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Abstract

Aims Cardiac contractility modulation, also referred to as CCM™, has emerged as a promising device treatment for heart fail-
ure (HF) in patients not indicated for cardiac resynchronization therapy. We performed a comprehensive individual patient
data meta-analysis of all non-confounded prospective randomized controlled trials of CCM vs. control that have measured
functional capacity and/or quality of life questionnaires in patients with HF.

Methods and results The Cochrane Central Register of Controlled Trials, MEDLINE, and EMBASE were searched in January
2020 to identify eligible randomized controlled trials. We also asked the sole manufacturer of the device for their list of known
trials. Primary outcomes of interest were peak oxygen consumption (peak VO,), 6 min walk test distance, and quality of life
measured by Minnesota Living with Heart Failure Questionnaire (MLWHFQ), and all data were received as individual patient
and individual time point data-points. Mean differences and 95% confidence intervals (Cls) were calculated for continuous
data using a fixed-effects model. Five trials were identified, four randomized studies enrolling 801 participants for all endpoints
of interest, and for peak VO, alone (n = 60), there was an additional single arm non-randomized trial (FIX-HF-5C2) with a pro-
spective comparison of its 24 week peak VO, data compared with the control group of the FIX-HF-5C control patients. Pooled
analysis showed that, compared with control, CCM significantly improved peak VO, (mean difference +0.93, 95% CI 0.56 to
1.30 mL/kg/min, P < 0.00001), 6 min walk test distance (mean difference +17.97, 95% Cl 5.48 to 30.46 m, P = 0.005), and qual-
ity of life measured by MLWHFQ (mean difference —7.85, 95% ClI —10.76 to —4.94, P < 0.00001). As a sensitivity analysis, we
excluded the FIX-HF-5C2 trial (only relevant for peak VO,), and the result was similar, mean difference +0.65, 95% Cl 0.21 to
1.08 mL/kg/min, P = 0.004.

Conclusions This comprehensive meta-analysis of individual patient data from all known randomized trials has shown that
CCM provides statistically significant and clinically meaningful benefits in measures of functional capacity and HF-related qual-
ity of life.
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Introduction

In the management of heart failure (HF), therapeutic strate-
gies commonly aim for improved outcomes in terms of re-
duced mortality and fewer unplanned hospitalizations for HF.
Clinical trials powered to show improvements in such out-
comes need to include a large number of patients and span
many years. Drug and device treatments are thus usually stud-
ied in smaller trials first, providing proof of concept based on
intermediate endpoints. These endpoints, sometimes call sur-
rogate endpoints, include estimations of functional capacity,
haemodynamic measurements, biomarkers, or patient-re-
ported outcomes (PROs). Of these, PROs (if derived from vali-
dated HF-related quality of life instruments) and objective
patient relevant measures of functional limitation [such as
peak oxygen consumption (peak VO,) or 6 min corridor walk
test distance] are considered potentially approvable, whereas
haemodynamic and biomarker endpoints are not. Despite this,
few of the established HF therapies have been shown to im-
prove either PROs or functional capacity.'™

Over the last two decades, device-based therapies such as
left ventricular assist devices and cardiac resynchronization
(CRT) have become established therapies for selected HF pa-
tients. Left ventricular assist device therapy remains restricted
to a very small minority of severely affected advanced HF pa-
tients. CRT has been shown to improve clinical status, left ven-
tricular function, quality of life, and functional capacity*” as
well as hospitalization rates and survival,® ! yet it remains rec-
ommended in only a minority of HF patients. Current guide-
lines only recommend CRT if QRS duration shows a left
bundle branch block pattern with a duration greater than
150 ms, although it may be considered down to a QRS duration
of 130 ms,*? whereas it is harmful with QRS durations below
130 ms.*® Thus, it is estimated that CRT is indicated for only
15-20% of HF with reduced ejection fraction (HFrEF) patients.
Even then, approximately 30% of patients receiving CRT are
considered non-responders.’*** Despite significant improve-
ments in therapies (drugs and devices) for HFrEF achieved dur-
ing the last several decades, the 5 year survival rate has
remained substantially unchanged at about 50%.'®* Thus,
the development of new innovative device-based therapies
for patients with persistent symptoms despite optimal medical
therapy (OMT) remains an important goal. Cardiac contractil-
ity modulation (CCM), if proven to be clinically beneficial,
could fulfil a significant unmet medical need.*® Another alter-
native, His bundle pacing, may be suitable for selected patients
ineligible for CRT, as it provides a more physiological simulta-
neous electrical activation of the ventricles via the His—
Purkinje system with the possibility to improve QRS duration
in both left and right bundle branch block patients.*®

Cardiac contractility modulation is an electrical technique
that consists of biphasic pulses of relatively high voltage be-
ing delivered to the right ventricular septum during the abso-
lute refractory period of the myocardium.?%?! CCM therapy is

delivered via a small implantable pulse generator inserted like
a pacemaker in a minimally invasive procedure.?? It has been
shown to improve calcium handling, to reverse the foetal
myocyte gene programme associated with HF, and to facili-
tate reverse remodelling.?> CCM has been studied in patients
with symptomatic HF on OMT, and with a QRS duration
<130 ms and ejection fraction (EF) <45%, and as such has
been investigated in patients ineligible for CRT.?*® In such
patients, CCM has been shown, in three studies of small to
medium size, to improve quality of life, left ventricular EF
(LVEF), indexes of diastolic function, New York Heart Associa-
tion (NYHA) classification, 6 min walk test (6MWT) distance,
and peak VO, during cardiopulmonary stress testing.>®™2®
These findings have recently been confirmed in the Bayesian
designed randomized FIX-HF-5C study,?® an approved trial de-
sign under the Expedited Access Pathway of the US Food and
Drug Administration (FDA).%° This trial result thus led to the
subsequent approval of CCM by the FDA to improve 6 min
hall walk distance, quality of life, and functional status of
NYHA class Il HF patients who remain symptomatic, despite
guideline-directed medical therapy, who are in normal sinus
rhythm, are not indicated for CRT, and have an LVEF ranging
from 25% to 45%.3' This trial, although not powered as a
mortality and morbidity trial, also showed a nominally but
borderline significant reduction in the 6 month composite
rate of cardiac mortality and HF hospitalizations, with the
composite of cardiovascular death and HF hospitalizations be-
ing reduced from 10.8% to 2.9% (P = 0.048). Based on the
first three trials, HF treatment guidelines had already sug-
gested that CCM could be considered in patients with symp-
tomatic HF despite OMT and with normal or mildly prolonged
QRS duration and a reduced LVEF.*? Because interventions
targeted at ameliorating exercise intolerance in HFrEF are be-
coming increasingly important in advanced HF, we performed
an updated individual patient meta-analysis systematically to
review the efficacy of CCM with a focus on functional capac-
ity and quality of life instruments in HFrEF patients.

Methods
Search strategy

The Cochrane Database, MEDLINE, and EMBASE were
searched in January 2020 to identify eligible human studies
using the keyword: ‘cardiac contractility modulation’. No lan-
guage restrictions were applied. Reference lists of retrieved
records were screened for further relevant studies. All review
articles with a subject of ‘cardiac contractility modulation’
and their reference lists were also searched. Clinical trials reg-
isters (http://www.clinicaltrials.gov, http://www.controlled-
trials.com) were searched for ongoing studies. The sole man-
ufacturer of the device, Impulse Dynamics, was also asked
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and provided lists of all trials they were aware of that had
evaluated CCM. The results of study selection are presented
in a flow diagram as depicted by the PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses)
statement (Figure I1).

Study selection

For inclusion in the present analysis, studies had to meet the
following criteria: (i) it was a randomized clinical trial (but see
also note below concerning FIX-HF-5C2); (ii) it included adult
patients (>18 years) with documented HF (NYHA functional
classification >l1); (iii) the intervention group had to be allo-
cated to CCM; and (iv) the control group was allocated to ei-
ther sham treatment or OMT. Concomitant medical therapy
was given in both groups (intervention and control). A total
of 251 potentially relevant records were screened, and five
studies were identified (www.clinicaltrials.gov). After screen-
ing, four studies were initially selected for analysis. A fifth trial
was later identified by direct enquiry of investigators and the
sponsor, so it was included, despite the fact that it was pub-
lished in full paper form only in April 2020. This trial was a sin-
gle arm non-randomized trial (FIX-HF-5C2) with a prospective
comparison of its 24 week peak VO, data compared with the
control group of the FIX-HF-5C control patients, and which re-
ported data only on one of our primary outcomes, peak VO,
(mL/kg/min), and not 6MWT distance (m), or quality of life
measured by Minnesota Living with Heart Failure Question-
naire (MLWHFQ).3? We included the FIX-HF-5C2 trial only
for the endpoint of peak VO,, and also as a sensitivity analy-
sis, we recalculated all results with FIX-HF-5C2 excluded. All
patients were on OMT. Two authors selected studies inde-
pendently (F. G. and A. J. S. C.), and disagreements were re-
solved by consensus.

Figure 1 Study selection presented in a flow diagram as depicted by the
PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) statement.

‘ 251 records identified, de-duplicated and screened

%| 238 irrelevant records excluded ‘

13 full-text articles screened for eligibility |

5 ’ 9 non-randomized studies

4 studies included <—

Outcome measures

Primary outcomes were (i) peak VO, (mL/kg/min), (ii) 6MWT
distance (m), and (iii) quality of life measured by MLWHFQ.
Peak VO,, as evaluated by cardiopulmonary exercise testing,
is a measure of peak aerobic capacity and has consistently
demonstrated its prognostic value in HF patients. Together
with other typically more invasive evaluation techniques,
peak VO, is used to prognosticate survival and the need for
heart transplantation. Six minutes of walk distance is the
number of metres covered over 6 min of maximal
self-paced walking. A lower score (reflecting less distance
covered in 6 min) indicates worse exercise tolerance. The
MLWHFQ was used to assess the patients’ perception of
the impact of HF on physical, socio-economic, and psycholog-
ical aspects of their life. Patients respond to 21 items using a
6-point Likert scale (0-5); the higher the score, the worse the
quality of life. We received all data as individual patient data
and individual time point data-points, from the trial leaders
or the sole sponsor of CCM.

Study quality assessment

The Cochrane Collaboration’s tool for assessing risk of bias
was used to assess quality of included trials on the follow-
ing domains: (i) random sequence generation; (ii) allocation
concealment; (iii) blinding; (iv) incomplete outcome data;
and (v) selective reporting. Categories of ‘low risk’, ‘high
risk’, or ‘unclear risk’ were used as judgements against
the criteria stated by the assessment tool (see Supporting
Information, Appendix).

Statistical analysis

RevMan 5.3 (The Nordic Cochrane Centre, Copenhagen, DK)
was used to conduct meta-analyses for outcome measures.
Data used were continuous and were reported as mean and
standard deviation (SD). Results were presented as weighted
mean differences for continuous data, along with the 95%
confidence intervals (Cls). A Mantel-Haenszel random-effects
model was adopted taking into account potential heteroge-
neity across studies. The /? statistic was used to explore sta-
tistical heterogeneity. P values <0.05 for two-sided tests
were considered to be statistically significant. An Egger plot
was produced to identify sources of publication bias. Sub-
group analyses (not pre-specified in each of the parent trials)
were conducted by subdividing the study population accord-
ing to age (<60 vs. >60 years old), gender (male vs. female),
LVEF (<25% vs. >25%), and HF aetiology (ischaemic vs. non-
ischaemic). These reflect common questions asked of effec-
tive HF therapies that are commonly thought to affect treat-
ment response.
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Results
Description of studies

The four fully randomized clinical trials included in this re-
view had an aggregate of 801 subjects. The trials included
were the FIX-HF-5 pilot study,?® the FIX-CHF-4 study,?’ the
FIX-HF-5 study,?® and the FIX-HF-5C study.?® With the addi-
tion of peak VO, data (n = 60) from the FIX-HF-5C2 (the
2-lead version of the OPTIMIZER system), a treatment-only
extension of the FIX-HF-5C study whose data were prospec-
tively compared with the FIX-HF-5C control group for FDA
submission and publication, we had 861 patients. The base-
line characteristics of all 861 patients were similar: the most
common aetiology of HF was ischaemic, and the majority of
the participants were of NYHA classification Ill (Table 1). All
studies used the OPTIMIZER™ system as the intervention on
a background of optimal guideline-directed medical therapy
and control groups consisted of either sham treatment
(FIX-HF-5 pilot and FIX-CHF-4) or guideline-directed medical
therapy alone (FIX-HF-5 and FIX-HF-5C). All studies were

multicentre studies. Withdrawals and associated reasons
were described in each trial, and there was no evidence of
selective outcome reporting.

Data analyses

Peak VO,

Data showed a significant increase in peak VO, in the CCM
group (n = 401) compared with controls (n = 408) (mean dif-
ference +0.93 mL/kg/min, 95% Cl 0.56 to 1.30, P < 0.00001)
(Figure 2, panel A).

In the FIX-HF-5 pilot study, both groups showed a slight de-
cline in peak VO, from baseline over the 24 week period, al-
though this was more evident among the controls
(—1.43 £ 3.01 mL/kg/min vs. —0.96 + 2.6, P = 0.29). In the
FIX-CHF-4 trial, which employed a cross-over design, during
the first 3 months of the study (phase 1), peak VO, increased
similarly in both groups by ~0.4 mL/kg/min, independent of
whether the device was turned on or off; however, in the sec-
ond 3 months of the study (phase Il), peak VO, remained

Figure 2 Forest plots for changes in peak oxygen consumption (peak VO,) (mL/kg/min) (panel A); in 6 min walk test (6MWT) distance (panel B); and in
Minnesota Living with Heart Failure Questionnaire (MLWHFQ) score (panel C). CCM, cardiac contractility modulation; Cl, confidence interval; SD, stan-

dard deviation.

Panel A. Peak VO, (ml/kg/min)

CCM Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
FIX-CHF -4 (24 weeks) 0.39 3.47 84 -0.44 259 80 15.5% 0.83(-0.10, 1.76) 1
FIX-CHF-5C -0.026 2.74 66 -0.504 236 71 183% 0.48[-0.38, 1.34) -T—
FIX-CHF-5C2 1.12 1.49 52 -0.504 2.3¢ 71 29.0% 1.62[0.94, 2.31) ——
FIX=HF-5 0.28 3.16 176 =0.4 291 167 32.7% 0.68(0.04, 1.32) -
FIX-HF-5 Pilot (24 weeks) -0.96 26 23 -143 3.01 19 4.6% 0.47 [-1.25, 2.19] e —
Total (95% CI) 401 408 100.0% 0.93 [0.56, 1.30] >
Heterogeneity. Chi’ = 5,94, df = 4 (P = 0.20); ' = 33% _54 -t ) i t
Test for overall effect: Z = 4.96 (P < 0.00001) Control CCM

Panel B. 6MWT distance (m)

CcCM Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
FIX-CHF-4 (24 weeks) 23.09 8169 82 4.1 99 76 19.3% 18.99[-9.44, 47.42] o
FIX-CHF-5C 43 80.7 69 9.3 87.4 73 20.4% 33.70(6.05, 61.35]
FD(=HF-5 211 779 185 83 857 170 53.4% 12.80[-4.29, 29.89] 1+
FIX=HF-5 Pilot (24 weeks) 49.1 97.1 24 405 645 21 6.9% B.60[-39.05, 56.25] ——
Total (95% Ch) 360 340 100.0% 17.97 [5.48, 30.46] -
Heterogeneity: Chi* = 1.75, df = 3 (P = 0.63), F = 0% - 4 - -
Test for overall effect: 2 = 2.82 (P = 0.005) o ggomroluccm 2 100

Panel C. MLWHFQ

™ Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
FIX-CHF=4 (24 weeks) -10.07 16.73 84 -6.78 18.41 78 28.7% -3.29(-8.72, 2.14) —_—T
FIX-CHF-5C =212 23.7 70 -10.2 185 78 17.7% -11.00[-17.91, -4.09] TS
FIX-HF-5 -15.56 19.15 180 -5.76 21.24 188 49.6X -9.80[-13.93, -5.67] -
FIX-HF-5 Pilot (24 weeks) -18.29 23.47 24 -15.96 27.87 24 4.0% -2.33[-16.91, 12.25)
Total (95% CI) 358 368 100.0% -7.85(-10.76, -4.94] -
Heterogeneity: Chi* = 4.92, df = 3 (P = 0.18); I = 35% b + + J
Test for overall effect: Z = 5.29 (P < 0.00001) G i i 20
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increased in subjects who crossed over from sham to active
treatment, whereas peak VO, decreased by ~0.8 mL/min/kg
in subjects who crossed from active treatment to sham. Over
the entire 24 week study period, peak VO, significantly in-
creased in the ‘sham-to-CCM’ group (+0.39 + 3.47 mL/kg/
min)  compared with the ‘CCM-to-sham’ group
(—0.44 = 2.59 mL/kg/min) for net treatment effect of
~0.8 mL/min/kg (Figure 2, panel A). The FIX-HF-5 study
showed an improvement in peak VO, in the CCM group
(+0.28 * 3.16 mL/kg/min) compared with the OMT group
(—0.40 + 2.91 mL/kg/min) (Figure 2, panel A). In the FIX-HF-
5C study, both groups showed an initial decline in peak VO,
that was, however, less marked in the CCM group
(—0.02 + 2.74 mL/kg/min) compared with the control group
(—0.50 £ 2.36 mL/kg/min, P = 0.28) (Figure 2, panel A). The
FIX-HF-5C2 data showed a significant improvement in peak
VO, in the CCM group (+1.12 + 1.49 mL/kg/min) compared
with the OMT group (—0.50 + 2.36 mL/kg/min) (Figure 2,
panel A). In the FIX-HF-5C2 study, the change of peak VO,
from baseline to 24 weeks was 1.72 (95% Bayesian credible
interval, 1.02-2.42) mL/kg/min greater in the 2-lead device
group compared with controls (Figure 2, panel A).

A subgroup analysis showed that CCM significantly im-
proved peak VO, in both age cohorts (<60 vs. >60 years)
(test for the overall effect: Z = 2.22, P = 0.03; test for sub-
group differences: ¥ = 9.78, P = 0.37) and in both gender co-
horts (test for the overall effect: Z=3.52, P = 0.0004; test for
subgroup differences: )(2 = 0.00, P = 0.98). Finally, subgroup
analysis showed that CCM significantly improved peak VO,
in patients with LVEF <25% (mean difference 0.73, 95% Cl
0.08 to 1.38 mL/kg/min, P = 0.03) or with LVEF >25% (mean
difference 0.94, 95% Cl 0.55 to 1.33 mL/kg/min, P < 0.00001)
(test for the overall effect: Z=5.23, P < 0.00001; test for sub-
group differences: ){2 =0.29, P = 0.59) (see Supporting Infor-
mation, Tables S1-S4). It is interesting to note this larger
effect on peak VO, in patients with LVEF ranging from 25%
to 45% as these subjects may have more residual left ventric-
ular muscle able to respond to the CCM stimulus. And of
course, this is of significance because it is this group specifi-
cally mentioned in the FDA label for use in the USA. As an ad-
ditional sensitivity analysis, we excluded the FIX-HF-5C2 trial
(only relevant for peak VO,), and the result was similar, mean
difference +0.65, 95% CI 0.21 to 1.08 mL/kg/min, P = 0.004.

Distance on the 6 min walk test
The available data showed significant improvements in
6MWT distance in the CCM group (n = 360) (mean difference
+17.97 m, 95% Cl 5.48 to 30.46, P = 0.005) (Figure 2, panel B).
In the FIX-HF-5 pilot study, similar improvements in both
groups at 12 weeks from baseline were observed, with a fur-
ther increase of ~¥13 m in the CCM group at 24 weeks. The
FIX-CHF-4 study also showed a similar increase in both groups
during the first 12 weeks (+16.9 + 79.6 and 10.8 + 8.8 m), with a
further increase in the ‘sham-to-CCM’ group (+19.6 + 83.4 m)

and a decline in the ‘CCM-to-sham’ group (—6.3 £ 93.0 m) dur-
ing the second phase. Over the 24 week period, 6MWT dis-
tance significantly increased in the ‘sham-to-CCM’ group
(+23.09 + 81.69 m) compared with the ‘CCM-to-sham’ group
(+4.1 £ 99.0 m). In FIX-HF-5, the observed increase in 6MWT
distance (10 m) in the CCM group was not statistically signifi-
cant compared with controls (P = 0.108). In the FIX-HF-5C
study, the CCM group showed a significant improvement in
6MWT distance (+43 + 80.7 m) compared with controls
(+9.3 + 87.4 m, P = 0.009).

Stratification analysis by gender showed significant im-
provements in 6MWT distance in men in the CCM group
(n = 268) (mean difference 21.12, 95% ClI 7.39 to 34.84 m,
P = 0.003), whereas no significant changes were observed
among the women of the CCM group (n = 120) (mean differ-
ence 1.05, 95% Cl —21.22 to 23.22 m, P = 0.57) (test for the
overall effect: Z=0.09, P = 0.93; test for subgroup differences:
)(2 = 2.26, P = 0.13). In the CCM group with an ischaemic
aetiology (n = 232), data showed a significant improvement
in BMWT distance (mean difference 21.32, 95% Cl 8.13 to
3451 m, P = 0.002), whereas no significant changes in
6MWT distance were observed among the CCM patients of
non-ischaemic aetiology (n = 134) (mean difference 4.87,
95% Cl —16.55 to 26.3 m, P = 0.66) (test for the overall effect:
Z =2.93, P = 0.003; test for subgroup differences: )(2 = 1.64,
P = 0.20). CCM significantly improved 6MWT distance in pa-
tients with LVEF >25% (n = 287) (mean difference 15.84,
95% Cl 3.16 to 28.52 m, P =0.01) compared with patients with
LVEF <25% (n = 144) (mean difference 9.08, 95% Cl —11.12 to
29.67 m, P=0.37) (test for the overall effect: Z=2.55, P=0.01;
test for subgroup differences: )(2 = 0.29, P = 0.59) (see
Supporting Information, Tables S5-S8).

Quality of life

Data showed significant improvements in the MLWHFQ score
in the CCM group (n = 358) (mean difference —7.85, 95% ClI
—10.76 to —4.94, P < 0.00001) compared with controls
(n = 368) (Figure 2, panel C). In the FIX-HF-5 pilot study,?®
MLWHFQ score changed similarly in both treatment and con-
trol groups. In the FIX-CHF-4 study, mean (xSD) values of
MLWHFQ score improved significantly while on active ther-
apy compared with sham therapy by —3.29 (95% Cl —8.72
to 2.14). FIX-HF-5 reported a significant improvement in
MLWHFQ from baseline in the CCM group compared with
control (—9.8 points, 95% Cl —13.93 to 12.25). In the FIX-
HF-5C study, mean (+SD) values of MLWHFQ score signifi-
cantly improved while on CCM active therapy compared with
controls by —11 (95% ClI —17.9 to 4.1).

Subgroup analyses showed significant changes in quality
of life measured by MLWHFQ both in patients <60 years
old (mean difference —6.31, 95% ClI —10.03 to —2.59,
P = 0.0009) and in patients >60 years old (mean difference
—6.28, 95% Cl —10.61 to —1.86, P = 0.005) (test for the
overall effect: Z = 4.34, P < 0.0001; test for subgroup
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differences: XZ = 0.00, P = 0.98). Gender subgroup analysis
showed significant improvements in MLWHFQ score in both
men (n = 268) (mean difference —7.76, 95% CI —11.13 to
—4.39, P < 0.00001) and women (n = 123) (mean difference
—5.94, 95% Cl —11.63 to —0.24, P = 0.04) (test for the over-
all effect: Z = 4.93, P < 0.00001; test for subgroup differ-
ences: )(2 = 0.29, P = 0.59). Moreover, subgroup analysis
showed significant changes in MLWHFQ score both with
CCM in the group with LVEF <25% (n = 203) (mean differ-
ence —6.56, 95% Cl —10.31% to —2.80%, P = 0.0006) and
among CCM randomized patients with LVEF >25%
(n = 152) (mean difference —5.88, 95% Cl —10.05% to
—1.71%, P = 0.006) (test for the overall effect: Z = 4.39,
P < 0.0001; test for subgroup differences: y* = 0.06,
P = 0.81). Finally, data showed significant changes in quality
of life measured by MLWHFQ in patients with an ischaemic
aetiology (n = 233) (mean difference —9.14, 95% CI
—12.56 to —5.72, P < 0.00001), whereas no significant
changes were observed in patients with a non-ischaemic
aetiology (n = 137) (mean difference —3.10, 95% Cl —7.71
to 1.52, P = 0.19) (test for the overall effect: Z = 4.99,
P < 0.00001; test for subgroup differences: XZ = 4.25,
P = 0.04) (see Supporting Information, Tables S9-512).

Discussion

This individual patient meta-analysis including data from all
four randomized controlled trials (RCTs), and a single arm ex-
tension trial, in total enrolling a total of 861 participants,
showed that CCM significantly improves functional capacity
(as measured by peak VO, and 6MWT distance) and quality
of life (as measured by MLWHFQ score) in HF patients. CCM
was safe with no adverse effect on hospitalizations or mortal-
ity in any of the trials or overall. Relatively consistent effects
were seen on peak VO,, 6MWT, and MLWHFQ in all the trials
analysed. A post hoc analysis of participants from FIX-HF-5
with EF >25% and NYHA class Ill (n = 206, about half of the
original FIX-HF-5 population) had earlier showed that CCM
significantly improved peak VO, (+1.31 mL/kg/min,
P = 0.001), ventilatory anaerobic threshold (+0.64 mL/kg/
min, P = 0.03), and MLWHFQ score (10.8 points, P = 0.003).
Although pre-specified in the protocol, these analyses were
considered retrospective and only viewed as hypothesis gen-
erating, despite demonstrating a potentially higher benefit
from the use of CCM in the less clinically compromised HF
population. The subsequent FDA-approved design FIX-HF-5C
trial confirmed these results through its prospective Bayesian
analysis. Thus, CCM is seen as a potential therapy for HF that
extends beyond those eligible for CRT. With an FDA approval
for 25-45% LVEF in those without a prolonged QRS, it may be
suitable for 20-25% of the HFrEF population. This may be
larger than another alternative, His bundle pacing, because

the latter has not been established as safe in subjects with
a narrow QRS, although it may offer some advantages of
those with a wide QRS particularly of the RBBB type.

The results of this individual patient data meta-analysis
confirm and extend the results of a previous meta-analysis
of three studies, which included a total of 641 participants
and which showed that, compared with control, CCM signifi-
cantly improved peak VO, (+0.71, 95% Cl 0.20 to 1.21 mL/kg/
min, P = 0.006), 6MWT distance (+13.92 m, 95% CI —0.08 to
27.91 m, P = 0.05), and MLWHFQ (—7.17, 95% Cl —0.38 to
—3.96, P < 0.0001).>®> One other meta-analysis of CCM has
also recently been published, with discrepant results.>* The
authors of this report, however, did not perform an individual
patient data analysis (the preferred mode of meta-analysis)
and also did not report peak VO, data, the most reliable
and most objective measure of functional capacity in HF. This
report also contained some significant errors, calling into
question its reliability. For the FIX-HF-5 pilot study, it errone-
ously classified it as a single centre study, quoted inaccurate
inclusion/exclusion and main study outcomes, and ignored
its BMWT distance results. For the FIX-CHF-4 trial, this report
also erroneously classified it as a single centre study, quoted
inaccurate inclusion/exclusion and main study outcomes,
plotted incorrect 6MWT distance results, and counted one
patient with VT twice. For the FIX-HF-5 trial, this
meta-analysis incorrectly estimated hospitalizations by in-
cluding fatal events and misleadingly counted total arrhyth-
mia events rather than the numbers of patients with an
arrhythmia as is needed when composing a meta-analysis of
trials of different durations. Finally, for the FIX-HF-5C trial,
this meta-analysis presented data on hospitalizations that
were not reported in either the trial paper or the online ap-
pendices, and which cannot therefore be verified, and which
appear highly unlikely.

The present updated meta-analysis including 861 patients
showed a more consistent improvement in peak VO, (+0.93,
95% ClI 0.56 to 1.30 mL/kg/min, P < 0.00001), 6MWT distance
(+17.97, 95% CI 5.48 to 30.46 m, P = 0.005), and quality of life
measured by MLWHFQ (—7.85, 95% Cl —10.76 to —4.94,
P < 0.00001) compared with the earlier meta-analysis and
allowed more detailed patient subgroup analysis.

The overall impact of CCM on functional capacity and qual-
ity of life is similar to that reported in prior studies of CRT in
patients with a prolonged QRS duration (MUSTIC, MIRACLE,
CONTAK-CD, and MIRACLE ICD trials). In a meta-analysis of
six studies of CRT, the 95% Cls for the improvement in peak
VO, with CRT went from 0.32 to 3.22 mL/kg/min, with bor-
derline significance, P = 0.017,3° compared with the narrower
Cl, and more highly significant effect seen here: 95% Cls for
the improvement in peak VO, with CCM between 0.56 and
1.30 mL/kg/min, P < 0.00001, giving a considerably more pre-
cise estimate of efficacy and of increased statistical signifi-
cance. Also, another meta-analysis of 15 studies of CRT
showed a significant increase in 6MWT distance with CRT of
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17.50 m (95% CI 7.05 to 27.94), almost identical to this
meta-analysis of the CCM trials, where the improvement
was +17.97, 95% Cl 5.48 to 30.46 m, P = 0.005.%° The present
meta-analysis also showed a clinically significant improve-
ment of quality of life measured by MLWHFQ (—7.85 points).
It is well known that all domains of the MLHFQ and other
tools have a good sensitivity to change in the population
studied.3”*® A previous study on MLWHFQ showed that the
minimal clinically important difference based on patients
whose response to the anchor question was ‘somewhat bet-
ter’ ranged from 3.59 to 19.14 points, confirming the clinical
relevance of our findings (—7.85 points, 95% CI —10.76 to
—4.94, P < 0.00001). Other HFrEF therapies associated with
such improvements in functional capacity and PROs include
exercise training and cardiac rehabilitation.39™#

Thus, although in a different cohort of patients, these find-
ings show CCM to be of comparable impact on functional ca-
pacity and exercise tolerance as CRT. The efficacy of CCM
raises the tantalizing suggestion that CCM type stimulation
could in future be tested in CRT non-responders when no
other options are available.**™%*

The trials reviewed provided insufficient patient years of
exposure for meaningful calculations regarding effects on
hospitalization or mortality rates in a meta-analysis. There
were 24 post-randomization hospitalizations in the FIX-HF-5
pilot study,®® 18 in control, compared with 6 in the treatment
group. The point estimates of hospitalization-free survival at
6 months were 62% in the control group compared with
~84% in the treatment group. The hazard ratio (treatment/
control) is 0.47 (95% CI 0.16-1.40) so that the risk reduction
for subjects receiving treatment is 53% compared with con-
trols (P = 0.17).%® In the FIX-CHF-4 trial,®” there were six
deaths during the study, two prior to randomization (ventric-
ular fibrillation and worsening HF), one in Group 1 during the
OFF period (undetermined cause), one in Group 2 during the
OFF period, and two in Group 2 during the ON period (sud-
den cardiac death and renal failure). There were 46 hospital-
izations in 31 patients during CCM OFF periods, compared
with 41 hospitalizations in 31 patients during CCM ON
periods.?” In the FIX-HF-5 trial,?® for the composite safety
endpoint of all-cause hospitalizations and all-cause mortality,
4 subjects in the CCM group and 14 subjects in the OMT
group were withdrawn from the study before experiencing
a safety endpoint and therefore lost to follow-up. Seven
(3.3%) of the 213 OMT subjects and 10 (4.9%) of the 203 sub-
jects who received an OPTIMIZER system died during the
50 week follow-up period (P = 0.47). With an intent-to-treat
analysis, 13 (6.0%) of the 215 subjects randomized to the
CCM group died during the 50 week follow-up period
(P = 0.25 vs. OMT). In the FIX-HF-5C trial,?° there were six
deaths during the study period: four in the control group
and two in the CCM group. One CCM patient death occurred
2 days before the scheduled implantation date (patient never
received an implant), and the other occurred at 164 days

after implantation and was due to sepsis following a cholecys-
tectomy. The four deaths in the control group included two
deaths due to cardiac pump failure (on Days 4 and 36), one
death following a VT ablation procedure (on Day 70), and pul-
monary complications of a non-cardiac procedure (on Day
117).%° In the FIX-HF-5C2,3? no deaths were reported during
the 24 week study period in the 2-lead OPTIMIZER subjects;
in contrast, there were four deaths in the FIX-HF-5C control
subjects during the same period of follow-up.

Limitations

In this meta-analysis, several limitations should be acknowl-
edged. Study cohorts are relatively young and predominantly
male; therefore, future data would be needed in older indi-
viduals and in more women. Patients with permanent atrial
fibrillation were initially excluded because the original
3-lead OPTIMIZER device required detection of an appropri-
ately timed P wave as part of a safety algorithm that ensures
CCM signals are never delivered during the vulnerable period
where they might trigger an arrhythmia. New algorithms
have been developed to overcome this issue, and the FIX-
HF-5C2 study included nine patients with atrial fibrillation.
Furthermore, the 2-lead system has been available and used
in patients with atrial fibrillation in EU for 10 years although,
as of now, specific reports of the effects of CCM in patients
with atrial fibrillation have not been completed. Although
no formal statistical heterogeneity was observed, the studies
analysed differed in study design limiting our ability to define
representative results across different patient subgroups.

In conclusion, this meta-analysis showed statistically signif-
icant and clinically worthwhile beneficial effects of CCM in im-
proving functional capacity, exercise tolerance, and quality of
life in HF patients. Larger, well-conducted RCTs using a paral-
lel double-blind design are needed in order to determine the
effect of CCM on major mortality and morbidity outcomes
before CCM can be widely recommended as an effective
treatment option for HF patients. However, in those in whom
conventional interventions are failing or contraindicated,
these results suggest that worthwhile benefits could be ex-
pected. Studies in less compromised HF patients are also en-
couraged in order to explore a wider application of CCM in all
stages of HF. Finally, RCTs including more women and includ-
ing older individuals would also be valuable.
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