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Abstract

Objectives—The Cardiothoracic Surgical Trials Network recently reported no difference in the
primary end point of left ventricular end-systolic volume index at 1 year postsurgery in patients
randomized to repair (n = 126) or replacement (n = 125) for severe ischemic mitral regurgitation.
However, patients undergoing repair experienced significantly more recurrent mitral regurgitation
than patients undergoing replacement (32.6% vs 2.3%). We examined whether baseline
echocardiographic and clinical characteristics could identify those who will develop moderate/
severe recurrent mitral regurgitation or die.

Methods—Our analysis includes 116 patients who were randomized to and received mitral valve
repair. Logistic regression was used to estimate a model-based probability of recurrence or death
from baseline factors. Receiver operating characteristic curves were constructed from these
estimated probabilities to determine classification cut-points maximizing accuracy of prediction
based on sensitivity and specificity.

Results—Of the 116 patients, 6 received a replacement before leaving the operating room; all
other patients had mild or less mitral regurgitation on intraoperative echocardiogram after repair.
During the 2-year follow-up period, 76 patients developed moderate/severe mitral regurgitation or
died (53 mitral regurgitation recurrences, 13 mitral regurgitation recurrences and death, and 10
deaths). The mechanism for recurrent mitral regurgitation was largely mitral valve leaflet
tethering. Our model (including age, body mass index, sex, race, effective regurgitant orifice area,
basal aneurysm/dyskinesis, New York Heart Association class, history of coronary artery bypass
grafting, percutaneous coronary intervention, or ventricular arrhythmias) yielded an area under the
receiver operating characteristic curve of 0.82.

Conclusions—The model demonstrated good discrimination in identifying patients who will
survive 2 years without recurrent mitral regurgitation after mitral valve repair. Although our
results require validation, they offer a clinically relevant risk score for selection of surgical
candidates for this procedure.

Ischemic mitral regurgitation (IMR) is a common complication of coronary artery disease,
which carries an adverse prognosis, increasing the risk of late death by a factor of 2.1 It
occurs in approximately 25% of patients after myocardial infarction and is seen in up to 50%
of patients with heart failure and cardiomyopathy.2:3 Mitral regurgitation (MR) frequently
occurs in patients with global left ventricle (LV) dysfunction and is a potent stimulus for
adverse LV remodeling, which begets further MR. The mechanism of IMR relates to
remodeling and distortion of the ischemic LV after infarction.*~" Ischemic LV distortion,
such as occurs with development of an inferior aneurysm, leads to myocardial thinning and
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displacement, which supports the papillary muscles, which in turn anchors the mitral
leaflets. Thus, displacement of the papillary muscles tethers the leaflets, affecting leaflet
closure, and results in MR. Fundamentally, the mechanism of ischemic MR relates to a
mismatch in the normal ventricular mitral valve (MV) spatial geometry.

The preferred method for surgical correction for severe IMR, specifically the choice
between repair and replacement, has long been debated.8-19 Previous studies have suggested
that MV repair can be performed with lower perioperative mortality than replacement, but
with high MR recurrence rates.811-13 Specifically, repairing the MV with a restrictive
annuloplasty ring may not eliminate the mechanistic problem in ischemic MR, which is
leaflet tethering from a distorted ischemic LV wall. The Cardiothoracic Surgical Trials
Network (CTSN) recently published results of a randomized trial (n = 251) comparing
complete chordal-sparing MV replacement with MV repair with a complete downsized ring
in patients with severe ischemic MR. In this trial, both surgical approaches reduced left
ventricular end-systolic volume index (LVESVI) at 12 months, although there was no
difference in 1-year LVESVI between the 2 treatment arms (the primary end point).
Although 1-year mortality was similar in both groups, 32.6% of patients in the repair group
developed moderate or severe MR at 1 year compared with only 2.3% in replacement group
(P<.001). Of note, at 1 year, patients in the repair group without recurrent MR demonstrated
greater improvement in LVESVI (ie, lower) than those with moderate or severe MR
recurrence (47 + 23 mL/m2 vs 64 + 24 mL/m2, P <.001).14

Given these data, the question that emerges is whether one can identify a subgroup of
patients who would most benefit from undergoing MV repair. Thus, the primary objective of
this analysis is to determine whether we can discriminate between those patients who will
experience moderate/severe MR recurrence after MV repair and those who will not, on the
basis of preoperative clinical and echo-cardiographic data. In addition, this analysis gives a
window into the evolution of recurrence of MR in this population over 2 years.

MATERIALS AND METHODS
Study Design

Patients

In the parent trial, patients with chronic, severe IMR were randomly assigned (1:1 ratio) to
MV repair or replacement. Randomization was stratified by center and blocked to ensure
ongoing equivalence of group size. The trial randomized 251 patients between 2009 and
2012. Investigators were blinded to overall outcome data. This trial was conducted at 22
centers with a Coordinating Center, an independent event adjudication committee, and a
data and safety monitoring board overseeing trial progress. Participating center institutional
review boards approved the protocol, and all patients gave informed consent.

The target population was adults with severe IMR and coronary artery disease, eligible for
MV surgical repair or replacement, with or without coronary artery bypass grafting
(CABG). Severe IMR was assessed by resting transthoracic echocardiogram, using
integrative criteriall that were verified by an independent core laboratory.1® Severe MR was
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defined by an effective regurgitant orifice area (EROA) 0.4 cm? or greater if the EROA was
less than 0.4 cm?. The assessment of MR severity was guided by associated findings,
including jet area/left atrial area ratio, vena contracta, density of the mitral systolic
continuous-wave Doppler profile, pulmonary vein systolic flow pattern, and left-sided
chamber dimensions. Exclusion criteria included any echocardiographic evidence of
structural (chordal or leaflet) MV disease or ruptured papillary muscle. Complete eligibility
criteria have been reported.19 Although 126 patients were randomized to MV repair, 5
patients were determined intraoperatively to be poor candidates for a repair and 5 patients
withdrew from the trial over time. This analysis includes 116 patients undergoing MV
repair.

The protocol mandated using an approved complete rigid or semi-rigid annuloplasty ring,
which was downsized for the annulus diameter. The type of ring selected was left to the
discretion of the surgeon. All patients were to receive guideline-directed medical
management by their treating cardiologist, including aspirin, lipid-lowering agents, beta-
blockers, renin-angiotensin-aldosterone antagonists, and cardiac resynchronization therapy.

Echocardiographic Measures and End Points

The end points are moderate or severe MR recurrence over 2 years after surgery and
moderate/severe MR recurrence or death over 2 years. Recurrence was measured by
transthoracic echocardiography at 30 days and 6, 12, and 24 months, and verified by the
Echo Core laboratory. To be categorized as having no recurrent MR, patients with missing
studies needed to have less than moderate MR on at least 2 echocardiograms.

In terms of echocardiographic measures, LV internal dimensions at end diastole and end
systole were measured at mid-ventricular level in the parasternal long-axis view. LV end-
diastolic volume (EDV) and LV end-systolic volume (ESV) were measured using Simpson’s
biplane method and LVEF calculated as (EDV-ESV) x 100/EDV.16 Echocardiographic
criteria for inferior basal aneurysm were evidence of thinning and localized LV dilation or
distortion. Dyskinesis was the presence of outward displacement of the inferoposterior LV
wall during systole.17-18 Basal aneurysm and dyskinesis were combined in 1 variable
because they represent the anatomic and functional derangements of ischemic LV
remodeling in IMR. The degree of MV regurgitation was graded using integrative
assessment as recommended by the American Society of Echocardiography.1®> Parameters
assessed included mitral jet area as a percentage of left atrial area, vena contracta width, and
calculation of EROA from the proximal isovelocity surface area (PISA) method. Vena
contracta width was measured from a magnified parasternal long-axis view with the central
beam through the leaflet tips. Vena contracta width was defined as the narrowest width of
the proximal jet measured at or in the immediate vicinity of the MR orifice at the leaflet tips.
Regurgitant orifice area was calculated using the formula: regurgitant orifice area = 2 7 x
RPISA2 x Valiasing/Vmax, where RPISA is the maximal PISA radius (cm), valiasing is
aliasing velocity of the proximal flow convergence (cm/s), and Vmax is the maximal
velocity of continuous wave Doppler MR signal (cm/s). Severity of MR was graded on the
basis of the current American Society of Echocardiography recommendations as mild (<0.2
cm?), moderate (0.2-0.39 cm?), and severe (=0.40 cm?). Integrative assessment included a
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final determination of MR into the following grades: 1 = none or trace; 2 = mild; 3 =
moderate; 4 = severe.

Measures of MV tethering included MV tenting area (cm?), tenting height, and anterior and
posterior leaflet angles measured in mid-systole (Figure 1).71920 |\ sphericity index, a
measure of adverse LV remodeling was calculated as a ratio of EDV or ESV divided by
volume of sphere (4/37L.3), where L is longitudinal length of LV cavity in an apical 4-
chamber view at end diastole and end systole.20 The larger the sphericity index, the more
spherical the LV becomes, reflecting adverse LV remodeling. LV sphericity index is used as
a surrogate for increased MV tethering due to adverse LV remodeling. Peak MR velocity, a
measure of closing forces on the MV, was obtained by continuous-wave Doppler.

Statistical Analysis

Comparisons of preoperative characteristics between outcome groups were based on chi-
square and t tests. Our analytic strategy focuses on predicting recurrent MR, and recurrent
MR or death, from a set of readily available preoperative patient characteristics. Logistic
regression was used to reduce the set of patient characteristics into a probability of
developing the outcome of interest, MR recurrence, or MR recurrence and/or death. These
model-based probabilities were analyzed using receiver operating characteristic (ROC)
curves. ROC curves are a graphic representation of the tradeoff between the false-negative
and false-positive rates for every possible cutoff probability of recurrence (ie, recurrence or
recurrence and or death). The area under the curve (AUC) summarizes information about
outcome contained in the “predictor” set, with a value of 1 as maximum. To reduce the
chance of over-fitting the models, we fit “reduced” models that included only variables
whose univariate tests of associations with outcome, based on chi-square or t tests, were less
than 0.25 for the composite outcome of recurrent MR or death. This approach yielded a
subset of 10 predictors from an original set of 30 (which are denoted with a star in Table 1).
Because our data set is too small to be partitioned into a “training” set to fit the model, and a
“validation” set to evaluate generalizability, we used a statistical method, cross-validation
using a bootstrap approach, to assess generalizability.

RESULTS

Patients

This study includes 116 patients who received MV repair. The echocardiography laboratory
confirmed severe ischemic MR in 96% of patients, with 4% having moderate ischemic MR
at enrollment. Table 1 depicts a comparison of baseline characteristics of patients stratified
by outcome group. The first group compares patients who survived with less than moderate
recurrent MR with patients who experienced moderate/severe MR recurrence or death. The
patients who experienced an adverse outcome were older, had a higher frequency of basal
aneurysm/dyskinesis, and had a lower frequency of New York Heart Association (NYHA)
class Il and 1V. Likewise, in group 11, which compares patients with less than moderate MR
recurrence with patients with moderate or severe MR recurrence, those with recurrence had
a higher frequency of basal aneurysm/dyskinesis, a history of ventricular arrhythmias, and a
lower frequency of NYHA class Il and 1V.
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Concomitant procedures were performed in 85% of patients: CABG (76%), tricuspid valve
repair (11%), atrial ablation (12%), and other procedures (25%). Investigators used complete
annuloplasty rings, with an average ring size of 28.3 + 1.9 mm for men and 27.3 £ 1.7 mm
for women.

Outcomes Over Time

Of the 116 patients, 6 received a replacement before leaving the operating room (OR)
because repair did not sufficiently correct the MR; all other patients had mild or less MR on
intraoperative transesophageal echocardiography after repair. By using transthoracic
echocardiography follow-up data, the following rates of MR recurrences were observed for
surviving patients (moderate, severe): 24.8% and 3.0% at 30 days, 25.5% and 4.3% at 6
months, 29.7% and 4.4% at 12 months, and 39.0% and 1.3% at 24 months, respectively. The
mechanism for recurrent MR in these patients was MV leaflet tethering (Figure 2). In
addition, ring dehiscence was observed in 4 patients (2 patients within 1 month, 1 patient at
9 months, and 1 patient at 13 months), who also received a valve replacement during the
postoperative follow-up period. By taking into account these patients and patients who had
uncorrected MR in the OR, the rates of moderate and severe MR were 23.8% and 9.9% at 30
days, 25.3% and 10.5% at 6 months, 29% and 10.8% at 12 months, and 38.0% and 10.1% at
24 months, respectively (Figure 3, A). The mortality rate was 14.7% at 1 year, and increased
to 19.8% at 2 years. Thus, over time, a total of 76 patients experienced moderate/severe MR
or death (53 MR recurrences, 13 MR recurrence and death, and 10 deaths). Figure 3, B,
shows the increase in these events over the 2 years.

Predicting Recurring Mitral Regurgitation

None of the baseline echocardiographic measures of MV geometric tethering by themselves
were associated with moderate/severe recurrent MR, but the presence of basal aneurysm/
dyskinesis (n = 52/116, 45%) was strongly associated with this outcome (Figure 4). The
probabilities of recurrent MR or death estimated from our multivariable model including
age, body mass index, sex, race, EROA, basal aneurysm/dyskinesis, NYHA, prior CABG,
prior percutaneous coronary intervention, and history of ventricular arrhythmia yielded an
AUC of 0.82 (Figure 5, A). The ROC curve for the corresponding model for recurrent MR
alone as outcome had an AUC of 0.83 (Figure 5, B).

Both models provided good discrimination between outcomes, as shown by their diagnostic
utility summarized by their sensitivity, specificity, positive predictive value, and negative
predictive value (Table 2). Cross-validation indicates that the accuracy obtained by applying
this discriminatory model to future patients was within 10% to 15% relative to that observed
for the analysis set. All patients received a complete rigid or semi-rigid ring in the reduction
annuloplasty. There was no association between ring size and MR recurrence.

DISCUSSION

We recently reported the results of a trial comparing MV repair with MV replacement for
severe ischemic MR demonstrating that there was no significant difference in LV reverse
remodeling or survival at 12 months.14 However, we did show a 33% recurrence rate of
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moderate or severe MR at 12 months in the repair group. In this article, we sought to further
define the time course of recurrent MR over 2 years and to determine whether we could
identify a subset of patients at high risk for moderate and severe recurrence, on the basis of
preoperative patient characteristics and echocardiographic parameters.

We analyzed 116 patients who received MR repair, 6 of whom underwent revision to MV
replacement in the OR. The remaining 110 patients left the OR with mild or no MR by
intraoperative transesophageal echocardiography. Recurrence of moderate or severe MR
occurs early (30% at 30 days). By 2 years, we find that 35% of patients are alive without
having experienced moderate or severe MR recurrence, 46% of surviving patients have
experienced 1 or more episodes of moderate or severe MR, and 20% of patients died
(including 13/116 patients [11%] with moderate/severe MR recurrence before death). The
majority of patients had recurrent MR that was moderate in severity. Our study is one of the
few that prospectively followed a cohort of patients with exclusively severe IMR at baseline
who underwent MV repair with a restrictive annuloplasty ring with and without CABG, with
serial echocardiograms over a 2-year period. The literature clearly associates recurrent MR
in patients who undergo repair with a restrictive annuloplasty ring with progressive or
persistent LV remodeling and further leaflet tethering.3:21-25 Our findings confirm this
observation (Figure 2). Hung and colleagues?® demonstrated that changes in MR paralleled
increases in LV volumes and sphericity index at end systole and end diastole. Some 72% of
patients had moderate or severe MR at late follow-up (47 months). The only independent
predictor of late postoperative MR was LV sphericity index at end systole.2% Gelsomino and
colleagues?? prospectively followed 251 patients who underwent combined CABG and
undersized annuloplasty ring in those with chronic IMR. They found that the amount of
recurrent moderate or severe MR was less than 10% at 1 year, but that the patients with
moderate to severe MR increased to 33% at 3 years and to 72% at 5 years.2? Despite this
high recurrence rate, there was an 83% survival and 78% of patients remained free of
reoperation at 5 years.

In our study, it appears that, at least up to 2 years, there is not an inevitable progression of
LV remodeling leading to recurrent MR nor does moderate MR inevitably progress to severe
MR over that time period. It will be important to follow our patients for up to 5 years to
determine if we see a similar increase in recurrence at 3 to 5 years as seen by Gelsomino and
colleagues?? and to correlate the recurrence of MR with clinical outcomes over time. Of
note, we also observed fluctuations in recurrent MR severity over time; for example, 9 of 25
patients with moderate to severe MR at 6 months improved to mild MR at 12 months. This
suggests that recurrent MR, and the associated LV remodeling and leaflet tethering that
occurs after MV repair with restrictive annuloplasty ring, is dynamic and can be modified
with medical therapy in some patients.

Multiple groups have attempted to develop predictive models of recurrent MR based on
preoperative parameters.22:26-35 The majority of these studies are retrospective single-center
studies. There has been heterogeneity in variables that have been demonstrated to predict
recurrent ischemic MR. Independent predictors of recurrent IMR fall into 2 categories:
echocardiography parameters of leaflet tethering and degree of LV remodeling. Studies have
demonstrated that echocardiography measures of increased tethering, such as anterior and
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posterior leaflet angle, tethering length, tenting area, and height, predict recurrent MR.
Multiple groups point to the angle between the tip of the anterior leaflet and its relationship
to the annular plane as the most important predictor of recurrence. An anterior leaflet angle
greater than 25 to 39.5 degrees?1:28:29.32.36 \yas an independent predictor of recurrence and
more important than any other measurement of tethering (eg, post-leaflet angle, coaptation
depth, and tenting) or measurements of LV size or sphericity. Other groups point to LV size,
LV function, or degree of MR as the key independent determinants of recurrent
MR,22-24,27,34.35 \whereas others point out the importance of both LV size and tethering as
independent predictors.3%:31 Gelsomino and colleagues?? developed an ROC model of IMR
recurrence after repair with a restrictive ring, and ESV 145 mL or greater, systolic sphericity
index 0.7 or greater, myocardial performance index 0.9 or greater, and wall motion score
index 1.5 or greater were predictors of recurrent MR.

In our study, univariate predictors of recurrence alone or recurrence and death at 24 months
included the presence of a basal aneurysm/dyskinesis and NYHA. The relationship between
NYHA and MR recurrence and death is likely confounded by the relationship between
NYHA and basal aneurysm/dyskinesis (60% of basal aneurysms occurred in NYHA class |
and II). Although tethering was present at the time of recurrence, no preoperative
echocardiography parameters of leaflet tethering were predictive in our model. The
variability in MV tethering and LV parameters that have been shown to predict IMR reflect
the complexity and heterogeneity in factors that influence MV tethering and IMR. In our
study, we combined both clinical and morphologic features of MV tethering by
echocardiography to enhance the predictive algorithm. Of note, the presence of a basal
inferior aneurysm/dyskinesis remained strongly associated with recurrent IMR in our
composite model. Basal inferior aneurysm/dyskinesis reflects a severe form of LV ischemic
remodeling that incorporates the mechanistic abnormalities of papillary muscle
displacement, leaflet tethering, and annular dilation, all of which influence ischemic IMR.
An inferior basal aneurysm may better predict recurrent IMR than individual measures of
MYV tethering or LV remodeling because it integrates both leaflet tethering and LV
remodeling measures. In our study, a large percentage (45%) of patients had a basal
aneurysm/dyskinesis.

With 10 variables (age, body mass index, sex, race, EROA, basal aneurysm/dyskinesis,
NYHA, prior CABG and percutaneous coronary intervention, and history of ventricular
arrhythmia), we were able to construct a model with reasonable classification accuracy,
summarized by the AUC value of 0.82. In addition, the corresponding values for sensitivity,
specificity, positive predictive value, and negative predictive provide further evidence of the
potential predictive value of our 10 candidate variables. These results demonstrate that a
relatively small number of readily available preoperative patient characteristics have a
strong potential to discriminate between patients who are likely to be good candidates for
MV surgical repair and patients who are not.

After further validation, patients identified to be at high risk for postoperative MR
recurrence should be considered for an MV replacement or a more complex repair operation
that specifically addresses leaflet tethering. Several authors have reported encouraging early
results with cutting secondary leaflet chords to directly relieve such leaflet tethering.37-40
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Other procedures that directly relocate or sling the papillary muscles to decrease leaflet
tethering also show promising results.41-43

Study Limitations

We do not have myocardial viability data on our patients or postoperative catheterizations to
examine coronary artery bypass patency over time. As such, we cannot comment on the
influence of hibernating myocardium on the presence or absence of recurrent MR over time.
We cannot confirm the presence and severity of MR recurrence in patients who died
between echocardiographic assessments. Finally, we stress that the models presented are
preliminary in the sense that they represent a “discovery” or “proof-of-concept” finding that
must be subsequently validated. Statistical approaches based on resampling methods were
used to assess validity, but were limited by sample size and are not a substitute for
reproducing good discrimination on a different sample of patients with IMR undergoing MV
repair. Refinement and validation of our models are necessary for our ultimate goal of
developing a “risk score” that clinicians and patients can use to inform treatment decisions.

CONCLUSIONS

Moderate and severe recurrent IMR after a restrictive annuloplasty ring, with or without
CABG, occurred early and affected a substantial proportion of patients by 2 years. Most of
the MR was moderate, with little progression to severe MR, and the severity of MR was
dynamic in that some patients with moderate MR subsequently developed mild MR. Basal
aneurysms and dyskinesis, which occurred commonly in our patient population, were
strongly associated with recurrent moderate or severe MR. We have developed a model that
holds promise for predicting which patients will develop recurrent IMR so that they can be
better treated with MV replacement or more complex repair techniques that directly address
leaflet tethering.
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AUC area under the curve

CABG coronary artery bypass grafting

CTSN Cardiothoracic Surgical Trials Network
EDV end-diastolic volume

EROA effective regurgitant orifice area

IMR ischemic mitral regurgitation

LV left ventricle

LVESVI left ventricular end-systolic volume index
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mitral regurgitation

mitral valve

NYHA New York Heart Association

OR

operating room

PISA proximal isovelocity surface area

ROC receiver operating characteristic
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FIGURE 1.
Echocardiographic measures of MV tethering. A, MV tenting area (hashmark area) and MV

tenting height (gold arrow). B, Anterior and posterior leaflet angle measurements (yellow
angle). LA, Left atrium; LV, left ventricle.
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FIGURE 2.
Tethering mechanism for recurrent MR after repair. Mitral leaflets remain tethered (large

arrows) after MV ring annuloplasty (small arrows show ring) with moderate MR (blue and
red color flow).
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A, Moderate/severe MR at different time intervals. This bar graph depicts patients who were
alive and had documented moderate/severe MR recurrence at that time point. Patients with
missing echocardiograms are not included. B, Patients experiencing moderate/severe MR

recurrence or death over 2 years. This histogram shows the cumulative proportion of
patients who had moderate/severe MR recurrence or death at any point over the 2-year

follow-up period. The denominator is 116 patients. MR, Mitral regurgitation.
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FIGURE 4.

Basal aneurysm. Inferior basal aneurysm delineated by black arrows.
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FIGURE 5.
ROC curves of fitted models. A, ROC generated by reduced model of recurrence and/or

death. B, ROC generated by fitted model of recurrence alone. AUC, Area under the curve.
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TABLE 2

Observed utility for predicting recurrence and/or death and recurrence alone using the fitted model

Outcome Sensitivity ~ Specificity PPV~ NPV
Recurrence and/or death 0.86 0.70 0.84 0.74
Recurrence 0.89 0.80 0.86 0.83

Cutoffs were selected such that the sum of sensitivity and specificity is maximized.

NPV, Negative predictive value; PPV, positive predictive value.
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