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Abstract
Purpose of Review Central sleep apnea occurs in up to 50% of heart failure patients and worsens outcomes. Established therapies
are limited by minimal supporting evidence, poor patient adherence, and potentially adverse cardiovascular effects. However,
transvenous phrenic nerve stimulation, by contracting the diaphragm, restores normal breathing throughout sleep and has been
shown to be safe and effective. This review discusses the mechanisms, screening, diagnosis, and therapeutic approaches to CSA
in patients with HF.
Recent Findings In a prospective, multicenter randomized Pivotal Trial (NCT01816776) of transvenous phrenic nerve stimula-
tion with the remedē System, significantly more treated patients had a ≥ 50% reduction in apnea-hypopnea index compared with
controls, with a 41 percentage point difference between group difference at 6 months (p < 0.0001). All hierarchically tested sleep,
quality of life, and daytime sleepiness endpoints were significantly improved in treated patients. Freedom from serious related
adverse events at 12 months was 91%. Benefits are sustained to 36 months.
Summary Transvenous phrenic nerve stimulation improves quality of life in patients with heart failure and central sleep apnea.
Controlled trials evaluating the impact of this therapy on mortality/heart failure hospitalizations and “real world” experience are
needed to confirm safety and effectiveness.
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Abbreviations
AF Atrial fibrillation
AHI Apnea/hypopnea index
ASV Adaptive servo-ventilation
CAI Central apnea index
CIED Cardiac implantable electronic device
CPAP Continuous positive airway pressure
CSA Central sleep apnea
GDMT Guideline-directed medical therapy
HF Heart failure
HIPAA Health insurance portability and

accountability act

LVEF Left ventricular ejection fraction
MLWHFQ Minnesota Living With Heart

Failure Questionnaire
ODI Oxygen desaturation index
OSA Obstructive sleep apnea
PAT Peripheral arterial tone
PGA Patient global assessment
PSG Polysomnogram
REM Rapid eye movement
TPNS Transvenous phrenic nerve stimulation

Introduction

Central sleep apnea (CSA) is a sleep breathing disorder dis-
tinguished by a temporary interruption of neural output from
the brain’s respiratory control center resulting in loss of respi-
ra tory s t imulat ion and air f low cessat ion [1, 2] .
Polysomnogram (PSG) studies have reported a high preva-
lence of CSA (20–50%) in ambulatory patients with stable
heart failure (HF) [3]. Like obstructive sleep apnea (OSA),
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CSA occurs primarily during sleep. However, in patients with
HF, one form of CSA, periodic breathing, or Cheyne-Stokes
respiration, can also occur during wakefulness and it is a
marker of advanced disease. This review discusses the mech-
anisms, screening, diagnosis, and therapeutic approaches to
CSA in patients with HF.

Mechanisms of Central Sleep Apnea in Heart Failure

In HF, various components of the negative feedback system
controlling breathing are altered during both sleep and wake-
fulness. Furthermore, specific sleep-related events justify the
predominance of CSA during sleep. Prolonged arterial circu-
lation time delays arrival of information on changes in Po2 and
Pco2 from pulmonary capillary blood to the central chemore-
ceptors. This, together with negative feedback loop’s propen-
sity toward instability in response to a ventilatory disturbance
and decreased functional residual capacity, heightens the
probability of the periodic breathing typical of the CSA oc-
curring in HF patients [4•]. A short pause in breathing normal-
ly causes compensatory hyperventilation. If this response re-
sults in a carbon dioxide level lower than that needed to re-
store normal breathing, the system becomes unstable and will
oscillate between underventilation and overventilation, possi-
bly converting a negative into a positive feedback system.

Another causative factor for CSA is increased sensitivity of
chemoreceptors to CO2 so that when Pco2 rises or the Po2
drops, the inappropriate hyperventilation drives the Pco2 be-
low the apneic threshold, resulting in breathing cessation.
Consequently, a rise in Pco2 and a fall in Po2 initiate and
perpetuate the cycles of hyperventilation and hypoventilation
[4•]. The variability in chemosensitivity may explain why
CSA is not ubiquitous in HF patients. In HF, for a given
episode of hyper- or hypoventilation, changes in Po2 and
Pco2 will be exaggerated [4•, 5•]. This results in a marked
compensatory ventilatory response, which further destabilizes
breathing. In HF patients, the already reduced functional re-
sidual capacity, due to excess of intrathoracic fluid,
cardiomegaly, and stiffness of the respiratory system, can fur-
ther drop in the supine position, increasing the likelihood of
periodic breathing. Importantly, additional reductions in met-
abolic rate and cardiac output during sleep facilitate the occur-
rence of CSA in HF patients.

Like OSA, CSA can also occur in the daytime when a
patient is awake. During sleep, CSA originates from the with-
drawal of the non-chemical drive of wakefulness on breathing
and the Pco2 level being below the apneic threshold when
rhythmic breathing stops [4•, 5•]. The difference between
the prevailing Pco2 minus the Pco2 at the apneic threshold
(Pco2 reserve) is essential to the development of CSA and
the smaller the difference, the greater is the probability of
apnea events. In healthy individuals, with the onset of sleep,
ventilation decreases and Pco2 increases. If the prevailing

Pco2 exceeds the apneic threshold, rhythmic breathing con-
tinues. In contrast, in some HF patients, the prevailing Pco2
does not sufficiently rise with onset of sleep, and CO2

chemosensitivity also increases compared with that of normal
breathing [4•, 5•]. Thus, the smaller difference between pre-
vailing and apneic threshold Pco2 augments the probability of
CSA events during sleep. The increase of chemosensitivity
above that of normal breathing is especially detrimental dur-
ing the arousals that follow apneas, when hyperventilation
lowers the prevailing Pco2 closer to the apneic threshold [4•,
5•]. Although it is unclear why some HF patients lack a nor-
mal increase in Pco2, a potential causative factor is the ab-
sence of normal sleep-induced decrease in ventilation.
Furthermore, increased venous return in the supine position
may augment pulmonary capillary pressure which, in turn,
may result in the hyperventilation that prevents the expected
rise in Pco2 during sleep. In addition, higher pulmonary cap-
illary pressure increases chemosensitivity below normal
breathing and decreases the Pco2 reserve, further enabling
CSA. Also, vagal afferents modulate responses of both carotid
bodies and central chemoreceptors [4•, 5•]. Notably, in HF
patients, the predictive value of a low awake arterial Pco2 (<
35 mmHg) for the development of CSA during sleep is ap-
proximately 80% [4•, 5•]. However, a low awake arterial Pco2
is not a prerequisite for CSA. Even in HF patients with a
normal awake arterial Pco2, the key predictors of CSA are
the narrow difference between prevailing arterial and apneic
threshold Pco2 and increased CO2 chemosensitivity compared
with that of normal breathing.

Like OSA, CSA is associated with increased sympa-
thetic activity which can be improved by effective contin-
uous positive airway pressure (CPAP) therapy and oxygen
[6]. Most studies show an association of CSA with de-
creased survival in HFrEF patients [7–12]. Comparison
of 56 CSA with 32 non-CSA HF patients followed for
4.2 years showed that after controlling for 24 variables,
CSA was independently associated with increased mortal-
ity (HR = 2.14; p = 0.02) [13]. In HF patients, CSA is also
an independent predictor of re-hospitalization. In a pro-
spective observational study of consecutive patients with
an average LVEF of 22%, 165 CSA subjects had a 1.5
times higher rate ratio (p = 0.03) for cardiac readmissions
at 1 and 6 months compared with 139 patients without
sleep apnea after adjustment for age, gender, body weight,
blood pressure, coronary artery disease, hemoglobin, se-
rum sodium and creatinine concentration, diabetes
mellitus, and length of stay [14]. Worsening of HF likely
results from the repeated episodes of apnea, hypoxia, re-
oxygenation, and arousal which occur throughout the
night in patients with CSA. In the long term, these patho-
logic effects lead to further sustained sympathetic nervous
system activation, oxidative stress, systemic inflammation,
and endothelial dysfunction [5•].
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Diagnosis and Screening

Clinical

The diagnosis of CSA in HF patients is difficult because the
symptoms of this sleep disorder and HF often overlap [15••,
16]. This overlap of HF and CSA symptoms contributes to the
underdiagnosis of sleep-related breathing disorders in HF pa-
tients. Symptoms shared by CSA and HF include characteris-
tics of sleep onset and maintenance insomnia, nocturia,
orthopnea, paroxysmal nocturnal dyspnea and hyperpnea dur-
ing periodic breathing, perception of not feeling refreshed
upon awakening, and daytime fatigue. With CSA, there are
additional diagnostic challenges in HF patients lacking the
hallmarks of OSA, such as obesity and snoring [4•, 5•]. In
addition, screening questionnaires for OSA have not been
validated in CSA. Diagnosis of CSA in HF patients requires
a high index of clinical suspicion and attention to important
clues, such as high NYHA functional class, frequent HF hos-
pitalizations,, low steady-state arterial Pco2, atrial fibrillation
(AF), nocturnal ventricular arrhythmias, and the complaint of
daytime fatigue rather than sleepiness [4•, 5•]. Furthermore,
although CSA is more likely to occur at low LVEF, it can also
occur in 25–35% of HF patients with preserved LVEF [4•, 5•].

Sleep Studies

In-Laboratory Attended Polysomnogram

The gold standard for diagnosing sleep disorders requires an
in-laboratory PSG attended by a technician where oxygen
saturation, oronasal airflow, respiratory movement, electroen-
cephalogram, body position, electromyogram, electrooculo-
gram, and electrocardiogram are recorded. Although PSG pro-
vides detailed and highly accurate results, it requires an over-
night stay, a sleep technician, and manual scoring of the data.
This process is expensive, and results are often delayed.
Furthermore, elderly patients may lack transportation to the
PSG laboratory [4•, 5•]. These shortcomings have spurred the
development of alternative diagnostic devices that allow sleep
evaluation in the patient’s home [16].

Home Sleep Apnea Testing

A description of all commercially available devices for home
detection of sleep disorders is beyond the scope of this article.
Some common characteristics include use of fewer sensors
than with an attended PSG, greater patients’ comfort, and
use of automatic algorithms running within the device or on
commercial computer software. Importantly, because these
devices do not measure the components of sleep, they can
underestimate the severity of disease. However, these devices

can serve as good screening tools to identify sleep disordered
breathing as a basis for referral to a Sleep Physician. Most
home sleep apnea testing (HSAT) utilize a chest or abdominal
belt, oxygen sensor, and airflow. However, one newer device
(WatchPAT, Itamar Medical, Atlanta, GA) utilizes a proprie-
tary peripheral arterial tone signal (PAT) and records heart
rate, oximetry, actigraphy, body position, snoring, and chest
motion using three points of contact (chest sensor, wrist brace-
let, and finger probe). The raw data is immediately
downloaded and autoscored. The PAT signal is a non-
invasive measure of the arterial pulsatile volume changes at
the fingertip. Attenuation of the PAT signal and acceleration
of pulse rate indicate sympathetic activation which reflects
autonomic arousals occurring during sleep disordered breath-
ing. Combined with oximetry desaturations and re-satura-
tions, a proprietary algorithm calculates apnea/hypopnea in-
dex (AHI), respiratory disturbance index, and oxygen
desaturation index (ODI). Importantly, the device has a mod-
ule for the specific identification of CSA. The technology also
includes a HIPAA-compliant cloud-based IT process for se-
cure data transfer and interpretation as well as a cloud-based
platform for long-term monitoring of therapy delivery [17•,
18–21].

Treatment

Pharmacological

Optimization of Guideline-Directed Medical Therapy

The cornerstone of CSA treatment in HF patients is metic-
ulous application of guideline-directed medical therapy
(GDMT) [22, 23]. Effective reduction of pulmonary con-
gestion can increase Pco2 reserve [24]. Furthermore,
GDMT, by decreasing arterial circulation time with im-
provement in fluid excess and stroke volume, can improve
functional residual capacity and contribute to stabilize
breathing. Beta blockers are essential because these drugs
blunt the nocturnal cardiac sympathetic hyperactivity pro-
duced by recurrent arousals and desaturations. Among the
three beta blockers recommended by HF guidelines, carve-
dilol may be preferable for HF patients with CSA because
it does not inhibit melatonin which may improve sleep and
is secreted through the cyclic adenosine monophosphate-
mediated beta-adrenergic signal transduction pathway
[25]. Cardiac resynchronization therapy is also associated
with CSA improvement [26–30]. In patients with Stage D
HF, heart transplantation, but not mechanical circulatory
support, is associated with resolution of CSA [31, 32].
Often, however, optimal GDMT does not achieve adequate
suppression of CSA.
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Other Pharmacologic Approaches

Nocturnal Oxygen

Supplemental nocturnal oxygen may improve CSA by in-
creasing the difference between prevailing and apneic thresh-
old Pco2, decreasing ventilatory response to CO2, and improv-
ing pulmonary oxygen content [33]. Several small studies
with modest follow-up support improvement of CSA by noc-
turnal oxygen supplementation [4•]. However, prospective
placebo-controlled long-term studies are needed to determine
if this therapy also decreases mortality in HFrEF patients. The
ongoing Impact of Low Flow Nocturnal Oxygen Therapy on
Hospital Admissions and Mortality in Patients with Heart
Failure and Central Sleep Apnea (LOFT-HF) trial
(NCT03745898) will hopefully answer this question upon
its projected completion in February 2023.

Inhaled CO2 and Addition of External Dead Space

A few studies have shown that low-level CO2 inhalation and
increased Pco2 with additional external dead space may im-
prove CSA. In contrast, other studies caution that this therapy
may worsen arousals, promoting neuro-hormonal activation.
Thus, use of CO2 and external dead space to treat CSA should
be avoided in HF patients [34–37].

Theophylline

This drug stimulates respiration by competing for receptor
sites with adenosine, a respiratory depressant in the central
nervous system. However, theophylline does not increase
ventilatory response to CO2. Enthusiasm about the observed
decrease in AHI and improved arterial oxyhemoglobin satu-
ration by theophylline demonstrated in very small studies is
lessened by the arrhythmogenic potential of phosphodiester-
ase inhibition [33, 34].

Acetazolamide

Acetazolamide improves CSA by increasing functional resid-
ual capacity, acting as a mild diuretic and improving loop
diuretic-induced alkalemia. In a small double-blind placebo-
controlled crossover study of 12 HF patients, acetazolamide
significantly reduced central AHI and arterial oxyhemoglobin
desaturation, and improved subjective experience of overall
sleep quality, feeling rested upon awakening, unintentional
daytime dozing, and fatigue. However, therapy with acetazol-
amide can be associated with paresthesias, tinnitus, nausea,
vomiting, diarrhea, and drowsiness [38].

Benzodiazepines

The potential role of these drugs in CSA is the decrease in
arousals. However, benzodiazepines are ineffective in HF pa-
tients with CSA in whom they may increase risk of OSA
events [39].

Non-pharmacologic Treatment

Positive Airway Pressure Devices

Continuous Positive Airway Pressure

Several devices, including CPAP, bilevel pressure, and
autoservo-ventilation (ASV), have been used to treat CSA in
HF patients, but response to therapy is inconsistent. In the
Canadian Continuous Positive Airway Pressure for Central
Sleep Apnea and Heart Failure (CANPAP) trial that random-
ized 132 patients to CPAP and 128 to usual care, 47% of
treatment subjects were non-responsive to CPAP at 3 months
[40]. Compared with the control arm, CPAP-treated patients
experienced a 50% decrease in AHI, significantly less oxygen
desaturation, lower average plasma norepinephrine levels, and
higher LVEF. However, CPAP-treated patients had lower
transplantation-free survival, which lead to premature discon-
tinuation of the study. Importantly, the average nightly dura-
tion of CPAP therapy at 1 year was 3.6 h. A post hoc analysis
that compared outcomes of patients with suppression of CSA
with those of non-responders revealed that responders had
significantly improved transplant-free survival [41]. Because
most deaths in non-responders were due to HF progression or
sudden cardiac death, it has been hypothesized that these sub-
jects’ biventricular function was preload dependent: any re-
duction in venous return by increased intrathoracic pressure
from CPAP could reduce right ventricular stroke volume and
return to the left ventricle, decreasing LV stroke volume and
causing hypotension, diminished coronary blood flow, myo-
cardial ischemia, and arrhythmias. These effects are magnified
during sleep when, normally, blood pressure decreases [4• 5•].

Adaptive Servo-ventilation

Until the publication of the results of the Treatment of
Predominant Central Sleep Apnea by Adaptive Servo
Ventilation in Patients With Heart Failure (SERVE-HF) trial,
this technology was recommended for CPAP intolerant and/or
unresponsive CSA patients [42]. Devices for ASV augment
ventilation only when the patient’s minute ventilation de-
creases below a given target, thereby eliminating periodic
breathing [42]. New generations of ASV devices also include
automatic end expiratory positive pressure algorithms to treat
mixed CSA and OSA [42]. This feature could be helpful

280 Curr Heart Fail Rep (2020) 17:277–287



during HF decompensation, when excess fluid shifts from the
lower extremities to the neck in the supine position, causing
upper airway obstruction [42–51]. Pre-SERVE-HF studies
showed that in HF patients with CSA, ASV was superior to
CPAP or bilevel PAP in terms of AHI reduction, improvement
of HF biomarkers and LVEF, and decrease in combined end-
points of mortality and HF hospitalizations [42–51].
However, SERVE-HF, a large multicenter international clini-
cal trial that studied the effects of treating CSA with an ASV
device in subjects with advanced HFrEF, has shown that ASV
is unsafe as it causes an excess cardiovascular mortality [52].
Although the investigators hypothesized that CSA might be a
compensatory mechanism with a protective effect in HFrEF,
there are more plausible explanations for SERVE-HF’s unfa-
vorable outcomes. These include small amounts of residual
CSA associated with profound oxygen desaturation, poor
treatment adherence, high crossover rates, and the use of an
obsolete ASV device which delivered higher minute ventila-
tion and pressures than expected. Based on the results of
SERVE-HF, all ASV devices are currently contraindicated
for HFrEF patients with CSA. The Effect of Adaptive Servo
Ventilation (ASV) on Survival and Hospital Admissions in
Heart Failure (ADVENT-HF) plans to recruit 860 HFrEF sub-
jects with either OSA or CSA that will be randomized to either
GDMT alone or GDMT plus ASV with a new-generation
device to determine the effects of ASV on death and HF hos-
pitalizations (NCT01128816).

Transvenous Phrenic Nerve Stimulation

Rationale

A novel physiological therapy which induces normal breath-
ing by transvenously stimulating the phrenic nerve has been
developed and evaluated in clinical trials. The remedē System
(Respicardia, Minnetonka, Minnesota) is a totally implantable
lead-based device that delivers unilateral transvenous phrenic
nerve stimulation (TPNS) to cause diaphragmatic contraction
in a manner that reproduces normal breathing [53].
Diaphragm contraction creates a negative intrathoracic pres-
sure like that generated by normal breathing, so that airflow is
augmented and CSA episodes during sleep are decreased.
Suppression of impending central apneas prevents the in-
creases in Pco2 and decreases in Po2 that trigger hyperventi-
lation and reduction in Pco2 below the apneic threshold [53].

The remedē System Device

The remedē System consists of a neurostimulator (similar in
appearance to a standard pacemaker), a stimulation lead, and a
sensing lead [53]. The neurostimulator is placed in either the
left or right pectoral region, with a preference for the right side

to accommodate existing or future CIEDs. Depending on in-
dividual patient venous anatomy, the stimulation lead is ad-
vanced into either the left pericardiophrenic or right
brachiocephalic vein, to stimulate a nerve. Lead placement is
verified by fluoroscopic confirmation of movement of the
diaphragm with stimulation. The sensing lead is typically
placed in the azygos vein to sense respiration by thoracic
impedance [54] (Fig. 1, panel a). The system is designed to
automatically stimulate the phrenic nerve during the sched-
uled time at night when the patient is asleep and in a reclining
position, which is detected by a position and motion sensor
present in the device. The system is typically activated 1month
after implant, according to an algorithm that applies a stimu-
lation pattern that enables full diaphragmatic contraction
while the patient continues to sleep. The ranges of pulse stim-
ulation are typically 0.1–10.0 mA for 60–300 μs at 10–40 Hz
[53]. Over approximately 12 weeks, stimulation is automati-
cally programmed to gradually increase until diaphragmatic
capture is consistently achieved without disrupting sleep [53].

Pilot Study of Transvenous Phrenic Nerve Stimulation

A prospective multicenter non-randomized pilot study of
chronic TPNS with the remedē System in CSA patients
showed that from baseline to 3 months, chronic TPNS im-
proved the AHI by 55% (p < 0.001), central apnea index
(CAI) by 83% (p < 0.001), 4% oxygen desaturation index
(ODI4) by 52% (p < 0.001), arousal index by 35%
(p < 0.001), rapid eye movement (REM) sleep by 41%
(p < 0.001), patient global assessment (PGA) by 45%, and
Minnesota Living With Heart Failure Questionnaire score
(MLWHFQ) by an average of 10 points (p < 0.001) [58].
Efficacy was maintained at 6 and 12 months and therapy
was well tolerated. Serious adverse events related to the de-
vice, implantation procedure, or therapy were consistent with
those occurring with other CIEDs at a similar stage of devel-
opment [59, 60].

Pivotal Trial of Transvenous Phrenic Nerve
Stimulation

The encouraging results of this pilot study led to the launch of
the prospective multicenter, randomized remedē System
Pivotal Trial at 31 sites in Germany, Poland, and the USA
(NCT01816776) [55]. Subjects were required to have been
medically stable for at least 30 days and have received appro-
priate GDMT, be aged ≥ 18 years, be expected to tolerate
study procedures, and willing and able to comply with study
requirements. Potential subjects prospectively underwent a
qualifying attended PSG within 40 days before implant.
Subjects were enrolled if they had CSAmeeting the following
criteria based on a PSG scored by a central core laboratory:
AHI ≥ 20 events per hour of sleep, central apneas ≥ 50% of all
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apneas, ≥ 30 central apnea events throughout the night, and an
OAI ≤ 20% of the total AHI. Eligible patients (most with co-
morbidities including 64% with HF and only a small percent-
age with idiopathic CSA) underwent device implantation and
were randomly assigned to either treatment (active TPNS ther-
apy) or control (no stimulation for 6 months). The control
group had TPNS therapy activated after the 6-month assess-
ments. In the intention-to-treat population, the primary effec-
tiveness endpoint was the comparison of the proportions of
patients in the treatment versus control groups achieving ≥
50% AHI reduction from baseline to 6 months, measured by
an attended PSG assessed in a core laboratory by sleep spe-
cialists blinded to randomized treatment assignment. The

primary safety endpoint of 12-month freedom from serious
adverse events related to the procedure, system, or delivered
therapy was evaluated in all patients. Of 151 eligible patients,
73 were assigned to TPNS and 78 to control. The intention-to-
treat analysis showed that significantly more patients in the
TPNS group than in the control group had a ≥ 50% AHI re-
duction at 6 months (51% vs. 11%), for a difference between
groups of 41% (95% CI 25–54; p < 0.0001). Additionally, all
hierarchically tested secondary endpoints pertaining to sleep
variables and quality of life were significantly better in TPNS
than in controls at 6 months (Table 1 and Fig. 1, panel b).
Average implant time was 2.7 ± 0.8 h, with a success rate of
97% and lead revision rate of 3.4%. Freedom from serious

Fig 1 Panel a The remedē System. Panel b Percentage change in AHI at
6 months’ follow-up compared with baseline for patients in the treatment
group and control group who have 6-month polysomnography results.
The remaining seven (10%) patients from the treatment group without
polysomnography data who were included in the intention-to-treat
analysis for primary effectiveness were imputed as failures. Panel c
Percentage of patient responses to the patient global assessment.
Patients were asked, “Specifically in reference to your overall health,
how do you feel today as compared to how you felt before having your

device implanted: markedly improved, moderately improved, mildly
improved, no change, slightly worse, moderately worse, or markedly
worse?”. Panel d Median AHI, ArI, CAI, and ODI4 are displayed by
visit for subjects in the treatment group. A PSG was performed at
baseline, 6, 12, 18, and 24 months. A home sleep study was performed
at 36 months (33 subjects had not reached this visit at time of study
closure). AHI, apnea/hypopnea index; ArI, arousal index; CAI, central
apnea index; Mo, month. ODI4, oxygen desaturation ≥ 4% index.
Reproduced, with permission, from refs. 55–57, and
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adverse events related to the implant procedure, the remedē
System, or the delivered therapy at 12 months was 91% (95%
CI 85–97%). None of seven deaths occurring within the
12 months was related to implant, system, or therapy. Of 73
TPNS patients, 27 (37%) reported non-serious therapy-related
discomfort that was resolved with system reprogramming in
all but one subject. In 64 (42%) patients with CIEDs, no ven-
tricular arrhythmias were adjudicated as caused by
neurostimulation. In one ICD recipient, inappropriate defibril-
lation was triggered by oversensing, which was corrected by
remedē System reprogramming without reoccurrences [55].

Based on these results, the remedē System received ap-
proval for clinical use by the Food and Drug Administration
on October 6, 2017.

The remedē System Pivotal Trial had some limitations.
Despite recruitment efforts, mostly whites and a low percent-
age of womenmet the eligibility criteria. Amitigating factor is
the documented predominance of all sleep disorders, and par-
ticularly CSA, in males. Subjective patient assessments of
health status (PGA and ESS) may have been biased by know-
ing the treatment assignment. However, the risk of bias is
lessened with the scoring of objective sleep measures by
masked core laboratory investigators. In addition, a patient
experience questionnaire was completed by both groups after
6 months of active therapy at the request of the Food and Drug
Administration. Patients were asked, “Based on your experi-
ence with the remedē System therapy, would you elect to
have this medical device implanted again?” In the intent-to-
treat treatment group with a 6-month visit, 58/62 patients
(94%, 95% CI 84–98%) responded affirmatively. In the
intent-to-treat former control group with a 12-month visit
(6 months of active therapy), 66/68 patients (97%, 95% CI
90–100%) also responded positively. Daytime central apneas
occur in CSA patients [4•, 5•]. Although improvement in sleep
quality by nighttime TPNS may mitigate the harmful effects
of daytime central apneas, the effects of nighttime TPNS on
daytime CSA have not been evaluated in the study [55].

Despite these limitations, the achievement of both primary
safety and effectiveness endpoints and of all hierarchically tested
secondary endpoints in the remedē System Pivotal Trial con-
firms that TPNS is a promising therapy for CSA of different
etiologies. The consistency between favorable changes in sleep
variables and quality of life measures demonstrates that the ther-
apy produces clinically meaningful improvements (Fig.1, panel
c). Importantly, delivery of the therapy occurs throughout the
night and is independent of patients’ adherence, one of the key
limitations of mask-based therapies. In previous studies of PAP
devices, only 60% of patients had adequate therapy adherence,
defined as an average use of 4 h per night [41, 61, 62]. Since
TPNS works automatically and continuously throughout the
night, it is not affected by patient adherence and can potentially
reduce the overall apnea burden for all hours of sleep. Use of
TPNS was associated with improved nocturnal oxygenation, an

important observation considering the findings by Oldenburg
and colleagues that in patients with sleep disordered breathing
time with oxygen saturation below 90% is an independent pre-
dictor of all-cause mortality [63]. In contrast with other therapies
which reduce AHI but not arousals, TNPS was associated with a
significant decrease in arousals, which are associated with sym-
pathetic activation. The improvement in the arousal index and
REM sleep accompanying the reduction in AHI with TPNS
suggest amelioration of sleep quality, which may explain the
improvement of PGA and Epworth Sleepiness Score (ESS), fur-
ther supporting the clinical relevance of the effects of TPNS [55].

Importantly, additional analyses of the remedē System
Pivotal Trial conducted in both treatment and former control
(in whom TPNS was activated at 6 months) demonstrated
reproducibility of the treatment effect in the former control
group and enduring effectiveness and safety up to 36 months
[56, 57, 64] (Fig.1, panel d). A detailed description of long-
term device therapy has been recently published. In addition,
monitoring of long-term safety continues in the remedē
System Post Approval Study (NCT03425188).

Per-Protocol Analysis of Transvenous Phrenic Nerve
Stimulation in Heart Failure Patients

The fact that CSA predicts a poor prognosis in HF patients
stimulated a per-protocol analysis of the 96 (64%) remedē
System Pivotal Trial HF subjects to determine if TPNS is as-
sociated with changes in HF-specific metrics. In this HF cohort,
in addition to improvement in sleep metrics, MLHFQ scores
changed by − 6.8 ± 20.0 points from baseline after 12 months
of therapy (p = 0.005). At 6 months, there was evidence of a
potential signal for a reduced HF hospitalization rate in the
treatment compared with the control group (4.7% vs. 17.0%;
p = 0.065). In HF patients with a LVEF ≤ 45% and no perma-
nent atrial fibrillation (n = 50), results suggested a possible re-
duction in left ventricular end-systolic volume at 12 months
(median change − 6.0 mL; p = 0.078) accompanied by an in-
crease in the median LVEF of 4.0% (p = 0.004). The 12-month
safety results were similar to that of the overall population [65].

Taken together, the analyses summarized above support
the notion that TPNS is a promising therapy for the treatment
of CSA. Key additional investigations are needed, including
mechanistic studies of the hemodynamic effects of negative
intrathoracic pressure in HF patients, impact of TPNS on day-
time CSA, registry databases to evaluate real world experience
with TPNS, and, most importantly, outcomes trials evaluating
the effects of TPNS on mortality and HF hospitalizations in a
large population with longer term follow-up [66–69]. In the
interim, the ongoing post-approval study will contribute to
answer questions on 5-year durability of TPNS’ effectiveness,
safety, and device battery longevity. As of the time of this
writing, 60 sites have the remedē System available for clinical
implantation.
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Conclusions

The presence of CSA is associated with poor outcomes, even
after adjustment for the appropriate prognostic markers.
Therefore, attention to clinical clues and a low threshold for
performing screening tests is appropriate. Given the debilitat-
ing symptoms and poor outcomes, treatment of CSA is a clin-
ically meaningful therapeutic target. The effectiveness of
pharmacological therapies is doubtful and PAP therapies are
limited by patient tolerability, acceptance, adherence, and
safety concerns. The novel approach of TPNS causes dia-
phragmatic contraction, creating negative intrathoracic pres-
sure like normal breathing. The remedē System Pivotal Trial,
which enrolled patients with moderate-severe CSA and seri-
ous comorbidities, including 64% of patients with underlying
HF, confirmed that TPNS is safe and effective in patients with
CSA due to multiple etiologies. The safety and effectiveness
of TPNS is durable, as confirmed by subjects’ follow-up
through 36 months of active therapy. Beside improvements
in sleep indices, sleep architecture, daytime sleepiness, and
quality of life, the remedē System Pivotal Trial was the first
randomized study to show improvements in arousals and
REM sleep in CSA patients. Furthermore, TPNS works auto-
matically and continuously throughout the night for every
hour of sleep and does not depend on patient adherence, the
Achilles’ heel of mask-based therapies. In HFrEF patients,
TPNSwas associatedwith a signal for improvement in cardiac
remodeling and reduction in HF hospitalizations. Randomized
controlled trials evaluating the impact of TPNS on mortality
and HF hospitalizations, as well as “real world” clinical expe-
riences with TPNS, are needed to further elucidate the role of
TPNS in the treatment of CSA.
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