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Aims Periodic breathing with central sleep apnoea (CSA) is common in heart failure patients and is associated with poor
quality of life and increased risk of morbidity and mortality. We conducted a prospective, non-randomized, acute
study to determine the feasibility of using unilateral transvenous phrenic nerve stimulation for the treatment of
CSA in heart failure patients.

Methods
and results

Thirty-one patients from six centres underwent attempted transvenous lead placement. Of these, 16 qualified to
undergo two successive nights of polysomnography—one night with and one night without phrenic nerve stimulation.
Comparisons were made between the two nights using the following indices: apnoea–hypopnoea index (AHI),
central apnoea index (CAI), obstructive apnoea index (OAI), hypopnoea index, arousal index, and 4% oxygen desa-
turation index (ODI4%). Patients underwent phrenic nerve stimulation from either the right brachiocephalic vein
(n ¼ 8) or the left brachiocephalic or pericardiophrenic vein (n ¼ 8). Therapy period was (mean+ SD)
251+71 min. Stimulation resulted in significant improvement in the AHI [median (inter-quartile range); 45 (39–
59) vs. 23 (12–27) events/h, P ¼ 0.002], CAI [27 (11–38) vs. 1 (0–5) events/h, P ≤ 0.001], arousal index [32
(20–42) vs. 12 (9–27) events/h, P ¼ 0.001], and ODI4% [31 (22–36) vs. 14 (7–20) events/h, P ¼ 0.002]. No signifi-
cant changes occurred in the OAI or hypopnoea index. Two adverse events occurred (lead thrombus and episode of
ventricular tachycardia), though neither was directly related to phrenic nerve stimulation therapy.

Conclusion Unilateral transvenous phrenic nerve stimulation significantly reduces episodes of CSA and restores a more natural
breathing pattern in patients with heart failure. This approach may represent a novel therapy for CSA and warrants
further study.
ClinicalTrials.gov identifier: NCT00909259.
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Introduction
Congestive heart failure is a major public health problem that
is associated with substantial morbidity, mortality, and

economic cost. A frequent co-morbidity associated with
poor outcome in heart failure is sleep-related breathing dis-
orders.1 Among these disorders, central sleep apnoea (CSA)
with periodic breathing, known as Hunter–Cheyne–Stokes
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breathing, occurs in a high proportion of heart failure
patients.2 – 4

Central sleep apnoea is characterized by the temporary withdra-
wal of brainstem-driven respiratory drive that results in cessation
of breathing, hypoxia, and arousals from sleep. Periodic breathing
with CSA has a number of adverse effects on cardiac function
that contribute to the progression of heart failure, including stimu-
lation of the sympathetic nervous system and arrhythmias.1,5– 8

Central sleep apnoea has also been shown to be an independent
prognostic indicator of poor survival.9– 11

Several devices, including continuous positive airway pressure
(CPAP) and adaptive pressure support servoventilation devices,
have been used to treat CSA in patients with systolic heart
failure.12– 16 In contrast to treatment of obstructive sleep
apnoea, where application of nasal CPAP invariably results in the
virtual elimination of obstructive disordered breathing events,
treatment of CSA in systolic heart failure is difficult, and response
to therapy is not uniform. In two studies, CPAP failed to eliminate
CSA in 43–57% of the patients, although survival improved con-
siderably in those whose CSA was suppressed by CPAP.12,14 In
addition to the lack of uniform response, a major limitation with
the long-term use of positive airway pressure devices, both in
obstructive sleep apnoea and in CSA, is adherence to therapy.14,17

Phrenic nerve stimulation offers an alternative means to regulate
breathing by utilizing a physiological approach to initiate respir-
ation. This therapy is currently used to provide respiratory
support in select patients with respiratory paralysis from high cer-
vical spinal cord injury and in patients with central alveolar hypo-
ventilation syndrome (Ondine’s curse).18– 21 Given this
experience, phrenic nerve stimulation to regulate breathing may
also prove useful in the treatment of CSA in heart failure.
However, present means of chronically stimulating the phrenic
nerve require transthoracic surgical placement of cuff electrodes
on the nerve itself. This surgical procedure may not be well toler-
ated in patients with advanced heart failure and may result in
damage to the nerve either by direct surgical manipulation or by
contact with the electrode.22 Transvenous stimulation of the
phrenic nerves may offer an alternative approach to avoid these
complications. In addition, as a potential implantable device-based
therapy, adherence to therapy would be assured. Here, we report
the results of the first prospective study to determine the feasibility
of a novel transvenous approach to unilateral phrenic nerve stimu-
lation for the treatment of CSA in heart failure patients.

Methods

Patients
Patients were eligible for this acute study if they had a history of sleep
apnoea and/or previous polysomnographic (PSG) testing with evidence
of periodic breathing with CSA within 6 months prior to enrolment in
the study. All potential study participants then underwent two
additional full nights of attended PSG study. Patients were included
in the study if they had an apnoea–hypopnoea index (AHI) of ≥15
and a central apnoea index (CAI) of ≥5. Patients were excluded
from the study if they had a baseline oxygen saturation of ,90%;
were on supplemental oxygen; had evidence of phrenic nerve palsy;
had severe chronic obstructive pulmonary disease; had unstable

angina or myocardial infarction within 3 months of the investigative
procedure; were pacemaker-dependent; or had inadequate capture
of the phrenic nerve during neurostimulation. The study was per-
formed in compliance with the Declaration of Helsinki. The insti-
tutional review board of each participating centre approved the
study protocol, and all patients gave written informed consent.

Study design
Patients who met the entry criteria and who had successful placement
of a temporary transvenous lead for phrenic nerve stimulation under-
went two successive nights of PSG study: (i) a control night without
phrenic nerve stimulation and (ii) a therapy night with phrenic nerve
stimulation. To determine the stages of sleep, we recorded a four-
channel electroencephalogram (ML135 Dual Bio Amp, ADInstruments,
Bella Vista, New South Wales, Australia) and a two-channel electro-
oculogram (ML135 Dual Bio Amp, ADInstruments) during the study.
Thoracoabdominal excursions were measured qualitatively by respirat-
ory inductive plethysmography (XactTrace, Embla, Broomfield, CO,
USA). Airflow was monitored qualitatively with an oronasal thermo-
couple (Model TCT1R, Grass Technologies, West Warwick, RI,
USA). Arterial blood oxyhaemoglobin saturation was recorded using
a finger probe (ML320/MLT321, ADInstruments). These variables
were recorded on a multichannel polygraph (PowerLab16/30, ADIn-
struments) during both the control and therapy nights. Prescribed
medications were given as usual. For the purpose of this trial, patients
received a hypnotic (such as zolpidem or alprazolam, with the same
hypnotic being used both nights) at bedtime per the discretion of
the attending physician.

The neurostimulation lead was removed the morning following the
study. Twenty-four hours after testing and 5–10 days later, an in-clinic
or phone follow-up was conducted to assess for adverse events.
Patients then exited from the study.

Procedure description
Venous access was obtained via the axillary or subclavian vein. Based
on the patient’s anatomy and the implanting physician’s preference,
stimulation leads (Cardima catheter, Cardima, Inc., Fremont, CA,
USA, or proprietary stimulation leads, Respicardia, Inc., Minnetonka,
MN, USA) were placed in either the right brachiocephalic vein, the
left brachiocephalic vein, or the left pericardiophrenic vein to stimulate
the adjacent phrenic nerve. An external pulse generator system (Respi-
cardia, Inc.) was used that provided low-energy nerve stimulation.
During the lead implantation procedure, capture was determined by
external palpation of diaphragmatic contraction on the side of stimu-
lation. The stimulation lead was then secured to the skin for the dur-
ation of the study. Additionally, two patients underwent optional
temporary azygous lead implantation for sensing respiration.

During the therapy night, the amount of phrenic nerve stimulation
was titrated as needed with the goal of eliminating centrally mediated
apnoeic events without arousing the patient from sleep. The sequence
of the two study nights was alternated between the patients so that
some patients had therapy the first night and some the second night.

Scoring of polysomnographic studies
Polysomnograms from the two nights of the study were scored by two
certified sleep technicians using the 2007 American Academy of Sleep
Medicine (AASM) Manual for the Scoring of Sleep and Associated
Events.23 The technicians were blinded to the subject identifiers, the
ordering of the study nights, and the application of stimulation.

An episode of apnoea was defined as the cessation of inspiratory
airflow for 10 s or more. An episode of obstructive apnoea was
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defined as the absence of airflow in the presence of rib cage and
abdominal excursions. An episode of central apnoea was defined as
the absence of rib cage and abdominal excursions and the absence
of airflow. Hypopnoea was defined as a reduction in airflow lasting
10 s or more and associated with at least a 4% decrease in arterial oxy-
haemoglobin saturation. An electroencephalographic arousal was
defined as the appearance of a- or u-waves or increase in frequency
.16 Hz on the electroencephalogram for at least 3 s after at least
10 s of sleep.23 The AHI was defined as the number of episodes of
apnoea and hypopnoea per hour of sleep. The study evaluated the
effects of phrenic nerve stimulation on the following indices character-
izing the severity of CSA as defined by AASM criteria:23 AHI, CAI,
obstructive apnoea index (OAI), hypopnoea index, oxygen desatura-
tion index of 4% (ODI4%), and arousal index.

Statistical analysis
A total of 31 patients from six centres in Poland, Germany, and the
USA met the study’s inclusion criteria and underwent lead placement.
Of these patients, 11 were excluded due to technically inadequate
capture of the phrenic nerve during neurostimulation. Four patients
were also excluded for the following reasons: CAI ,5 h21 on the
control night (n ¼ 3), and a single episode of ventricular tachycardia
that occurred in a patient independent of the procedure. The remain-
ing 16 patients were included in the statistical analysis.

Related data from the two nights were analysed using the Wilcoxon
signed-rank test. All probability values were calculated from two-sided
tests, and a P-value of ,0.05 was considered statistically significant. All
statistical calculations were performed using PASW Statistics Release
18 (SPSS, Inc., Chicago, IL, USA). Discrete variables are expressed as
frequencies and percentages, and continuous variables are expressed
as mean+ standard deviation or median (inter-quartile range).

Results

Patients
The characteristics of the 16 patients analysed are summarized in
Table 1. The group was composed of men, aged 59+12 years,
with a body mass index of 27.5+ 3.3 kg/m2. They were on stan-
dard therapy for systolic heart failure and had a mean left ventricu-
lar ejection fraction of 30.2+12.0%.

Lead implantation and stimulation
characteristics
In 8 of 16 (50%) patients, the stimulation lead location was in the
right brachiocephalic vein, and in 8 of 16 (50%) patients, it was in
either the left pericardiophrenic (n ¼ 7) or left brachiocephalic
(n ¼ 1) vein. Lead implantation stimulation thresholds were con-
sistently low on average regardless of whether the right or left
phrenic nerve was stimulated (4.7+0.81 vs. 2.8+ 2.30 mA,
respectively). Four patients had previously implanted cardiac
devices. Two had an implantable cardiac defibrillator (ICD), and
two had a combined cardiac resynchronization therapy-ICD
(CRT-ICD) device. Devices were evaluated for possible over- or
under-sensing in the presence of phrenic nerve stimulation. The
implanted device was programmed to the highest sensitivity
setting to assess for crosstalk. At 10 mA (20 Hz, 150 ms pulse
width), there was no detection of the phrenic nerve stimulation
by the ICD or ICD component of the CRT-ICD.

Therapy results
Six of the 16 patients underwent the therapy study the first night.
The therapy period, defined as the time when the patient was
asleep and phrenic nerve stimulation was attempted, was 251+
71 min. Stimulation levels delivered during the course of the
therapy night averaged 5.3+2.1 mA for the right phrenic nerve
and 3.5+1.6 mA for the left phrenic nerve.

Figure 1 demonstrates the typical effects of unilateral phrenic
nerve stimulation in one patient, with neurostimulation resulting
in the elimination of CSA.

The stimulation resulted in significant improvement of all evalu-
ated indices characterizing the severity of CSA, with decreases
seen in the AHI [45 (39–59) vs. 23 (12–27) events/h, P ¼ 0.002],
CAI [27 (11–38) vs. 1 (0–5) events/h, P ≤ 0.001], arousal index
[32 (20–42) vs. 12 (9–27) events/h, P ¼ 0.001], and ODI4% [31
(22–36) vs. 14 (7–20) events/h, P ¼ 0.002] (Table 2). There were
also categorical improvements in the severity of the sleep apnoea
seen during unilateral phrenic nerve stimulation, using standard
definitions of disease severity based on the AHI (Table 3).
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Table 1 Patient characteristics

Characteristica n 5 16

Age (years) 58.6+11.7

Male 100% (16)

Body mass index (kg/m2) 27.5+3.3

Respiratory rate (breaths/min) 15.2+4.9

Heart rate (b.p.m.) 73.3+17.1

Atrial fibrillation 19.0% (3)

Chronic obstructive pulmonary disease 13.3% (2)

Bronchial asthma 6.7% (1)

NYHA classification

I 18.8% (3)

II 50.0% (8)

III 31.3% (5)

Left ventricular ejection fraction (%) 30.2+12.0

Cardiomyopathy

Ischaemic 43.8% (7)

Non-ischaemic 53.8% (9)

ICD/CRT-D present 25.0% (4)

Medications

ACE-inhibitor/ARB 87.5% (14)

b-Blocker 93.8% (15)

Diuretic 100% (16)

Aldosterone antagonist 56.3% (9)

Anticoagulant 43.8% (7)

Statin 68.8% (11)

Antiarrhythmic 12.5% (2)

Diabetes medication 25.0% (4)

NYHA, New York Heart Association; ICD, implantable cardioverter-defibrillator;
CRT-D, cardiac resynchronization therapy-defibrillation device; ACE,
angiotensin-converting enzyme; ARB, angiotensin II receptor blocker.
aAll values expressed as % (n) or mean+ SD.
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Therapy tolerance and adverse events
The procedure was well tolerated. All patients completed their
required follow-up visits. Two adverse events occurred. At the
time of intended lead removal, one patient, who underwent place-
ment of a sensing lead in the azygous vein to aid sensing of respir-
ation, was noted to have a thrombus on the lead. The patient was
started on anticoagulation therapy, and the lead was later removed
without sequelae. A second patient had an episode of ventricular
tachycardia the day after lead placement, but prior to the

stimulation study. The tachycardia was treated appropriately with
defibrillation from the patient’s implanted ICD. The patient recov-
ered without sequelae, but the patient’s study was aborted prior to
therapy initiation.

Discussion
The results of the present study demonstrate the feasibility of uni-
lateral transvenous phrenic nerve stimulation for the treatment of
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Table 2 Sleep characteristics: control night vs. therapy night

Sleep parameter or index Control nighta (n 5 16) Therapy nighta (n 5 16) P-value

Sleep total (min) 236 (207–279) 245 (219–297) 0.535

Sleep efficiency (%) 78 (62–83) 71 (57–84) 0.796

Time in each sleep stage (%)

N1 18 (11–37) 17 (9–30) 0.352

N2 46 (41–66) 53 (40–72) 0.326

N3 3 (0–12) 0 (0–13) 0.646

REM 13 (10–17) 18 (10–22) 0.196

Baseline oxygen saturation (%) 95 (94–96) 96 (94–97) 0.056

Average heart rate (b.p.m.) 71 (59–86) 70 (57–82) 0.044

Average respiratory rate (breaths/min) 15 (12–18) 16 (15–17) 0.438

Arousal index (events/h) 32 (20–42) 12 (9–27) 0.001

AHI 45 (39–59) 23 (12–27) 0.002

CAI 27 (11–38) 1 (0–5) ≤0.001

OAI 1 (0–7) 4 (1–14) 0.056

Hypopnoea index 10 (3–18) 10 (7–14) 0.756

ODI4% 31 (22–36) 14 (7–20) 0.002

REM, rapid eye movement; AHI, apnoea–hypopnoea index; CAI, central apnoea index; OAI, obstructive apnoea index; ODI4%, oxygen desaturation index 4%.
aAll values expressed as median (inter-quartile range).

Figure 1 Elimination of respiratory instability and improvement in oxygenation during unilateral phrenic nerve stimulation in a heart failure
patient with central sleep apnoea.
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CSA in heart failure. Therapy improved the nocturnal breathing
pattern in heart failure patients, producing a 48% reduction in
AHI due to a 90% reduction in the number of CSA episodes. Con-
sistent with the improvement in the AHI, the ODI4% and arousal
index also improved significantly during the therapy night. Since the
cardiovascular effects of CSA are thought to be largely mediated
by intermittent hypoxia and arousal, the improvement in desatura-
tions and arousals supports the potential beneficial clinical effects
of unilateral transvenous phrenic nerve stimulation therapy. It is
also worth noting that in both obstructive sleep apnoea and
CSA, mortality is highest in those with the most severe sleep
apnoea, defined as an AHI of .30 events/h.9,24 In the present
study, the number of patients with severe sleep apnoea decreased
from 94 to 19% with therapy.

In the long-term Canadian CPAP trial, survival improved in
patients achieving an AHI of ,15 events/h.14 In the present
study, five patients (31%) achieved an AHI of ,15 events/h
during the therapy night. This result compares favourably with
those from an initial study of overnight CPAP therapy, which
showed 43% of patients reaching an AHI of ,15 events/h.12 Simi-
larly, in the long-term Canadian CPAP trial, response increased to
57% of patients who were able to complete 3 months of CPAP
therapy reaching an AHI ,15 events/h.14 It is therefore conceiva-
ble that with long-term phrenic nerve stimulation, the AHI would
decrease further, as full adherence to therapy is expected, and
therapy should continue throughout the night.

As an early-phase feasibility trial, this study had several limitations.
Most notably, it was a non-randomized, open-label study; nonethe-
less, patient studies were scored blindly. In addition, the results of
only a single night of therapy involving a small number of patients,
all of whom were males, are reported. The lack of women in this
small study is not surprising though, given the significantly higher fre-
quency of CSA in male heart failure patients.2,3 The study’s design
also did not allow us to adequately assess potential complications
with this therapy, such as its potential for interfering with pre-existing
implanted cardiac devices. Additionally, there were a number of
patients excluded for lead placement issues; however, this was the
first experience with placement of leads in these positions, and ade-
quate placement improved throughout the course of the study. We
also prescribed benzodiazepine receptor agonists for patients’ con-
venience during the study. The same agonist was used both nights.
While these agonists do not affect AHI in heart failure patients,
they do decrease the number of arousals.25 It is also important to
note that many heart failure patients with CSA also have some

obstructive apnoeas. It is therefore expected that unilateral transve-
nous phrenic nerve stimulation therapy should only target patients
with predominantly CSA. Finally, as an acute, early feasibility study,
we did not collect data on the clinical profile of those heart failure
patients who are most likely to benefit from this therapy, nor did
we obtain potentially important data that may be useful in character-
izing the physiological mechanisms underlying the benefits of phrenic
nerve stimulation. Future randomized, controlled trials will necess-
arily need to include these data to identify these patients and to
better understand these mechanisms.

In conclusion, the findings from this acute feasibility study
provide a strong proof of concept supporting the use of unilateral
transvenous phrenic nerve stimulation as a treatment for CSA in
heart failure patients by demonstrating significant improvement
in major indices of CSA severity, including the AHI, CAI, ODI4%,
and arousal index. Therapy was well tolerated. With the develop-
ment of a permanent, fully implantable system for unilateral trans-
venous phrenic nerve stimulation, a novel approach to the chronic
treatment of CSA in heart failure becomes possible. Large-scale,
long-term, randomized controlled trials using an implanted
system are now needed to further evaluate the clinical impact of
this approach.
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