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Hypoglossal nerve stimulation (HGNS) has evolved as a novel and effective therapy for patients with moderate-to-severe obstructive sleep apnea. Despite positive
published outcomes of HGNS, there exist uncertainties regarding proper patient selection, surgical technique, and the reporting of outcomes and individual factors
that impact therapy effectiveness. According to current guidelines, this therapy is indicated for select patients, and recommendations are based on the Stimulation
Therapy for Apnea Reduction or STAR trial. Ongoing research and physician experiences continuously improve methods to optimize the therapy. An understand-
ing of the way in which airway anatomy, obstructive sleep apnea phenotypes, individual health status, psychological conditions, and comorbid sleep disorders
influence the effectiveness of HGNS is essential to improve outcomes and expand therapy indications. This article presents discussions on current evidence,
future directions, and research gaps for HGNS therapy from the 10th International Surgical Sleep Society expert research panel.
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INTRODUCTION

Implantable hypoglossal nerve stimulation (HGNS) has
emerged as an effective treatment to increase the patency of the
upper airway during sleep for patients with moderate-to-severe
obstructive sleep apnea (OSA) who are intolerant to positive
airway pressure (PAP) therapy. In the Stimulation Therapy for
Apnea Reduction (STAR) trial, HGNS use resulted in substan-
tial reductions in the apnea-hypopnea index (AHI) and in the
number of oxygen desaturations, as well as improvements in
sleep quality.1 These results have proven to be reproducible
across centers and stable over time.2,3 Currently, the only

commercially available HGNS system available in the United
States (Inspire Medical, Minneapolis, MN) consists of an
implanted electrical stimulation cuff placed around the hypo-
glossal nerve (HGN), an implanted pulse generator in the infra-
clavicular space, and an implanted sensor lead in the intercostal
space. The implanted pulse generator delivers electrical stimu-
lation to the select HGN fibers within the cuff, which is coordi-
nated with respiration as detected by the sensor lead. This results
in activation of the tongue muscles and opening of the upper air-
way.4,5 As the use of this therapy expands, questions arise per-
taining to therapy effectiveness, patient selection, and health
benefits outcomes. Several expert research panels were invited to
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discuss current evidence, future therapy directions, and research
gaps at the 10th International Surgical Sleep Society held on
May 9–11, 2019 in New York City. The panelists were the
meeting participants who have established expertise and pub-
lished on hypoglossal nerve stimulation therapy. These panels
focused on 3 main topics: (1) current evidence for HGNS therapy
for OSA, (2) anatomic and clinical considerations for HGNS
therapy optimization, and (3) Individual Factors in the Manage-
ment of HGNS. This article summarizes those presentations and
discussions.

CURRENT EVIDENCE FOR HGNS THERAPY FOR OSA

Defining outcome measures
Treatment outcomes for OSA include health outcomes, treat-
ment adherence (where applicable), patient-reported outcomes,
and adverse effects. This is true for HGNS therapy as well as
for other standard treatments.

Health outcomes include hypertension, cardiovascular dis-
ease, and mortality, among others.6 Because measurement of
most long-term health outcomes is not practical in clinical prac-
tice, short-term surrogate measures of health outcomes are typi-
cally used to follow patients and for outcomes assessment.
Sleep study measures are an example of a health outcome surro-
gate, with the apnea-hypopnea index most commonly reported;
however, this measure is replete with challenges.7–9 Results of
all night therapy measured by full night polysomnography or
home sleep apnea test utilizing 4% hypopnea scoring criteria
are currently recommended to assess treatment outcomes.
Alternatively, the apnea index, oxygen desaturation index, and
hypoxemic burden are metrics that can be more reliably mea-
sured and are important to long-term health.9–12

While treatment effect is more important than an arbitrary cut-
off for success,13 clinical epidemiological precedent12 suggests that
a 50% decrease in the 4% oxygen desaturation index may serve as
1 success criterion. In order to assess real-world treatment effec-
tiveness (rather than in-lab efficacy alone), treatment adherence
must be accounted for in anymeasure that is taken only when using
the treatment.14,15 Furthermore, the sleep study outcome must be
measured at the prescribed setting for an entire night rather than
extracting selected data obtained during a titration study.

Patient-reported outcomes include symptoms, daily function,
quality of life and productivity. Moreover, assessing changes in
a patient’s chief concern is paramount, and the definition of
success for each patient should incorporate meaningful
improvement in that patient’s chief concern. However, this is a
variable definition of success that hinders comparison across
studies or patients, and sleep testing surrogate measures do not
correlate with patient-reported outcomes.16 Thus, patient-
reported outcomes should be measured directly, preferably with
validated, reliable, and responsive instruments when available.
Well established instruments include snoring scales, the
Epworth Sleepiness Scale (sleep propensity), the Functional
Outcomes of Sleep Questionnaire (function), and the Symp-
toms of Nocturnal Obstruction and Related Events (SNORE-
25) instrument (quality of life), where measurement of treat-
ment effect is preferred to a binary definition of success.13

Adverse effects are specific to each treatment and patient
and should be included in any assessment of individual and
cohort therapy outcomes.

HGNS candidacy
HGNS implantation was approved by the US Food and Drug
Administration (FDA) in 2014. The criteria put forth were
largely based on the previously mentioned STAR Trial.1 The
FDA criteria are based on both physical parameters and on the
results of drug-induced sleep endoscopy (DISE) (Table 1).

As with any surgical intervention for OSA, HGNS is a
second-line therapy for those patients who have failed
PAP. Though the first-generation Inspire HGNS device on the
market was not magnetic resonance imaging-compatible, the
second-generation device is conditionally approved for mag-
netic resonance imaging scans of the head and extremities with
a 1.5-Tesla magnet.

Effectiveness of the HGNS beyond the FDA indications is
unclear. For example, the presence of palatal complete concen-
tric collapse (CCC) is currently a contraindication to implanta-
tion; however, the number of patients who were implanted
during the preapproval stage with palatal CCC on DISE was
very small.17 This is an opportunity for investigation. Implanta-
tion and treatment of patients with an AHI > 65 events/h is
another area where further evidence is needed. This is espe-
cially true if we assume that there is a relationship between AHI
and comorbidities, in which case any reduction in AHI would
be beneficial, and significant reduction of the AHI may be an
acceptable goal, particularly when other treatment options are
not tolerated (ie, PAP). Likewise, body mass index (BMI) is not
a strict criterion. A BMI of <32 kg/m2 is recommended by the
FDA, whereas a BMI of 35 kg/m2 is the recommended limit in
Europe. Sarber et al18 published results of a small series of
patients with BMI >32 kg/m2 and promising outcomes.

Neuroanatomy
The anatomy of the human tongue and its innervating nerve
fibers is very complex, and understanding it is essential for suc-
cessful surgical implantation of the HGNS system. Electrode
cuff placement on the proper distal branches of the HGN plays

Table 1—FDA criteria for hypoglossal nerve stimulation
implant.

Parameter HGNS Criteria

Age 18 years or older

AHI 15–65 events/h

BMI < 32 kg/m2

Central apneas < 25% of total events

DISE findings No palatal complete concentric
collapse

Failed continuous PAP use Yes

AHI = apnea-hypopnea index, BMI = body mass index, DISE = drug-
induced sleep endoscopy, FDA = Food and Drug Administration, HGNS=
hypoglossal nerve stimulation, PAP = positive airway pressure.
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a crucial role in optimizing the clinical outcome.19 The genio-
glossus (GG) and geniohyoid (GH) muscles are the main airway
dilators, while the hyoglossus and styloglossus muscles cause
tongue retrusion. Therefore, identification of the breakpoint
between the medial and lateral branches of the HGN and proper
placement of the cuff around the protrusor and intrinsic muscle
nerve branches is essential20 (Figure 1). The aim of the stimula-
tion is to achieve an “unhindered protrusion of the stiffened
tongue” and to additionally attain the opening of the soft palate
by the palatoglossus coupling, a muscle which runs in the ante-
rior pillar of the soft palate into the side of the tongue.21 The
intraoperative nerve integrity monitoring can help to identify
and differentiate HGN branches; however, it does not always
allow for clear identification of all individual branches. Electro-
myography needles are inserted directly into GG and Styloglos-
sus (SG)/Hyoglossus (HG) muscles to measure responses to
nerve branch stimulation. It is important to not just rely on the
quantity of the electromyography signal channels but to also
focus on the quality of the signal. Therefore, intraoperative
analysis of the electromyography wave signal is essential. Other
additional techniques, such as muscle contraction during stimu-
lation, tongue movement during intraoperative testing, and
knowledge of the anatomy of the HGN are needed to identify
the boundary between branches to the transverse/vertical intrin-
sic tongue muscles and the final hyoglossus muscle branch,
which needs to be excluded.20

The first cervical nerve (C1), which innervates the GH mus-
cle, plays an important role in opening the pharynx during
sleep. This muscle moves the hyoid bone forward superiorly
and anteriorly during contraction.22 Activity of the GH com-
bined with the GG reduces the resistance of the upper air-
way.22,23 In 1 clinical trial the effect of C1 on the tongue
movement and clinical outcomes investigated with ultrasound
were analyzed. The study found that active or passive activation
of the GH can be easily detected with ultrasound.21 It has been
shown that patients with obstructions at the level of the

epiglottis particularly benefit from the inclusion of C1 in the
cuff.24 In one third of the cases it is difficult to detect the C1
branch during surgery due to its highly variable anatomic pat-
terns,20 or when the nerve has a sharp takeoff and needs to be
transposed to be included in the electrode cuff.25 C1 seems to
play a crucial role in the opening of the lower pharynx during
HGNS, and its inclusion in the electrode cuff is important when
possible. Further research is needed to understand in which
patients C1 stimulation plays a key role in treatment outcome.

Implant titration and programming
Postimplant therapy management will play an increasingly
important role in the successful longitudinal care of HGNS
patients, particularly as this treatment modality gains accep-
tance and begins to be used more widely around the world.
Although many HGNS patients are either straightforward ther-
apy responders or distinct nonresponders, there is a substantial
population subset with suboptimal clinical response and out-
comes but without the indications of clear nonresponders. This
patient profile is similar to that reported with PAP or other med-
ical device treatments. Some patients achieve adequate AHI
reduction and symptomatic response but struggle with inade-
quate adherence or comfort with therapy. Other patients demon-
strate excellent therapy adherence but fail to achieve adequate
disease control with residual AHI elevation and/or OSA-related
symptoms.

Advanced electrical programming (eg, amplitude, pulse
width, rate, electrode configuration) can be systematically ana-
lyzed and modified in the outpatient setting, with or without
concurrent upper airway endoscopy, to improve long-term out-
comes. As clinically indicated, the addition of positional ther-
apy, weight management, lowering of nasal resistance,
mandibular repositioning, upper airway surgery, and other
adjunctive measures may also provide an opportunity to further
strengthen HGNS outcomes. Thus, for HGNS patients with par-
tial but incomplete response, a standardized best-practice
approach to therapy troubleshooting and modifications could
make a significant difference in long-term outcomes.

Bilateral neurostimulation
Bilateral simulation of the hypoglossal nerve could potentially
provide enhanced stimulation of the airway during sleep, com-
pared to unilateral stimulation. Therefore, this is an area being
actively studied in human trials.

The bilateral nerve implant is a system with bipolar electrodes
inserted on both HGNs via a submental incision. Each bipolar
electrode is placed over the hypoglossal nerve immediately prior
to the insertion of the terminal branches into the GGmuscle (Fig-
ure 2). Intraoperative nerve monitoring of both the GG and SG/
HG is performed to ensure optimal placement of the device.
Energy is delivered to the device via an activation chip attached
to a disposable adhesive patch that is placed beneath the chin in
the midline of the neck. The chip is programmed via a Bluetooth
connection during an overnight polysomnography in the lab. The
stimulation is not timed with the respiratory cycle, but instead
operates on a regular duty cycle. Clinical experience has shown
that the duty cycle stimulation effectively covers most of the

Figure 1—Intraoperative HGN anatomy.

l-XII SG/HG
m-XII GGh

m-XII GGo

C1

HGN

Breakpoint

Lateral division styloglossus/hyoglossus (l-XII SG/HG), medial division genio-
glossus horizontal (m-XII GGh) and genioglossus oblique (m-XII GGo), cervi-
cal nerve 1 (C1), breakpoint between lateral and medial divisions. HGN =
hypoglossal nerve.
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respiratory cycle. Three parameters can be titrated to optimize
the clinical effect: (1) the length of the stimulus train, (2) the
amplitude of the stimulation, and (3) the pulse frequency of the
individual pulses making up each stimulus train.

The first clinical trial (BiLAteral Hypoglossal Nerve Stimu-
lation for Treatment of Obstructive Sleep Apnoea (BLAST
OSA); ClinicalTrials.gov: NCT03048604) was a safety and
efficacy trial of 27 patients. Patients treated per protocol experi-
enced a mean decrease in AHI from 22 to 11 events/h. The
mean per protocol decrease in oxygen desaturation index was
18 to 8 events/h. The Epworth Sleepiness Score decreased from
a mean of 11 to 8, and scores for the Functional Outcomes of
Sleep Questionnaire increased from 15.3 to 17.2. The apnea
index, hypopnea index, arousal index, and time spent with a
SaO2 < 90% significantly decreased (all P < .05).26 Based on
these results, a new larger trial (BilatEral Hypoglossal Nerve
StimulaTion for TreatmEnt of ObstRuctive SLEEP Apnoea
With and Without Complete Concentric Collapse (BETTER
SLEEP); ClinicalTrials.gov: NCT03763682) was started in
February 2019 in Australia. This trial will include 2 treatment
groups, 20 patients with CCC on DISE and 20 patients without
CCC, and should be completed by early 2020. Clinical trials
have started in Germany and in the United States.

ANATOMIC AND CLINICAL CONSIDERATIONS FOR
HGNS THERAPY OPTIMIZATION

The role of the nose and route of breathing
Mouth opening and nasal obstruction may be major contribu-
tors to HGNS clinical outcomes, although with our current
understanding of mechanisms of airway collapse and limited
clinical data, their roles are unclear. However, mouth opening
has been negatively associated with outcomes of other sleep
surgeries.27,28

Nasal airway structure has the potential to impact HGNS via
several mechanisms. First, increased nasal resistance augments
downstream negative pressures through a Starling resistor mecha-
nism.29 This may increase collapsibility through direct shear
stress and negative pressure on the pharyngeal wall, and increased
collapsibility makes airway stiffening and opening more chal-
lenging. Second, decreases in nasal airflow decrease nasally
mediated afferent sensory stimulation, which reduces baseline
levels of upper airway muscle tone.30 Since baseline muscle tone
is the major determinant of the degree of activation created by a
fixed neurostimulation, a lower baseline resting muscle tone
could reduce the effectiveness of airway opening for any given
level of HGNS. Third, and likely most important, mouth opening
has marked detrimental effects on pharyngeal collapse.

Mouth opening has multiple effects on upper airway anat-
omy.31–33 It is associated with collapse of the retropalatal and
retroglossal airways and with increased pharyngeal length
along with decreases in retropalatal and retroglossal cross-
sectional areas. Additionally, independent of changes in fixed
airway resistance, mouth opening has been associated with
increased collapsibility of the airway during midazolam seda-
tion.34 These studies did not evaluate the mechanism of
increased collapsibility, but observation suggests that it is likely
due to changes in lateral wall compliance with mouth opening.
Since increased lateral wall compliance is a mechanism contrib-
uting to CCC during DISE, mouth opening is potentially a
major negative predictor of HGNS clinical outcomes.

The impact of the nasal route of breathing on pharyngeal col-
lapse independent of mouth opening has also been studied. In a
model where mouth opening was kept constant, a nasal route of
breathing was associated with a distal pharynx significantly less
collapsible compared to mouth breathing.35

Increases in nasal resistance, loss of nasal afferents, mouth
breathing, and mouth opening all increase pharyngeal collaps-
ibility. Such increases in collapsibility likely worsen outcomes
for any mechanical/structural treatment for sleep apnea. Given
the importance of lateral wall tension on HGNS outcomes,
these mechanisms may be important modulators of clinical
effectiveness for this therapy. Mouth opening is likely a major
unfavorable variable for current methods of nerve stimulation.
Assessing this effect should be a major focus of research,
because while the effects of nasal resistance and nasal afferents
on HGNS are possible, their clinical magnitude is uncertain.

The role of the soft palate
There is a growing number of studies assessing the effect of
soft palate surgery on HGNS outcomes. About 20% of the
implanted patients in larger cohort reports underwent uvulopa-
latopharyngoplasty.1,36,37 Early data are conflicting regarding
the odds ratio between responders with previous soft palate sur-
gery at 0.133 and those without previous surgery at 3.167,36

while more recent and larger cohorts found no difference in
responder rate based on previous soft palate surgery status.38,39

CCC during DISE is an exclusion criterion for HGNS ther-
apy. This obstruction pattern can be seen in 23%–25% of other-
wise eligible OSA patients.40,41 The prevalence of CCC is
dependent on previous soft palate surgery,41 as CCC was

Figure 2—Intraoperative nerve anatomy for bilateral nerve
implantation showing the view of the right side.

Cranial nerve XII, genioglossus (GG) muscle.
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observed more frequently among candidates without previous
soft palate surgery at 38%. Furthermore, CCC could be changed
into a non-CCC pattern by performing a soft palate surgery.42

Outcomes of 29 consecutive patients with HGNS implants were
compared based on whether they had undergone palatal surgery
or not.43 The groups with no soft palate surgery or soft palate
surgery before implantation had lower AHI, oxygen desatura-
tion index, and BMI compared to groups who underwent soft
palate surgery after implantation. However, those in the latter
group had higher AHI, oxygen desaturation index, and BMI at
baseline.43 At a 2-year post-implantation follow up assessment,
there was no clinically significant difference in treatment AHI
between these groups.

The role of DISE and BMI
The role of BMI is generally felt to be an important element in
selecting patients for HGNS therapy. The therapy is typically
offered to patients with a BMI below 32 kg/m2. Several studies
have shown that with increasing BMI the upper airway obstruc-
tion changes from single-level to multilevel.44 Increasing BMI
has been found to be associated with a higher probability of
CCC of the palate and lateral oropharyngeal collapse.44–46 In
addition, base of tongue collapse (anterior to posterior) is more
common in patients with lower BMIs. Using HGNS, Goding
et al47 examined airway changes under fluoroscopy. He found
that the ability of HGNS to open the retrolingual area was not
affected by BMI; however, the ability to produce a retropalatal
airway opening trended toward correlation with the BMI. In the
ADHERE Registry Study, Heiser et al37 showed that for each 1
unit increase of BMI there was a 9% reduced odds of treatment
success. BMI was also a predictor for lower HGNS adherence.
On the other hand, while Steffen et al48 found that higher BMIs
and AHI values were predictive of CCC, more than 50% of
patients in that study with BMIs > 32kg/m2 did not have CCC
of the palate. Thus, excluding all overweight candidates
may not be appropriate. This raises the question whether BMI
< 32 kg/m2 or the absence of CCC is crucial for success. It is
likely that BMI and CCC may not be the best means of assess-
ing the impact of body weight on success, and perhaps neck cir-
cumference or waist-to-hip ratios could be more appropriate;
however, further studies are needed to evaluate this concept.

The role of sex and age
Little has been written about the impact of sex on outcomes for
HGNS. In the first study of predictors of treatment effectiveness in
the ADHERE registry, there was some suggestion that females had
better results compared to males, but this was not a significant dif-
ference.37 Another study by Patel et al found that sex did not influ-
ence outcomes.49 However, in the latest update of the ADHERE
registry study, which included 1017 HGNS patients, female sex
appeared as a significant predictor of therapy response.50

It should be noted that given the limited morbidity associated
with this therapy, HGNS may represent a very reasonable
option for consideration in the aging population. However, as
with BMI, age has shown conflicting outcomes. In the study of
predictors of treatment effectiveness in the ADHERE registry,
for every 1 year increase in age there was a 4% increase in odds

of treatment success.37 On the other hand, in the previously
quoted study by Patel et al,49 patients above the age of 65 years
had a decreased treatment response compared to their younger
counterparts. Certainly, further study is warranted with regard
to the ideal age for implantation.

Role of imaging and craniofacial anatomy
While most sleep surgeons feel that craniofacial anatomy and
its analysis is important in the assessment of a patient’s HGNS
candidacy, little has been described on this topic. Since FDA
approval of HGNS therapy, there has been an ongoing
“postmarket” trial (InspireVR Upper Airway Stimulation System
(UAS): Post-Approval Study Protocol Number 2014-001; Clin-
icalTrials.gov: NCT02413970) that has included the assessment
of facial characteristics (eg, facial profile and Angle’s classifi-
cation of malocclusion) as a means of assessing the impact of
craniofacial anatomy on both candidacy for HGS therapy and
treatment efficacy. However, the results of this trial have not
yet been published, thus the question remains unanswered.

We also have limited data to support the use of preoperative
imaging with HGNS therapy. Studies have assessed the utility of
cephalometry for identifying candidates for oral appliance ther-
apy. However, the published studies have conflicting informa-
tion. Limitations of cephalometry include the static nature of the
image and the fact that it only analyzes the airway in a lateral
view, thus limiting the ability to identify lateral wall pathology.
Findings to date indicate that isolated cephalometric parameters
cannot be used to reliably predict treatment outcomes of oral
appliances and surgical methods for treating OSA.51

The only published study to date that specifically used imag-
ing in the assessment of HGNS was published by Schwab et al
in 2018.52 Responders to therapy had smaller baseline soft pal-
ate volume, greater increase in retroglossal airway size with
stimulation, and increased shortening of the mandible hyoid dis-
tance with stimulation. This study was limited in that it included
only White males and had a small sample size (6 patients).52

Further study would be warranted to evaluate imaging as a pre-
operative predictor of candidacy for HGNS therapy.

Position/positional therapy and adjunct therapies to
improve HGNS outcomes
In approximately 56%–75% of patients with OSA, the fre-
quency and duration of apneas are influenced by body posi-
tion.53–58 In 26%–38% of OSA patients and in 36%–54% of
positional OSA patients, respiratory disturbances normalize in
the nonsupine position.54,58,59 After upper airway sleep surgery,
studies report that 42%–75% of nonpositional patients improve
compared to less severe positional patients.60–67 The effect of
upper airway surgery is suggested to be greater in the lateral
than the supine position, resulting in residual OSA in the supine
position. In case of HGNS, positional patients are more difficult
to titrate and often need a different stimulation amplitude in the
supine and nonsupine sleeping positions. The latter will also be
dependent on the individual tolerance threshold. Steffen et al68

evaluated the impact of preoperative positionality on surgical
success in patients undergoing HGNS and found no difference
between positional patients and nonpositional patients but did
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find that positional patients were more likely to achieve an AHI
< 5 events/h. Considerations when interpreting these results
include the small study population and the fact that positional
patients are younger, slimmer, and have less severe disease. As
these parameters are also predictors of surgical success, they
were potential confounders of the study.

Patients with residual positional OSA after upper airway sur-
gery can benefit from additional positional therapy. Benoist
et al69 reported an increase in overall therapeutic effectiveness
by improving the median mean disease alleviation from 39.5%
(effect of surgery alone) to 65.6% (effect of surgery and posi-
tional therapy in combination). To the best of our knowledge no
studies have been performed evaluating the additional role of
positional therapy in HGNS nonresponders, nor is this the case
concerning oral appliance therapy or hypopharyngeal surgery,
such as lingual tonsillectomy or epiglottopexy. Although hypo-
pharyngeal surgery also aims to treat base-of-tongue obstruction,
indications are different. One study reported improved outcomes,
shorter length of stay, and lower readmissions when comparing
HGNS and transoral robotic base of tongue resection.70

INDIVIDUAL FACTORS IN THE MANAGEMENT
OF HGNS

OSA phenotypes and individual factors
Significant progress has been made in the last decade in under-
standing the contribution of various pathophysiologic mecha-
nisms to the development of OSA. Several nonanatomic factors,
such as high loop gain (respiratory system instability) and low
arousal threshold act as destabilizing factors, tipping the balance
toward more frequent obstructive disease in patients with suscep-
tible airways. Muscle responsiveness of the upper airway dilator
muscles affects an individual’s ability to maintain pharyngeal
patency through increasingly negative inspiratory pressures. The
era of neurostimulation has ushered in a better understanding and
management option for patients with poor muscle tone. How-
ever, the physiology of sleep as a tool to predict outcomes has
only recently been brought to the forefront.

Critical airway pressure

The critical closing pressure of the airway (Pcrit) has been iden-
tified as a key pathophysiologic factor in the development of
OSA.71 It is a measure of the intrinsic collapsibility of an indi-
vidual’s pharyngeal airway and represents the lowest pressure
at which the pharynx resists collapse. As such, lower Pcrit val-
ues represent a less collapsible pharynx.

Experiments in a cohort of 75 participants demonstrated that
all those with Pcrit < –5 cm H2O do not have OSA, all those with
Pcrit > +2 cm H2O have severe OSA, and those with Pcrit of
intermediate value may have OSA depending on other nonana-
tomic vulnerabilities. Factors such as anatomic configuration,
presence of anatomic vulnerabilities (eg, lymphoid hypertrophy),
pharyngeal muscle tone, tracheal traction, weight, age, and
degree of arousal all affect collapsibility.72–77

In addition, estimates of Pcrit, as predicted by positive air-
way pressure titration during laboratory polysomnography,
may predict response to HGNS, with patients requiring < 8 cm

H2O experiencing significantly higher success rates than those
with higher pressures (92% vs 44%, P < .01).78 Conversely,
experiments have demonstrated that GG stimulation signifi-
cantly decreased mean Pcrit from –1.32 ± 1.97 to –5.30 ± 3.30
cm H2O (P < .05) in 14 participants.79

Loop gain

Stability of the ventilatory system is defined by loop gain, a
ratio of the response to stimulus (ventilatory response/ventila-
tory disturbance). A number of investigators have looked at
loop gain in patients with OSA as a predictor of treatment suc-
cess or failure. In a landmark 2001 study, Younes et al80 investi-
gated the role of chemical control instability in the pathogenesis
of OSA. These authors concluded that the chemical control sys-
tem (loop gain) is more unstable in patients with severe OSA
than in patients with milder OSA and may contribute to the
severity of OSA in some patients. Joosten et al81 investigated
whether loop gain predicts the response to upper airway surgery
in patients with OSA and found that responders to multilevel sur-
gery had a lower loop gain and were younger than nonrespond-
ers. A stable ventilator control system (low loop gain) was a
predictor of successful upper airway surgery, and a high baseline
loop gain was predictive of surgical failure.81

Changes in arousal threshold

Respiratory arousal threshold is defined as the level of inspira-
tory effort at which obstructive events terminate, usually with
an arousal from sleep. It is measured by the esophageal pres-
sure. A polysomnograph characterized by prolonged and severe
desaturations is consistent with a high respiratory arousal
threshold, especially in patients with severe AHI. In a large pro-
spective cohort, Butler et al82 characterized respiratory event
duration, a heritable measure which is a marker for arousal
threshold. They reported that after correcting for AHI, smoking,
and demographics, the patients with low respiratory arousal
threshold characterized by the shortest duration of obstructive
events had significantly higher (hazard ratio = 1.31) all-cause
mortality than did those with higher respiratory arousal thresh-
old. Short duration of obstructive events preceding arousals
increase respiratory instability (loop gain), which increases
adrenergic output and associated long term morbidity. Thus,
apnea event duration, which is readily available from routine
polysomnography, may help to identify subgroups with low
arousal threshold who are at higher risk for adverse outcomes.

Integrating anatomic and nonanatomic physiologic data is
the future of patient selection for sleep surgery. Important ques-
tions still stand as we learn more about successes and failures of
HGNS.

HGNS for individuals with congenital, neurologic, and
medical disorders
Apart from the impact of CCC, there is little literature regarding
the impact of anatomy on the success of HGNS implantation.
Anatomic risk factors that likely merit evaluation include the
role of the nose, palate position, adenotonsillar hypertrophy,
macroglossia, lateral pharyngeal wall thickening, and the para-
pharyngeal fat pad. These factors along with pathophysiologic
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considerations are discussed by Sistla et al83 and should be con-
sidered for further research.

With regard to neurologic impairment, it was recommended
that assessment of its impact be based on the literature evaluat-
ing upper airway neurogenic changes in OSA to establish posi-
tive and negative predictors of success. Sabiosky et al84 review
the mechanisms through which OSA causes neural injury—pri-
marily resulting from hypoxia and vibration trauma—which
leads to airway muscle remodeling. In light of this, assessment
of motor or sensory function of the muscles of the upper airway
may impact HGNS success84 and may be useful for preopera-
tive assessment. In addition, Cobo et al85 reviewed the changes
noted in upper airway nerves and muscles in patients with OSA
and noted that motor nerve fibers and motor endplates along
with the potential role of sensory nerve impairment has not
been adequately investigated in OSA, as the current literature
regarding this is heterogeneous and contradictory.

In patients with Down syndrome, who have both anatomic
and neurologic impairment, there are a few case series and
reports of the impact of HGNS. The first described a single 23-
year-old who had a 63%–81% decrease in the apnea-hypopnea
index and a 77% decrease in the oxygen desaturation index
with the device.86 A separate report of 3 adults noted improve-
ments in the obstructive apnea hypopnea index from 40 to 12,
28 to 6.8, and 37.4 to 0.6 events/h with weekly adherence
between 45 and 70 hours a week.87 The last series documented
20 children with Down syndrome with a median age of 16
(range 13–17) and a median decrease in AHI from 24 to 3
events/h with median adherence rates of 9.2 hours/night.88

Psychosocial factors to consider for candidates
of HGNS
The concept of psychological readiness for surgery is common
in bariatric surgery, organ transplantation, and spinal proce-
dures, including spinal cord stimulator implantation. Psycho-
logical readiness is often mandated by governing organizations
(eg, United Network for Organ Sharing) or by insurance com-
panies prior to elective procedures and is assessed by a trained
health psychologist or psychiatrist. A clinical interview is criti-
cal for assessing appropriateness for surgery and for enhancing
likelihood of success and postoperative adjustment.

The core components of the clinical interview include: (1) rea-
sons for seeking surgery; (2) understanding the surgical proce-
dure, expected outcomes, and associated lifestyle changes;
(3) social support; and (4) current and historical psychiatric
symptoms and substance abuse, including sleep disturbance.89,90

The overarching goal of these assessments is to ensure that the
patient understands that surgery is a “tool,” rather than a “magic
cure” and is motivated to adhere to recommendations that will
increase the chances of good outcomes following surgery.90 In
fact, a large review of presurgical psychosocial evaluations in
spinal cord stimulator implantation demonstrated that psycholog-
ical tests were the scientific equivalent of medical tests. This
study also identified exclusionary (eg, danger to self/others, psy-
chosis, drug abuse, severe psychopathology) and cautionary (eg,
moderate depression, anxiety/anger, pervasive pain, limited pain
tolerance, catastrophizing, conflict with medical team) risk

factors for poor outcomes.91,92 Similar risk factors have been
identified for bariatric surgery and organ transplantation.

Psychological readiness for surgery testing is not typically
carried out prior to HGNS implantation. Additionally, little is
known of psychosocial contributors to poor postsurgical out-
comes, despite the fact that psychopathology has been fre-
quently identified in patients with OSA. The 5-year prevalence
of major depressive disorder in patients with OSA is 3–7 times
higher than in the general population.93 Further, depression has
been found in 21%–41% of patients presenting to sleep clinics,
compared to 8%–18% in the general population.93 In research
examining personality characteristics in patients with OSA,
characteristics such as general dissatisfaction with life, vague
nonspecific somatic complaints, avoidant coping, and the phys-
ical expression of psychological distress were found.94,95 Given
the large amounts of research supporting the importance of pre-
surgical psychosocial assessment in other elective surgeries that
require postsurgical lifestyle changes, there is justification for
similar presurgical evaluations of psychological readiness as
part of a presurgical workup for patients with OSA presenting
for HGNS implantation.

The role of insomnia and other sleep disorders in
use/noncompliance of HGNS
About 39%–55% of patients with OSA complain of insomnia
symptoms, and OSA has been postulated to cause or exacerbate
insomnia.96–98 In light of these findings, it is likely that a signifi-
cant number of patients implanted with a HGNS system experi-
ence insomnia. Those patients who experience comorbid
insomnia and sleep apnea (COMISA) have a greater degree of
cumulative morbidity, increased daytime sleepiness, and poorer
sleep quality compared to patients with OSA alone.99 Moreover,
COMISA patients are significantly more prone to fail PAP ther-
apy compared to other OSA patients.100 Additionally COMISA
patients are less likely to accept and continue using PAP therapy
in order to treat the OSA component,101 typically due to hyperar-
ousability. Complicating this issue, sedative and hypnotic medi-
cations used to treat the insomnia component may reduce upper
airway muscle tone and impair control of respiratory drive, thus
exacerbating OSA. Combined treatment with hypnotic medica-
tions and PAP therapy for OSA reduces middle-of-the-night
awakenings102 and Cognitive Behavioral Therapy for Insomnia
(CBT-I) improves insomnia in patients with OSA.96 Guillemi-
nault et al103 found that soft palate and tongue base surgery
improved OSA and insomnia symptoms in COMISA patients.

HGNS has not been assessed in patients with COMISA to
date, although the authors are hopeful that it might be useful in
combination with CBT-I. We encountered a case of a woman
with COMISA who complained that she could feel the stimula-
tion and, therefore, could not fall asleep nor stay asleep over the
course of the night with HGNS therapy. She never successfully
used the device. This sensation of tongue stiffening may be
especially problematic while trying to fall asleep, and patients
with COMISA are likely more prone to low adherence than
patients with OSA. However, information is limited, as COM-
ISA patients were excluded from the major selective HGNS
prospective trials such as the STAR trial1 and the German post-
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market study.36 In addition, the ADHERE registry has not yet
systematically assessed insomnia, although there is recommen-
dation for its inclusion in research regarding effectiveness in
patients with COMISA, along with understanding the preva-
lence of COMISA and its impact on HGNS adherence.50

CONCLUSIONS

HGNS is an effective and evolving second-line therapy for
OSA. Multiple factors can influence therapy outcomes, compli-
ance, and long-term success. Further research is needed to
establish criteria for outcomes assessment, patient candidacy,
predictors of treatment success, and evaluation for combination
therapy to eliminate OSA and address other associated
comorbidities.

Future research topics
1. Define best measures of objective success of HGNS
therapy

2. Is complete concentric collapse a contraindication to
HGNS therapy?

3. Utility of DISE for preoperative screening of candidates
for HGNS

4. What anatomical factors predict therapy success?
5. Outcomes of bilateral HGNS therapy
6. Mechanism and impact of nasal resistance and mouth
breathing on therapy outcomes

7. How does positional OSA affect outcomes of HGNS?
8. Is loop gain a practical measure that can be used with pol-
ysomnography to predict surgical success of HGNS?

9. Can arousal threshold be used to stratify risk for patients
considering HGNS treatment of OSA?

10. Can neurostimulation be used to correct ventilatory insta-
bility (loop gain) and improve surgical outcomes – lower
loop gain?

11. Can neurostimulation increase arousal threshold, and
thereby improve all-cause mortality?

12. Role of psychosocial factors on HGNS therapy outcomes
13. Should patients considering HGNS therapy undergo psy-

chological readiness for surgery assessment?
14. How to assess and manage insomnia in conjunction with

HGNS therapy for OSA?
15. What is the impact of insomnia on outcomes of HGNS?

ABBREVIATIONS

AHI, apnea-hypopnea index
BMI, body mass index
C1, first cervical nerve
CCC, palatal complete concentric collapse
COMISA, comorbid insomnia and sleep apnea
DISE, drug-induced sleep endoscopy
FDA, US Food and Drug Administration
GG, genioglossus
GH, geniohyoid

HGN, hypoglossal nerve
HGNS, hypoglossal nerve stimulation
OSA, obstructive sleep apnea
PAP, positive airway pressure
Pcrit, critical closing pressure of the airway
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