
Abstract. Aim: This study aimed to evaluate the structural
and functional changes of left-sided cardiac chambers by
cardiac magnetic resonance imaging (CMRI) in patients with
chronic mitral regurgitation after mitral valve repair (MVR).
Patients and Methods: Among 103 patients who underwent
MVR, 21 showed normal left ventricular (LV) function; their
pre- and postoperative left atrial (LA) and LV functions were
examined by CMRI. Results: LV end-diastolic volume, LV
end-systolic volume, and LV mass significantly were reduced
postoperatively (p<0.01) and postoperative LV ejection
fraction tended to decrease. LA volume parameters also
significantly decreased postoperatively (p<0.01). The
conduit function positively affected the LV filling volume
postoperatively (p<0.01); however, no effect on the booster
pump function was noted (p=0.01). Conclusion: Restoration
of LA and LV functions after a successful MVR was not
associated with structural improvement in LA and LV.

Mitral valve repair (MVR) is the gold standard technique for
chronic mitral regurgitation (MR) and studies have reported
its excellent long-term outcomes (1, 2). Currently, the
indication of MVR is based on several findings, such as
clinical symptoms, poor left ventricle (LV) systolic function,

atrial fibrillation, and higher pulmonary artery pressure,
according to the American (3) and European practice
guidelines (4). Evidence showed that symptom severity and
hemodynamics are associated with patient outcomes (5).
However, postoperative changes in left-sided cardiac
chambers [i.e., the left atrium (LA) and LV] remain unclear.
It should be noted that to compensate for chronic volume
overload preoperatively, the left-sided heart chambers
undergo reverse remodeling, which in turn contributes to the
improvement in their dynamics postoperatively. Cardiac
magnetic resonance imaging (CMRI) is a superior technique
over other several testing methods for the measurement of
cardiac chamber volumes (6).
We hypothesized that MVR improves the dynamics of

left-sided cardiac chambers. In this study, we aimed to
investigate the volumes of the LA and the LV before and
after surgery; volumetric analysis was performed using
CMRI after MVR.

Patients and Methods
From January 1, 2012 to December 31, 2018, 103 patients
underwent mitral valve surgery for severe MR at our Institute. This
retrospective study was limited to patients undergoing MVR with
preoperative echocardiographic data of normal LV ejection fraction
(LVEF) >60%. Those with concomitant tricuspid annuloplasty,
patent foramen ovale closure, or pulmonary vein isolation for
paroxysmal atrial fibrillation were eligible for inclusion. The
exclusion criteria were concomitant coronary artery bypass grafting,
a history of coronary artery disease, previous mitral valve
intervention, mitral stenosis, aortic valve disease, infective
endocarditis, congenital heart disease, cardiomyopathy, chronic
atrial fibrillation, end-stage renal disease on hemodialysis,
incomplete pre- or postoperative CMRI data, or refusal of patient
consent. A total of 21 patients met the enrollment criteria and were
analyzed in this study. The Ethics Committee of Nara Medical
University approved this study (approval no.: 2307).
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CMRI acquisition. In this study, we accurately measured the LA and
LV volumes and LV mass in patients with chronic MR by CMRI
before and after mitral valve surgery, and we assessed both the
structural and functional changes in the left-sided cardiac chambers
after MVR. CMRI was performed around 1 month preoperatively
and approximately 12 months postoperatively.
Patients were at rest and examined in the supine position using

a 1.5-T scanner (Avanto; Siemens, Erlangen, Germany) with an 8-
element phased-array body coil. Cine images were acquired at a rate
of 25 phases per cardiac cycle using segmented electrocardiogram-
triggered, steady-state, free-precession cine imaging with echo
sharing (true fast imaging with steady-state, free-precession
sequence) from the same 8-10 contiguous short-axis planes with an
8-mm section thickness and an inter-slice gap of 2 mm, thereby
covering the entire LV from the base to the apex, as described
previously (7).
In all the patients, the following static LA volumes were

measured:
• Maximum LA volume (LAVmax)
• LA volume immediately before atrial contraction (LAVpreA)
• Minimum LA volume (LAVmin)
Based on the aforementioned volumes, the following dynamic

LA volumes were calculated:
• LA reservoir volume: LAVmax − LAVmin
• LA passive emptying volume: LAVmax − LAVpreA
• LA conduit volume: LV total stroke volume − LA reservoir
volume

• LA booster pump volume: LAVpreA − LAVmin 
The three LA phasic functions were expressed as the percentage

contribution of respective phasic functions to the LV filling volume
as follows:
• Reservoir function: LA passing emptying volume/LV total stroke
volume

• Conduit function: LA conduit volume/LV total stroke volume
• Booster pump function: LA booster pump volume/LV total stroke
volume 

Surgical procedure. MVR was performed through full sternotomy.
The approach to the mitral valve was through the atriotomy that was
made on the right side of the LA. Valve repair was performed with
triangular leaflet resection or chordal replacement using Gore-Tex
sutures (Gore-Tex; W.L. Gore & Associates, Inc., Flagstaff, AZ,
USA) for posterior prolapsing or flailing leaflet. Anterior leaflet
prolapse was commonly corrected using chordal replacement with
Gore-Tex sutures. Mitral annuloplasty was usually accompanied by
an annuloplasty ring (Cosgrove-Edwards Annuloplasty System,
Carpentier-Edwards Physio II Annuloplasty Ring; Edwards
Lifescience Corporation, Irvine, CA, USA). Moreover, myocardial
protection was achieved with antegrade and retrograde cardioplegia.
Transesophageal echocardiography was used routinely to assess the
repaired valve intraoperatively. We found that residual MR was less
than mild in all the patients.

Statistical analysis. Continuous variables are expressed as the mean
and standard deviation or as the median and interquartile range.
Categorical variables are presented as numbers and percentages.
Measurements were compared using the Wilcoxon signed-rank test.
A p-value of less than 0.05 was considered statistically significant.
Statistical analyses were performed using SPSS for Windows,
version 21.0 (Chicago, IL, USA).

Results

Clinical characteristics. Patient characteristics are presented
in Table I. The mean patient age was 60.5 years. Although
all of the 21 patients had LVEF >60% on transthoracic
echocardiography preoperatively, five patients had LV end-
systolic dimension >40 mm. No patients had persistent or
permanent atrial fibrillation. However, one patient, who had
had a history of paroxysmal atrial fibrillation, underwent
concomitant pulmonary vein isolation. During follow-up
after the surgery, all 21 patients have been in sinus rhythm.

Surgical data. Surgical data are shown in Table II. Seventeen
patients had posterior mitral valve leaflet prolapse or flailing,
which involved one or two scallops. Two patients had
anterior leaflet prolapse, one had bileaflet prolapse, and one
patient had a posterior commissure lesion. At our Institution,
we have mainly employed chordal replacement with Gore-
Tex sutures for anterior or posterior leaflet since 2015.
Tricuspid annuloplasty, closure of patent foramen ovale, and
pulmonary vein isolation were concomitantly performed, as
appropriate. No mortality or hospital re-admission for heart
failure was reported. Postoperative residual regurgitation on
transthoracic echocardiography was less than mild in all
patients based on their latest clinical visit.

Structural and functional changes in the LV. In the 21
patients, LV end-diastolic volume index (LVEDVI), LV end-
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Table I. Patient characteristics in hypopharyngeal cancer.

Characteristic Value

Age, years (Mean±SD) 60.5±10.0
Men, n (%) 10 (47.6)
BSA, m2 (Mean±SD) 1.7±0.2
NYHA class, n (%)
I 3 (14.3)
II 15 (71.4)
III 2 (9.5)
IV 1 (4.8)

Preoperative EF, % 68.8±5.0
Preoperative LVDs, mm (Mean±SD) 35.9±5.9
Operation time, min (Mean±SD) 384.5±100.1
BPT, min (Mean±SD) 200.6±48.0
CCT, min (Mean±SD) 143.8±37.2
EuroSCORE II, % (Mean±SD) 1.8±0.5
HT, n (%) 7 (33.3)
DM, n (%) 0 (0)
DL, n (%) 10 (47.6)
CKD, n (%) 4 (19.0)

BSA: Body surface area; NYHA: New York Heart Association; BPT:
bypass time; CCT: cross-clamp time; HT: hypertension; DM: diabetes
mellitus; DL: dyslipidemia; CKD: chronic kidney disease.



systolic volume index (LVESVI), LVEF, and LV mass index
(LVMI) were measured by CMRI. Preoperative LVEDVI and
LVESVI were significantly reduced postoperatively, by 40%
or more (p<0.01) (Figure 1A and B). Preoperative LVEF
decreased slightly postoperatively (p=0.076) (Figure 1C);
this finding reflected a less pronounced reduction in ESV
than in EDV following surgery. LVMI was significantly
lower postoperativeIy (p<0.01) (Figure 1D).

Structural and functional changes in the LA. LAVmax,
LAVpreA, and LAVmin were measured by CMRI, and LA
reservoir volume, passive emptying volume, conduit volume,
and booster pump volume were also calculated.
Subsequently, LA reservoir function, conduit function, and
booster pump function were assessed. The preoperative
indexed LAVmax, LAVpreA and LAVmin significantly
decreased postoperatively by 40% or more (p=0.001) (Figure
2). Regarding the three LA phasic functions, no difference
between preoperative and postoperative reservoir function
was found (p=0.103). The postoperative conduit function
contributed more to the LV filling volume than did the
preoperative conduit function, with a increase of more than
50% (p=0.007). Furthermore, the postoperative booster pump
function contributed less to LV filling than did the
preoperative booster pump function being lower by over a
third (p=0.013) (Figure 3).
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Table II. Surgical data.

Patient Prolapse Surgical Ring size (mm) Residual Concomitant 
lesions procedure regurgitation procedures

1 P2 Cut and suture Cosgrove ring (#28) None None
2 P3 Cut and suture Cosgrove ring (#30) Trivial TAP
3 P2 Cut and suture Cosgrove ring (#30) Trivial TAP
4 P3 Cut and suture Cosgrove ring (#30) Trivial None
5 P2-3 Cut and suture Cosgrove ring (#32) Trivial None
6 P2-3 Cut and suture Cosgrove ring (#28) Trivial TAP PVI
7 A1-2 Cut and suture None Trivial TAP
8 P2 Cut and suture Cosgrove ring (#30) None None
9 P2 Cut and suture +chordal replacement Cosgrove ring (#30) Trivial None
10 P2 Cut and suture Cosgrove ring (#34) Trivial None
11 P2 Chordal replacement Cosgrove ring (#32) Trivial None
12 P2 Chordal replacement Cosgrove ring (#36) Trivial None
13 P2 Chordal replacement Cosgrove ring (#30) Trivial None
14 A2P3 Chordal replacement Cosgrove ring (#30) Trivial TAP
15 P2 Chordal replacement Cosgrove ring (#32) Trivial TAP
16 A2 Chordal replacement Physio II ring (#34) Trivial TAP
17 P2-3 Chordal replacement Cosgrove ring (#32) Trivial TAP
18 PC Suture Physio II ring (#32) Trivial None
19 P2 Chordal replacement Cosgrove ring (#32) Trivial PFOc
20 P2 Chordal replacement Cosgrove ring (#32) Trivial None
21 P3 Chordal replacement Cosgrove ring (#30) Trivial None

TAP: Tricuspid annuloplasty; PFOc: closure of patent foramen ovale; PVI: pulmonary vein isolation; Cosgrove ring: Cosgrove-Edwards Annuloplasty
System; Physio II ring: Carpentier-Edwards Physio II Annuloplasty Ring.

Figure 1. Boxplots showing the minimum, first quartile, median, third
quartile, and maximum left ventricular end-diastolic volume index
(LVEDVI) (A), left ventricular end-systolic volume index (LVESVI) (B),
left ventricular ejection fraction (LVEF) (C), and left ventricular mass
index (LVMI) (D) before (Pre) and after (Post) mitral valve repair.



Discussion

Studies have reported on the excellent long-term outcomes
of MVR (1, 2); thus, it has become the gold standard surgery
for chronic primary MR. However, little is known regarding
the structural and functional changes in the left-sided cardiac
chambers after surgery. Some researchers have shown
postoperative decrease in LVEF despite LV reverse
remodeling after the surgery (8, 9). It should be confirmed
that the seeming structural improvement in the LV is linked
to true improvement in cardiac performance.
Patients with indications for MVR are usually in a stable

compensated condition for chronic volume overload. The
compensatory mechanism results in dilatation of the left-
sided cardiac chambers. Thus, in our study, we measured the
LA and LV volumes by CMRI, which can accurately
measure cardiac chamber volumes (6). Moreover, the LA

function has three phases, acting as a reservoir in systole, as
a conduit in early diastole, and as a booster pump in late
diastole (10). These LA phasic functions can be assessed by
volumetric evaluation. Considering that left-sided heart
failure syndrome is associated with the failure of the LA to
compensate for LV dysfunction, it is essential to investigate
the changes in LA functions in the three phases after MVR.

LV following MVR. Preoperative LV chamber remodeling
with eccentric hypertrophy was reversed because of a
significant decrease in LV preload with reduction in EDV,
ESV, and LV mass in almost all patients after MVR.
However, despite the substantial LV reverse remodeling,
LVEF decreased from 58.5% at baseline to 55.2% at follow-
up. As other studies have shown, the postoperative reduction
in LVEF is because afterload-dependent LVESV decreases
less pronouncedly than preload-dependent LVEDV (11, 12),
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Figure 2. Boxplots showing the minimum, first quartile, median, third quartile, and maximum static volumes of the left atrium (LA) before (Pre)
and after (Post) mitral valve repair. A: Maximum LA volume (LAVmax). B: LA volume immediately before atrial contraction (LAVpreA). C: minimum
LA volume (LAVmin). All volumes were indexed to body surface area.

Figure 3. Contribution of each phasic function of the left atrium (LA) to the total stroke volume of the left ventricle. No difference in the reservoir
function before (Pre) and after (Post) mitral valve repair was found. Postoperative conduit function had a significantly greater contribution, whereas
postoperative booster pump function had significantly less contribution to left ventricular filling than preoperatively.



which was also demonstrated in our study patients. This
finding may indicate that the preoperative relationship
between increased LV preload, reduced LV afterload, and
compromised LV contractility was corrected by surgery,
resulting in the normalization of preload and afterload.
Nevertheless, predicting the postoperative LV function in a
patient before MVR remains challenging because of the
difficulty in accurately assessing the LV function in a
volume-overload condition. Therefore, postoperative LV
dysfunction may still occur in some patients who are
indicated for MVR according to the current guidelines.
Witkowski et al. (13) and Kim et al. (14) demonstrated

that preoperative LV global longitudinal strain, which is
assessed by speckle-tracking echocardiographic analysis, is
an independent predictor of long-term outcomes after MVR.
The LV myocardium consists of circumferential fibers in the
mid-wall layer and longitudinal fibers in the subendocardial
and subepicardial layers (15, 16). It has been suggested that
the subendocardial fibers may play a central role in the
descent motion of the mitral annulus to the apex during
systole and that longitudinal myocardial function may be
impaired earlier than circular myocardial function in cardiac
disorders because of the subendocardial localization of the
longitudinal fibers. Therefore, preoperative LV global
longitudinal strain may be a promising predictor of long-term
outcomes following MVR. Moreover, treatment of severe
MR with percutaneous devices has recently been developed
as an alternative to surgery. Ipek et al. showed changes in
LV longitudinal strain from baseline to 12-month follow-up
in two groups: MitraClip and MVR groups. A significant
postoperative reduction in LV longitudinal strain in the MVR
group was observed, whereas no change was noted in the
MitraClip group (17). Some factors in surgical repair
possibly contributed to such postoperative LV dysfunction.

LA following MVR. Preoperative LA adverse remodeling was
also reversed by a significant reduction in LA preload with
decreased static LA volumes, including LAVmax, LAVpreA,
and LAVmin. In our study, each phasic function in the three
phases was investigated and the dynamic LA volumes were
assessed because the LA function contributes significantly to
the onset of left heart failure syndrome. The postoperative
contribution of reservoir function to the LV stroke volume was
25%, which was not significantly different from the
preoperative contribution. While postoperative conduit function
increased to 65%, booster pump function was reduced to 11%.
Prioli et al., who investigated the three phasic functions in the
LA in healthy individuals by echocardiography, showed that
reservoir function contributes 38%, conduit function 36%, and
booster pump function 26% to the LV stroke volume (18). In
our patients, the postoperative findings of the three phasic
functions corresponded to those of the restrictive rather than
the healthy individuals in Prioli et al.’s study. Thus,

postoperative structural improvement in the LA might not
necessarily reflect functional improvement.
Borg et al. studied LA mechanisms in patients with MR

and in healthy controls using echocardiography; they
showed that all static LA volumes and dynamic LA volumes
in the three LA phases significantly increased in the MR
group and that the conduit function produced approximately
70% of the total LV stroke volume (19). Ren et al. also
demonstrated an augmentation of the LA conduit function
in severe MR (20). In our patients, preoperative conduit
function provided 41% of the total stroke volume. In a
normal heart, an increase in atrial preload, e.g. during
exercise, results in an augmentation of LA reservoir and
booster pump functions, whereas no augmentation of
conduit function is noted (21). Thus, in patients with
chronic severe MR, including those who are asymptomatic,
the LA phasic functions might be already deranged because
of volume overload. In addition to such derangement of LA
function, the LA may be burdened by LV dysfunction due
to LV volume overload, an annuloplasty ring may impede
mitral flow in diastole, and left atriotomy and manipulation
of the LA may affect LA performance following MVR.
However, determining how the LA with preoperative
compensation for chronic volume overload adapts after
surgery, resulting in restoration of the normal volume-
loading condition, remains challenging. Nevertheless, Ring
et al. proposed that a quantitative assessment of LA
function, particularly the total LA emptying fraction, may
guide the optimum timing of surgery for chronic MR (22).
The LA mechanisms may play an important role in cardiac
performance after surgery for chronic MR; hence, attention
to the LA may be crucial in decision-making regarding the
optimal timing of MVR.

Limitations. This was a single-center retrospective study and
thus had well-known inherent limitations. The number of
patients was small, which can be attributed to the strict study
criteria. The patients had to be in sinus rhythm and had to
undergo CMRI for the accurate measurement of the left-
sided heart chamber volumes both pre- and postoperatively.
Moreover, the main purpose of this study was to evaluate the
structural and functional changes in the LV and LA after
MVR in patients with chronic severe MR, and long-term
outcome measures were beyond the scope of our
investigation. Nevertheless, larger studies are needed to
confirm our results, and the prognostic implications of LV
and LA reverse remodeling after surgery should be
demonstrated with a longer clinical follow-up.

Conclusion

Functional restoration of the LA and LV after a successful
MVR may not be necessarily associated with their structural

Hayata et al: Left Cardiac Function After Mitral Valve Repair

2901



improvement, particularly in regard to the LA. However, the
findings in our study warrant further investigations. 
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