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Purpose: Since 2001, hypoglossal nerve stimulators (HNS) have been used worldwide to treat patients with obstructive sleep apnea 
(OSA). Recently, a few studies reported treatment-emergent central sleep apnea (TECSA) with spontaneous resolution following HNS. 
However, the evidence of persistent development of TECSA during long-term care visits was lacking. As a result, this study first report 
two patients with persistent TECSA and describe their development phenotype during more than two years of follow-up visits to help 
explore the influencing factors and underlying mechanisms.
Patients and Methods: This retrospective study included twenty-seven patients who underwent HNS implantation from 2016 to 
2021. Their demographic data, pre- and postoperative sleep study characteristics, and device use settings were collected. The possible 
factors associated with post-operative elevated CSA (central apnea index ≥5) were evaluated. Moreover, the development phenotype of 
the TECSA was observed and followed up with a titration trial study.
Results: Among overall 27 patients with OSA, 3 patients with an increased preoperative Epworth Sleepiness Score (ESS) got an 
elevated CSA (CAI ≥ 5). Two of these 3 patients developed a persistent TECSA with a significant negative correlation between 
obstructive apnea index (OAI) and central and mixed sleep apnea index (CMAI) (R = −0.745, P = 0.021). These development 
phenotypes might be associated with different stimulation amplitudes of the HNS device. Furthermore, the following titration trial 
study also suggested that different amplitudes would influence the development of TECSA following HNS.
Conclusion: OSA patients with severe daytime sleepiness are more likely to have elevated CSA following HNS. An inappropriate 
stimulation amplitude might influence the development course of TECSA in such patients.
Keywords: hypoglossal nerve stimulation, obstructive sleep apnea, treatment-emergent central sleep apnea, stimulation amplitude, 
daytime sleepiness

Introduction
Hypoglossal nerve stimulator (HNS) has been demonstrated to be a safe and effective treatment for patients with OSA in 
several large multicenter prospective clinical trials, improving both objective respiratory and subjective quality-of-life 
measures without uncommon adverse events.1 Nevertheless, a few case reports and one retrospective study reported 
elevated central sleep apnea (CSA), which has been indicated as an independent predictor of heart failure and could lead 
to significant comorbidity and an increased risk of adverse cardiovascular outcomes.2–5

In 2020, the International Classification of Sleep Disorders-third edition introduced the term “TECSA” (Treatment- 
Emergent Central Sleep Apnea) and defined it as the presence of primary OSA at the initial diagnostic sleep study, 
significant resolution of obstructive events with CPAP titration followed by emergence or persistence of central events 
during PAP treatment with a central apnea index (CAI) ≥5/h, >50% of events being central, and symptoms that cannot be 
explained in a better manner by another CSA disorder.6
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However, the evidence of TECSA following HNS is limited, especially for the long-term observations. Therefore, this 
study aims to first report persistent TECSA following HNS in two patients with OSA, describe their development 
phenotype during long-term visit and discuss the possible influencing factors.

Materials and Methods
This study was a retrospective cohort study. Between 2016 and 2021, all 27 patients who underwent implantation of an 
HNS system (Inspire Medical Systems Inc. USA) at the otolaryngology department at Charité Universität, Berlin were 
enrolled. Each patient underwent either an in-lab PSG or HSAT before the implantation and during the follow-up. These 
recordings were manually scored in accordance with the American Academy of Sleep Medicine (AASM) manual 
recommendations. HNS device recordings were collected retrospectively from the patient’s medical records. Their 
clinical data, including demographic data, sleep characteristics, and device configurations, were collected and stored in 
Charité’s internal database. This study was approved by the ethics committee of the university (Charité— 
Universitätsmedizin Berlin approval Number EA2/068/22) and adhered to the tenets of the Declaration of Helsinki.

The criteria for implantation and inclusion in the study were participants aged >18 years, who had an apnea and 
hypopnea index (AHI) between 15 and 65 with <25% central events, and those who failed to accept or adhere to 
continuous positive airway pressure (CPAP) therapy. Patients with body mass index >35 kg/m2 were excluded.

HNS
HNS maintains the upper airway opening by stimulating the protrusion branches of the hypoglossal nerve during the 
collapse-prone portion of the respiratory cycle.7 In this research, the standard procedure to implant an HNS stimulator 
was performed by the same physician.8 Four to eight weeks after implantation, the HNS device is normally activated with 
standard settings (bipolar electrode configuration, pulse width 90 µs, frequency 33 Hz) and the amplitude of stimulation 
is titrated individually. During follow-up, device configuration, including stimulation amplitude, frequency, pulse width, 
and electrode configuration, is adjusted to optimal values during office titrations and sleep lab titrations.

Statistical Analysis
The SPSS software (IBM SPSS Statistics, version 26.0. Armonk, NY, IBM Corp.) was used for statistical analysis. The 
overall demographic data is presented as mean ± standard deviation (range). To evaluate the possible factors associated 
with elevated CSA (CAI ≥ 5), Fisher’s exact test and χ2 test were used to compare categorical variables. Mann–Whitney 
tests were used to compare continuous variable data. Spearman rank correlation was used to analyze the correlation 
between OAI and central and mixed sleep apnea index (CMAI) in patients with TECSA. Differences were considered 
statistically significant at P < 0.05.

Results
Patient Characteristics
This study included 27 patients with OSA who underwent HNS implantation from 2016 to 2021. There were 22 male 
patients (81.5%), 4 female patients and 1 transsexual (trans male) patient; all patients are Caucasians. The mean age at 
the time of HNS activation was 57 ± 7.5 years, with a mean pre-operative ESS score of 12.2 ± 6.0 and a mean BMI of 
29.7 ± 3.2 (range, 20–34.5). The mean CCI was 1 ± 1 (range, 0–4), and hypertension was the most common comorbidity 
among all patients (44.4%). At baseline,14 patients had polysomnography, and 13 received home sleep apnea testing 
(HSAT).

TECSA
As shown in Figure 1, 3 patients developed newly elevated CSA (CAI ≥ 5) after HNS activation. Univariate analysis was 
performed to compare differences between preoperative findings and the postoperative CAI ≥ 5 and CAI < 5 groups. The 
difference in preoperative ESS score and mixed apnea index between two groups was significant (P < 0.01). However, 
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there was no significant difference (P > 0.05) between age, BMI, AHI or other sleep architectures (Table 1). Also, the 
differences in average use time/week and the initial stimulation configuration were not significant (p > 0.05).

As one of 3 patients lacked long-term follow-up, 2 patients (7.4%) were diagnosed with persistent TECSA during 
visits over a 2-year time span, whose baseline CAI < 5 events/h demonstrated a CMAI of ≥5 events/h becoming 

Figure 1 Change in central apnea index (CAI) following HNS. 
Note: Patients who had an increased CSA of CAI ≥5 following HNS (n = 3) are indicated by a dashed line, and patients with a CAI <5 following HNS (n = 24) are indicated by a solid line.

Table 1 Preoperative and Postoperative Data Including Patient Demographics, Sleep 
Study Data Base of CAI ≥5 (CAI <5 and CAI ≥5)

Characteristic CAI<5 (n=24) CAI≥5 (n=3) t/Z/χ2 P

Baseline
Age (HNS activation),y 58 ± 9 60 ± 5 −0.45 0.66
BMI, kg/m2 29.4 ± 3.2 31.9 ± 2.3 −1.43 0.15

ESS, points 10.9 ± 5.9 18.3 ± 2.5 −2.05 0.04*

Gender,% 0.77 0.68
Male 19 (79%) 3 (100%)

Female 4 (16.7%) 0

Transsexual 1 (4.3%) 0
TST/TRT, min 380.8 ± 83.8 374.6 ± 77.9 0.12 0.90

AH/REI, event/h 34.0 ± 11.8 38.6 ± 15.5 −0.62 0.54

OAI, event/h 15.7 ± 13.0 26.3 ± 10.8 −1.69 0.09
CAI, event/h 0.8 ± 1.4 0.6 ± 0.7 −0.24 0.81

MAI, event/h 0.5 ± 1.2 3.4 ± 2.6 −2.46 0.01*

CMAI, event/h 1.4 ± 2.1 4.0 ± 3.0 −1.71 0.09
ODI,% 30.2 ± 15.1 31.9 ± 16.9 −0.18 0.86

Low arousal threshold. 9 0 / 0.53

Non-LArt 15 3
Postoperative sleep characteristics
TST/TRT, min 386.1 ± 53.6 347.6 ± 54.2 −1.23 0.22

AHI/REI, event/h 22.0 ± 11.7 41.1 ± 5.6 −2.39 0.017*
CAI, event/h 0.6 ± 0.7 12.3 ± 7.1 −2.79 0.005*

(Continued)
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prominent. As shown in Table 2, both patients were men with mild obesity and had severe daytime sleepiness. Patient 1 
had a medical history of hypertension, while patient 2 had coronary heart disease. Following HNS, OAI of patient 1 
decreased from 37.1 event/h to 11.5 event/h, with CAI increasing from 0.5 to 12.4 event/h. Patient 2 had a baseline AHI 
of 15.6 event/h which improved to 6.5, while CAI increased from 0 to 19.4 event/h. Both patients reported noticeable 

Table 1 (Continued). 

Characteristic CAI<5 (n=24) CAI≥5 (n=3) t/Z/χ2 P

CMAI, event/h 1.1 ± 1.0 15.1 ± 7.4 −2.78 0.005*

ODI,% 21.7 ± 12.5 34.9 ± 7.7 −1.85 0.06
Arousal index 17.5 ± 13.4 21.4 ± 19.0 0.00 1.00

RERA 1.5 ± 3.1 16.1 ± 26.8 −1.17 0.24

Sleep efficacy,% 85.2 ± 10.2 78.5 ± 11.3 1.01 0.32
NREM/TST,% 82.6 ± 13.4 86.9 ± 5.3 −0.77 0.44

REM/TST,% 10.4 ± 6.3 10.9 ± 3.1 −0.14 0.89

REM latency, min 152.8 ± 91.5 196.8 ± 44.4 −0.81 0.43
LEFT-AHI, event/h 17.1 ± 14.7 33.3 ± 5.3 −1.77 0.07

RIGHT-AHI, event/h 13.5 ± 11.9 33.1 ± 11.6 −2.08 0.04*

Supine-AHI, event/h 39.5 ± 24.1 41.7 ± 30.9 −0.14 0.88
N-supine AHI, event/h 15.5 ± 12.2 21.4 ± 2.9 −0.82 0.42

T90, % 8.5 ± 8.7 8.1 ± 7.3 −0.38 0.70

Average SPO2, 92.0 ± 1.9 93.6 ± 1.3 −1.30 0.20
WASO 57.5 ± 31.0 66.9 ± 37.5 −0.46 0.64

Use time, h/week 38.0 ± 14.7 38.4 ± 11.7 −0.19 0.84

Amplitude, V 1.9 ± 0.7 2.5 ± 1.2 −1.37 0.18
Pulse width, Hz 95.4 ± 13.7 90.0 ± 0.0 −1.07 0.28

Frequency, μs 33.5 ± 1.6 33.0 ± 0.0 −0.51 0.61

Note: *P<0.05 is considered statistically significant. 
Abbreviations: TST, total sleep time; TRT, total recording time; AHI, apnea-hypopnea index; BMI, body mass 
index; CMAI, central and mixed apnea index; ESS, Epworth Sleepiness Scale; WASO, median wake time after sleep 
onset; T90, percentage of recording time with SaO2 of <90%; RERA, Respiratory Effort Related Arousal.

Table 2 Demographic, Sleep Study and Stimulation Configuration of 2 Patients with TECSA

Characteristics TECSA Group (n=2)

Demographic Data Patient 1 Patient 2

Age, y (HNS activation) 61 64

ESS, points 18 21

BMI, kg/m2 30.6 34.5
Gender Male Male

Comorbidity Hypertension Hypertension, Coronary heart disease, 

Diabetes 1

Sleep Characteristics Pre-operative Postoperative (average) Pre-operative Postoperative (average)

AHI, events/h 55.5 44.6 25 34.7

TST,min 349.2 356 312.5 290

OAI, events/h 37.11 11.46 15.55 6.49
CMAI, events/h 6.19 17.17 0.58 21.17

CAI, events/h 0.5 12.39 0 19.38

MI, events/h 5.7 4.78 0.6 1.79
ODI, events/h 50.5 32.92 17.5 28.33

(Continued)
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improvement in sleep quality and resolution of OSA symptoms; their bed partners also reported a marked change in 
snoring and breathing.

Moreover, their development phenotype of TECSA included a persistent course during follow-up visits, and there is 
a strong negative correlation between OA and CA and sleep phase-related characteristics. The data in Figures 2 and 3 
demonstrate that OSA was resolved with different stimulation amplitudes while central and mixed sleep apnea increased. 
While the CMAI decreased, the OAI increased significantly. Spearman correlation was performed and found that the 
correlation coefficient between OAI and CMAI was −0.75, which indicates a significant, strong negative correlation 
between CA and OA in the two patients with TECSA (Table 3). Moreover, the PSG investigation found that in the two 
patients with TECSA, OSA occurred primarily during the night’s first half and CSA in the second half of the night. The 
respiratory events were also related to changes in the sleep phase, and OSA events frequently occurred during REM 

Table 2 (Continued). 

Characteristics TECSA Group (n=2)

Sleep Characteristics Pre-operative Postoperative (average) Pre-operative Postoperative (average)

Sleep architecture

REM-CAI 0 29
NREM-CAI 25.3 24.6

REM-OAI 0 1.2

NREM-OAI 0 1.35

Device configuration

Average use time, h/week 48.5 45

Implantation location Left Right

Pulse width, μs 33 33
Frequency, Hz 90 90

Amplitude,v 2.6 1.52
Good adherence Yes Yes

Figure 2 Changes of CMAI, OAI, use time during Patient 1 follow-up visits.
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sleep, whereas CSA occurred during NREM sleep. However, this study did not observe the position dependence of 
TECSA and other patterns.

Titration Trial Study
Based on the development phenotype of TECSA during visit, this study found that it might be associated with different 
stimulation amplitudes of the HNS stimulator. OSA occurred at a higher stimulation amplitude, while CSA developed at 
a lower one. When the stimulation amplitude was adjusted to approximately 1.66 V −2V, both CSA and OSA achieved 
a satisfactory level. Therefore, a titration trial was performed to test this hypothesis. Three conditions were stimulated by 
adjusting the device amplitude at different levels (off, low, standard, and high amplitudes) (ineffective treatment, 
appropriate treatment, and overstimulation). The changes in sleep respiratory events under 3 different conditions were 
observed.

As shown in Figure 4, patient 1 with TECSA was observed to have all-night evident and severe CSA even with the 
HNS device off (AHI of 59.6, CAI of 55.5 and OAI of 1 event/h). Patient 2 had no CSA with the device off. After 2 
hours of steady sleep, the night PSG technologists changed the stimulation amplitude from 1.8 V-1.4 V −2.0 V every 2 
hours to evaluate the changes in central and obstructive apnea events. The results of the titration study showed that 
respiratory events, including OSA, CSA, arousal, and sleep efficacy, were all influenced by the stimulation amplitude. 
The finding of the titration trial is summarized in Figure 5, which supports our hypothesis that an appropriate stimulation 
amplitude could influence the development of TECSA.

Figure 3 Changes of CMAI, OI, stimulation amplitude during Patient 1 follow-up visits.

Table 3 Spearman Correlation Between CAI, CMAI and OAI

Index OAI CAI CMAI

OAI (13.24±15.52) – R= −0.536,P=0.137 R= −0.745,P=0.021

CAI (13.92±10.02) – – R=0.650,P=0.058
CMAI (17.35±8.41) – – –
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Discussion
Based on the developmental phenotype of persistent TECSA and titration trial studies, we hypothesize that patients with 
severe daytime sleepiness might be more likely to develop an elevated CSA following HNS. An insufficient or excessive 
stimulation amplitude might influence the development of TECSA for such patients. As a result, precise patient selection 
and scheduled clinical monitoring to determine the appropriate stimulation amplitude are necessary to prevent or resolve 
TECSA.9

In 2018, Chan et al first observed that one patient had a significantly increased CSA during titration. Both OSA and 
CSA were resolved after the patient’s device configuration was changed to unipolar stimulation and amplitude was 
calibrated from 0.6 to 1.6 V. In 2019, Sarber et al3 reported a patient with mixed sleep apnea (CAI of 12.5 event/h) who 
presented with a TECSA (CAI of 78.9 event/h) and obstructive apnea and hypopnea index of 4.9 event/h with Cheyne- 
Stokes breathing (CSB) after implantation of HNS. During follow-up, the CSA and CSB continued throughout the study 
without HNS activation. In 2020, Patel et al conducted a prospective cohort study with 5 of 141 patients who underwent 

Figure 5 The changes in sleep study characteristics at different stimulation amplitudes of patient 1 in the TECSA group.

Figure 4 The titration sleep study report of patient 1 in the TECSA group.
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TECSA. Three patients presented with spontaneous resolution after continued use of HNS, and another 2 patients had 
a resolution of CSA-related symptoms after configuration adjustment or discontinued HNS due to severe and persistent 
CSA.2 They hypothesized that after UAS device activation, the resolution of sleep-related obstruction and restoration of 
normal lower nocturnal values of partial pressure of carbon dioxide (PCO2) with decreased receptor chemosensitivity 
might result in TECSA. After continuous treatment and progressive adaptation of chemoreceptors to new levels of 
nocturnal PCO2, CSA decreased gradually.5

Unlike the spontaneous resolution of TECSA observed in the above studies, this study found a persistent development 
and a strong negative correlation between central apnea and obstructive apnea. With the patient’s device configuration 
being changed to optimize the effect continually, central apneas occurred and persisted with the resolution of OSA at an 
excessive stimulation amplitude. And vice versa, obstructive apnea events increased, and central apnea decreased at 
insufficient stimulation.10 When the range of stimulation amplitude was adjusted to approximately 1.66–2V, both CSA 
and OSA achieved satisfactory levels. With other configuration defaults unchangeable during the visit, pulse width and 
frequency were 90 μs and 33 Hz, respectively, with bipolar configuration, which indicates that determining an effective 
range of stimulation amplitude might be able to solve TECSA. Furthermore, this result of the titration study strongly 
supports our hypothesis that an appropriate stimulation amplitude could solve TECSA. During the titration study for 
patient 2, no elevated CSA was observed (CAI of 2.21 event/h) with the device off. While the stimulation amplitude 
increased from 1.4, 1.8 to 2.0V, CAI was 2.6, 0.7, and 5.33 event/h, respectively. Notably, the minimum CAI, OAI, AHI, 
best sleep efficacy, and ODI were observed at 1.8 V.

As shown in Figure 6, this study hypothesized that the underlying mechanism of the persistent TECSA might be 
a combination of a high loop gain and an upper airway effect. The endotypes of OSA include the passive critical closing 
pressure (Pcrit), arousal threshold, loop gain and muscle responsiveness, arousal leads to ventilatory compensation 
resulting in significant CO2 expulsion, which reduces respiratory drive and can cause apnea and central respiratory 
instability.11–13 In 2014, Edwards et al14 indicated clinical predictor of respiratory arousal threshold in OSA patients, 
LAT score + (AHI < 30 events/h)/(SpO2 nadir > 82.5%) + (F hypopneas > 58.3%). Accordingly, both patients with 

Figure 6 The possible mechanism of TECSA following HNS. 
Notes: (A) While the device is off, the prevailing PaCO2 exceeds the AT, there is an improvement of OSA and no CSA occurs; (B) While the HNS is set at an optimal 
stimulation amplitude to treat upper airway obstruction, the prevailing PaCO2 exceeds the AT with normal ventilation, CSA will not occur while OSA is solved; (C) When 
HNS overstimulates the upper airway, OSA and inspiratory flow. 
Abbreviations: PaCO2, prevailing partial pressure of carbon dioxide; AT, dotted line, apnea threshold; VE, minute ventilation, ventilation; AT, apnea threshold.
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TECSA had a low Arth, the endotype of OSA should be studied further to explore the underlying mechanisms in the 
future.15,16

The main limitations of our study are the small sample, retrospective study characteristics and lack of complete 
clinical data to evaluate the possible postoperative clinical indicators, and the results and hypothesis are exploratory. 
Moreover, the underlying mechanisms of TECSA still need more evidence and scheduled follow-up in the future.

Conclusion
In summary, this study suggested that OSA patients who have severe daytime sleepiness are more likely to develop 
TECSA following HNS. The stimulation amplitude of HNS might influence the development phenotype of TECSA. 
Moreover, multiple underlying mechanisms might be a combination of a high loop gain and upper airway effects in such 
patients.

Informed Consent
Informed consent was obtained from all individual participants included in the study.
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