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Objective: The aim of this study is to evaluate mitral valve hemodynamics after mitral valve repair for
degenerative disease, and seek the impact of type/size of annuloplasty prosthesis on resting cardiac
hemodynamics.
Methods: Between October 2012 and June 2019, 301 patients underwent isolated mitral valve repair for
degenerative disease were enrolled. Correlation between postoperative mitral hemodynamics and type/
size of annuloplasty prosthesis was evaluated.
Results: There were significant correlations between annuloplasty size and peak velocity (r = —0.41,
p < 0.001), peak transmitral pressure gradient (TMPG) (r = —0.40, p < 0.001), mean TMPG (r = —0.41,
p < 0.001), effective orifice area (EOA) (r = 0.26, p < 0.001), and pulmonary artery systolic pressure
(r=-0.15, p = 0.010). In patients with larger annuloplasty prostheses (>30 mm), the type of annuloplasty
prosthesis (band or ring) did not influence the mitral hemodynamics, however, mean TMPG was signif-
icantly greater in patients with a full ring (2.9 mmHg [2.1-3.7] vs. 4.0 mmHg [2.8-5.0], p < 0.001) in
patients with smaller annuloplasty (<30 mm). Left ventricular ejection fraction and stroke volume were
significantly associated with an increase of TMPG (r = 0.14, p = 0.016 and r = 0.24, p < 0.001).
Conclusions: A larger partial band had the potential to improve mitral hemodynamics after mitral repair
for degenerative disease. However, echocardiographic mitral hemodynamics was influenced by LV func-
tion. Therefore, a more accurate method is required to elucidate the true impact of mitral repair on
hemodynamics.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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mitral valve repair for degenerative mitral regurgitation is reported
to cause lower exercise capacity and atrial fibrillation [4-6].

1. Introduction

Mitral valve repair is a standard procedure for functional and
degenerative mitral regurgitation (MR). Recurrence of MR is the
main concern and research is focused on long-term success of sur-
gical repair. At the same time, functional mitral stenosis (FMS),
according to the reduction of the mitral effective valve orifice area
(EOA), and elevation of the transmitral pressure gradient (TMPG),
has been emphasized. A high incidence of FMS with a mitral valve
area less than 1.5 cm? or a mean TMPG greater than 5 mmHg has
recently been reported in patients who underwent surgical mitral
annuloplasty for ischemic MR [1-3]. Additionally, TMPG after
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The size and type of annuloplasty prosthesis and technique of
repair were reported as predictors of FMS, following valve repair.
Compared to a partial band, the postoperative TMPG was greater
in patients with a full ring prosthesis [5]. On the other hand, a lar-
ger annuloplasty prosthesis is expected to reduce TMPG. It is diffi-
cult to assess FMS after mitral valve repair as various techniques
and annuloplasty products are used, depending on surgical prefer-
ences. Additionally, the relationship between type and size of
annuloplasty prosthesis and mitral valve hemodynamics is still
unclear, and there are few reports on hemodynamic difference
between various products. Based on these backgrounds, the aim
of this study is to evaluate mitral valve hemodynamics after mitral
valve repair for degenerative disease, and seek the impact of type/-
size of annuloplasty prosthesis on resting cardiac hemodynamics.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2. Patients and methods
2.1. Patient population

This study is a retrospective evaluation of mitral valve hemody-
namic status measured by resting echocardiogram at 2 weeks after
surgery. Three hundred and six patients underwent isolated mitral
valve repair for degenerative disease with annuloplasty prosthesis
at the Sakakibara Heart Institute of Okayama, Japan, between Octo-
ber 2012 and June 2019. After excluding 5 patients with residual
mitral regurgitation > moderate, the remaining 301 patients were
enrolled. The overall mean patient age was 60 (48-68) years, of
which 35% (106/301) were female. The mean body surface area
was 1.66 m? (1.50-1.78). The cohort included 52 (17%) paroxysmal
and 32 (11%) chronic atrial fibrillation. Patient characteristics are
presented in Supplementary Table 1. The goal was to evaluate
the correlation between type/size of annuloplasty prosthesis and
mitral valve hemodynamics. This study was approved by the insti-
tutional ethics committee in accordance with the ethical standards
laid down in the 1964 Declaration of Helsinki and its later amend-
ments (No. A201908-01, September 26, 2019). Consent for using
patients’ data was obtained from all patients.

2.2. Surgical technique of mitral valve repair

In this cohort, 76.1% of patients underwent minimally invasive
mitral repair via a right mini-thoracotomy. The main technique of
mitral repair included resection in 115 patients (38%), artificial
chorda in 165 patients (55%), folding plasty in 18 patients (6%),
and augmentation in 3 patients (1%). The prolapse lesion included
49 anterior (16%), 213 posterior (71%) and 39 bi-leaflet (13%) (Sup-
plementary Table 2).

2.3. Quantitative echocardiography

Standard transthoracic echocardiography was performed on all
patients in the left-lateral decubitus position by experienced sono-
graphers before and after symptom-limited exercise, using a com-
mercially available ultrasound machine (Aplio Artida, Toshiba
Medical Systems Corporation, Tochigi, Japan). Standard data, such
as left ventricular ejection fraction (LVEF), end-diastolic and sys-
tolic dimensions, and tricuspid regurgitation pressure gradient
(TRPG) were obtained from the official echocardiographic report
[7]. Stroke volume (SV) was measured as follows: the LV outflow
tract (LVOT) area x LVOT velocity time integral (VTI), by the pulse
wave Doppler method. To evaluate the hemodynamic status of the
mitral valve, the EOA, which was calculated with the continuity
equation, the TMPG, the Doppler velocity index (DVI = VTlyy/
VTlvor), and the peak flow velocity were measured. The pul-
monary artery systolic pressure (PASP) was estimated from the
maximal velocity of the tricuspid regurgitant jet using
continuous-wave Doppler with the simplified Bernoulli equation
and adding the right atrial pressure (RAP), which was estimated
by the diameter and collapsibility of the inferior vena cava (IVC).
For an IVC with a diameter < 2.1 cm that collapses > 50% with a
sniff, the RAP value of 3 mmHg was used; an IVC with a
diameter > 2.1 cm that collapses < 50% suggests a RAP of 15 mmHg.
If the IVC diameter and collapse did not fit this scenario, an inter-
mediate value of 8 mmHg was used [8-11].

2.4. Statistical analysis

Continuous data are presented as median and interquartile val-
ues (the 1st to the 3rd quartile). Categorical variables are given as a
count and percentage of patients. Continuous data were compared

with a Mann-Whitney U test. Categorical variables are given as a
count and percentage of patients and were compared using the
%2 test. When any expected frequency was less than 1, or 20% of
expected frequencies were less than or equal to 5, the Fisher's
exact test was used. The correlation between annuloplasty size
and mitral hemodynamics was assessed using Spearman’s correla-
tion coefficient. All data were analyzed using the Statistical Analy-
sis Systems software JMP 12.0 (SAS Institute Inc., Cary, NC, USA).

3. Results
3.1. Implanted annuloplasty prostheses

A partial band was used for 158 (52.5%) patients and a full ring
for 143 (47.5%) patients. There was no significant difference in the
mean size of band and ring (32 mm [30-33] vs. 32 mm [28-32],
p = 0.14). For the partial band group, CG future (Medtronic Inc.,
Minneapolis, MN, USA), Cosgrove (Edwards Lifesciences, Irvine,
CA, USA), Duran (Medtronic Inc., Minneapolis, MN, USA), and Tailor
(Abbott Laboratories, Abbott Park, IL, USA) bands were implanted
in 23, 82, 20, and 33 patients, respectively. For the full ring group,
68 Carpentier-Edwards Physio/Physio II (Edwards Lifesciences,
Irvine, CA, USA) and 75 Memo 3D (LivaNova, Saluggia, Italy) rings
were implanted.

3.2. Comparison of hemodynamic status between different partial
band products

The median of the implanted size of the respective partial band
was as follows: CG future band (32 mm [28-32]), Cosgrove band
(32 mm [30-32]), Duran band (29 mm [29-31]), and Tailor band
(31 mm [31-33]). There were significant differences in mean TMPG
and EOA between respective partial bands (p = 0.017 and 0.026).
The median of the TMPG of respective bands was 2.3 mmHg
(1.8-2.5) in CG future band, 2.9 mmHg (2.1-3.8) in Cosgrove band,
2.4 mmHg (1.9-3.0) in Duran band, and 2.4 mmHg (1.8-3.0) in Tai-
lor band. The median of the EOA of respective bands was 1.93 cm?
(1.68-2.40) in CG future band, 1.60 cm? (1.41-2.07) in Cosgrove
band, 1.72 cm? (1.47-2.07) in Duran band, and 1.93 cm? (1.68-
2.23) in Tailor band (Supplementary Figure 1).

3.3. Comparison of hemodynamic status between different full ring
products

The median implanted size of the respective full rings were as
follows: Physio ring (32 mm [31-34]), and Memo 3D ring
(30 mm [28-32]), (p < 0.001). There were significant differences
in mean TMPG and EOA between Physio and Memo 3D rings
(2.4 mmHg [1.7-3.0] vs. 3.2 mmHg [2.4-4.4], p < 0.001, and
1.80 cm? [1.59-2.17] vs. 1.52 cm? [1.24-1.85], p < 0.001) (Supple-
mentary Figure 2).

3.4. Correlation between annuloplasty size and mitral hemodynamic
parameters

There were significant correlations between annuloplasty size
and peak velocity (r = —0.41, p < 0.001), peak TMPG (r = —0.40,
p < 0.001), mean TMPG (r = —0.41, p < 0.001), EOA (r = 0.26,
p < 0.001), and PASP (r = —0.15, p = 0.010). DVI had no significant
correlation with annuloplasty size (r = —0.02, p = 0.73) (Fig. 1).
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Fig. 1. Correlation between annuloplasty size and mitral hemodynamic parameters. TMPG, transmittal pressure gradient, EOA, effective orifice area, DVI, Doppler velocity

index, SPAP, systolic pulmonary artery pressure.

3.5. Comparison of hemodynamic status between partial band and full
ring

In patients with the partial band, LVEF and LVSV were signifi-
cantly greater than patients with the full ring (60% [56-65] vs.
57% [53-63], p = 0.003, and 60 ml [52-70] vs. 55 ml [48-67],
p = 0.011). There were no significant differences in peak velocity,
peak TMPG, DVI, and PASP between the band and ring groups.
Mean TMPG was significantly lower and EOA was significantly
greater in patients with the partial band (2.5 mmHg [1.9-3.2] vs.
2.7 mmHg [2.0-3.7], p = 0.016, and 1.75 cm? [1.49-2.15] vs.
1.71 cm? [1.39-2.08], p = 0.026) (Table 1).

Table 1
Comparison of echocardiographic data.

Variables Partial band (n = 158) Full ring (n = 143) p-
value
LVDD (mm) 45 (42-49) 46 (42-49) 0.53
LVDS (mm) 30 (28-34) 31 (29-35) 0.05
LVEF (%) 60 (56-65) 57 (53-63) 0.003
LAD (mm) 36 (32-40) 36 (31-41) 0.49
LVSV (ml) 60 (52-70) 55 (48-67) 0.011
MR 1(1-2) 1(1-2) 0.33
DVI 2.1(1.7-2.4) 2.1 (1.8-2.6) 0.22
EOA (cm?) 1.75 (1.49-2.15) 1.71 (1.39-2.08) 0.06
Peak velocity (m/s) 1.26 (1.08-1.50) 1.31 (1.08-1.57) 0.28
Peak TMPG (mmHg) 6.4 (4.7-9.0) 6.7 (4.6-9.9) 0.35
Mean TMPG (mmHg) 2.5 (1.9-3.2) 2.7 (2.0-3.7) 0.039
TRPG (mmHg) 19 (16-23) 18 (15-22) 0.22
PASP (mmHg) 22 (19-27) 22 (19-26) 0.52

LVDD, left ventricular diastolic dimension; LVDS, left ventricular systolic dimen-
sion; LVEF, left ventricular ejection fraction; LAD, left atrial dimension; LVSV, left
ventricular stroke volume; MR, mitral regurgitation; DVI, Doppler velocity index;
MVPG, mitral valve pressure gradient; TRPG, tricuspid regurgitation pressure gra-
dient; PASP, pulmonary artery systolic pressure.

In patients with larger annuloplasty prostheses (>30 mm),
there were no significant differences in mean TMPG and EOA
between the band and ring (2.5 mmHg [1.8-3.2] vs. 2.5 mmHg
[1.9-3.1], p = 0.98, and 1.82 cm? [1.51-2.20] vs. 1.78 cm? [1.48-
2.10], p = 0.10). In patients with smaller annuloplasty (<30 mm),
there was no significant difference in EOA between the band and
ring (1.57 cm? [1.34-1.95] vs. 1.44 cm? [1.23-1.79], p = 0.40); how-
ever, mean TMPG was significantly greater in patients with a full
ring (2.9 mmHg [2.1-3.7] vs. 4.0 mmHg [2.8-5.0], p < 0.001)
(Fig. 2).

3.6. Correlation between cardiac and mitral hemodynamic parameters

LVEF, LVSV and left atrial dimension (LAD) were significantly
associated with an increase of TMPG (r = 0.14, p = 0.016, r = 0.24,
p <0.001, and r = 0.30, p < 0.001). EOA had a significantly positive
correlation with LVSV (r = 0.30, p < 0.001) (Fig. 3).

4. Discussion

The major findings of this study are as follows: (1) there were
significant differences in mean TMPG and EOA between different
products of bands and rings; (2) greater annuloplasty size had a
potential to improve not only mitral hemodynamics, but also pul-
monary hypertension obtained by resting echocardiogram; (3)
compared to a full ring, a partial band can reduce the mean TMPG
and increase the EOA and LV output; (4) in patients with larger
annuloplasty prostheses (>30 mm), the type of annuloplasty pros-
thesis (band or ring) did not influence the mitral hemodynamics;
and, (5) TMPG and EOA were influenced by LV function.

Several reports have compared full rings and partial bands for
repair of degenerative MR. Spiegelstein, et al. compared the Physio
ring and Cosgrove band. They concluded that a full ring provided a
longer coaptation and durability while the partial band preserved
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motion of the aortic curtain [12]. Chan, et al. reported a slight ele-
vation of mean TMPG (>3 mmHg) which can lead to worse intrac-
ardiac hemodynamics, as was observed in 98% of patients (41/42)
with full ring [5]. Mesana, et al. compared outcomes of patients fol-
lowing mitral valve repair with either a complete ring or a partial
band, measured by stress echocardiogram, and they confirmed
greater mitral gradients and pulmonary pressures in patients
repaired with a complete ring [13]. In this study, we obtained
the same findings; however, we used a full ring for an anterior leaf-

let lesion. We found that different products had different geomet-
ric orifice areas and there were significant differences in mitral
hemodynamic status among a variety of annuloplasty products,
even if their sizes were equivalent. Also, in other studies, a smaller
annuloplasty ring was associated with increased TMPG [14,15]. We
obtained similar findings, and that greater annuloplasty size
improved not only mitral hemodynamics, but also LV output and
pulmonary hypertension, measured by resting echocardiogram.
However, to prevent FMS, the recommended size for each patient
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is still undetermined. According to our results, in patients with lar-
ger annuloplasty prostheses (>30 mm), the mitral hemodynamic
parameters were equivalent between bands and rings. A full ring
with size > 30 mm may be recommended to avoid FMS after mitral
repair for Japanese with small BSA in this cohort. Therefore, this
may not be applied for Western larger people.

On the other hand, there was a different issue which should be
discussed regarding FMS after mitral repair. Mitral hemodynamic
indices (TMPG and EOA) can be affected by transmitral flow pro-
vided by the left ventricular (LV) and atrial functions. Greater LV
output can increase transmitral flow, and elevate TMPG. Therefore,
a correlation between flow and gradient should be considered
when evaluating FMS, such as high/low flow - high/low gradient
aortic stenosis, which has been investigated in the field of tran-
scatheter aortic valve replacement. Although EOA is a parameter
calculated by reducing the influence of transmitral flow, EOA was
correlated with LVSV (EOA = LVSV/MVVTI). Transmitral flow has
less influence on the DVI, and the DVI had no significant correlation
with size/type of annuloplasty prostheses and LV function. How-
ever, there was no significant correlation between the DVI and
PASP; therefore, we may see left ventricular diastolic function
and left atrial boost function when mitral hemodynamics are eval-
uated using EOA/TMPG; or, the DVI may not be appropriate for the
accurate evaluation of mitral hemodynamics. In either case, it is
still difficult to detect the influencing factors on mitral hemody-
namics after mitral repair using various techniques and products.
Stress echocardiogram is a more effective option to obtain detailed
information under loading status [16-18]. Exercise-induced pul-
monary hypertension (EIPH) is a cause of exercise intolerance
and exertional dyspnea, and worsens clinical outcomes for left ven-
tricular dysfunction and MR [19-22]. Nevertheless, stress echocar-
diogram cannot completely eliminate the influence of LV function
and exercise capacity, depending on non-cardiac factors. Addition-
ally, a stress echocardiogram cannot be performed routinely for all
patients in all institutes. Therefore, a simple and reproducible
method is still required to know the impacts of mitral repair on
hemodynamics.

4.1. Study limitations

There were several limitations. First, this study was a retrospec-
tive observational study in a single center. Therefore, there was
selection bias in deciding the techniques and products for mitral
repair. Atrial fibrillation may influence on mitral hemodynamics,
since left atrial boost function reduced. Second, this cohort
included physically small Japanese patients, and therefore annulo-
plasty size selection may be different with a variant population.
The geometric orifice area is a more accurate measure than size,
but the geometric orifice area of the partial band cannot be esti-
mated perfectly and obtained as commercial data. Lastly, resting
echocardiogram may not be appropriate to evaluate mitral
hemodynamics.

5. Conclusions

Resting echocardiogram revealed that a larger partial band had
the potential to improve not only mitral hemodynamics, but also
pulmonary hypertension after mitral repair for degenerative dis-
ease. However, echocardiographic parameters on mitral hemody-
namics were influenced by LV function. Therefore, a more
accurate method is required to elucidate the true impact of mitral
repair on hemodynamics.
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