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Background: The remedē System Pivotal Trial was a prospective, multi-center, randomized 
trial demonstrating transvenous phrenic nerve stimulation (TPNS) therapy is safe and 
effectively treats central sleep apnea (CSA) and improves sleep architecture and daytime 
sleepiness. Subsequently, the remedē System was approved by FDA in 2017. As a condition 
of approval, the Post Approval Study (PAS) collected clinical evidence regarding long-term 
safety and effectiveness in adults with moderate to severe CSA through five years post 
implant.
Methods: Patients remaining in the Pivotal Trial at the time of FDA approval were invited 
to enroll in the PAS and consented to undergo sleep studies (scored by a central laboratory), 
complete the Epworth Sleepiness Scale (ESS) questionnaire to assess daytime sleepiness, and 
safety assessment. All subjects (treatment and former control group) receiving active therapy 
were pooled; data from both trials were combined for analysis.
Results: Fifty-three of the original 151 Pivotal Trial patients consented to participate in the 
PAS and 52 completed the 5-year visit. Following TPNS therapy, the apnea-hypopnea index 
(AHI), central-apnea index (CAI), arousal index, oxygen desaturation index, and sleep 
architecture showed sustained improvements. Comparing 5 years to baseline, AHI and 
CAI decreased significantly (AHI baseline median 46 events/hour vs 17 at 5 years; CAI 
baseline median 23 events/hour vs 1 at 5 years), though residual hypopneas were present. In 
parallel, the arousal index, oxygen desaturation index and sleep architecture improved. The 
ESS improved by a statistically significant median reduction of 3 points at 5 years. Serious 
adverse events related to implant procedure, device or delivered therapy were reported by 
14% of patients which include 16 (9%) patients who underwent a pulse generator reposition 
or lead revision (primarily in the first year). None of the events caused long-term harm. No 
unanticipated adverse device effects or related deaths occurred through 5 years.
Conclusion: Long-term TPNS safely improves CSA, sleep architecture and daytime sleepi-
ness through 5 years post implant.
Clinical Trial Registration: ClinicalTrials.gov Identifier: NCT01816776.
Keywords: central sleep apnea, phrenic nerve stimulation

Introduction
Central sleep apnea (CSA) is characterized by a lack of drive to breathe during 
sleep, leading to absent or inadequate ventilation. Although a rare disorder in the 
general population, CSA is frequently associated with heart failure (HF), atrial 
fibrillation, stroke, and opioid use.1–3 When all identifiable causes are excluded, it is 
called idiopathic CSA.4
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Studies performed decades ago demonstrated that uni-
lateral phrenic nerve stimulation could maintain adequate 
ventilation both in animals5 and humans.6 In 2017, the 
United States Food and Drug Administration (FDA) 
approved the remedē System for unilateral transvenous 
phrenic nerve stimulation (TPNS) for treatment of moder-
ate to severe CSA in adults based on the results of 
a randomized clinical trial.7,8 Subsequent follow-up and 
analysis confirmed the results of the Pivotal Trial.9,10 The 
TPNS system (Supplement Figure 1) is an implantable 
neurostimulation device consisting of a pulse generator 
implanted in the pectoral region, a stimulation lead placed 
in either the left pericardiophrenic or right brachiocephalic 
vein, and an optional sensing lead placed in the azygos 
vein.11 The TPNS device automatically delivers therapy, 
continuously throughout the night during the scheduled 
time when the patient is in a sleeping position and at 
rest, without requiring patients to manually activate 
therapy.12

As a condition of FDA approval, the Post Approval 
Study (PAS) collected evidence regarding long-term safety 
and effectiveness in adult subjects with moderate to severe 
CSA. Here, we report the 5-year analysis of TPNS on CSA 
metrics, sleep architecture and safety from the PAS. Based 
on the data presented in this paper, the FDA recently 
concluded the 5-year PAS data fulfilled the post-approval 
requirement, providing sufficient evidence of long-term 
efficacy and safety.13

Methods
The remedē System Pivotal Trial (NCT01816776) was 
a prospective, multicenter, randomized, open-label trial in 
patients with moderate to severe CSA to assess TPNS 
versus no stimulation.14 The trial enrolled patients with 
any CSA etiology (except CSA induced by pain medica-
tions) who had apnea hypopnea index (AHI, the number of 
apnea and hypopnea events per hour of sleep) of ≥20 
events/hour of sleep, with ≥30 central apneas, with central 
apneas accounting for ≥50% of all apneas, and the obstruc-
tive apnea index ≤20% of the AHI.

All patients were implanted and randomized to treat-
ment or control at time of implant. The Control group had 
therapy activated after the primary endpoint assessment at 
the 6-month visit.

Patients who remained in the Pivotal Trial at the time 
of FDA approval were identified for enrollment in the 
PAS. All sites were requested to enroll all eligible patients 
regardless of prior therapy effectiveness. All eligible 

patients had completed at least 2 years of follow-up in 
the Pivotal Trial and all subjects were to continue receiv-
ing therapy through 5 years post implant in the PAS. 
Subjects attended annual visits in the PAS and were con-
tacted by phone between visits. Since the Pivotal Trial was 
closed prior to all subjects completing the 3-year visit and 
the PAS initiated as a new trial, safety data was collected 
throughout the period between the trials, but some 3- and 
4-year visits did not occur.

Overnight, attended polysomnography (PSG) was per-
formed at baseline and 1, 2, and 5 years; home polygraphy 
(PG) (NOX T3 consisting of pressure transducer, abdom-
inal and rib cage respiratory inductance plethysmography 
belts and pulse oximeter; Nox Medical, Reykjavík, 
Iceland) was performed at 3 years, and in some subjects 
at 5 years due to patients declining a PSG or COVID-19 
pandemic site restrictions.

The AHI, central apnea index (CAI), obstructive apnea 
index, mixed apnea index, hypopnea index, 4% oxygen 
desaturation index (ODI4), arousal index, percentage and 
minutes of sleep with oxygen saturation <90% and per-
centage of total sleep time in N1, N2, N3 and rapid eye 
movement (REM) were assessed for the PSGs. Sample 
sizes are lower for arousals and sleep stages at 5 years 
due to the inability to measure these parameters in patients 
who chose a PG rather than a PSG.

For consistency, the same central sleep core laboratory 
(Registered Sleepers, Winter Haven, FL, USA) used in the 
Pivotal Trial scored all PAS PSGs and PGs using the 
American Academy of Sleep Medicine guidelines detailed 
previously.14,15 Daytime sleepiness was assessed at base-
line, 1 and 5 years using the ESS questionnaire (0=none, 
24=worst).16

The study was conducted in accordance with the 
Declaration of Helsinki, Good Clinical Practice, and 
ISO-14155:2011 and registered at ClinicalTrials.gov 
(Identifier: NCT01816776). The protocol was approved 
by local ethics or institutional review boards; all patients 
provided written informed consent.

Statistical Methods
Since previous Pivotal Trial publications demonstrated 
similar and sustained effects of therapy in the treatment 
and former control groups after therapy was activated,8,9,12 

the groups were pooled for analysis. The effectiveness 
analyses continue to use the per protocol population. All 
originally randomized subjects were used in safety ana-
lyses. Effectiveness results were combined based on years 
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since therapy activation for the 1-year visit; in year 2 and 
beyond, visit results were combined based on years post 
implant and represent 6 fewer months of therapy for for-
mer Control subjects than Treatment subjects. Nominal 
2-sided P-values from the Wilcoxon Signed-Rank test for 
paired change from baseline are provided; however, the 
PAS was not powered for statistical tests. Imputation was 
not performed for missing data. Select results are also 
presented limiting to data for subjects with sleep study 
data at baseline and 5 years to assess changes in the 
complete data subset. Continuous variable results at each 
visit are displayed in text as median and interquartile 
range.

Freedom from related serious adverse events (SAE) 
through 5 years is summarized as a binomial proportion 
and individual events are summarized by year of onset 
post implant. The same independent clinical events com-
mittee that adjudicated adverse events in the Pivotal Trial 
was used to provide a standard and systematic adjudication 
of clinical adverse events in the PAS regarding relation-
ship to device, procedure or therapy, SAE status (and 
reasons including hospitalization), and heart failure rela-
tionship. Overall survival (censored at last date known 
alive) and cardiovascular survival (censored at last date 
known alive or died due to non-cardiovascular cause) in 
the pooled group were assessed using the Kaplan–Meier 
method.

The subgroup of subjects with HF, defined in the 
Pivotal Trial as patients having a New York Heart 
Association functional class ≥1, was also analyzed to 
provide an update of previously reported results17 on 
sleep data, as well as Kaplan–Meier analysis of survival 
and freedom from HF hospitalization 5 years post implant. 
Sleep data results are also presented for the subgroup 
without HF.

SAS version 9.4 (Cary, NC) was used for analysis.

Results
Fifty-three subjects eligible at the end of the Pivotal Trial 
participated in the PAS and 52 completed the 5-year visit. 
The CONSORT diagram (Figure 1) shows reasons for 
patient exclusion or withdrawal from the PAS. The reasons 
subjects did not enroll in PAS varied, with the primary 
reasons being four sites declined participation for lack of 
resources (17 subjects) and 17 additional subjects were not 
interested in participating in the long-term follow-up study.

Characteristics for pooled treatment and control 
patients at implant (n=151) and those enrolled in PAS are 

shown in Table 1. Characteristics for all PAS eligible and 
not enrolled subjects are displayed in Supplement Table 1 
for comparison. No clinically relevant baseline character-
istics differed among subjects enrolled in the pivotal, PAS 
or eligible but not enrolled in the PAS. Examination of 
subjects’ experience with therapy also did not yield differ-
ences. Two of the 94 eligible subjects had ongoing stimu-
lation discomfort at or just prior to the Pivotal Trial 
closure and one of them enrolled in the PAS. Also, no 
signal of enrollment bias was apparent based on response 
to therapy during the Pivotal Trial.

At the time of Pivotal Trial enrollment, 64% of sub-
jects had HF, 42% had atrial fibrillation, and 8% previous 
stroke. Eleven percent of subjects had idiopathic CSA. 
One of the 53 enrolled subjects was not part of the per 
protocol population determined during the Pivotal Trial 
and is excluded from effectiveness analyses.

Sleep-Related Disordered Breathing 
Events
Subjects had severe CSA at baseline. The baseline median 
AHI was 46 [interquartile range 34, 60] events/hour of 
sleep and reduced to <20 events/hour at 1, 2 and 5 years, 
with median paired change from baseline to 5 years of −22 
[−42, −7] events/hour (P<0.001) (Table 2, Figure 2). CAI, 
which comprised half of the baseline AHI, improved from 
a median of 23 [13, 39] events/hour at baseline to 1 at each 
yearly follow-up. The mixed apnea index, obstructive 
apnea index and hypopnea index were unchanged through 
5 years. Note that 9 subjects performed a home PG instead 
of PSG at 5 years, and of the 9 PGs 2 could not be scored 
due to lack of or insufficient airflow signal quality and 
subjects’ refusal to repeat the study.

In parallel with changes in sleep-disordered breathing 
events, other metrics demonstrating continued improve-
ment from baseline to 5 years include ODI4 improved 
from a median 39 [26, 57] events/hour to 15 [6, 26] at 5 
years, the arousal index decreased from 39 [27, 57] events/ 
hour at baseline to 23 [12, 36] events/hour at 5 years, and 
the percentage of sleep with oxygen saturation <90% at 5 
years (4% [1, 17]) was lower than at baseline (9% [3, 21]), 
although the median paired change from baseline at 5 
years was a 2% [−12, 6] decrease.

Sleep Architecture
The distribution of sleep stages as a percentage of total 
sleep time at baseline was N1=31% [19, 47], N2=47% [40, 
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58], N3=2% [0, 9] and REM sleep=10% [6, 16]. In parallel 
with changes in AHI and CAI, sleep architecture improved 
(Table 2, Figure 3). At 5 years, median paired absolute 
changes from baseline revealed N1 decreased by 19 [−23, 
−9] absolute percentage points, whereas N2 increased by 9 
[−2, 23], and REM by 5 [0, 13]. N3 did not change 
(0 [−3, 4]).

Daytime Sleepiness
The median ESS at baseline and 5-years were 9 [5, 14] and 6 
[4, 11], respectively (Table 2), demonstrating a consistent 
and clinically meaningful ≥3 point reduction18,19 in daytime 
sleepiness with therapy at each visit. In the subset of subjects 
with excessive daytime sleepiness (ESS>10) at baseline who 
had 5-year data, 62% (16/26) of subjects shifted to an ESS 
≤10. Examination of the percentage of subjects with 

a clinically meaningful improvement from baseline at 5 
years, 74% (37/50) improved by ≥2 points and 62% (31/50) 
improved by ≥3 points. Analysis restricted to subjects with 
baseline ESS>10 showed that 96% (25/26) improved by ≥2 
points and 88% (23/26) by ≥3 points.

Safety
SAEs adjudicated as related to the implant procedure, 
device or delivered therapy occurred in 14% (n=21) of 
subjects through 5 years (Table 3), with the majority 
occurring in the first year after implant. The related 
SAEs are displayed by year in Table 3. Between years 2 
and 3, no related SAEs occurred. Also, no related conco-
mitant cardiac device interaction adverse events were 
observed after 2 years. Four subjects reported related 
SAEs in years 3 to 5:

Figure 1 CONSORT diagram. Composition of the subjects eligible for the post approval study through the 5-year post-implant visit.
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● One subject experienced a stimulation lead dislo-
cation after a fall, followed by multiple 
procedures with hospitalization to extract the 
lead and place a new lead, which subsequently 
dislodged and required another replacement 
procedure.

● Two subjects experienced a stimulation lead compo-
nent failure (high lead impedance on all electrode 

pairs used to deliver therapy) that involved 
a hospital stay for a lead replacement.

● One subject experienced an implant site infection 
after device replacement requiring device explant 
and hospital stay.

The events all resolved with remedē System revisions and 
routine care. For completeness, all SAEs adjudicated as 
not related to the implant procedure, device, or delivered 
therapy are shown in Supplement Table 2.

No deaths occurred in patients enrolled in the PAS. The 
5-year survival estimate from Kaplan–Meier analysis was 
78% (Supplement Table 3). The causes of death occurring 
during the Pivotal Trial have been described previously 
(restated in Supplement Table 4 for reference) and no 
death during the Pivotal Trial was adjudicated by the 
Clinical Events Committee as being related to the implant 
procedure, device, or delivered therapy.12

Battery longevity estimates were 47 months for a left 
stimulation lead (N=92) and 35 months for a right stimula-
tion lead (N=55), for a combined estimate of 41 months for 
all subjects who had a successful implant in the Pivotal Trial. 
Of the 53 subjects participating in the PAS, 51 had their IPG 
replaced prior to completing 5 years of follow-up.

Heart Failure Subgroup Analysis
Twenty-nine subjects identified at the baseline visit as 
having HF participated in the PAS. Subject characteristics 
for the HF subgroup enrolled in the PAS are displayed in 
Supplement Table 5 (average age of 62 years, 97% male, 
average left ventricular ejection fraction 38%, 41% having 
atrial fibrillation).

Similar to the full population, improvements in sleep 
disordered breathing events, sleep architecture, and day-
time sleepiness were sustained throughout 5 years (Table 
4). AHI was reduced by a median of 25 events/hour 
(n=22), the median residual CAI at 5 years was 2 events/ 
hour, the median ODI4 improved from 41 events/hour at 
baseline to 20 events/hour at 5 years, and the median 
arousal index decreased from 41 events/hour at baseline 
to 19 (n=17). The ESS improved from 8 at baseline to 4 at 
5 years (n=27, paired change from baseline −3 [−7, −1], 
P value=0.002).

The estimated Kaplan–Meier 5-year overall survival rate 
of the 96 subjects with HF enrolled in the Pivotal Trial and 
including follow-up data from the cohort enrolled in the 
PAS was 68% and the cardiovascular survival rate was 78% 
(subjects censored at time of non-cardiovascular death or 

Table 1 Baseline Characteristics

Characteristics Pivotal 
Trial 

(N=151)

Enrolled in Post 
Approval Study 

(N=53)

Age (years) 65 ± 13 63 ± 11

Male 89% (135) 91% (48)
Body-mass index (kg/m2) 31 ± 6 31 ± 5

Hypertension 75% (113) 81% (43)

Coronary artery disease 56% (84) 55% (29)
Heart Failure 64% (96) 55% (29)

New York Heart 

Association Class

I 12% (18) 8% (4)
II 27% (41) 26% (14)

III 25% (37) 21% (11)

IV 0% 0%

Left Ventricular Ejection 

Fraction (%)

40 ± 12 43 ± 10

Atrial Fibrillation 42% (64) 28% (15)

Previous Stroke 8% (12) 6% (3)

Diabetes 18% (27) 36% (19)

Concomitant cardiac device 42% (64) 30% (16)

Implantable cardioverter 
defibrillator

22% (33) 11% (6)

CRT-D 13% (20) 9% (5)

Non-CRT pacemaker 7% (10) 9% (5)
CRT-P <1% (1) 0%

Medications
Angiotensin-converting 

enzyme inhibitor

48% (73) 43% (23)

Angiotensin receptor 
blocker

18% (27) 21% (11)

Aldosterone-blocking 

agent

32% (49) 25% (13)

Beta-blocker 66% (100) 53% (28)

Loop diuretic 44% (67) 34% (18)

Thiazide diuretic 23% (35) 25% (13)
Thiazide-like diuretic 6% (9) 2% (1)

Antiarrhythmic 10% (15) 9% (5)

Digoxin 17% (26) 13% (7)

Notes: Categorical reported as percent (n). Continuous reported as mean ± 
standard deviation.
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end of follow-up if still alive). The estimated 5-year post- 
therapy activation rate of freedom from HF-related hospita-
lization by Kaplan–Meier analysis was 55%. See 
Supplement Table 3 for details of these time to event 
analyses.

Non-Heart Failure Subgroup Analysis
Twenty-four Pivotal Trial subjects identified at the base-
line visit as not having HF participated in the PAS. Subject 
characteristics for the non-HF subgroup enrolled in the 
PAS are displayed in Supplement Table 6 (average age 
of 63 years, 83% male, 67% having hypertension, 13% 
having atrial fibrillation).

Similar to the overall population, improvements in sleep 
disordered breathing events, sleep architecture, and daytime 
sleepiness were sustained throughout 5 years (Table 5). AHI 
was reduced by a median of 21 events/hour (n=20), the 
median residual CAI at 5 years was 1 event/hour, the median 
ODI4 improved from 37 events/hour at baseline to 10 events/ 
hour at 5 years, and the median arousal index decreased from 

37 events/hour at baseline to 23 (n=18). The ESS improved 
from 13 at baseline to 7 at 5 years (n=23, paired change from 
baseline −5 [−8, 0], P value=0.008).

Discussion
Following the randomized controlled Pivotal Trial, in 2017 
the FDA approved the use of TPNS for the treatment of 
moderate to severe CSA in adults. As a condition of 
approval, the PAS collected clinical evidence regarding 
the long-term safety and effectiveness of TPNS in subjects 
from the Pivotal Trial. Importantly, the FDA considered 
the results of the PAS report as providing sufficient evi-
dence of long-term effectiveness and safety of TPNS.13

The subjects enrolled in the trial had severe CSA as 
evidenced by baseline median AHI of 46 events/hour of 
sleep and CAI accounted for most of the events. The TPNS 
treatment, designed to specifically target CSA, nearly elimi-
nated central apneas in subjects during the entire 5-year 
follow-up. The reduction is similar to that seen with con-
tinuous positive airway pressure (CPAP),20 although the 

Table 2 Sleep Study and Daytime Sleepiness Results by Visit

Baseline 
PSG 

(n=131)

1 Yeara 

PSG 
(n=115)

2 Year 
PSG 

(n=101)

3 Year 
PGb 

(n=50)

5 Year [35 PSG/ 
7 PG] (n=42)

5 Year Paired 
Change from 

Baseline

Apnea Hypopnea Index (events/ 

hour)

46 [34, 60] 18 [9, 34] 16 [7, 32] 14 [8, 25] 17 [9, 34] −22 [−42, −7] P<0.001

Central Apnea Index (events/ 

hour)

23 [13, 39] 1 [0, 4] 1 [0, 3] 1 [0, 3] 1 [0, 5] −23 [−37, −13] P<0.001

Obstructive Apnea Index 
(events/hour)

2 [1, 4] 3 [1, 7] 2 [0, 8] 5 [1, 8] 3 [1, 9] 1 [0, 6] P=0.003

Mixed Apnea Index (events/ 

hour)

1 [0, 4] 0 [0, 1] 0 [0, 1] 0 [0, 0] 0 [0, 0] −1 [−3, 0] P<0.001

Hypopnea Index (events/hour) 12 [3, 20] 9 [4, 17] 8 [3, 18] 5 [3, 10] 7 [3, 17] −1 [−7, 4] P=0.314

Oxygen Desaturation Index 
(4%) (events/hour)

39 [26, 57] 16 [8, 29] 14 [5, 28] 13 [7, 24] 15 [6, 26] −18 [−42, −9] P<0.001

Arousal Index (events/hour) 39 [27, 57] 19 [14, 33] 17 [11, 32] N/A 23 [12, 36] −14 [−22, −2] P<0.001

Minutes of Sleep with O2 
Saturation<90% (minutes)

31 [9, 67] 11 [2, 27] 13 [2, 41] N/A 11 [2, 49] −10 [−41, 12] P=0.134

Percent of Sleep with O2 

Saturation<90% (%)

9 [3, 21] 4 [1, 12] 4 [0, 15] N/A 4 [1, 17] −2 [−12, 6] P=0.276

Percent of sleep in N1 31 [19, 47] 26 [16, 36] 20 [9, 32] N/A 10 [4, 20] (n=35) −19 [−23, −9] P<0.001

Percent of sleep in N2 47 [40, 58] 53 [45, 63] 58 [48, 68] N/A 63 [56, 69] (n=35) 9 [−2, 23] P<0.001

Percent of sleep in N3 2 [0, 9] 1 [0, 7] 1 [0, 6] N/A 1 [0, 6] (n=35) 0 [−3, 4] P=0.753
Percent of sleep in REM 10 [6, 16] 14 [7, 22] 17 [9, 22] N/A 21 [13, 24] (n=35) 5 [0, 13] P=0.001

Epworth Sleepiness Scale (points) 9 [5, 14] 6 [4, 9] N/A N/A 6 [4, 11] (n=50) −3 [−8, −1] P<0.001

Notes: Continuous variables reported as median [interquartile range], and nominal 2-sided p-value from Wilcoxon Signed-Rank test for paired change from baseline. 
aTreatment and former control pooled for 1 year of active therapy; >1 year are pooled by visit. b35 subjects missed the 3 year visit due the visit falling between closure of 
Pivotal and initiation of post approval and not all subjects enrolled in post approval. 
Abbreviations: AHI, apnea-hypopnea index; O2, oxygen; N/A, not applicable; PG, polygraphy; PSG, polysomnography; REM, rapid eye movement.
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automaticity of TPNS ensures that duration of therapy 
throughout the night is independent of patients’ adherence. 
Similar to trials using theophylline,21 acetazolamide22 

CPAP20 and adaptive servoventilation,23,24 residual events 
were present with TPNS. At this point in time, no single 
therapy has been capable of completely eliminating sleep- 

related disordered breathing events. Several reasons exist 
for residual events observed in the aforementioned thera-
peutic trials. Specifically, regarding TPNS, hypopneas may 
have occurred at sub-therapeutic stimulation levels follow-
ing resumption of sleeping position after the subject may 
have gotten out of bed, sat up, or rolled to a different 

Figure 2 Apnea-hypopnea components by visit. Median AHI and its components (CAI, OAI, MAI and HI) are displayed by visit. A PSG was performed at baseline, 1 and 2 
years. A PG was performed at 3 years (35 subjects had not reached this visit at time of study closure). aAt 5 years, 35 subjects performed a PSG and 7 a PG (due to subjects 
declining PSG and COVID-19 restrictions). Not all Pivotal Trial subjects enrolled in the post approval study resulting in a smaller sample size at year 5. The figure on the right 
shows the results when restricted to only patients with paired data at baseline and 5 years. Note the sum of the component medians does not equal the median AHI. 
Abbreviations: AHI, apnea hypopnea index; CAI, central apnea index; HI, hypopnea index; MAI, mixed apnea index; OAI, obstructive apnea index; PG, polygraphy; PSG, 
polysomnography.

Figure 3 Sleep stages by visit. Median percentage of total sleep time in N1, N2, N3, and REM. Light sleep (N1) decreases over time in favor of deeper stages of sleep (N2, 
N3, REM). Not all Pivotal Trial subjects enrolled in the post approval study resulting in a smaller sample size at year 5. The figure on the right shows the results when 
restricted to only patients with paired data at baseline and 5 years. N1 decreased 19 absolute percentage points and deep stages of sleep increased 14 percentage points. 
Note the sum of the medians of the sleep stages does not add to 100%. 
Abbreviation: REM, rapid eye movement.
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position; this is related to the device algorithm which is 
programmed to gradually ramp back up to the therapeutic 
stimulation level over several minutes to allow the patient to 
fall back to and remain asleep, an algorithm similar to some 

automatic positive airway pressure devices. Furthermore, 
some hypopneas may have been obstructive, and therefore 
remained untreated by TPNS. Consistent with our previous 
studies,21,22 hypopneas were not differentiated as central 

Table 3 Implant Procedure, Device or Delivered Therapy-Related Serious Adverse Events Through 5 Years of Follow-Up

Event ≤1 Year 1–2 
Years

2–3 
Years

3–4 
Years

4–5 
Years

n Subjects (%) with 
Event (N=151)

Subjects with Any Event (cumulative % over time) 15 (10%) 17 (11%) 17 (11%) 20 (13%) 21 (14%) 21 (14%)

Lead component failure 1 1 0 2 0 4 (3%)

Concomitant cardiac device interaction 1 3 0 0 0 3 (2%)
Implant site infection 2 0 0 0 1a 3 (2%)

Lead dislodgment 2 0 0 0 1a,b 3 (2%)

Lead displacement 2c 0 0 1a,b 0 3 (2%)
Impending pocket erosion 2 0 0 0 0 2 (1%)

Inadequate lead position 1c 1 0 0 0 2 (1%)
Elevated transaminase 1 0 0 0 0 1 (1%)

Feeling sensation in an area remote from the diaphragm 1 0 0 0 0 1 (1%)

Implant site hematoma 1 0 0 0 0 1 (1%)
Implant site pain 1c 0 0 0 0 1 (1%)

Non-cardiac chest pain 1 0 0 0 0 1 (1%)

Stimulation lead extraction 0 0 0 1b 0 1 (1%)
Stimulation lead placement 0 0 0 0 1b 1 (1%)

Notes: A patient may have experienced more than one event type or the same event over time. All events resolved with routine care, system revisions or programming 
changes. aEvent occurred following a revision procedure to modify lead or replace generator. bSubject experienced the following sequence of events: lead displaced and 
unsuccessful attempt to manually extract old or place new lead, lead extracted (laser assisted), lead placed (robotic and video assisted), and then subsequent dislodgment. 
cEvent was not considered a serious adverse event in the Pivotal Trial but was reclassified based on post approval study serious criteria including an additional reason of 
requiring events with a system revision procedure to be serious. One of the lead displacement events had been adjudicated serious in pivotal.

Table 4 Sleep Study and Daytime Sleepiness Results by Visit for Heart Failure Subgroup

Baseline 
PSG 

(n=80)

1 Yeara 

PSG 
(n=66)

2 Year 
PSG 

(n=54)

3 Year 
PG 

(n=25)

5 Year [17 PSG/ 
5 PG] (n=22)

5 Year Paired 
Change from 

Baseline

Apnea Hypopnea Index (events/hour) 46 [35, 59] 19 [10, 34] 18 [7, 35] 12 [8, 18] 24 [9, 38] −25 [−42, −6] P<0.001

Central Apnea Index (events/hour) 24 [13, 38] 1 [0, 3] 1 [0, 3] 1 [0, 3] 2 [0, 11] −22 [−38, −9] P<0.001

Obstructive Apnea Index (events/hour) 2 [1, 3] 4 [1, 10] 3 [1, 8] 4 [2, 6] 4 [2, 10] 2 [0, 9] P=0.017
Mixed Apnea Index (events/hour) 2 [1, 4] 0 [0, 1] 0 [0, 1] 0 [0, 0] 0 [0, 1] −2 [−5, −1] P<0.001

Hypopnea Index (events/hour) 13 [4, 20] 9 [4, 17] 8 [4, 19] 5 [4, 11] 7 [4, 18] −3 [−9, 4] P=0.117

Oxygen Desaturation Index (4%) 
(events/hour)

41 [31, 54] 18 [9, 32] 17 [7, 29] 12 [8, 24] 20 [7, 29] −16 [−44, −9] P<0.001

Arousal Index (events/hour) 40 [27, 59] 19 [15, 34] 18 [12, 32] N/A 19 [12, 32] (n=17) −14 [−26, −2] P=0.015

Minutes of Sleep with O2 
Saturation<90% (minutes)

31 [13, 68] 10 [2, 36] 13 [3, 33] N/A 10 [1, 97] −6 [−50, 57] P=0.742

Percent of Sleep with O2 

Saturation<90% (%)

10 [4, 25] 4 [1, 13] 4 [1, 15] N/A 3 [0, 38] −1 [−14, 11] P=0.695

Percent of sleep in N1 35 [19, 47] 26 [15, 40] 21 [9, 35] N/A 16 [4, 25] (n=17) −16 [−21, −9] P<0.001

Percent of sleep in N2 47 [39, 59] 53 [45, 63] 58 [49, 68] N/A 60 [52, 68] (n=17) 7 [−3, 18] P=0.120

Percent of sleep in N3 2 [0, 8] 0 [0, 4] 0 [0, 2] N/A 1 [0, 6] (n=17) 0 [−1, 6] P=0.163
Percent of sleep in REM 10 [6, 15] 14 [7, 21] 15 [8, 21] N/A 17 [13, 25] (n=17) 4 [1, 8] P=0.111

Epworth Sleepiness Scale (points) 8 [5, 13] 5 [3, 9] N/A N/A 4 [3, 9] (n=27) −3 [−7, −1] P=0.002

Notes: Continuous variables reported as median [interquartile range], and nominal 2-sided p-value from Wilcoxon Signed-Rank test for paired change from baseline. 
aTreatment and former control pooled for 1 year of active therapy; >1 year are pooled by visit. 
Abbreviations: AHI, apnea-hypopnea index; O2, oxygen; N/A, not applicable; PG, polygraphy; PSG, polysomnography; REM, rapid eye movement.
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versus obstructive by the Sleep core laboratory. However, if 
hypopneas were obstructive in nature, we suggest that 
TPNS did not cause the hypopneas as the median obstruc-
tive apnea index did not significantly change over 5 years.

Consequent to a reduction in central sleep apnea 
events, sleep architecture improved considerably and 
significantly, reflected by a reduction in arousals 
and N1 sleep stage, and increased percentage of N2 
and REM sleep stages. The improved sleep architecture 
following TPNS could partially account for the 
improvement in ESS, which is the longest sustained 
improvement seen in randomized trials of CSA thera-
pies. In addition, overall hypoxemic burden including 
ODI4 and time with oxygen saturation<90% remained 
improved through 5 years with TPNS.

Interestingly, ESS improvements observed at 5 years 
were similar to those occurring at one year of TPNS 
therapy when there was also amelioration of quality of 
life. At the one-year visit (the last visit collecting quality 
of life data), 60% of subjects reported marked or moderate 
improvement in patient global assessment compared to 
before device implantation.9

The Pivotal Trial population experienced CSA more 
severe than that occurring in other randomized trials of 
CSA in HF patients (CANPAP20 and SERVE-HF23). In the 
positive airway pressure trials, the fact that, despite reduc-
tion in CAI, sleep architecture and arousal index failed to 
improve, possibly explaining why in said trials only mini-
mal improvement in ESS was shown. In the SERVE-HF 
trial, ESS improved by 1 point through 3 years and the 
improvement began to dissipate at 4 years.23 Similarly, in 
the CANPAP trial, arousal index did not change signifi-
cantly, even in those whose CSA was suppressed by 
CPAP.25 Reduced arousals with TPNS may result in both 
ESS improvement and reduction in the detrimental surges 
of sympathetic activity triggered by arousals.26,27

The safety profile through 5 years did not change sig-
nificantly compared to prior years.8–10 No unanticipated 
adverse device effects occurred, and all related SAEs 
through five years were expected for this type of device. 
The related SAEs occurring after 2 years were either related 
to lead component failures, lead dislocation, or were perio-
perative events, such as infection or lead dislodgment, 
following battery or lead replacement procedures. The 2 

Table 5 Sleep Study and Daytime Sleepiness Results by Visit for Non-Heart Failure Subgroup

Baseline 
PSG (n=51)

1 Yeara 

PSG 
(n=49)

2 Year 
PSG 

(n=47)

3 Year 
PG 

(n=25)

5 Year [18 PSG/2 
PG] (n=20)

5 Year Paired Change 
from Baseline

Apnea Hypopnea Index (events/ 

hour)

47 [32, 63] 16 [9, 31] 15 [5, 32] 15 [9, 29] 14 [6, 23] −21 [−41, −8] P<0.001

Central Apnea Index (events/ 

hour)

23 [13, 39] 2 [0, 5] 1 [0, 4] 2 [0, 3] 1 [0, 2] −24 [−36, −13] P<0.001

Obstructive Apnea Index (events/ 
hour)

2 [0, 4] 2 [1, 4] 2 [0, 7] 5 [1, 10] 3 [0, 8] 1 [1, 6] P=0.077

Mixed Apnea Index (events/hour) 1 [0, 5] 0 [0, 1] 0 [0, 1] 0 [0, 0] 0 [0, 0] 0 [−3, 0] P=0.035

Hypopnea Index (events/hour) 9 [3, 19] 8 [4, 17] 7 [2, 16] 5 [2, 10] 6 [3, 14] 1 [−3, 3] P=0.862
Oxygen Desaturation Index (4%) 

(events/hour)

37 [21, 59] 14 [7, 28] 14 [5, 28] 13 [7, 17] 10 [4, 19] −20 [−39, −7] P<0.001

Arousal Index (events/hour) 37 [27, 56] 19 [13, 29] 15 [9, 27] N/A 23 [13, 38] (n=18) −14 [−19, −2] P=0.006

Minutes of Sleep with O2 

Saturation<90% (minutes)

25 [3, 58] 11 [2, 25] 11 [1, 45] N/A 12 [2, 32] −12 [−34, 3] P=0.033

Percent of Sleep with O2 

Saturation<90% (%)

8 [1, 18] 3 [1, 9] 4 [0, 17] N/A 4 [1, 14] −2 [−10, 3] P=0.189

Percent of sleep in N1 29 [19, 48] 26 [17, 33] 17 [9, 32] N/A 10 [6, 17] (n=18) −20 [−23, −13] P<0.001
Percent of sleep in N2 47 [40, 58] 53 [44, 62] 57 [48, 69] N/A 63 [59, 69] (n=18) 9 [4, 30] P<0.001

Percent of sleep in N3 3 [1, 10] 2 [0, 8] 1 [0, 8] N/A 1 [0, 5] (n=18) −1 [−5, 1] P=0.353

Percent of sleep in REM 11 [6, 16] 15 [6, 22] 20 [11, 23] N/A 21 [14, 24] (n=18) 8 [0, 14] P=0.005
Epworth Sleepiness Scale (points) 13 [8, 16] 7 [4, 9] N/A N/A 7 [4, 11] (n=23) −5 [−8, 0] P=0.008

Notes: Continuous variables reported as median [interquartile range], and nominal 2-sided p-value from Wilcoxon Signed-Rank test for paired change from baseline. 
aTreatment and former control pooled for 1 year of active therapy; >1 year are pooled by visit. 
Abbreviations: AHI, apnea-hypopnea index; O2, oxygen; N/A, not applicable; PG, polygraphy; PSG, polysomnography; REM, rapid eye movement.
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additional lead component failures bring the 5-year rate to 
3%, which is favorable compared to published rates for 
other neurostimulation devices.28–30

Importantly, no signal of increased mortality has 
been observed during long-term use of TPNS. While 
the trial lacks a comparator group at 5 years, the overall 
5-year survival rates were 78% for the entire population 
and 68% for the HF cohort. This is reassuring because 
typically subjects with severe CSA experience excess 
mortality in most studies.31,32 In addition, no publica-
tions on survival in a CSA population which included 
those without HF are available to compare overall sur-
vival rates. In the SERVE-HF trial,23 the 5-year survival 
rate was approximately 60% in the control group and 
55% in the adaptive servo-ventilation arm. However, 
SERVE-HF only included patients with CSA and symp-
tomatic HF with reduced ejection fraction. Moreover, 
the SERVE-HF participants had an average AHI of 
about 30/hour compared to an average of 47/hour in 
the current study. In the study by Oldenburg et al,32 

the 5-year survival of subjects with HF with reduced 
ejection fraction and moderate to severe CSA was just 
above 50%. However, the results of these studies may 
not be directly comparable because they included HF 
populations different from the HF cohort in our study.

Currently, a large, prospective single-arm post-market 
study (The remedē System Therapy [rēST] Study) of 
TPNS is collecting real-world experience in adult patients 
with moderate to severe CSA (NCT03884660).

This long-term, single-arm follow-up study has limita-
tions that need to be mentioned. First, it is an observational 
study that followed the randomized, controlled Pivotal 
Trial and all patients received active therapy, so the 
study lacked a control group or external control similar 
enough to meaningfully assess impact of long-term out-
comes such as survival. However, change from baseline 
assessments were able to be analyzed for some endpoints. 
Another limitation is the lack of availability of data for 
some eligible participants who completed the Pivotal Trial. 
This was due to the interval between closure of the Pivotal 
Trial and initiation of the 5-year PAS as a separate study. 
In addition, not all Pivotal Trial sites and patients chose to 
participate in the PAS, a fact which may have led to 
underestimation of adverse events. However, the decision 
to participate in the PAS study was independent of and 
unrelated to issues with stimulation discomfort, or therapy 
effectiveness.

Conclusion
Results of this prospective long-term 5-year study suggest 
TPNS is a safe and effective therapy, resulting in clinically 
meaningful improvements in sleep and excessive daytime 
sleepiness for patients with CSA. The consistent safety 
and effectiveness of the remedē System through 5 years 
provides further evidence that TPNS is a viable therapy for 
adult patients with moderate to severe CSA and particu-
larly those lacking alternative treatment options or unable 
to tolerate mask-based therapies.
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