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Abstract

Degenerative mitral valve disease is the leading cause of mitral regurgitation in North America. 

Surgical intervention has hinged on symptoms and ventricular changes that develop as 

compensatory ventricular remodeling takes place. In this study, we sought to characterize the 

temporal response of left ventricular (LV) morphology and function to mitral valve surgery for 

degenerative disease, and identify preoperative factors that influence reverse remodeling. From 

1986–2007, 2,778 patients with isolated degenerative mitral valve disease underwent valve repair 

(n=2,607/94%) or replacement (n=171/6%) and had at least 1 postoperative transthoracic 

echocardiogram (TTE); 5,336 TTEs were available for analysis. Multivariable longitudinal 

repeated-measures analysis was performed to identify factors associated with reverse remodeling. 

LV dimensions decreased in the first year after surgery (end-diastolic from 5.7±0.80 to 4.9±1.4 

cm; end-systolic from 3.4±0.71 to 3.1±1.4 cm). LV mass index decreased from 139±44 to 112±73 

g·m−2. Reduction of LV hypertrophy was less pronounced in patients with greater preoperative left 

heart enlargement (P<.0001) and greater preoperative LV mass (P<.0001). Postoperative LV 

ejection fraction initially decreased from 58±7.0 to 53±20, increased slightly over the first 

postoperative year, and was negatively influenced by preoperative heart failure symptoms (P<.

0001) and lower preoperative LV ejection fraction (P<.0001). Risk-adjusted response of LV 

morphology and function to valve repair and replacement was similar (P>.2). In conclusion, a 

positive response toward normalization of LV morphology and function after mitral valve surgery 

is greatest in the first year. The best response occurs when surgery is performed before left heart 

dilatation, LV hypertrophy, or LV dysfunction develop.
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Progression of degenerative mitral valve (MV) disease is characterized by ventricular 

remodeling, whereby adaptive changes occur to accommodate the regurgitant volume and 

maintain cardiac output.1 Current surgical indications for severe degenerative mitral 

regurgitation (MR) are based on onset of symptoms, changes in left ventricular (LV) 

function or dimensions, and development of atrial fibrillation or pulmonary hypertension.2 

Our group and others have documented improved clinical outcomes with early intervention 

and reduced long-term survival in patients with LV dysfunction undergoing MV surgery.3–5 

To investigate various clinical outcomes, we focused on the ventricular remodeling process 

that occurs in chronic degenerative MR. In this study, we sought to 1) characterize responses 

of LV morphology and function to MV surgery, and 2) identify preoperative factors 

modulating this postoperative response.

METHODS

From January 1986 to January 2007, 3,031 patients underwent primary isolated MV surgery 

for degenerative MR at Cleveland Clinic. Those undergoing concomitant ablation 

procedures for atrial fibrillation (except full cut-and-sew Maze procedure) or tricuspid valve 

procedures for functional regurgitation were considered to have secondary consequences of 

degenerative MV disease and were included in the study. However, those with a history of 

prior cardiac surgery or concomitant coronary artery bypass or aortic valve procedures were 

excluded. Patients with epicardial coronary artery stenosis ≥50% were also excluded, as 

were patients with a history of coronary intervention.

To assess postoperative changes in LV morphology and function, we required at least 1 

postoperative transthoracic echocardiogram (TTE). Using the Cleveland Clinic 

Echocardiographic Database, we determined that 2,778 (92%) of the 3,031 patients had such 

an examination, and they formed the final study group. Of these, 2,607 (94%) underwent 

MV repair and 171 (6%) MV replacement. A summary of patient demographics, and clinical 

and echocardiographic characteristics is provided in Table 1. Clinical data were retrieved 

from the prospective Cardiovascular Information Registry. This registry has been approved 

for use in research by the Institutional Review Board, with patient consent waived.

TTEs were performed routinely before discharge and at the discretion of referring 

physicians during follow-up. Intraoperative transesophageal echocardiograms were not used 

in this report. Interpretation of follow-up echocardiograms was obtained at as many 

postoperative time points as available for each patient. A total of 5,336 TTE records were 

available for the 2,778 patients. Distribution of postoperative echocardiograms permitted 

assessment of temporal trends up to 5 years (eFigure 1).

eFigure 1: Number of patients with transthoracic echocardiograms at and beyond various time points, and number of measurements 
available for analyses.
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Chamber measurements were derived from 2-dimensional images. Morphologic data 

recorded and analyzed for temporal responses included left atrial (LA) diameter, from which 

LA volume was calculated;6 end-diastolic and end-systolic LV diameters; and septal and 

posterior wall thickness, from which LV mass was calculated.7 Left ventricular end-diastolic 

volume, endsystolic volume, and ejection fraction were measured from multiple 2-

dimensional projections by planimetry and edited by visual interpretation of all available 

views.8

Interobserver variability in our echocardiographic laboratory is −0.1 mL (95% confidence 

interval [CI]: −42.8 to 42.5 mL) for LV end-diastolic volume, 5.9 mL (95% CI: −21.6 to 

33.3 mL) for LV end-systolic volume, and −4% (95% CI: −16.1 to 8.0%) for LV ejection 

fraction. Intraobserver variability for these same 3 measurements was 7.1 mL (95% CI: 

−38.8 to 50 mL), 4.4 mL (95% CI: −27.9 to 36.7 mL), and 0.0% (95% CI: −13.3 to 13.3%).

To determine the temporal response to mitral surgery, trends of repeated postoperative TTE 

measurements were analyzed longitudinally using a generalized nonlinear mixed model 

regression for continuous variables (SAS PROC NLMIXED). The temporal patterns of 

values were characterized by temporal decomposition for each TTE variable.9

Multivariable analysis, using variables listed in eAppendix 1, was performed to identify 

preoperative factors that modulated each temporal phase for postoperative LV mass index 

and ejection fraction. We initially screened variables using ordinary multivariable linear 

regression (PROC REG). Bootstrap bagging methods were used to identify possible 

predictors with random resampling and automated stepwise selection.10 Variables or clusters 

of variables that entered more than 50% of 1,000 models then underwent refined generalized 

nonlinear mixed model regression. Specific variables of interest (including tricuspid 

regurgitation, MV procedure [repair or replacement], and New York Heart Association 

functional classification) were forced into the analysis.

Sporadic missing values were imputed using 5-fold multiple imputation (PROC MI).11 For 

each imputed complete data set, we estimated regression coefficients and their variance-

covariance matrix. We then combined estimates from the 5 models using PROC 

MIANALYZE.

Continuous variables are summarized as mean ± standard deviation and as 15th, 50th 

(median), and 85th percentiles. They are compared using Wilcoxon rank-sum nonparametric 

tests. Categorical data are summarized by frequencies and percentages, and compared using 

chi-squared tests. All analyses were performed using SAS statistical software (SAS v9.1; 

SAS, Inc., Cary, NC). Uncertainty is expressed by confidence limits equivalent to ±1 

standard error (68%).

RESULTS

Left ventricular end-diastolic and end-systolic diameters decreased sharply during the first 

year after surgery, with a more rapid decline in end-diastolic than end-systolic diameter 

(Figure 1). Mean end-diastolic diameter decreased from 5.7±0.80 to 4.9±1.6 cm (P<.0001) 

within the first 6 months after surgery and remained at 4.8±1.5 cm at year 5. Mean end-
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systolic diameter also decreased, but more gradually from 3.4±0.71 to 3.2±1.4 cm (P<.0001) 

within the first 6 postoperative months, then reached a constant level of 3.2±1.8 cm at year 

5.

Left ventricular mass index decreased from 139±44 to 112±73 g·m−2 (P=.003) within the 

first postoperative year and this was maintained to 5 years (Figure 2A). Nevertheless, it 

remained on average greater than normal (normal values: men, 78 g·m−2; women, 61 

g·m−2).12 Preoperative factors associated with a lower postoperative LV mass index 

included female gender, less preoperative LV hypertrophy (Figure 2B), and smaller LA 

volume (Figure 2C, eTable1). Preoperative tricuspid valve regurgitation, New York Heart 

Association classification, and mitral replacement did not significantly influence LV mass 

regression following mitral surgery.

Mean LV ejection fraction initially declined, but not significantly from its preoperative 

value of 58%±7.4% after restoring MV competency. Thereafter, it increased slightly over 

the first postoperative year, from 50%±20% to 53%±20% (P=.1), and this increase was 

sustained to 5 years (Figure 3A). Preoperative factors associated with a higher postoperative 

LV ejection fraction included higher baseline LV ejection fraction (Figure 3B), no history of 

heart failure, LA diameter ≤6 cm (Figure 3C), and lower end-systolic volume (eTable 2). 

Preoperative tricuspid valve regurgitation severity, New York Heart Association 

classification, and choice of mitral valve procedure were not significantly associated with 

the response of LV ejection fraction after mitral valve surgery.

DISCUSSION

This study describes the temporal response of reverse ventricular remodeling following 

correction of MR in degenerative mitral disease and correlates the response with 

preoperative factors. Our findings indicate a significant reduction of LV diastolic and 

systolic diameters, as well as LV mass within the first postoperative year. We also observed 

a modest increase in LV ejection fraction following surgery. Patients most likely to achieve 

favorable reverse remodeling were those who did not exhibit preoperative changes 

consistent with long-standing disease, such as LV dilatation, LA enlargement, and LV 

dysfunction.

Although our data demonstrate that reverse remodeling occurs following surgery, LV mass 

regression and LV ejection fraction recovery was not complete. This implies that the 

ventricular remodeling process imparts irreversible changes, particularly as patients develop 

chamber dilatation and ventricular dysfunction. These findings indirectly support a growing 

body of evidence suggesting an advantage to earlier intervention for severe degenerative 

MR.13,14 With the reliability of newer mitral repair techniques and minimally invasive 

approaches carried out with near zero mortality, a lower threshold for surgical intervention 

in degenerative MR is becoming more widely accepted. Furthermore, longitudinal studies 

have established superior outcomes with early surgical intervention.15,16

Early surgery in asymptomatic patients has not been universally accepted even though 

opposing studies supporting watchful waiting17 are limited. Awaiting onset of symptoms or 
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measurable indices of LV dysfunction might be a reasonable approach if ventricular 

remodeling were completely reversible. On the contrary, we have demonstrated that 

ventricular reverse remodeling is incomplete in both ventricular mass regression and 

functional recovery. Suri and colleagues also found recovery of LV function to be dependent 

on early intervention before LV dysfunction or enlargement developed.18 A follow-up study 

of LV mass regression following MV repair showed greater residual LV mass index in 

patients with reduced preoperative ejection fraction and secondary tricuspid regurgitation, 

also suggesting incomplete reverse remodeling and advantages to early surgery.19

The effect of increased preoperative LA size on functional and morphologic ventricular 

recovery also supports early surgery. Considering that structural changes in the LA relate to 

the chronicity of exposure to abnormal filling pressures and volumes,20 LA dilatation in 

association with MR could represent a surrogate marker of disease duration. We found that 

increasing LA dilatation portends negatively on ventricular reverse remodeling. One 

challenge, though, is the difficulty inherent in quantifying LA size and volume. In this study, 

we used standard 2-dimensional echocardiographic techniques to assess LA diameter and 

volume. In a recent study by Marsan et al., 3-dimensional echocardiography was utilized to 

assess LA changes after MV repair and correlate LA reverse remodeling with LV volume 

reduction.21 Similarly, application of 3-dimensional echocardiography to improve 

determination of LA size might aid in the timing of surgical intervention for patients with 

chronic MR who develop LA dilatation before ventricular changes have occurred.

The ventricular response to surgery was similar when we compared repair and replacement 

groups. Although repair has been traditionally favored over replacement because of 

improved survival, preservation of LV function, and avoidance of prosthetic valve-related 

complications,22–24 ventricular recovery in this study was similar for repair and replacement 

groups. An important consideration that could explain this variance with historical results is 

our institution’s routine practice of chordal preservation during MV replacement. Other 

investigators have established the importance of preserving the subvalvar apparatus on LV 

mechanics.25,26 Nonetheless, for the reasons stated previously, MV repair is the procedure 

of choice in patients with severe MR caused by degenerative disease.

Our study has some limitations. This is a single-institution observational study of operations 

performed over a 20-year period. Our echocardiogram database for follow-up studies is 

incomplete because some patients did not return to our institution for long-term follow-up. 

The database does not differentiate between follow-up echocardiographic studies that were 

obtained for routine reasons versus those that were obtained for clinically relevant reasons. 

A potential bias therefore exists in the long-term follow-up studies that were obtained. 

Additionally, residual MR may affect the degree of reverse remodeling. Although the degree 

of residual MR was not accounted for in the analyses, we reported a low prevalence of 

important residual MR in a prior study utilizing a similar patient cohort.27 By convention, 

reoperation is recommended for significant residual MR, either early postoperatively or on 

follow-up patient surveillance.
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Figure 1. 
Postoperative left ventricular (LV) end-diastolic (upper curve) and end-systolic (lower 

curve) diameters after mitral valve surgery. Solid lines enclosed by dashed confidence limits 

represent parametric estimates of mean dimensions across time. Solid circles represent 

grouped data without regard to repeated measurements, used for crude verification. Symbols 

and dashed line represent mean preoperative values.
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Figure 2. 
Left ventricular (LV) mass index after mitral valve surgery. A, LV mass regression. Black 

dashed line depicts 95% upper limit of normal LV mass index for sex-matched healthy adult 

population. Format is as in Figure 1. B, Postoperative LV mass index at 2.5 years compared 

with preoperative values, based on analysis presented in eTable 1. C, Postoperative LV mass 

index stratified by preoperative left atrial (LA) volume index, based on analysis presented in 

eTable 1.
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Figure 3. 
Left ventricular ejection fraction (LVEF) after mitral valve surgery. A, LVEF as a function 

of time. Format is as in Figure 1. B, Postoperative LVEF at 2.5 years compared with 

preoperative LVEF, based on analysis presented in eTable 2. C, LVEF stratified by left 

atrial (LA) size. Format is as in Figure 1, but without confidence limits (for clarity).

Shafii et al. Page 14

Am J Cardiol. Author manuscript; available in PMC 2016 January 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Shafii et al. Page 15

T
ab

le
 1

Su
m

m
ar

y 
of

 P
at

ie
nt

 D
em

og
ra

ph
ic

s,
 C

lin
ic

al
, a

nd
 E

ch
oc

ar
di

og
ra

ph
ic

 D
at

a

O
ve

ra
ll

(t
ot

al
 n

 =
 2

,7
78

)
M

V
 R

ep
ai

r
(t

ot
al

 n
 =

 2
,6

07
)

M
V

 R
ep

la
ce

m
en

t
(t

ot
al

 n
 =

 1
71

)

V
ar

ia
bl

e
na

N
o.

 (
%

 o
f 

n)
or

M
ea

n±
SD

na

N
o.

 (
%

 o
f 

n)
or

M
ea

n±
SD

na

N
o.

 (
%

 o
f 

n)
or

M
ea

n±
SD

P
 b

A
ge

 (
ye

ar
s)

2,
77

8
57

 ±
 1

3
2,

60
7

56
 ±

 1
3

17
1

69
 ±

 1
3

<
.0

00
1

B
od

y 
su

rf
ac

e 
ar

ea
 (

m
2 )

2,
77

2
2.

0 
±

 0
.2

4
2,

60
2

2.
0 

±
 0

.2
4

17
0

1.
9 

±
 0

.2
7

<
.0

00
1

Fe
m

al
e

2,
77

8
97

0 
(3

5%
)

2,
60

7
87

6 
(3

4%
)

17
1

94
 (

55
%

)
<

.0
00

1

N
Y

H
A

 f
un

ct
io

na
l c

la
ss

2,
77

6
2,

60
5

17
1

<
.0

00
1

  I
81

4 
(2

9%
)

79
0 

(3
0%

)
24

 (
14

%
)

  I
I

1,
55

8 
(5

6%
)

1,
46

3 
(5

6%
)

95
 (

56
%

)

  I
II

35
7 

(1
3%

)
30

9 
(1

2%
)

48
 (

28
%

)

  I
V

47
 (

1.
7%

)
43

 (
1.

7%
)

4 
(2

.3
%

)

M
itr

al
 r

eg
ur

gi
ta

tio
n 

gr
ad

e
2,

74
8

2,
57

9
16

9
.0

4

  2
+

7 
(0

.2
5%

)
8 

(0
.3

1%
)

1 
(0

.5
9%

)

  3
+

21
9 

(8
.0

%
)

21
3 

(8
.3

%
)

23
 (

14
%

)

  4
+

2,
52

2 
(9

2%
)

2,
35

8 
(9

1%
)

14
5 

(8
6%

)

L
ea

fl
et

 p
ro

la
ps

e
2,

77
8

2,
60

7
17

1

  P
os

te
ri

or
 o

nl
y

12
43

 (
45

%
)

11
93

 (
47

%
)

50
 (

29
%

)
<

.0
00

1

  A
nt

er
io

r 
on

ly
17

4 
(6

.3
%

)
14

7 
(5

.6
%

)
27

 (
16

%
)

<
.0

00
1

  B
ile

af
le

t
1,

33
8 

(4
8%

)
1,

25
8 

(4
8%

)
81

 (
47

%
)

.8

R
up

tu
re

d 
ch

or
da

e
2,

77
8

2,
60

7
17

1
<

.0
00

1

  P
os

te
ri

or
1,

57
6 

(5
7%

)
1,

51
1 

(5
8%

)
65

 (
38

%
)

  A
nt

er
io

r
27

1 
(9

.8
%

)
23

1 
(8

.9
%

)
40

 (
23

%
)

M
itr

al
 v

al
ve

 c
al

ci
fi

ca
tio

n
2,

77
8

61
4 

(2
2%

)
2,

60
7

52
1 

(2
0%

)
17

1
93

 (
54

%
)

<
.0

00
1

T
ri

cu
sp

id
 r

eg
ur

gi
ta

tio
n 

gr
ad

e
2,

37
0

2,
22

6
14

4
<

.0
00

1

  0
90

1 
(3

8%
)

88
2 

(4
0%

)
19

 (
13

%
)

  1
+

86
2 

(3
6%

)
82

1 
(3

7%
)

41
 (

28
%

)

  2
+

41
3 

(1
7%

)
36

9 
(1

7%
)

44
 (

31
%

)

  3
+

14
9 

(6
.3

%
)

12
1 

(5
.4

%
)

28
 (

19
%

)

Am J Cardiol. Author manuscript; available in PMC 2016 January 19.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Shafii et al. Page 16

O
ve

ra
ll

(t
ot

al
 n

 =
 2

,7
78

)
M

V
 R

ep
ai

r
(t

ot
al

 n
 =

 2
,6

07
)

M
V

 R
ep

la
ce

m
en

t
(t

ot
al

 n
 =

 1
71

)

V
ar

ia
bl

e
na

N
o.

 (
%

 o
f 

n)
or

M
ea

n±
SD

na

N
o.

 (
%

 o
f 

n)
or

M
ea

n±
SD

na

N
o.

 (
%

 o
f 

n)
or

M
ea

n±
SD

P
 b

  4
+

45
 (

1.
9%

)
33

 (
1.

5%
)

12
 (

8.
3%

)

E
ch

oc
ar

di
og

ra
ph

ic
 a

ss
es

sm
en

t

  L
A

 d
ia

m
et

er
 (

cm
)

2,
57

5
4.

9 
±

 0
.9

0
2,

42
2

4.
9 

±
 0

.8
8

15
3

5.
3 

±
 1

.0
2

<
.0

00
1

  L
V

 e
nd

-d
ia

st
ol

ic
 d

ia
m

et
er

 (
cm

)
2,

69
8

5.
7 

±
 0

.8
0

2,
54

0
5.

8 
±

 0
.7

9
15

8
5.

5 
±

 0
.9

3
<

.0
00

1

  L
V

 e
nd

-s
ys

to
lic

 d
ia

m
et

er
 (

cm
)

2,
67

8
3.

4 
±

 0
.7

1
2,

51
7

27
 ±

 1
3

15
5

26
 ±

 1
5

.3

  L
V

 m
as

s 
in

de
x 

(g
•m

−
2 )

2,
62

3
13

9 
±

 4
4

2,
46

8
13

8 
±

 4
3

15
5

14
7 

±
 4

4
.0

06

  L
V

E
F 

(%
)

2,
70

6
58

 ±
 7

.4
2,

53
8

58
 ±

 7
.4

16
8

56
 ±

 8
.0

.0
00

3

C
ar

di
ac

 c
om

or
bi

di
ty

  H
ea

rt
 f

ai
lu

re
2,

77
8

63
4 

(2
3%

)
2,

60
7

54
7 

(2
1%

)
17

1
87

 (
51

%
)

<
.0

00
1

  V
en

tr
ic

ul
ar

 a
rr

hy
th

m
ia

2,
65

5
35

7 
(1

3%
)

2,
49

8
32

9 
(1

3%
)

15
7

28
 (

18
%

)
.1

  A
tr

ia
l f

ib
ri

lla
tio

n/
fl

ut
te

r
2,

77
8

34
3 

(1
2%

)
2,

60
7

28
6 

(1
1%

)
17

1
57

 (
33

%
)

<
.0

00
1

  C
om

pl
et

e 
he

ar
t b

lo
ck

2,
77

8
43

 (
1.

5%
)

2,
60

7
28

 (
1.

1%
)

17
1

15
 (

8.
8%

)
<

.0
00

1

C
on

co
m

ita
nt

 p
ro

ce
du

re
s

  A
bl

at
io

n 
fo

r 
at

ri
al

 f
ib

ri
lla

tio
n

2,
77

8
60

 (
2.

2 
%

)
2,

60
7

48
 (

1.
8%

)
17

1
12

 (
7.

0%
)

<
.0

00
1

  T
ri

cu
sp

id
 v

al
ve

 p
ro

ce
du

re
2,

77
8

15
9 

(5
.8

%
)

2,
60

7
12

1 
(4

.6
%

)
17

1
38

 (
22

%
)

<
.0

00
1

a Pa
tie

nt
s 

w
ith

 d
at

a 
av

ai
la

bl
e.

b U
na

dj
us

te
d 

co
m

pa
ri

so
n 

be
tw

ee
n 

M
V

 r
ep

ai
r 

an
d 

re
pl

ac
em

en
t u

si
ng

 th
e 

W
ilc

ox
on

 R
an

k-
Su

m
 n

on
pa

ra
m

et
ri

c 
te

st
 (

co
nt

in
uo

us
 v

ar
ia

bl
es

) 
or

 c
hi

-s
qu

ar
ed

 te
st

 (
ca

te
go

ri
ca

l v
ar

ia
bl

es
).

K
ey

: L
A

, l
ef

t a
tr

ia
l; 

L
V

, l
ef

t v
en

tr
ic

ul
ar

; L
V

E
F

, l
ef

t v
en

tr
ic

ul
ar

 e
je

ct
io

n 
fr

ac
tio

n;
 M

V
, m

itr
al

 v
al

ve
; N

Y
H

A
, N

ew
 Y

or
k 

H
ea

rt
 A

ss
oc

ia
tio

n;
 S

D
, s

ta
nd

ar
d 

de
vi

at
io

n.

Am J Cardiol. Author manuscript; available in PMC 2016 January 19.


