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Effect of Primary Mitral Regurgitation on Left
Ventricular Synchrony

Thomas S. Denney, Jr., PhDe, Hosakote M. Nagaraj, MDa, Steven G. Lloyd, MD, PhDa,
Inmaculada Aban, PhDb, Cecilia Corros, MDa, Frank Seghatol-Eslami, MDa,

David C. McGiffin, MDc, Louis J. Dell’Italia, MDa,d, and Himanshu Gupta, MDa,*

Mitral regurgitation (MR) promotes left ventricular (LV) dilatation and eccentric remod-
eling. In the presence of LV dyssynchrony and heart failure, cardiac resynchronization
therapy decreases the severity of MR. Whether primary MR can cause LV dyssynchrony is
unknown. We investigated whether moderate to severe primary MR causes LV dyssyn-
chrony in the presence of LV dilation and an ejection fraction (EF) >55%. We studied 37
normal subjects and 22 patients with moderate to severe MR and no coronary artery
disease. Electrocardiographically gated cine and tagged cardiac magnetic resonance im-
aging was performed. Two-dimensional, maximum-circumferential shortening strain and
time-to-peak strain (TTPS) were computed using harmonic-phase analysis of tagged
magnetic resonance imaging. LV dyssynchrony was assessed by comparing TTPS delay of
various LV quadrants and TTPS dispersion among the contralateral quadrants in patients
with MR and normal subjects. Statistical comparison was done using a generalized linear
model for repeated measurements. LV end-diastolic and LV end-systolic volumes were
significantly larger in patients with MR versus normal subjects (207 � 11 vs 130 � 4 and
73 � 5 vs 47 � 2 ml, p <0.001). LVEF did not differ in patients with MR and normal
subjects. The difference in the TTPS among various quadrants and the dispersion among
the contralateral quadrants of the LV myocardium was similar between patients with MR
and normal subjects. In conclusion, moderate to severe MR does not cause LV dyssyn-
chrony in patients with LV dilatation and normal LVEF. Thus, cardiac resynchronization
therapy in the absence of LV dyssynchrony may not decrease the severity of MR. © 2007

Elsevier Inc. All rights reserved. (Am J Cardiol 2007;100:707–711)
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itral regurgitation (MR) is a commonly diagnosed clinical
ntity that is associated with significant morbidity and mor-
ality.1–3 Cardiac resynchronization therapy (CRT) in pa-
ients with heart failure has been shown to decrease the
everity of MR.4,5 This may be due to electrical and me-
hanical synchronization that causes increased mitral valve
eaflet cooptation.4–6 However, it is unknown if MR on its
wn contributes to left ventricular (LV) dyssynchrony in-
ependent of LV dysfunction. Regional measurements of
he timing and magnitude of myocardial shortening using
agged magnetic resonance imaging is an established
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ethod for the assessment of LV dyssynchrony.7 In the
resent study, patients with moderate to severe MR with
ccentric LV remodeling, LV ejection fraction (EF) �55%,
nd no evidence of myocardial ischemia had cine magnetic
esonance imaging and magnetic resonance imaging tissue
agging. We demonstrate that moderate to severe MR with
ccentric LV remodeling does not cause LV dyssynchrony
n patients with normal LVEF. Thus, CRT in the absence of
V dyssynchrony may not decrease the severity of MR.

ethods

he study was approved by the institutional review board of
he University of Alabama at Birmingham and informed
onsent was obtained from all participants. Normal volun-
eers (n � 37) with no history of heart disease formed the
ontrol cohort. The MR group (n � 22) included patients
ith moderate to severe MR. MR on echocardiogram was

lassified as moderate to severe based on the ratio of MR
rea to left atrial area �0.40 (or 40%).8 The severity
f MR was also confirmed by magnetic resonance
maging.9,10 To exclude any confounding factors of ische-
ia patients with MR and negative coronary angiographic

r nuclear stress testing results were included for the
tudy.

Magnetic resonance imaging was performed on a 1.5-T
agnetic resonance imaging scanner (GE, Milwaukee, Wis-
onsin) optimized for cardiac application. Electrocardio-
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raphically gated breath-hold steady-state free precision
echnique was used to obtain standard (2-, 3-, and 4-cham-
er short-axis) views using the following parameters: slice
hickness of the imaging planes 8 mm, field of view 44 �
4, scan matrix 256 � 128., flip angle � � 45°, repetition/
cho times 3.8/1.6). Fast gradient echocardiographic se-
uence with a 2-dimensional spatial modulation of magne-
ization tagging preparation was done using exactly the
ame slice prescription as above. GE Advantage Worksta-
ion with Mass Medis 2.0 (Lieden, The Netherlands) soft-
are with semiautomated contour detection was used for
uantifying LV and right ventricular volumes, LVEF, and
ight ventricular EF.11–13 Severity of MR on magnetic res-
nance images was based on previously published criterion
or the intensity and width of the regurgitant jet.9,10,14,15

Two-dimensional, maximum-shortening strain was com-
uted in each image using the harmonic-phase analysis.16,17

wo-dimensional, maximum-shortening strain is the maxi-
um contraction at a given point and is approximately

ircumferential in orientation. Peak 2-dimensional myocar-
ial strain and time-to-peak strain (TTPS) were computed
or each subject. The TTPS was defined as the time at which
he peak strain was attained.16,17 The local strain of tissue is

easured based on the spatial frequency of the tag lines as
hown in Figure 1. For strain analysis, LV wall contours
ere semiautomatically drawn using custom-written soft-

igure 1. Tagged magnetic resonance images of a normal volunteer at LV
verlaid with a map of regional maximum shortening (0% shortening is m

able 1
aseline parameters in patients with mitral regurgitation and normal

ubjects

ariable Normal
(n � 37)

MR
(n � 22)

ge (yrs) 39 � 11 53 � 10
en 16 (44%) 13 (60%)
ypertension 1 (3%) 6 (28%)
iabetes mellitus 0 1 (5%)
ody surface area (m2) 1.97 � 0.22 1.84 � 0.46
eart rate (beats/min) 73 � 11 69 � 13
ean systolic blood pressure (mm Hg) 125 118
ean diastolic blood pressure (mm Hg) 75 74
are on each short-axis slice 2 timeframes before and 2 l
imeframes after the timeframe closest to end-systole. These
timeframes around end-systole constituted a search win-

ow over which the peak strain and TTPS were computed.
he LV wall in each image was divided into 4 sectors
tarting at the anterior right ventricular insertion point. In
ach timeframe in the search window, the median 2-dimen-
ional, maximum-shortening strain was computed in each
ector over the basal, middle, and apical thirds of the LV.
his procedure produced 12 strain values (4 sectors and 3

evels) per timeframe for each subject. In each sector and
evel, a quadratic polynomial was fitted to the strains versus
imeframe data. The peak strain was defined as the maxi-
um magnitude fitted strain. End-systole was determined

rom cine -magnetic resonance imaging. The raw images
ere visually inspected before processing and found to have
o significant difference in wall motion between the various
V quadrants. Therefore it is unlikely that the true peak
train occurred outside the defined time window for calcu-

vel at end-diastole (A) and end-systole (B). (C) The end-systole image is
to blue, 25% shortening is mapped to yellow).

able 2
agnetic resonance imaging parameters in patients with mitral

egurgitation and normal subjects

RI Variable Normal
(n � 37)

MR
(n � 22)

p Value

V end-diastolic volume (ml) 130 � 4 207 � 11 �0.001
V end-systolic volume (ml) 47 � 2 73 � 5 �0.001
V stroke volume (ml) 83 � 3 134 � 7 �0.001
ight ventricular end-diastolic
volume (ml)

127 � 5 147 � 8 NS

ight ventricular end-systolic
volume (ml)

59 � 3 68 � 5 NS

ight ventricular stroke
volume (ml)

70 � 3 79 � 5 NS

ight ventricular EF (%) 55 � 1 54 � 2 NS
VEF (%) 64 � 1 64 � 1 NS
V mass (g) 115 � 6 141 � 8 0.01
� posterior wall thickness/
LV end-diastolic dimension

0.32 � 0.01 0.26 � 0.0 0.001

V end-diastolic volume/LV
mass (ml/g)

1.21 � 0.06 1.49 � 0.0 0.006

MRI � magnetic resonance imaging.
midle
ating the peak strain.
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709Valvular Heart Disease/Primary Mitral Regurgitation and LV Synchrony
The baseline characteristics of the 2 groups described by
ategorical variables were compared using chi-squared tests
nd Fisher’s exact test, where applicable. For continuous
ariables, we used the t test or nonparametric Wilcoxon test
or comparing 2 independent variables. To investigate the
ifference between normal participants and patients with
R for LV dyssynchrony, the range of TTPS difference

mong the quadrants of the LV wall and the TTPS disper-
ion among lateral/septal and anterior/inferior quadrants at 3

igure 2. Absolute TTPS for all 4 quadrants of the –left ventricle: anterior
Ant), septal (Sept), inferior (Inf), and lateral (Lat) at the LV midventricle
A), base (B), and apex (C) in the MR compared with normal group. TTPS
ifference among various quadrants was not significant (p � NS) indicat-
ng the absence of LV dyssynchrony in the MR group.
ifferent locations were analyzed. Because there were mul- c
iple readings per participant, analyses were done using a
eneralized linear model for repeated measurements with
he PROC MIXED procedure in SAS (SAS Institutes, Cary,
orth Carolina). It was assumed that the differences in the
TPS between the 2 groups, if present, would depend on the
yocardial slice and sector location. All statistical tests
ere performed using a 5% level of significance.

esults

wenty-two patients with MR (13 men, mean 53 � 10
ears of age) and 37 normal subjects (16 men, mean 39 �
1 years of age) were included in this study. Baseline
haracteristics and clinical parameters are presented in
able 1. All participants in the MR group were ruled out

or ischemic heart disease as a cause for MR with cardiac
atheterization (n � 10) or maximal exercise stress test
ith myocardial perfusion imaging (n � 15). All partic-

pants with MR had normal QRS duration on surface
2-lead electrocardiogram (QRS duration �100 ms, 2
atients in the MR group had incomplete right branch
undle block). Magnetic resonance imaging and 2-di-
ensional echocardiography confirmed moderate to se-

ere MR in all participants in the MR group. Magnetic
esonance imaging LV volumes and functional parame-
ers in the MR and normal groups are listed in Table 2.
atients with MR had a �50% increase in LV end-
iastolic volume. Patients with MR had a significant
ncrease in LV mass with eccentric LV remodeling in
ddition to well-preserved LVEF with a larger LV stroke
olume compared with controls. Right ventricular vol-
mes and function did not differ in patients with MR and
ormal subjects. Tagged magnetic resonance imaging–
erived TTPS parameters are shown in Figure 2. The
eak strain values were different in the anterior walls of
he left ventricle at basal and midventricular levels com-
ared with controls (Table 3). The TTPS dispersion be-
ween the contralateral quadrants (lateral/septal and an-
erior/inferior) quadrants at all the 3 levels is presented in
igure 3. Patients with MR did not demonstrate signifi-

able 3
eak strains in all four quadrants at all three levels in patients with
itral regurgitation and normal subjects

evel Quadrant Normal
(n � 37)

MR
(n � 22)

p Value

idventricle Anterior 0.17 � 0.003 0.19 � 0.004 0.007
Septal 0.16 � 0.003 0.16 � 0.005 0.261
Inferior 0.17 � 0.004 0.17 � 0.005 0.177
Lateral 0.20 � 0.005 0.20 � 0.003 0.232

ase Anterior 0.16 � 0.003 0.17 � 0.004 0.023
Septal 0.14 � 0.006 0.14 � 0.003 0.785
Inferior 0.17 � 0.003 0.16 � 0.006 0.243
Lateral 0.19 � 0.003 0.19 � 0.004 0.507

pex Anterior 0.21 � 0.004 0.21 � 0.003 0.232
Septal 0.19 � 0.004 0.19 � 0.005 0.807
Inferior 0.19 � 0.003 0.19 � 0.006 0.367
Lateral 0.21 � 0.002 0.21 � 0.003 0.201
ant LV dyssynchrony despite significant LV dilatation.
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iscussion

n the presence of LV dyssynchrony and heart failure, CRT
esults in reversal of LV remodeling and in improvements in
he severity of MR.5,6,18–20 Thus, it has been suggested that
rimary MR can cause LV dyssynchrony. However, these
tudies could not differentiate the effect of CRT on changes
n LV chamber geometry versus severity of MR on LV
yssynchrony. The major finding of this study is that there
s no evidence of LV dyssynchrony in patients with mod-
rate to severe MR with a dilated left ventricle and normal
VEF, militating against a causal relation between MR and
V dyssynchrony.

To determine whether MR may be contributing to LV
yssynchrony, we enrolled participants with moderate to
evere MR with �50% increase in LV end-diastolic and
nd-systolic volumes with normal LVEF (mean 64%). Tis-
ue Doppler imaging in echocardiography has been used to
ssess LV dyssynchrony4,11,21 where LV dyssynchrony is
efined by maximum delay between peak systolic velocities
f the septal to lateral LV segments �65 ms (referred to as
he septal-to-lateral delay).22,23 In this study, we evaluated
V dyssynchrony in patients with MR and normal subjects
y measuring the difference in TTPS within myocardial
egments and between contralateral myocardial quadrants
rom tagged magnetic resonance imaging.7 In our patients
ith MR compared with normals, there was no difference in
TPS among the various quadrants of the LV segments.
urthermore, TTPS dispersion among the contralateral
uadrants from LV base to apex did not differ in patients
ith MR and the normal control population.
The severity of MR and the magnitude of ventricular

yssynchrony can change during exercise.24 Effects of such
ynamic changes in MR and its association with dyssyn-
hrony were not evaluated because these variables were
eyond the scope of the present study. In our MR group
here was significant LV remodeling as indicated by a 60%
ncrease in LV end-diastolic volume and eccentric LV hy-
ertrophy. However, we cannot rule out the possibility that
ore extensive LV remodeling with systolic dysfunction
ould result in LV dyssynchrony. This may be true when

he LVEF decreases to low normal (i.e., 50%), which would

igure 3. TTPS dispersion among contralateral quadrants in the MR (gray
evels. The TTPS dispersion among septal/lateral (A) and anterior/inferio
ndicating the absence of LV dyssynchrony in the MR group.
e indicative of LV dysfunction in primary MR. Our pa-
ients had LVEFs �55%, which precluded testing this hy-
othesis.

To our knowledge this is the first study to demonstrate
hat in patients with severe MR, significant LV remodeling,
nd preserved systolic function there is no evidence of LV
yssynchrony. Thus, our results suggest that CRT may be
neffective in decreasing the severity of MR in such patients
nd that, in patients with MR and LV dysfunction with
oncomitant dyssynchrony, MR may just be a surrogate
ndicator of CRT’s efficacy in reverse LV remodeling rather
han the target for therapy.
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