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Background: Cardiac resynchronization therapy (CRT) may improve secondary mitral 
regurgitation (MR) in patients with cardiomyopathy. The effects on mitral valve (MV) 
and left ventricular (LV) geometry, however, have not been clearly defined.
Methods: Between 2009 and 2012, 229 CRT implants were performed at a single aca-
demic	 center.	 Seventy-	one	 had	 ≥mild	MR	 at	 baseline	 and	 serial	 echocardiography,	
without subsequent MV intervention. The pre- CRT and follow- up echocardiograms 
were retrospectively reviewed for (1) MV and LV geometry measurements; (2) MR 
grade; and (3) LV remodeling indices.
Results: The mean age was 67 ± 15 years, and the cardiomyopathy was ischemic in 37 
(52%). At a mean follow- up of 4.0 ± 1.9 years, there were significant improvements in 
LV ejection fraction and size, MR grade, MV tenting area and anterior leaflet tethering 
angle, and end- systolic interpapillary muscle distance (IPMD), and reductions in 
moderate- to- severe or severe MR (27% vs 15%; P = .04) and New York Heart Association 
functional class III/IV symptoms (83% vs 41%; P < .001). Multivariable analysis revealed 
the pre- CRT MV tenting height (OR 1.25, 95% CI 1.01–1.56; P = .04) and end- systolic 
IPMD (OR 1.14, 95% CI 0.99–1.32; P = .08) as independently associated with moderate 
or greater MR at follow- up. Finally, at 5 years post- CRT implantation, the estimated 
survival and freedom from LV assist device or cardiac transplantation was 61%.
Conclusions: CRT results in favorable effects on MV and LV geometry and decreases 
the prevalence of moderate- to- severe or severe MR and heart failure symptoms. The 
pre- CRT MV tenting height and IPMD are independently associated with persistent 
MR at follow- up.
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1  | INTRODUCTION

Secondary mitral regurgitation (MR) is present in approximately 30%–
50% of patients with cardiomyopathy and is the result of progressive 

left ventricular (LV) dilatation and remodeling, papillary muscle displace-
ment, and mitral valve (MV) leaflet tethering.1 The presence of sec-
ondary MR in this population is associated with a greater than twofold 
increase in mortality and heart failure, which occurs in a graded fashion 
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with worsening MR severity.2,3 The use of cardiac resynchronization 
therapy (CRT) in patients with cardiomyopathy and persistent heart fail-
ure, on optimal guideline- directed medical therapy, has been associated 
with significantly improved survival and a reduction in adverse cardio-
vascular events.4–6 Furthermore, a favorable response to CRT results 
in LV reverse remodeling, an improvement in the balance of the MV 
closing- tethering forces, and resynchronization of papillary muscle in-
sertion site contraction, which leads to a reduction in secondary MR.7–10 
The resultant geometric changes of the MV apparatus and subvalvular 
structures, and their clinical importance, have been less clearly defined.

In this study, we aimed to describe the effects of CRT on MV ap-
paratus geometry and associated clinical outcomes in patients with 
cardiomyopathy and mild or greater secondary MR at baseline and to 
determine whether any pre- CRT echocardiographic geometric param-
eters were associated with the presence of moderate or greater MR 
at follow- up.

2  | METHODS

2.1 | Patient selection

After approval from the Massachusetts General Hospital Institutional 
Review Board, we retrospectively reviewed the institutional CRT da-
tabase from January 2009 through December 2012, to identify pa-
tients with cardiomyopathy who underwent biventricular pacemaker 
implantation, and had pre- CRT baseline and serial follow- up echocar-
diograms available for analysis. Secondary MR was defined by the 
presence of restricted systolic mitral valve closure, with normal leaf-
let anatomy and pliability. Patients with structural mitral valve ab-
normalities, or who had a history of MV repair or replacement, were 
excluded.

The patient baseline characteristics, echocardiographic and elec-
trocardiographic variables, and electrophysiologic procedural data 
were analyzed. Ischemic cardiomyopathy was defined by the presence 
of (1) a history of myocardial infarction or coronary revascularization; 
(2)	≥75%	stenosis	of	the	left	main	or	proximal	left	anterior	descending	
coronary	arteries;	and/or	(3)	≥75%	stenosis	of	two	or	more	epicardial	
coronary arteries.11 In the absence of significant coronary artery dis-
ease, patients were designated as nonischemic. Follow- up vital status 
information was obtained from electronic medical records, outpatient 
follow- up visits, and/or the Social Security Death Index.

2.2 | Echocardiographic analysis

The echocardiographic analyses were performed using a Vivid 7 ul-
trasound system (GE Healthcare; Waukesha, WI, USA) or an iE33 
system (Philips Medical Systems; Andover, MA, USA). All echocardio-
graphic measurements were made by two- level three board- certified 
echocardiographers (CGM, EY). The MR was graded semiquantita-
tively in an integrative fashion as none/trace (0), mild (1+), moder-
ate (2+), moderate- to- severe (3+), or severe (4+), in accordance with 
the American Society of Echocardiography and American College 
of Cardiology/American Heart Association valvular heart disease 

guidelines.12,13 The MR vena contracta was imaged in multiple views 
perpendicular to the line of leaflet coaptation to obtain the largest 
regurgitant jet size, and the width of the narrowest portion of the jet 
as it exits the regurgitant orifice was then measured.13 The LV end- 
systolic volume, end- diastolic volume, and ejection fraction were 
calculated using the modified biplane Simpson’s method, and the left 
atrial volume was obtained with the area- length method. The LV end- 
diastolic diameter was measured perpendicular to the long axis of the 
LV at the level of the MV leaflet tips. The pulmonary artery systolic 
pressure was estimated from the sum of the right ventricular to right 
atrial pressure gradient derived from the peak tricuspid valve regurgi-
tant velocity using the modified Bernoulli equation and the estimated 
right atrial pressure.14

Analysis of the MV apparatus geometry was performed using the 
parasternal long- axis and short- axis views on transthoracic echocardi-
ography.15–17 The parameters obtained from the parasternal long- axis 
view in mid- systole were as follows: (1) MV tenting height (distance 
from the annular plane to the leaflet coaptation point); (2) MV tenting 
area (the area enclosed by the annular plane and leaflets); (3) anterior 
and posterior leaflet tethering angles (the angle formed by the base 
of each leaflet and the annular plane); and (4) coaptation length (the 
length of opposed leaflet tissue; Figure 1). From the parasternal short- 
axis view, the parameters of papillary muscle displacement obtained in 
end- systole were as follows: (1) interpapillary muscle distance (IPMD; 
measured from the tips of the papillary muscle heads; Figure 2A); 
and (2) posterior ventricular sulcus- anterolateral papillary muscle 
angle (defined as the angle formed by the posterior ventricular sulcus, 
contractile center, and the anterolateral papillary muscle; Figure 2B). 
Finally, the mitral annular diameter was measured at end- diastole from 
the parasternal long- axis view.

2.3 | Statistical analysis

Patient demographics were expressed as the mean ± 1 stand-
ard deviation, or number and frequency percentage. To compare 

F IGURE  1 Echocardiographic measurements of mitral valve 
apparatus geometry in the parasternal long- axis view at mid- systole
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repeatedly measured continuous variables, a paired t test was utilized. 
A McNemar’s chi- square test was performed to test the repeated 
measures of dichotomous variables. Linear regression analysis was 
utilized to evaluate the correlations between LV and MV geomet-
ric parameters and MR severity, as measured by the vena contracta 
width, at echocardiographic follow- up. A univariate logistic regression 
analysis was performed to identify pre- CRT echocardiographic pa-
rameters associated with moderate or greater MR at follow- up, with 
variables having a P- value < .05 entered into a multivariable model 
to determine their independent effects. A Kaplan- Meier analysis was 
performed to estimate mid- term survival and freedom from LV assist 
device implantation or cardiac transplantation. The statistical analyses 
were conducted using Statistical Package for Social Sciences, version 
21 (SPSS Inc., Chicago, IL, USA).

3  | RESULTS

3.1 | Baseline characteristics, and 
electrocardiographic and electrophysiologic data

Between 2009 and 2012, a total of 229 CRT implants were per-
formed. Of these patients, 82 had no baseline and/or follow- up 
echocardiograms available for review, while 38 had a structural mi-
tral valve abnormality, and 15 had a history of MV repair or replace-
ment and were excluded from the study. Thus, 94 patients with 
baseline pre- CRT and follow- up echocardiograms were analyzed, of 
which	71	had	≥mild	MR	at	baseline,	and	comprised	the	final	cohort.	
None of the patients had an MV intervention during the follow- up 
period.

The mean age was 67 ± 15 years, mean New York Heart Association 
functional class was 3.0 ± 0.6, 13 (18%) were female, 52 (73%) had 
hypertension, and the cardiomyopathy was ischemic in 37 (52%). All 
patients were on maximally tolerated guideline- directed medical ther-
apy, with the most commonly prescribed medications being β-blockers 
(93%), diuretics (79%), and angiotensin- converting enzyme inhibitors/
angiotensin receptor blockers (75%). The mean pre- CRT QRS duration 
was 160 ± 29 ms, and a left bundle branch block was present in 41 
(58%) patients. The most common LV lead implantation sites were the 
posterolateral (49%) and the lateral (34%) coronary sinus branches 
(Table 1).

3.2 | Echocardiographic analysis

The mean time to echocardiographic and clinical follow- up was 
4.0 ± 1.9 years and was 100% complete. At follow- up, there were 
significant improvements in LV ejection fraction (25% vs 32%; 
P < .001), end- systolic volume (174 vs 153 mL; P < .001), end- 
systolic volume index (87 vs 77 mL/m2; P = .02), end- diastolic di-
ameter (62 vs 61 mm; P = .04), end- diastolic diameter index (31 vs 
30 mm/m2; P = .03), MR grade (1.9 vs 1.5; P = .001), vena contracta 
width (0.37 vs 0.29 mm; P = .001), MV tenting area (2.3 vs 2.0 cm2; 
P = .03), MV anterior leaflet tethering angle (47 vs 43 degrees; 
P = .03), and end- systolic IPMD (20 vs 18 mm; P = .01). There was 
no difference in right ventricular and left atrial size, or pulmonary 
artery systolic pressure. Finally, CRT therapy decreased the inci-
dence of moderate- to- severe or severe MR at follow- up (27% vs 
15%; P = .04; Table 2).

3.3 | Impact of MV and LV geometric parameters on 
MR severity

Linear regression analysis revealed a positive correlation between a 
larger vena contracta width and increasing IPMD (r = .55; P < .001), 
MV tenting area (r = .47; P < .001), tenting height (r = .46; P < .001), 
annular septolateral diameter (r = .41; P < .001), and anterior leaflet 
tethering angle (r = .33; P = .006), as well as LV end- diastolic diam-
eter index (r = .53; P < .001) and end- systolic volume index (r = .61; 
P < .001). Conversely, an increasing LV ejection fraction (r =	−.57;	

F IGURE  2 Echocardiographic measurements of papillary muscle 
displacement in the parasternal short- axis view at end- systole. 
A. Interpapillary muscle distance. B. Posterior ventricular sulcus- 
anterolateral papillary muscle angle
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P < .001) and posterior ventricular sulcus- anterolateral papillary mus-
cle angle (r =	−.42;	P < .001) negatively correlated with vena contracta 
width.

3.4 | Echocardiographic parameters associated with 
moderate or greater MR at follow- up

In a univariate analysis, the pre- CRT echocardiographic parameters as-
sociated with moderate or greater MR at follow- up were end- systolic 
IPMD (OR 1.23, 95% CI 1.1–1.37; P < .001), LV end- systolic volume 
index (OR 1.02, 95% CI 1.01–1.03; P = .001) and ejection fraction (OR 
0.91, 95% CI 0.86–0.97; P = .006), and MV tenting height (OR 1.23, 
95% CI 1.06–1.43; P = .006), tenting area (OR 1.96, 95% CI 1.16–
3.31; P = .01), and annular septolateral diameter (OR 1.1, 95% CI 

1.01–1.19; P = .03). Subsequently, three multivariable models were 
constructed that each included a single parameter of MV tethering 
to avoid collinearity and were analyzed with the remaining variables 
identified by the univariate analysis. The multivariable analyses re-
vealed the pre- CRT MV tenting height (OR 1.25, 95% CI 1.01–1.56; 
P = .04) and end- systolic IPMD (OR 1.14, 95% CI 0.99–1.32; P = .08) 
as independently associated with moderate or greater MR at follow-
 up (Table 3).

TABLE  1 Baseline characteristics

Variables N = 71

Age (years) 67 ± 15

Females 13 (18%)

Body surface area (m2) 2.0 ± 0.2

Creatinine (mg/dL) 1.4 ± 0.6

New York Heart Association functional class 3.0 ± 0.6

Hypertension 52 (73%)

Diabetes mellitus 21 (30%)

Chronic atrial fibrillation 10 (14%)

Ischemic cardiomyopathy 37 (52%)

Nonischemic cardiomyopathy 34 (48%)

Prior coronary artery bypass grafting 20 (28%)

Prior percutaneous coronary intervention 19 (27%)

Prior aortic valve replacement 8 (11%)

Medications

β-Blocker 66 (93%)

Diuretics 56 (79%)

Angiotensin- converting enzyme inhibitor/
angiotensin receptor blocker

53 (75%)

Aldosterone antagonist 24 (34%)

Digoxin 20 (28%)

Electrocardiographic data

Pre- CRT QRS interval (ms) 160 ± 29

Left bundle branch block 41 (58%)

Interventricular conduction delay 16 (23%)

Paced rhythm 14 (20%)

Left ventricular lead placement site

Posterolateral 35 (49%)

Lateral 24 (34%)

Anterolateral 8 (11%)

Posterior 2 (3%)

Epicardial 2 (3%)

Variables presented as mean ± SD or number and frequency percentage.

TABLE  2 Precardiac resynchronization therapy versus follow- up 
echocardiographic analyses

Variables Pre- CRT Follow- up P- value

Left ventricular ejection 
fraction (%)

25 ± 7 32 ± 12 <.001

Left ventricular end- systolic 
volume (mL)

174 ± 86 153 ± 92 <.001

Left ventricular end- systolic 
volume index (mL/m2)

87 ± 44 77 ± 49 .02

Left ventricular end- diastolic 
diameter (mm)

62 ± 10 61 ± 10 .04

Left ventricular end- diastolic 
diameter index (mm/m2)

31 ± 5 30 ± 5 .03

Mitral regurgitation grade 1.9 ± 1.0 1.5 ± 1.0 .001

Moderate	or	greater	(≥2+)	
mitral regurgitation

33 (46%) 28 (39%) .36

Moderate- to- severe or 
severe (3–4+) mitral 
regurgitation

19 (27%) 11 (15%) .04

Mitral regurgitation vena 
contracta width (cm)

0.37 ± 0.18 0.29 ± 0.20 .001

Mitral valve tenting height 
(mm)

11 ± 3 10 ± 4 .07

Mitral valve tenting area (cm2) 2.3 ± 1.1 2.0 ± 0.9 .03

Mitral valve leaflet  
coaptation length (mm)

6 ± 2 6 ± 1 .7

Mitral valve anterior leaflet 
tethering angle (degrees)

47 ± 14 43 ± 14 .03

Mitral valve posterior leaflet 
tethering angle (degrees)

54 ± 16 53 ± 18 .65

Mitral valve annular 
septolateral diameter (mm)

33 ± 6 33 ± 7 .7

End- systolic interpapillary 
muscle distance (mm)

20 ± 6 18 ± 6 .01

End- systolic posterior 
ventricular sulcus- 
anterolateral papillary 
muscle angle (degrees)

136 ± 18 140 ± 18 .12

Right ventricular basal 
diameter (mm)

38 ± 7 39 ± 6 .51

Left atrial volume index  
(mL/m2)

45 ± 17 45 ± 17 .92

Pulmonary artery systolic 
pressure (mm Hg)

41 ± 11 41 ± 12 1.0

Variables presented as mean ± SD or number and frequency percentage.
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3.5 | Clinical outcomes

The prevalence of New York Heart Association functional class  
III/IV symptoms decreased from 83% to 41% at follow- up (P < .001). At 
follow- up, there were a total of 17 (24%) deaths, and 6 (8%) patients 
required LV assist device implantation or cardiac transplantation. At 
5 years post- CRT implantation, the estimated survival and freedom from 
LV assist device or cardiac transplantation was 61% ± 8% and was sig-
nificantly worse for patients with New York Heart Association functional 
class III/IV symptoms (39% ± 12% vs 92% ± 4%; P < .001) or moderate 
or greater MR (64% ± 11% vs 80% ± 7%; P = .04), versus those without.

4  | DISCUSSION

In the present study of 71 patients with mild or greater secondary 
MR undergoing CRT, the following observations were noted at mid- 
term follow- up: (1) improved MV apparatus geometry and reduced 
papillary muscle displacement, with reductions in MV tenting area, 
anterior leaflet tethering angle, and end- systolic IPMD; (2) a reduc-
tion in MR severity, specifically in the prevalence of moderate- 
to- severe or severe MR, as well as New York Heart Association 
functional class III/IV symptoms; (3) significant LV reverse remod-
eling, as evidenced by an improved ejection fraction and reduc-
tions in the end- systolic volume and end- diastolic diameter; (4) a 
baseline increased MV tenting height and end- systolic IPMD inde-
pendently associated with persistent moderate or greater MR; and 
(5) significantly worse outcomes in patients with New York Heart 
Association functional class III/IV symptoms or persistent moderate 
or greater MR.

The main pathophysiologic mechanism of secondary MR is pro-
gressive LV remodeling and dilatation, which leads to an increase in 

chamber sphericity and IPMD, and subsequent displacement of the 
papillary muscles posteriorly, laterally, and apically.18–20 Tethering of 
the mitral leaflets from these geometric perturbations leads to a de-
creased zone of coaptation and leaflet malapposition, and ultimately, 
the development of secondary MR. As observed in the present study, 
the LV reverse remodeling and relief of leaflet tethering associated 
with CRT decreases the severity of secondary MR, which significantly 
impacts clinical outcomes.2,3 Additionally, the statistical trend noted 
of a larger end- systolic posterior ventricular sulcus- anterolateral pap-
illary muscle angle suggests less posterior shifting of the papillary 
muscles, which is also associated with a reduction in secondary MR.21

An increased IPMD worsens the severity of secondary MR by 
tethering both the primary and secondary order chordae tendinae, 
which results in greater MV tenting away from the annular plane and 
restricted systolic MV closure.22,23 Indeed, we observed an indepen-
dent association between the baseline IPMD and MV tenting height 
with persistent moderate or greater MR at follow- up in our cohort. In 
a study of 83 patients with a single echocardiogram and secondary 
MR,	an	end-	systolic	IPMD	≥	23.4	mm	was	associated	with	a	1.5-	fold	
increase in the mean vena contracta width and was an independent 
predictor of MR severity (β = 0.33; P = .001) and MV tenting volume 
(β = 0.41; P < .001).24 A separate study of 67 patients with ischemic 
secondary MR revealed a significant correlation between the end- 
systolic IPMD and MV tenting area (r = .44; P = .0002) by cardiac 
magnetic resonance imaging.20 Finally, apical (r = .75; P < .0001) and 
posterior (r = .7; P < .0001) papillary muscle displacement has been 
shown to be the significant determinants of MV systolic tenting, which 
itself is strongly associated with the mitral effective regurgitant orifice 
size independent of LV remodeling (r = .74; P < .0001).25 It should be 
noted that these studies relating IPMD and secondary MR severity 
were conducted at a single point in time, and in patients who did not 
undergo CRT or an MV intervention. In the present study with serial 

Odds 
ratio

95% Confidence interval

P- valueLower Upper

Model 1 variables

End- systolic interpapillary muscle distance 1.14 0.99 1.32 .08

Mitral valve annular septolateral diameter 1.01 0.99 1.11 .76

Left ventricular ejection fraction 1.0 0.91 1.11 .94

Left ventricular end- systolic volume index 1.0 0.99 1.02 .67

Model 2 variables

Mitral valve tenting height 1.25 1.01 1.56 .04

Mitral valve annular septolateral diameter 0.98 0.88 1.09 .68

Left ventricular ejection fraction 0.98 0.89 1.07 .61

Left ventricular end- systolic volume index 1.01 0.99 1.03 .39

Model 3 variables

Mitral valve tenting area 1.66 0.76 3.63 .2

Mitral valve annular septolateral diameter 0.98 0.86 1.11 .72

Left ventricular ejection fraction 0.97 0.89 1.06 .51

Left ventricular end- systolic volume index 1.01 0.99 1.03 .35

TABLE  3 Multivariable analyses of 
precardiac resynchronization therapy 
echocardiographic parameters associated 
with moderate or greater mitral 
regurgitation at follow- up
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echocardiograms, a larger MV tenting height and end- systolic IPMD 
continued to be markers of persistent moderate or greater secondary 
MR after CRT at mid- term follow- up, confirming the importance of 
evaluating these echocardiographic parameters. This may represent a 
subgroup of patients that require closer clinical surveillance and an 
earlier consideration of MV intervention.

Prior studies have established the importance of MV tenting area 
on MR severity in both ischemic and nonischemic cardiomyopathy, a 
finding that was not observed in the present analysis.25–27 The MV 
tenting area is a reflection of both annular dilatation and flattening, as 
well as displacement of the coaptation point away from the annular 
plane.28,29 The mean MV annular diameter at end- diastole has been 
reported to be approximately 31 mm in healthy males and 28 mm in 
females.30 In the current analysis, the mean MV annular diameter was 
33 mm at baseline and post- CRT in a largely male population, indi-
cating mild annular dilatation and limiting the MV tenting area size. 
Indeed, prior investigations have suggested MV tenting area cutoffs 
as high as 3.4–4 cm2 to identify patients at risk for secondary MR.27,31 
In contrast, the MV tenting height is a direct measurement of coap-
tation point displacement and may be increased even with localized 
LV remodeling that occurs in instances such as isolated inferobasal or 
inferior myocardial infarction.31 Less reliance on LV geometry and an-
nular mechanics underlie the importance of the MV tenting height as 
a measure of valvular competence, and coupled with the above obser-
vations may in part explain its correlation with MR severity, and lack 
thereof with regard to MV tenting area.

There are several limitations to the current data that should be 
considered. Firstly, an inherent selection bias exists given the ret-
rospective nature of the study, as well as the lack of baseline or 
follow- up echocardiography in 82 patients, which precluded their 
screening for inclusion. These factors may have led to an underes-
timation of the true prevalence of secondary MR in our population 
and limited the sample size. Additionally, the presence of CRT leads 
on the echocardiogram unmasks a study as being post- CRT, which 
raises the important issue of echocardiography reader blinding. 
Secondly, the grading of MR severity did not include fully quanti-
tative measures, as the image components required for calculating 
the proximal isovelocity surface area were not routinely collected. 
However, the vena contracta width was measured in all patients, 
which is a robust semiquantitative method to assess MR severity as 
it is independent of MR flow rate and driving pressure.32,33 Thirdly, 
the sample size and event rate required a P- value <.05 for inclusion 
of echocardiographic parameters in the multivariate analyses, rather 
than the traditional threshold of P < .2 or <.25, which may confound 
the identification of important predictor variables.34 Fourthly, data 
on the types of medical therapy employed were available only at 
baseline, and the impact CRT therapy may have had in potentially 
changing medical treatment is unknown. Finally, the majority of the 
included patients were male, and it is uncertain if these outcomes 
can be extrapolated to a female population.

In conclusion, CRT results in favorable effects on MV and LV ge-
ometry and decreases the prevalence of moderate- to- severe or severe 
secondary MR and heart failure symptoms, which is associated with 

improved outcomes at mid- term follow- up. Furthermore, a larger pre- 
CRT MV tenting height and end- systolic IPMD are independently as-
sociated with persistent moderate or greater secondary MR and may 
help identify a higher- risk subgroup for closer clinical surveillance.
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