .001). These RV‐PA coupling indices were tested in the validation cohort
of 218 patients (age 37 ± 9 years). Similar to the study cohort, TAPSE/RVSP (r = 0.59,
P < .001) and FAC/RVSP (r = 0.70, P < .001) correlated with peak VO2. TAPSE/RVSP
(but not FAC/RVSP) was also associated with arrhythmia occurrence in both the
study cohort and validation cohorts.
Conclusion: Noninvasive RV‐PA coupling may provide complementary prognostic
data in the management of chronic PR. Further studies are required to explore this
clinical tool.

Abbreviations: CMRI, cardiac magnetic resonance imaging; FAC, fractional area change; PA, pulmonary artery; PR, pulmonary regurgitation; RV‐PA, right ventricular to pulmonary arterial;
RV, right ventricle; RVSP, right ventricular systolic pressure; TAPSE, tricuspid annular plane systolic excursion; TOF, tetralogy of Fallot; VO2, peak oxygen consumption; VPS, valvular
pulmonic stenosis.
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1 | I NTRO D U C TI O N

the patients with prior pulmonary valve replacements or RV to PA

Chronic pulmonary regurgitation (PR), which is one of the most

view board approved this study and waived informed consent for

common reasons for reintervention in adults with congenital heart

patients that provided research authorization.

conduit placement were excluded. The Mayo Clinic institutional re‐

disease, particularly in patients with tetralogy of Fallot (TOF) and

A total of 256 patients were identified based on the above in‐

valvular pulmonic stenosis (VPS) with prior right ventricular (RV)

clusion criteria and this comprised the study cohort. A validation

outflow tract interventions.1,2 Chronic PR causes RV volume over‐

cohort of 218 patients with native PR and no prior CMRI was also

load resulting in increased RV preload, as well as volume overload

selected from the MACHD database using the following search cri‐

of the proximal central pulmonary artery (PA) and vascular remod‐

teria: age > 18 years, no CMRI, ≥moderate PR by qualitative assess‐

eling ultimately resulting in increased RV afterload. 3-5 The goal of

ment Doppler echocardiography, and echocardiographic images of

pulmonary valve replacement is to prevent progressive RV dys‐
6

function by normalizing these abnormal loading conditions. The

sufficient quality to measure FAC or TAPSE. Supplementary Figure 1
shows flowchart of cohort selection.

timing of pulmonary valve replacement is critical in order to avoid
the cumulative multiple reinterventions that can occur if pulmo‐
nary valve replacement is performed too early or the irreversible
RV dysfunction that can result if pulmonary valve replacement is
performed too late.

2.2 | Data collection
The following electronic health records were reviewed in details:
transthoracic echocardiograms, CMRI reports, cardiopulmonary ex‐

7,8

Quantitative RV volumetric assessment by echocardiography is

ercise test, clinical notes, and surgical records. The clinical data ob‐

challenging because of its complex geometry, and as a result cardiac

tained within 12 months from the time of CMRI were analyzed as the

magnetic resonance imaging (CMRI) has become the most commonly

baseline characteristics of the study cohort, and we analyzed only

used modality for RV volumetric assessment. Right ventricular to

the first CMRI in patients with multiple CMRI scans. For the vali‐

pulmonary arterial (RV‐PA) coupling is a load‐independent measure

dation cohort, we analyzed the first transthoracic echocardiogram

of RV performance, which incorporates both RV systolic function

with adequate image quality for TAPSE or FAC, and we used the

6

9

and PA vascular function. Although RV‐PA coupling is typically

clinical data obtained within 12 months from the time of the index

measured by invasive cardiac catheterization, several studies have

echocardiogram as the baseline characteristics. For the purpose

demonstrated the feasibility and prognostic value of noninvasively

of this study, the different types of RV outflow tract interventions

measured RV‐PA coupling in patients with heart failure due to ac‐
10-13

quired heart disease.

This concept has not been studied in adults

with congenital heart disease. We hypothesized that echocardio‐

were grouped into three categories: balloon pulmonary valvulo‐
plasty, transannular patch repair, and non‐transannular patch repair
(surgical valvotomy, valvectomy, or commissurotomy).

graphic indices of RV‐PA coupling were comparable to CMRI‐de‐

The digital echocardiographic images of both the study cohort

rived RV volumetric indices in predicting disease severity in patients

and the validation cohort were reviewed and offline measurements

with chronic PR.

performed (R.P.) and these measurements were verified in randomly
selected sample (25% of the cohort) by one of the investigators

2 | M E TH O DS
2.1 | Patient selection
The Mayo Adult Congenital Heart Disease (MACHD) database was
queried for patients with native PR following RV outflow tract and/
or pulmonary valve intervention from January 1, 2003 to December

(A.C.E). All 2D and Doppler variables relevant to the study were
collected and analyzed. The severity of tricuspid regurgitation, PR,
RV enlargement, and RV systolic dysfunction were graded as none/
trivial, mild, mild‐moderate, moderate, moderate‐severe, and severe
based on standard assessment by comprehensive echocardiogram.14
The protocol for volumetric assessment using CMRI at this institu‐
tion has been previously described.15 RV stroke volume and ejection

31, 2015. The inclusion criteria were: age > 18 years, at least one

fraction were calculated from end‐diastolic and end‐systolic vol‐

CMRI scan, ≥moderate PR (defined as regurgitant fraction > 25%

umes. PR fraction was calculated as: (RV stroke volume—left ven‐

by CMRI and/or qualitative assessment by Doppler echocardi‐

tricular stroke volume)/RV stroke volume. All volumetric data were

ography), and echocardiographic images of sufficient quality to

indexed to the body surface area. Plasma volume at the time of echo‐

measure fractional area change (FAC) or tricuspid annular plane

cardiography was estimated by: (1 − hematocrit) (a + [b × weight in

systolic excursion (TAPSE). The patients with concomitant pulmo‐

kg]), where a = 1530 in men and 864 in women, and b = 41 in men

nic stenosis (defined as pulmonary valve peak velocity >2 m/s) and

and 47.9 in women.16
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2.3 | Study endpoints
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187 (73%) had TOF while 69 (27%) had VPS (Table 1). Of the 187

The primary endpoint was to determine the association between
echocardiographic indices of RV‐PA coupling and markers of dis‐
ease severity, and compare this association to that of CMRI‐derived
RV volumetric indices and markers of disease severity. The second‐
ary endpoint was to assess the predictive value of these echocar‐
diographic indices of RV‐PA coupling in the validation cohort. We
performed separate analyses for the patients with tetralogy of
Fallot (TOF) and those with valvular pulmonic stenosis (VPS), be‐
cause of differences in the pathophysiology of both diseases.17,18

patients with TOF, 43 (23%) had prior palliative shunt procedures,
the age of initial RV outflow tract intervention was 4 ± 2 years, and
the types of RV outflow tract interventions were transannular patch
repair 126 (67%) and non‐transannular patch repair 61 (33%). Of the
69 patients with VPS, the age of initial RV outflow tract interven‐
tion was 5 ± 3 years, and the types of RV outflow tract interventions
were transannular patch repair 6 (9%) and non‐transannular patch
repair 47 (68%), and balloon pulmonary valvuloplasty 16 (23%).
Table 2 shows baseline hemodynamic data of the study cohort. The

RV‐PA coupling was assessed by the ratio of fractional area change/
right ventricular systolic pressure (FAC/RVSP) and tricuspid annular

TA B L E 1

Baseline characteristics

plane systolic excursion/right ventricular systolic pressure (TAPSE/

n = 256

RVSP). FAC/RVSP and TAPSE/RVSP ratio have been studied as nonin‐
vasive indices of RV‐PA coupling and provide a measure of in vivo RV

Age, years

33 ± 6

length‐forced relationship, and validated as prognostic indices in pa‐

Male

132 (52%)

tients with heart failure due to acquired cardiovascular diseases.

Tetralogy of Fallot

187 (73%)

The CMRI‐derived RV volumetric induces that were analyzed include

Valvular pulmonic stenosis

10,12,13

69 (27%)

RV end‐diastolic volume index (RVEDVI), RV end‐systolic volume index

Body surface area, m

(RVESVI), RV stroke volume index, and RV ejection fraction.

Body mass index, kg/m2

2.0 ± 0.3

Systemic arterial saturation, %

94 ± 4

The following indices of disease severity were used for this study:
exercise capacity (peak oxygen consumption [VO2]), biomarkers of
neurohormonal activation (N‐terminal pro b‐type natriuretic peptide
[NT‐proBNP]), and atrial and/or ventricular arrhythmia documented
on electrocardiogram, Holter monitor or telemetry. These indices have
been shown to be prognostic for heart failure‐related mortality in pa‐
tients with congenital and acquired heart diseases.10-13 Only peak VO2

2

29 ± 6

Comorbidities
Hypertension

54 (21%)

Hyperlipidemia

59 (23%)

Coronary artery disease

14 (6%)

Current or prior smoker

31 (12%)

derive from symptom‐limited treadmill tests with maximum effort de‐

Diabetes mellitus

29 (11%)

fined as respiratory exchange ratio > 1.1 were used for the analysis.

Sleep apnea

35 (14%)

Prior stroke

14 (6%)

NYHA III/IV

54 (29%) [n = 187]

2.4 | Statistical analysis
We reported categorical variables as percentages, and continuous
variables as mean ± standard deviation or median (interquartile
range) for skewed data. We compared categorical variables with χ 2

Laboratory tests
Hemoglobin, g/dL

14.6 ± 1.2

Platelet, ×109/L

267 ± 41

Creatinine, mg/dL

1.2 ± 0.3

Albumin, g/dL

4.4 ± 0.4

sion analyses were used to assess the relationships between con‐

Aspartate aminotransferase, U/L

32 ± 4

tinuous variables. Univariable logistic regression analyses were used

Alanine aminotransferase, U/L

43 ± 5

test or Fisher exact test, and continuous variables with a two‐sided
unpaired t‐test or Mann‐Whitney test, as appropriate. Linear regres‐

to assess the association between RV indices and arrhythmia occur‐

Alkaline phosphatase, U/L

82 ± 8

rence, and the degree of association was compared using the area

NT‐proBNP, pg/mL

259 ± 108 [n = 173]

under the curve. The interobserver variability between the indices

Estimated plasma volume, mL

3121 ± 614

(FAC, TAPSE, and RVSP) measured by R.P and ACE were assessed by

Medications

intraclass correlation coefficient. We performed all statistical analy‐

Diuretics

57 (22%)

Beta and/or calcium channel blockers

52 (20%)

RAAS antagonist

49 (19%)

Class I/III antiarrhythmic drug

24 (9%)

Warfarin

16 (6%)

Direct oral anticoagulants

7 (3%)

Aspirin

87 (34%)

ses with JMP software (version 13.0; SAS Institute Inc, Cary, NC), a
P < .05 was considered statistically significant.

3 | R E S U LT S
3.1 | Baseline clinical and hemodynamic data of
study cohort
The study cohort comprised of 256 patients, mean age was
33 ± 6 years, and 132 (52%) were males. Among these 256 patients,

Abbreviations: NT‐proBNP: N‐terminal pro b‐type natriuretic peptide;
NYHA, New York Heart Association; pg/mL, picogram per milliliter;
RAAS, renin angiotensin aldosterone system; U/L, unit per liter.

660

|

RV‐PA coupling indices are baseline were: TAPSE/RVSP 0.49 ± 0.08

EGBE et al.

(r = 0.78, P < .001) in TOF patients. Among the CMRI‐derived RV

and FAC/RVSP 0.98 ± 0.17. Of the 256 patients, 122 underwent pul‐

volumetric indices analyzed, there was a negative correlation be‐

monary valve replacement, and among these patients, TAPSE/RVSP

tween RVESVI and peak VO2 (r = −0.54, P < .001), (Figure 1A‐C).

increased from 0.46 ± 0.09 to 0.51 ± 0.08 (P = .041) and FAC/RVSP

Peak VO2 was independent of RVEDVI, RV stroke volume index, and

increased from 0.94 ± 0.14 to 0.99 ± 0.14 (P = .1.93).

RV ejection fraction in TOF patients. Similar analyses performed in

3.2 | Indices of disease severity

and peak VO2, FAC/RVSP and peak VO2, and RVESVI and peak VO2,

Of the 187 TOF patients, peak VO2 and NT‐proBNP data were avail‐
able in 122 (65%) and 134 (72%) patients, respectively. The peak VO2
was 23 ± 5 mL/kg/min (67 ± 12% of predicted) and NT‐proBNP was
268 ± 112 pg/mL. The following arrhythmias were present in the
TOF patients: atrial flutter (n = 38, 20%), atrial fibrillation (n = 19,
10%), atrial tachycardia (n = 17, 9%), non‐sustained ventricular tach‐
ycardia (n = 24, 13%), and sustained ventricular tachycardia (n = 14,
8%). A history of atrial and/or ventricular arrhythmia was present
71 (38%) patients, with several patients had more than one type of
arrhythmia.
Of the 69 VPS patients, peak VO2 and NT‐proBNP data were avail‐
able in 42 (61%) and 39 (57%), respectively. The peak VO2 was 25 ± 3 mL/
kg/min (70 ± 8% of predicted) and NT‐proBNP was 241 ± 68 pg/mL.
The following arrhythmias were present in the VPS patients: atrial flut‐
ter (n = 11, 16%), atrial fibrillation (n = 4, 6%), atrial tachycardia (n = 6,
9%), non‐sustained ventricular tachycardia (n = 7, 10%), and sustained

VPS patients also showed similar correlations between TAPSE/RVSP
(Figure 1D‐F).
Analyses were performed to determine the associations be‐
tween CMRI‐derived indices and neurohormonal activation, and
this showed a correlation between RVESVI and NT‐proBNP both
in TOF patients (r = 0.51, P < .001) and VPS patients (r = 0.46,
P = .003) (figure not shown). There was no association between
NT‐proBNP and the other CMRI‐derived indices and echocardio‐
graphic indices.
Analyses for arrhythmia history showed that TAPSE/RVSP
was associated with arrhythmia history (AUC 0.697; TAPSE/
RVSP < 0.45: odds ratio 2.73, 95% confidence interval 1.26‐4.11,
P = .031), and RVESVI was also associated with arrhythmia history
(AUC 0.778; RVESVI > 90 mL/m2: odds ratio 2.94, 95% confidence
interval 2.06‐4.39, P < .001) in TOF patients but not in VPS patients.
Arrhythmia history was independent of the other CMRI‐derived in‐
dices and echocardiographic indices.

ventricular tachycardia (n = 1, 2%). Similar to the TOF group, several pa‐
tients had more than one type of arrhythmia, and a history of atrial and/
or ventricular arrhythmia was present 19 (28%) patients.

3.4 | Validation cohort
A validation cohort of 218 patients was selected based on the cri‐

3.3 | Relationship between echocardiographic and
CMRI indices and disease severity

teria described in the Methods section. Supplementary Tables 1

There was a modest correlation between TAPSE/RVSP and peak

in the validation cohort were older (33 ± 6 vs years 37 ± 9 years,

VO2 (r = 0.73, P < .001), and between FAC/RVSP and peak VO2

P = .031), and were more likely to be on diuretics, warfarin, and

and 2 show a comparison of the clinical and hemodynamic char‐
acteristics of the study cohort and validation cohort. The patients

F I G U R E 1 Linear correlation of percent‐predicted peak oxygen consumption (peak VO2) and echocardiographic and cardiac magnetic
resonance imaging‐derived indices in the study cohort. A, Peak VO2 and tricuspid annular plane systolic excursion/right ventricular systolic
pressure (TAPSE/RVSP) ratio in TOF patients; B, Peak VO2 and fractional area change/right ventricular systolic pressure (FAC/RVSP) ratio in
TOF patients; C, Peak VO2 and right ventricular end‐systolic volume index (RVESVI) in TOF patients; D, Peak VO2 and TAPSE/RVSP in VPS
patients; E, Peak VO2 and FAC/RVSP in VPS patients; F, Peak VO2 and RVESVI in VPS patients

|
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TA B L E 2

Hemodynamic data

Echocardiography

n = 256

≥Moderate RV enlargement

a

233 (91%)

≥Moderate RV systolic dysfunction

a

≥Moderate tricuspid regurgitationa
Severe Pulmonary regurgitation

a

61 (24%)
69 (27%)
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pulmonary to systemic blood flow; RV: right ventricle; RVEDV: right ven‐
tricular end‐diastolic volume; RVESV: right ventricular end‐systolic vol‐
ume; RVSP: right ventricular systolic pressure; SVRI: systemic vascular
resistance index; TAPSE: tricuspid annular plane systolic excursion; VE/
VCO2, ventilatory equivalent for carbon dioxide; VO2, oxygen consump‐
tion; WU*m2; Wood units × meter squared.
a
Quantitative assessment.

251 (98%)

Tricuspid regurgitation velocity, m/s

3.3 ± 0.6

class I/III antiarrhythmic drugs. The other clinical and hemodynamic

RVSP, mm Hg

42 ± 5

variables were similar between the study and validation cohorts

Pulmonary valve peak velocity, m/s

1.4 ± 0.4

(Supplementary Tables 1 and 2).

TAPSE, cm

20 ± 6

Similar to the observation in the study cohort, there was a

FAC, %

39 ± 8

modest association between TAPSE/RVSP and peak VO2 (r = 0.59,

RV S', cm/s

11 ± 4

TAPSE/RVSP ratio

0.49 ± 0.08

FAC/RVSP ratio

0.98 ± 0.17

PA acceleration time, m/s
RV stroke volume index, mL/m

109 ± 14
2

61 ± 11 [n = 219]

P < .001), and between FAC/RVSP and peak VO2 (r = 0.70, P < .001)
in TOF patients (Figure 2). Similarly, peak VO2 was also associated
with TAPSE/RVSP (r = 0.50, P < .001) and FAC/RVSP (r = 0.64,
P < .001) in VPS patients.
The strength of these associations was similar in the study cohort
and validation cohort for all analyses (P interaction > .05) (Figure 2).

Lateral E/e’

9±5

LV ejection fraction, %

51 ± 6

sociated with arrhythmia history (AUC 0.646; TAPSE/RVSP < 0.45:

LV cardiac index, L/min/m2

2.9 ± 0.5

odds ratio 1.82, 95% confidence interval 1.17‐6.25, P = .043) in TOF

Heart rate, bpm

74 ± 6

patients but not in VPS patients. Again NT‐proBNP was indepen‐

Magnetic resonance imaging

n = 256

dent of all echocardiographic indices analyzed for both TOF and VPS

RVEDV index, mL/m2

136 ± 39

patients.

RVESV index, mL/m

2

RV stroke volume index, mL/m

Similar to the observation in the study cohort, TAPSE/RVSP was as‐

69 ± 11
2

69 ± 8

PR volume index, mL/m2

28 ± 7

RV ejection fraction, %

48 ± 11

LV ejection fraction, %

53 ± 9

LV stroke volume index, mL/m2

41 ± 9

Catheterization

n = 94

Heart rate, BPM

66 ± 4

Right atrial pressure, mm Hg

9(6‐13)

RV EDP, mm Hg

13(11‐17)

RVSP, mm Hg

46 ± 6

Mean PA pressure, mm Hg

21(17‐27)

PA wedge pressure, mm Hg

11(9‐16)

Mean arterial pressure, mm Hg

93 ± 11

Mixed venous O2 saturation, %

68 ± 7

Systemic O2 saturation, %

94 ± 4

Cardiac index, L/min*m2

2.8 ± 0.6

Qp:Qs

0.98 ± 0.02

PVRI (WU*m2)
2

4 | D I S CU S S I O N
Chronic PR results in abnormal increase in RV preload and afterload,
and over time leads to irreversible RV dysfunction and cardiovascu‐
lar morbidities.3-5 The current study showed that echocardiographic
indices of RV‐PA coupling were comparable to CMRI‐derived RV

3.3(2.5‐4.7)

SVRI (WU*m )

29.6 ± 2.3

Cardiopulmonary exercise test

(n = 164)

Peak VO2, mL/kg/min

24 ± 5

Peak VO2, % predicted

68 ± 11

VE/VCO2 nadir

29 ± 5

Abbreviations: EDP: end‐diastolic pressure; FAC: fractional area change;
LV: left ventricle; O2, oxygen; PA: pulmonary artery; PR: Pulmonary re‐
gurgitation; PVRI: pulmonary vascular resistance index; Qp:Qs: ratio of

F I G U R E 2 Comparison of linear correlations between study
cohort and validation cohort. A, Peak VO2 and TAPSE/RVSP in TOF
patients; B, Peak VO2 and FAC/RVSP in TOF patients; C, Peak VO2
and TAPSE/RVSP in VPS patients; D, Peak VO2 and FAC/RVSP in
VPS patients
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volumetric indices in predicting exercise capacity and arrhythmia in

occur even after pulmonary valve replacement.8,24 Although CMRI‐

patients with chronic PR.

derived RV volumes can predict RV remodeling after pulmonary
valve replacement, it has not been shown to predict improvement
in exercise capacity after pulmonary valve replacement. 25 Similarly,

4.1 | Chronic PR and exercise capacity

there are mixed results about the association between RV volumes

Peak VO2 is a known prognostic marker in congenital and acquired
heart diseases,19-21 and impaired peak VO2 is a marker of disease

severity and risk factor for mortality in the TOF population. 22 The
current study showed modest correlations between peak VO2 and

and peak VO2 in chronic PR We speculated that the discordance in
the association between CMRI volumetric indices and peak VO2 may
be because CMRI‐derived indices only incorporates RV end‐diastolic
volume (preload) and ejection fraction (load‐dependent measure of

noninvasively measured RV‐PA coupling indices (TAPSE/RVSP and

systolic function) but does not take into account the effect of abnor‐

FAC/RVSP) in patients with chronic PR (Figure 1).

mal RV afterload which is present in chronic PR.6

Latus and colleagues demonstrated that patients with TOF
and chronic PR had impaired RV‐PA coupling both at rest and with
dobutamine stress based on invasive hemodynamic assessment in
24 patients.9 Although the RV end‐systolic elastance increased with
dobutamine stress, there was a disproportionate increase in PA elas‐
tance resulting in a decrease in RV‐PA coupling (RV‐PA uncoupling)

4.2 | Chronic PR and arrhythmia
Atrial and ventricular arrhythmias are common after TOF repair, and
are associated with heart failure and sudden cardiac death in this
population. 26,27 Several factors such as left and right ventricular

in TOF patients.9 A very important observation in that study was

ejection fraction, right atrial enlargement, multiple surgical scars and

that the patients that had more impaired RV‐PA coupling at rest

age at the time of initial repair have been proposed as risk factors for

tended to have more RV‐PA “uncoupling” with dobutamine stress
9

because of disproportionate increase in PA elastance. Although the

atrial and ventricular arrhythmia after TOF repair. 26,27 In this study,
we showed that similar to RVESVI, TAPSE/RVSP ratio was associ‐

physiologic effect of exercise differ from that of dobutamine stress,

ated with arrhythmia occurrence, and there was a twofold increase

the above study highlights the importance of abnormal PA vascu‐

in arrhythmia burden in patients with TAPSE/RVSP < 0.45 both in

lar function and its potential impact on RV pulsatile afterload in the

the original study cohort and validation cohort. It is unclear why a

setting of increased pulmonary blood flow. The importance of RV

similar relationship was not seen with FAC/RVSP ratio. The associa‐

afterload on peak VO2 is also demonstrated in a different study of

tion between abnormal RV‐PA coupling and arrhythmia occurrence

42 TOF patients with chronic PR, and in that study the patients with

in this study further highlights the impact of abnormal hemodynam‐

higher RV afterload (due to RV outflow tract obstruction) had sig‐

ics (loading conditions) in the pathogenesis of atrial and ventricular

nificantly lower peak VO2 compared to the rest of the cohort. 23 This

arrhythmia in TOF patients. Similarly, pulmonary valve replacement

shows that increase RV afterload, either due to RV outflow tract ob‐

as a stand‐alone procedure (without concomitant anti‐arrhythmia

struction or pulmonary vascular dysfunction, has a negative impact

surgery), which normalizes loading conditions, is effective in reduc‐

on exercise capacity.

ing arrhythmia burden. 28

The ability of noninvasively measure RV‐PA coupling indices
(TAPSE/RVSP and FAC/RVSP) to predict peak VO2 in the current
study is most likely because it takes into account the effect of ab‐

4.3 | Clinical implications and future directions

normal RV afterload due to chronic PR Even though the pathophys‐

RV‐PA coupling is a measure of RV performance adjusted for

iology and natural history of TOF differs from VPS,17,18 a similar

abnormal RV afterload. Since RV afterload is not taken into account

relationship between TAPSE/RVSP, FAC/RVSP, and peak VO2 was

in CMRI‐derived RV volumetric assessment, perhaps noninvasive

observed in the VPS group. Furthermore, there was no difference in

RV‐PA coupling indices may be complementary to CMRI in the

the ability of noninvasive RV‐PA coupling indices (TAPSE/RVSP and

management of chronic PR RV‐PA coupling indices may be most

FAC/RVSP) to predict peak VO2 when it was tested in the validation

beneficial in the assessment of patients with chronic PR and unex‐

cohort (Figure 2). All these highlight the importance of noninvasive

plained exertional dyspnea, and in patients with contraindications

RV‐PA coupling indices as a potential supplementary tool in the as‐

for CMRI.

sessment of patients with chronic PR The echocardiographic indices

This is the first study about the role of noninvasive RV‐PA cou‐

used for the assessment of RV‐PA coupling this study are part of

pling in adults with congenital heart disease. Although the study has

data collection during routine comprehensive echocardiography and

several limitations, it provides preliminary data for future studies

hence do not require any additional resource utilization.

such as: (1) simultaneous invasive and noninvasive assessment of

In contrast to noninvasive RV‐PA coupling indices, only RVESVI

RV‐PA coupling in chronic PR; (2) simultaneous invasive and non‐

correlated with peak VO2 out of all the CMRI‐derived volumetric in‐

invasive assessment of RV‐PA coupling at rest and with exercise in

dices analyzed in this study. CMRI‐derived volumetric assessment

chronic PR patients with unexplained exertional dyspnea; (3) com‐

is currently the gold standard for deciding the timing of pulmonary

parison of noninvasive RV‐PA coupling before and after pulmonary

valve replacement based on studies stipulating RV volume thresh‐

valve replacement to determine if RV performance improves after

olds beyond which complete RV reverse remodeling was unlikely to

the normalization of loading conditions.

|
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4.4 | Limitations
The major limitation of this study is the lack of simultaneously ac‐
quired invasive hemodynamic data that is necessary for correlation
and validation of the noninvasively measured RV‐PA coupling indi‐
ces reported in the current study. The other important limitation is
that it is a retrospective single‐center study from a tertiary center is
therefore prone to selection bias, which limits the generalizability of
the results.

4.5 | Conclusions
This study demonstrates that noninvasively measured RV‐PA cou‐
pling in chronic PR was associated with exercise capacity and ar‐
rhythmia occurrence. The ability of these indices to predict peak
VO2 and arrhythmia burden was reproducible when applied to a vali‐
dation cohort. Noninvasive RV‐PA coupling indices are not routinely
used in the congenital heart disease population currently but may
potentially provide complementary prognostic data in the manage‐
ment of chronic PR Further studies are required to explore other
potential applications of this clinical tool.
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Additional supporting information may be found online in the
Supporting Information section at the end of the article.
FIGURE S1 (A) Flowchart showing cohort selection. CMRI, Cardiac
magnetic resonance imaging; PR, pulmonary regurgitation
TABLE S1 Baseline characteristics of study cohort and validation
cohort
TABLE S2 Hemodynamic data of study cohort and validation cohort
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