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OBJECTIVES This study sought to determine the effect of percutaneous mitral valve annuloplasty with the Carillon

device versus guideline-directed medical therapy (GDMT) alone in patients with secondary mitral regurgitation (MR) and

severe left ventricular (LV) enlargement.

BACKGROUND The clinical impact of the Carillon device in patients with severe LV dilation is not well established.

METHODS This is a pooled analysis involving 3 prospective trials (TITAN [Transcatheter Implantation of Carillon Mitral

Annuloplasty Device], TITAN II, and REDUCE FMR [CARILLON Mitral Contour System for Reducing Functional Mitral

Regurgitation] trials) in which patients with functional MR and severe LV enlargement (LV end-diastolic diameter

>65 mm) were treated with GDMT and the Carillon device versus GDMT alone. Key outcomes of this analysis were

changes over 1 year of follow-up in mitral valve and LV echocardiographic parameters, functional outcome, quality of life,

mortality, and heart failure hospitalization (HFH).

RESULTS A total of 95 patients (67 in the Carillon group, 28 in the GDMT group) with severe LV enlargement were

included. In the Carillon group, all mitral valve and LV morphology parameters were significantly improved at 1 year.

Regurgitant volume decreased by 12 ml (p < 0.001), MR grade decreased by 0.6 U (p < 0.001), LV end-diastolic volume

decreased by 25 cm3 (p ¼ 0.005), and LV end-systolic volume decreased by 21 cm3 (p ¼ 0.01). Significant functional

improvement differences were also noted between the Carillon group and the GDMT group including an improvement of

Kansas City Cardiomyopathy Questionnaire score (15 � 4 vs. 6 � 6; p ¼ 0.03). The incidence of HFH was 29.9% versus

50.0% and the cumulative rate of HFH was 0.43 versus 0.75 (p < 0.001).

CONCLUSIONS In patients with functional MR and severe LV enlargement, the Carillon device improved mitral

valve function, LV morphology, and functional outcome compared with patients receiving GDMT only. Preoperative

LV dimension should not be a limiting factor when evaluating patient eligibility or anticipated response to therapy

with the Carillon device. (J Am Coll Cardiol HF 2021;9:453–62) © 2021 The Authors. Published by Elsevier on behalf

of the American College of Cardiology Foundation. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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S econdary mitral regurgitation (MR),
previously referred to as functional
MR, is a consequence of remodeling

from an underlying cardiomyopathy, impact-
ing the atrium, ventricle, or both. One of the
compensatory mechanisms resulting from
decreased cardiac function efficiency is left
ventricular (LV) remodeling resulting in LV
enlargement and thus increased Frank-
Starling forces and greater cardiac myocyte
contraction (1,2). However, with untreated
chronic MR, a transition to a decompensated
hemodynamic state may occur with progres-
sive and irreversible structural and func-
tional LV changes.

Ideally, MR correction should occur prior

to the onset of permanent LV dysfunction because
mortality is elevated in patients with LV enlargement.
Surgical repair remains of uncertain mortality benefit
for secondary MR (3). Percutaneous treatment of
secondary MR was clinically beneficial in the COAPT
(Cardiovascular Outcomes Assessment of the Mitra-
Clip Percutaneous Therapy for Heart Failure Patients
with Functional Mitral Regurgitation) trial but not in
the MitraFR (Multicentre Study of Percutaneous
Mitral Valve Repair MitraClip Device in Patients With
Severe Secondary Mitral Regurgitation) trial (4,5).
Despite the benefits of MitraClip in the COAPT trial,
this otherwise effective therapy was not associated
with reversal of ventricular enlargement (6).

One of the theories developed to explain the dif-
ferences between the COAPT and MitraFR trials is of
proportionate versus disproportionate MR (7,8). This
theory suggests that the MR in patients enrolled in
the COAPT trial was large compared with their degree
of cardiomyopathy (LV size smaller), such that the MR
was playing a more dominant role. Alternatively, in
the MitraFR trial, the ventricles were larger (median
LV end-diastolic diameter [LVEDD] 6.5 cm) with
lesser degrees of MR (median effective regurgitant
orifice area [EROA] 0.31 cm2), suggesting more
dominant cardiomyopathy with less significant MR.
This has led to the perception that patients with
larger ventricles are less suitable for treating sec-
ondary MR.

The Carillon Mitral Contour System (Cardiac Di-
mensions, Kirkland, Washington) is a device designed
to treat secondary MR. This is an indirect
s attest they are in compliance with human studies committe

and Food and Drug Administration guidelines, including patien

thor Center.

received November 19, 2020; revised manuscript received March
annuloplasty that uses a device placed into the cor-
onary sinus to reduce its diameter and allow
approximation of the mitral valve leaflets
(Supplemental Figure 1). This treatment has been
evaluated in several studies with no eligibility re-
strictions placed on the upper LV dimension,
providing an opportunity to explore the clinical
impact of mitral annuloplasty in patients with severe
LV dilation (9–11). This analysis therefore specifically
analyzes patients with larger ventricles who were
evaluated in trials of the Carillon device. The objec-
tive of this study was to determine the effect of
guideline-directed medical therapy (GDMT) and the
Carillon device versus GDMT alone on structural,
functional, quality-of-life, and clinical outcomes in
patients with secondary MR and severe LV
enlargement.

METHODS

The TITAN (Transcatheter Implantation of Carillon
Mitral Annuloplasty Device) (10), TITAN II (9), and
REDUCE FMR (CARILLON Mitral Contour System for
Reducing Functional Mitral Regurgitation) (11) trials
enrolled patients with secondary MR who were
treated with GDMT and percutaneous mitral valve
annuloplasty using the Carillon device (Carillon
group) or GDMT alone (GDMT group). In the TITAN
trial, a subset of patients did not receive the implant
due to anatomic considerations and were followed
through 1 year. In the TITAN II trial, only patients
who received the Carillon device had additional
follow-up. In the REDUCE FMR trial, patients were
randomized to the Carillon group or GDMT group.
Here, we present a pooled analysis from the 3 studies
comparing the Carillon device with GDMT in patients
with secondary MR and severe LV enlargement. In
this analysis, patients who received Carillon devices
are compared with patients who did not, either
because of anatomic limitations or because they were
randomized to sham-control in the REDUCE FMR
study. In each of the studies, ethics committee
approval was granted at each participating center, all
patients provided written informed consent prior to
participation, and all study procedures followed the
principles of the Declaration of Helsinki.

Eligible patients presented with grade 2þ to 4þ
secondary MR by echocardiographic core laboratory
es and animal welfare regulations of the authors’

t consent where appropriate. For more information,
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TABLE 1 Baseline Characteristics of Patients Treated With GDMT and Carillon Device or

GDMT Alone for Functional Mitral Regurgitation and Severe LV Enlargement

Device Group
(n ¼ 67)

Control Group
(n ¼ 28) p Value

Demographics

Age, yrs 65 � 12 63 � 13 0.64

Male 91 (61/67) 82 (23/28) 0.29

Body mass index, kg/m2 27 � 6 27 � 6 0.66

Medical history

Ischemic etiology 73 (48/66) 50 (14/28) 0.06

Prior myocardial infarction 58 (39/67) 50 (14/28) 0.50

Atrial fibrillation 46 (31/67) 43 (12/28) 0.82

Diabetes mellitus 27 (18/67) 29 (8/28) >0.99

Heart failure medications

ACE inhibitor/ARB/ARN inhibitor 88 (59/67) 96 (27/28) 0.24

Beta-blockers 91 (61/67) 93 (26/28) >0.99

Diuretic agent 94 (63/67) 93 (26/28) >0.99

Diuretic MRA agent 78 (52/67) 82 (23/28) 0.78

Functional status

NYHA functional class 2.7 � 0.5 2.7 � 0.5 0.76

II 30 (20/66) 32 (9/28)

III 68 (45/66) 68 (19/28)

IV 2 (1/66) 0 (0/28)

6-min walk distance, m 329 � 83 295 � 88 0.07

KCCQ score 54 � 21 43 � 20 0.02

Biomarker

NT-proBNP, pg/ml 2,877 (1,323–4,340) 2,196 (979–5,284) 0.64

LA parameters

LA volume, cm3 115 � 36 144 � 122 0.22

LV parameters

LV ejection fraction, % 28 � 8 29 � 9 0.61

LV end-diastolic diameter, cm 7.3 � 0.5 7.2 � 0.4 0.75

LV end-systolic diameter, cm 6.3 � 0.7 6.0 � 0.9 0.10

LV end-diastolic volume, cm3 235 � 54 250 � 88 0.46

Indexed by BSA, cm3/m2 124 � 30 133 � 55 0.33

LV end-systolic volume, cm3 171 � 50 182 � 85 0.56

Mitral valve parameters

Regurgitant volume, ml 41 � 19 45 � 24 0.38

Vena contracta, cm 0.56 � 0.19 0.55 � 0.18 0.77

EROA, cm2 0.29 � 0.12 0.31 � 0.16 0.37

MR grade* 2.6 � 1.0 2.7 � 0.9 0.87

1 15 (10/67) 14 (4/28)

2 28 (19/67) 21 (6/28)

3 34 (23/67) 46 (13/28)

4 22 (15/67) 18 (5/28)

Mitral valve area, cm2 13.8 � 2.6 13.1 � 3.8 0.33

Mitral valve diameter, AP, cm 4.1 � 0.4 4.0 � 0.6 0.43

Mitral valve diameter, ML, cm 4.2 � 0.4 4.1 � 0.5 0.24

Values are mean � SD, % (n/N), or median (interquartile range). *Patient eligibility in each trial specified MR
grade 2þ, 3þ, or 4þ. In the REDUCE FMR (CARILLON Mitral Contour System for Reducing Functional Mitral
Regurgitation) trial, patient eligibility was determined by site investigators and all patients met MR grade
eligibility criteria. Post hoc core laboratory evaluations reported here classified some enrolled patients as MR
grade 1þ.

ACE ¼ angiotensin-converting enzyme; AP ¼ anteroposterior; ARB ¼ angiotensin receptor blocker;
ARN ¼ angiotensin receptor neprilysin; BSA ¼ body surface area; EROA ¼ effective regurgitant orifice area;
GDMT¼ guideline-directed medical therapy; KCCQ¼ Kansas City Cardiomyopathy Questionnaire; LA ¼ left atrial;
LV ¼ left ventricular; ML ¼ mediolateral; MR ¼ mitral regurgitation; MRA ¼ mineralocorticoid receptor antag-
onist; NT-proBNP ¼ N-terminal pro–B-type natriuretic peptide; NYHA ¼ New York Heart Association.
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assessment (in the TITAN and TITAN II trials) or site
assessment (in the REDUCE FMR trial), symptomatic
heart failure (New York Heart Association [NYHA]
functional class II to IV) despite at least 3 months of
GDMT, reduced ejection fraction (<40% in the TITAN
and TITAN II trials; <50% in the REDUCE FMR trial),
and LV enlargement (>5.5 cm LVEDD). In the present
analysis, only patients with severe LV enlargement
based on the American Association of Thoracic Sur-
gery guidelines (LVEDD >6.5 cm) were included (12).
The TITAN and TITAN II studies were prospective,
nonrandomized, and nonblinded trials. However,
pre- and post-treatment echoes were read separately
without reference to the companion study. In
contrast, the REDUCE FMR was a randomized trial, in
which clinical assessors and the core echocardio-
graphic laboratory were blinded to the patient’s
allocation and follow-up time points. In particular,
echocardiograms were not read consecutively, and all
patients underwent standard echocardiograms at
baseline and during follow-up, regardless of device
implant status. Only transthoracic echocardiogram
images were used for data analysis as at times the
device was visible on transesophageal echocardio-
grams. Key exclusion criteria were recent cardiac-
related hospitalization or cardiac surgery, previous
mitral valve surgery, indwelling pacemaker or coro-
nary stent that may anatomically interfere with de-
vice placement, and recent need for cardiac
hemodynamic support. Complete listings of eligibility
criteria for each trial have been published elsewhere
(9–11).

The procedure for Carillon device implantation has
been described in detail elsewhere (13). The aim of
the procedure is to place a device into the coronary
sinus to reduce its diameter and allow approximation
of the mitral valve leaflets. This indirect annuloplasty
approach is feasible due to the anatomic proximity of
the coronary sinus to the posterior mitral annulus.
Following hospital discharge, patients returned for
clinical and echocardiographic follow-up at regular
intervals through 1 year.

Key outcomes of this analysis included echocar-
diographic changes over 1 year of follow-up as well as
functional outcome, quality of life, all-cause mortal-
ity, incidence of heart failure hospitalization (HFH),
and the cumulative incidence of HFH. Quality-of-life
measures included the NYHA functional class and
the Kansas City Cardiomyopathy Questionnaire
(KCCQ) score, which is measured on a 0 to 100 scale,
in which higher scores indicate better quality of life.



FIGURE 1 The CONSORT Flow Diagram

Patient disposition during the trial. CONSORT ¼ Consolidated Standards of Reporting Trials; LV ¼ left ventricular.
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Quantitative echocardiographic assessment was per-
formed by an independent core laboratory. Mitral
valve regurgitation grading followed the guidelines
set forth by the American Society of Echocardiogra-
phy (14).

Baseline patient characteristics were reported as
the mean � SD for normally distributed continuous
variables, median (interquartile range) for non-
normally distributed continuous variables, and
count (percentage) for categorical outcomes. Group
comparisons were performed using t tests or the
Mann-Whitney U test for continuous variables and
Fisher’s exact test for categorical variables. An anal-
ysis of covariance model was used to compare mean
changes in continuous variables from baseline to
follow-up between groups. All-cause mortality, inci-
dence of HFH, and the composite outcome of all-
cause mortality or HFH were analyzed using Kaplan-
Meier methods, and the SE was estimated with the
Greenwood method. The cumulative number of HFHs
in each group was assessed using the Nelson-Aalen
cumulative hazard function. Associations between
regurgitant volume and LV morphology were
analyzed using the Pearson correlation coefficient. A
2-sided p value of <0.05 was considered to indicate
statistical significance. All statistical analyses were
performed with the use of Stata version 16 (StataCorp,
College Station, Texas).

RESULTS

Among the 3 studies, 95 patients with severe LV
enlargement were included in the pooled dataset—67
in the Carillon group and 28 in the GDMT group.
Baseline patient characteristics were well matched
between the treatment groups. Comparing the
Carillon device versus GDMT, mean patient age was
65 years versus 63 years, 91% versus 82% were male,
mean NYHA functional class was 2.7 in each group,
mean LVEDD was 7.3 cm versus 7.2 cm, and mean MR
grade was 2.6 versus 2.7. The mean KCCQ score sta-
tistically differed between the 2 groups (Table 1).
Characteristics of individual trials included in our
analysis are outlined in Supplemental Table 1. Group

https://doi.org/10.1016/j.jchf.2021.03.002


FIGURE 2 Effect of Carillon Device on LV Remodeling

Left ventricular (LV) remodeling over 1 year in patients with

functional mitral regurgitation and severe left ventricular

enlargement after percutaneous mitral valve annuloplasty with

guideline-directed medical therapy (GDMT) and the Carillon

device or GDMT alone. Plotted values are mean change and

SE based on analysis of covariance adjusted for the baseline

value. LVEDD ¼ left ventricular end-diastolic diameter;

LVEDV ¼ left ventricular end-diastolic volume; LVEDV ¼ left

ventricular end-diastolic volume; LVESV ¼ left ventricular

end-systolic volume.
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comparisons by baseline MR grade are provided in
Supplemental Tables 2 and 3.

Most periprocedural complications were mild in
severity and occurred in 7.5% of Carillon patients and
7.1% in the GDMT group, which included access site
complication for patient monitoring (not device
related), transient arrythmia, lactic acidosis, and
dyspnea. Most complications were unrelated to the
device; however, acute coronary syndrome devel-
oped in 1 patient, resulting from device impingement
of a branch artery of the circumflex. The impingement
was judged to be clinically insignificant at the time of
device implant; however, shortly after device
deployment the patient developed small Q waves in 2
leads. The patient was treated conservatively and
completed 1-year follow-up. In another patient, de-
vice recapture was complicated, and a decision was
made to not change device size as was intended.
Although no adverse event was directly attributable,
the failure to recapture the device was recorded as an
event. The patient completed 1-year follow-up.

Over the 1-year follow-up period, 19 patients died
and 5 patients withdrew from the study, with an
additional 4 patients receiving additional in-
terventions and exiting, leaving 67 patients available
for clinical follow-up at 1 year (Figure 1). Changes in
medical therapy were infrequent during follow-up. A
total of 11 patients, 8 (17%) in the Carillon group and 3
(15%) in the GDMT arm, had a medication added or
discontinued. Of note, 3 patients in the Carillon group
had discontinuation of diuretic. Comparing Carillon
device and GDMT versus GDMT alone, the cumulative
incidence of all-cause mortality or HFH was 45.7% (SE
6.2%) versus 57.8% (SE 9.5%) (log-rank p ¼ 0.40), all-
cause mortality was 23.3% (SE 5.3%) versus 14.7% (SE
6.8%) (log-rank p ¼ 0.41), and the incidence of HFH
was 29.9% (SE 5.6%) versus 50.0% (SE 9.4%) (log-rank
p ¼ 0.07). Overall, there were 35 HFHs in the Carillon
group and 24 HFHs in the GDMT group, resulting in a
cumulative HFH rate of 0.43 versus 0.75 (p < 0.001)
(Central Illustration).

In the Carillon group, all mitral valve functional
parameters and LV morphology parameters were
significantly improved at 1 year (Table 2). Specifically,
regurgitant volume decreased by 12 ml (p < 0.001),
MR grade decreased by 0.6 U (p < 0.001), LVEDD
decreased by 0.3 cm (p ¼ 0.005), LV end-systolic
diameter decreased by 0.3 cm (p < 0.001), LV end-
diastolic volume decreased by 25 cm3 (p ¼ 0.005),
and LV end-systolic volume decreased by 21 cm3

(p ¼ 0.01) (Figure 2). Significant changes in mitral
morphology were apparent by the first imaging
follow-up visit at 1 month (anteroposterior diameter
change was –0.29 � 0.51 cm in implanted patient’s
versus –0.01 � 0.41 cm in GDMT alone; p ¼ 0.02).
Subsequently, significant reductions in LV volumes
were first identified at the 6-month follow-up visit,
with further reductions noted at 1 year (Figure 3).
Significant functional improvement was also noted,
including a mean NYHA functional class improve-
ment of 0.5 U (p < 0.001) and a 62-m increase in 6-min
walk test distance (p ¼ 0.007). In contrast, there were
no statistically significant beneficial changes in any
echocardiographic or functional status variable in the
GDMT group. Group comparisons revealed statisti-
cally significant differences between treatment
groups for change in NYHA functional class, KCCQ,
left atrial volume, LV end-systolic diameter, LV end-
diastolic volume, LV end-systolic volume, regur-
gitant volume, EROA, MR grade, and mitral valve
morphology, all favoring the Carillon group. In the
Carillon group, reduction in regurgitant volume was
associated with reductions in LVEDV (r ¼ 0.48;
p ¼ 0.004) and LVESV (r ¼ 0.52; p ¼ 0.002) over 1 year
(Figure 4). Group comparisons of 1-year outcomes by
baseline MR grade are provided in Supplemental
Tables 4 and 5.

DISCUSSION

In patients with heart failure and cardiomyopathy, an
increasing LV size is associated with poor prognosis
(15,16). When medical therapy is associated with

https://doi.org/10.1016/j.jchf.2021.03.002
https://doi.org/10.1016/j.jchf.2021.03.002
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CENTRAL ILLUSTRATION Clinical Outcomes With the Carillon Device
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Incidence over 1 year in the composite of all-cause mortality or hospital failure hospitalization (HFH) was 45.7% (SE 6.2%) for patients treated with guideline-directed

medical therapy (GDMT) and the Carillon device versus 57.8% (SE 9.5%) with GDMT alone (log-rank p ¼ 0.40) (A), all-cause mortality was 23.3% (SE 5.3%) versus

14.7% (SE 6.8%) (log-rank p ¼ 0.41) (B), HFH was 29.9% (SE 5.6%) versus 50.0% (SE 9.4%) (log-rank p ¼ 0.07) (C), and the cumulative annual rate of HFH was 0.43

versus 0.75 (p < 0.001) (D).
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reduction in LV dimensions, there is invariably a
significant clinical benefit (16). However, mechanical
treatment of secondary MR has not been as successful
in cardiomyopathy patients with enlarged LVs (4,17).
Surgical ring annuloplasty for secondary MR seems to
be favorable when ventricles are not overly large, but
lose effectiveness at larger ventricular dimensions
(17). One of the theories as to why the MitraClip
(Abbott Vascular, Santa Clara, California) was clini-
cally beneficial in the COAPT trial but ineffective in
the MitraFR trial is that COAPT trial patients had
smaller ventricles with more MR (disproportionate
MR: median LVEDD 6.1 cm and EROA 0.37 mm2),
whereas larger ventricles with lesser severities of MR
were seen in the MitraFR trial (proportionate MR:
median LVEDD 6.5 cm and EROA 0.31 mm2) (7,8).
MitraFR trial patients implanted with the MitraClip
did not show any relative improvement in mortality,
HFH, symptom relief (NYHA functional class), or ex-
ercise tolerance compared with patients who received
only GDMT. This suggests that percutaneous treat-
ment of secondary MR may not be effective, at least
not with the MitraClip device, when the ventricle is
too large. With this background, the current analysis



TABLE 2 1-Year Change in Functional and Echocardiographic Parameters After GDMT and Carillon Device or GDMT Alone

Device Control

p Value
(Between Groups)*

Change
Value

p Value
(Pre-Post)

Change
Value

p Value
(Pre-Post)

Functional status

NYHA functional class –0.5 � 0.1 <0.001 0.0 � 0.2 >0.99 0.007

Improvement 54 (25/46) 32 (6/19)

No change 35 (16/46) 42 (8/19)

Worsening 11 (5/46) 26 (5/19)

6-min walk distance, m 62 � 22 0.007 3 � 20 0.87 0.16

KCCQ score 15 � 4 <0.001 6 � 6 0.36 0.03

Biomarker

NT-proBNP, % –16 (–49 to 30) 0.17 48 (–42 to 113) 0.16 0.09

LA parameters

LA volume, cm3
–7 � 4 0.08 15 � 9 0.13 0.04

LV parameters

LV ejection fraction, % 1 � 1 0.34 0 � 2 0.84 0.81

LV end-diastolic diameter, cm –0.3 � 0.1 0.005 –0.1 � 0.1 0.21 0.36

LV end-systolic diameter, cm –0.3 � 0.1 <0.001 0.1 � 0.1 0.52 0.03

LV end-diastolic volume, cm3
–25 � 8 0.005 11 � 11 0.36 0.009

LV end-systolic volume, cm3
–21 � 8 0.01 7 � 9 0.47 0.03

Mitral valve parameters

Regurgitant volume, ml –12 � 3 <0.001 1 � 5 0.81 0.003

Vena contracta, cm –0.16 � 0.05 0.002 –0.03 � 0.04 0.49 0.17

EROA, cm2
–0.07 � 0.02 <0.001 0.00 � 0.04 0.99 0.02

MR grade –0.6 � 0.2 <0.001 –0.1 � 0.2 0.58 0.049

Improvement 48 (21/44) 29 (5/17)

No change 36 (16/44) 47 (8/17)

Worsening 16 (7/44) 24 (4/17)

Mitral valve area, cm2
–0.7 � 0.4 0.12 1.8 � 0.7 0.03 0.008

Mitral valve diameter, AP, cm –0.4 � 0.1 <0.001 0.1 � 0.1 0.31 0.001

Mitral valve diameter, ML, cm –0.1 � 0.1 0.29 0.3 � 0.1 0.03 0.02

Values are mean � SD, % (n/N), or median (interquartile range). *Calculated using analysis of covariance model adjusted for baseline value.

Abbreviations as in Table 1.
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focused on patients with large ventricles treated as
part of prospective trials assessing the role of the
Carillon Mitral Contour System in the treatment of
secondary MR in patients with heart failure and
reduced LV function (median LVEDD 7.1 cm and
EROA 0.29 cm2).

In this study, we report for the first time that sta-
tistically significant and clinically relevant improve-
ments in mitral valve, LV, and functional parameters
were realized in patients with secondary MR and se-
vere LV enlargement who were treated with the
Carillon device. This was in stark contrast to patients
receiving GDMT in which negligible changes relative
to baseline were observed during the first year of
clinical follow-up. In addition to improvements in
MR, patients receiving the Carillon device had
favorable remodeling evidenced by a decrease in LV
size (w20-ml reductions). It is notable that favorable
ventricular remodeling has been associated with
substantial clinical benefits, including mortality
reduction, with other medical or device therapies
(16). Indeed, Kramer et al. (16) demonstrated there
was a significant benefit associated with each 10-ml
reduction in LV end-systolic volume or LV end-
diastolic volume in patients with LV dysfunction. In
this analysis, patients in the Carillon group were
markedly less likely to experience HFH. These results
are novel because no known mechanical mitral valve
treatment study has demonstrated these clinical
benefits in a patient population with severe LV
dysfunction.

In multiple studies of surgical treatment for sec-
ondary MR, LV size was an important predictor as to
when surgery was ineffective (18,19). Braun et al. (17)
noted that reverse remodeling was rarely seen after
surgical mitral valve repair when the LVEDD was
>65 mm. It is notable, therefore, that in the current
analysis in which all patients treated with the Carillon



FIGURE 3 Effect of Carillon Device on LV Volumes

Changes in LVEDV and LVESV at each follow-up visit over 1 year in patients with func-

tional mitral regurgitation and severe left ventricular enlargement after percutaneous

mitral valve annuloplasty with GDMT and the Carillon device or GDMT alone. Plotted

values are mean change and SE based on analysis of covariance adjusted for the baseline

value. Abbreviations as in Figure 2.

FIGURE 4 Correlation of Regurgitant Volume and

LV Morphology

Association of change in regurgitant volume with change in LV

morphology over 1 year following treatment with GDMT and

the Carillon device. Pearson correlation coefficients were

r ¼ 0.48 (p ¼ 0.004) for LVEDV and r ¼ 0.52 (p ¼ 0.002) for

LVESV over 1 year. Abbreviations as in Figure 2.
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device had LVEDD >65 mm (mean 73 mm), reverse
remodeling was observed at 6 and 12 months. Our
results demonstrate that the extent of LV disease is
not necessarily the limiting factor in the process of
reverse remodeling. In the current study, even pa-
tients with the largest preoperative LVEDD, several
>80 mm, experienced significant reverse remodeling
after implant with the Carillon device. The clinical
implication of these new observations is that preop-
erative LV dimension may not be a limiting factor
when evaluating patient eligibility or predicted
response to therapy with the Carillon device.

It is not possible from these data to know why this
percutaneous mitral annuloplasty treatment might
be effective in large ventricles when other mechan-
ical treatments appear to be ineffective. The failure
of mechanical therapies to work in large ventricles is
often presupposed to be due to the ventricles having
exceeded the benefits of Frank-Starling myocellular
elongation (20). It is also possible that different
treatments may impact cardiovascular efficiency in
different ways. Increased mitral valve tenting has
been known to be another poor prognostic feature
with regard to surgical effectiveness for mitral
annular rings and is typically associated with larger
ventricles (21–23). Tenting may play a role in
myocardial and papillary muscle efficiency and may
actually be exacerbated by the tension applied by a
surgical annular ring. Because the Carillon device
applies a different vector of force, with the tension
arising from the ostium of the coronary sinus above
the mitral annulus, this may have a different impact
on the tenting of the mitral leaflets than a surgical
ring. In addition, the Carillon device is quite flexible.
This flexibility may be of benefit with regard to
mitral annular function, which diminishes with sec-
ondary MR. Any improvement in mitral annular



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: It has been

suggested that patients with larger ventricles are less attractive

as candidates for devices treating secondary MR. In patients with

secondary MR and severe LV enlargement, the Carillon Mitral

Contour System improved mitral valve function, LV morphology,

and functional outcome compared with patients receiving GDMT

only. Preoperative LV dimension should not be a limiting factor

when evaluating patient eligibility or anticipated response to

therapy with the Carillon device.

TRANSLATIONAL OUTLOOK: These results support devel-

opment of clinically powered, larger randomized trials, and

specifically the inclusion of patients with larger LVs.

J A C C : H E A R T F A I L U R E V O L . 9 , N O . 6 , 2 0 2 1 Anker et al.
J U N E 2 0 2 1 : 4 5 3 – 6 2 Percutaneous Mitral Valve Annuloplasty in Patients With Severe LV Enlargement

461
function may improve the efficiency of cardiac
function beyond simply reducing resting MR.
Whether vector forces or mitral annular function is
impacted differently with a Carillon device than a
MitraClip is currently unknown, but these and other
mechanical explanations may contribute to differ-
ential benefits in various anatomic circumstances
such as enlarged LVs.

STUDY LIMITATIONS. These studies were mecha-
nistic in design, so there are insufficient numbers of
patients to be powered for clinical endpoints such as
mortality. These data should therefore be considered
to be preliminary but support additional research
using clinical primary endpoints. Although a sub-
stantial cohort of the present analysis comes from the
blinded, randomized, sham-controlled REDUCE FMR
study, patients in the nonblinded TITAN and TITAN II
studies were also included. Therefore, personnel in
the TITAN and TITAN II studies were aware of allo-
cation status when conducting clinical assessment,
and this may possibly have led to observer bias. In
addition, patients who did not receive a Carillon de-
vice were limited not only to those in the medical
treatment randomized arm of the REDUCE FMR
study, but also to those in whom placing a device was
unsuccessful and without complications. Although
there were no significant follow-up differences be-
tween the nonimplanted patients in the 3 studies and
the blinded sham-controlled patients in the REDUCE
FMR study (Supplemental Tables 6 and 7), a more
optimal study would be limited to patients in the
control arm of a randomized trial. This data support
development of clinically powered, larger random-
ized trials, and specifically the inclusion of patients
with larger ventricles.

Another limitation of this study was that patients
were followed through only 1 year. Because other
trials of percutaneous mitral valve therapies have
reported disparate outcomes with extended follow-
up periods (5), prospective trials with 5 years of
patient follow-up would help to fully elucidate the
long-term clinical course in this patient population.
Finally, these data encompass some of the early
experience with the Carillon device and therefore
may not reflect the current skill of device users.

CONCLUSIONS

In patients with secondary MR and severe LV
enlargement, GDMT and the Carillon device improved
mitral valve function, LV morphology, and functional
outcome compared with patients receiving GDMT
only. Preoperative LV dimension should not be a
limiting factor when evaluating patient eligibility or
anticipated response to therapy with the Carillon
device. These data support development of clinically
powered, larger randomized trials, and specifically
the inclusion of patients with larger ventricles.
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