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Abstract
Ischemic mitral regurgitation (iMR) augments risk for right ventricular dysfunction (RVDYS). Right and left ventricular 
(LV) function are linked via common coronary perfusion, but data is lacking regarding impact of LV ischemia and infarct 
transmurality—as well as altered preload and afterload—on RV performance. In this prospective multimodality imaging 
study, stress CMR and 3-dimensional echo (3D-echo) were performed concomitantly in patients with iMR. CMR provided 
a reference for RVDYS (RVEF < 50%), as well as LV function/remodeling, ischemia and infarction. Echo was used to test 
multiple RV performance indices, including linear (TAPSE, S′), strain (GLS), and volumetric (3D-echo) approaches. 90 iMR 
patients were studied; 32% had RVDYS. RVDYS patients had greater iMR, lower LVEF, larger global ischemic burden and 
inferior infarct size (all p < 0.05). Regarding injury pattern, RVDYS was associated with LV inferior ischemia and infarction 
(both p < 0.05); 80% of affected patients had substantial viable myocardium (< 50% infarct thickness) in ischemic inferior 
segments. Regarding RV function, CMR RVEF similarly correlated with 3D-echo and GLS (r = 0.81–0.87): GLS yielded 
high overall performance for CMR-evidenced RVDYS (AUC: 0.94), nearly equivalent to that of 3D-echo (AUC: 0.95). In 
multivariable regression, GLS was independently associated with RV volumetric dilation on CMR (OR − 0.90 [CI − 1.19 to 
− 0.61], p < 0.001) and 3D echo (OR − 0.43 [CI − 0.84 to − 0.02], p = 0.04). Among patients with iMR, RVDYS is associated 
with potentially reversible processes, including LV inferior ischemic but predominantly viable myocardium and strongly 
impacted by volumetric loading conditions.
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ROC	� Receiver operating characteristics
RV	� Right ventricle
RVDYS	� Right ventricular dysfunction
S′	� Systolic excursion velocity
SPECT	� Single-photon emission computed tomography
TAPSE	� Tricuspid annular plane systolic excursion

Introduction

Ischemic mitral regurgitation (iMR) provides a nidus for 
right ventricular dysfunction (RVDYS) due to an array of 
factors—including increased RV afterload due to valvu-
lar regurgitation and left ventricular (LV) dilation, as well 
as impaired contractility due to ischemia and/or infarc-
tion: Common coronary blood supply [1] facilitates use 
of regional LV perfusion deficits as surrogate markers for 
RV ischemia. Whereas iMR and RVDYS are well associated 
with myocardial infarction (irreversible injury), prior work 
has also suggested that both can be induced by myocardial 
ischemia—a potentially reversible condition. Regarding 
the RV, our research has shown LV perfusion deficits on 
radionuclide single-photon emission computed tomography 
(SPECT) to be associated with RVDYS [2], although uncer-
tainty persists as to whether observed associations were 
attributable to infarction or profound ischemia. Other stud-
ies have shown CAD patients to manifest exercise-induced 
RV functional impairments [3, 4], suggesting a link between 
ischemia and RVDYS. Given that ischemic but viable myocar-
dium offers a rationale for revascularization that can improve 
LV contraction, and that RVDYS has been linked to symp-
toms and mortality [2, 5], further clarity as to impact of LV 
ischemia on RV performance is of substantial importance.

Cardiac magnetic resonance (CMR) provides volumetric 
quantification of ventricular structure and function and is 
widely used as a reference for RVDYS. Stress CMR adjunc-
tively enables assessment of LV perfusion; results have been 
shown to be superior to conventional methods (i.e. SPECT) 
for obstructive CAD [6]. Delayed enhancement CMR 
uniquely allows evaluation of infarct transmurality, including 
subendocardial infarcts in regions of predominantly viable 
myocardium. Prior studies have yielded variable results 
concerning associations between LV infarction and RVDYS 
[7–9], suggesting that RVDYS may stem from factors other 
than infarct alone. However, ischemia and infarct transmu-
rality have not been examined as concomitant markers of 
RVDYS. Moreover, whereas CMR has been used to validate 
other modalities such as echocardiography (echo), relative 
performance of newly available volumetric echo techniques 
for assessment of RV performance in iMR are incompletely 
understood.

This study assessed CMR-evidenced LV perfusion and 
infarct transmurality among a prospectively enrolled cohort 

of iMR patients to test links between ischemic but viable 
LV myocardium and RVDYS. Secondary goals were to assess 
utility of echo-derived indices of RV performance as alterna-
tive markers of RVDYS on CMR, and to test RV afterload and 
remodeling (quantified by both CMR and echo) as physi-
ologic determinants of RVDYS in iMR.

Materials and methods

Study population

The population comprised patients prospectively enrolled 
in a multimodality imaging protocol examining structural 
predictors of iMR. Eligible patients had functional mitral 
regurgitation (MR) (≥ mild) on echo and were being con-
sidered for invasive angiography based on suspected/known 
obstructive coronary artery disease (CAD) or prior abnormal 
stress test. Patients with primary MR (prolapse, rheumatic 
heart disease), mitral valve replacement, or contraindications 
to contrast-enhanced CMR (e.g. GFR < 30 mL/min/1.73 m2, 
ferromagnetic implants) were excluded; those with contrain-
dications to, or self-determined refusal of, regadenoson infu-
sion underwent CMR without adjunctive stress testing. In all 
patients, comprehensive demographic data were collected 
using standardized questionnaires, including cardiac risk 
factors and medications.

This study was conducted with approval of the Weill Cor-
nell Medical College Institutional Review Board; written 
informed consent was obtained at time of enrollment.

Imaging protocol

Echo and perfusion CMR were performed within a 3-day 
(96% same day) interval using a standardized image acquisi-
tion protocol:

CMR

CMR was performed using 3.0 T scanners (General Electric 
[Waukesha, WI]). Cardiac chamber volumes were assessed 
via cine-CMR (steady state free precession), which included 
long axis (2, 3, 4) as well as contiguous short axis slices 
acquired from the atrio-ventricular (tricuspid and mitral 
valve) annuli through the LV and RV apices that were quan-
tified at end-diastole and end-systole for calculation of LV 
and RV ejection fraction (EF); RV myocardial mass was 
measured at end-diastole in accordance with established 
methods employed by our group [10]. Myocardial perfu-
sion was assessed via regadenoson (0.4 mg) pharmaco-
logical stress, for which LV short axis images (4–5, evenly 
distributed from base-apex) were acquired using a gradient 
echo pulse sequence: Ischemia was assessed based on peak 
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myocardial signal intensity during first-pass gadolinium 
infusion, for which perfusion deficits were defined based 
on a discrete signal intensity deficit that persisted at least 4 
cardiac cycles during peak LV blood pool enhancement [11]. 
Myocardial infarction was assessed using an inversion recov-
ery pulse sequence, which was acquired 10–30 min post-
gadolinium (0.2 mmol/kg) in spatial orientations matched 
to cine-CMR. LV ischemia and infarction were co-localized 
via a standard AHA/ACC 17 segment model; MI size (% 
myocardium) was measured based on regional transmural 
extent of enhancement (based on mid-point of each affected 
segment) in accordance with prior methods applied by our 
group and others [12, 13].

Echocardiography

Transthoracic echoes were acquired using commercial 
equipment (Philips iE33 [Andover, MA]). RV morphology 
and function were independently quantified via multiple 
established approaches [14]:

•	 Tricuspid annular plane systolic excursion (TAPSE) 
and RV systolic excursion velocity (S′) were acquired in 
accordance with American Society of Echocardiography 
(ASE) guidelines; established cutoffs (TAPSE < 1.6 cm, 
S′<10 cm/s) were used to define RVDYS by each param-
eter [2, 15]. Corresponding linear indices of RV size 
included basal width (maximal transverse diameter) 
and length (maximal diameter from tricuspid annulus to 
apex) in apical 4-chamber orientation [14].

•	 RV global longitudinal strain (GLS) was quantified in 
an RV focused apical view; images were acquired at a 
frame rate of 60–90 Hz with inclusion of the entire RV 
free wall. GLS was derived using commercial software 
(TomTEC [Munich, Germany]), for which automated 
border detection was manually adjusted to ensure optimal 
tracking throughout the cardiac cycle. In accordance with 
prior literature, RVDYS was defined as GLS < 20% [16].

•	 RV 3D volumes were quantified in a full volume RV 
focused view; data were acquired over 4 cardiac cycles 
and processed using above noted dedicated software: 
3D RV end-diastolic and end-systolic datasets included 
chamber volumes inclusive of the RV inflow and out-
flow tracts as respectively bordered by the tricuspid and 
pulmonic annuli. Corresponding to CMR, RVDYS on 3D 
echo was defined as RVEF < 50% [10, 17].

Quantitative analyses were also performed to assess 
adjunctive indices relevant to RV remodeling and iMR. MR 
was quantified using regurgitant fraction as well as aggre-
gate severity (5 point scale) based on additional parameters 
including vena contracta, volumetric indices, jet depth, and 
mitral and pulmonary vein flow patterns [18]. Pulmonary 

artery systolic pressure (PASP) was calculated from tricus-
pid regurgitant velocity and inferior vena cava caliber. LV 
function, size, and mass were quantified via linear dimen-
sions, consistent with methods validated in prior necropsy-
comparison and outcomes studies [19, 20]. Echo analyses 
were performed blinded to CMR results.

RV wall stress was quantified using an established for-
mula [10, 21], which incorporates RV end systolic chamber 
volume (ESV), PASP and RV myocardial volume:

Statistical methods

Comparisons between groups were made using Student’s t 
test (expressed as mean ± standard deviation) for continu-
ous variables. Categorical variables were compared using 
Chi square or, when fewer than 5 expected outcomes per 
cell, Fisher’s exact test. Bivariate correlation coefficients, as 
well as regression analyses were used to evaluate univari-
able associations between continuous variables: Multivariate 
modeling was performed via logistic regression, for which 
CMR and echo indices were tested as continuous variables. 
Diagnostic test performance of echo-derived RV functional 
variables was tested in relation to CMR-quantified RVEF 
was assessed using receiver operating characteristics (ROC) 
curves. Statistical calculations were performed using SPSS 
22.0 (SPSS Inc. [Chicago, IL]). Two-sided p < 0.05 was con-
sidered indicative of statistical significance.

Results

Population characteristics

The population comprised 90 patients with iMR who under-
went echo and CMR within a maximal interval of 3 days 
(95% within 1 day), among whom 32% (n = 29) had RVDYS.

Table 1 details clinical and imaging characteristics of the 
population, as well as comparisons between patients with 
and without RVDYS. As shown, patients with RVDYS were 
similar with respect to systemic hemodynamic indices and 
clinical history of prior coronary revascularization but were 
more likely to report symptoms of dyspnea, have advanced 
(New York Heart Association [NYHA] class) heart failure, 
and require loop diuretics (all p < 0.05).

MRI tissue properties as markers of RV dysfunction

Table 1 also reports CMR functional indices among patients 
with and without RVDYS; corresponding tissue characteri-
zation indices are reported in Table 2. As shown, RVDYS 

RV wall stress =
PASP × RVESV

RV myocardial volume
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Table 1   Clinical and imaging characteristics

Overall
(n = 90)

RVdys
+a

(n = 29)
RVdys

−

(n = 61)
p

Clinical
 Age (year) 68 ± 10 68 ± 11 67 ± 10 0.60
 Male gender 81% (73) 90% (26) 77% (47) 0.15
 Body surface area 1.9 ± 0.2 1.9 ± 0.2 2.0 ± 0.2 0.69
 Heart rate 67 ± 15 70 ± 14 65 ± 14 0.18
 Systolic blood pressure 123 ± 17 123 ± 13 123 ± 19 0.93
 Diastolic blood pressure 69 ± 11 70 ± 9 69 ± 12 0.78
 Coronary artery disease risk factors
  Hypertension 79% (71) 66% (19) 85% (52) 0.03
  Hypercholesterolemia 77% (69) 66% (19) 82% (50) 0.09
  Diabetes mellitus 52% (47) 55% (16) 51% (31) 0.70
  Tobacco use 61% (55) 66% (19) 59% (36) 0.55
  Family history 24% (22) 24% (7) 25% (15) 0.96

 Prior myocardial infarction 53% (48) 59% (17) 51% (31) 0.49
 Prior coronary revascularization 77% (69) 79% (23) 75% (46) 0.68
  Percutaneous intervention 57% (51) 62% (18) 54% (33) 0.48
  Coronary artery bypass grafting 32% (29) 31% (9) 33% (20) 0.86

 Cardiovascular medications
  Beta-blocker 81% (73) 79% (23) 82% (50) 0.09
  ACEI/ARB 63% (57) 76% (22) 57% (35) 0.09
  Loop diuretic 42% (38) 59% (17) 34% (21) 0.03
  HMG CoA-reductase inhibitor 81% (73) 83% (24) 80% (49) 0.78
  Aspirin 89% (80) 86% (25) 90% (55) 0.72
  Thienopyridine 42% (38) 45% (13) 41% (25) 0.73

 Cardiovascular symptoms
  Chest pain 56% (50) 66% (19) 51% (31) 0.19
  Dyspnea 67% (60) 83% (24) 59% (36) 0.03
  NYHA class (1/2/3/4) (56%/26%/11%/7%) (28%/38%/21%/14%) (69%/21%/7%/3%) < 0.001

Cardiac morphology/function (CMR)
 Right ventricle
  Ejection fraction (%) 52.8 ± 12.0 38.9 ± 8.2 59.4 ± 6.6 < 0.001
  End-diastolic volume (mL)a 151.2 ± 51.4 179.2 ± 55.8 138.0 ± 43.7 < 0.001
  End-systolic volume (mL)a 74.8 ± 42.4 111.9 ± 48.9 57.2 ± 23.9 < 0.001
  RV myocardial mass (g) 29.1 ± 10.4 32.3 ± 8.6 27.6 ± 10.9 0.046
  RV myocardial mass (g/m2) 14.9 ± 5.0 16.9 ± 5.1 14.0 ± 4.7 0.009
  Relative mass (g/mL) 0.20 ± 0.05 0.18 ± 0.03 0.20 ± 0.05 0.08
  End-diastolic length (cm) 7.4 ± 1.2 8.0 ± 1.0 7.1 ± 1.2 0.002
  End-diastolic width (cm) 4.2 ± 0.7 4.5 ± 0.7 4.1 ± 0.7 0.009

 Left ventricle
  Ejection fraction (%) 43.8 ± 14.9 31.8 ± 11.2 49.5 ± 13.1 < 0.001
  End-diastolic volume (mL) 201.2 ± 63.8 236.2 ± 57.0 184.5 ± 60.4 < 0.001
  End-systolic volume (mL) 119.6 ± 62.1 164.4 ± 54.8 98.3 ± 53.7 < 0.001
  LV myocardial mass (g) 158.7 ± 47.7 172.3 ± 37.6 152.2 ± 50.8 0.06
  LV myocardial mass (g/m2) 81.1 ± 21.2 89.3 ± 18.0 77.2 ± 21.7 0.01
  End-diastolic diameter (cm) 6.0 ± 0.8 6.3 ± 0.5 5.8 ± 0.8 0.004

Echocardiography
 Mitral regurgitation
  Severity grade (1–4) 1.6 ± 0.9 2.1 ± 1.0 1.3 ± 0.7 < 0.001
  Regurgitant fraction (%) 37.3 ± 14.7 42.2 ± 15.3 33.5 ± 13.2 0.02
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was associated with a trend towards larger global LV injury 
as evidenced by global MI size (13.2 ± 9.0 vs. 9.0 ± 10.3%, 
p = 0.06) with inferior MI occurring more commonly among 
those with RVDYS (5.6 ± 6.5 vs. 2.8 ± 4.5, p = 0.04). Simi-
larly, LV global ischemic burden was higher among patients 
with RVDYS (p = 0.03), corresponding to lower LVEF 
(31.8 ± 11.2 vs. 49.5 ± 13.1%, p < 0.001), greater MR (regur-
gitant fraction: 42.2 ± 15.3 vs. 33.5 ± 13.2%, p = 0.02), and 
higher RV afterload as quantified by echo-evidenced PA sys-
tolic pressure (43.6 ± 15.5 vs. 34.6 ± 13.8 mmHg, p = 0.01).

Regarding perfusion distribution, Table 2 also demon-
strates that increased global LV ischemia among patients 
with iMR was predominantly attributable to larger inferior 
perfusion defects (p = 0.03), with a similar albeit non-signif-
icant trend for lateral defects (p = 0.1). Among patients with 
RVDYS and inferior perfusion defects, two-thirds (68%) had 
admixed infarction in inferior segments. Regarding trans-
murality, most patients (80%, n = 12) with RVDYS and infe-
rior ischemia had substantial viable (< 50% wall thickness) 
myocardium within the LV inferior wall (mean infarct trans-
murality 25.1 ± 25.0%). Assessed on a segmental basis, the 

majority of affected segments were non-transmural: basal 
inferior (80%), mid inferior (80%) and apical inferior (87%), 
again supporting the concept that ischemic but viable LV 
inferior territories are linked to RVDYS. Figure 1 provides 
a representative example of inferior/inferoseptal perfusion 
defect in regions of predominantly viable myocardium.

Echo‑derived RV volumetric and functional 
parameters

Figure 2 displays 2D (top) and 3D (bottom) echo indices of 
RV volumetric remodeling in relation to CMR-quantified RV 
volume. As shown, echo-derived RV 3D volumes yielded 
higher magnitude of correlation (r = 0.79–0.82) than did RV 
linear width and length (r = 0.61–0.73).

Table  3 and Fig.  3 show corresponding 2D linear 
(TAPSE, S′) RV functional indices—together with 3D 
RVEF and GLS—in relation to presence and magnitude of 
CMR-quantified RVDYS. Whereas all echo parameters dif-
fered significantly between patients with and without RVDYS 
(p < 0.05), magnitude of difference was higher for GLS 
(12.3 ± 4.3 vs. 21.2 ± 3.5%, p < 0.001) and 3D echo RVEF 
(41.4 ± 8.4 vs. 57.4 ± 6.1%, p < 0.001) than for TAPSE 
(1.6 ± 0.4 vs. 1.9 ± 0.4 cm, p = 0.001) or RV-S′ (10.2 ± 3.2 
vs. 12.0 ± 2.7 cm/s, p = 0.009). By extension, 3D echo RVEF 
and GLS yielded similarly fold higher correlation coeffi-
cients with CMR RVEF (r = 0.87, 0.81 respectively) than 
did TAPSE and S′ (r = 0.29, 0.42 respectively). Regarding 
direct comparisons, RVEF calculated by 3D echo yielded 
near equivalent results to that of CMR (52.3 ± 10.1 vs. 
52.8 ± 12.0%, p = 0.37), despite small, albeit statistically 
significant, echo under-estimations of CMR-evidenced RV 
end-diastolic (151.2 ± 51.4 vs. 134.8 ± 41.4 mL, p < 0.001) 
and end-systolic (74.8 ± 42.4 vs. 66.1 ± 30.9 mL, p = 0.001) 
volumes.

Improved correlations for 3D echo and GLS in relation 
to CMR-derived RVEF were accompanied by higher diag-
nostic test performance for RVDYS: Fig. 4 provides super-
imposed ROC curves for each echo variable in relation to 

Table 1   (continued)

Overall
(n = 90)

RVdys
+a

(n = 29)
RVdys

−

(n = 61)
p

 Pulmonary arterial pressure (mmHg) 37.8 ± 15.0 43.5 ± 15.5 34.6 ± 13.8 0.01
 Pulmonary hypertensionb 51% (37) 69% (18) 40% (19) 0.02
 Advanced pulmonary hypertensionc 15% (11) 31% (8) 6% (3) 0.01

Bold value indicates p < 0.05
Data presented as mean ± standard deviation (data in parentheses refer to range for each respective variable)
a RV dysfunction defined as RVEF < 50%
b Pulmonary hypertension defined as PASP > 35 mmHg
c Advanced pulmonary hypertension defined as PASP > 50

Table 2   Tissue based markers of RV dysfunction

Bold value indicates p < 0.05
a Stress perfusion performed in 82% (n = 74) of patients

Overall
(n = 90)

RVdys +
(n = 29)

RVdys –
(n = 61)

p

Myocardial infarct size
 Global MI (%) 10.4 ± 10.0 13.2 ± 9.0 9.0 ± 10.3 0.06
 Anterior MI (%) 1.2 ± 2.1 1.2 ± 1.7 1.3 ± 2.3 0.98
 Lateral MI (%) 3.6 ± 5.2 4.1 ± 4.9 3.3 ± 5.4 0.47
 Inferior MI (%) 3.7 ± 5.3 5.6 ± 6.5 2.8 ± 4.5 0.04

Myocardial ischemia burdena

 Global ischemia 12.9 ± 9.1 16.5 ± 11.1 11.5 ± 7.9 0.03
 Anterior ischemia 2.2 ± 2.8 2.8 ± 2.8 2.0 ± 2.8 0.26
 Lateral ischemia 3.0 ± 3.3 4.0 ± 4.0 2.6 ± 2.9 0.10
 Inferior ischemia 5.8 ± 4.5 7.6 ± 4.6 5.1 ± 4.3 0.03
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the reference standard of CMR. As shown, 3D RVEF and 
2D GLS yielded near equivalently high overall performance 
(AUC 0.95, 0.94), which was greater than that of S′ (0.71) 
or TAPSE (0.75). Regarding individual performance param-
eters, data shown in Table 4 demonstrates that use of estab-
lished echo-based cutoffs yielded slightly higher accuracy 
for 3D and strain (84%, 82%) than for S′ and TAPSE (74%, 
79%), which was primarily attributable to improved sensitiv-
ity (83–90% vs. 59–69%).

RV strain in relation to volumetric remodeling 
and wall stress

Given its above demonstrated utility as a marker of RV 
performance, GLS was tested in relation to loading condi-
tions to determine physiologic determinants of impaired 
strain: Aggregate RV wall stress was over two-fold higher 
among patients with impaired GLS, reflecting increases in 
PA pressure and RV chamber volume as measured by 3D 

echo or CMR. As shown in Fig. 5, prevalence of impaired 
GLS increased in RV end-systolic volume among all PA 
systolic pressure strata, and was 1.4-1.9-fold more com-
mon among patients in the highest (vs. those in the lowest) 
common tertiles of increased PA systolic pressure and RV 
end-systolic volume (p < 0.001).

Table 5 reports multivariate analysis concerning RV 
wall stress components in relation to GLS. As shown, GLS 
was independently associated with RV volumetric dilation 
(OR − 0.90 [CI − 1.19 to − 0.61], p < 0.001), even after 
controlling for PA systolic pressure and RV myocardial 
mass. Substitution of echo-derived RV chamber volume 
and mass yielded similar results, demonstrating near 
identical magnitude of association between GLS and PA 
systolic pressure. Applied clinically, these results indicate 
that a 20 mL increment in RV volume would be expected 
to result in a 30% strain reduction among patients with 
iMR.

Fig. 1   Tissue characterization and functional assessment. Representa-
tive example of CMR-derived tissue characterization via stress perfu-
sion (top left) and late gadolinium enhancement (bottom left), as well 
as echo-derived RV functional assessments via 3D volumetric quan-
tification (top right) and GLS (bottom right) in a patient with RVDYS 

on cine-CMR (RVEF = 44%). Note inferior/inferoseptal ischemia on 
stress perfusion CMR (blue arrow) in region of predominantly viable 
myocardium on DE-CMR, paralleled by RVDYS via both 3D echo and 
GLS



689The International Journal of Cardiovascular Imaging (2019) 35:683–693	

1 3

Discussion

This study provides new insights concerning altered LV 
tissue properties as a causal substrate for RV contractile 
dysfunction, as well as data supporting use of emerging 
echo techniques for RV assessment. Key findings are as 
follows: (1) Among a broad cohort with iMR, RVDYS 
was common—occurring in nearly one-third (32%) of 
patients—and was associated with clinical indices of 
heart failure severity, including NYHA class, dyspnea, 

and diuretic use. (2) RVDYS varied in relation to regional 
LV tissue properties; inferior wall ischemia and infarction 
were greater in affected patients (both p < 0.05) whereas 
corresponding anterior ischemia and infarct burden were 
similar (p = NS): Over three-fourths (80%) of patients with 
RVDYS and inferior perfusion defects had substantial viable 
myocardium within inferior wall segments. (3) Volumet-
ric loading conditions impacted RV performance, as evi-
denced by higher aggregate wall stress among those with 
impaired strain (19.8 ± 10.8 vs. 9.3 ± 3.3 kPa, p < 0.001) 

Fig. 2   Echo linear dimensions in relation to CMR RV volume. Cor-
relations between echo-derived linear dimensions (top, blue) and 
volumetric indices (bottom, green) in relation to CMR-derived RV 

volumes. Whereas all echo indices significantly correlated with RV 
volume on CMR (p < 0.001), slightly higher correlations were yielded 
by volumetric compared to linear indices

Table 3   CMR-evidenced RV 
dysfunction in relation to 2D, 
strain and 3D-based echo 
indices

Bold value indicates p < 0.05

Overall
(n = 90)

RVdys
+

(n = 29)
RVdys

−

(n = 61)
p r p

TAPSE (cm) 1.8 ± 0.4 1.6 ± 0.4 1.9 ± 0.4 0.001 0.416 < 0.001
S′ (cm/s) 11.4 ± 3.0 10.2 ± 3.2 12.0 ± 2.7 0.009 0.287 0.006
RV GLS (%) 18.3 ± 5.6 12.3 ± 4.3 21.2 ± 3.5 < 0.001 0.805 < 0.001
3D RVEF (%) 52.3 ± 10.1 41.4 ± 8.4 57.4 ± 6.1 < 0.001 0.872 < 0.001
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as well as decrements in strain paralleling increments RV 
chamber volume and PA systolic pressure (p < 0.001).

This is the first study to our knowledge that supports a 
direct association between LV ischemia pattern and RV 
function. Our data is consistent with established physiologic 
concepts regarding common right and left ventricular coro-
nary blood supply, such that LV perfusion deficits would 
be expected to reflect impaired oxygenation in neighbor-
ing RV territories resulting in RVDYS. Consistent with this, 
animal studies have shown that acute reduction of coronary 
flow to the interventricular septum impairs LV and RV con-
tractile function [22]. Acute inferior MI is a known causal 
substrate for reductions in RV function [23], although infarct 
transmurality has not previously been tested. Our data are 
also supported by prior research using stress testing, which 
suggested links between abnormal LV perfusion on SPECT 
radionuclide imaging and RVDYS [2]. Among patients with 
known or suspected CAD undergoing SPECT and echo, our 
prior work showed RVDYS (defined via TAPSE and S′) to be 
associated with inducible and fixed inferior/lateral LV perfu-
sion defects [2]. However, this retrospective cohort utilized 
SPECT (known to yield lower spatial resolution than CMR) 
and did not include viability imaging, yielding uncertainty 
as to whether inducible perfusion defects partially reflected 
LV dilation associated artifacts, as well as to whether links 

Fig. 3   Echo Functional indices in relation to CMR-evidenced RV 
dysfunction. Echo-quantified RV functional indices (mean ± standard 
deviation) stratified by CMR-quantified RVDYS (RVEF < 50%) (left) 

as well as corresponding correlations of echo indices vs. CMR RVEF 
(right). Data shown for TAPSE (a), S′ (b), GLS (c), and 3D echo (d)

Fig. 4   Diagnostic performance of echo functional indices for CMR-
evidenced RV dysfunction. Receiver operating characteristics curves 
for conventional linear (TAPSE, S′) and novel (GLS, 3D) echo indi-
ces in relation to RVEF < 50% as established by the reference stand-
ard of CMR. Note that both GLS and 3D volumetric echo indices 
yielded higher but near equivalent overall diagnostic performance (as 
assessed via area under curve) compared to linear indices
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between RVDYS and fixed LV perfusion deficits were due to 
infarction or profound ischemia. Moreover, use of binary 
criteria for RVDYS (via TAPSE, S′) as was employed in our 
prior research enables limited insight into RV performance, 
providing a rationale for volumetric RV assessment (via 
CMR) as was performed in the current study.

Regarding RV contractility, our study also entailed com-
parison of 2D and 3D echo in relation to CMR, so as to 
test magnitude to which different echo indices reflect RVDYS 
in context of CAD. Our data show that both 2D and 3D 
indices performed relatively well for binary assessment of 
RVDYS (RVEF < 50% via CMR), and that additive value of 
GLS and 3D echo RVEF was primarily related to stratifi-
cation of magnitude of RV impairment. Limited data exist 
that directly compare conventional echo methods against 
3D and strain techniques for the RV [24, 25]. Regarding 
direct comparisons, we note that prior studies have gener-
ally reported lower correlations between CMR and echo 
strain/3D imaging vs. linear parameters. However, these 
data have been limited by heterogeneity in patient popula-
tion, variable inclusion of both 3D and strain, and substan-
tial time intervals between diagnostic imaging modalities. 
For example, Lu et al. reported that TAPSE and S′ yielded 
twofold lower correlation with CMR than did 3D echo in a 

Table 4   Diagnostic 
performance of echo parameters 
for RV dysfunction

Cutoff Sensitivity 
(%)

Specificity 
(%)

Accuracy (%) PPV (%) NPV (%)

TAPSE 1.6 cm 69 84 79 67 85
S′ 10 cm/s 59 82 74 61 81
GLS 20% 90 79 82 67 94
3D RVEF 50% 83 85 84 73 91

Fig. 5   RV global longitudinal strain in relation to wall stress deter-
minants. Impaired RV GLS (y-axis) among groups partitioned by 
population-based tertiles of RV end-systolic volume (x-axis) and PA 
systolic pressure (z-axis). As shown, impaired GLS was primarily 
driven by increases in RV end-systolic volume across all three strata 
of PA systolic pressure

Table 5   Multivariate regression for RV GLS

Bold value indicates p < 0.05
a Per increments of 10 (mL, mg, mmHg respectively)

Variable Univariate regression Multivariate regression
Correlation coefficient = 0.51, p < 0.001

Odds ratio
(95% confidence interval)

p Odds ratio
(95% confidence interval)

p

PA systolic pressurea − 1.55 (− 2.37 to − 0.72) < 0.001 − 0.45 (− 1.23 to 0.34) 0.26
RV end-systolic volumea − 0.85 (− 1.07 to − 0.64) < 0.001 − 0.90 (− 1.19 to − 0.61) < 0.001
RV myocardial massa − 1.90 (− 2.97 to − 0.82) 0.001 0.72 (− 0.49 to 1.92) 0.24

Variable Univariate regression Multivariate regression
Correlation coefficient = 0.49, p = 0.005

Odds ratio
(95% confidence interval)

p Odds ratio
(95% confidence interval)

p

PA systolic pressurea − 1.30 (− 2.14 to − 0.47) 0.003 − 1.03 (− 2.04 to − 0.02) 0.045
3D RV end-systolic volumea − 0.60 (− 0.87 to − 0.34) < 0.001 − 0.43 (− 0.84 to − 0.02) 0.04
RV wall thickness − 2.29 (− 26.70 to 22.13) 0.39 12.66 (− 12.03 to 37.34) 0.31



692	 The International Journal of Cardiovascular Imaging (2019) 35:683–693

1 3

retrospective cohort of patients undergoing clinical imaging 
for a wide array of indications, prohibiting assessment of 
condition-specific determinants of RV performance [24]. In 
another retrospective cohort, Ishizu et al. compared CMR 
to echo strain/3D, but included patients with a wide range 
of conditions in whom imaging modalities were acquired 
up to 1 month apart, potentially explaining markedly lower 
correlations for TAPSE and S′ (r = 0.02–0.06, both p = NS) 
than were observed in our current study (r = 0.29-42, both 
p < 0.001) [26]. Regarding iMR, our group has shown mul-
tiplanar linear strain (acquired in different orientations) to 
perform equivalently to one another, and superior to linear 
indices (TAPSE, S′) for identification of RVDYS [9]. How-
ever, lack of 3D echo prohibited volumetric echo assess-
ment of RV performance as was entailed in this study. Our 
current finding—demonstrating near equivalence of GLS to 
volumetric indices (3D echo, CMR)—supports the general 
concept that iMR-associated RVDYS is strongly influenced 
by regional RV impairments, reflected on carefully acquired 
2D echo.

Given the utility of strain as a surrogate marker of RV 
function, our study also addressed physiologic determinants 
of strain impairment so as to better elucidate preload and 
afterload based mechanisms of RVDYS in patients with iMR. 
Our findings demonstrate that similar to traditional RV func-
tional indices, strain is a load-dependent measure of RV per-
formance that relates to RV wall stress. Among wall stress 
components, RV volume, PA systolic pressure, and RV mass 
were associated with impaired strain in univariate analysis; 
multivariate modeling showed an independent association 
between strain and RV volume. The notion that strain is 
impacted by volume loading rather than solely pressure com-
ponents is generally consistent with prior studies that have 
demonstrated MR-associated RVDYS to be primarily associ-
ated with adverse LV remodeling and, to a lesser extent, PA 
pressure. For example, among patients with primary MR 
undergoing echo and radionuclide angiography, RV ejec-
tion fraction was weakly linked to PASP (r = 0.24) and most 
strongly associated with LV septal function (r = 0.49) with 
multivariable modeling demonstrating strongest associa-
tion with LV septal function (β = 0.42, p < 0.001), followed 
by LV end-diastolic diameter index (β = − 0.22, p = 0.002), 
then PASP (β = − 0.14, p = 0.047) [27]. These findings sup-
port the concept that volume overload associated with MR 
strongly influences RV function and that afterload only par-
tially accounts for RV functional impairment in iMR.

Several limitations should be acknowledged. First, it is 
important to recognize that our cohort was comprised of 
iMR patients, and that findings regarding physiologic mark-
ers of RVDYS (e.g. inferior ischemia) would not be expected 
to apply to patients with MR of differing etiologies. Simi-
larly, data regarding a primary association between impaired 
strain and increased RV size would likely differ in other 

cohorts such as patients with primary pulmonary hyperten-
sion (PH), in whom afterload (rather than RV remodeling) 
would be expected to strongly impact strain. On the other 
hand, given that both RV dilation (due to LV dilation and/or 
ischemia) and increased afterload are both potentially modi-
fiable via therapeutic intervention, the notion that strain can 
be impacted by potentially reversible phenomena is of broad 
importance.

In conclusion, our findings demonstrating RVDYS to be 
strongly linked to ischemic but viable LV inferior myocar-
dium and adverse volumetric loading conditions support the 
concept that RVDYS in iMR is due to potentially reversible 
pathophysiologic mechanisms. Future studies are warranted 
to determine whether targeted interventions such as CMR-
guided coronary interventions for ischemia reduction can 
be used to decrease RV chamber dilation, augment RV per-
formance, and improve prognosis for patients with RVDYS.
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