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Study Objectives: Hypoglossal nerve stimulation (HNS) is an effective surgical alternative for patients with obstructive sleep apnea (OSA). HNS therapy relies
on the stimulation of the hypoglossal nerve to open the upper airways. This stimulation could lead to alterations in tongue strength and fatigability, which could
alter treatment outcome over time. The aim of the study was to investigate whether HNS alters tongue strength and fatigability.
Methods: Tongue protrusion strength (peak pressure in kPa) and fatigability (time to task failure during 50% of peak pressure contraction) were measured with a
pressure transducer at least 2 months after HNS implantation (n = 30). These results were compared to a group of patients with OSA (n = 38) and a non-OSA control
group (n = 35).
Results: Median tongue protrusion strength was lower (54.7 [43.8, 63.0] versus 60.7 [53.7, 66.0] kPa, P =.013) and fatigue occurred more quickly (21.3 [17.4,
26.3] versus 26.0 [19.3, 31.3] seconds, P = .017) in the patients with OSA compared to the non-OSA control group. In multiple regression analysis, age was
a significant factor for tongue strength and diagnosis of OSA for tongue fatigability. Tongue strength and fatigability did not differ between patients with OSA with
conservative therapy or observation versus after HNS implantation (51.8 [41.3, 63.4] versus 56.3 [45.0, 62.3] kPa, P =.502; 20.8 [16.3, 26.2] versus 21.8 [18.3,
26.8] seconds, P = .418).
Conclusions: Tongue strength decreases with age. Tongue fatigability is more pronounced in people with OSA. However, approximately 1.5 years of HNS
therapy on average does not alter tongue strength or fatigability compared to an OSA control group.
Clinical Trial Registration: Registry: ClinicalTrials.gov; Title: Change in Tongue Strength and Fatigue After Upper Airway Stimulation Therapy;
Identifier: NCT03980158
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BRIEF SUMMARY
Current Knowledge/Study Rationale: Hypoglossal nerve stimulation (HNS), an effective therapeutic alternative for patients with OSA, is based on
activation of the main pharyngeal airway dilatory muscle and tongue protruder (genioglossus) through selective stimulation of the hypoglossal nerve during
sleep. Currently no study has investigated whether this activation of the genioglossus muscle influences tongue strength and fatigability over time, which
could alter the treatment outcome.
Study Impact: This is the first study comparing tongue strength and fatigue of patients with OSA after implantation of HNS therapy with patients with OSA
undergoing conservative or no treatment and a test group. The findings of the study demonstrate that, after an average of approximately 1.5 years of HNS
therapy, tongue strength and fatigue in patients with OSA undergoing HNS therapy was unaltered compared to patients with OSA undergoing conservative
or no treatment.

INTRODUCTION

In a recent population-based study 23% of women and 50% of
men experienced from moderate to severe sleep-disordered
breathing.1,2 Common symptoms include excessive daytime
sleepiness and cognitive dysfunction.3 Additionally, untreated
OSA is associated with increased risk of the development
of secondary diseases, especially cardiovascular disease.4 OSA
has a high societal burden; approximately 20% of car accidents
are related to OSA or sleep deprivation.5 Long-term adherence

rates (defined as daily usage for > 4 hours in 5 nights per week)
for the standard treatment, continuous positive airway pres-
sure (CPAP), range between 40% to 70%.6–10 For patients with
poor CPAP adherence, alternatives such as various surgical
interventions, mandibular advancement devices, and hypo-
glossal nerve stimulation (HNS) have been developed.7,11,12

HNS is based on activation of the main pharyngeal airway
dilatory muscle and tongue protruder (genioglossus) through
stimulation of the hypoglossal nerve to open the airways during
sleep.13 Different stimulation strategies have been developed
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that are either breathing dependent (closed loop) or independent
of respiratory phase (open loop).14 Systems also vary by acti-
vation of distal nerve fibers or specific sectors of the proximal
nerve.14 To date, most patients have been implanted with
breathing triggered stimulation to the distal branches of the
hypoglossal nerve supplying tongue protrudors.15–17 This tech-
nique is termed selective hypoglossal nerve stimulation (HNS).
HNS resulted in a treatment response according to Sher in 75%
of patients after 5 years.18 It is generally well tolerated19 and has
a high adherence of 6.6 hours usage per night after 12 months
treatment, which has been published recently.20 HNS also im-
proved sleep architecture in patients with OSA and also is ef-
fective in older patients.21,22 Long-termHNS could alter tongue
muscle strength and fatigability via changes in muscle archi-
tecture. Increased propensity for muscle fatigue could nega-
tively affect long-term treatment success. However, this has not
been investigated for selective HNS.

Alternatively, decreased muscle fatigue and/or increased
muscle strength can be beneficial in the treatment of other dis-
orders in the head and neck area. For example, external neuro-
muscular electrical stimulation has been evaluated in swallowing
therapy with promising results.23–25 Furthermore, repetitive
transcranial magnetic stimulation, for example, for vagal nerve
stimulation is being actively investigated.26 Direct neural stim-
ulation in dysphagia could offer advantages such as more
selective stimulation of muscles without the need to apply
external electrodes. Knowledge of the effect of direct stim-
ulation of hypoglossal nerve on tongue muscle parameters
could therefore also be relevant for the development of dys-
phagia therapies. Indeed, many people with OSA also have
impaired swallowing function27–31 such as a diminished gag
reflex.32 Swallowing dysfunction in OSA may be reversible, at
least in part, as CPAP therapy improved dysphagia in a recent
small pilot study.33 HNS has been assessed in rats in the context
of swallowing function34,35 but there are no data in humans.

The aim of this study was to determine whether HNS has
an effect on tongue strength and fatigability. Another aim of
the study was to compare tongue strength and fatigability in
patients with OSA and control patients without OSA.

METHODS

Patient selection
A total of 68 patients with OSA (10 female and 58 male; mean
age 55.8 ± 12.3 years, ranging from 29 to 82 years) and a control
group without OSA (n = 35; 6 female and 29 male; mean age
41.1 ± 10.1 years, ranging from 27 to 61 years) were enrolled
in the study. Patients presenting to the sleep laboratory for
consultation (department of otolaryngology, Technical Uni-
versity ofMunich)were enrolled if they had a diagnosis ofOSA,
did not meet the exclusion criteria stated in the next paragraphs,
and gave informedwritten consent. The non-OSAcontrol group
was recruited at a local volunteer fire department to reflect
the normal population. Participants in the control group were
enrolled if they met the following criteria: no indications for
OSA in the anamnesis and an Epworth Sleepiness Scale (ESS)
score below 11. Thirty of the 68 patients with OSA had been

implanted with selective HNS (Inspire II/IV Upper Airway
Stimulation System, Inspire Medical Systems, Golden Valley,
Minnesota, USA) system at least 2 months prior as described in
the next paragraphs. In addition, in four of the patients with
OSA implantedwith HNS, tongue strength and fatigability was
also measured 4 weeks after implantation (prestimulation) and
again 1 month poststimulation. The remaining 38 patients with
OSA (n = 34) were either being treated conservatively for OSA
(CPAP,mandibular advancement device, or positional therapy)
or were not receiving any therapy (n = 4). The diagnosis of
OSA was confirmed by 18-channel inpatient overnight poly-
somnography (PSG) in the sleep laboratory. Anyone with a
history of a neuromuscular disorder or tongue surgery were also
excluded from the study.

All participants provided informed consent prior to any testing.
The study was approved by the local ethics committee of the
Technical University of Munich (project number 425/17S) and
registered at clinicaltrials.gov (NCT03980158).

Selective hypoglossal nerve stimulation
Patients were selected for HNS as described previously.22,36 Pa-
tients meeting the criteria were implanted with the HNS system
between 2015 and 2018. Implantationwas performed as described in
recent studies.15–17,37 Patients were implanted under general
anesthesia on the right hypoglossal nerve.15 The electrode cuff
was placed around the hypoglossal nerve fibers responsible for
tongue protrusion, and verification of the nerve fibers to be included
wasperformedbynerve integritymonitoring.37 The pulse generator
was implanted in a pocket inferior to the clavicle and the sensing
lead for breathing detection on the right chest wall between
internal and external intercostal muscles. System integrity in-
cluding tongue motion was checked intraoperatively.

Activation and titration of selective HNS and
tongue motion direction
The stimulation system was activated 1 month after implantation.
After instruction in the system and programming the initial am-
plitude, stimulation was gradually increased by patients as previ-
ously described.38,39 The second month after the implantation,
stimulation was titrated during overnight PSG. An additional
control PSG was performed 3 months postimplantation. Stimula-
tion frequency was set at 33 Hz in all patients. Stimulation am-
plitude (V) and electrode configurations were individually titrated.

Different tongue motions occur after activation of the stim-
ulation system. The direction of the tonguemotionwith turned on
stimulation was classified as bilateral (bilateral elongation and
anterior displacement of the tongue), right protrusion (ipsilateral
extension of the tongue with deviation to the left side), or mixed
activation (includes every other type of tongue motion such as
shortening, retracting, or curling of the tongue).40

Tongue protrusion strength and
fatigability measurements
Tongue protrusion strength and fatigability measurements were
performed using the Iowa Oral Performance Instrument (IOPI;
Medical LLC, Woodinville, Washington, USA) as described
in detail previously.41,42 Briefly, IOPI is an instrument designed
to assess tongue and lip strength. Measurements are based on
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individuals pressing against an air-filled bulb placed against the
hard palate behind the alveolar ridge (Figure 1). The bulb is
connected to a pressure transducer that is connected to an am-
plifier, signal conditioning conduit, and digital voltmeter.41

Tongue strength is measured in kilopascal (kPa). The light
display indicates the relative pressure exerted with light
emitting diodes (LED) and provides visual feedback for the
test individuals for the endurance testing.41 Tongue strength
was assessed as the maximal isometric pressure generated by
the participants (Pmax).41 For Pmax, participants were asked to:
“Press up on the bulb with your tongue and squeeze the bulb
against the roof of your mouth.”41 Tongue strength measure-
ments were performed three times with a 30-second break
between each measurement.

The mean value for Pmax was used to calculate the target
pressure for the tongue fatigability measurements in each
individual. Specifically, tongue fatigability was determined
as the time in seconds that participants could generate at
least 50% of Pmax.41,42 The upper LED of IOPI’s light pres-
sure indicator was set at 50% of Pmax. When at least 50% of
Pmax was reached, the upper LED was illuminated in green
and the rest of the LEDs in red. Patients were instructed to
sustain at least 50% of Pmax as long as possible after a short
training period.41 Patients were verbally encouraged during
each trial. Patients were allowed to briefly (1 second) decrease
tongue strength by one LED light. Three trials of fatigabil-
ity testing were executed with 30 seconds between tests. The
duration of each trial was timed and the average endurance
was calculated.

Polysomnography
During PSG the following parameters were recorded: elec-
troencephalography, electrooculography, electromyography,

air flow (by thermistor and nasal flow), oxygen satura-
tion, abdominal and thoracic respiratory movement, and
position changing and leg movement. Respiratory events
were scored according to American Academy of Sleep
Medicine criteria.43

Respiratory events were classified into apneas (reduction
of air flow ≥ 90%) and hypopneas (reduction of air flow ≥ 30%
and drop of oxygen saturation ≥ 3%). Both had to last for ≥
10 seconds.

Statistical analysis
All statistical tests were two-sided and significance was de-
termined at an alpha level of 0.05. Statistical calculations were
executed with the SPSS version 25 (IBM, Ehningen, Ger-
many) and case-control matching was performed with
MedCalc Statistical Software version 19.0.7 (MedCalc
Software bvba, Ostend, Belgium). For normality testing, the
Shapiro-Wilk test was applied. In normally distributed
groups, comparison of distribution was performed with t test
or ANOVA. Otherwise, a Mann-Whitney U or Kruskal-Wallis
test was used. Correlation testing was performed with a
Pearson test in normally distributed groups or otherwise with
a Spearman test. Multiple linear regression (forward) was
performed to investigate potential associations between key
independent variables (tongue strength, tongue fatigue, age,
body mass index (BMI), diagnosis of OSA, preoperative
AHI, stimulation amplitude).

RESULTS

The characteristics of patients and the control group are
depicted in Table 1 and mean tongue strength and endurance

Figure 1—Iowa Oral Performance Instrument.

(left) Schematic depiction of intraoral position of tongue bulb for measurements. (right) Picture of Iowa Oral Performance Instrument (IOPI) connected to
tongue bulb.
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measurements in the three groups (OSA group with conser-
vative therapy and after HNS implantation and control group)
in Figure 2. AHI of patients ranged from 5.2–115.1 events/h.
Tongue strength and fatigue were measured on average 17 ±
13 months (range 2 to 53 months) after HNS stimulation.
Because the control group was significantly younger and had
a lower BMI (Table 1), patients with OSA (CPAP/conservative
therapy + HNS groups combined) and control group were
matched 1:1 for sex, age (maximumallowable difference 3 years)
and BMI (maximum allowable difference 3 kg/m2) creating two
subgroups (n = 21 each). The characteristics of these subgroups
are shown in Table 2.

Tongue strength depending on age
Median tongue strength in the patients with OSA (CPAP/
conservative therapy + HNS groups combined) was 54.7 kPa
[43.8, 63.0] compared to 60.7 kPa [53.7, 66.0] in the younger,
thinner control group (P=0.013). In theOSA subgroup (n =21),
median tongue strength was 57.0 kPa [50.7, 63.3] in com-
parison with 61.0 kPa [52.3, 71.5] in the matched control
group (n = 21) (P = .139). Tongue strength did not differ
between the OSA group with CPAP/conservative therapy
and the HNS group (51.8 [41.3, 63.4] versus 56.3 [45.0, 62.3]
kPa, P = .502). There was a significant correlation between
tongue strength and age (Spearman correlation −.258, P =
.008) but not AHI (P = .193). In a multiple linear regression

(forward) with tongue strength as dependent variable and
age, BMI and OSA versus control group as independent
variables, only age was a significant explanatory variable
(R square = 0.084; unstandardized regression coefficient
B = −0.265; 95% confidence interval for B −0.438 to −0.092;
P = .003).

No difference in tongue endurance between
OSA groups
Median tongue endurance in the patients with OSA (CPAP/
conservative therapy + HNS groups combined) was 21.3
seconds [17.4, 26.3] compared to 26.0 seconds [19.3, 31.3] in
the control group (P = .017, Mann-Whitney-U test). In the OSA
subgroup (n = 21), median tongue endurance was 19.3 seconds
[16.3, 23.7] in comparison to 25.3 seconds [19.2, 29.3] in the
matched control group (n=21) (P= .014). Tongue endurance (in
seconds) did not differ between the OSA groups with con-
servative therapy versus after HNS implantation (20.8 [16.3,
26.2] versus 21.8 [18.3, 26.8],P= .418,Mann-WhitneyU test).
There was no significant correlation between tongue endur-
ance and age or AHI (P = .058 and P = .228). In the linear
regression with tongue endurance as dependent variable and
age,BMI andOSAversus control group as independent variables
only diagnosis of OSA had a significant influence on tongue
endurance (R square = 0.062; regression coefficient B = 5.72;
95% confidence interval for B = 1.33 to 10.11; P = .011).

Table 1—Participant characteristics.

Characteristic Conservative/No Therapy
(n = 38)

HNS
(n = 30)

Control
(n = 35) P

Age (years) 54.2 ± 12.4 57.7 ± 12.0 41.1 ± 10.1 < .001

BMI (kg/m2) 29.4 ± 6.2 28.8 ± 3.2 26.4 ± 2.9 .015

Females/males 8/30 2/28 6/29

AHI (events/h) 21.2 [9.5, 37.9] 34.2 [23.7, 43.7] .007

Epworth Sleepiness Scale 7.81 ± 4.9 11.1 ± 4.8 6.4 ± 2.2 < .001

Values of P calculated with analysis of variance or Mann-Whitney-U test (comparison of AHI). Values are mean ± standard deviation or median [interquartile
range]. AHI = apnea-hypopnea index, BMI = body mass index, HNS = hypoglossal nerve stimulation, OSA = obstructive sleep apnea.

Figure 2—Tongue strength and endurance.

Depiction of tongue strength (left) and tongue endurance (right) in the obstructive sleep apnea (OSA) group with conservative therapy, after HNS implantation
and control group. Tongue strength and endurance tended to be higher in the control group (P =.054 and P =.044, Kruskal-Wallis test). Patients in the control
group were significantly younger and had lower body mass index than both OSA cohorts.
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Influence of length of implantation on
tongue parameters
Patients with HNS therapy were divided into two groups
according to duration of HNS therapy (lowest quartile,
stimulation < 7 months, n = 8 and > 7 months, n = 22). Tongue
strength did not differ between both groups (53.3 ± 7.6 versus
55.3 ± 11.6 kPa, P = .658, t test). Similarly, tongue fatigability
was not different between groups (24.9 ± 5.7 versus 21.6 ± 5.2
seconds, P = .148, t test). In 4 patients tongue parameters were
measured 4 weeks postimplantation (prestimulation) and 4 weeks
after stimulation (8 weeks poststimulation). Tongue strength
was unaltered (54.8 ± 11.8 versus 54.9 ± 8.5 kPa, P = .981)
whereas tongue fatigability significantly improved after stim-
ulation (16.1 ± 1.5 versus 21.3 ± 3.9 seconds, P = .046).

Association between postoperative AHI and
tongue parameters
There were no significant associations between postopera-
tive AHI after HNS and measures of tongue strength and
fatigue (Table 3).

Correlation of stimulation amplitude and
tongue parameters
Therapeutic stimulation amplitude 2 months postimplantation
ranged from 0.6 to 3.5 V. Stimulation electrode was configured
bipolar (+–+) in 25 patients and unipolar (off–off) in 5 patients.
In general, considerably lower stimulation amplitudes are required
to result in the same therapeutic effect in unipolar compared to
bipolar stimulation-configurations. Bipolar stimulation amplitudes
are about 50% higher compared to unipolar stimulation. For better
comparison, amplitudes of unipolar stimulated patients were cor-
rected bymultiplying by a factor of 1.5. Stimulation amplitude was
negatively correlated with tongue strength after stimulation
(Pearson correlation −.366, P = .047, association also shown in
Figure 3) but not with tongue endurance (Pearson correla-
tion .048, P = .802). The tongue protruded bilateral in 23 and
right in 7 patients after stimulation was turnedon.Tongue strength
was slightly higher in patients with bilateral protrusion (56.1 ± 11.2
versus 50.5 ± 7.7 kPa, P = .231, t test). However, there was no
difference in tongue endurance (22.6 ± 5.2 versus 22.4 ± 6.5
seconds, P = .939, t test). Multiple linear regression revealed
that postoperative tongue strength was significantly neg-
atively associated with preoperative AHI (correlation also
shown in Figure 3) but not with stimulation amplitude or age

(R square = 0.227; unstandardized coefficient = −0.335; 95%
confidence interval for B = −0.575 to −0.096; P = 0.008).

DISCUSSION

In this study, tongue strength and fatigability were analyzed
in patients with OSA after HNS and results compared with
those of patients treated with CPAP/conservative treatment.
In addition, tongue parameters were measured in a non-OSA
control group.

AHI was not significantly correlated with tongue parame-
ters in the OSA group. The control group had a significantly
higher tongue strength and fatigability compared to OSA pa-
tients. Because patients with OSA were significantly older and
had a higher BMI than patients in the control group, case-
control matching and multiple linear regression analysis was
performed to determine relevant influencing factors. In the
matched-group comparison, tongue endurance was significantly
higher in the control group compared to the OSA group. In
accordancewith thefinding in thematched subgroups, regression
analysis showed age as a significant influencing factor for
tongue strength and diagnosis of OSA for tongue endurance.
These findings are consistent with decreased tongue protru-
sion strength with age reported byMortimore et al in a healthy
cohort.44 A subsequent study by the same group detected no
difference in tongue protrusion strength and fatigability be-
tween a cohort of patients with OSA and nonsnoring indi-
viduals and only a weak correlation of tongue protrusion
strength and AHI.45 Increased genioglossus fatigue was re-
ported in a small cohort of patients with OSA (n = 9) in
comparison with control patients in another study (n = 9).46

However, in this investigation muscle fatigue was measured as
the rate of decline of muscle fiber conduction velocity during an
isometric fatiguing contraction at 30%Tpmax.46 In another study
with 12 patients with untreated OSA versus 13 control patients,
maximal tongue protrusion force was greater in patients with
OSA compared to control patients and tongue fatigue occurred
in approximately half the time during a repetitive, intermittent
(5 seconds on, 5 seconds off) isometric contraction task at 70%
max in the patients with OSA.47 The potential influence of age
dependency on tongue parameters in these studies is difficult
to discern due to the smaller sample sizes. Overall, data in the

Table 3—Associations between postoperative AHI after
HNS and measures of tongue strength and fatigue.

Correlation Coefficient P

Postoperative AHI after HNS

Tongue strength −.360 .051

Fatigue −.340 .066

Relative AHI reduction from
baseline after HNS

Tongue strength .040 .835

Fatigue .308 .098

AHI = apnea-hypopnea index, HNS = hypoglossal nerve stimulation.

Table 2—Characteristics of matched subgroups.

Characteristic OSA
(n = 21)

Control
(n = 21) P

Age (years) 46.1 ± 9.1 46.2 ± 9.2 .719

BMI (kg/m2) 27.7 ± 3.3 27.4 ± 2.7 .452

Females/males 2/19 2/19

Values of P calculated with paired t test. Values are mean ± standard
deviation. Patients in the OSA group include those who underwent
conservative/no therapy and HNS. BMI = body mass index, HNS =
hypoglossal nerve stimulation, OSA = obstructive sleep apnea.
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literature are in favor of increased muscle fatigue in patients
with OSA, which is in accordance with our findings. The in-
fluence of OSA on tongue strength remains less clear.

The BMI was not associated with tongue parameters in our
examination. In a study published by Carrera et al, in vitro gen-
ioglossus endurance was higher in nonobese patients with OSA
but not in obese patients withOSA compared to control patients.48

No difference in genioglossus endurance was detected in
CPAP-treated nonobese patients with OSA.48 These results are
consistent with our findings because most patients with OSA
were either treated with CPAP or HNS in our cohort. The
comparability to our tongue measurements, however, is limited
because fatigue was tested in vitro after a genioglossus biopsy.
In another study, lower tongue total muscle work was detected
in nonobese compared to untreated obese patients with moder-
ate to severe OSA.49 In this study patients with OSA were also
not treated, which could explain the differing results compared
to our cohort. In summary, BMI seems to affect tongue fatigue
in untreated nonobese patients with OSA but not in treated
nonobese patients with OSA.

Subsequently, tongue parameters were compared between
the patients with OSA who received CPAP/conservative
therapy or were not treated, and those who received HNS
implantation. Patients who received HNS were measured at
least 2 months (average ~1.5 years) after implantation and
1 month after stimulation. No significant difference in tongue
protrusion strength or tongue fatigability was detected between
the two groups. To further rule out that long-term stimulation
influences tongue parameters, the HNS group was divided into
patients implanted less than 7 months and longer than 7 months
ago. No effect on tongue strength or fatigue through HNS was
seen between groups. In addition, therewas no change inmuscle
force in four patients who were measured 1 month after
implantation/before any stimulation and again after the first
month of stimulation. Rather, tongue fatigue decreased after
stimulation. However, in addition to the small sample size, a
limitation to this finding is that we did not measure the preop-
erative value for the comparison to the postoperative finding.
This requires prospective investigation. Thus, it is possible

that tongue endurance was recovering to normal levels after
surgery at the time of 1-month testing rather than reflecting a
direct stimulation therapy effect. Indeed, there was no difference
in the larger between OSA group comparisons. Nonetheless, re-
duced tongue fatigue after HNS is consistent with reductions
in OSA severity after 12 months of tonic HNS.50

To date, tongue strength and fatigability have not been
tested in patients with HNS to our knowledge. Limited data
exist on the effect of hypoglossal nerve stimulation on tongue
contraction parameters in animal models. Hypoglossal nerve
stimulation resulted in increased muscle strength and en-
durance in aged rats.34,35 Connor et al used 40Hz as stimulation
frequency,which is similar to the 33Hz applied in patients in our
cohort. However, Connor et al provided stimulation with
supramaximal current in rats.34 In human patients, stimulation
is performed with the functional amplitude tolerated. In theory,
altered tongue strength and fatigability after HNS could also
impact swallowing. However, there is a paucity of data on the
effect of HNS on swallowing. Bowen tested the Eating As-
sessment Tool-10 score in 14 patients before and after HNS
implantation and did not detect a clinically significant differ-
ence after the stimulation.51 This is in accordance with our
finding of unaltered tongue strength and fatigability after HNS.

Furthermore, there were no significant associations between
postoperative AHI and tongue parameters in the current study.
These potential associations require further investigation in
a bigger patient cohort with preoperative and postoperative
measurements. It remains speculative whether decreased tongue
fatigability affects AHI reduction or if patients with a lower
tongue fatigability respond better to the stimulation therapy
at first. To further test this, stimulation strategies to increase
tongue endurance would need to be developed. In rats, stim-
ulation of the hypoglossal nerve with 100 Hz produced a more
pronounced reduction in tongue fatigue and a significantly
longer contraction time compared with a frequency of 10 Hz.35

A trial of increased stimulation frequency in poor responders
to HNS could help to further understand this mechanism.

Last, stimulation amplitude was negatively correlated with
tongue strength and multiple linear regression revealed

Figure 3—Tongue protrusion strength.

Relationship of tongue protrusion strength and stimulation amplitude (left) and preimplantation apnea-hypopnea index (AHI) (right).
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that preoperative AHI had a significant negative influence on
postoperative tongue strength. Reducing stimulation ampli-
tudewould be clinicallymeaningful because this could reduce
adverse effects and prolong battery life. A possible cause for
the association between preoperative AHI and postoperative
tongue strength could be that patients with higher preoperative
AHI need higher stimulation amplitudes for airway patency,
which could negatively affect postoperative tongue strength.
Other potential determinants could be patient factors such as
lower preoperative tongue strength or higher nerve vulnerability
in patients with higher preoperative AHI. Surgical technique
could play a role as well. The change of tongue motion seen in
some patients after implantation from bilateral protrusion to right
protrusion could be a sign of mild postoperative neurapraxia.52

“Soft” surgery with the aim of preserving the integrity of the
hypoglossal nerve with measures such as not ligating the vena
comitans of the hypoglossal nerve, reduction of nerve manip-
ulation to a minimum, or using atraumatic instruments could
therefore result in lower stimulation amplitude needed.

There are several limitations to our study. Most importantly
the lack of preoperative and postoperative measurement in the
HNS group confine the delineation of the causes of measured
changes in tongue parameters. The small sample size restricts
the detection of relevant changes especially in smaller sub-
group analyses. The significant age and BMI difference in the
healthy control group impedes the comparison to the OSA
group. However, this was controlled for with the multiple re-
gression analysis. In subsequent projects, these variables should
be matched in the control group to verify our findings. Also,
comparison of AHI and tongue parameters are only possible in
the OSA group because AHI was not measured in the control
group. Furthermore, despite no signs of OSA based on a his-
torical screen and ESS within the normal range, it is possible
that some of the participants in the control group could have
had sleep disordered breathing. In future studies, the STOP
BANG questionnaire could be used in addition to the ESS or
formal PSG testing to more definitively rule out OSA in the
control group. Finally, we cannot rule out the possibility that a
difference in sleepiness between the patients with OSA and the
control group could have influenced the tongue response
findings due to differences in volitional efforts.

CONCLUSIONS

In summary, consistent with previous findings in healthy
individuals, tongue strength is associated with age and tongue
fatigability in people with OSA. An average of approximately
1.5 years of HNS therapy does not alter tongue strength
and fatigability compared to conventional therapy. Postop-
erative tongue strength after HNS is inversely correlated with
preoperative AHI.

ABBREVIATIONS

AHI, apnea-hypopnea index
BMI, body mass index

CPAP, continuous positive airway pressure
ESS, Epworth Sleepiness Scale
HNS, hypoglossal nerve stimulation
IOPI, Iowa Oral Performance Instrument
LED, light-emitting diode
OSA, obstructive sleep apnea
Tpmax, maximum voluntary tongue protrusion force
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