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Aims The presence of central sleep apnoea (CSA) is associated with poor prognosis in patients with heart failure (HF).
The aim of this analysis was to evaluate if using phrenic nerve stimulation to treat CSA in patients with CSA and HF
was associated with changes in HF-specific metrics.
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Methods
and results

All patients randomized in the remedē System Pivotal Trial and identified at baseline with HF were included (n= 96).
Effectiveness data from treatment and former control groups were pooled based on months since therapy activation.
Changes from baseline to 6 and 12 months in sleep metrics, Epworth Sleepiness Scale, patient global assessment
health-related quality of life, Minnesota Living with Heart Failure Questionnaire (MLHFQ), and echocardiographic
parameters are reported. HF hospitalization, cardiovascular death, and the composite of HF hospitalization or
cardiovascular death within 6 months are reported by the original randomized group assignment for safety assessment.
Sleep metrics and quality of life improved from baseline to 6 and 12 months. At 12 months, MLHFQ scores changed by
–6.8± 20.0 (P= 0.005). The 6-month rate of HF hospitalization was 4.7% in treatment patients (standard error= 3.3)
and 17.0% in control patients (standard error= 5.5) (P= 0.065). Reported adverse events were as expected for a
transvenous implantable system.
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Conclusions Phrenic nerve stimulation reduces CSA severity in patients with HF. In parallel, this CSA treatment was associated
with benefits on HF quality of life.
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Introduction
Central sleep apnoea (CSA) is characterized by a temporary
interruption of neural output from the respiratory control
centre, resulting in cessation of respiratory muscle activ-
ity and airflow. This sleep disorder occurs in up to 40% of
patients with heart failure (HF).1 The high prevalence of CSA in
patients with HF is attributed to disease-related processes that
include augmented hypoxic and hypercapnic chemosensitivity,
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. increased circulatory delay, altered cerebrovascular reactivity,
and recurrent apnoeic events, each associated with hypoxia and
a relative increase in blood carbon dioxide concentrations.1

These repeated episodes of apnoea, hypoxia, reoxygena-
tion, and arousal lead to the pathophysiologic consequences
of CSA, including sympathetic nervous system activation,
oxidative stress, systemic inflammation, endothelial dysfunc-
tion, and an association with poor prognosis in patients with
HF.2–5
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Positive airway pressure (PAP) for CSA is not widely employed
because of scant effectiveness data, poor patient adherence, and
potential safety risks.1,6–9 Transvenous unilateral phrenic nerve
stimulation is a unique physiological approach to the treatment of
CSA. The remedē® System (Respicardia, Inc., Minnetonka, MN,
USA) stimulates the phrenic nerve to cause diaphragmatic move-
ment similar to normal breathing and stabilizes carbon dioxide
levels.10,11 The recently published pivotal trial of the remedē Sys-
tem in patients with CSA from different aetiologies, including HF,
showed that significantly more patients in the treatment than in
the control group had an apnoea–hypopnoea index (AHI) reduc-
tion ≥ 50% from baseline to 6 months (51% vs. 11%; P< 0.0001)
with an overall 12-month freedom from implant-, system-, or
therapy-related adverse events of 91%.12

Preliminary observations from the randomized remedē System
Pivotal Trial in the subset of patients with CSA and HF (with either
reduced or preserved ejection fraction) demonstrated effective-
ness on sleep and other CSA-related measures similar to that
observed in the full cohort of patients with CSA from various
aetiologies.12 Therefore, the principal aims of these exploratory
analyses were to determine if the improvements in CSA parame-
ters (i.e. arousals, hypoxaemia, and other sleep metrics) induced
by treatment with phrenic nerve stimulation were associated with
changes in HF-specific metrics such as cardiac performance by
echocardiography and the Minnesota Living with Heart Failure
Questionnaire (MLHFQ).

Methods
The design, methods, oversight, and primary results of the remedē
System Pivotal Trial (NCT01816776) have been reported.11,12 The
protocol was approved by local ethics or institutional review boards; all
patients provided written informed consent. The study was conducted
in accordance with the Declaration of Helsinki, Good Clinical Practice,
and ISO-14155:2011.

Briefly, the remedē System Pivotal Trial was a prospective, multicen-
tre, randomized, open-label, controlled trial of transvenous unilateral
phrenic nerve stimulation vs. no stimulation in patients with CSA of dif-
ferent aetiologies. The system remained off in the control group until
the primary effectiveness endpoint of the overall study was assessed
at 6 months (as described in the endpoints section). After this time
point, therapy was initiated in the control group and the treatment
group remained on therapy (Figure 1). Full night polysomnograms were
completed at baseline and at 6-month intervals after therapy initiation
through 24 months of follow-up to assess the initial effectiveness of
phrenic nerve stimulation and maintenance of the observed treatment
effect. Patients and physicians were aware of treatment assignment, but
the polysomnography core laboratory (Registered Sleepers, Leicester,
NC, USA) remained masked throughout the study.

Participants
For inclusion in the overall study, eligible patients had to be medically
stable for 30 days on guideline-directed medical therapy prior to base-
line assessments and have a qualifying polysomnogram.12 This post-hoc
analysis was performed in the subset of patients in the remedē System
Pivotal Trial with HF as determined at baseline by the investigator.12 As
pre-specified in the protocol, patients were implanted and randomized ..
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Figure 1 Composition of the pooled study population and
follow-up time points. As pre-specified in the protocol, patients
were implanted and randomized to treatment (therapy activated
one month after implant) or control (therapy activated after the
6-month assessments). This study design allowed for the pooling
of 6- and 12-month effectiveness data from the treatment and
control groups based on months since therapy activation (baseline
for these analyses). Patients in the treatment group accrued 6- and
12-month data at the corresponding visits, whereas the control
group accrued 6- and 12-month data at the 12- and 18-month
visits due to the delay in initiating therapy. HF, heart failure; PSG,
polysomnogram.

to treatment (therapy activated one month after implant) or control
(therapy activated after the 6-month assessments). This study design
allowed for the pooling of 6- and 12-month effectiveness data from
the treatment and control groups based on months since therapy acti-
vation. The time of initiation of treatment was the baseline for the
analyses presented here. Patients in the treatment group accrued 6-
and 12-month data at the corresponding visits, whereas the control
group accrued 6- and 12-month data at the 12- and 18-month vis-
its due to the 6-month delay in initiating therapy, as per study design
(online supplementary Figure S1).

Intervention and follow-up procedures
The remedē System has an implanted pulse generator and lead
(placed in the left pericardiophrenic or right brachiocephalic vein) that
stimulates a phrenic nerve to produce diaphragm contraction akin
to normal breathing. The system automatically stimulates the phrenic
nerve throughout the scheduled time at night when patients are at rest
and in a sleeping posture, which is detected by position and motion
sensors within the device. In addition to polysomnogram testing as
previously described, echocardiograms were interpreted by a core
laboratory (United Heart and Vascular Center, St. Paul, MN, USA)
blinded to the time of the visit and duration of therapy to assess left
ventricular ejection fraction (LVEF), left ventricular end-systolic volume
(LVESV), and left ventricular end-diastolic volume (LVEDV).

Endpoints
The post-hoc endpoints were the proportion of patients in the pooled
study groups who achieved a reduction in AHI of ≥ 50% from baseline
to 6 and 12 months. In addition, changes in central apnoea index,
AHI, arousal index, oxygen desaturation index of ≥ 4%, percent of
sleep time with oxygen saturation< 90%, and percent of sleep spent in

© 2018 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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rapid eye movement were assessed within the pooled group. Quality
of life was assessed by the Epworth Sleepiness Scale, the proportion
of patients with moderate or marked improvement in the patient
global assessment instrument, and MLHFQ. Changes from baseline
in echocardiographic parameters (LVEF, LVESV, and LVEDV) were
analysed in the CSA patients who had HF, baseline LVEF ≤ 45%, and
did not have permanent atrial fibrillation. Patients with this rhythm
disorder (n= 19) were excluded because of the high variability in
estimated cardiac volumes in these patients.13,14 The exclusion of
patients with permanent atrial fibrillation is consistent with the choice
made in other studies evaluating serial changes in cardiac volumes,
and the echocardiographic protocol was not designed with procedures
to address the variability of cardiac volumes in the presence of atrial
fibrillation (i.e. to average data over 10 cardiac cycles).15,16

Freedom from serious adverse events associated with the implan-
tation procedure, the remedē System, or delivered therapy through
12 months post-implant was summarized for the pooled population.
Three additional safety analyses were conducted by randomization
assignment: HF hospitalization, cardiovascular death, and the compos-
ite of HF hospitalization or cardiovascular death through 6 months.

Statistical analysis
Due to the exploratory nature of this analysis, all statistical tests
in the HF subgroup are post-hoc, completed after unblinding of the
pivotal trial data, and are unadjusted for multiple testing, with all
reported P-values considered nominal. Imputation was not performed
for missing data.

Respiratory, sleep and quality of life changes from baseline to 6
and 12 months within the pooled group were assessed using a paired
t-test and, due to distributional characteristics, echocardiographic data
were analysed using non-parametric Wilcoxon signed-rank tests. All
reported P-values are two-sided. The safety endpoint of freedom from
related serious adverse events at 12 months was summarized as a
binomial proportion.

The 6-month HF hospitalization, cardiovascular death, and compos-
ite of HF hospitalization or cardiovascular death rates (time-to-first
event) and P-values comparing survival curves between the treatment
and control groups were analysed using the Kaplan–Meier method to
estimate and visualize survival functions. The log-rank test was used
for association testing. Control subjects were censored when therapy
was activated. SAS software version 9.4 (SAS Institute, Inc., Cary, NC,
USA) was used for all analyses.

Results
A total of 96 patients with CSA and HF (64% of the total
pivotal trial population) were included in the pooled analyses,
with 81 patients completing a 6-month and 75 a 12-month
post-activation visit. The flow of patients with HF in the trial
is shown in Figure 1. These patients with HF had multiple
co-morbidities as shown in Table 1. Concomitant cardiac devices
were present in 63% of patients. Baseline mean± standard devi-
ation (SD) AHI was 47.1± 18.5 events/hour. Average LVEF was
34.5± 12.1% with 78% of patients having a LVEF ≤ 45%. Of the
16 patients who were categorized in New York Heart Associ-
ation (NYHA) class I, 12 (75%) had LVEF < 45%; two subjects
with NYHA class I symptoms did not have an LVEF assessment
at baseline. ..
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.. Table 1 Baseline characteristics of the heart failure
subgroup

Pooled (n) 96
Age (years) 67±12
Male sex 87 (91)
White race 89 (93)
BMI (kg/m2) 30.7± 5.8
Neck circumference (cm) 43± 4 (n= 95)
Heart rate (b.p.m.) 72.4±11.7
SBP (mmHg) 120.3±18.2
DBP (mmHg) 71.9± 11.3
RR (breaths/min) 17.4± 2.8
LVEF (%) 34.5±12.1 (n= 91)
LVEF ≤45% 71/91 (78)
NYHA class

I 18 (19)
II 41 (43)
III 37 (39)
IV 0 (0)

Previous history of atrial fibrillation 50 (52)
Coronary artery disease 69 (72)
Hypertension 77 (80)
Diabetes 35 (36)
Previous stroke 7 (7)
Renal impairment 31 (32)
Concomitant cardiac devices 60 (63)

ICD 33 (34)
CRT-D 20 (21)
Non-CRT-P 6 (6)
CRT-P 1 (1)

Medications
ACE inhibitor or ARB 79 (82)
Statin 67 (70)
Beta-blocker 85 (89)
Antiplatelet 63 (66)
Mineralocorticoid receptor antagonist 46 (48)
Loop diuretic 62 (65)
Thiazide diuretic 22 (23)
Digoxin 23 (24)
Calcium channel blocker 16 (17)

Values are mean± standard deviation, or number (%), unless otherwise noted.
ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; BMI,
body mass index; CRT-D, cardiac resynchronization therapy-defibrillator; CRT-P,
cardiac resynchronization therapy-pacemaker; DBP, diastolic blood pressure;
ICD, implantable cardioverter defibrillator; LVEF, left ventricular ejection fraction;
NYHA, New York Heart Association; RR, respiratory rate; SBP, systolic blood
pressure.

In patients with HF, 53% (41/77) had a ≥ 50% reduction in
AHI from baseline to 6 months and 57% (40/70) from baseline to
12 months (Table 2). A reduction in AHI occurred in 61 of 70
(87%) patients at 12 months. The percentage change in AHI for
each patient with HF in the pooled group following 12 months of
active therapy is shown in Figure 2.

All observed respiratory and sleep metrics improved from
baseline to 6 and 12 months post-therapy initiation (all P< 0.05)
(Table 2). These include central apnoea index, AHI, arousal index,

© 2018 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 2 Percentage change in apnoea–hypopnoea index (AHI)
from baseline to 12 months of therapy for each patient in the
pooled population of patients with heart failure and polysomno-
gram data. The change from baseline following 12 months of
active therapy for all subjects is shown. Patients with any decrease
in AHI from baseline are shown in green bars and patients with
any increase in AHI from baseline are shown in red bars.

oxygen desaturation index of ≥ 4%, percent of sleep time with
oxygen desaturation < 90%, and percent of sleep spent in rapid
eye movement.

Quality of life as assessed by the Epworth Sleepiness Scale score
showed a reduction of –2.8± 4.5 points at 6 months (P< 0.001)
and –3.1± 4.7 at 12 months (P< 0.001). Moderate to marked
improvement in patient global assessment was demonstrated by
47/81 (58%) patients at 6 months and 41/75 (55%) at 12 months.
At 12 months, MLHFQ scores changed by –6.8± 20.0 (P= 0.005)
(Table 3).

In patients with HF, LVEF ≤ 45% and no permanent atrial fib-
rillation (n= 50), the median change in LVESV at 12 months was
–6.0 mL (interquartile range –21.0 to 5.0 mL; P= 0.078) and was
accompanied by a change in the median LVEF at 12 months of 4.0%
(interquartile range –1.0 to 8.0%; P= 0.004). The median change
in LVEDV at 12 months was –7.0 mL (interquartile range –27.0 to
9.0 mL; P= 0.288) (Table 4).

The pooled 12-month freedom from serious adverse events
related to implant procedure, device or therapy was 88/96 (92%;
95% confidence interval 84–96%). The related serious adverse
events are shown in the online supplementary Table S1. Of 96
patients with HF, 32 (33%) reported non-serious therapy-related
discomfort through 12 months, which resolved with remedē Sys-
tem reprogramming in all but one patient. Among patients with
implantable cardiac devices, no ventricular arrhythmias were adju-
dicated as attributable to phrenic nerve stimulation. One case of
oversensing resulted in inappropriate defibrillation, which was cor-
rected by remedē System reprogramming without reoccurrences.

A Kaplan–Meier analysis of the time from therapy initiation visit
(one month post-implant) to first HF-related hospitalization dur-
ing the randomized portion of the trial (through the 6-month ..
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.. visit) produced HF-related hospitalization rates of 4.7% (stan-
dard error= 3.3) in the treatment group and 17.0% (standard
error= 5.5) in the control group (P= 0.065) (online supplementary
Figure S2A).

There was no detectable evidence of a difference in cardio-
vascular mortality between groups (online supplementary Figure
S2B). Three deaths occurred through 6 months (during the ran-
domized portion), one of which was in the treatment group
(sudden cardiac death) and two were in the control group (two
cardiac pump failure) with a 6-month cardiovascular death rate of
2% (standard error= 2.3%) in the treatment group and 4% (stan-
dard error= 2.9%) in the control group (P= 0.617). One additional
death occurred in the control group during the 6 months of active
therapy (as noted on Figure 1). The rate of the composite end-
point of time-to-first HF hospitalization or cardiovascular death
through 6 months was 7.0% (standard error= 3.9) and 17.0% (stan-
dard error= 5.5) for patients in the treatment and control groups,
respectively (P= 0.148) (online supplementary Figure S2C).

Discussion
These analyses characterize the effects of 6 and 12 months of
active phrenic nerve stimulation on sleep, respiratory, cardiac, and
quality of life outcomes in patients with CSA and HF enrolled in
the remedē System Pivotal Trial. After 6 months of active therapy,
these patients with HF experienced improvement in sleep metrics
from baseline with a reduction in the severity of CSA, fewer
arousals, less hypoxaemia, and improvement in rapid eye movement
sleep. These effects were sustained at 12 months. Quality of life
as assessed by the Epworth Sleepiness Scale and patient global
assessment also improved from baseline after 6 and 12 months of
therapy. The MLHFQ score improved at 6 and 12 months of active
phrenic nerve stimulation. In the post-hoc subgroup of patients in
the remedē System Pivotal Trial with HF, a baseline LVEF≤ 45% and
no permanent atrial fibrillation, an increase in LVEF was observed
at 12 months. The consistency of improvement in both sleep and
HF-specific quality of life measures together with the modest
amelioration of cardiac volumes and systolic function suggest that
effective treatment of CSA with phrenic nerve stimulation may have
a parallel association with clinically relevant benefits in CSA patients
with HF.

While the original trial did not compare phrenic nerve stim-
ulation to PAP therapy, it is important to consider the known
effects of PAP in patients with HF as reported in two large random-
ized trials. The Canadian Continuous Positive Airway Pressure for
Patients with Central Sleep Apnea and Heart Failure (CANPAP)
trial was unable to demonstrate a reduction in arousals or a sig-
nificant improvement in the Chronic Heart Failure Questionnaire
in the continuous PAP group compared to the control group.6 Left
ventricular volumes were not measured.6 In addition, the results
of the Treatment of Sleep-Disordered Breathing with Predominant
Central Sleep Apnea by Adaptive Servo-Ventilation in Patients with
Heart Failure (SERVE-HF) trial showed no significant differences
between the adaptive servo-ventilation (ASV) and control groups
in MLHFQ scores.7 Furthermore, the SERVE-HF trial showed an
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Table 3 Changes in quality of life in the pooled heart failure population

Baseline observed 6-month active therapy 12-month active therapy
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Observed Paired change
from baseline

Observed Paired change
from baseline

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Moderate or marked
improvement in
PGA

N/A N/A 58 (47/81) N/A 55 (41/75)

Epworth Sleepiness
Scale*

8.9± 5.1 (93)
8.0 [5.0–13.0]

6.2± 4.1 (81)
6.0 [3.0–9.0]

–2.8± 4.5 (81)
–2.0 [–6.0 to 0.0]
P< 0.001

6.1± 3.7 (75)
5.0 [3.0–9.0]

–3.1± 4.7 (75)
–2.0 [–5.0 to 0.0]
P< 0.001

Minnesota Living with
Heart Failure score*

39.2± 22.8 (91)
40.0 [21.0–55.0]

35.3± 24.3 (81)
32.0 [16.0–52.0]

–2.6± 19.2 (79)
–1.0 [–12.0 to 7.0]
P= 0.227

31.0± 22.8 (75)
27.0 [13.0–46.0]

–6.8± 20.0 (73)
–4.0 [–18.0 to 8.0]
P= 0.005

Values are mean± standard deviation (n), or median [interquartile range] for continuous data, or % (n/N) for categorical data.
N/A, not applicable; PGA, patient global assessment.
*Nominal two-sided P-value from paired t-test for change from baseline.

Table 4 Changes in echocardiographic parameters in the pooled heart failure population

Baseline observed
(n= 50)

6-month active therapy 12-month active therapy
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Observed
(n= 43)

Paired change
from baseline
(n= 43)

Observed
(n= 41)

Paired change
from baseline
(n= 41)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Left ventricular ejection
fraction (%)*

31.6± 8.5 (50)
31.0 [26.0–38.0]

31.2± 9.9 (43)
30.0 [23.0–40.0]

0.0± 5.9 (43)
1.0 [–4.0 to 4.0]
P= 0.834

34.8±12.4 (41)
32.0 [24.0–44.0]

3.3± 7.6 (41)
4.0 [–1.0 to 8.0]
P= 0.004

Left ventricular
end-systolic volume
(mL)*

119.7± 63.6 (50)
109.0 [70.0–150.0]

123.4± 69.4 (43)
122.0 [65.0–157.0]

3.9± 32.3 (43)
–5.0 [–14.0 to 17.0]
P= 0.943

111.3± 68.4 (41)
100.0 [60.0–140.0]

–6.0± 27.5 (41)
–6.0 [–21.0 to 5.0]
P= 0.078

Left ventricular
end-diastolic volume
(mL)*

169.3± 71.7 (50)
161.5 [110.0–219.0]

172.5± 81.0 (43)
169.0 [105.0–212.0]

4.6± 38.5 (43)
–3.0 [−19.0 to 20.0]
P= 0.966

161.4± 75.9 (41)
146.0 [103.0–200.0]

–4.3± 31.1 (41)
–7.0 [–27.0 to 9.0]
P= 0.288

Values are mean± standard deviation (n), or median [interquartile range].
*Nominal two-sided P-value from Wilcoxon signed-rank test for change from baseline.

unexpected significant increase in the risk of cardiovascular mortal-
ity (P= 0.006) despite a substantial reduction in AHI from baseline
to 12 months.7 Although the present study was not powered to
detect a difference in mortality, this exploratory analysis does not
unveil a signal toward an increase in mortality in HF patients with
CSA treated with phrenic nerve stimulation.12 The authors of the
SERVE-HF trial considered two hypotheses to explain the increased
mortality risk associated with ASV. First, it is possible that PAP
itself had detrimental haemodynamic effects. The mechanism of
action of phrenic nerve stimulation is different and opposite to
that of ASV. Specifically, while ASV delivers PAP, normal breathing
via diaphragmatic contraction triggered by neurostimulation gener-
ates negative intrathoracic pressure, and therefore favours venous
return to the heart.1,7,17–19 The alternative hypothesis considered
by the SERVE-HF investigators is that CSA could be a benefi-
cial compensatory mechanism in patients with advanced HF.7 The
intermittent hypoxaemia and norepinephrine release associated ..
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.. with CSA events make it unlikely that this sleep disorder con-

fers any long-term benefits to patients with HF.1,2,7,17,18 Indeed, the
recent multistate modelling analysis of the individual components
of the SERVE-HF primary endpoint showed the increased risk of
cardiovascular death was primarily observed in patients with LVEF
≤ 30% and in those who died suddenly without a prior hospitaliza-
tion for worsening HF.20

Reducing arousals may indirectly mitigate the surges of sym-
pathetic activation that accompany these events. Reduction of
hypoxaemia may be another important benefit.21 Indeed, decreases
in both oxygen desaturation index of ≥ 4% and time spent with
oxygen saturation< 90% occurred during therapy. These effects
of phrenic nerve stimulation are potentially key mechanisms
underlying the improvements in quality of life that were not
observed in randomized trials of mask-based therapies in this
patient population.
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The results of the current analysis may indicate a potential asso-
ciation between treatment of CSA with phrenic nerve stimula-
tion and parallel changes in HF-specific clinical parameters.22 The
principal features of cardiac remodelling are left ventricular cav-
ity enlargement and biochemical myocyte alterations, which lead
to impaired cardiac contractility and relaxation.23 A reduction in
cardiac volumes and improvement in left ventricular systolic func-
tion generally predict improvements in morbidity and mortality.24

It is not surprising that the improvement in systolic function in HF
patients observed after effective treatment of CSA with phrenic
nerve stimulation was not detected until 12 months of active ther-
apy, as the time course of this process is highly variable among
individual patients and treatments.22 One study of 207 patients
with HF showed that 40% demonstrated left ventricular reverse
remodelling in < 24 months after initiation of pharmacotherapy,
12% in ≥ 24 months, and 48% had no change.25 Patients with
reverse remodelling had improved clinical outcomes regardless of
whether reverse remodelling occurred early or late, compared
to those without changes in left ventricular size.25 Among 127
cardiac resynchronization therapy recipients, patients exhibiting
reverse remodelling in < 6 months had the best outcomes, but
reverse remodelling ≥ 6 months still had significantly better clin-
ical and echocardiographic outcomes than those who did not.26

These data from Viveiros Monteiro et al.26 support the hypothesis
that in patients with HF, LVEF ≤ 45%, and without permanent atrial
fibrillation, the observed signals of improved echocardiographic
measures after 12 months of phrenic nerve stimulation have clinical
relevance, because it suggests that effective treatment of CSA, as
demonstrated by improvements in sleep and quality of life, may be
associated with beneficial changes in measures of cardiac structure
and function.

It is of interest that in patients with HF undergoing phrenic nerve
stimulation for CSA, the increase in LVEF was due to a numerical
reduction in LVESV. Changes in LVESV have been shown to be
superior to other echocardiographic measurements in predicting
outcomes after a myocardial infarction, identifying the optimal
time for valvular surgical interventions, and assessing response to
cardiac resynchronization therapy.27–29

Therefore, the signal for a decrease in LVESV after 12 months of
active phrenic nerve stimulation provides support for the hypoth-
esis that in patients with HF, LVEF ≤ 45%, and CSA, effective
treatment of this sleep disorder may be associated with benefi-
cial changes in cardiac structure and function that could influence
clinical outcomes.24 Observations from the Kaplan–Meier analysis
suggest a potentially longer time to first HF hospitalization within
6 months for the treatment compared to control group that merits
additional study. In a recent observational study of 784 hospitalized
patients with systolic HF who underwent inpatient polysomnog-
raphy and were followed for 6 months, 165 (21%) had CSA. The
rate ratio for cardiac readmission within 6 months in patients with
CSA compared to patients without sleep disordered breathing
was 1.53 (95% confidence interval 1.1–2.2; P= 0.03) after adjust-
ment for demographics, clinical characteristics and co-morbidities.4

The same study not only showed that CSA is an independent
predictor of morbidity in patients hospitalized with HF, but it also ..
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.. identifies a novel and potentially modifiable risk factor for HF
readmissions.

The analyses presented in this manuscript have limitations
related to their exploratory nature and small sample size. All anal-
yses are post-hoc and non-randomized except the hospitalization
analyses which used the randomized portion of the trial; thus,
causality cannot be ascribed to treatment. Phrenic nerve stimu-
lation is designed to treat patients with predominantly CSA and
it is not expected to treat obstructive apnoea. Because a period
of approximately 3 months is needed to optimally titrate stimu-
lation, we would not expect remodelling to be evident until after
6 months of maximum active therapy, which in these patients would
occur between 9–12 months. By design, the control group patients
only had their device programmed off for 6 months. Thus, random-
ized control group data are not available for the period of time in
which remodelling would be reasonably expected to occur. For
this reason, the control group was not included in this analysis.
Future studies assessing echocardiographic measures of reverse
myocardial remodelling will require a longer randomized period
to permit firmer conclusions regarding between-group differences.
P-values were unadjusted for multiple testing. Additionally, the def-
inition used to identify patients with HF reflected the investigator’s
designation of HF diagnosis and NYHA class as recorded on the
case report form. Other limitations include those already acknowl-
edged for the overall remedē System Pivotal Trial.12 Although the
present study was not powered to detect a difference in mortal-
ity, this exploratory analysis does not unveil a signal toward an
increase in mortality in the population that was studied. Regard-
less, our analysis provides important new information specifically
in patients with CSA and HF. Improvement in AHI was similar to
that observed with continuous PAP in other studies, but there was
a greater reduction in the central episodes with phrenic nerve stim-
ulation (from 26.2±17.7 to 4.1± 6.0) and, in addition, phrenic
nerve stimulation was associated with improvements in arousals,
sleep quality, and patient-assessed quality of life scores from base-
line to 6 and 12 months. However, despite these encouraging
results, the nature of the residual AHI requires further investiga-
tion. These effects were associated with improved quality of life
at 12 months specific to patients with HF as measured by the
MLHFQ score.

Phrenic nerve stimulation reduces CSA severity in patients
with HF, and reported adverse events were as expected for a
transvenous implantable system. This CSA treatment was asso-
ciated with favourable changes in HF quality of life and disease
progression as suggested by MLHFQ scores and echocardiographic
findings, respectively. Larger studies in HF populations should fur-
ther explore the effects of treatment of CSA by phrenic nerve
stimulation on outcomes of patients with both reduced and pre-
served LVEF.

Supplementary Information
Additional supporting information may be found online in the
Supporting Information section at the end of the article.
Figure S1. Patient flow. Flow of the heart failure population
through 6 and 12 months of active therapy.
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Figure S2. (A) Heart failure (HF) hospitalization. Kaplan–Meier
curve of months to first HF hospitalization through 6 months.
(B) Cardiovascular (CV) death. Kaplan–Meier curve of months
to CV death through 6 months. (C) Composite of cardiovascular
(CV) death and heart failure (HF) hospitalization. Kaplan–Meier
curve of months to first HF hospitalization or CV death through
6 months.
Table S1. Related serious adverse events in the heart failure
subgroup through 12 months.
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