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ABSTRACT. Apnea and the respiratory cycle are dynamic processes 
in obstructive sleep apnea-hypopnea (OSAH), which occur only 
during sleep. Our study aimed to observe the dynamic changes in the 
soft palate and the uvula during wakefulness and sleep using ultrafast 
magnetic resonance imaging (UMRI) to provide reference data for 
the pathogenesis and treatment of OSAH. The dynamic changes in 
the soft palate and uvular tip of 15 male patients (average age: 50.43 
± 9.82 years) with OSAH were evaluated using UMRI of the upper 
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airway while asleep and awake after 1 night of sleep deprivation. A 
series of midline sagittal images of the upper airway were obtained. 
The distance from the center of the soft palate to the x-axis (an extended 
line from the anterior nasal spine to the posterior nasal spine), from the 
uvular tip to the x-axis, from the center of the soft palate to the y-axis 
(a perpendicular line from the center of the pituitary to the x-axis), 
and from the uvular tip to the y-axis (designated as PX, UX, PY, and 
UY, respectively) were measured during sleep and wakefulness. The 
minimum PX, PY, UX, and UY were shorter during sleep than during 
wakefulness, whereas the maxima were longer during sleep (P < 0.01), 
the differences between the maximum and minimum PX, PY, UX, 
and UY were larger during sleep (P < 0.01). The upward, downward, 
forward, and backward ranges of movement of the soft palate and the 
uvular tip were larger during sleep in OSAH patients. This increased 
compliance may trigger each airway obstructive event.

Key words: Ultrafast magnetic resonace imaging; sleep apnea; 
Obstrutive sleep apnea-hypopnea

INTRODUCTION

Patients with obstructive sleep apnea-hypopnea (OSAH) have abnormal structures 
and neurobiological mechanisms of the upper airway (Schellenberg et al., 2000; Hsu et al., 
2004; Smith et al., 2006; Lee et al., 2010). Understanding the upper airway structure and 
function in OSAH patients is needed to gain insight into the pathogenesis of this disorder 
to improve the selection of both appropriate therapies and treatment success (Halme et al., 
2010). The velopharynx is one of the main sites of airway obstruction in OSAH (Liu et al., 
1999; Ciscar et al., 2001; Rama et al., 2002). We assumed that the soft palate and the uvula 
are involved in upper airway obstruction while asleep because of their specific locations. 
The lengths of the soft palate and uvula have been studied through various methods (Trudo 
et al., 1998; Liu et al., 1999), including direct physical examination (Liu et al., 1999), 
cephalometric analysis (Sanner et al., 2002), computed tomography (CT), and magnetic 
resonance imaging (MRI) (Trudo et al., 1998; Tsuiki et al., 2004). However, most of these 
methods were performed on awake patients (Liu et al., 1999) or with an image obtained 
within 3 min (Lowe et al., 1995; Trudo et al., 1998). Given that apnea and the respiratory 
cycle are dynamic processes, information about the soft palate and uvula is overlooked or 
is not fully considered by some diagnostic imaging methods because of their low temporal 
resolution (Lowe et al., 1995; Trudo et al., 1998). Moreover, considering that OSAH occurs 
only during sleep, findings among conscious patients (Lowe et al., 1995; Liu et al., 1999) 
are not necessarily applicable to patients during spontaneous physiological sleep. The dy-
namic alterations in the soft palate and the uvula during sleep remain unreported. Ultrafast 
MRI (UMRI) is a recently developed technique that can obtain images at multiple loca-
tions with sufficient quality and temporal resolution (<1 s) to assess the upper airway and 
surrounding soft tissues dynamically (Ciscar et al., 2001; Rama et al., 2002; Piskin et al., 
2012). The aim of this report is to study the dynamic alterations of the soft palate and uvula 
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during wakefulness and sleep using UMRI to provide reference data for the pathogenesis 
and treatment of OSAH. 

MATERIAL AND METHODS

Subjects

Between February 2003 and March 2005, 15 male patients were selected for inclu-
sion in the study. Only male subjects were selected to avoid a potential influence of gender 
on the dynamic motion of the upper airway. The average age was 50.43 ± 9.82 years, and 
the average body weight was 74.53 ± 7.76 kg. The average body mass index was 28.45 ± 
3.11 kg/m2, and all subjects had OSAH. Of the 18 original cases, 3 were excluded because 
they did not fall asleep. All patients agreed to participate in the study. All subjects were 
diagnosed with OSAH using nocturnal polysomnography at the First Hospital Affiliated 
to Wenzhou Medical University. The average apnea-hypopnea index (AHI) was 25.55 ± 
13.50/h. Each subject provided a thorough history (including the Epworth somnolence 
questionnaire) and underwent a physical examination. They did not undergo any treat-
ment. The protocol was approved by the Ethical Review Committee of the participating 
hospitals to ensure accordance to the Helsinki Declaration. After full explanation of the 
procedure, each subject gave written informed consent before entering the study.

Polysomnography

All patients underwent overnight polysomnography in a quiet dark room using a 
19-channel polygraph (Rembrandt Embla Polysomnography System, Monet 16; Medcare 
Flaga, Sidumuli 24, 108; Reykjavik, Iceland). Sleep was documented using standard 
electroencephalographic, electrooculographic, and electromyographic criteria. The elec-
troencephalograph was recorded with electrodes attached at C3-A2 and C4-A1 according 
to the criteria by Rechtschaffen and Kales (Ruehland et al., 2011). Electromyographic 
activity was recorded from the genioglossus, anterior tibial, and diaphragm muscles. 
Apnea was defined as the cessation of airflow at the nose (two thermistors) and mouth 
(one thermistor) for more than 10 s. Hypopnea was defined as a 50% reduction in airflow 
for 10 s associated with a > 4% decrease in oxygen saturation and/or arousal. Apnea 
and hypopnea were considered obstructive when thoracoabdominal movements were ob-
served. A single electrocardiogram lead (modified V2) was monitored to detect cardiac 
arrhythmias. The polysomnograms were scored by a clinical neurophysiology specialist.

MRI

The patients were examined at the Second Hospital Affiliated to Wenzhou Medical 
University under continuous supervision by a radiologist and an orthodontist. The patients 
were deprived of sleep for 20 h prior to the MRI and denied alcohol and sedatives the day be-
fore the procedure. The MRI was performed using a 1.5 superconducting magnet (Geroscan 
Intera type; Philips Co.; Amsterdam, The Netherlands) in a posterior and anterior neck coil. 
The sequence used to perform the UMRI was a fast gradient echo plus sequence. The techni-
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cal parameters were as follows: echo time, 12 ms; repetition time, 2.3 ms; flap angle, 25°; 
matrix, 192 x 512; and section thickness, 7 mm. The imaging time per slice for this sequence 
was 0.96 s. A total of 120 consecutive images were obtained as a single section, with a to-
tal imaging time of 115.2 s. Respiratory motion was monitored with a magnetic resonance 
(MR)-linked cuff placed around the ribcage. The respiratory cycle was monitored on the 
operator screen using a respiratory gating system, which cannot be recorded on paper and 
video. The crest and trough of the wave corresponded to inspiration and expiration, respec-
tively. Oxygen saturation was measured using a pulse oximeter, and snoring was monitored 
using the microphones in the MRI cylinder. The subjects were placed in supine position. The 
orbitoauricular plane was oriented 95° to the horizontal plane. A sponge pillow was placed 
under the cranial base and on both sides of the head. A quick setting silicone rubber (Opto-
sil Xantopren Comfort; Heraeus; Hanau, Germany) was applied to the forehead and on the 
superficial coils (Li et al., 2003). The head was fixed in the interior of the neck coil after the 
silicone rubber had coagulated for 3 min. Airtight earplugs were inserted into the external 
auditory canal to minimize machine noise. The patient was instructed to squeeze a small rub-
ber ball once every 2 to 3 min. The sound of the rubber ball was transmitted to the radiologist 
examination room to indicate that the subject was awake. MRI was first conducted when the 
subject was asleep and then awake after 20 min of quiet respiration. All images were input 
to a Picture Archiving and Communication Systems (PACS) workstation. Wakefulness was 
documented based on the patient’s response to questions by the radiologist or the sound cre-
ated by the small rubber ball when the patient squeezed it. The subject was verbally stimu-
lated whenever it did not interfere with image acquisition, usually every minute and at least 
every 3 min. Sleepiness was documented (Trudo et al., 1998; Ciscar et al., 2001; Ikeda et 
al., 2001) when irregular snoring was heard through the microphones of the cylinder, when 
the oxygen saturation decreased by ≥ 4%, and when the rubber ball was not heard. Slowing 
and disorder of the respiratory rhythm were synchronously monitored with an MR-linked 
cuff placed around the rib cage. Snoring and decreased oxygen saturation occur only when 
patients are asleep (Ciscar et al., 2001). 

Image analysis

A dynamic film was produced from the images obtained. A fixed window level of 
650 H and a window width of 1200 were used to standardize all scans. Sagittal images were 
played back in a closed loop movie format so that the real-time changes in sagittal area could 
be displayed. Up to 120 consecutive images were measured for each patient. The mean mini-
mum and maximum values were obtained from 5 minimum values and 5 maximum values, 
respectively. All measured values were completed consecutively by 1 author. The distances 
were measured on 2 occasions, yielding a mean percentage variation of 4.2%. The reference 
frame was established using the PACS system (Figure 1).

Statistical analysis

Statistical comparisons between pairs of means were performed using paired t-tests 
with the SAS 6.10 software. A probability level of P < 0.05 was considered to be statistically 
significant.
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Figure 1. Reference frame of the measurement of the soft palate and uvula x-axis, an extended line from the 
anterior nasal spine to the posterior nasal spine; y-axis, a perpendicular line from the mid-point of the pituitary 
to x-axis. The following lengths were measured: the longest distance and the shortest distances were from the 
uvular tip to the x-axis and the y-axis (UX, UY) during wakefulness and sleep, respectively. The value of the 
differences between the longest and shortest distances; the maximum and minimum distances from the mid-point of 
the soft palate to x-axis and the y-axis (PX, PY) during wakefulness and sleep, respectively; the value of differences 
between the maximum and minimum distances.

RESULTS

During wakefulness, the soft palate and uvula showed no obvious changes. During 
sleep, the upper airway is continuously obstructed and opened. The soft palate and uvula are 
pushed downward and elongated during obstruction. By contrast, the soft palate and the uvular 
tip were pushed forward and upward and/or backward during opening. The soft palate and 
uvula passively and continuously moved forward and backward, and then upward and down-
ward to form an elastic piston in the upper airway. The maximum and minimum distances 
from the soft palate and uvular tip to the x- and y-axes during wakefulness and sleep, as well 
as their differences, are shown in Tables 1 and 2. The dynamic changes in the upper airway 
during sleep are shown in Figures 2 to 5. The positions of the uvula and soft palate among 
OSAH patients during wakefulness are shown in Figure 6.

  While awake In sleep t

PX Maximum value 1.86 ± 0.20 2.48 ± 0.24 18.19*
 Minimum value 1.69 ± 0.17 2.05 ± 0.21   8.70*
 Difference between maxi- and mini-value 0.17 ± 0.05 0.41 ± 0.17   5.82*
PY Maximum value 1.63 ± 0.13 2.04 ± 0.15 17.82*
 Minimum value 1.36 ± 0.09 1.05 ± 0.16   7.60*
 Difference between maxi- and mini-value 0.27 ± 0.09 1.00 ± 0.23 13.16*

Table 1. PX, PY value and its change of the mid-point of the soft palate during wakefulness and sleep in the 
15 sleep apnea hypopnea patients.

*P < 0.01.
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  While awake In sleep t

UX Maximum value 3.70 ± 0.40 4.95 ± 0.48 23.78*
 Minimum value 3.37 ± 0.38 2.04 ± 0.29 17.54*
 Difference between maxi - and mini - value 0.33 ± 0.09 2.83 ± 0.38 25.89*
UY Maximum value 1.55 ± 0.13 2.02 ± 0.23   8.79*
 Minimum value 1.23 ± 0.10 1.03 ± 0.17   4.28*
 Difference between maxi - and mini - value 0.32 ± 0.09 0.99 ± 0.30   8.95*

Table 2. UX, UY value and its change of the uvular tip during wakefulness and sleep in the 15 sleep apnoea 
hypopnea patients.

*P < 0.01.

Figure 2. Typical position of soft palate and uvula posterior while contact of uvular tip with pharyngeal.

Figure 3. Typical position of soft palate and uvula posterior while velopalatine obstructed during sleep.
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Figure 4. Soft palate and uvula were elongated while velopalatine and glossopharynx were obstructed during sleep 
in the typical case.

Figure 5. Soft palate and uvula were blown to the posterosuperior direction during sleep while airway opened 
during sleep in the typical case.
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DISCUSSION

Abnormal movement of the soft palate and uvula were observed during sleep in 
OSAH patients. The orientations of the soft palate and uvula are critical for respiration 
because they are located at the entrance of the palatopharynx. A variety of methods (Lowe 
et al., 1995; Trudo et al., 1998; Liu et al., 1999), including physical examination (Liu et 
al., 1999), cephalometric analysis, CT (Lowe et al., 1995), and routine MRI (Trudo et al., 
1998) indicated that the soft palate and uvula of OSAHS patients are longer than those of 
normal subjects without snoring issues, and that they are correlated with the severity of 
sleep apnea. However, these measurements were conducted while the OSAH patients were 
awake, and only the size and morphology of the soft palate and uvula under a static state 
were measured. Wakefulness and sleep are physiologically different states. The majority of 
OSAH patients have no obvious obstruction in the upper airway while awake. Apnea oc-
curs during sleep; thus, only the changes in the size and movement of the soft palate and the 
uvula during sleep truly reflect the morphological and functional status when apnea occurs 
(Ciscar et al., 2001; Ikeda et al., 2001; Rama et al., 2002). In the present study, consecutive 
instantaneous imaging (one image per 0.92 s) of the soft palate and uvula was performed 
on OSAH patients during wakefulness and sleep using UMRI (Ciscar et al., 2001; Ikeda et 

Figure 6. Position of the uvula and soft palate during wakefulness in sleep apnea-hypopnea.
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al., 2001). The dynamic changes in the soft palate and uvula were observed as videos. The 
distance from the center of the soft palate to the x-axis (the hard palate level) (PX), from 
the center of the soft palate to the y-axis (PY), from the uvular tip to the X-axis (UX), and 
from the uvular tip to the y-axis (UY) were measured. Comparison of the sleep and wake-
fulness of OSAHS patients revealed that the dynamic changes in the soft palate and uvula 
were obviously abnormal. The minima of PX, PY, UX, and UY during sleep were lower 
than those during wakefulness (P < 0.01), whereas the maxima of PX, PY, UX, and UY dur-
ing sleep were higher than those during wakefulness (P < 0.01). The differences between 
the maxima and minima of PX, PY, UX, and UY during sleep were higher than those dur-
ing wakefulness (P < 0.01; Tables 1 and 2). This result indicates that the anterior-posterior 
and superior-inferior ranges of movement of the soft palate and the uvula during sleep 
were larger. Images showing the time-distance changes in the soft palate and the uvula of 
typical patients indicated similar results. The ranges of the movement from the mid-point 
of the soft palate and the uvular tip to the X-axis and the Y-axis during sleep were larger 
than those during wakefulness, and they followed an irregular movement pattern (Figures 
2, 3, 7, and 8).

Figure 7. A, b, c typical position of uvula and soft palate while airway opens during sleep.
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Dynamic MRI images of sleeping OSAH patients showed that the obstruction of the 
upper airway is caused by the contact of the uvular tip with the posterior wall of the pharynx 
(Figures 2-5). The velopalatine is then obstructed, and the uvula and soft palate are pushed 
downward and elongated. When the airway reopens after obstruction, the uvular tip is irregu-
larly blown upward and forward or upward and backward. The position of the uvula and soft 
palate then gradually reverts to their normal position. Afterward, the second occlusive event 
begins (Figures 2-5 and Figures 7-8). The soft palate and uvula function as an elastic piston at 
the entrance of the airway, which occludes the upper airway when the cycle repeats. The posi-
tion of the uvula and soft palate during wakefulness in OSAH patients was normal (Figure 6).

The mechanism and significance of the movement abnormality of the soft palate and 
the uvula in sleeping OSAH patients.

The muscles that dominate the soft palate and uvula are the tensor veli palatine, leva-
tor veli palatine, and uvulae. These muscles maintain a relatively constant level of activity 
throughout the respiratory cycle (De Chazal et al., 2011). The relevant tongue muscle is the 
genioglossus, which is referred to as an inspiratory phasic upper airway muscle because its 
activity is substantially reduced (although not eliminated) during expiration when the pressure 
inside the airway becomes positive. Its activity is increased during inspiration, which stiffens 
and dilates the upper airway to counteract the collapsing influence of negative airway pressure 
(van Lunteren, 1993). During wakefulness, these pharyngeal dilator muscles are tightly con-
trolled to maintain pharyngeal patency. Several variables carefully control the activity of pha-

Figure 8. Typical contact of uvular tip with pharyngeal posterior wall during sleep.
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ryngeal dilator muscles, including motor nuclei control, standard respiratory stimuli (increased 
PCO2 and decreased PO2), ‘wakefulness’ drive, and the reflex of the negative intrapharyngeal 

pressure, which is the most important variable (Fogel et al., 2004; Pierce et al., 2007). 
The sleep-wake state is important in the pathogenesis of OSAH because disordered 

breathing events only occur during sleep, even in patients with severe apnea. Muscle tone 
decreases when the patient falls asleep (Eckert et al., 2007). The activity of the tensor veli 
palatine is only 20 to 30% of the normal value while awake. Mathur et al. (1995) (Tangel et 
al., 1991; Wheatley et al., 1993) reported that the decrease in the muscular tone is correlated 
with the delay in the timing of the negative pressure on the upper airway neuroreceptor and 
the decrease in response capacity. Horner et al. (1994) indicated that the reflex activity of the 
sphincter in the upper airway increases with increasing internal pressure of the upper airway 
but decreases during sleep. The delay of the beginning of the reflex during wakefulness was 
40 ms, whereas that during sleep was 110 ms. In addition, the upper airway resistance was 
high because of an anatomical narrowing of the pharyngeal airway in OSAHS patients. To 
overcome this resistance, the activity of the upper airway sphincter shows a compensatory 
increase to ensure airway patency during wakefulness (Mezzanotte et al., 1992; Fogel et al., 
2001). During sleep, this compensatory ability is abolished and soft tissue compliance in-
creases; thus, opposing the traction force of the inspiratory negative pressure produced by the 
inspirational muscle is difficult (Mezzanotte et al., 1992; Huang and Williams, 1999), result-
ing in the obstruction of the airway. When the upper airway is obstructed, the internal pressure 
in the upper airway decreases, and the negative pressure on the pharyngeal airway leads to the 
robust activation of these muscles. The increase in PCO2 and decrease in PO2 also stimulate 
activity and ultimately reopens the upper airway. The caliber of the upper airway and conse-
quent airflow are uninterrupted when the cycle repeats. The effects of the changes in upper 
airway caliber and airflow on the soft palate and uvula are different between wakefulness and 
sleep. When an OSAH patient is awake, the caliber of the upper airway is still enlarged be-
cause of the compensatory increase in the excitability of the upper airway sphincter (Horner et 
al., 1994; Fogel et al., 2001). At the same time, the excitability of the veli palatine and uvulae 
also remain high. The airflow turbulence caused by the changes in intrapulmonary pressure is 
minimal and does not induce larger movements in the soft palate and uvula tip during quiet 
respiration. When an OSAH patient falls asleep, the excitability of the musculus veli palatine 
and musculus uvulae decreases, and the lumen of the upper airway narrows and collapses 
because the airflow dynamics in the upper airway are disturbed. These factors significantly 
increase the movement range of the soft palate and uvula tip. During inspiration, the soft pal-
ate and uvula are influenced by airflow, resulting in the initial obstruction and narrowing of 
the palatopharyngeal area. The soft palate and uvula are elongated and inhaled into the inferior 
pharyngeal cavity, resulting in combined obstruction at numerous points in the upper airway 
when the intrapulmonary pressure further decreases. The uvula is irregularly blown forward 
and upward or backward and upward when the upper airway reopens because the intrapulmo-
nary pressure abruptly increases. The obstruction of the upper airway during sleep in OSAH 
patients (Mezzanotte et al., 1992; Huang and Williams, 1999; Schellenberg et al., 2000; Fogel 
et al., 2001) is ascribed to structural abnormality, as well as the increased compliance of the 
upper airway. This study indicated that the specificity of the site of the soft palate and uvula 
induces this obstructive event, and the palatinopharynx is the most likely site.

The progression of sleep apnea/hypopnea has attracted the interest of many research-
ers (Petrof et al., 1994; Kimoff et al., 2001; Fogel et al., 2004). The Wisconsin Sleep Study 
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indicated that the mean AHI increases from 2.6 to 5.1 events per h within 8 years (Fogel et al., 
2004). The reason for this increase in the severity of apnea over time is still unclear. However, 
several factors may contribute to this development. First, snoring and repeated upper airway 
occlusion lead to edema and swelling of the upper airway soft tissue structures. These condi-
tions contribute to further narrowing of the upper airway, rendering it more susceptible to 
collapse. Second, the repeated vibratory trauma that occurs during snoring injures or remod-
els the upper airway muscles and nerves. This concept is supported by the impaired ability 
of patients with OSAH to detect sensory stimuli in the upper airway. This condition can be 
partially reversed with continuous positive nasal airway pressure (Kimoff et al., 2001). In 
cats, repeated contraction of the upper airway dilator muscles during experimental occlusion 
results in eccentric muscle contractions (contraction during active muscle lengthening), which 
causes muscle injury. Petrof et al. (1994, 1996) identified several changes in the upper airway 
musculature using the English bulldog model for OSAH, including a change in fiber type (in-
creased fast twitch fibers) and signs of muscle injury and fibrosis. Considering their specific 
position and structure in vertical form, the soft palate and uvula have large dynamic vertical 
and horizontal ranges of motion among OSAH patients during sleep. This study demonstrates 
that the soft palate and uvula may be subjected to vibratory trauma, edema, and swelling, 
which increases the severity of apnea.

In conclusion, when OSAH patients fall asleep, the range of movement of the soft pal-
ate and the uvular tip, measured in the upward, downward, forward, and backward directions 
during sleep, were larger than those during wakefulness. These increases in compliance may 
trigger the airway obstruction.

ACKNOWLEDGMENTS

The authors would like to thank the radiologist Zhou Yunxin Who for help in carrying 
out the ultrafast magnetic resonance imaging scanning of the upper airway. Research partly 
supported by the following funds without financial payment: the Cooperation and Exchange 
Projects of Wenzhou City Technology Bureau (#H2008002); and the Zhejiang Provincial 
Medical and Health Technology Foundation of China (#2012KYA127).

REFERENCES

Ciscar MA, Juan G, Martinez V, Ramon M, et al. (2001). Magnetic resonance imaging of the pharynx in OSA patients and 
healthy subjects. Eur. Respir. J. 17: 79-86.

De Chazal P, Fox N, O’Hare E, Heneghan C, et al. (2011). Sleep/wake measurement using a non-contact biomotion sensor. 
J. Sleep Res. 20: 356-366.

Eckert DJ, McEvoy RD, George KE, Thomson KJ, et al. (2007). Genioglossus reflex inhibition to upper-airway negative-
pressure stimuli during wakefulness and sleep in healthy males. J. Physiol. 581: 1193-1205.

Fogel RB, Malhotra A, Pillar G, Edwards JK, et al. (2001). Genioglossal activation in patients with obstructive sleep apnea 
versus control subjects. Mechanisms of muscle control. Am. J. Respir. Crit. Care Med. 164: 2025-2030.

Fogel RB, Malhotra A and White DP (2004). Sleep. 2: pathophysiology of obstructive sleep apnoea/hypopnoea syndrome. 
Thorax 59: 159-163.

Halme PR, Antila J, Antila H, Aho H, et al. (2010). Uvulopalatopharyngoplasty with an ultrasound scalpel or laser: is there 
a difference? Eur. Arch. Otorhinolaryngol. 267: 635-642.

Horner RL, Innes JA, Morrell MJ, Shea SA, et al. (1994). The effect of sleep on reflex genioglossus muscle activation by 
stimuli of negative airway pressure in humans. J. Physiol. 476: 141-151.

Hsu PP, Han HN, Chan YH, Tay HN, et al. (2004). Quantitative computer-assisted digital-imaging upper airway analysis 



8608Y.L. Wang et al.

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 13 (4): 8596-8608 (2014)

for obstructive sleep apnoea. Clin. Otolaryngol. Allied Sci. 29: 522-529.
Huang L and Williams JE (1999). Neuromechanical interaction in human snoring and upper airway obstruction. J. Appl. 

Physiol. 86: 1759-1763.
Ikeda K, Ogura M, Oshima T, Suzuki H, et al. (2001). Quantitative assessment of the pharyngeal airway by dynamic 

magnetic resonance imaging in obstructive sleep apnea syndrome. Ann. Otol. Rhinol. Laryngol. 110: 183-189.
Kimoff RJ, Sforza E, Champagne V, Ofiara L, et al. (2001). Upper airway sensation in snoring and obstructive sleep apnea. 

Am. J. Respir. Crit. Care Med. 164: 250-255.
Lee RW, Sutherland K, Chan AS, Zeng B, et al. (2010). Relationship between surface facial dimensions and upper airway 

structures in obstructive sleep apnea. Sleep 33: 1249-1254.
Li XD, Gao XM and Zeng XL (2003). Correlation between Body Weight, Body Mass Index (BMI) and Morphology of the 

Upper Airway and Surrounding Tissues. Chinese J. Orthod. 1: 27-30. 
Liu WJ, Cao WQ, Meng GM and Ge RF (1991). Study on pharyngeal morphology and its clinical significance. Chin. J. 

Clin. Anat. 1: 59-60. 
Lowe AA, Fleetham JA, Adachi S and Ryan CF (1995). Cephalometric and computed tomographic predictors of 

obstructive sleep apnea severity. Am. J. Orthod. Dentofacial Orthop. 107: 589-595.
Mathur R, Mortimore IL, Jan MA and Douglas NJ (1995). Effect of breathing, pressure and posture on palatoglossal and 

genioglossal tone. Clin. Sci. 89: 441-445.
Mezzanotte WS, Tangel DJ and White DP (1992). Waking genioglossal electromyogram in sleep apnea patients versus 

normal controls (a neuromuscular compensatory mechanism). J. Clin. Invest. 89: 1571-1579.
Petrof BJ, Pack AI, Kelly AM, Eby J, et al. (1994). Pharyngeal myopathy of loaded upper airway in dogs with sleep apnea. 

J. Appl. Physiol. 76: 1746-1752.
Petrof BJ, Hendricks JC and Pack AI (1996). Does upper airway muscle injury trigger a vicious cycle in obstructive sleep 

apnea? A hypothesis. Sleep 19: 465-471.
Pierce R, White D, Malhotra A, Edwards JK, et al. (2007). Upper airway collapsibility, dilator muscle activation and 

resistance in sleep apnoea. Eur. Respir. J. 30: 345-353.
Piskin B, Sipahi C, Kose M, Karakoc O, et al. (2012). Use of an individual mandibular advancement device for an 

obstructive sleep apnoea patient with facial paralysis: a short-term follow-up case report. J. Oral Rehabil. 39: 472-
478.

Rama AN, Tekwani SH and Kushida CA (2002). Sites of obstruction in obstructive sleep apnea. Chest 122: 1139-1147.
Ruehland WR, O’Donoghue FJ, Pierce RJ, Thornton AT, et al. (2011). The 2007 AASM recommendations for EEG 

electrode placement in polysomnography: impact on sleep and cortical arousal scoring. Sleep 34: 73-81.
Sanner BM, Heise M, Knoben B, Machnick M, et al. (2002). MRI of the pharynx and treatment efficacy of a mandibular 

advancement device in obstructive sleep apnoea syndrome. Eur. Respir. J. 20: 143-150.
Schellenberg JB, Maislin G and Schwab RJ (2000). Physical findings and the risk for obstructive sleep apnea. The 

importance of oropharyngeal structures. Am. J. Respir. Crit. Care Med. 162: 740-748.
Smith I, Lasserson TJ and Wright J (2006). Drug therapy for obstructive sleep apnoea in adults. Cochrane Database Syst. 

Rev. CD003002.
Tangel DJ, Mezzanotte WS and White DP (1991). Influence of sleep on tensor palatini EMG and upper airway resistance 

in normal men. J. Appl. Physiol. 70: 2574-2581.
Trudo FJ, Gefter WB, Welch KC, Gupta KB, et al. (1998). State-related changes in upper airway caliber and surrounding 

soft-tissue structures in normal subjects. Am. J. Respir. Crit. Care Med. 158: 1259-1270.
Tsuiki S, Lowe AA, Almeida FR, Kawahata N, et al. (2004). Effects of mandibular advancement on airway curvature and 

obstructive sleep apnoea severity. Eur. Respir. J. 23: 263-268.
van Lunteren E (1993). Muscles of the pharynx: structural and contractile properties. Ear Nose Throat J. 72: 27-9, 33.
Wheatley JR, Tangel DJ, Mezzanotte WS and White DP (1993). Influence of sleep on response to negative airway pressure 

of tensor palatini muscle and retropalatal airway. J. Appl. Physiol. 75: 2117-2124.


