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Purpose: Tongue strength training (TST) has been shown to decrease the apnea-hypopnea 
index in some patients with obstructive sleep apnea (OSA). However, whether TST mod-
ulates the central regulation of genioglossus and influences the stability of the upper airway 
remains unknown. The purpose of this study was to dynamically assess the effect of TST on 
the upper airway.
Methods: Sixteen adult male Sprague–Dawley rats were studied to explore the mechanism 
of TST improving the upper airway function. The rats were randomly assigned to the normal 
control (NC) and TST groups. The TST group underwent 8-week progressive resistance 
tongue exercise training. Transcranial magnetic stimulation (TMS) responses and EMG 
activities were consistently recorded for 2 h on days 0, 14, 28, and 56 of the experiments 
in both groups. Theoretical critical pressure (Pcrit) value was measured on days 0, 14, 28, 
and 56.
Results: The TST group showed shorter TMS latency and higher genioglossus EMG 
activity, which lasted from 5 min to 80 min after training on day 56 of training, than the 
NC group. The TST group showed significantly lower theoretical Pcrit values on days 28 and 
56 of training than the NC group (-4.07±0.92 vs -3.12±0.77 cmH2O, P< 0.05, -4.66±0.74 vs 
-3.07±0.38 cmH2O, P< 0.01).
Conclusion: This study revealed that an 8-week TST could gradually and transiently 
increase corticomotor excitability of genioglossus, elevate the genioglossus EMG activity, 
and ultimately enhance the stability of the upper airway during daytime. Moreover, improved 
neuromuscular excitability occurred prior to the enhanced upper airway stability. These 
findings provide a theoretical foundation for TST as a promising treatment for OSA patients.
Keywords: tongue strength training, genioglossus, upper airway critical pressure, 
transcranial magnetic stimulation, corticomotor excitability

Introduction
Obstructive sleep apnea (OSA) characterized by repetitive upper airway collapse 
only during sleep. As one of the typical upper airway dilator muscles, genioglossus 
plays a key role in maintaining upper airway patency. It is well known that OSA 
patients show decreased genioglossus EMG activity when compared to normal 
subjects during sleep onset.1 Eckert et al2 further reported that over one-third of 
OSA patients showed a less than 0.1% of maximum increase in EMG activity 
per centimeter of water of negative epiglottic pressure during sleep. Thus, dysfunc-
tion of the upper airway dilator muscles is particularly important in the pathogen-
esis of OSA. Interestingly, OSA patients showed higher waking EMG activities of 
genioglossus than healthy control subjects.3 Our previous studies also observed 
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increased responsiveness of genioglossus to transcranial 
magnetic stimulation (TMS) in patients with OSA com-
pared to that in normal subjects during wakefulness.4,5 

However, awake upper airway collapsibility was still 
remarkably higher in patients with OSA than in normal 
subjects.6 These findings indicated that daytime neuromus-
cular compensation was present in OSA patients, but it 
was incomplete.

Therefore, as oropharyngeal training focused on 
improving the contractility of upper airway dilator mus-
cles, could it be a promising therapy for OSA patients? 
The results from a meta-analysis showed that oropharyn-
geal exercises decrease the apnea-hypopnea index (AHI) 
in mild-to-moderate OSA patients when compared to 
sham therapy, but the certainty of the evidence is low.7 

Verma et al8 found that 3-month oropharyngeal exercise 
therapy could significantly improve the minimum oxygen 
saturation and time duration of SaO2 < 90% of OSA 
patients, while the average AHI of OSA patients after 
training was similar to pre-treatment. Many studies indi-
cated that progressive tongue strength training (TST) 
could elevate tongue strength and functional dietary 
intake by mouth in older individuals.9,10 Only a pilot 
study showed that AHI dropped from 20.9 to 16.1 events 
per hour after a 7-day tongue-task exercise in 10 mild-to- 
moderate OSA patients.11 Previous studies also found 
that muscular resistance training can increase muscle 
EMG activity and alter central excitability.12 However, 
whether training evokes central plasticity first or prefer-
entially elevates muscle EMG activity has not been sys-
tematically explored. Critical pressure (Pcrit) is the gold 
standard to quantify upper airway collapsibility. Higher 
Pcrit was observed in OSA patients than in non-OSA 
subjects, and the increased Pcrit was positively correlated 
with the severity of OSA.13 Our previous study also 
revealed that chronic intermittent hypoxia increased the 
theoretical Pcrit value of the upper airway in rats, 
although it simultaneously induced central compensation 
of genioglossus.14 However, to date, few experiments 
have been performed to observe the changes in central 
compensation and peripheral stability of the upper airway 
during oropharyngeal training. In order to explore the 
mechanism of TST improving the upper airway function, 
we assessed the impact of TST on the genioglossus corti-
comotor excitability, genioglossus EMG activity, and 
upper airway collapsibility of rats at different phases of 
training, and further analyzed the interaction among 
them.

Materials and Methods
Animals
Adult male Sprague–Dawley rats (240–280 g) were 
obtained from the Liao Ning Chang Sheng 
Biotechnology Company (Benxi, China). The rats were 
randomly assigned to the normal control (NC) group 
(n=8) and the TST group (n=8). Rats were individually 
caged under controlled temperature, relative air humidity, 
and 12 h light–dark cycle. Water was limited to 3 h per day, 
while food was available ad libitum during the training 
intervention. All procedures were carried out after 
approval by the animal’s Ethics and Use Committee of 
China Medical University and in compliance with the NIH 
Guide for Care and Use of Animals.

Tongue Strength Training
TST was performed using a custom instrument (Figure 1), 
which was designed based on previous studies.15,16 Before 
the training program, all rats underwent a 7-day water 
restriction protocol, where the time of water availability 
gradually dropped from the whole day to only 3 h per day. 
The use of the instrument involved a traditional learning 
paradigm in which thirsty rats were trained to lick the 
18 mm operandum disk linked with a force transducer 
(HBM, 0–300 g range) to obtain a water reward. In pre-
paration for maximum voluntary tongue force (MVTF) 
testing and TST, a 3-day adaptation period was set for 
acclimation to the instrument. At the beginning of this 
period, water was manually distributed when rats 
approached the operandum disk. During the later period, 
only if the rats licked the disk with more than 0.2-gram 
strength would they get the water reward. The training 
groups then began 8-week tongue training for 5 days per 
week. The NC group only received the water restriction 
protocol except for MVTF testing fortnightly. The MVTF 
was defined as the average of the largest ten force values 
obtained and recorded in two minutes when the force 
requirement was 2 g. Muscle total work, defined as the 
total area under the curve of all the strength during daily 
training, was calculated using specific software and read 
from the computer screen to quantify the training effect. 
The force threshold for water access, training duration, and 
muscle total work increased progressively during the entire 
training period. Specifically, the daily training time gradu-
ally increased from 10 min to 30 min. Over the first six 
weeks, the training time increased by five min every two 
weeks. The exercise durations were 25 and 30 min in the 
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7th and 8th week, respectively (Supplementary Table 1). 
The TST group rats were given water ad libitum for 2 h 30 
min to 2 h 50 min after training to ensure the 3 h total water 
access time per day. The MVTF test was performed during 
the first 2 min of every training day. During the remaining 
time, the force threshold was 50%, 60%, 70%, and 80% of 
MVTF measured on the corresponding day in weeks 1–2, 
3–4, 5–6, and 7–8, respectively (Supplementary Table 1). 
The threshold of total muscle work was set at 1000, 1500, 
2000, and 2500 g.s in weeks 1–2, 3–4, 5–6, and 7–8, 
respectively (Supplementary Table 1). The progression prin-
ciple of exercise intensity and duration is performed follow-
ing the recommendations of strength training for humans by 
the American College of Sports Medicine.17

Transcranial Magnetic Stimulation
TMS was performed on days 0, 14, 28, and 56 of the 
study. The methodology is described in detail in our pre-
vious papers and briefly reviewed here.14,18 The rats were 
anesthetized by an intraperitoneal injection of sodium 
pentobarbital based on the performance of the toe-pitch 
withdrawal reflex, and the heads and limbs of the rats were 
restrained on wooden boards. Single-pulse TMS was 
achieved using a Magstim 200 stimulator (Magstim, 
Whitland, Dyfed, UK). According to previous research, 
the coil was fixed against the head of rats at the optimal 
stimulation site (defined as 2.0–4.0 mm from midline and 
3.0–5.0 mm rostral to bregma). The response of the gen-
ioglossus corticomotor to TMS was recorded by inserting 
a concentric needle electrode (NM-131 T, Nihon Kohden, 

Japan) into the genioglossus and assessed by latency and 
amplitude of motor-evoked potentials. TMS signals were 
amplified and recorded using a specialized computer soft-
ware package (AxoScope software 9.0, Axon Instruments, 
Inc., USA). Latency was defined as the time up to the 
onset of the first biphasic wave following magnetic stimu-
lation, and amplitude was measured from peak to peak of 
the wave (as shown in Supplementary Figure 1A). The 
TMS responses were recorded at 5 min, 20 min, 40 
min, 80 min, and 120 min after TST. For each timepoint, 
three stimulations were applied with 30 s intervals, and the 
average value was calculated.

Electromyogram (EMG)
The rats were prepared as described in the TMS measure-
ments. EMG was measured using a concentric needle 
electrode inserted into the genioglossus. The EMG signals 
were filtered (300–10,000 Hz), amplified, and integrated 
(JB-904BK, Nihon Kohden). An electric stimulator 
(Neuropack Manager, Nihon Kohden) was used to digitize 
and rectify the integrated signal. Typical genioglossus 
EMG activity is14 shown in Supplementary Figure 1B. 
The EMG was recorded at 5 min, 20 min, 40 min, 80 
min, and 120 min after TST.

Theoretical Pcrit Value
The rats were anesthetized with an intraperitoneal injection 
of sodium pentobarbital. The theoretical Pcrit value was 
measured as previously described.14 After the airway secre-
tion was cleaned, a double-layer 3-cm-long PE cannula, the 

Figure 1 Schematic diagram of the tongue strength training operandum.
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tip of which has a side hole, was inserted into the rats’ oral 
cavity. The outside diameter of the outer and inner tubes was 
3.7 and 2.1 mm, respectively. The tip of the inner tube, 
which extended 3.7 mm beyond the outer tube, was placed 
at the boundary of the oropharynx and soft palate. The outer 
tube was opened in air. The other end of the inner tube was 
attached to the pressure and airflow transducer. Then, the 
downstream end of the transducer was further attached to 
a medical negative pressure suction device. In this way, the 
negative driving pressure (Pd) and instantaneous airflow (I) 
across the oropharynx were measured simultaneously. After 
sealing the mouths and noses of rats, the negative pressure of 
the upper airway was gradually increased by the suction 
device until the I plateaued or reduced. PowerLab software 
(AD Instruments, Colorado Springs, CO, USA) was used to 
amplify, digitize, and analyze Pd and _V I. A second-degree 
polynomial regression model (I=K1 Pd + K2 Pd

2) character-
izing the relationship between Pd and the _V I value (0–I max 

range) was used to model the upper airway dynamic 
response of flow-limited twitches. When _V I =0 and Pd≠0, 
the solution of this equation is regarded as the theoretical 
value of Pcrit.

Statistical Analysis
The results are shown as the mean ± standard deviation. 
Data were analyzed by a repeated measures two-way 
ANOVA with Bonferroni correction, and the grouping 
factors were time and training. All analyses were con-
ducted using SPSS ver. 23.0 (SPSS, Chicago, IL, USA). 
Data were graphed using the GraphPad Prism 7 software. 
P < 0.05 was considered statistically significant.

Results
Mechanical Property of Genioglossus
The results of MVTF at different time points are shown in 
Figure 2. Baseline values of MVTF were similar between 
the two groups. The MVTF of the TST group gradually 
increased from day 14 to day 56 of training compared to 
that of the NC group.

Genioglossus Activity Assessed by EMG 
Recording
For baseline EMG activity of genioglossus, no significant 
difference was observed between the NC and TST groups 
at all time points (Figure 3A). On day 14, EMG activity of 
the genioglossus significantly increased from 5 min to 20 
min after tongue training in the TST group compared to 

that in the NC group (Figure 3B). This augmentation of 
EMG activity persisted for 80 min after training on day 56 
of TST (Figure 3C and D).

TMS Responses of Genioglossus
There was no statistical difference between the NC group 
and TST group for TMS latencies at all time points at 
baseline (Figure 4A). We observed that TMS latency 
began to decrease on day 14, and this decline lasted for 
80 min on days 28 and 56 of training (Figure 4B–D).

As the TMS amplitude varied, a significant difference 
between the two groups only occurred on the 28th day of 
training (Figure 5).

Theoretical Pcrit Value of Upper Airway
For the theoretical Pcrit value, the two groups showed 
similar values at baseline (Figure 6). When compared 
with the NC group, the TST group showed significantly 
decreased theoretical Pcrit value on days 28 and 56 of 
training, and the extent of decline on day 56 was higher 
than that on day 28.

Timeline of Change of TMS Latency, EMG 
Activity, and Theoretical Pcrit Value in 
TST Group
The TST group began to present shorter TMS latency 
(values at 40 min after training) on day 14, higher EMG 
activity (values at 40 min after training) on day 28, and 
lower theoretical Pcrit value on day 56 of training when 
compared to baseline (Figure 7).

Figure 2 Comparison of MVTF between the TST group and NC group across 
8-week tongue training. **P<0.01, *P<0.05 compared to the NC group at the same 
time. &&P <0.01, &P <0.05 compared to TST group at baseline, ##P <0.01, #P <0.05 
compared to TST group on day 14, a P <0.05 compared to TST group on day 28.
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Discussion
Indisputably, limb muscle training could increase body 
strength and evoke neuroplasticity.19 Then, do 

oropharyngeal exercises also improve upper airway col-
lapsibility in this way? Cullins et al20 found that tongue 
exercise enlarged the lingual cortical motor area of rats, 

Figure 4 Comparison of TMS latencies between the TST group and NC group. (A–D) values observed on day 0, 14, 24, and 56 of training, respectively. **P<0.01, *P<0.05 
compared to NC group at the same time.

Figure 3 Comparison of genioglossus EMG activity between the TST group and NC group. (A–D) values observed on day 0, 14, 24, and 56 of training, respectively. ** 
P<0.01 compared to NC group at the same time.
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indicating that tongue training could induce motor cortex 
plasticity. However, they only assessed it at the end of the 
8-week training. Until now, only few studies have mea-
sured the influence of progressive resistance training on 
the muscle function of the upper airway dilator,16,21 but no 
related studies explored its impact on the dynamics of the 
upper airway. Our study revealed that TST could not only 
increase tongue strength but also elevate central excitabil-
ity. The elevated genioglossus corticomotor excitability 
and increased EMG activity persisted for 40 min after 

training on days 14 and 28 of TST, respectively. 
Corticomotor excitability and EMG activity increased con-
tinuously as tongue training lengthened. Furthermore, 
compared to before training, the TST group showed an 
increasing tendency toward upper airway stability on the 
28th day and significantly increased on the 56th day after 
training. These findings revealed that an 8-week TST 
could improve genioglossus corticomotor excitability 
first, then increase genioglossus EMG activity, and even-
tually enhance upper airway stability. This is the first 
report to continuously explore the influence of TST on 
the central regulation of genioglossus and the collapsibility 
of the upper airway.

Tsai et al22 showed that 6-week treadmill running sig-
nificantly enhanced the magnitude of long-term potentia-
tion in the mouse hippocampus, and the enhancement was 
maintained for at least 60 min. This facilitation effect in 
the central nervous system from exercise is mostly attri-
butable to enhanced synaptic transmission efficiency, upre-
gulated brain-derived neurotrophic factor, and promoted 
neurogenesis.23 On the other hand, during resistance train-
ing, neural adaptations such as increased motor unit acti-
vation, apart from improved quality of muscle fiber and 
increased muscle fiber size, played an important role in 

Figure 5 Comparison of TMS amplitudes between the TST group and NC group. (A–D) values observed on day 0, 14, 24, and 56 of training, respectively. **P<0.01, *P<0.05 
compared to NC group at the same time.

Figure 6 Comparison of theoretical Pcrit value between the TST group and NC 
group. **P<0.01, *P<0.05 compared to NC group at the same time. &&P <0.01 
compared to TST group at baseline. #P <0.05 compared to TST group on day 14 of 
training.
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elevating muscle strength and EMG activity.12 As a form 
of exercise training, tongue training could also induce 
lingual motor cortex plasticity.20 We further demonstrated 
that TST could induce the facilitation of the corticomotor 
and muscle activity of genioglossus. In addition, the inten-
sity and duration of such excitability gradually increased 
with prolonged training time, which could be caused by 
the gradual increase in exercise intensity and difficulty 
over the course of training. This result is consistent with 
the report from Weavil et al24 that TMS amplitudes and 
EMG activity of thigh muscle gradually increased at 
greater exercise intensities during cycling.

Interestingly, the present study found that shortened TMS 
latency persisted longer than elevated EMG activity on days 
14 and 28 of training, while both lasted 80 min on day 56. 
Regarding the inconsistency of the extent of improvement 
between the TMS response and EMG activity at the early 
stage of training, it is likely attributable to muscle fatigue 
induced by resistance training. Indeed, exercise-related 
changes in muscle, such as depleted glycogen stores, elevated 
lactate accumulation, and depressed excitation-contraction 
coupling, could increase muscle fatigue.25 During fatiguing 

contractions, EMG activity gradually declines because of the 
dropped discharge rate of most motor units, although an aug-
ment in excitatory drive from the motor cortex to the 
motoneurons.26 However, as the training continues, complex 
neurophysiological responses and muscle architectural 
changes, such as increased fatigue-resistant type I muscle 
fibers, would compensate for fatigue.25 These alterations 
may account for the persistence of the improved genioglossus 
EMG activity, which lasted for 80 min on the 56th day.

Airway anatomy and neuromuscular factors, such as 
pattern and magnitude of activity in upper airway dilator 
muscles, determine upper airway collapsibility. This study 
found that the upper airway stability was remarkably 
increased after 8-week training in the training group. Our 
result was consistent with the outcome of Jordan et al27 

that hypercapnia-induced elevation of genioglossus activ-
ity could improve airway collapsibility in OSA patients. 
On the other hand, after a 3-month myofunctional therapy 
intervention, improved modified Mallampati index was 
correlated with tongue and soft palate strength increases 
in OSA patients, indicating that an increase in muscle 
strength in the upper airway was beneficial for maintaining 
upper airway patency.28 Muscle fiber types in the genio-
glossus gradually shift to a type I fatigue-resistant pheno-
type following targeted tongue exercises.21 Thus, tongue 
training during the daytime seems to contribute to redu-
cing the severity of upper airway collapse by compensat-
ing the hypotonia of the genioglossus muscle during sleep 
in OSA patients.29 Meanwhile, tongue training may 
improve the function of other upper airway dilator muscles 
(such as the geniohyoid, hyoglossus, and stylohyoid) and 
further improve upper airway stability by enhancing 
synergy between them and genioglossus.29 These findings 
revealed that tongue training could be an effective treat-
ment for OSA by improving upper airway collapsibility. 
On the other hand, the low workload and occurrence of 
muscle fatigue might illustrate the absence of improved 
upper airway stability at the early stage of training. 
However, as the training continued, upper airway stability 
eventually significantly enhanced late in training due to 
improved muscle fatigue resistance and gradually elevated 
corticomotor excitability. These results indicate that 
patients with OSA might benefit from TST. Although 
oropharyngeal training is thought to improve upper airway 
function, its effectiveness in the treatment of OSA and the 
suitable target groups remain uncertain. The present study 
confirmed that TST could improve upper airway stability 
by enhancing the central regulation of genioglossus.

Figure 7 Comparison of variation tendency among TMS latencies (values at 40 min 
after training), EMG activity (values at 40 min after training), and theoretical Pcrit 
value in the TST group during training. **P<0.01, *P<0.05 compared to the values 
detected on day 0.
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From a methodological perspective, we individually cus-
tomized the force threshold for each rat every training day, and 
first introduced muscle total work to quantify the daily total 
training volume based on previous studies. These settings 
could ensure exercise-related benefits to a greater extent. 
Meanwhile, we first explored upper airway collapsibility non-
invasively and dynamically in a TST rat model. However, this 
study has several limitations. First, given the effect of exercise 
training on tongue muscle histomorphology,16 it is possible 
that there are interactions between muscle properties, such as 
muscle hypertrophy and fatigue indices, and central regulation 
of muscle after training that we did not assess in the present 
study. Future experiments are needed to distinguish such inter-
actions and their effect on the stability of the upper airway. 
Second, the TMS response is a complex integration of corti-
cospinal excitability and muscle activation, and many factors, 
including muscle statuses, can influence the response. 
However, many previous studies evaluated central excitability 
using TMS. The present study also observed significantly 
shortened TMS latencies of rats in the TST group after tongue 
training. In the future, it is necessary to precisely focus on 
genioglossus motor cortical changes following tongue training, 
including its structural alterations. Third, with reference to the 
method of previous studies,30 we calculated the theoretical 
Pcrit value by measuring the upper airway pressure and instan-
taneous airflow across the oropharynx. Unfortunately, we did 
not validate the theoretical Pcrit value with conventional meth-
odology. However, we did verify the collapse site of the upper 
airway by 3-dimensional computed tomography.14 Our results 
indicated that this noninvasive method of measuring the Pcrit 
had good stability and repeatability. The present study did find 
the difference of theoretical Pcrit value in rats before and after 
training. Fourth, the rats in the present study only participated 
in an 8-week TST program. As the duration of exercise training 
in most clinical trials is 3 months, it is necessary to assess the 
effect of long-term training. In addition, to better guide indivi-
dual treatment in patients with OSA, studies are needed to 
explore the morphological characteristics and biological mar-
kers of responders to TST intervention.

In conclusion, this study confirmed that TST could improve 
corticomotor excitability of genioglossus and elevate genio-
glossus EMG activity, with the extent and duration of this 
increase growing as tongue training is lengthened. 
Ultimately, TST enhanced the upper airway stability of rats 
after 8-week training. OSA is a chronic disease and the dura-
tion of exercise training in most clinical trials is 3 months or 
more, and taking this into consideration, TST might provide 
a new method to improve the AHI of OSA patients. Future 

studies are needed to identify the appropriate target patients 
and explore individualized training doses.
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