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Right Ventricular Ejection Fraction Is Incremental to Left
Ventricular Ejection Fraction for the Prediction of Future
Arrhythmic Events in Patients With Systolic Dysfunction

Yoko Mikami, MD, PhD; Umjeet Jolly, MD; Bobak Heydari, MD, MPH; Mingkai Peng, PhD;
Fahad Almehmadi, MD; Mohammed Zahrani, MD; Mahmoud Bokhari, MD; John Stirrat, MD;
Carmen P. Lydell, MD; Andrew G. Howarth, MD, PhD; Raymond Yee, MD; James A. White, MD

Background—IL eft ventricular ejection fraction remains the primary risk stratification tool used in the selection of patients
for implantable cardioverter defibrillator therapy. However, this solitary marker fails to identify a substantial portion
of patients experiencing sudden cardiac arrest. In this study, we examined the incremental value of considering right
ventricular ejection fraction for the prediction of future arrhythmic events in patients with systolic dysfunction using the

gold standard of cardiovascular magnetic resonance.

Methods and Results—Three hundred fourteen consecutive patients with ischemic cardiomyopathy or nonischemic dilated
cardiomyopathy undergoing cardiovascular magnetic resonance were followed for the primary outcome of sudden cardiac
arrest or appropriate implantable cardioverter defibrillator therapy. Blinded quantification of left ventricular and right
ventricular (RV) volumes was performed from standard cine imaging. Quantification of fibrosis from late gadolinium
enhancement imaging was incrementally performed. RV dysfunction was defined as right ventricular ejection fraction
<45%. Among all patients (164 ischemic cardiomyopathy, 150 nonischemic dilated cardiomyopathy), the mean left
ventricular ejection fraction was 32+12% (range, 6—54%) with mean right ventricular ejection fraction of 48+15% (range,
7-78%). At a median of 773 days, 49 patients (15.6%) experienced the primary outcome (9 sudden cardiac arrest, 40
appropriate implantable cardioverter defibrillator therapies). RV dysfunction was independently predictive of the primary
outcome (hazard ratio=2.98; P=0.002). Among those with a left ventricular ejection fraction >35% (N=121; mean left
ventricular ejection fraction, 45+6%), RV dysfunction provided an adjusted hazard ratio of 4.2 (P=0.02).

Conclusions—RV dysfunction is a strong, independent predictor of arrhythmic events. Among patients with mild to
moderate LV dysfunction, a cohort greatly contributing to global sudden cardiac arrest burden, this marker provides
robust discrimination of high- versus low-risk subjects. (Circ Arrhythm Electrophysiol. 2017;10:e004067. DOI:

10.1161/CIRCEP.116.004067.)
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urrent American College of Cardiology/American Heart

Association/Heart Rhythm Society guidelines recom-
mend the use of left ventricular ejection fraction (LVEF) to
inform therapeutic decision making about implantable car-
dioverter defibrillator (ICD) therapy.! However, of patients
receiving devices in accordance with published LVEF-based
thresholds, only a minority (21-35%) receive appropriate
therapy over a 3- to 4-year period of clinical follow-up** and
18% will experience inappropriate shocks associated with
mortality risk.* More importantly, the majority of patients
experiencing sudden cardiac arrest (SCA) have been shown to
have an LVEF that exceeds current guideline-based thresholds

for prophylactic ICD implantation.” Accordingly, the con-
temporary use of LVEF as a solitary risk prediction tool is
suboptimal and highlights an immediate need for incremental
markers predictive of future arrhythmic events.

In response to clinical need, a host of noninvasive mark-
ers are currently being explored to improve the stratification
of patients at risk of arrhythmic death.>® However, the role of
right ventricular (RV) ejection fraction (RVEF), a simple mea-
sure akin to LVEF, to provide incremental utility in this setting
has not yet been explored. Although RVEF by cardiovascular
magnetic resonance (CMR) imaging, the reference standard
for its volumetric quantification, was recently shown to be
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WHAT IS KNOWN
e Left ventricular ejection fraction has been used
as the primary risk stratification tool in the se-
lection of patients for implantable cardioverter
defibrillator therapy; however, this risk marker
fails to identify substantial portion of patients
experiencing sudden cardiac arrest.
® Cardiovascular magnetic resonance offers the
capacity to quantify right ventricular (RV)
function with high intra- and interobserver
reproducibility. RV dysfunction quantified by
cardiovascular magnetic resonance has been
shown as a prognostic marker for heart failure—
related outcomes in patients with nonischemic
dilated cardiomyopathy.

WHAT THE STUDY ADDS

® In patients with ischemic cardiomyopathy
and nonischemic dilated cardiomyopathy
with a mean left ventricular ejection fraction
of 32+12%, RV dysfunction defined as RV
ejection fraction <45% was an independent
predictor of the arrhythmic outcome of sud-
den cardiac arrest or appropriate implantable
cardioverter defibrillator therapy with a hazard
ratio of 2.98.

® Among those with left ventricular ejection
fraction >35%, RV dysfunction provided an
adjusted hazard ratio of 4.2.

® RV dysfunction, determined by cardiovascular
magnetic resonance, is an independent predic-
tor of sudden cardiac arrest or appropriate im-
plantable cardioverter defibrillator discharge in
patients with mild to moderate LV dysfunction.

independently associated with nonarrhythmic events among
patients with nonischemic dilated cardiomyopathy (NIDCM),'"°
no study has examined its capacity to predict arrhythmic events
among patients with systolic dysfunction. Given expanding
clinical use of CMR and ease of reporting the RVEF from rou-
tine images, demonstration of independent prognostic value
of this marker could provide a significant impact on clinical
practice. In this study, we examined the incremental value of
RVEF beyond LVEF alone for the prediction of future SCA or
appropriate ICD therapy in patients with systolic dysfunction.

Methods
Study Population

Consecutive patients referred for CMR imaging with a clinical di-
agnosis of either ischemic cardiomyopathy (ICM) or NIDCM were
studied. All patients confirmed to have an LVEF of <54% by cine
CMR quantitative image analysis were included in the study co-
hort. ICM was defined as any of the following; (1) previous his-
tory of myocardial infarction, (2) coronary imaging confirming
>70% stenosis in 21 vessel, or (3) late gadolinium enhancement
(LGE) imaging showing a dominant ischemic (subendocardial-
based) pattern of fibrosis based on expert visual scoring. Patients
not meeting any of these criteria and having no identified cause for
their cardiomyopathy (ie, sarcoidosis, amyloidosis, hypertrophic
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cardiomyopathy, and arrhythmogenic right ventricular cardiomy-
opathy) were considered to have NIDCM.

Patients were referred for the following reasons: the staging of
disease severity in consideration of possible device therapy (75%), to
establish the cause of symptomatic heart failure (22%), or to investi-
gate the cause of ventricular arrhythmia (3%). All patients with previ-
ous ventricular arrhythmia (sustained ventricular tachycardia in 23,
SCA in 6) were identified by detailed chart review and adjusted for
by multivariable analysis. Patients with standard contraindications to
contrast-enhanced CMR were excluded from this cohort study, inclu-
sive of a glomerular filtration rate of <30 mL/min/1.73 m?. Patients
with existing implanted cardiac devices were not studied.

All patients agreed to participate in the study by giving both ver-
bal and written informed consent. The Institution’s Research Ethics
Board approved this study.

CMR Imaging Protocol

CMR imaging was performed using a 3T MRI scanner (Siemens,
Erlangen, Germany) equipped with a 32-channel cardiac coil.
Standard SSFP-based cine images were obtained in sequential short-
axis views at 10-mm intervals from the atrioventricular annulus to
apex. Typical imaging parameters were slice thickness 6 mm, gap
4 mm, echo time 1.3 ms, flip angle 10 degrees, matrix 256x205,
iPAT 2, and temporal resolution 28 to 38 ms. Ten minutes after the
intravenous administration of gadolinium contrast agent (0.15-0.2
mmol/kg Gadovist; Bayer, Inc, Quebec, Canada), LGE imaging was
performed using a standard, segmented inversion-recovery gradient
echo pulse sequence. Typical imaging parameters were slice thick-
ness 8 mm, gap 2 mm, echo time 1.93 ms, flip angle 20 degrees,
matrix 256x205, segments 13 to 21, and iPAT 2. The inversion time
was optimized to null normal myocardium.

CMR Image Analysis

All images were deidentified and analyzed in a random order. Two
experienced CMR interpreters blinded to all baseline and clinical out-
come variables first performed qualitative image interpretation. Using
consensus scoring, the presence of any LGE and the corresponding
LGE pattern was recorded and categorized as ischemic (subendocar-
dial-based) or nonischemic (midwall, RV insertion point, subepicar-
dial, or diffuse). In the case of disagreement, a third blinded reader
was used to reach consensus.

Quantitative image analysis was performed by blinded core labo-
ratory personnel using commercially available software (cvi**; Circle
Cardiovascular Inc, Calgary, Alberta, Canada). As shown in Figure 1,
sequential short-axis cine images underwent contour tracing to ob-
tain the LV and RV end-diastolic volume, end-systolic volume, and
ejection fraction. For the RV, contour tracing was performed from
standard short-axis images from the pulmonary valve to the apex us-
ing phase-matched cross-referencing to available long-axis views.
LV mass was determined at end-diastole with the papillary muscles
included as part of the myocardium. All volume and mass mea-
surements were indexed to body surface area, calculated using the
Mosteller formula. LGE quantification was performed using a Signal
Threshold versus Reference Myocardium technique as previously de-
scribed,!! with the largest contiguous region of homogenously nulled
(dark) myocardium serving as the reference region on each slice. A
signal threshold of =5 SD above the mean signal of reference myo-
cardium was used to define abnormal tissue (ie, fibrosis) with total
LGE expressed as a percentage of the LV mass.

Two blinded investigators determined interobserver and intrao-
bserver reproducibility for RV volume and RVEF measurements by
repeating measurements in random order for 20 randomly selected
patients.

Follow-Up and Clinical Events

Clinical follow-up was initiated at the time of CMR imaging.
All patients were followed until they experienced the composite
primary outcome, died of other causes, or had their final follow-
up visit, whichever came first. A total of 165 patients underwent
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Figure 1. Examples of semiautomated contouring of the left ventricle (LV) and right ventricle (RV) for derivation of end-diastolic and
end-systolic contours. Quantification was performed by contour tracing of the LV endocardial border (red lines), LV epicardial border
(green line), and RV endocardial border (yellow line) for all relevant short-axis images. For the LV, the papillary muscles were included in

the LV mass.

device implantation after CMR imaging, 139 for primary preven-
tion and 26 for secondary prevention. Patients were followed for
the primary composite clinical outcome of SCA or appropriate
ICD therapy with all events adjudicated by a blinded electrophysi-
ologist. Appropriate ICD therapy was defined as antitachycardia
pacing and shock for fast ventricular tachycardia (R-R <320 ms)
or ventricular fibrillation. ICD therapy was deemed inappropri-
ate when provided in the setting of supraventricular tachycardia,
T-wave oversensing, or for device malfunction (eg, lead fracture).
SCA was defined as death occurring within 1 hour of symptom
onset. Follow-up was performed by a review of all medical records,
a scripted telephone interview, and blinded review of all device
interrogations.

Statistical Analysis

All values were expressed as mean+ SD. Clinical and CMR-based
baseline characteristics were compared using independent ¢ tests
or the Mann-Whitney U test for continuous variables depending
on the distribution. Categorical variables were compared using the
%2, corrected %, or Fisher exact test depending on the expected cell
count. All clinical and magnetic resonance imaging—based vari-
ables were evaluated for associations with the primary outcome.
Univariable associations between CMR characteristics and out-
comes were performed using Cox proportional hazards regression.
Multivariable Cox regression analysis was performed to assess for
independent associations between RV dysfunction and the primary
outcome. With 49 clinical events <4 covariates were considered
eligible to avoid overfitting and were selected based on clinical
relevance and demonstration of association (P<0.1) by univari-
able analysis. A threshold of 35% was selected for LVEF based on
current practice guideline and a threshold of 15% was selected for
LGE." All models were assessed for collinearity and proportional
hazards assumption. Kaplan-Meier method was used to generate
survival curves for those with RVEF >245% and those with RVEF
<45% using the Log-rank test. A priori subgroup analysis separat-
ing patients by LVEF above or below 35% was performed. An
exploratory (post hoc) analysis was also performed after stratifica-
tion for patients with NIDCM and an LVEF >35%. To assess for
influences of death unrelated to the primary outcome on predic-
tive utility from RV dysfunction, we performed a competing risk
analysis, as previously described.”

We assessed interobserver and intraobserver reproducibility
using the Bland-Altman analysis. All statistical analyses were per-
formed using SPSS for Macintosh, version 21.0 (SPSS, Inc, Chicago,
Illinois), Stata/SE 12.0 (StataCorp LP, College Station, Texas), and
R version 3.3.

Results
A total of 314 patients (231 male) with a mean age of 59+13
years were studied. Disease pathogenesis was classified as
ICM in 164 (52%) patients and NIDCM in 150 (48%) patients.

Primary Composite End Point

During a median follow-up of 773 days (interquartile
range=819), 49 patients (15.6%) experienced the primary
composite outcome. This included 9 patients experiencing
SCA and 40 patients receiving appropriate device therapy (10
antitachycardia pacing and 30 shock).

Baseline Clinical Characteristics

Baseline clinical characteristics were not significantly asso-
ciated with the primary outcomes, with the exception of
previous ventricular arrhythmia and the use of digoxin and
diuretics, both more prevalent in those with a primary out-
come (Table 1). A nonsignificant trend toward increased
arrhythmic events was observed in the ICM versus NIDCM
cohort (P=0.12).

Baseline CMR Characteristics
All baseline CMR characteristics are shown in Table 2. The
mean LVEF of the population was 32+12% (range, 6—54%),
with a mean RVEF of 48+15% (range, 7-78%). Using the
a priori definition of an RVEF <45%,"° RV dysfunction was
identified in 112 patients (36%) with a respective prevalence
of 31% and 41% in the ICM and NIDCM subgroups (P=0.08).
Of all CMR baseline variables, the following were associ-
ated with the primary outcome: left ventricular end-diastolic
volume indexed to body surface area, left ventricular end-
systolic volume indexed to body surface area, LVEF, right
ventricular end-systolic volume indexed to body surface area,
RVEEF, and total %LGE. The mean LVEF was significantly
lower in patients experiencing a primary outcome (27+11
versus 33+12%; P<0.001). Similarly, the mean RVEF was
significantly lower (44+15 versus 49+15%; P=0.02), the
prevalence of RV dysfunction being 49% and 33% in those
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Table 1. Baseline Demographics of the Cohort and the Univariable Associations With Primary Outcome

Characteristics Total Cohort (N=314) RVEF <45% (N=112) RVEF >45% (N=202) HR (95% Cl) PValue
Age,y 59+13 58+14 59+12 1.02 (0.99-1.04) 0.16
Male sex, n (%) 231 (74) 84 (75) 147 (74) 1.08 (0.55-2.12) 0.82
Hypertension, n (%) 151 (48) 48 (43) 103(51) 1.17 (0.67-2.05) 0.59
Diabetes mellitus, n (%) 70 (22) 22 (20) 48 (24) 0.86 (0.42-1.77) 0.68
Hyperlipidemia, n (%) 163 (52) 50 (45) 113 (56) 0.82 (0.47-1.43) 0.48
Smoking, n (%) 126 (40) 42 (38) 84 (42) 1.07 (0.61-1.88) 0.82
H/0 coronary artery disease, n (%) 73(23) 23(21) 50 (25) 1.43 (0.78-2.59) 0.24
QRS interval (ms) 132+32 134+33 13131 1.00 (0.99-1.01) 0.76
QTc (ms) 463+41 472+39 458+41 1.00 (0.99-1.00) 0.33
H/0 ventricular arrhythmia, n (%) 29 (9) 4 () 25 (12) 449 (2.42-8.36) | <0.001*
NYHA class 3-4, n (%) 145 (46) 68 (61) 77(38) 1.16 (0.67-2.04) 0.59
Ischemic cardiomyopathy, n (%) 164 (52) 51(46) 113 (56) 1.58 (0.89-2.83) 0.12
Medicationst
AGE inhibitor 185 (65) 64 (65) 121 (65) 1.34 (0.70-2.57) 0.38
ARB 68 (24) 26 (27) 42 (23) 1.08 (0.56-2.09) 0.82
Amiodarone 19(7) 6 (6) 13(7) 1.87 (0.79-4.43) 0.15
Beta-blocker 244 (86) 81 (83) 163 (89) 1.03 (0.46-2.32) 0.94
Calcium blocker 28 (10) 5 (5) 23(12) 1.29 (0.54-3.05) 0.57
Digoxin 55 (19) 25 (26) 30 (16) 2.04 (1.09-3.80) 0.03*
Diuretic 177 (62) 74 (76) 103 (55) 1.99 (1.02-3.87) 0.04*
Statin 155 (55) 48 (49) 107 (58) 0.87 (0.48-1.56) 0.63

Continuous data are expressed as mean=SD, categorical data as n (%). ACE indicates angiotensin-converting enzyme; ARB, angiotensin Il receptor blocker;
Cl, confidence interval; H/0, history of; HR, hazard ratio; NYHA, New York Heart Association; and RVEF, right ventricular ejection fraction.
*P<0.05. Ischemic cardiomyopathy was defined as history of coronary artery disease and/or the presence of ischemic LGE.

tTotal number of the patients for the medications data is 284.

with versus without occurrence of the primary outcome,
respectively (P=0.03). Total %LGE was higher in those with a
primary outcome (20+18% versus 13+15%; P=0.02). Table 3
summarizes the results of univariable and multivariable anal-
yses and describes corresponding hazards for the primary

outcome. The first multivariable model aimed to describe
the predictive value of LVEF after adjustment for previous
ventricular arrhythmia and total %LGE and provided a haz-
ard ratio (HR) of 0.57 per 10% increase in LVEF (P<0.001).
The second model used an identical analysis using RVEF and

Table 2. CMR Characteristics of the Cohort and the Univariable Associations With Primary Outcome

Characteristics Total Cohort (N=314) = RVEF <45% (N=112) = RVEF >45% (N=202) HR (95% Cl) PValue
LVEDVI, mL/m? 115238 126241 10834 1.01(1.00-1.02) | 0.002*
LVESVI, mL/m? 8037 9640 7131 1.01 (1.00-1.02) | <0.001*
LVEF, % 3212 2611 3611 0.95(0.92-0.97) | <0.001*
LVEF <35%, n (%) 193 (61) 90 (80) 103 (51) 2.86(1.46-5.62) | 0.002*
RVEDVI, mL/m? 6722 75+27 6218 1.01(0.997-1.02) | 0.15
RVESVI, mL/m? 3620 53+23 26+10 1.01(1.00-1.03) | 0.03*
RVEF, % 48+15 3110 588 0.98(0.96-0.99) | 0.009*
Total LGE (% of LV mass) 1415 14215 15+16 1.02(1.01-1.04) | 0.003*
Total LGE >15% of LV mass, n (%) 113 (36) 37 (33) 76 (38) 2.20 (1.25-3.86) | 0.006*

Continuous data are expressed as mean+SD, categorical data as n (%). Cl indicates confidence interval; CMR, cardiovascular magnetic resonance; EDVI,
end-diastolic volume indexed to body surface area; EF, ejection fraction; ESVI, end-systolic volume indexed to body surface area; HR, hazard ratio; LGE, late

gadolinium enhancement; LV, left ventricle; and RV, right ventricle.

*P<0.05. LGE was quantified by signal threshold versus reference mean technique using signal intensity threshold of 5SD of the remote myocardium.
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Table 3. Univariable and Multivariable Associations of Clinical and CMR Characteristics With Primary Outcome (49 Events)

Univariable Model 1t Model 2t Model 3§

Characteristics HR‘ 95% Cl ‘ x2 ‘PVaIue HR‘ 95% Cl ‘ y2 | PValue HR‘ 95% Cl ‘ y2 | PValue HR‘ 95% Cl ‘ y2 | PValue
Demographics

Age 1.02 | 0.99-1.04 | 2.06 0.16

Sex 1.08 | 0.55-2.12 | 0.06 0.82

NYHA class 3 or 4 1.16 | 0.67-2.04 | 0.29 0.59

:i/sza";’em”arya”ery 143 | 0.78-259 | 1.30 | 0.24

'cs:r';?;"r;iopathy 158 | 0.89-2.83 | 248 | 0.12

::lgl;t:r:;?:u'ar 4.49 | 2.42-8.36 | 17.45 | <0.001* | 5.34 | 2.86-9.97 | 38.1 | <0.001* | 5.48 | 2.81-10.68 | 35.1 | <0.001* | 7.92 | 3.82-16.45 | 45.2 | <0.001*

Amiodarone 1.87 | 0.79-4.43 | 1.75 0.15

Digoxin 2.04 | 1.09-3.80 | 4.57 0.03*
Coronary risk factors

Diabetes mellitus 0.86 | 0.42-1.77 | 0.18 0.68

Hypertension 1.17 | 0.67-2.05 | 0.30 0.59

Hypercholesterolemia | 0.82 | 0.47-1.43 | 0.49 0.48

Smoking 1.07 | 0.61-1.88 | 0.05 0.82
ECG

QRS durations, ms 1.00 | 0.99-1.01 | 0.10 0.76

QTc, ms 1.00 | 0.99-1.00 | 0.97 0.33
CMR

LVEDVI (per 1 mL/m?) | 1.01 | 1.00-1.02 | 8.62 0.002*

LVESVI (per 1 mL/m? | 1.01 | 1.00-1.02 | 12.39 | <0.001*

LVEF (per 10%) 0.58 | 0.45-0.76 | 17.31 | <0.001* | 0.57 | 0.44-0.73 | 38.1 | <0.001*

LVEF <35% 2.86 | 1.46-5.62 | 10.96 | 0.002* 2.36 | 1.16-4.79 | 452 | 0.017*

RVEDVI (per 1 mL/m?) | 1.01 | 1.00-1.02 | 1.94 0.15

RVESVI (per 1 mL/m?) | 1.01 | 1.00-1.03 | 3.91 0.03*

RVEF (per 10%) 0.79 | 0.67-0.94 | 6.49 0.009* 0.71 | 0.58-0.86 | 35.1 0.001*

RVEF <45% 2.04 | 1.16-3.58 | 6.04 0.013* 298 | 1.51-5.88 | 45.2 | 0.002*

[\‘;t;'aﬁf(pe’m% 127 1.00-149 | 815 | 0.004* NS | 123 | 1.05-1.45 | 351 | 0.009*

I\‘;‘f‘r:aLs‘iE”s%"f 221 |1.26-3.87 | 7.46 | 0.006* 189 | 1.06-3.36 | 452 | 0.031*

Cl indicates confidence interval; CMR, cardiovascular magnetic resonance; EDVI, end-diastolic volume indexed to body surface area; ESVI, end-systolic volume
indexed to body surface area; EF, ejection fraction; H/0, history of; HR, hazard ratio; LGE, late gadolinium enhancement; LV, left ventricle; NYHA, New York Heart

Association; and RV, right ventricle.
*P<0.05.

tModel 1 represents multivariable Cox regression model with history of ventricular arrhythmia, LVEF (per 10%), and total LGE (per 10% LV mass).
$Model 2 represents multivariable Cox regression model with history of ventricular arrhythmia, RVEF (per 10%), and total LGE (per 10% LV mass).
§Model 3 represents multivariable Cox regression model with history of ventricular arrhythmia, LVEF <35%, RVEF <45%, and total LGE >15% of LV mass.

provided an HR of 0.71 per 10% increase (P<0.001). Finally,
RV dysfunction (RVEF <45%) was entered as a discreet
variable and shown to be independently associated with the
primary outcome after adjustment for LVEF, previous ven-
tricular arrhythmia, and total %LGE providing an HR of 2.98
(P=0.002).

Figure 2 shows a Kaplan-Meier survival analysis of the
whole study cohort according to the presence or absence

of RV dysfunction, showing significantly worse event-free
survival among those with an RVEF <45% (P=0.011). The
cumulative event rate was 21.4% versus 12.4%, respectively,
among those with versus without RV dysfunction.

To illustrate the incremental value of RV dysfunction
versus current LVEF-based risk criteria (LVEF <35%) for
the prediction of SCA or appropriate ICD therapy, we mod-
eled cumulative hazards for this end point based on one
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Figure 2. Kaplan-Meier curves showing event-free survival for the primary outcome for the entire cohort. Patients with right ventricular
ejection fraction (RVEF) <45% showed a significant higher rate of events compared with those with RVEF >45%.

or both these criteria being met. As shown in Figure 3, a
progressive rise in risk of the primary outcome occurred
with LV dysfunction alone (HR, 3.6; confidence interval,
1.40-9.43), RV dysfunction alone (HR, 6.7; confidence
interval, 1.97-22.66), or both (HR, 8.1; confidence interval,
3.01-22.05).

Subgroup Analysis

A prespecified subgroup analysis was performed to assess the
incremental prognostic value of RV measures in patients with
versus without an LVEF <35%. A total of 121 patients had an
LVEF between 36% and 54% (mean 45+6%), their respective
baseline and CMR clinical characteristics versus those with an
LVEF <35% shown in Tables 4 and 5, respectively.

Among patients with an LVEF <35%, the only baseline
CMR variable associated with the primary outcome was LVEF
(P=0.005). In contrast, among patients with an LVEF >35%,
there was no association between LVEF and the primary
outcome (P=0.79). However, significant associations were
identified for right ventricular end-diastolic volume indexed
to body surface area (76x17 versus 6419 mL/m?;, P=0.03),
right ventricular end-systolic volume indexed to body surface
area (41«15 versus 29+11 mL/m? P=0.005), RVEF (47«10
versus 55+11%; P=0.01), RV dysfunction (45% versus 15%;
P=0.014), and total %LGE (19+13 versus 10+£13%; P=0.03).
Multivariable analysis showed RV dysfunction to be an inde-
pendent predictor of the primary outcome after adjustment for
total %LGE, demonstrating a 4.2-fold increased risk of the
primary outcome (P=0.02; Table 6).

Figure 4 shows Kaplan-Meier survival analysis of patients
with an LVEF >35% according to the presence or absence of
RV dysfunction. Patients with RV dysfunction experienced

significantly lower event-free survival (P=0.011), with a
cumulative event rate of 22.7% versus 6.1%, respectively,
among those with versus without RV dysfunction. Exploratory
(post hoc) analysis was performed in this patient cohort (LVEF
>35%) having a diagnosis of NIDCM (N=71) in recognition
of RV dysfunction being more prevalent versus the ICM sub-
group. Univariable analysis (Table 7) revealed RV dysfunc-
tion to be the strongest predictor of the primary outcome with
an HR of 6.9 (confidence interval 1.3-37.9, P=0.03), with
a cumulative event rate of 22% versus 3.8%, respectively,
among those with versus without RV dysfunction.

8.1

7 6.7

1 (ref)

Hazard Ratio — SCA or Appropriate ICD Therapy

RVEF <45%
LVEF >35%

RVEF <45%
LVEF<35%

None RVEF >45%
LVEF <35%

Figure 3. Cumulative event hazards for sudden cardiac arrest
(SCA) or appropriate implantable cardioverter defibrillator (ICD)
therapy based on right ventricular ejection fraction (RVEF) and
left ventricular ejection fraction (LVEF)-based function thresholds,
presented for their respective combinations. A progressive rise

in hazard is seen for those meeting none, left ventricle (LV) alone,
right ventricle (RV) alone, and both risk markers.
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Table 4. Univariable Associations of Clinical Baseline Characteristics With Primary Outcome for Patients With LVEF Above and

Below 35%
LVEF <35% LVEF >35%
Characteristics Values (N=193) HR 95% Cl PValue Values (N=121) HR 95% Cl PValue
Age,y 6111 1.01 0.99-1.04 0.36 56+14 1.01 0.96-1.05 0.77
Male sex, n (%) 143 (74) 0.66 0.32-1.37 0.26 88 (73) 3.90 0.50-30.45 0.20
Hypertension, n (%) 96 (50) 1.28 0.68-2.43 0.45 55 (46) 0.70 0.20-2.40 0.57
Diabetes mellitus, n (%) 56 (29) 0.66 0.30-1.45 0.30 14 (12) 0.77 0.10-6.07 0.80
Hyperlipidemia, n (%) 108 (56) 0.89 0.47-1.68 0.72 55 (46) 0.42 0.11-1.60 0.21
Smoking, n (%) 79 (41) 0.90 0.47-1.71 0.75 47 (39) 1.40 0.43-4.58 0.58
H/0 coronary artery disease, n (%) 49 (26) 1.32 0.67-2.58 0.42 24 (20) 1.36 0.36-3.83 0.65
QRS interval, ms 138+31 0.997 0.99-1.01 0.56 122+30 1.00 0.98-1.02 0.87
QTc, ms 468+40 0.99 0.99-1.00 0.20 454+42 0.99 0.97-1.00 0.30
H/0 ventricular arrhythmia, n (%) 11 (6) 3.53 1.56-8.04 0.003* 18 (57) 13.67 3.91-47.84 | <0.01*
NYHA class 3-4, n (%) 114 (59) 0.80 0.42-1.52 0.49 31(26) 1.00 0.27-3.78 1.00
Ischemic cardiomyopathy 114 (59) 1.42 0.71-2.81 0.32 50 (41) 117 0.36-2.83 0.80
Medicationst
ACE inhibitor 127 (70) 0.84 0.42-1.69 0.63 58 (57) 5.55 0.68-45.13 0.11
ARB 51 (28) 1.09 0.55-2.19 0.80 17 (17) 0.04 0.0-99.39 0.41
Amiodarone 9(5) 1.26 0.39-4.13 0.70 10 (10) 5.78 1.38-24.20 0.016*
Beta-blocker 154 (85) 1.13 0.47-2.73 0.78 90 (88) 1.00 0.12-8.14 1.00
Calcium blocker 14 (8) 1.24 0.44-3.53 0.68 14 (14) 2.09 0.42-10.39 0.37
Digoxin 46 (25) 1.80 0.92-3.52 0.09 9(9 1.23 0.15-10.10 0.84
Diuretic 136 (75) 1.60 0.70-3.67 0.26 41 (40) 0.94 0.22-3.94 0.93
Statin 107 (59) 0.80 0.42-1.55 0.51 48 (47) 1.04 0.26-4.15 0.96

Continuous data are expressed as mean+SD, categorical data as n (%). ACE indicates angiotensin-converting enzyme; ARB, angiotensin Il receptor blocker; Cl,
confidence interval; H/0, history of; HR, hazard ratio; LVEF, left ventricular ejection fraction; and NYHA, New York Heart Association.
*P<0.05. Ischemic cardiomyopathy was defined as history of coronary artery disease and/or the presence of ischemic LGE.

tTotal number of the patients for the medications data is 284 (102 for LVEF >35%).

An exploratory subgroup analysis was also performed to
consider potential differences between patients experienc-
ing appropriate ICD therapy versus those experiencing SCA
(Tables I and II in the Data Supplement). Although several
clinical variables showed significance, no CMR-based measure
demonstrated significant differences between these subgroups.

Competing Risks Analysis

A competing risk analysis was performed to assess robustness
of risk predictions related to RV dysfunction after consider-
ation of patients experiencing death unrelated to the primary
outcome. This analysis (Figure I in the Data Supplement)
demonstrated maintained predictive utility with significant
separation of risk estimate curves among those with versus
without RV dysfunction.

Reproducibility of RVEF Measurement

Intra- and interobserver variability for RVEF produced mean
difference and 95% limits of agreement of —0.5+5.5% and
—0.1+6.7%, respectively. Bland-Altman analyses are shown
in Figure 5.

Discussion

This study provides strong sentinel support for the incre-
mental contributions of RVEF beyond LVEF alone in the
prediction of arrhythmic events among patients with systolic
dysfunction. The presence of RV dysfunction, defined as an
RVEF <45%, was associated with a 2.98-fold higher risk
of SCA or appropriate ICD therapy, a finding exaggerated
among those with an LVEF >35% where this risk grew to
4.2-fold.

Expanding clinical interest can be observed for the study
of RV dysfunction in systolic heart failure patients over
the past 2 decades. Early studies revealed RV function by
radionuclide angiography to be associated with heart fail-
ure—related outcomes, such as total cardiac mortality and
urgent transplantation,'*'* all-cause mortality and pretrans-
plant hospitalization,” and a reduction in exercise capac-
ity.!> With technological advancements in echocardiography,
these efforts were refocused on the validation of surrogate
markers of global RV function obtained from the 4-cham-
ber long-axis view where basal to mid-portions of the RV
free wall are most reliably seen. These measures, inclusive
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Table 5. Univariable Associations of Baseline CMR Characteristics With Primary Outcome for Patients
With LVEF Above and Below 35%

LVEF <35% LVEF >35%
Characteristics Values (N=193)  HR 95% Cl | PValue Values (N=121) | HR 95%Cl | PValue
LVEDVI, mL/m? 131£35 1.006 | 0.997-1.02 | 0.20 8927 1.01] 0.99-1.03 | 0.21
LVESVI, mL/m? 100+32 1.009 | 0.999-1.02 | 0.07 49+18 1.02| 0.99-1.04 | 0.25
LVEF, % 25+6 0.93 | 0.89-0.98 | 0.005* 45+6 0.99 | 0.89-1.09 | 0.79
RVEDVI, mL/m? 68+24 1.00 | 0.99-1.02 | 0.68 65+19 1.03 | 1.00-1.06 | 0.04*
RVESVI, mL/m? 39+23 1.00 | 0.99-1.02 | 0.66 30+12 1.01 ] 1.03-1.12 | 0.03*
RVEF, % 4517 0.99 | 0.97-1.01 | 0.30 54+11 0.95| 0.91-0.99 | 0.03*
RVEF <45%, n (%) 90 (47) 1.29 | 0.68-2.45 | 0.43 22 (18) 417 | 1.27-13.68 | 0.019*
Total LGE (% of LV mass) 16+16 1.01 | 0.996-1.03 | 0.13 11+13 1.03 | 1.004-1.07 | 0.03*
Total LGE >15% of LV mass, n (%) 79 (41) 1.60 | 0.84-3.02 | 0.15 35 (29) 3.51 | 1.06-11.6 | 0.04*

Data are expressed as mean+SD. Cl indicates confidence interval; CMR, cardiovascular magnetic resonance; EDVI, end-diastolic
volume indexed to body surface area; EF, ejection fraction; ESVI, end-systolic volume indexed to body surface area; HR, hazard ratio;
LGE, late gadolinium enhancement; LV, left ventricle; and RV, right ventricle.

*P<0.05.

of fractional area change,'® tricuspid annular plane systolic
excursion,''® and more recently RV peak global longitudi-
nal strain,'*?° have each been associated with relevant heart
failure outcomes such as cardiac mortality,*' all-cause mor-
tality,?? in addition to composite end points heavily weighted
by mortality or transplantation.” However, no study to
date has assessed the value of RV function to predict future
arrhythmic events.

CMR offers the capacity to quantify RV function through
unobstructed visualization of the endocardial borders through-
out all phases of the cardiac cycle. Similar to the derivation
of LVEF, RV end-diastolic and end-systolic volumes can be
routinely obtained from the same short-axis cine images, pre-
senting no incremental investment with respect to imaging
time. This technique has been shown, both in our current study
and by others,'??7 to provide high intra- and interobserver
reproducibility and has recently been shown to predict nonar-
rhythmic clinical outcomes in patients with systolic dysfunc-
tion."” In this study of 250 patients with NIDCM, Gulati et
al' identified associations between RV dysfunction, similarly
defined as an RVEF <45%, and the composite outcome of all-
cause mortality or cardiac transplantation. Among the 34%
of patients meeting this criterion, a 3.9-fold increase in the
primary outcome was observed over a median of 6.9 years
after adjustment for other baseline variables. A second study
by Doesch et al?® similarly identified RV dysfunction, defined
as RVEF <38% (median value of cohort), to be associated
with a 4.7-fold increase in all-cause mortality and 2.6-fold
increase in heart failure hospitalization among 140 patients
with NIDCM over a median follow-up of 3 years. In combina-
tion, these 2 recent studies support that among patients with
NIDCM, RV dysfunction is an important prognostic marker
for heart failure-related outcomes. However, to our knowl-
edge, the capacity of RV function to predict future arrhythmic
events has not been explored.

The current study identifies RV function to be an impor-
tant marker of future arrhythmic events among patients with

systolic dysfunction. Among those with an RVEF <45%, a
2.98-fold higher risk of the primary outcome was identified
after adjustment for relevant and eligible covariates inclusive
of LVEF. However, most noteworthy is the identification of
superior predictive utility for RVEF versus LVEF in patients
with mild to moderate LV dysfunction (LVEF >35%). In this
subgroup, RV dysfunction (RVEF <45%) was observed more
frequently among patients with versus without events (45%
versus 15%; P=0.014) and portended a 4.2-fold higher risk
after adjustment for baseline covariates. As such, this study
introduces sentinel evidence for RVEF being incremental to
current risk stratification tools among patients with mild to
moderate systolic dysfunction. It is in this patient subgroup
that the greatest global contribution to SCA has been reported
in North America,” and previous studies indicating that =70%
of patients experiencing SCA had a pre-event LVEF >35%.°
Accordingly, noninvasive markers associated with elevated
risk of ventricular arrhythmias in this patient cohort are of
critical need.

A higher prevalence of RV dysfunction was observed in
those with NIDCM versus ICM. In response to this finding,
we performed an exploratory post hoc analysis in those with
NIDCM and an LVEF >35% to estimate the predictive util-
ity of RV dysfunction. This revealed respective event rates of
22% versus 3.8% in those with versus without RV dysfunc-
tion (HR, 6.9), suggesting strong discriminative utility in this
subcohort. However, as a post hoc analysis, confirmation in
a larger study population is required with sufficient power to
adjust for relevant covariates. The higher prevalence of RV
dysfunction in NIDCM identified in this study is supported
by similar findings in previous studies.'®” For example, a
study by La Vecchia et al*® studied 153 patients with LVEF
<45% and found a prevalence of RV dysfunction (defined as
RVEF <35%) by angiography estimation of 65% in NIDCM
versus 16% in patients with ICM (P<0.001). Whether such
reductions in RV function reflects decompensation related to
chronically elevated LV filling pressures or a primary process



2202 ‘9 yore |\ uo Aq Bio'sfeuno feye//:dny wouy papeojumoq

9 Mikami et al

Right Ventricular Function Predicts Arrhythmias

Table 6. Univariable and Multivariable Associations of Clinical and CMR Characteristics With Primary Outcome for Patients With

LVEF >35% (11 Events)

Univariable Model 1t Model 2% Model 3§

Characteristics HR ‘ 95% CI ‘ b ‘PVaIue HR ‘ 95% CI ‘ ¥? | PValue HR‘ 95% Cl ‘ ¥* | PValue HR‘ 95% Cl ‘ ¥? | PValue
Demographics

Age 101 |096-105 | 009 | 077

Sex 390 | 050-30.45 | 2.42 | 0.20

NYHAclass3or4 | 1.00 |0.27-3.78 | 0.00 | 1.00

Zl/s 2::;0”3“' Ay | 135 036-383 | 019 | 065

f;g?:r:;opamy 117 |036-2.83 | 0.06 | 0.80

:ﬁg};’t‘:::ii:“'ar 1367 | 3.91-47.84 | 1662 | <0.01* | 27.3 | 6.4-1169 | 26.7 | <0.01*

Amiodarone 578 |1.38-2420 | 458 | 0.016%

Digoxin 123 |015-10.10 | 004 | 0.4
Coronary risk factors

Diabetes mellitus 0.77 | 0.10-6.07 0.07 0.80

Hypertension 0.70 | 0.20-2.40 0.33 0.57

Hypercholesterolemia | 0.42 | 0.11-1.60 1.78 0.21

Smoking 140 | 043-458 | 030 | 058
ECG

QRS durations, ms 1.00 | 0.98-1.02 0.03 0.87

QTe, ms 099 | 097-1.00 | 123 | 0.30
CMR

LVEDVI (per 1 mU/m3) | 1.01 | 0.99-1.03 | 135 | 021

LVESVI (per 1 mL/m3 | 1.02 |0.99-1.04 | 113 | 0.25

LVEF (per 10%) 087 |032-240 | 007 | 079

RVEDVI (per 1 mL/m?) | 1.03 | 1.00-1.06 | 3.89 | 0.04*

RVESVI (per 1 mU/m? | 1.01 | 1.03-1.12 | 96 | 0.03*

RVEF (per 10%) 059 |037-095 | 430 | 0.03* 06 | 04-09 |87 | 0.02¢

RVEF <45% 417 |127-1368 | 494 | 0019* | 104 | 25-427 |26.7 | 0.001% 42 | 1.27-137 | 907 | 0.02*

[St;'aﬁf(perw% 145 (104203 | 388 | 003" 15 | 11-21 | 87 | 003"

I\‘;t;'aibw%"f 351 |1.06-1160 | 415 | 0.04% 35 | 1.06-11.8 | 9.07 | 0.04%

Clindicates confidence interval; CMR, cardiovascular magnetic resonance; EDVI, end-diastolic volume indexed to body surface area; EF, ejection fraction; ESVI, end-systolic volume indexed
to body surface area; H/0, history of; HR, hazard ratio; LGE, late gadolinium enhancement; LV, left ventricle; NYHA, New York Heart Association; and RV, right ventricle.

*P<0.05.

tModel 1 represents multivariable Cox regression model with history of ventricular arrhythmia and RVEF <45%.
FModel 2 represents multivariable Cox regression model with RVEF (per 10%) and total LGE (per 10% LV mass).
§Model 3 represents multivariable Cox regression model with RVEF <45% and total LGE >15% of LV mass.

of the RV myocardium remains unanswered. Accordingly,
future studies aimed at serial evaluations of both imaging and
serum markers in this population are required. Irrespectively,
given independent associations of RV dysfunction and future
arrhythmic events, this imaging marker may be of critical
importance to the evaluation of heart failure patients for
primary prevention ICD. This may be highly relevant for
patients experiencing LV functional recovery above current
ICD thresholds.

Limitations

Several limitations of the current study warrant discussion.
Our study did not exclude patients with a previous history
of ventricular arrhythmia, this variable being defined as any
prior ventricular arrhythmia and not requiring cardiac symp-
toms or hemodynamic collapse to be documented, given that
this information was not available in all patients. To maximize
the generalizability of our findings, we therefore included
this variable in multivariable analyses and demonstrated that
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Figure 4. Kaplan-Meier curves showing event-free survival for the primary outcome in patients with left ventricular ejection fraction
>35%. Patients with right ventricular ejection fraction (RVEF) <45% showed a significantly higher rate of events compared with those with

RVEF >45%.

RV dysfunction remained a robust predictor of the primary
outcome.

Our study has several limitations not addressable by
statistical adjustment. First, this study was performed at a
single tertiary care referral center, introducing the potential
for referral bias and clinical practice bias about patient man-
agement. Generalizability to a broader heart failure popula-
tion, therefore, requires confirmation of our findings within
a larger, multicenter setting. Second, patients referred for
CMR imaging protocols are currently restricted to those with
a glomerular filtration rate of >30 mL/min/1.73 m? because
of Food and Drug Administration—-based recommendations.
Accordingly, these data should not be extrapolated to patients
with advanced renal impairment. Third, the primary compos-
ite outcome was inclusive of appropriate ICD therapy, which
can be challenged as an imperfect surrogate of life-threatening
arrhythmia. As with previous published studies including this
as a composite end point, inherent limitations are recognized.
Fourth, although no patients were referred with a diagnosis
of pulmonary hypertension, our study did not perform non-
invasive or invasive estimates of pulmonary arterial pressure.
Similarly, severity of tricuspid regurgitation was not quantified
using such techniques. Accordingly, we were unable to adjust
for these variables in our analysis. Finally, total % LGE was
included as a marker in this study because of its recognized
contribution to arrhythmia risk and availability from CMR
imaging. However, we did not report on the reproducibility
of this marker as our group has done so in previous studies.!

Conclusions
RV dysfunction is a strong and independent predictor of
SCA or appropriate ICD therapy in patients with systolic

dysfunction. The value of this marker seems greatest among
those with mild to moderate LV dysfunction, a large subcohort
contributing to global SCA burden yet lacking validated risk
prediction markers. Accordingly, RV dysfunction may be of
equivalent clinical relevance to LV dysfunction for the risk

Table 7. Univariable Associations of CMR Characteristics
With Primary Outcome for Patients With NIDCM and LVEF
>35%

Univariable

Characteristics HR 95% Cl o PValue
LVEDVI (per 1 mL/m?) 1.03 1.00-1.07 4.39 0.04*
LVESVI (per 1 mL/m?) 1.05 1.00-1.10 4.06 0.04*
LVEF (per 1%) 099 | 0.86-1.14 0.02 0.88
LVEF (per 10%) 0.89 | 0.22-3.71 0.02 0.88
RVEDVI (per 1 mL/m?) 1.05 | 1.01-1.08 | 546 @ 0.02*
RVESVI (per 1 mL/m?) 1.1 1.04-1.18 | 11.84 | 0.001*
RVEF (per 1%) 092 | 0.86-0.99 5.57 0.02*
RVEF (per 10%) 0.44 | 0.22-0.88 5.57 0.02*
RVEF <45% 6.90 1.26-37.88 | 5.30 0.03*
Total LGE (per 1% LV mass) 1.04 1.00-1.08 217 0.08
Total LGE (per 10% LV mass) | 1.43 | 0.96-2.13 217 0.08

Cl indicates confidence interval; CMR, cardiovascular magnetic resonance;
EDVI, end-diastolic volume indexed to body surface area; EF, ejection fraction;
ESVI, end-systolic volume indexed to body surface area; HR, hazard ratio; LGE,
late gadolinium enhancement; LV, left ventricle; NIDCM, nonischemic dilated
cardiomyopathy; and RV, right ventricle.

*P<0.05.
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Figure 5. Bland-Altman plots of intraobserver variability (A) and interobserver variability (B) of right ventricular ejection fraction (RVEF).

stratification of patients with systolic dysfunction and war-
rants further investigation.

Sources of Funding
Funding was, in part, provided by Calgary Health Trust, Heart
and Stroke Foundation grant NA 6488 (PI Dr White), the Canada
Foundation of Innovation Leaders Opportunity Fund, and the Ontario
Research Fund. Dr White is supported by an Early Investigator award
with the Heart and Stroke Foundation of Alberta, Canada.

Disclosures

Dr White receives consultant fees from Medtronic Inc and is Chief
Medical Officer of Cohesic Inc. The other authors report no conflicts.

References

1. Epstein AE, DiMarco JP, Ellenbogen KA, Estes NA III, Freedman RA,
Gettes LS, Gillinov AM, Gregoratos G, Hammill SC, Hayes DL, Hlatky
MA, Newby LK, Page RL, Schoenfeld MH, Silka MJ, Stevenson LW,
Sweeney MO, Smith SC Jr, Jacobs AK, Adams CD, Anderson JL, Buller
CE, Creager MA, Ettinger SM, Faxon DP, Halperin JL, Hiratzka LF,
Hunt SA, Krumholz HM, Kushner FG, Lytle BW, Nishimura RA, Ornato
JP, Page RL, Riegel B, Tarkington LG, Yancy CW; American College
of Cardiology/American Heart Association Task Force on Practice
Guidelines (Writing Committee to Revise the ACC/AHA/NASPE
2002 Guideline Update for Implantation of Cardiac Pacemakers and
Antiarrhythmia Devices); American Association for Thoracic Surgery;
Society of Thoracic Surgeons. ACC/AHA/HRS 2008 Guidelines for
Device-Based Therapy of Cardiac Rhythm Abnormalities: a report of
the American College of Cardiology/American Heart Association Task
Force on Practice Guidelines (Writing Committee to Revise the ACC/
AHA/NASPE 2002 Guideline Update for Implantation of Cardiac
Pacemakers and Antiarrhythmia Devices) developed in collaboration
with the American Association for Thoracic Surgery and Society of
Thoracic Surgeons. J Am Coll Cardiol. 2008;51:e1-62. doi: 10.1016/j.
jacc.2008.02.032.

2. Bardy GH, Lee KL, Mark DB, Poole JE, Packer DL, Boineau R,
Domanski M, Troutman C, Anderson J, Johnson G, McNulty SE,
Clapp-Channing N, Davidson-Ray LD, Fraulo ES, Fishbein DP, Luceri
RM, Ip JH; Sudden Cardiac Death in Heart Failure Trial (SCD-HeFT)
Investigators. Amiodarone or an implantable cardioverter-defibrillator for
congestive heart failure. N Engl J Med. 2005;352:225-237. doi: 10.1056/
NEJMo0a043399.

3. Moss AJ, Greenberg H, Case RB, Zareba W, Hall WJ, Brown MW,
Daubert JP, McNitt S, Andrews ML, Elkin AD; Multicenter Automatic
Defibrillator Implantation Trial-Il (MADIT-II) Research Group. Long-
term clinical course of patients after termination of ventricular tachyar-
rhythmia by an implanted defibrillator. Circulation. 2004;110:3760-3765.
doi: 10.1161/01.CIR.0000150390.04704.B7.

4. van Rees JB, Borleffs CJ, de Bie MK, Stijnen T, van Erven L, Bax JJ,
Schalij MJ. Inappropriate implantable cardioverter-defibrillator shocks:
incidence, predictors, and impact on mortality. J Am Coll Cardiol.
2011;57:556-562. doi: 10.1016/j.jacc.2010.06.059.

5. Stecker EC, Vickers C, Waltz J, Socoteanu C, John BT, Mariani R,
McAnulty JH, Gunson K, Jui J, Chugh SS. Population-based analysis of

10.

11.

12.

14.

sudden cardiac death with and without left ventricular systolic dysfunc-
tion: two-year findings from the Oregon Sudden Unexpected Death Study.
J Am Coll Cardiol. 2006;47:1161-1166. doi: 10.1016/j.jacc.2005.11.045.

. Goldberger JJ, Cain ME, Hohnloser SH, Kadish AH, Knight BP, Lauer

MS, Maron BJ, Page RL, Passman RS, Siscovick D, Siscovick D,
Stevenson WG, Zipes DP; American Heart Association; American College
of Cardiology Foundation; Heart Rhythm Society. American Heart
Association/American College of Cardiology Foundation/Heart Rhythm
Society scientific statement on noninvasive risk stratification techniques
for identifying patients at risk for sudden cardiac death: a scientific state-
ment from the American Heart Association Council on Clinical Cardiology
Committee on Electrocardiography and Arrhythmias and Council on
Epidemiology and Prevention. Circulation. 2008;118:1497-1518.

. Bailey JJ, Berson AS, Handelsman H, Hodges M. Utility of current risk

stratification tests for predicting major arrhythmic events after myocardial
infarction. J Am Coll Cardiol. 2001;38:1902—-1911.

. Costantini O, Hohnloser SH, Kirk MM, Lerman BB, Baker JH II,

Sethuraman B, Dettmer MM, Rosenbaum DS; ABCD Trial Investigators.
The ABCD (Alternans Before Cardioverter Defibrillator) Trial: strate-
gies using T-wave alternans to improve efficiency of sudden cardiac
death prevention. J Am Coll Cardiol. 2009;53:471-479. doi: 10.1016/j.
jacc.2008.08.077.

. Exner DV, Kavanagh KM, Slawnych MP, Mitchell LB, Ramadan D,

Aggarwal SG, Noullett C, Van Schaik A, Mitchell RT, Shibata MA,
Gulamhussein S, McMeekin J, Tymchak W, Schnell G, Gillis AM,
Sheldon RS, Fick GH, Duff HJ; REFINE Investigators. Noninvasive risk
assessment early after a myocardial infarction the REFINE study. J Am
Coll Cardiol. 2007;50:2275-2284. doi: 10.1016/j.jacc.2007.08.042.
Gulati A, Ismail TF, Jabbour A, Alpendurada F, Guha K, Ismail NA,
Raza S, Khwaja J, Brown TD, Morarji K, Liodakis E, Roughton M,
Wage R, Pakrashi TC, Sharma R, Carpenter JP, Cook SA, Cowie MR,
Assomull RG, Pennell DJ, Prasad SK. The prevalence and prognostic
significance of right ventricular systolic dysfunction in nonischemic di-
lated cardiomyopathy. Circulation. 2013;128:1623-1633. doi: 10.1161/
CIRCULATIONAHA.113.002518.

Gao P, Yee R, Gula L, Krahn AD, Skanes A, Leong-Sit P, Klein GJ, Stirrat
J, Fine N, Pallaveshi L, Wisenberg G, Thompson TR, Prato F, Drangova
M, White JA. Prediction of arrhythmic events in ischemic and dilated
cardiomyopathy patients referred for implantable cardiac defibrillator:
evaluation of multiple scar quantification measures for late gadolinium
enhancement magnetic resonance imaging. Circ Cardiovasc Imaging.
2012;5:448-456. doi: 10.1161/CIRCIMAGING.111.971549.

Andersen PK, Geskus RB, de Witte T, Putter H. Competing risks in epide-
miology: possibilities and pitfalls. Int J Epidemiol. 2012;41:861-870. doi:
10.1093/ije/dyr213.

. de Groote P, Millaire A, Foucher-Hossein C, Nugue O, Marchandise X,

Ducloux G, Lablanche JM. Right ventricular ejection fraction is an inde-
pendent predictor of survival in patients with moderate heart failure. J Am
Coll Cardiol. 1998;32:948-954.

Meyer P, Filippatos GS, Ahmed MI, Iskandrian AE, Bittner V, Perry
GJ, White M, Aban IB, Mujib M, Dell’Italia LJ, Ahmed A. Effects
of right ventricular ejection fraction on outcomes in chronic sys-
tolic heart failure. Circulation. 2010;121:252-258. doi: 10.1161/
CIRCULATIONAHA.109.887570.

. Di Salvo TG, Mathier M, Semigran MJ, Dec GW. Preserved right ventric-

ular ejection fraction predicts exercise capacity and survival in advanced
heart failure. J/ Am Coll Cardiol. 1995;25:1143-1153.



2202 ‘9 yore |\ uo Aq Bio'sfeuno feye//:dny wouy papeojumoq

12

16.

17.

18.

19.

20.

21.

22.

Mikami et al

Anavekar NS, Gerson D, Skali H, Kwong RY, Yucel EK, Solomon SD.
Two-dimensional assessment of right ventricular function: an echocardio-
graphic-MRI correlative study. Echocardiography. 2007;24:452-456. doi:
10.1111/5.1540-8175.2007.00424 x.

Lépez-Candales A, Dohi K, Rajagopalan N, Edelman K, Gulyasy B,
Bazaz R. Defining normal variables of right ventricular size and function
in pulmonary hypertension: an echocardiographic study. Postgrad Med J.
2008;84:40-45. doi: 10.1136/pgm;j.2007.059642.

Miller D, Farah MG, Liner A, Fox K, Schluchter M, Hoit BD. The re-
lation between quantitative right ventricular ejection fraction and indi-
ces of tricuspid annular motion and myocardial performance. J Am Soc
Echocardiogr. 2004;17:443—447. doi: 10.1016/j.echo.2004.01.010.
Haeck ML, Scherptong RW, Antoni ML, Marsan NA, Vliegen HW,
Holman ER, Schalij MJ, Bax JJ, Delgado V. Right ventricular longitudi-
nal peak systolic strain measurements from the subcostal view in patients
with suspected pulmonary hypertension: a feasibility study. J Am Soc
Echocardiogr. 2012;25:674-681. doi: 10.1016/j.ech0.2012.03.005.
Lemarié J, Huttin O, Girerd N, Mandry D, Juilliere Y, Moulin F, Lemoine
S, Beaumont M, Marie PY, Selton-Suty C. Usefulness of speckle-tracking
imaging for right ventricular assessment after acute myocardial infarc-
tion: a magnetic resonance imaging/echocardiographic comparison within
the relation between aldosterone and cardiac remodeling after myocar-
dial infarction study. J Am Soc Echocardiogr. 2015;28:818-827.e4. doi:
10.1016/j.ech0.2015.02.019.

Guazzi M, Bandera F, Pelissero G, Castelvecchio S, Menicanti L, Ghio S,
Temporelli PL, Arena R. Tricuspid annular plane systolic excursion and
pulmonary arterial systolic pressure relationship in heart failure: an index
of right ventricular contractile function and prognosis. Am J Physiol Heart
Circ Physiol. 2013;305:H1373-H1381. doi: 10.1152/ajpheart.00157.2013.
Damy T, Kallvikbacka-Bennett A, Goode K, Khaleva O, Lewinter C,
Hobkirk J, Nikitin NP, Dubois-Randé JL, Hittinger L, Clark AL, Cleland
JG. Prevalence of, associations with, and prognostic value of tricuspid
annular plane systolic excursion (TAPSE) among out-patients referred
for the evaluation of heart failure. J Card Fail. 2012;18:216-225. doi:
10.1016/j.cardfail.2011.12.003.

23.

24.

25.

26.

27.

28.

29.

30.

Right Ventricular Function Predicts Arrhythmias

Ghio S, Recusani F, Klersy C, Sebastiani R, Laudisa ML, Campana C,
Gavazzi A, Tavazzi L. Prognostic usefulness of the tricuspid annular
plane systolic excursion in patients with congestive heart failure sec-
ondary to idiopathic or ischemic dilated cardiomyopathy. Am J Cardiol.
2000;85:837-842.

Motoki H, Borowski AG, Shrestha K, Hu B, Kusunose K, Troughton RW,
Tang WH, Klein AL. Right ventricular global longitudinal strain provides
prognostic value incremental to left ventricular ejection fraction in pa-
tients with heart failure. J Am Soc Echocardiogr. 2014;27:726-732. doi:
10.1016/j.echo.2014.02.007.

Donal E, Coquerel N, Bodi S, Kervio G, Schnell F, Daubert JC, Carré F.
Importance of ventricular longitudinal function in chronic heart failure.
Eur J Echocardiogr. 2011;12:619-627. doi: 10.1093/ejechocard/jer089.
Hudsmith LE, Petersen SE, Francis JM, Robson MD, Neubauer S. Normal
human left and right ventricular and left atrial dimensions using steady
state free precession magnetic resonance imaging. J Cardiovasc Magn
Reson. 2005;7:775-782.

Maceira AM, Prasad SK, Khan M, Pennell DJ. Reference right ventricu-
lar systolic and diastolic function normalized to age, gender and body
surface area from steady-state free precession cardiovascular magnetic
resonance. Eur Heart J. 2006;27:2879-2888. doi: 10.1093/eurheartj/
ehl336.

Doesch C, Dierks DM, Haghi D, Schimpf R, Kuschyk J, Suselbeck T,
Schoenberg SO, Borggrefe M, Papavassiliu T. Right ventricular dys-
function, late gadolinium enhancement, and female gender predict
poor outcome in patients with dilated cardiomyopathy. Int J Cardiol.
2014;177:429-435. doi: 10.1016/j.ijcard.2014.09.004.

Exner DV. Implantable cardioverter defibrillator therapy for patients with
less severe left ventricular dysfunction. Curr Opin Cardiol. 2009;24:61—
67. doi: 10.1097/HCO.0b013e3283 1c4ceS.

La Vecchia L, Zanolla L, Varotto L, Bonanno C, Spadaro GL, Ometto
R, Fontanelli A. Reduced right ventricular ejection fraction as a mark-
er for idiopathic dilated cardiomyopathy compared with ischemic left
ventricular dysfunction. Am Heart J. 2001;142:181-189. doi: 10.1067/
mhj.2001.116071.





