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Abstract

Objectives: To test whether contractile mechanics in ischemic myocardium underlying the mitral 

valve impact likelihood of functional mitral regurgitation (FMR).
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Background: LV ischemia has been variably associated with FMR; Determinants of FMR in 

patients with ischemia are poorly understood.

Methods: Vasodilator stress perfusion CMR was performed in multicenter CAD patients. FMR 

severity was confirmed quantitatively via core lab analysis. To test relationship of contractile 

mechanics with ischemic FMR, regional wall motion and strain were assessed in patients with 

inducible ischemia and minimal (≤5% LV myocardium, non-transmural) infarction.

Results: 2,647 CAD patients were studied; 34% had FMR (7% ≥moderate). FMR severity 

increased with presence (p<0.001) and extent (p=0.01) of sub-papillary ischemia: ≥Moderate 

FMR patients had more sub-papillary ischemia (OR=1.13 per 10% LV [1.05–1.21], p=0.001) 

independent of ischemia in remote regions (p=NS): ≥Moderate FMR prevalence increased 

stepwise with extent of ischemia and infarction in sub-papillary myocardium (p<0.001); stronger 

associations between FMR and infarction paralleled greater wall motion scores in infarct-affected 

territories. Among patients with inducible ischemia and minimal infarction (n=532), wall motion 

and radial strain analysis showed impaired sub-papillary contractile mechanics to associate with 

≥moderate FMR (p<0.05) independent of remote regions (p=NS). Conversely, sub-papillary 

ischemia without contractile dysfunction did not augment FMR likelihood. Mitral and inter-

papillary dimensions increased with sub-papillary radial strain impairment; each remodeling 

parameter associated with impaired sub-papillary strain (p<0.05) independent of remote strain 

(p=NS). Sub-papillary radial strain (OR=1.13 per 5% [CI=1.02–1.25], p=0.02) and mitral tenting 

area (OR=1.05 per 10mm2 [CI=1.00–1.10], p=0.04) associated with ≥moderate FMR controlling 

for global remodeling represented by LV end-systolic volume (p=NS): When substituting 

sphericity for LV volume, ≥moderate FMR remained independently associated with sub-papillary 

radial strain impairment (OR=1.22 per 5% [1.02–1.47], p=0.03).

Conclusions: Among CAD patients with ischemia, FMR severity and adverse mitral apparatus 

remodeling increase in proportion to contractile dysfunction underlying the mitral valve.

Keywords

mitral regurgitation; cardiovascular magnetic resonance; ischemia

Introduction

Functional mitral regurgitation (FMR) commonly occurs in patients with coronary artery 

disease (CAD), affecting up to 3 million patients in the United States.(1) Whereas 

recent studies by our group and others have shown FMR to be associated with ischemic 

myocardium underlying the mitral valve,(2,3) these data also demonstrate that many CAD 

patients with ischemia in predisposing regions have minimal or no FMR. Experimental 

animal studies have similarly reported ischemia to be variably associated with FMR: Some 

have shown coronary occlusion to acutely produce FMR,(4,5) but others have not.(6) 

Knowledge gaps concerning links between ischemia and FMR are clinically relevant, given 

current limits in the ability to identify patients in whom FMR is most likely to improve 

after revascularization.(7) For example, studies testing impact of revascularization on FMR 

have yielded mixed results, with moderate or greater FMR persisting in nearly a third of 

CAD patients following coronary artery bypass surgery. Left untreated, FMR provides a 
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nidus for heart failure, arrhythmia, and death.(8) In this context, further research is critical to 

elucidate mechanisms by which ischemia contributes to FMR, so as to better identify which 

CAD patients are at greatest risk for FMR and inform use of tailored therapies to address 

underlying causality.

Vasodilator stress perfusion cardiac magnetic resonance (CMR) provides a unique tool to 

differentiate ischemia from infarction, together with functional (cine) imaging with which 

to assess baseline contractile performance in regions with and without inducible ischemia. 

Advances in post-processing technology allow new insights into impact of ischemia on left 

ventricular (LV) function: Myocardial strain quantified via cine-CMR feature tracking has 

been shown capable of discerning subtle changes in contractile mechanics,(9) and to date 

has yet to be tested as a marker for FMR in patients with ischemia.

This study encompassed a multicenter cohort of CAD patients from the Society for 

Cardiovascular Magnetic Resonance (SCMR) registry undergoing vasodilator stress CMR. 

To systematically test myocardial contractile mechanics as a link between ischemia and 

FMR, regional wall motion pattern was assessed in the overall cohort and myocardial 

strain was quantified in sub-papillary and remote regions among patients with ischemia 

but minimal infarction. The goal was to test the hypothesis that contractile dysfunction 

in ischemic myocardium underlying the mitral valve associates with FMR independent of 

remote contractile function and global LV remodeling.

Methods

Study Population

The population comprised adults (≥18 years old) with clinically established CAD 

undergoing stress perfusion CMR at seven U.S. medical centers between May 2005 and 

October 2018. Patients with primary mitral pathologies (prolapse, rheumatic valve, leaflet 

perforation), mitral repair/replacement, or CMR-verified conditions (infiltrative/hypertrophic 

cardiomyopathy, congenital heart disease) that could confound impact of ischemia on LV 

remodeling were excluded. For patients with multiple exams, the initial CMR was used 

for analysis. No exams were excluded based on image quality/factors unrelated to study 

eligibility criteria. Data on atrial fibrillation and laboratory indices including renal function 

(e.g. glomerular filtration rate) were unavailable. This research was conducted using the 

SCMR Registry, for which details have previously been reported.(2,10) Institutional review 

board approval for use of data in this study was obtained at each participatory site.

De-identified CMR images were queried from the registry database and reviewed by 

a central core lab (Cornell) to exclude degenerative pathology and identify ≥moderate 

FMR using an established algorithm:(2) In brief, ≥moderate FMR was first identified 

based on established semi-quantitative criteria (jet >1/3 left atrial [LA] area in ≥2 long 

axis orientations),(11) and confirmed quantitatively (regurgitant volume ≥30ml, regurgitant 

fraction ≥30%, or anatomic regurgitant orifice area ≥0.2cm2).(2,12,13) Regurgitant volume 

and fraction were measured via differential aortic forward/LV stroke volume when aortic 

phase contrast imaging was available, or via differential right ventricular/LV stroke volume 

when ≥moderate tricuspid or aortic regurgitation were absent: Prior research has validated 
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this multiparametric approach(2). In the current study, ≥moderate FMR was confirmed 

via differential aortic forward flow (phase contrast) to LV stroke volume in 30% (n=58), 

differential LV/RV stroke volume (cine-CMR) in 52% (n=102), and/or anatomic regurgitant 

orifice area in 18% (n=35) of cases.

Image Acquisition

Cine-CMR was acquired under baseline (non-stress) conditions using a steady-state free 

precession pulse sequence acquired in contiguous LV short, and (2-, 3-, 4-chamber) long 

axis orientations. Stress perfusion CMR utilized adenosine or regadenoson vasodilators 

concordant with established methods.(10,14) First-pass perfusion was assessed during 

gadolinium infusion (~4–5 short-axis images per heartbeat): Imaging was repeated 10-

minutes thereafter or a second gadolinium dose was administered without imaging 

(total 0.13–0.20 mmol/kg). Late gadolinium enhancement (LGE)-CMR was acquired in 

orientations matched to cine-CMR. Phase contrast CMR was used to assess valvular flow at 

discretion of participatory sites.

Image Analysis

LV Geometry and Tissue Characterization—LV function and size were quantified 

volumetrically on cine-CMR; regional function was graded using a segmental scoring 

system (0=normal; 1=mild/moderate hypokinesia; 2=severe hypokinesia; 3=akinesia; 

4=dyskinesia).(15) LV chamber wall ischemia was scored on perfusion CMR in a binary 

manner (present/absent) on a per-segment basis, as was papillary muscle ischemia (assessed 

using an established approach for which reproducibility has been reported).(2) Concordant 

with standard criteria,(2,10,14) perfusion defects were considered indicative of ischemia in 

absence of, or if larger than, LGE. Myocardial infarction was assessed on LGE-CMR using 

validated methods,(10,16,17) including segmental transmurality (0=no hyperenhancement; 

1=1–25%; 2=26–50%; 3=51–75%; 4=76–100%) and global infarct size (% LV).

LV ischemia and infarction were analyzed in relation to geometric proximity to the mitral 

valve: An established algorithm(2,18) was used to partition segments into sub-papillary 

(basal-mid inferior/inferolateral | basal-mid anterior/anterolateral) and remote non-papillary 

(septum or distal LV) territories.

Mitral Apparatus Remodeling and Strain—To mitigate the confounding impact of 

concomitant infarction on the relationship between ischemia and FMR, tailored analyses 

were performed in all patients with inducible ischemia and minimal infarct size (≤5% LV 

myocardium, no transmural involvement). To assure minimal infarct size, global infarct size 

(initially assessed using the above scoring algorithm) was measured quantitatively; regions 

of visually scored hyperenhancement were measured via the full-width half maximum 

method as has been shown to yield good reproducibility in prior research by our group.(19) 

Myocardial strain was quantified in all such patients using a feature tracking algorithm(20) 

adapted for purposes of registry software integration. Seed points were placed around LV 

endocardial and epicardial borders and tracked throughout the cardiac cycle; automated 

outputs were manually adjusted to optimize border tracking.(21) Radial and circumferential 

strain analyses were performed using short axis cine-CMR datasets equidistant (base, mid, 
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distal) throughout the LV; strain rate was obtained by indexing strain values to time to peak 

strain from end-diastole. To test reproducibility of strain and conventional wall motion 

scores, blinded repeat analyses were performed in a subgroup of 30 random patients. 

Within the overall population of patients with ischemia and minimal (≤5% LV) infarction, a 

nested case:control cohort of patients with and without ≥moderate FMR was matched (1:2) 

on ischemia extent and distribution, so as to further test ischemic myocardial contractile 

mechanics in FMR. Additional analyses in this matched cohort included quantification 

of longitudinal strain and mitral apparatus geometry. Longitudinal strain analyses were 

performed on long axis (2-, 3-, 4-chamber) datasets using methods detailed above. Mitral 

annular diameter, tenting height, and area were quantified at LV end-diastole in long-axis 

(3-chamber); inter-papillary diameters were measured in mid LV short axis concordant with 

established methods.(2)

Statistical Analysis

Continuous variables are summarized as means ± standard deviations when normally 

distributed, and otherwise as medians [interquartile range]. Categorical variables are 

summarized as frequencies and percents. Normally distributed continuous indices were 

compared via Student’s t-tests (two group comparisons) or analysis of variances with 

linear test of trends (multiple group comparisons); non-normally distributed indices were 

compared via the Mann-Whitney U test. Categorical variables were compared using Chi-

square tests. Logistic regression was used to test associations between imaging parameters 

and FMR in the overall population; conditional logistic regression was used to evaluate 

univariable and multivariable associations in the matched nested case-control cohort. Linear 

regression was used to evaluate associations between contractile dysfunction and mitral 

apparatus remodeling. Multivariable models presented in text or tabular format specify all 

variables included in the model. Inter- and intra-observer agreement was assessed using 

Bland-Altman methods (including mean difference and limits of agreement) as well as 

intra-class correlation coefficients. A 2-sided p<0.05 was considered statistically significant. 

Statistical calculations were performed using SPSS version 25.0 (SPSS, Chicago IL).

Results

Population Characteristics

2,647 patients with clinically reported CAD undergoing stress perfusion CMR were studied, 

among whom FMR was present in 34% (899) - including 7% (195) with ≥moderate 

FMR (mean regurgitant fraction 39.5±10.0%, regurgitant volume 38.8±10.9ml, anatomic 

regurgitant orifice area 0.35±0.21cm2 [as quantified by each respective criterion]). Table 1 

reports on population characteristics, including comparisons based on presence and severity 

of FMR. As shown, patients with FMR were older, more likely to report dyspnea, and to be 

treated with heart failure medications (aldosterone antagonists or loop diuretics) at time of 

CMR (all p≤0.001).

LV Ischemia Pattern and FMR

Myocardial tissue properties in LV myocardium subtending the mitral valve, as well as 

in remote regions, are also detailed in Table 1: As shown, prevalence and extent of 
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ischemia and infarction in both sub-papillary and remote (non-papillary muscle adjacent) 

myocardium increased in proportion to presence and magnitude of FMR (p<0.05), paralleled 

by decrements in LVEF (p<0.001). LV basal aneurysms were of similarly low prevalence 

among patients with (1.0%), and those without, ≥moderate FMR (0.8%; p=0.67).

Figure 1 provides analyses further testing associations of FMR with regional ischemia and 

infarction. As shown in Figure 1A, sub-papillary ischemia (OR 1.13 per 10% LV [1.05–

1.21], p=0.001) was associated with ≥moderate FMR controlling for ischemia extent in 

remote regions (p=NS), as was sub-papillary infarction (OR 1.40 per 10% LV [1.26–1.56], 

p<0.001). Figure 1B demonstrates that sub-papillary infarct size and ischemia extent were 

synergistically associated with ≥moderate FMR, as evidenced by increased prevalence of 

≥moderate MR in patients in whom both tissue abnormalities were most extensive. Data 

shown in Figure 1B also illustrates that for each partition, ≥moderate FMR was more 

common among patients with sub-papillary infarction than patients with corresponding 

extent of sub-papillary ischemia. Consistent with this, whereas multivariable regression 

showed both to be independently associated with ≥moderate FMR (both p<0.001), stronger 

associations were evident for sub-papillary infarction (OR 1.44 per 10% LV [1.30–1.59]) 

than ischemia (OR 1.13 per 10% LV [1.07–1.20]).

FMR in Relation to Sub-Papillary Contractile Function

Wall motion in the overall population was first analyzed to explore if associations between 

FMR and ischemic myocardium varied in relation to systolic dysfunction, and if dysfunction 

similarly modified associations between FMR and sub-papillary infarction. Among patients 

with ≥moderate FMR, sub-papillary wall motion score was higher than non-papillary wall 

motion score (10.4±6.7 vs. 7.7±5.5, p<0.001). As shown in Figure 1C, among segments 

with sub-papillary ischemia, wall motion scores increased stepwise among patient groups 

partitioned by FMR grade: Similar stepwise increases in wall motion scores were evident 

when segments with sub-papillary infarction were compared between patients with and 

without FMR (both p<0.001). Paralleling above regression analyses showing FMR to be 

more strongly associated with sub-papillary infarction than ischemia, analyses shown in 

Figure 1C demonstrate that for all FMR strata, wall motion scores were higher in segments 

with infarction compared to those with ischemia (p<0.001).

Regression analyses provided further evidence that contractile function modified 

associations between sub-papillary ischemia and FMR: Patients with dysfunctional and 

ischemic sub-papillary myocardium were more likely to manifest ≥moderate FMR (OR 

1.30 per 10% LV [1.22–1.38], p<0.001). Conversely, patients with inducible sub-papillary 

ischemia but preserved contractile function on cine-CMR (wall motion score = 0) were 

less likely to have ≥moderate FMR (OR 0.27 [0.13–0.59], p<0.001), as were patients 

with preserved sub-papillary contractile function and no ischemia (OR 0.18 [0.11–0.29], 

p<0.001). Similar associations were evident with respect to contractile function and 

infarction: Dysfunctional and infarcted sub-papillary myocardium was associated with 

≥moderate FMR (OR 1.26 per 10% LV [1.20–1.32], p<0.001), whereas patients with 

infarction in sub-papillary regions but preserved contractile function on cine-CMR were 

less likely to have ≥moderate FMR (OR 0.43 [0.21–0.88], p=0.02), as were patients 
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with preserved sub-papillary contractile function and no infarction (OR 0.15 [0.09–0.25], 

p<0.001).

Ischemic Myocardial Contractile Pattern and FMR

To explore links between contractile function and FMR in patients with ischemia while 

limiting the confounding impact of infarction, regional wall motion and radial strain were 

analyzed in all (n=532) patients with inducible ischemia on stress CMR in whom infarction 

was minimal (≤5% myocardium, non-transmural). Supplemental Figure 1 illustrates 

reproducibility of strain analyses. As shown, CMR derived radial strain analyses yielded 

similarly good reproducibility to circumferential strain, as evidenced by inter-reader data 

yielding near-equivalent intra-class correlations (e.g. global radial strain: 0.94 [0.89–0.97] | 

global circumferential strain: 0.92 [0.84–0.96], and mean differences (global radial strain 

Δ −0.4% [LOA −16.8%, 16.1%], global circumferential strain Δ 0.5% [LOA −7.4%, 

8.4%]), paralleling intra-reader reproducibility (radial ICC 0.89 [0.80–0.95] / Δ −3.7% 

[LOA −26.2%, 18.8%] circumferential ICC 0.93 [0.85–0.97] / Δ 1.2% [LOA −6.3%, 8.7%]). 

Regarding wall motion scores, intra-class correlations were similar for inter-reader (0.88 

[0.76–0.94]) and intra-reader (0.93 [0.85–0.96]) assessments. Table 2A details global and 

regional wall motion scores stratified by FMR grade. As shown, global and regional 

contractile dysfunction (assessed by wall motion and strain) increased stepwise with severity 

of FMR (p<0.001). Multivariable analyses shown in Tables 2B and 2C demonstrate that 

sub-papillary wall motion score and radial strain respectively were associated with both 

≥moderate and mild FMR (p<0.05) independent of wall motion scores or radial strain in 

remote regions. Notably, associations between sub-papillary radial strain and ≥moderate 

FMR were consistent irrespective of method used to confirm ≥moderate FMR, as evidenced 

by similar odds ratios among patients in whom ≥moderate FMR was confirmed based on 

phase contrast/cine-CMR differential LV stroke volume (OR 1.29 per 5% strain decrement 

[1.14–1.47] p<0.001), cine-CMR derived differential LV/RV stroke volume (OR 1.28 per 

5% strain decrement [1.13–1.42] p<0.001), and cine-CMR derived anatomic regurgitant 

orifice area (OR 1.25 per 5% strain decrement [1.01–1.54] p=0.04).

Myocardial strain analyses were further compared among patients with and without 

≥moderate FMR matched (1:2) on ischemia and infarct extent and distribution (n=111): 

Concordant with matching, FMR patients and controls had equivalent ischemia extent (34.0 

± 22.1% vs. 33.8 ± 21.5% LV, p=0.92), and equivalently small infarcts (1.76 ± 1.90 vs. 

1.61 ± 1.72 % LV, p=0.68). Despite matching on ischemia extent and distribution, papillary 

muscle ischemia was seen more frequently in patients with ≥moderate FMR (78% vs 

50%, p<0.01), whereas papillary muscle infarction (in absence of ischemia) was equivalent 

between groups (5.4% vs. 1.4%, p=0.26). Figure 2 provides a representative example 

of strain analyses in ischemia-matched patients with and without ≥moderate FMR: As 

shown, despite similar ischemia distribution, greater sub-papillary radial strain impairment 

was evident with ≥moderate FMR. These patterns paralleled analyses shown in Table 

3A; greatest relative difference in sub-papillary deformation between patients with and 

without ≥moderate FMR was discerned via radial strain: Consistent with this, multivariable 

analysis shown in Table 3B demonstrates that sub-papillary radial strain impairment was 

associated with FMR (p<0.05) independent of contractile function in remote regions 

Kochav et al. Page 7

JACC Cardiovasc Imaging. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(p=NS) – a similar trend was evident for circumferential strain (p=0.06). Figure 3 reports 

prevalence of ≥moderate FMR across quartiles of radial and circumferential strain indices, 

demonstrating prevalence of FMR to increase stepwise in parallel with increasing severity 

of sub-papillary contractile dysfunction. Additionally, the above noted association between 

papillary ischemia and ≥moderate FMR was attenuated (OR 3.54 [CI 0.96–12.96] p=0.06) 

when controlling for sub-papillary strain impairment (OR 1.25 per 5% decrement in radial 

strain [CI 1.10–1.43] p<0.001).

Mitral apparatus geometric analyses also supported a link between sub-papillary contractile 

dysfunction and adverse remodeling associated with FMR. As shown in Table 4A, annular 

diameter and tenting increased stepwise in relation to strata of impaired radial strain in both 

sub-papillary myocardium and remote LV regions (all p<0.05), paralleled by decreased 

papillary muscle fractional shortening (p<0.001). However, paralleling analyses testing 

radial strain in relation to FMR itself, Table 4B reports multivariable analyses showing sub-

papillary radial strain to be independently associated with each mitral remodeling parameter 

(p<0.05) when controlling for strain in remote LV regions (p=NS). Further analyses tested 

whether impaired sub-papillary strain was associated with FMR independent of regional 

and global LV geometry: As shown in Table 5a, sub-papillary radial strain (OR 1.13 per 

5% decrement [1.02–1.25] p=0.02) and mitral tenting area (OR 1.05 per 10mm2 increment 

[CI 1.00–1.10] p=0.04) were each significantly associated with ≥moderate FMR controlling 

for LV end-systolic volume (p=NS). When substituting LV sphericity for LV end-systolic 

volume (Table 5b), ≥moderate FMR remained associated with sub-papillary radial strain 

impairment (OR=1.22 per 5% decrement [1.02–1.47], p=0.03) even after controlling for 

regional and global geometry as represented by mitral tenting area and LV sphericity (both 

p<0.05).

Discussion

This study provides new insights regarding ischemic myocardial contractile mechanics in 

FMR. Key findings are as follows: First, presence and severity of FMR paralleled extent 

of stress CMR evidenced ischemia in regions underlying the mitral valve: ≥Moderate 

FMR associated with sub-papillary ischemia (p=0.001) when controlling for ischemia in 

remote regions, paralleling similar associations for sub-papillary and remote infarction: 

Second, whereas prevalence of ≥moderate FMR was independently associated with both 

sub-papillary ischemia and infarction (p=0.001), stronger associations were evident between 

infarction and FMR - paralleled by increased dysfunction in infarcted segments (p<0.05). 

Third, wall motion and quantitative strain analyses among patients with minimal LV 

infarction (≤5% LV myocardium, no transmural involvement), showed that whereas patients 

with ≥moderate FMR had greater wall motion scores and strain impairments in sub-papillary 

and remote regions – sub-papillary contractile dysfunction remained associated with FMR 

(p<0.05) when controlling for remote regions (p=NS). Paralleling associations between sub-

papillary strain and FMR itself, mitral adverse remodeling indices were similarly associated 

with impaired sub-papillary strain (p<0.001); multivariable analysis demonstrated impaired 

sub-papillary radial strain and mitral tenting area were each associated with ≥moderate FMR 

(p<0.05) controlling for global LV remodeling as represented by LV end-systolic volume or 

LV sphericity. Taken together, findings support the concept that among CAD patients with 
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ischemia, FMR severity and adverse mitral apparatus remodeling increase in proportion to 

contractile dysfunction underlying the mitral valve.

Regarding mechanism, our findings are consistent with the notion that FMR stems from 

alterations in sub-valvular myocardium (22) as can be produced by both acute injury and 

chronic LV ischemia – each of which impairs contractility, alters geometry, and augments 

mitral valve tethering forces (23,24), resulting in a deleterious cycle that ultimately 

impedes mitral valve coaptation. Notably, our observed associations between ischemia and 

FMR paralleled those of infarction – which, in the absence of contractile dysfunction, 

demonstrated similar lack of association with FMR. These data support the notion that for 

both ischemia and infarction, contractile dysfunction provides a common link by which 

altered myocardial tissue substrate provides a nidus for FMR.

Applied clinically, our results support a role for assessment of both myocardial tissue 

substrate (to delineate ischemia from [non-viable] infarction) and contractile function (by 

methods such as strain quantification) in patients with CAD and FMR, so as to identify 

regions of ischemia with dysfunction in which targeted revascularization would be most 

likely to reduce FMR. Whereas our study did not include data regarding coronary anatomy 

(which cannot be definitively established based on perfusion pattern) or test FMR response 

to therapeutic interventions, it should be noted that prior studies have reported that patients 

in whom FMR improves after coronary revascularization manifest improved contractile 

function in mitral valve adjacent regions.(7) It is also known that myocardial perfusion 

deficits are reversible with restoration of blood flow to ischemic regions, and that improved 

perfusion parallels increased contractile function. Given that both ischemia and infarction 

have been associated with poor prognosis in FMR(2,8) and that ischemia is potentially 

reversible, our data support a construct by which stress CMR (inclusive of functional, 

as well as ischemia and infarction based tissue characterization) can be used to identify 

patient-specific mechanisms for FMR and guide therapeutic interventions most likely to 

address underlying causality for mitral valve incompetence.

It is important to recognize that while some studies have reported associations between 

ischemia and FMR to parallel localized dysfunction and adverse remodeling in sub-papillary 

myocardium(4,5) results on this issue have been mixed(6,7) – resulting in a clinical 

knowledge gap and rationale for the current study. To address this, we analyzed multicenter 

stress CMR data to test ischemia and contractile pattern in relation to FMR: While this 

aspect of our study enabled findings broadly generalizable to real world clinical practice, 

variability in acquisition parameters (e.g. pulse sequences, contrast infusion rate) prohibited 

quantitative perfusion assessment - highlighting the need for future studies (using modalities 

such as CMR or PET) to test incremental utility of quantitative rest and stress perfusion 

evidenced ischemia severity as a determinant of FMR.

Several limitations should be noted. First, this study focused on links between ischemia-

associated contractile dysfunction and FMR, but did not test FMR response to a standardized 

intervention, serial imaging (for change in FMR, ischemia, and/or function), modifiers 

such as atrial fibrillation, renal insufficiency, or clinical outcomes. However, regarding the 

latter, prior studies have shown CMR-evidenced ischemia to augment mortality among 
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patients with and without FMR(2,10). Another limitation relates to selection bias, given that 

patients clinically referred for stress CMR (as are encompassed in the SCMR registry from 

which study data are derived) would be expected to differ from unselected CAD cohorts 

including patients with acute coronary syndromes (ACS). As FMR can be dynamic in 

ACS (e.g. improve with contractile recovery), our findings are most relevant to patients 

with known or suspected chronic CAD being considered for stress testing or elective 

revascularization. Regarding imaging, our CMR protocol used conventional LGE pulse 

sequences which are validated,(10,19) but can be limited for papillary muscle imaging. Also, 

contractile dysfunction was assessed during baseline conditions rather than during stress 

and rest – which could have been useful to assess whether ischemia mediated changes 

in LV function parallel changes in FMR: While it is possible that patients with ischemia 

can develop contractile dysfunction and FMR during dynamic provocation, an array of 

prior studies – including studies testing outcomes and therapeutic response in FMR(2,8,25) 

– have assessed MR under baseline conditions, consistent with our approach. Regarding 

strain, it should be noted that whereas sub-papillary strain differed between patients with 

and without FMR, within group variance was substantial, suggesting that current strain 

approaches may be useful for population risk stratification but suboptimal for individual 

patient decision-making. It should also be noted that strain and wall motion can be impacted 

by loading conditions, and that unrecognized differences in preload and/or afterload could 

have impacted our results. Regarding study design, it is important to recognize that strain 

was measured in only 37 patients with ≥moderate MR, that this group likely drove 

relationships between sub-papillary strain and MR severity, and that the limited size of this 

group constrained scope of strain analyses. However, our protocol design specifically used 

strain to quantitatively assess contractile mechanics in patients with ischemia and minimal 

infarction, so as to further explore wall motion score associations in the overall cohort. 

In this context, our finding that strain and wall motion yielded consistent findings – with 

both approaches demonstrating good reproducibility and associations between contractile 

dysfunction and FMR in patients with ischemia – adds to the rigor of our results. Last, while 

≥moderate FMR was confirmed quantitatively, a multiparametric approach was used to do 

so. On the other hand, FMR was confirmed using established cutoffs(2,12,13) and this same 

approach has been validated in prior research by our group,(2) for which MR quantification 

by each algorithmic component predicted mortality, providing support to our approach.

In conclusion, this study demonstrates contractile function in ischemic sub-papillary 

myocardium to associate with both FMR and adverse mitral remodeling. Further studies 

are warranted to test if targeted therapies to abrogate ischemia and augment contractile 

function in mitral adjacent regions improve outcomes for CAD patients at risk for FMR and 

its serious clinical consequences.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Perspectives: Core Clinical Competencies and Translational Implications

Competency in Medical Knowledge 1:

Among CAD patients with ischemia, pattern and functional sequelae of impaired 

myocardial perfusion are key risk factors for functional mitral regurgitation (FMR): 

Sub-papillary ischemia with contractile dysfunction confers increased likelihood of FMR, 

independent of ischemia or contractile dysfunction in remote myocardial regions.

Competency in Medical Knowledge 2:

Sub-papillary myocardial strain impairment increases in proportion to FMR as well as 

adverse mitral valve geometric remodeling; both sub-papillary radial strain and adverse 

mitral apparatus remodeling are associated with FMR independent of global LV dilation 

and regional mitral apparatus remodeling.

Translational Outlook 1:

Future research is warranted to test whether stress CMR can be used to identify 

FMR patients in whom mitral valve incompetence will resolve via targeted coronary 

revascularization of ischemic and dysfunctional sub-papillary myocardium, and whether 

such revascularization-induced decrements in FMR are accompanied by improved 

clinical prognosis.
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Figure 1. Mitral Apparatus Ischemia and Infarction in Relation to ≥Moderate FMR
1A. Bullseye plot (17-segment model) illustrating LV myocardium subtended within the 

mitral apparatus, which was defined (concordant with an established algorithm)(2,18) as 

encompassing segments adjacent to the anterolateral and posteromedial papillary muscles 

(blue denotes sub-papillary regions [basal-mid anterior/anterolateral, inferior/inferolateral 

walls], grey denotes remote LV regions).

Note that sub-papillary ischemia (left) was associated with ≥moderate FMR (p=0.001) 

controlling for ischemia in remote regions (p=NS). Similarly sub-papillary infarction (right) 

was associated with ≥moderate FMR (p<0.001) controlling for infarction in remote regions 

(p=NS).

1B. Prevalence of ≥moderate FMR in relation to strata of sub-papillary ischemia (absent, 

<50%, ≥50% of segments with stress perfusion deficits) and infarction (absent, <50%, ≥50% 

of segments with late gadolinium enhancement). As shown, ≥moderate FMR prevalence 

increased in relation to extent of each sub-papillary tissue alteration (p<0.001 for logistic 

regression model).

1C. Sub-papillary mean wall motion scores (mean ± standard deviation) among ischemic 

(blue) and infarcted segments in patients stratified based on presence and severity of 

FMR (data reported as mean ± standard deviation across all LV sub-papillary segments 

as illustrated in 1A). Note that for both ischemia and infarction, mean sub-papillary wall 

motion scores increased in proportion to FMR severity (both p<0.001 for trend), but 

that contractile dysfunction as discerned by wall motion score was greater for infarcted 
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compared to ischemic segments within each FMR stratum (asterisk refers to p<0.001 for 

each comparison). All analyses performed in full study cohort (n=2647).
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Figure 2. Typical Examples of ≥Moderate FMR in Relation to Sub-Papillary Ischemia and Strain
Representative examples of ischemic CAD patients with (left) and without (right) ≥moderate 

FMR. Note that despite marked differences in quantitative severity of FMR (top), 

both patients manifested perfusion deficits in mitral valve adjacent (inferior/lateral) LV 

myocardium on stress perfusion CMR (middle left, yellow asterisks) and absence of 

infarction on late gadolinium enhancement CMR (middle right). Regional strain analysis 

(bottom) demonstrated FMR differences to parallel differential pattern and severity of 

impaired contractile mechanics: Despite similar strain in remote LV regions, sub-papillary 

radial strain (calculated as mean strain within sub-papillary segments illustrated in Figure 

1A) was lower in the patient with ≥moderate FMR.
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Figure 3. ≥Moderate FMR in relation to Sub-Papillary Strain Impairment
Prevalence of ≥moderate FMR (% patients affected) stratified in relation to cohort-based 

quartiles of circumferential (left) and radial (right) strain impairment within sub-papillary 

LV segments (strain impairment calculated as means within sub-papillary segments depicted 

in Figure 1A; strain analysis and quartile-based partitions in nested case-control sub-study 

of patients with LV ischemia with and without FMR [n=111]). Note that for both 

circumferential and radial strain, prevalence of ≥moderate FMR increased.
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Central Illustration. Myocardial Contractile Mechanics in Ischemic Mitral Regurgitation
Multicenter stress CMR data from the SCMR registry demonstrated LV ischemia with 

contractile dysfunction in mitral valve adjacent (sub-papillary) territories to associate with 

FMR: Sub-papillary ischemia was associated with ≥moderate FMR independent of ischemia 

in remote regions. Associations between sub-papillary ischemia and FMR were weaker than 

for sub-papillary infarction, paralleled by greater dysfunction in infarcted segments – for 

both ischemia and infarction, only affected segments with contractile dysfunction conferred 

increased likelihood of FMR. Strain analysis in patients with and without ≥moderate FMR 

matched on ischemia distribution/extent demonstrated sub-papillary radial strain impairment 

to be associated with ≥moderate FMR and mitral apparatus remodeling independent of 
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impaired strain in remote LV regions. Findings support a key role for ischemia-mediated 

contractile dysfunction in LV myocardium underlying the mitral valve in FMR.
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Table 1.

Population Characteristics

Mitral Regurgitation

Overall
(n=2647)

None
(n=1748)

Mild
(n=704)

≥Moderate
(n=195)

p

CLINICAL

Age (year) 64.3 ± 11.7 63.3 ± 11.6 66.2 ± 11.5 67.0 ± 12.0

0.001

Sex <0.01

 Male 66% (1743) 66% (1161) 68% (477) 55% (108)

 Female 45% (896) 34% (587) 32% (227) 45% (87)

BSA (m2) 1.82 ±0.22 1.83 ± 0.22 1.81 ± 0.23 1.73 ± 9.23 <0.001

Pharmacologic Stress

Protocol

 Adenosine 33% (876) 34% (599) 34% (237) 22% (42)

 Regadenoson 67% (1762) 66% (1149) 66% (467) 78% (153) <0.01

Atherosclerosis Risk Factors

 Hypertension 82% (2150) 81% (1415) 82% (580) 83% (161) 0.65

 Hypercholesterolemia 78% (2064) 78% (1367) 80% (560) 74% (144) 0.23

 Diabetes Mellitus 37% (978) 36% (635) 39% (275) 37% (72) 0.45

 Current or prior tobacco use 40% (1055) 40% (700) 41% (288) 35% (69) 0.37

 Family history 39% (1025) 40% (692) 39% (275) 31% (60) 0.02

Prior myocardial infarction 63% (1666) 62% (1081) 65% (457) 66% (128) 0.26

Prior revascularization

 Percutaneous coronary intervention 22% (588) 24% (427) 22% (132) 15% (29) <0.001

 Coronary artery bypass graft 8% (214) 8% (140) 7% (49) 13% (25) 0.03

Symptoms

 Chest pain 52% (1376) 55% (961) 47% (329) 47% (92) <0.001

 Dyspnea 30% (800) 29% (502) 31% (219) 42% (82) 0.001

 Palpitations 3% (65) 3% (45) 2% (16) 2% (4) 0.85

Cardiovascular Medications

 Aspirin 82% (2155) 83% (1443) 81% (571) 75% (147) 0.04

 HMG CoA-Reductase inhibitor 75% (1980) 75% (1309) 78% (546) 67% (131) 0.01

 Beta blocker 53% (1393) 51% (890) 58% (405) 51% (100) 0.01

 ACE inhibitor/ARB 61% (1615) 61% (1061) 62% (439) 62% (120) 0.74

 Aldosterone antagonist 6% (152) 4% (71) 7% (51) 15% (30) <0.001

 Loop diuretic 35% (919) 32% (560) 37% (259) 53% (103) <0.001

CARDIAC MAGNETIC RESONANCE

Left Ventricle Function/Geometry

 End-diastolic volume (ml/m2) 87.9 ±34.9 80.5 ±29.7 95.1 ±34.3 129.6 ± 45.6 <0.001

 End-systolic volume (ml/m2) 45.7 ±32.7 38.6 ±26.4 52.6 ±33.8 86.2 ± 44.6 <0.001

 Ejection fraction (%) 51.8 ± 15.3 54.7 ± 13.9 48.6 ± 15.9 37.1 ± 14.7 <0.001
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Mitral Regurgitation

Overall
(n=2647)

None
(n=1748)

Mild
(n=704)

≥Moderate
(n=195)

p

 Left ventricular sphericity 0.43 ± 0.22 0.42 ± 2.43 0.45 ±0.16 0.51 ±0.12 <0.001

Left atrial geometry

 Left atrial diameter (cm) 3.7 ±0.8 3.5 ±0.7 3.8 ±0.7 4.5 ±0.7 <0.001

 Left atrial area (cm2) 23.1 ±6.8 21.5 ±5.7 25.1 ±6.8 30.6 ±8.1 <0.001

Left Ventricular Ischemia

Sub-papillary

 Present/absent 38% (1010) 34% (586) 46% (324) 51% (100) <0.001

 Ischemia extent when present (% LV) 25 [25, 50] 25 [25, 50] 25 [25, 50] 37.5 [25, 62.5] 0.01

Non-papillary

 Present/absent 37% (968) 32% (559) 46% (320) 50% (97) <0.001

 Ischemia extent when present (% LV) 37.5 [12.5, 50] 37.5 [12.5, 50] 37.5 [25, 59.4] 37.5 [25, 50] 0.03

Left Ventricular Infarction

Sub-papillary

 Present/Absent 56% (1472) 50% (874) 65% (456) 74% (145) <0.001

 Infarct extent when present (% LV) 9.4 [4.7, 20.3] 9.4 [4.7, 18.7] 10.9 [4.7, 21.9] 15.6 [6.2, 26.6] <0.001

Non-papillary

 Present/absent 63% (1673) 58% (1016) 71% (503) 81% (158) <0.001

 Infarct extent when present (% LV) 9.4 [4.7, 20.3] 9.4 [4.3, 20.3] 10.9 [4.7, 21.91 12.5 [6.2, 21.91 0.02
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