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Abstract

Background: There are no effective therapies for right ventricular systolic dysfunction (RvD),
hence the need to identify and modify risk factors for progressive RVD. The purpose of this study
was to determine the risk factors for, and prognostic implications of progressive RVD in adults
with congenitally corrected transposition of great arteries (cc-TGA).

Methods: RV systolic function was assessed using RV longitudinal strain (RV-LS). The first
echocardiogram (baseline echocardiogram) and all subsequent annual echocardiograms performed
within 5 years from the baseline echocardiogram were analyzed. Progressive RVD (temporal
decline in RV-LS) was assessed as the average annual change in RV-LS within the 5 years of
imaging follow-up.

Results: Of 186 patients (4012 years), the RV-LS at baseline was-17+4%, and the annual
decline in RV-LS was -4% (-6 — —2). The risk factors for progressive RVD were LV

systolic dysfunction, LV pacing and systemic hypertension. Cardiovascular events (heart failure
hospitalization, heart transplant, death) occurred in 57 (27%) patients. Progressive RVD was
associated with cardiovascular events, independent of RV systolic function at baseline. In
subgroup analyses assessing impact of therapies (medical therapy, cardiac resynchronization
therapy, and tricuspid valve replacement), only tricuspid valve replacement was associated with
improvement of RV systolic function when performed prior to onset of RVD.

Conclusions: Patients with cc-TGA were at risk for progressive RVD, and the risk factors

for progressive RVD were LV pacing, systemic hypertension and concomitant LV dysfunction.
Further studies are required to determine whether strict blood pressure control and early tricuspid
valve replacement will prevent progressive RVD.
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INTRODUCTION

Congenitally corrected transposition of great arteries (cc-TGA) is characterized by
atrioventricular discordance and ventriculoarterial discordance, and as a result the right
ventricle (RV) becomes the systemic ventricle.l: 2 The RV is not optimally adapted for
systemic circulation because of its thin wall and a single coronary artery blood supply.l: 2 As
a result, the systemic RV tends to fail overtime leading to a high prevalence of systemic RV
systolic dysfunction (RVD) in adults with cc-TGA.3-6 Additionally, RV volume overload
from tricuspid regurgitation, and ventricular dyssynchrony from left ventricular (LV) pacing
further exacerbate systemic RVD in this population.’-°

The assessment of systemic RV systolic function by echocardiography is challenging
because the complex shape of the RV (unlike the LV) does not allow for the geometric
assumptions required for the calculation of ejection fraction.1%: 11 However, speckle tracking
imaging has emerged as a robust imaging tool for the assessment of RV systolic function
across different disease groups, including cc-TGA.# RV longitudinal strain can identify
patients with cc-TGA who have RVD, and hence can be used for risk stratification and
prognostication.? Several therapies have been proposed for the treatment of RVD, but the
efficacy of these therapies have not been consistent across different studies.b: 7- 12-15 Since
there are no validated therapies to reverse RVD once it occurs, the goal of care should,
therefore, be to prevent the occurrence and progression of RVD. As the next step towards
this goal, there is a need to identify and treat reversible causes of progressive RVD, but such
data are currently lacking. The purpose of this study was, therefore, to determine the risk
factors for, and prognostic implications of progressive RVD (temporal decline in RV systolic
function) in adults with cc-TGA.

METHODS

Study Population

This is a retrospective study of adults (=18 years of age) with cc-TGA that underwent
transthoracic echocardiogram at the Mayo Clinic Rochester from January 1, 2003 to
December 31, 2020. Patients with Fontan palliation were excluded. From this cohort, we
selected consecutive patients that had =2 echocardiograms from which RV longitudinal
strain (RV-LS) can be calculated by offline image analyses. The patients were classified as
simple cc-TGA or complex cc-TGA depending on whether they had associated congenital
heart lesions such as ventricular septal defect, and/or LV outflow tract obstruction. The
Institutional Review Board approved this study.

We reviewed clinic notes, surgical notes, and echocardiograms of all patients.
Cardiovascular event was defined as the composite endpoint of heart failure hospitalization,

JACC Cardjovasc Imaging. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Egbe et al.

Page 3

heart transplant and cardiovascular death during follow-up. Cardiovascular events were
ascertained from a review of the medical records and Accurint mortality database.

Echocardiography

Comprehensive 2-dimensional, Doppler and speckle tracking transthoracic echocardiogram
was performed according to contemporary guidelines, with offline image analyses and
measurements performed by 2 experienced research sonographers (J.W and K.T).10. 11,16
The first echocardiogram performed within the study period was considered as the

baseline study. Using the baseline echocardiogram as ‘time 0’, we reviewed all subsequent
echocardiograms performed during annual clinical evaluations (3 months) within 5 years
from the baseline echocardiogram.

RV-LS was used as the primary metric of RV systolic function for this study. RV-LS

was assessed by speckle tracking strain imaging with Vivid E9 and E95 (General Electric
Co, Fairfield, Connecticut) with M5S and M5Sc-D transducers (1.5-4.6 MHz) at frame

rate of 40 to 80 Hz. Three-beat cine-loop clips were obtained from RV-focused apical
4-chamber views, and the ventricular septum was included for the assessment of RV-LS.

We assessed baseline RV systolic function using the RV-LS derived from the baseline
echocardiogram, and we assessed for progressive RVD (temporal decline in RV systolic
function) as the average annual change in RV systolic function (RV-LS) within the 5 years of
imaging follow-up. The annual change in RV systolic function was calculated at each annual
evaluation for each patient using this formula: ([RV-LS from previous echocardiogram — RV-
LS from most recent echocardiogram] + RV-LS from previous echocardiogram) x100. RV
fractional area change (RV FAC) was used as the secondary metric of RV systolic function,
and the annual change in FAC was calculated using the same method described above.
Other RV systic function indices such as tricuspid annular plane systolic excursion (TAPSE)
and RV tissue Doppler systolic velocity (s’) were also assessed. Right atrial (RA) pressure
was estimated based on respirophasic changes in the diameter of the inferior vena cava
(IVC).1L IVC diameter in end-expiration (I\VVCexpiration) and inspiration (I\VCinspiration)
were assessed as an average of 3 measurements from 3 consecutive respiration cycles.
Normal IVC size (IVVC diameter <21mm) with normal collapsibility (=50% collapsibility)
during inspiration was assigned an estimated RA pressure of 3 mmHg. Abnormal IVC size
orabnormal IVC collapsibility was assigned an estimated RA pressure of 8 mmHg, while
abnormal IVC size andabnormal IVC collapsibility was assigned an estimated RA pressure
of 15 mmHg

Subgroup Analysis

Four sets of subgroup analyses were performed to assess the effect of cardiac interventions
on RV systolic function. Subgroup analysis #1 involved patients that underwent tricuspid
valve replacement. Subgroup analysis #2 involved patients that underwent cardiac
resynchronization therapy (CRT), and this includes patient without prior pacemaker
implantation that underwent an initial implantation of a biventricular pacemaker, as well
as patients that had an upgrade of a dual chamber pacemaker to a biventricular pacemaker.
Subgroup analysis #3 involved patients that were not on heart failure therapy (defined as
beta blocker and/or renin angiotensin aldosterone system [RAAS] antagonist) but were
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placed on these therapies after the baseline echocardiogram. Subgroup analysis #4 involved
patients that were on heart failure therapy but had an increase in the intensity of therapy
after the baseline echocardiogram (defined as increase in dose and/or addition of a new
agent). For these subgroup analyses, we compared pre-intervention RV indices (derived from
the last echocardiogram prior to therapeutic intervention) to post-intervention RV indices
(derived from the first echocardiogram performed 24 months after therapeutic intervention).

For the purpose of this study, we classified all cardiac implantable electronic devises (CIED)
into 3 mutually exclusive groups: (1) dual chamber pacemaker defined as having right atrial
(RA) and LV leads only; (2) CRT defined as having a both RV and LV leads; (3) defibrillator
defined as having a defibrillator with or without pacing capabilities.

Statistical Analysis

RESULTS

Data were presented count (%), mean + standard deviation, median (interquartile range)

or estimates (95% confidence interval [CI]). Between-group comparisons were performed
using paired and unpaired t-test, Wilcoxon rank sum test, and Fischer’s exact test

as appropriate. Multivariate regression models were created using stepwise backwards
selection, with a p<0.25 required for entry, and p<0.1 required for a variable to remain

in the model, and these variables were derived from univariate analysis. In order to control
for the effect of therapies on progressive RVD and cardiovascular event, we adjusted for
these therapies (tricuspid valve replacement, CRT, and heart failure therapy) in the models.

The prognostic power of RV-LS over conventional echocardiographic parameters (RV FAC,
TAPSE, and RV end-diastolic area) was assessed using Cox regression. First, we created a
multivariable Cox model (base model) using the following indices (RV FAC, TAPSE, and
RV end-diastolic area, and age), and then we created a second model addition RV-LS to the
indices in the first model. C-statistics and the integrated discrimination index (ID1)17 were
calculated to quantify discriminatory ability and to evaluate the improvement in prediction
accuracy of the combination of RV-LS and the conventional echocardiographic indices over
the conventional indices alone. IDI (95% CI) and comparison p values were derived based
from 1,000 bootstrap samples. Intraobserver, interobserver, and test-retest agreement were
assessed in 20 randomly selected patients using intraclass correlation coefficient (ICC). All
statistical analyses were performed with JMP software (version 14.1.0; SAS Institute Inc,
Cary NC) and GraphPad software (version 9.0.1; San Diego, CA).

RV Systolic Function

Table 1 shows the baseline characteristics of the 186 patients (age 40+12 years; male

93 [50%]) that met the study inclusion criteria. All patients had adequate images for

the assessment of RV-LS (inclusion criteria) while 184 (99%) patients had adequate
images for the assessment of FAC. There was good intraobserver, interobserver, and test-
retest agreement for RV-LS (0.91 [0.87-0.94], 0.87 [0.82-0.92], and 0.88 [0.84-0.92]
respectively), and for FAC (0.90 [0.87-0.93], 0.83 [0.79-0.87], and 0.85 [0.81-0.89]
respectively). The mean RV-LS and RV FAC were- 17+4% and 31+9% respectively.

JACC Cardjovasc Imaging. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Egbe et al.

Page 5

There was a modest correlation between RV-LS and RV FAC (r=-0.68, p=0.004). Cardiac
magnetic resonance imaging data was available in 48 patients (Table 1). There was also a
modest correlation between RV-LS and RV ejection fraction by magnetic resonance imaging
(r=—0.61, p=0.01).

Table 2 shows the RV indices derived from the annual echocardiograms over a 5-year
period, and the mean interval between studies was 13+2 months. The annual decline in RV-
LS for the overall group was —4% (95%CIl -6 — —2). Concordant with the temporal decrease
in RV-LS, there was a temporal increase in N-terminal prohormone brain natriuretic peptide
(analysis of variance p value 0.03), Table 2. The risk factors associated with progressive
RVD (temporal decline in RV-LS) were LV systolic dysfunction (LV-LS), LV pacing, RA
hypertension (RA pressure) and systemic hypertension (Table 3, and central illustration).
Tricuspid regurgitation severity and history of complex cc-TGA were not associated with
progressive RVD.

In an exploratory analysis using FAC as the metric for RV systolic function, we observed an
annual decline in FAC was —3% (95%CI -6 — 0). Similarly, the risk factors associated with
progressive RVD (temporal decline in FAC) were hypertension (beta coefficient t+ standard
error [B+SE] 0.3240.16), LV-LS (B+SE -0.13+0.07 and LV pacing (B£SE 0.37+0.21),
central illustration.

In a sensitivity analysis restricted to the patients that did not undergo tricuspid valve
replacement between the baseline and final echocardiogram (n=133), the annual decline
in RV-LS was —4% (95%CI -6 — —2). The rate of decline in RV systolic function derived
from the sensitivity analysis was similar to that of the overall cohort (p=0.3).

Simple vs Complex cc-TGA

Of the 186 patients, 90 (48%) and 96 (52%) had simple cc-TGA and complex cc-TGA
respectively. The simple cc-TGA group had better RV systolic function at baseline as
compared to the complex cc-TGA group (RV-LS -18+4% vs -16+3%, p=0.04). The annual
decline in RV-LS was —3% (95%CI -6 — 0) in the simple cc-TGA group, while the annual
decline in RV-LS was -4% (95%CI —6 — —-2) in the complex cc-TGA group. There was no
significant difference in the rate of annual decline in RV-LS between the simple and complex
cc-TGA groups (p=0.6).

Cardiovascular Events

The median duration of follow-up was 10.4 (4.2-16.1) years, and during this period,

34 (18%) patients were hospitalized for heart failure, 3 (2%) patients underwent heart
transplant for end-stage heart failure, and 25 (13%) patients died from cardiovascular cause
(end-stage heart failure n=20, sudden cardiac death n=4, stroke-related death n=1). The
composite cardiovascular event endpoint occurred in 51 (27%) patients. Progressive RVD
was a risk factor for cardiovascular events, independent of RV systolic function at baseline
echocardiogram (Table 4).
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RV Systolic Function Indices and Prognostication

In order to compare the prognostic power of RV-LS over conventional echocardiographic
indices of RV hemodynamics (RV FAC, TAPSE, RV end-diastolic area), we created a

base model using these conventional indices adjusted for age, and a second model by
adding RV-LS to the base model (Table 5). The addition of RV-LS to the base model
resulted in improvement in prognostic power as evidence by an increase in c-statistic

from 0.676 (0.645-0.708) to 0.742 (0.722-0.789). Table 6 shows the reclassification
analyses for prognostic value of RV-LS over conventional echocardiographic indices of RV
hemodynamics.

Subgroup Analysis

Of the 186 patients, 53 underwent tricuspid valve replacement during follow-up. There

was an improvement in RV-LS, RV cardiac index, and left atrial strain with a reduction

in RV end-diastolic area; but no significant improvement in FAC at 1-year post-operative
echocardiogram, (Table 7). The average postoperative change in RV-LS was +2% (95%CI 1
—3), and there was a correlation between preoperative RV-LS and postoperative increase in
RV-LS (B£SE 0.19+0.08).

There were 13 patients that underwent CRT, 31 patients that had initiation of heart failure
therapy after the baseline echocardiogram, and 48 patients that had escalation of heart failure
therapy after the baseline echocardiogram. There was no improvement in RV-LS after CRT,
or after the initiation or escalation of heart failure therapy (Table 7).

DISCUSION

We analyzed serial echocardiograms in 186 adults with cc-TGA to determine the risk factors
for, and prognostic implications of progressive RVD in this population. The main findings
are: (1) Overall, there was a temporal decline in RV systolic function (as measured by
RV-LS) during a 5-year imaging follow-up, and the risk factors associated with progressive
RVD (temporal decline in RV-LS) were hypertension, LV dysfunction, and LV pacing;

(2) Progressive RVD was associated with cardiovascular events, independent of baseline

RV systolic function; (3) Tricuspid valve replacement was associated with a postoperative
improvement in RV systolic function, and the extent of postoperative improvement in RV
systolic function was related to preoperative RV systolic function.

Previous studies have reported prevalence of RVD in adults with cc-TGA ranging from
55-80% depending on the age of the study population, and the imaging modality used
for assessing RVD.* 5 714,18 Seyeral risk factors for RVD have been described, and
these factors include myocardial ischemia due to a single coronary artery blood supply of
the RV, ventricular dyssynchrony from LV pacing, and ventriculo-ventricular interaction
driven by LV systolic dysfunction especially in patients with associated pulmonary valve
disease.# 5 7. 14. 18 Similar to these prior studies, we also identified LV pacing and LV
systolic dysfunction as risk factors for progressive RVD.

An important observation from the current study was that RV systolic function was not
‘static’ but rather declined gradually overtime, and this is very concerning. The temporal
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decline in RV systolic function did not occur at the same rate for all patients, but it occurred
more rapidly in patients with risk factors such as LV pacing, LV systolic dysfunction,

and a diagnosis of systemic hypertension. Systemic hypertension has been postulated as a
potential cause of RVD,1% 20 hut this has not been empirical tested, hence the novelty of
this result. Another interesting observation from the study was that the mean systolic blood
pressure for the cohort was 129+14 mmHg, and this suggests that minimal blood pressure
elevation can accelerate deterioration of systemic RV systolic function in this population.
We postulate that this is most likely due to the inability of the RV to remodel adequately

to maintain cardiac output is the setting of elevated afterload of the systemic circulation
resulting in “ventricular-afterload mismatch’. It may be important to screen for hypertension
meticulously using different modalities such as ambulatory and home blood pressure
monitoring, and to have a lower threshold for initiating and optimizing antihypertensive/
afterload reduction therapy in cc-TGA patients, especially those with declining RV systolic
function.

Although tricuspid regurgitation is a common and well recognized complication of cc-TGA,
our data suggested that tricuspid regurgitation severity is not directly linked to progressive
RVD. Rather it is the RV adaptation to the volume load of tricuspid regurgitation that is
important. We observed that patients with better preoperative RV systolic function were
more likely to have a postoperative improvement of RV systolic function after tricuspid
valve replacement. This has important clinical implications in the management of patients
with moderate tricuspid regurgitation, especially when regurgitation is not considered severe
enough to recommend tricuspid valve replacement. In such patients, the RV systolic function
should be closely monitored, and such patients should, perhaps, undergo tricuspid valve
replacement if there is a subtle decline in RV systolic function without waiting for the
tricuspid regurgitation to become severe.

It is also important to highlight the negative findings from this study. We did not observe any
improvement in RV systolic function following CRT. However, it is important to emphasize
that only 13 patients underwent CRT in our cohort, and hence the study may not have been
powered to detect a difference in outcomes for this particular analysis. Although CRT has
been proposed as the preferred therapy in patients with cc-TGA requiring pacing,®: 20 the
data supporting the use of CRT in cc-TGA are rather limited, and the largest trial to date
was based on a cohort 13 patients with cc-TGA that showed improvement in RV systolic
function following CRT.8 12,13

The role of medical therapy for treatment of RVD remain controversial, and the largest
double blinded placebo-controlled clinical trial till date did not demonstrated any clinical
benefit (RV ejection fraction, RV volumes and peak oxygen consumption) in 25 cc-TGA
patients randomized to valsartan vs placebo.2! Consistent with these studies, we did not
observe any improvement in the subset of patients that had initiation or intensification of
heart failure therapy. However, we did not have a control arm, and we were unable to verify
drug compliance or blood pressure changes because of the retrospective study design. Since
RAAS antagonists, which are the cornerstone of heart failure therapy, are also the first line
therapies for hypertension, perhaps, one should aim at using RAAS antagonist to maintain
strict blood pressure control in this population.
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This is a retrospective single center study, and hence it is prone to selection and referral bias
as well as other limitations inherent in retrospective study design. We assessed RV strain
from the apical 4-chamber view only, rather than from multiple imaging planes, and as a
result RV-LS assessed in this study may not refect the global RV systolic function. Our
subgroup analyses assessing the effect of therapies (tricuspid valve replacement, CRT, and
heart failure therapy) were based on a non-randomized sample, and the absence of a control
arm limits the inference that can be drawn from the results.

CONCLUSION

Although RVD is a well-recognized complication of cc-TGA, the current study
demonstrated that patients with cc-TGA were at risk for progressive RVD (temporal

decline in RV systolic function). The rate of decline in RV systolic function was related

to certain risk factors such as LV pacing, hypertension, and LV dysfunction. Additionally,
tricuspid valve replacement was associated with a postoperative improvement in RV systolic
function, and the extent of postoperative improvement in RV systolic function was related to
preoperatives RV systolic function. Collectively, these data suggest that strict blood pressure
control and tricuspid valve replacement prior to the onset of RVD may prevent progressive
RVD. However, prospective studies are required to empirically validate these hypotheses.
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Abbreviations:

LV left ventricle

RV right ventricle

FAC fractional area change

LS longitudinal strain

cc-TGA congenitally corrected transposition of great arteries
RvD right ventricular systolic dysfunction

CRT cardiac resynchronization therapy

ICC intraclass correlation coefficient

RAAS renin angiotensin aldosterone system

CIED cardiac implantable electronic devises
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TAPSE tricuspid annular plane systolic excursion
s’ tissue Doppler systolic velocity
B£SE beta coefficient + standard error
Cl confidence interval
IDI integrated discrimination index
B£SE beta coefficient + standard error
Cl confidence interval
RA right atrial
IvC inferior venae cava
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PERSPECTIVES
Competencies in Medical Knowledge

Patients with cc-TGA were at risk for progressive RVD (temporal decline in RV
systolic function), and the rate of decline in RV systolic function was related to certain
risk factors such as LV pacing, hypertension, and LV dysfunction. Tricuspid valve
replacement was associated with a postoperative improvement in RV systolic function,
and the extent of postoperative improvement in RV systolic function was related to
preoperatives RV systolic function.

Translational Outlook

These data suggest that strict blood pressure control and tricuspid valve replacement prior
to the onset of RVD may prevent progressive RVD. However, prospective studies are
required to empirically validate these hypotheses.
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Central illustration: Temporal Changes in RV Systolic Function Indices
Top: bar graphs showing right ventricular longitudinal strain (RV-LS) and fractional area

change (FAC) at baseline, and at 1, 3, and 5-year follow-up. Note that RV-LS is displayed as
absolute numbers for ease (i.e. ignoring the negative sign)

Bottom: bar graphs showing the average annual change in RV-LS and FAC. Overall

the RV-LS decrease by —4% per year while FAC decrease by —3% per year. The risk

factors associated with temporal reduction in RV systolic function were hypertension, left
ventricular longitudinal strain (LV-LS), LV pacing and right atrial (RA) hypertension
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Baseline Characteristics

Variables All (n=186)
Demographic indices
Age, years 40£12
Male sex 93 (50%)
Body mass index, kg/m? 2746
Complex CC-TGA 96 (52%)
Systolic blood pressure, mmHg 129+14
Prior cardiac procedures 101 (54%)
Tricuspid valve repair 12 (7%)
Tricuspid valve replacement 31 (17%)
Ventricular septal defect closure 47 (25%)
Infundibular stenosis resection 2 (1%)
PVR/RV-PA conduit placement 16 (9%)
Palliative shunts 6 (3%)
CIED 76 (41%)
Dual chamber pacemaker 52 (30%)
Biventricular pacemaker 7 (4%)
Defibrillators 17 (9%)
Comorbidities
Hypertension 38 (20%)
Diabetes 4 (2%)
Coronary artery disease 6 (3%)
Medications
Beta blockers 62 (33%)
ACEI/ARB 101 (54%)
Spironolactone 21 (11%)
Loop diuretics 61 (33%)
Digoxin 49 (26%)
Echocardiography
Systemic indices
LA volume index, ml/m? 46 (32-69)
LA reservoir strain, % 2348
RV longitudinal strain, % -17+4
RV fractional area change, % 31+9
RV end-diastolic area, cm? 37+10
RV end-systolic area, cm? 27+10
RV cardiac index, ml/m?2 2.6+0.4
>Mod tricuspid regurgitation* 74 (40%)
=Mod aortic regurgitation* 12 (7%)
TAPSE, cm [n=179] 13+4
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Variables All (n=186)
RV s’, cm/s [n=65] 8+13
Non-systemic indices
RA volume index, ml/m? 23+10
RA reservoir strain, % 32+11
RA pressure, mmHg 9+4
LV longitudinal strain, % -23+6
LV systolic pressure, mmHg 39 (32-54)
Cardiac MRI [n=48]
RV end-diastolic volume index, ml/m? ~ 114£39
RV end-systolic volume index, ml/m2 ~ 62+28
RV ejection fraction, % 47%13
LV end-diastolic volume index, ml/m2 9335
LV end-systolic volume index, ml/m2 4524
LV ejection fraction, % 53+13

Page 14

CC-TGA: congenitally corrected transposition of great arteries; PVR: pulmonary valve replacement; RV-PA: right ventricular to pulmonary artery;
ACEL: angiotensin converting enzyme inhibitor; ARB: angiotensin-I1 receptor blocker; RA: right atrium; RV right ventricle; LV: left ventricle; LA:
left atrium; CIED: cardiac implantable electronic device; MRI: magnetic resonance imaging; TAPSE: Tricuspid annular plane systolic excursion;

s’: tissue Doppler systolic velocity
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Table 2:

Serial Echocardiograms
Variables s (nei55) (nei59) (re12%) (nlogy  Years(n=on
RV systolic function
RV global longitudinal strain, % =174 -18+4 -15+3 -16+4 -15+5 -14+4
RV fractional area change, % 3149 3048 29+10 27+7 29+12 28+10
Other systemic indices
RV end-diastolic area, cm? 3710 35+9 39+11 3610 3948 41+9
RV end-systolic area, cm? 25+8 2548 2748 26+10 28+7 30+8
RV cardiac index, ml/m2 2.6+£0.4 2.8+0.5 2.7+0.6 2.6+0.5 24.£0.7 2.5+0.4
LA volume index, ml/m? 46 (32-69) 48 (34-66) 43 (28-69) 44 (31-64) 47 (34-72) 49 (33-72)
LA reservoir strain, % 20 (14-30) 20 (15-31) 18 (12-37) 17 (12-35) 18 (14-27) 15 (11-19)
Neurohormonal activation
e A R |

RA: right atrium; RV right ventricle; LV: left ventricle; LA: left atrium; NT-proBNP: N-terminal pro hormone brain natriuretic peptide; [n] signifies
number of patients with laboratory assay.
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Table 3:

Risk Factors Associated with Temporal Decline in RV-LS (Progressive RVD)

Univariate analysis ~ Multivariate analysis

Variables B+SE p B+SE p
Age, per year 0.12+0.07 0.004
Male sex 0.19+0.11 0.02

Body mass index, per km/m?
Complex CC-TGA
LV pacing 0.33+0.18 0001  0.29+0.16  0.007
CRT - -
Prior tricuspid valve surgery
Atrial fibrillation

Hypertension 0.39£0.21  <0.001  0.37+0.19  <0.001
>Moderate TR at baseline 0.09+0.06 0.01

Progression of TR 0.07+0.07 0.08

>Moderate aortic regurgitation 0.11+0.09 0.03

*LV-LS, per % -0.14+0.06  0.004  -0.11+0.05 0.01
Annual change in LV-LS, per % 0.11+0.09 0.03

=Moderate mitral regurgitation 0.07+0.05 0.004

>Moderate pulmonary regurgitation
Pulmonary valve mean gradient, per %
RA pressure, mmHg 0.18+0.12 0.01 0.10+0.06 0.004
RA reservoir strain, % —-0.08+0.24 0.2
LV systolic pressure, mmHg

Heart failure therapy 0.24+0.17 0.009

RVD: right ventricular systolic dysfunction; RV-LS: right ventricular longitudinal strain; CC-TGA: congenitally corrected transposition of great
arteries; p: beta coefficient; SE: standard error; CRT: cardiac resynchronization therapy; LV: left ventricle; RA: right atrium; TR: tricuspid
regurgitation

--- denoted variables with p=0.25; Note that only variables with p<0.25 on univariable analysis were imputed into the multivariable model

*
note that LS was modeled as absolute values (i.e. ignoring the negative sign); progression of tricuspid regurgitation was any increase in tricuspid
regurgitation severity from moderate to moderate/severe or from moderate/severe to severe based on quantitative Doppler assessment
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Table 4:

Risk Factors Associated with Associated with Cardiovascular Events

Univanate analysis Multivanate analysis

Variables HR (95%CIl) p HR (95%CIl) p
*RV-LS at baseline, per % 0.92 (0.88-0.96) <0.001 0.94 (0.90-0.98)  0.01
Annual change in RV-LS, per % 116 (1.08-1.31) 0.005 1.11(1.07-1.22) <0.001
Age, per year 1.05(1.02-1.08)  0.004  1.03 (1.01-1.05)  0.003
Male sex 1.11 (1.03-1.37) 0.01
Complex CC-TGA
LV pacing 1.08 (1.01-1.15)  0.03
CRT --- -

Tricuspid valve surgery
Atrial fibrillation
Hypertension 1.36 (1.12-2.81) 0.004 1.49(1.16-2.68) 0.04
=Moderate tricuspid regurgitation

Heart failure therapy

CC-TGA: congenitally corrected transposition of great arteries; HR: hazard ratio Cl: confidence interval; CRT: cardiac resynchronization therapy;
LV: left ventricle; RV: right ventricle; LS: longitudinal strain

--- denoted variables with p=0.25; Note that only variables with p<0.25 on univariable analysis were imputed into the multivariable model

*
note that LS was modeled as absolute values (i.e. ignoring the negative sign)

JACC Cardjovasc Imaging. Author manuscript; available in PMC 2023 April 01.
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Multivariable Cox Model Showing the Relationship Between RV Indices and Cardiovascular Events

Base model HR (95%Cl) p
RV FAC, per % 0.97 (0.94-0.99)  0.03
TAPSE, per cm 1.01(0.93-1.10) 0.7
RV end-diastolic area, per cm?  1.03 (1.00-1.05)  0.04
Age, per year 1.03 (1.01-1.05)  0.02
Base mode + RV-LS HR (95%Cl) p
RV-LS, per % 0.92 (0.88-0.96)  0.002
RV FAC, per % 0.98 (0.95-1.02) 0.3
TAPSE, per cm 1.05(0.96-1.14) 0.4
RV end-diastolic area, per cm?  1.02 (0.99-1.04) 0.2
Age, per year 1.03 (1.01-1.04) 0.004

Table 5:
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RV FAC: right ventricular fractional area change; TAPSE: tricuspid annular systolic plane excursion; HR: hazard ratio; Cl: confidence interval;
RV-LS: right ventricular longitudinal strain
note that LS was modeled as absolute values (i.e. ignoring the negative sign)
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Table 6:

Reclassification Analyses for Prognostic Value of RV-LS for Clinical Outcomes

Cardiovascular events  c-statistic (95%CIl) IDI (95%Cl) Relative IDI (95%ClI) p

Base model 0.676 (0.645-0.708)

Base mode + RV-LS 0.742(0.711-0.789)  0.028 (0.001-0.92)  38.9% (0.3-144.8%) 0027

The 95% CI and p values were calculated from 1,000 bootstrap samples. IDI: integrated discrimination index; Cl: confidence interval;

*
indicate IDI analysis compared with base model
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Table 7:

Subgroup Analyses

Patients that underwent Tricuspid Valve Surgery (n=53)

Variables Pre- Post- p

RV global longitudinal strain, % -1743 -19+4 0.04

RV fractional area change, % 31+6 29+10 0.3

RV end-diastolic area, cm? 3948 3319 0.02

RV end-systolic area, cm? 28+6 2648 0.4

RV cardiac index, ml/m2 2.4+0.4 2.9+0.5 0.007

Patients that underwent Cardiac Resynchronization Therapy (n=13)

Variables Pre- Post- p

RV global longitudinal strain, % -16+4 -18+6 0.1
RV fractional area change, % 277 30+11 0.2
RV end-diastolic area, cm? 37+6 34+9 0.3
RV end-systolic area, cm? 26+6 2247 0.09
RV cardiac index, ml/m? 2.5+0.4 2.8+0.5 0.07

Patients that initiation of heart failure therapy(n=31)

Variables Pre- Post- p

RV global longitudinal strain, % -17+3 -16+4 0.3
RV fractional area change, % 30+7 3148 0.4
RV end-diastolic area, cm? 3647 3549 0.2
RV end-systolic area, cm? 2545 2547 0.6
RV cardiac index, ml/m? 2.5+0.3 2.7+0.6 0.09

Patients that had escalation of heart failure therapy (n=48)

Variables Pre- Post- p

RV global longitudinal strain, % -18+3 -16+4 0.09
RV fractional area change, % 31+10 2848 0.4
RV end-diastolic area, cm? 38+9 3749 0.6
RV end-systolic area, cm? 2748 267 0.6
RV cardiac index, ml/m? 2.4+0.6 2.5+0.7 0.7

RV: right ventricle
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