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A B S T R A C T   

Study objectives: To determine the effect of transvenous phrenic nerve stimulation (TPNS) on the composition of 
the nocturnal hypoxemic burden in patients with CSA. 
Methods: We analysed oximetry data from baseline and follow-up overnight polysomnograms (PSG) in 134 CSA 
patients with implanted TPNS randomised (1:1) to neurostimulation (treatment group; TPNS on) or no stimu-
lation (control group; TPNS off) from the remedē System Pivotal Trial. The hypoxemic burden was quantified 
using a battery of metrics, including the oxygen desaturation index (ODI), the relative sleep time spent below 
90% SpO2 (T90) due to acute episodic desaturations (T90desat) and due to non-specific and non-cyclic drifts of 
SpO2 (T90non-specific). Mean change from baseline is provided. 
Results: TPNS titrated to reduce respiratory events significantly reduced the ODI in the treatment group by 
− 15.85 h− 1 ± 1.99 compared to the control group, which increased 1.32 h− 1 ± 1.85 (p 〈0001) and shortened the 
relative T90 duration by − 3.81 percentage points ± 1.23 vs. 0.49 percentage points ± 1.14 increase (p = 0.012). 
This shortening of T90 was primarily accomplished by reducing the brief cyclic desaturations (T90desaturation: 
− 4.32 percentage points ± 0.98 vs. 0.52 percentage points ± 0.91, p = 0.0004) while notable non-specific drifts 
in SpO2 remained unchanged (T90non-specific: 0.18 percentage points ± 0.62 vs. -0.13 percentage points ± 0.57, p 
= 0.72). 
Conclusions: TPNS appears to significantly reduce the nocturnal hypoxemic burden due to sleep-disordered 
breathing, but a considerable nocturnal hypoxemic burden from other sources remains. Further investigations 
are warranted to identify the best strategy to reduce the nocturnal hypoxemic burden beyond preventing res-
piratory events.   

1. Introduction 

The prevalence of central sleep apnea (CSA) is high in patients with 
cardiovascular disease and is associated with significant morbidity and 
mortality [1]. In addition to conventional positive airway pressure 
therapy, transvenous phrenic nerve stimulation (TPNS) therapy has 
been recently introduced as a safe and effective treatment of CSA in 

adult patients. The prospective, multicentre, randomised remedē System 
Pivotal Trial showed improvements in sleep architecture and daytime 
sleepiness reduction [2] with a demonstrated long-term safety and 
effectiveness in adults with moderate to severe CSA through five years 
post-implant [3,4]. 

Currently, the main treatment objective for TPNS is the suppression 
of apneas and hypopneas during sleep, i.e., reducing the apnea- 

Abbreviations: AHI, apnea-hypopnea index; ASV, adaptive servo-ventilation; COPD, chronic obstructive pulmonary disease; CSA, central sleep apnea; ODI, oxygen 
desaturation index; PSG, polysomnography; TPNS, transvenous phrenic nerve stimulation. 
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hypopnea index (AHI). However, several studies in patients with stable 
heart failure have shown that nocturnal hypoxemia was a risk factor for 
cardiovascular mortality beyond AHI [5–9]. Hence, reducing the 
nocturnal hypoxemic burden may constitute an important treatment 
targt. 

The nocturnal hypoxemic burden is usually quantified on overnight 
polysomnograms (PSG) by counting the number of episodic oxygen 
desaturations per hour of sleep (oxygen desaturation index; ODI) or 
measuring the time spent below 90% oxygen saturation (T90) on ox-
imetry. Importantly, the nocturnal hypoxemic burden does not solely 
constitute brief cyclic episodic desaturations but may also comprise 
more sustained drops in oxygen saturation that lead to non-specific 
transient drifts below 90%. Both components of the nocturnal hypox-
emic burden are associated with increased cardiovascular mortality [9]. 
Of note, patients with CSA who responded to adaptive servo-ventilation 
(ASV) still had a high nocturnal hypoxemic burden, primarily due to 
non-specific transient drifts of oxygen saturation despite a significant 
reduction in AHI and ODI due to ASV [10]. Though TPNS has been 
shown to moderately reduce T90 overall, the detailed effects of TPNS on 
the composition of the nocturnal hypoxemic burden and pattern of 
episodic desaturations in patients with CSA remain unclear [11]. 

Here, we performed a detailed analysis of hypoxemic burden in CSA 
patients before and during TPNS therapy to elucidate the efficacy of 
TPNS on the components of hypoxemic burden and to identify possible 
predictors of hypoxemic burden reduction. 

2. Methods 

2.1. Study design 

The remedē Pivotal Trial was a prospective, multicentre, randomised 
controlled trial at 31 hospital-based centres for testing transvenous 
phrenic nerve stimulation for treating central sleep apnea [19]. The 
protocol was approved by local or central ethics or institutional review 
boards, according to each centre’s institutional procedures. Pre- 
screening was done via in-home sleep testing (polygraphy) or a review 
of polysomnograms completed for clinical reasons. Eligibility required 
the following polysomnography results on a qualifying polysomnogram 
(PSG): apnoea-hypopnoea index (AHI) of at least 20 events per h of 
sleep, central apnoeas at 50% or higher of all apnoeas, at least 30 central 
apnea events throughout the night, and an obstructive apnea index 
(OAI) of 20% or lower of the total AHI. Exclusion criteria were factors 
prohibitive of device implantation, phrenic nerve palsy, Stage D heart 
failure, a cerebrovascular event within the past 12 months, central sleep 
apnoea secondary to opioids, and advanced renal disease (serum 
creatinine concentration > 221 μmol/L or calculated creatinine clear-
ance ≤30 mL/min). 

All patients undergoing an implant attempt were randomly assigned 
(1:1) to neurostimulation (treatment group; TPNS on) or no stimulation 
(control group; TPNS off). Random assignment of patients was based on 
computer-generated random numbers. Following the completion of the 
6-month randomised trial period, devices in the control group were also 
activated. 

2.2. Data collection 

After pre-screening, potentially eligible patients prospectively un-
derwent a qualifying overnight stay and had polysomnography within 
40 days before implant. All patients underwent a further in-laboratory 
PSG and attended a follow-up PSG at six months. All PSG were scored 
by a central and blinded sleep core laboratory (Registered Sleepers, 
Winter Haven, Florida, USA). After completing the RCT, patients’ de-
vices in the control group were activated, and a third polysomnogram 
was performed six months later. 

2.3. Oximetry analysis 

Using a custom-made automated algorithm, we calculated a set of 
previously developed metrics to characterise the composition of the 
hypoxemic burden during sleep (Fig. 1) [9,12,13]. Acute desaturations 
were defined as episodic, monotonic drops in oxygen saturation reach-
ing a peak amplitude of at least 4% from any prior level, which was 
followed by a re-saturation of at least two-thirds of the initial drop 
within 150 s starting from the onset of desaturation and detected by a 
fully automated computer algorithm. By interpolating baseline SpO2 
across desaturation events, we estimate oxygenation in the absence of 
apneas. T90 accrued during desaturation events is considered apnea- 
related hypoxemic burden, while T90 outside desaturation events is 
considered non-specific hypoxemic burden. The Pseudocode of the al-
gorithms is provided in the online supplement. The oximetry variables 
included: 

(i) T90 – Total accumulated time spent below 90% oxygen satura-
tion normalised to total sleep time.  

(ii) T90desaturation – the time spent below 90% oxygen saturation 
associated with acute desaturation patterns of at least 4% nor-
malised to total sleep time.  

(iii) T90non-specific – the time spent below 90% oxygen saturation 
associated with non-specific drifts normalised to total sleep time.  

(iv) ODI – Oxygen desaturation index; the number of desaturations 
per hour of sleep (in h− 1)  

(v) desaturation-related hypoxemic burden – the reduction in 
average SpO2 throughout sleep due to acute events (in %)  

(vi) baseline SpO2 – the average SpO2 throughout sleep if acute 
desaturation events are ignored (in %)  

(vii) desaturation depth - the median reduction in SpO2 throughout 
acute events (in %)  

(viii) SpO2 nadir – the median of SpO2 nadirs of all desaturation events 
(in %)  

(ix) desat-resat time ratio – the median of desaturation/resaturation 
time ratios (in normalised units). 

Fig. 1. Illustration of hypoxemic burden analysis. The algorithm automatically 
detects the start (tonset) and end (tend) of desaturations. An example desaturation 
is highlighted in grey. These points are linearly interpolated to obtain baseline 
oxygen saturation (SpO2) indicated by the blue line. The position of the nadir 
(tnadir) is used to calculate the desat-resat-ratio and SpO2nadir. The duration of the 
original SpO2 trace (black) and the interpolated SpO2 trace (blue) spent under 
90% is used to obtain T90desaturation and T90non-specific. In the example, T90desa-

turation is shown in red. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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2.4. Statistics 

This exploratory analysis included all subjects who had a PSG at the 
visit of interest. We compared the oximetry variables (actual results and 
change from baseline) between the treatment and control arms at six 
months, the primary endpoint visit per protocol, using a generalised 
linear model including the baseline value of the oximetry variable as a 
covariate. To explore the treatment effect further, we performed Wil-
coxon tests between the 12-month measurement (representing six 
months after device activation) and the 6-month measurement (repre-
senting the new baseline) of the control arm. A nominal 2-sided p < 0.05 
was considered statistically significant in this exploratory analysis. SAS 
version 9.4 (Cary, NC, USA) and GraphPad Prism were used for all 
analyses. 

3. Results 

Table 1 and Fig. S1 summarise the baseline patient characteristics 
randomised to the control and treatment arms. No significant differences 
in baseline characteristics were observed between the study arms. The 
study participants were about 64 years old, predominately male and 
White. About 60% had heart failure, and approximately 40% had atrial 
fibrillation. Coronary artery disease, myocardial infarction, and stroke 
were present in about 57%, 31% and 7%, respectively. About 10% had 
COPD, and 29% had diabetes. Baseline PSG recorded an AHI of 46 h− 1. 
The Epworth sleepiness scale score was about 10. 

3.1. Effect of transvenous phrenic nerve stimulation on the composition of 
nocturnal hypoxemic burden 

Fig. 2 displays the median nocturnal hypoxemic burden measured on 
the baseline and follow-up PSG across both trial arms. The reduction in 
ODI adjusted for baseline differences was significantly more pronounced 
in the treatment arm compared to the control group (− 15.85 1/h ± 1.99 
vs. 1.32 1/h ± 1.85, p < 0001, Table 2). Due to individual differences in 
sleep duration at baseline and the follow-up PSG, we report T90 as a 
percentage of analysed sleep time. The suppression in the percentage of 
sleep spent below 90% oxygen saturation was significantly stronger in 
the treatment arm than in the control arm on follow-up PSG (T90: − 3.81 
percentage points ± 1.23 vs. 0.49 percentage points ± 1.14, p = 0.012). 
Assessing whether this T90 reduction was predominately due to a 
reduction in apnea-related cyclic desaturation or non-specific drifts in 
SpO2, we found a significantly lowered T90 due to acute desaturations 
in the treatment arm than in controls (T90desaturation: − 4.32 percentage 
points ± 0.98 vs. 0.52 percentage points ± 0.91, p = 0.0004). In com-
parison, change in non-specific SpO2 drifts below 90% were not different 
between treatment arms on follow-up PSG (T90non-specific: 0.18 per-
centage points ± 0.62 vs. -0.13 percentage points ± 0.57, p = 0.72). The 
change in desaturation-related nocturnal hypoxemic burden decreased 
more in the treatment group than in the controls (− 0.76% ± 0.13 vs. 
0.17% ± 0.12, p < 0.0001). Similarly, the depths of desaturations 
reduced more with TPNS (− 0.44% ± 0.11 vs. 0.16% ± 0.10, p =
0.0001), and SpO2 nadir increased significantly with TPNS (0.89% ±
0.26 vs. -0.17% ± 0.24, p = 0.0038). 

Baseline SpO2 throughout sleep was not significantly different be-
tween the treatment and control arm on follow-up PSG and the desat- 
resat time ratio was unaffected. 

Apnea hypopnea index was significantly reduced in the treatment 
group at follow-up due to the suppression of central apneas (Table S1). 

3.2. Correlates of nocturnal hypoxemic burden 

To explore possible contributors to nocturnal hypoxemic burden at 
baseline, we dichotomised T90, T90desaturation and T90non-specific, and the 
desaturation-related nocturnal hypoxemic burden in the treatment 
group on median values and compared patient characteristics. Patients 

with longer T90 at baseline had significantly higher Epworth Sleepiness 
Scales scores, higher systolic blood pressure and significantly higher 
BMI, weight and neck circumferences (Table S2). 

Patients with longer T90desaturation had higher Epworth Sleepiness 
Scales scores, and higher systolic blood pressure (Table S3), while higher 
T90non-specific was associated with higher neck circumferences 
(Table S4). 

Patients with higher nocturnal desaturation-related hypoxemic 
burden were more likely to have hyperlipidemia (94% v 68%), coronary 
artery disease (74% vs 42%), prior myocardial infarction (45% vs 16%), 
a larger neck size (43 vs 41 cm), higher weight (100 vs 88 kg) and higher 
a BMI (31 vs 29) (Table S5). 

Table 1 
Patient characteristics at baseline.  

Variable Treatment Control P- 
value1 

Age (years) 64 ± 12 (62) 64 ± 14 (72) 0.975 
Male 89% (55/62) 93% (67/ 

72) 
0.546 

Not Hispanic or Latino 98% (61/62) 94% (68/ 
72) 

0.373 

White 98% (61/62) 94% (68/ 
72) 

0.624 

Height (cm) 175 ± 8 (62) 176 ± 9 (72) 0.790 
Neck (cm) 42 ± 4 (61) 43 ± 5 (71) 0.335 
Respiration rate (per minute) 17.5 ± 2.9 

(62) 
17.3 ± 2.7 
(72) 

0.626 

Ejection Fraction≤40% 43% (26/61) 41% (28/ 
69) 

0.860 

Hypertension 73% (45/62) 75% (54/ 
72) 

0.844 

Hyperlipidemia 81% (50/62) 68% (49/ 
72) 

0.117 

Heart failure2 63% (39/62) 61% (44/ 
72) 

0.860 

NYHA Class I/II/III 13%/41%/ 
46% 

27%/45%/ 
27% 

0.123 

Atrial fibrillation 42% (26/62) 39% (28/ 
72) 

0.728 

Coronary Artery Disease 58% (36/62) 57% (41/ 
72) 

1.000 

Myocardial Infarction 31% (19/62) 31% (22/ 
72) 

1.000 

Stroke 6% (4/62) 7% (5/72) 1.000 
Cardiac arrest 6% (4/62) 7% (5/72) 1.000 
Chronic obstructive pulmonary disease 8% (5/62) 13% (9/72) 0.573 
Diabetes 35% (22/62) 24% (17/ 

72) 
0.182 

Depression 31% (19/62) 18% (13/ 
72) 

0.106 

Cardiovascular implantable electronic 
stimulation device 

42% (26/62) 40% (29/ 
72) 

0.862 

Apnea hypopnea index (events/h) 48.8 ± 18.8 
(62) 

44.0 ± 17.4 
(72) 

0.147 

Central apnea index (events/h) 30.9 ± 18.5 
(62) 

26.3 ± 16.3 
(72) 

0.166 

Obstructive apnea index (events/h) 2.1 ± 2.2 (62) 2.3 ± 2.8 
(72) 

0.552 

Mixed apnea index (events/h) 2.9 ± 3.8 (62) 2.2 ± 3.3 
(72) 

0.055 

Hypopnea index (events/h) 12.8 ± 11.1 
(62) 

13.2 ± 11.8 
(72) 

0.963 

Arousal Index (events/h) 45.4 ± 18.4 
(62) 

44.0 ± 19.7 
(72) 

0.670 

REM sleep (%) 10.5 ± 6.7 
(62) 

11.8 ± 7.2 
(72) 

0.147 

Epworth Sleepiness Scale (0–24, 
higher is worse) 

10.6 ± 5.2 
(62) 

9.3 ± 5.8 
(72) 

0.181 

Mean ± SD (n) for continuous variables and percent (n/N) for categorical var-
iables. 
1 Nominal 2-sided p-value from ANOVA or Kruskal-Wallis test for continuous 
and Fisher exact test for categorical variables. Abbreviations: NYHA = New York 
Heart Association; REM = rapid eye movement; h = hour. 
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To assess the association between changes in the current therapeutic 
target variable, AHI, and changes in hypoxemic burden variables be-
tween baseline and follow-up, we calculated Pearson’s correlation co-
efficients (Table S6). Correlations were statistically significant for all 
variables but T90non-specific. While the correlation between change in 
AHI and change in ODI was strong (ρ = 0.89), owing to their similar 
concept (event counting), other nocturnal hypoxemic burden variable 
changes correlated only mild-moderately with AHI changes. Correlation 
analysis with changes in CAI showed similar, but weaker associations 
with changes hypoxemic burden than AHI (Table S6). 

None of the explored variables to assess changes in hypoxemic 
burden showed a significant interaction with sex or heart failure 
presence. 

3.3. Twelve-month follow-up of the control arm 

Upon completion of the randomised portion of the trial after six 
months, devices were also activated in the control arm, and another PSG 
was conducted in the control arm at 12 months (Fig. 3, Table S7). In 
concordance with the results of the RCT, the ODI was significantly lower 
in the control group at the 12-month follow-up, six months after device 
activation [median [IQR]: 36.56/h [25.76–52.70] at baseline vs. 16.81/ 
h [8.91–33.40], p < 0.0001). The relative sleep time spent under 90% 
SpO2 was numerically lower on treatment (T90: 7.01% [1.92–15.42] at 
baseline vs. 3.68% [0.66–11.66], p = 0.066), and T90 related to acute 
desaturation events was reduced after device activation (T90desaturation: 
6.07% [1.89–13.24] vs. 2.48% [0.52–7.27], p = 0.0024), while non- 

Fig. 2. Pair-wise comparison of hypoxemic burden variables in the treatment and control arms at baseline and the six-month visit. Data are presented as medians and 
95% confidence intervals. Abbreviations: h = hour, ODI = oxygen desaturation index, SpO2 = oxygen saturation, T90 = percent of sleep with oxygen saturation <
90%, desat = desaturation, resat = resaturation. 

Table 2 
Hypoxemic burden on 6-month follow-up PSG as well as change from baseline 
PSG adjusted for baseline differences.  

Variable Treatment (N =
72) 

Control (N =
62) 

P-value 

ODI [1/h] 23.70 ± 1.99 40.87 ± 1.85 <0.0001 
Change from baseline − 15.85 ± 1.99 1.32 ± 1.85  
T90 [%] 7.96 ± 1.23 12.26 ± 1.14 0.0121 
Change from baseline − 3.81 ± 1.23 0.49 ± 1.14  
T90desaturation [%] 5.29 ± 0.98 10.13 ± 0.91 0.0004 
Change from baseline − 4.32 ± 0.98 0.52 ± 0.91  
T90non-specific [%] 3.05 ± 0.62 2.75 ± 0.57 0.7189 
Change from baseline 0.18 ± 0.62 − 0.13 ± 0.57  
Desaturation-related hypoxemic 

burden [%] 
1.05 ± 0.13 1.98 ± 0.12 <0.0001 

Change from baseline − 0.76 ± 0.13 0.17 ± 0.12  
Baseline SpO2 [%] 94.78 ± 0.15 95.07 ± 0.14 0.1677 
Change from baseline − 0.27 ± 0.15 0.02 ± 0.14  
Desaturation depth [%] 3.10 ± 0.11 3.70 ± 0.10 0.0001 
Change from baseline − 0.44 ± 0.11 0.16 ± 0.10  
SpO2 nadir [%] 90.13 ± 0.26 89.10 ± 0.24 0.0038 
Change from baseline 0.89 ± 0.26 − 0.17 ± 0.24  
desat-resat time ratio [1] 1.58 ± 0.06 1.64 ± 0.06 0.4720 
Change from baseline − 0.14 ± 0.06 − 0.07 ± 0.06  

The results are mean and standard error. Abbreviations: h = hour, ODI = oxygen 
desaturation index, SpO2 = oxygen saturation, T90 = percent of sleep with 
oxygen saturation < 90%, desat = desaturation, resat = resaturation. 
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specific drifts below 90% SpO2 were not shortened after device activa-
tion. Mirroring the RCT results, the desaturation-related hypoxemic 
burden became less (1.73% [0.88–2.57] vs. 0.70% [0.32–1.53], p <
0.0001) and the desaturation depth was lower (3.17% [2.85–4.19] vs. 
3.08% [2.57–3.54], p = 0.0167). Baseline SpO2 was marginally reduced 
following device activation (94.83 [94.06–96.09] vs. 94.82 
[93.73–95.72], p = 0.0006), while SpO2 nadir and resat-desat time ratio 
were not altered after device activation. 

4. Discussion 

This study is the first to comprehensively characterise the effect of 
TPNS stimulation for CSA treatment on the composition of nocturnal 
hypoxemic burden. Using data from a randomised controlled trial, we 
demonstrate a reduction across all hypoxia metrics related to apnea- 
related episodic desaturation with TPNS, while there was no change in 
non-specific drifts in SpO2. 

The nocturnal hypoxemic burden has received significant clinical 
interest because excessive hypoxemia is associated with adverse car-
diovascular long-term outcomes [14]. The cumulative duration of 
nocturnal hypoxemia, as measured by T90, is an AHI-independent pre-
dictor of cardiovascular outcomes in patients with heart failure and 
community-dwelling older men [9,15]. But the best way to quantify 
nocturnal hypoxemic burden in a clinical setting remains unclear [16]. 
While ODI and T90 quantify the rate of acute episodic desaturations 

below a certain threshold, typically 3 or 4%, and the total sleep time 
spent at or below 90% oxygen saturation, respectively, they are geared 
towards counting sleep apnea respiratory events and cumulative hyp-
oxemia quantification. Clinically, heart failure patients with CSA typi-
cally present with comorbidities that contribute to hypoxemia during 
sleep by mechanisms beyond sleep apnea, such as COPD and obesity 
[17]. Hence, the decomposition of hypoxemic burden in apnea-related 
and other non-specific components is pathophysiologically plausible 
and may provide important information to guide targeted and person-
alised CSA treatment strategy or help explain residual hypoxemia after 
treatment of CSA. 

As shown previously, the remedē device significantly reduces the 
number of respiratory events (AHI and ODI) and T90 [11]. Corrobo-
rating those findings, the current study demonstrates a significant 
reduction in the extent of sleep-disordered breathing-related desatura-
tions. The medians of desaturation depth and nadir were reduced on 
TPNS treatment, and the desaturation-related hypoxemic burden were 
reduced. However, there was no change in non-specific drifts in SpO2, so 
there was still residual T90, although lower than at baseline. We also 
studied the shape and constitution of acute desaturation events. 
Particularly, the desaturation duration-resaturation duration relation-
ship may provide important information about hemodynamics and 
cardiac performance. In the Sleep Apnea Cardiovascular Endpoints 
(SAVE) trial, the desaturation/reoxygenation relationship predicted 
future heart failure (area under the curve, 0.86; 95% CI, 0.79–0.93) in 

Fig. 3. Pair-wise comparison of hypoxemic load variables in the control arm at the end of the RCT (6 M) and six months after activating the device (12 M). Data are 
presented as violin plots showing rotated kernel densities and quartiles. Abbreviations: h = hour, ODI = oxygen desaturation index, SpO2 = oxygen saturation, T90 =
percent of sleep with oxygen saturation < 90%, desat = desaturation, resat = resaturation. 
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patients with obstructive sleep apnea and coronary or cerebrovascular 
disease [12]. In the current study on TPNS in CSA patients, we did not 
observe significant changes in the desat-resat ratio of the remaining 
desaturation following treatment, which may indicate a stable heart 
failure status throughout the trial period. We did not observe significant 
correlations between markers of left ventricular impairment and hyp-
oxemic burden, and the improvement in T90 or any other measure of the 
hypoxemic burden in the current study, adding further evidence to the 
previous observation that the effect of TPNS is not specific to the pres-
ence of heart failure [18]. CSA is more prevalent in men than in women, 
and a previous study have suggested different outcomes for males and 
females [19,20]. Our study did not show a significant interaction of the 
treatment effect with sex, however the number of female patients in our 
trial was small. 

Other studies have also shown that significant T90 remains during 
CSA treatment. In the “Treatment of Sleep-Disordered Breathing with 
Predominant Central Sleep Apnea by Adaptive Servo Ventilation in 
Patients with Heart Failure (SERVE-HF) trial”, ASV reduced the AHI in 
heart failure patients with reduced ejection fraction and predominantly 
CSA but had no significant effect on the primary endpoint (all-cause 
mortality, lifesaving cardiovascular intervention, or unplanned hospi-
talisation for heart failure) and increased all-cause and cardiovascular 
mortality [21]. Interestingly, the T90 values observed during the diag-
nostic sleep study in SERVE-HF were around 50 min and could only be 
shortened to 18–20 min by ASV treatment [21]. A comparative study of 
different CSA aetiologies showed that T90 at baseline varied between 70 
and 110 min on average, and ASV reduced that time by about 35% to 
55% on average [10]. In our current analysis of the effect of TPNS, the 
average relative T90 reduced on treatment from ~12% down to ~8%, 
equating to a change from ~50 min to ~34 min at an assumed sleep 
duration of 7 h. The extent of persisting T90 may still be clinically 
relevant [5]. Mortality data for TPNS treatment in CSA patients are not 
available yet. Studies with long-term follow-up could test the potential 
impact of the reduction in desaturation-related hypoxemic burden. 

All current device-based CSA therapies are designed to reduce the 
AHI but do not target hypoxemia directly. Since our correlation analysis 
showed only moderate associations between AHI and measures of hyp-
oxemic burden (Table S6), oximetry measurements may provide addi-
tional information for device control algorithms. In our study, patients 
in the TPNS arm had a residual mean ODI of about 23 1/h, which may be 
partly obstructive and hence not treated by the device (Table S1). Also, 
the algorithm is designed to increase therapy compliance throughout the 
night by allowing patients to fall and stay asleep by suspending therapy 
if a patient gets up or rolls and then ramps back up to effective levels 
after they settle again. Fine-tuning programming to limit the suspension 
and ramp period may help reduce ODI further. On rare occasions, the 
stimulation may not be able to deliver enough energy to treat hypopneas 
due to distance from the phrenic nerve. 

Future studies are warranted to determine whether some index of the 
nocturnal hypoxemic burden alone or combined with AHI can better 
guide the development of sleep apnea treatments. Interestingly, our data 
show that patients with less weight, BMI and neck circumference tend to 
have lower T90 (Table S2), suggesting that control of concurrent con-
ditions such as obesity might be required to reduce T90 in this CSA 
population effectively. Patients with a larger neck circumference also 
tended to have more non-specific T90, possibly due to more frequent 
partial obstructions leading to sagging oxygen levels rather than brief, 
frank obstructions or due to restrictive lung disorders more often found 
in obese patients. 

Reducing the nocturnal hypoxemic burden itself may constitute a 
treatment target to prevent progression and facilitate the regression of 
cardiovascular disease. Aside from sleep, HF patients with CSA may also 
experience daytime CSR and hypoxemia, and pharmaceutical reduction 
of CO2 chemosensitivity may improve oxygenation in these patients 
[22,23]. 

4.1. Limitations 

Our study has several limitations. There is no consensus on precisely 
defining what constitutes an oxygen desaturation event. Previous 
studies mostly used a desaturation criterion of ≥4%, but others used a 
threshold of ≥3%. The definition chosen in this study applies rather 
stringent criteria, including resaturation, aiming to discriminate be-
tween well-defined episodic desaturation-resaturation events and non- 
specific drifts of oxygen saturation and may greatly affect the duration 
of T90 attributed to episodic desaturations versus non-specific drifts. We 
chose an oxygen saturation threshold of 90% as this cut-off is widely 
used and has been associated with adverse outcomes [1]. Fully auto-
mated oximetry data processing ensured objective assessments and 
reproducible results. Based on the inclusion/exclusion criteria, patients 
could have limited numbers of obstructive apneas adding to the 
desaturation-related hypoxemic burden and TPNS is not expected to 
treat those events. 

4.2. Interpretation 

Transvenous phrenic nerve stimulation for treating central sleep 
apnea appears to reduce the nocturnal hypoxemic burden due to sleep- 
disordered breathing significantly, but a considerable nocturnal hyp-
oxemic burden due to other sources remains. Further investigations are 
warranted to identify the best strategy to reduce the nocturnal hypox-
emic burden beyond preventing episodic desaturations and respiratory 
events. 

Author contributions 

M.B. and D.L. designed the research. M.B. and S.I. prepared the data 
and performed the experiment. M.B., D.L., and S.M. analysed and 
interpreted the data. M.B. and D.L. prepared the figures and wrote the 
paper. 

Declaration of Competing Interest 

ZOLL Respicardia, Inc. sponsored the remedē System Pivotal trial 
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