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Abstract

Background: The longer upper airway is more collapsible during sleep. This study aims to reveal relationships
among upper airway length, weight, and obstructive sleep apnea (OSA), particularly to answer why the upper
airway of OSA patients is longer than that of healthy people and why some obese people suffer from OSA while
others do not.

Methods: We perform head and neck MRI on male patients and controls, and measure > 20 morphological
parameters, including several never before investigated, to quantify the effect of weight change on upper airway
length.

Results: The upper airway length is longer in patients and correlates strongly to body weight. Weight increase
leads to significant fat infiltration in the tongue, causing the hyoid to move downward and lengthen the airway in
patients. The apnea-hypopnea index (AHI) strongly correlates to airway length and tongue size. Surprisingly, a
distance parameter h and angle β near the occipital bone both show significant differences between healthy males
and patients due to their different head backward tilt angle, and strongly correlates with AHI. The contributions of
downward hyoid movement and head tilt on airway lengthening are 67.4–80.5% and19.5–32.6%, respectively, in
patients. The parapharyngeal fat pad also correlates strongly with AHI.

Conclusions: The findings in this study reveal that the amount of body weight and distribution of deposited fat
both affect airway length, and therefore OSA. Fat distribution plays a larger impact than the amount of weight, and
is a better predictor of who among obese people are more prone to OSA.
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Introduction
Obstructive sleep apnea (OSA) is characterized by re-
peated collapse and obstruction of the upper airway (UA)
during sleep [1]. UA geometry has significant effect on air-
flow characters, resistance, and obstruction [2, 3]. Previous
studies have revealed that a longer airway has a consider-
ably less negative closing pressure and is therefore more
collapsible [4]. Morphological measurements do show that
UA in patients is significantly longer compared with nor-
mal subjects [5, 6]. Studies also show a correlation be-
tween UA length and OSA severity [7, 8]. However, the
mechanism of UA lengthening in OSA patients is unclear.
Obesity has a strong correlation with OSA [9–13]. It is

estimated that 58% of moderate to severe OSA is due to
obesity [14]. Because of increased fat deposition, overweight
and obese individuals generally have a larger tongue [10,
15, 16] and more collapsible airway than normal-weight in-
dividuals [17–20]. From the observations that there is a
high OSA prevalence in obese people and a long upper air-
way in many OSA patients, one may ask whether an in-
crease in body weight can increase UA length, and
therefore make UA more collapsible. There has currently
not been any investigation focusing particularly on the rela-
tionship between UA length and weight change. A study
observed that UA length decreased in OSA patients after
24 weeks of weight loss, but the reason remained unclear
[21]. A quantitative investigation about the different effect
of body weight on UA length between normal people and
OSA patients may solve the puzzle: why do some people
with obesity suffer from OSA while others do not?
In this study, we will test the hypothesis: both the amount

of body weight and distributions of deposited fat in the
head and neck can affect airway length, but the fat distribu-
tion dominates the change in UA length and determines
who among obese people are more prone to OSA.

Methods
Subjects
Chinese male candidates were recruited through public no-
tice boards and determined through overnight polysomno-
graphy monitoring. Eighteen patients with apnea-hypopnea
index (AHI) > 15 (AHI = 43.59 ± 17.57), who may exhibit
typical OSA characteristics, participated in this study.
Twenty healthy subjects were selected by a careful evaluation

based on their basic information and survey results. A quali-
fied candidate should have no symptoms such as snoring,
sleep apnea, and daytime somnolence. We also performed
polysomnography tests for six candidates, 30% of all healthy
subjects, to ensure that their AHI < 5. We did not match the
body mass index (BMI) between the two groups in order to
better observe the effect of weight on UA length in a larger
BMI range. We also formed two BMI matching groups with
weight 69–93 kg, which could maximize the size of each
group to include 14 OSA patients and 13 healthy subjects, to
observe the similarities and differences in morphological pa-
rameters between OSA patients and healthy people with
similar BMI. The data were analyzed with age as a covariate
to account for the effect of age. Table 1 summarizes the
characteristics of the subjects. Nobody had heart failure,
renal failure, tonsillectomy, or uvulopalatopharyngoplasty.
Nobody had been previously treated for OSA. The ethics
committee of Capital Medical University approved the study
(2013SY67), and all subjects signed the informed consent.

Magnetic resonance imaging (MRI)
Using a spoiled gradient echo sequence described in de-
tails in the references [22–24], we performed axial and
sagittal scanning in a 3.0 T MRI scanner (Signa HDxt,
General Electric, USA) to obtain images from the nasal
cavity to the laryngeal prominence. Subjects were awake
and lying supine. They were told not to swallow during
scanning. Because obese people had a larger head back-
ward tilt angle when lying supine than subjects with nor-
mal weight, in order to observe the effect of head tilt
angle on UA geometry, we also performed MRI under
three states: lying supine, with partial chin elevation, and
with a maximum chin elevation in healthy subjects.

Reconstruction of tissue structures and measurement of
morphological parameters
We segmented tissues from the images manually, recon-
structed the three-dimensional structures of UA, tongue, fats
in the mandibular space and parapharyngeal space, fat be-
hind the neck, and posterior cervical soft tissue using Mimics
(Materialise Inc., Leuven, Belgium), and measured their mor-
phological parameters including the tissue volume, cross-
sectional area, length, angle, and relative positions. Figure 1
diagrams some of the tissues measured in this study.

Table 1 Characteristics of male OSA patients and healthy subjects

No BMI matching BMI matching

OSA patients (n = 18) Healthy subjects (n = 20) P value OSA patients (n = 14) Healthy subjects (n = 13) P value*

Age, y 48.11 ± 12.56 37 ± 13.73 0.015 51 ± 12.16 36.62 ± 12.63 –

Height, cm 174.33 ± 7.09 172.47 ± 5.84 0.237 171.23 ± 5.25 172.54 ± 6.01 0.376

Weight, kg 83.36 ± 13.5 70.16 ± 9.15 0.001 76.64 ± 5.9 75.08 ± 5.51 0.352

BMI, kg.m−2 27.35 ± 3.5 23.63 ± 3.22 0.002 26.16 ± 1.93 25.25 ± 1.84 0.784

Data are presented as mean ± SD. OSA obstructive sleep apnea, BMI body mass index; *: P-value after adjustment for age

Lin et al. Respiratory Research          (2020) 21:272 Page 2 of 10



Figure 2 defines some structural geometrical parame-
ters on the midsagittal plane. The two lines defining the
ends of UA in Fig. 2a represent the hard palate plane
and the hyoid bone plane in the three-dimensional
structure of the head and neck, respectively. A key par-
ameter h proposed in this study, which is the distance
from the upper edge of the second cervical vertebra to
the hard palate plane, has never been investigated before.
LHV is the distance between the top of the second cer-
vical vertebra and the hyoid bone plane. TST is the aver-
age thickness of the posterior cervical soft tissue. Figure
2b shows the long axis (LLAX) and short axis (LSAX) of
the tongue, and also the average thickness of the poster-
ior cervical fat (TNF). The angles β and θ, which have
also never been studied previously, together with the
angle α are defined in Fig. 2c. The angle θ = β + α-180o

can describe the level of head tilt. In addition, we also
measure the neck circumference (CN) and a non-head

and neck parameter, the waist circumference (CW), using
a measuring tape.

Quantitative evaluations of weight effects on upper
airway length
UA length LUA is the sum of h and LHV. Head tilt
can affect not only h but also LHV. We express LUA
and LHV as a linear function of the level of head tilt,
or the angle θ: LUA = a1θ + b1 and LHV = a2θ + b2.
From the two equations, a Δθ increase in angle will
increase the UA length by ΔLUA = a1Δθ and simultan-
eously result in an upward movement of the hyoid
bone plane by an amount |ΔLHV| = |a2|Δθ in these
healthy subjects. The hyoid position in OSA patients
should be lower than in healthy subjects when there
was no difference in the head tilt angle between the
two groups. If the amount of downward movement of
the hyoid, denoted by ΔLhyoid, in OSA patients is

Fig. 1 Segmentation of partial tissues

Fig. 2 Definitions of main parameters on the midsagittal plane. In a, the two lines drawn from the hard palate, near the top of the oral cavity,
and the hyoid, which are also normal to the posterior wall, define the two ends of the upper airway. The parameter h, a part of the upper airway
length, is the distance from the upper edge of the second cervical vertebra to the hard palate plane. The average thickness of the posterior
cervical soft tissue TST is calculated from the area surrounded by the three lines and skin dividing the distance between the two parallel lines
passing through the upper and lower edges of the second cervical vertebra. In b, the long axis of the tongue LLAX starts from the central point of
the hyoid bone and ends at a point farthest from the hyoid on the tongue surface, and the short axis LSAX is the perpendicular bisector of LLAX
ending on the tongue surfaces. The average thickness of the posterior cervical fat TNF is calculated by the area of the fat beneath the skin, from
the bottoms of the second to the sixth cervical vertebrae, dividing the length of the central line. In c, The angles α and β represent the relative
positions among the occipital bone, cervical vertebra, and nasion: β is the angle between the posterior wall of the upper airway and the occipital
bone line drawn from the sellar to the tip of the clivus, and α is the angle between the occipital bone line and the line drawn from the nasion to
the sellar. θ is the angle between the posterior wall of the upper airway and the line drawn from the nasion to the sellar. The lower left corner is
a magnification of the local region defining these three angles
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similar to the amount of upward movement |ΔLHV|
caused by an angle change Δθ* in healthy subjects, we
can estimate the hyoid moving down caused by the
large weight in OSA patients using ΔLhyoid = |ΔLHV|
when Δθ=Δθ* or the expression ΔLhyoid = |a2|Δθ

*.
Therefore, the total increase in UA length resulted
from head tilt and hyoid movement for patients is
ΔLOSA = ΔLUA + ΔLhyoid = a1Δθ + |a2|Δθ

*. The contri-
bution of the increase caused by Δθ to the total in-
crease in UA length in patients is ΔLUA/ΔLOSA = Δθ/
(Δθ + |a2/a1|Δθ

*), and the contribution of the down-
ward movement of the hyoid is ΔLhyoid/ΔLOSA = |a2/
a1|Δθ

*/(Δθ + |a2/a1|Δθ
*). Measuring LUA and LHV at

different angles θ caused by different levels of head
tilt in healthy subjects, we can determine the parame-
ters a1 and a2 by fitting the data to the equations
LUA = a1θ + b1 and LHV = a2θ + b2. The parameter Δθ*

can be determined by comparing the position of the
hyoid bone plane between the OSA patients and
healthy subjects, which will be addressed in detail in
the Results section.

Statistical analysis
All morphological data measured from structures of
OSA patients and healthy subjects were analyzed using
the software SPSS (SPSS Inc., Chicago, USA).
Independent-sample t test was used in data comparisons
between the patients and controls. Covariance analysis
was used to adjust for age in the comparison between
the patient and control groups with BMI matching. The
value p < 0.05 was considered as statistically significant.
Correlation analysis was used to test relationships be-
tween measured parameters.

Results
Statistical analysis of morphological parameters
Table 2 lists the measured results of the histomorpholo-
gical parameters. Comparing OSA patients to healthy
subjects, there are significant differences in h, β, and
TST. As shown in Fig. 3, the upper edge of the second
cervical vertebra in OSA patients is generally under the
hard palate plane (h > 0) while it is generally above the
hard palate plane (h < 0) or near the hard palate plane in

Table 2 Histomorphological measurement results in male OSA patients and healthy subjects

No BMI matching BMI matching

OSA patients
(n = 18)

Healthy subjects
(n = 20)

P value OSA Patients
(n = 14)

Healthy subjects
(n = 13)

P value*

Length of the upper airway (LUA), mm 82.79 ± 6.02 68.8 ± 6.83 < 0.001 81.99 ± 5.88 70.19 ± 6.41 0.001

Upper airway volume, cm3 12.71 ± 5.25 10.67 ± 6.3 0.285 11.67 ± 3.91 11.71 ± 7.2 0.66

Narrowest cross-sectional area of the upper
airway (SNUA), mm2

25.1 ± 19.41 65.32 ± 41.32 0.001 22 ± 15.86 64.25 ± 36.55 0.001

Average cross-sectional area of the upper
airway (SAUA), mm2

147.01 ± 58.77 167.12 ± 74.89 0.361 135.73 ± 45.61 177.82 ± 83.27 0.099

Fat volume in parapharyngeal space (VPF), cm
3 11.15 ± 4.2 6.25 ± 2.73 < 0.001 10.25 ± 3.12 7.17 ± 2.87 0.045

Fat volume in mandibular space (VMF), cm
3 3.65 ± 1.72 1.73 ± 0.75 < 0.001 3.71 ± 1.51 1.58 ± 0.74 0.002

Thickness of posterior cervical fat (TNF), mm 17 ± 5.43 13.22 ± 5.8 0.037 15.67 ± 4 15.18 ± 4.84 0.623

Fat area in parapharyngeal space in the neck
plane with the narrowest upper airway (SNPF), mm2

279.37 ± 130.91 176.2 ± 116.17 0.015 262.07 ± 139.68 197.96 ± 116.38 0.072

Thickness of soft tissue behind neck (TST), mm 63.97 ± 7.39 50.03 ± 6.84 < 0.001 62.29 ± 5.26 52.65 ± 5.05 < 0.001

Tongue volume (VTG), cm
3 138.23 ± 13.79 119.21 ± 12.64 < 0.001 136.41 ± 10.4 122.01 ± 13.15 < 0.001

Length of the long axis of tongue (LLAX), mm 82.65 ± 7.76 68.33 ± 5.81 < 0.001 81.31 ± 6.87 69.94 ± 6.13 0.002

Length of the short axis of tongue (LSAX), mm 48.13 ± 4.48 50.73 ± 6.17 0.151 48.25 ± 4.38 51.38 ± 5.18 0.588

Ratio of the long to short axis of tongue, 1.73 ± 0.21 1.37 ± 0.26 < 0.001 1.7 ± 0.23 1.38 ± 0.24 0.027

Distance from the top of the second cervical
vertebra to hyoid bone plane (LHV), mm

70.09 ± 6.4 69.37 ± 8.2 0.764 71.45 ± 6.37 67.96 ± 8.23 0.822

Distance from the top of the second cervical
vertebra to hard palate plane (h), mm

12.42 ± 7.71 −0.76 ± 6.06 < 0.001 10.31 ± 5.9 1.11 ± 5.22 0.001

α, ° 140.04 ± 6.08 144.67 ± 6.08 0.027 139.73 ± 6.8 145.24 ± 6.24 0.029

β, ° 149.05 ± 8.54 134.55 ± 6.27 < 0.001 147.11 ± 7.11 135.85 ± 5.55 < 0.001

θ, ° 109.04 ± 10.67 99.22 ± 4.82 0.002 106.62 ± 9.99 101.09 ± 4.52 0.23

Neck circumference, (CN), cm 40.76 ± 2.14 36.56 ± 1.91 < 0.001 40.25 ± 1.44 36.87 ± 2.20 < 0.001

Waist circumference, (CW), cm 97.36 ± 9.19 86.08 ± 8.77 0.001 94.06 ± 5.49 89.92 ± 7.34 0.133

Data are presented as mean ± SD. OSA obstructive sleep apnea, BMI body mass index; *: P-value after adjustment for age
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healthy subjects. There is a significant difference in h be-
tween healthy subjects and OSA patients whether BMI is
matched or not (both p < 0.001). The mean value of β for
OSA patients is much larger than in healthy groups with
and without BMI matching (both p < 0.001). The mean
value of α of OSA patients is smaller than in healthy sub-
jects with BMI matching (p = 0.042) or without (p =
0.027), which is consistent with the statistical results of
Neelapu et al. [25] A correlation analysis for all 38 subjects
in healthy and patient groups shows a negative correlation
between the angles α and β (r = 0.465, p = 0.004).
As shown in Table 2, OSA patients have longer UA

than healthy subjects whether BMI is matched or not
(both p < 0.001). UA length LUA has strong correlation
with BMI (r = 0.573, p < 0.001), CN (r = 0.674, p < 0.001),
and Cw (r = 0.861, p < 0.001) respectively, suggesting that
body weight (W) plays an important role in LUA change.
Figure 4 shows that W, LLAX, TST, θ, β, and h are all
strongly correlated with LUA (p < 0.001). LUA also shows
a weak negative correlation with α (r = − 0.324, p =
0.051). Figure 5 shows that h (p < 0.001), TST (p < 0.001),
β (p = 0.003), and LLAX (p < 0.001) are strongly correlated
with W. One can see from Table 2, Fig. 4a, and Fig. 5
that although the body weight in BMI matching patient
and control groups is similar (p = 0.765), there are still
significant differences in LUA, h, TST, β, LLAX and CN be-
tween the two groups (all p < 0.001), but α is unrelated
to W (r = − 0.107, p = 0.528).
Interestingly, the slopes of the two dashed lines for

OSA patients and healthy subjects in Figs. 4a and 5 are
almost the same, suggesting that the variation of these
parameters with body weight are the same in the two
groups. However, there is a distance between the two
lines, showing differences in these morphological param-
eters. We can infer that the weight effect on morpho-
logical parameters such as UA length is not only from

the increased total body weight, but also from the distri-
bution of weight gained.
Larger weight can lead to longer UA in both healthy

subjects and OSA patients. However, from the BMI
matching data in Table 2, we can see that the parameters
CN and TST in the patient group are significantly larger
than in the healthy group, which leads to larger θ and β.
In order to evaluate the contributions of the head tilt
angle on UA morphology, we use MRI results obtained
from 19 healthy subjects with partial and a maximum chin
elevations. The results indicate that, with the increase in
the head tilt angle, the position of the hard palate and the
hyoid moved upward relative to the cervical vertebra,
resulting in an increase in h and a decrease in LHV. By fit-
ting the data at different head tilt angles, we obtain a1 =
0.457 and a2 = − 0.946 in the equations given in the
Methods section, and then we obtain |a2/a1| = 2.07.
The data without BMI matching in Table 2 shows that

θ in the OSA patient group was 10° larger than in the
healthy group, while the distance LHV was almost the
same. This indicates that the hyoid position in OSA pa-
tients should be lower than in healthy subjects when
there was no difference in the head tilt angle between
the two groups, and the amount of downward move-
ment of the hyoid in OSA patients should be similar to
the amount of upward movement caused by the 10°
change in θ in healthy subjects. Thus, the parameter
Δθ* = 10°, and the large weight leads to the hyoid mov-
ing down by ΔLhyoid = 10|a2| in OSA patients. Therefore,
in addition to the effect of increased head tilt angle while
gaining weight, the downward movement of the hyoid
bone is another major reason of UA lengthening in pa-
tients. The contribution of Δθ is ΔLUA/ΔLOSA =Δθ/
(Δθ + 20.7), and the contribution of the downward
movement of the hyoid is ΔLhyoid /ΔLOSA = 20.7/(Δθ +
20.7). Therefore, we can estimate that when the head tilt

Fig. 3 The relative position between the upper edge of the second cervical vertebra and the hard palate plane, a for obstructive sleep apnea
patients and b for healthy subjects
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angle in OSA patients is 5–10° larger than in healthy
people, head tilt contributes about 19.5–32.6% or
roughly 1/5–1/3, and the hyoid moving down contrib-
utes 67.4–80.5% or roughly 2/3–4/5, to the increase in
UA length in OSA patients.
The data for BMI matching in Table 2 indicates

that the tongue volume VTG of OSA patients is sig-
nificantly larger than in healthy subjects (p = 0.007).
This suggests that although the two groups have simi-
lar body weight, there is more fat in the tongue, and
therefore a larger tongue, for patients. Due to the
limited space in the anterior-posterior direction, there
is no significant difference in LSAX between patients
and healthy people (p = 0.114). Therefore, an enlarged
tongue will lead directly to an increase in LLAX (p <
0.001) and a downward movement of the hyoid bone.
This is consistent with the observations of Chi et al.
[16] Although there are significant differences in the
narrowest cross-sectional area of UA (SNUA) between
OSA patients and healthy subjects (p = 0.001), there
are no significant differences in the average cross-

sectional area of UA (SAUA) (p = 0.361) and UA vol-
ume (p = 0.285). This is due to stronger genioglossus
reactions in patients under waking condition [26–28],
which can keep the size of UA cross-section steady to
maintain normal breathing.
Compared with healthy subjects, OSA patients have

larger neck circumference CN, BMI matched or not, and
obvious fat depositions in some neck regions. In the
OSA patients, the volume of fat in the parapharyngeal
space VPF and mandibular space VMF both increase sig-
nificantly compared to healthy subjects, BMI matched or
not. The thickness of posterior cervical fat TNF and waist
circumference CW increase with weight increase. The
data for BMI matching showed that for similar body
weight, there is no significant difference in TNF or CW

between patients and healthy subjects.

Correlation analysis between morphological parameters
and AHI
The correlation analysis for the data of 18 OSA patients
shows that AHI is strongly correlated with UA length

Fig. 4 Correlations of the upper airway length LUA with a the body weight W, b the length of the long axis of tongue LLAX, c the thickness of
soft tissue behind the neck TST, d the angle θ, e the angle β, and f the distance from the top of second cervical vertebra to hard palate plane h
in all subjects. Solid symbols represent obstructive sleep apnea patients and hollow symbols are healthy subjects. Solid lines are the fitting results
for data from all subjects. The upper and lower dashed lines in subfigure a are fitting results for patients and healthy subjects, respectively. The
two vertical lines indicate the weight range with body mass index matching in patient and healthy groups
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(Fig. 6a), h (Fig. 6b), β (Fig. 6c), the fat area in paraphar-
yngeal space in the neck plane with the narrowest UA
(SNPF) (r = 0.478, p = 0.045), and waist circumference
(r = 0.625, p = 0.013). Although SNUA and CN are signifi-
cantly different between patients and healthy subjects,
there is no significant correlation between AHI and
SNUA or CN. There is no significant correlation between
AHI and VPF, VMF, TNF in OSA patients, but AHI shows
strong positive correlations with VTG (r = 0.569, p =
0.017), and LLAX (Fig. 6d).

Discussion
This is the first study to address quantitatively the effect
of body weight on UA length, and therefore UA collaps-
ibility. By systematic morphological measurements on tis-
sues surrounding UA and quantitative analyses, the study
reveals the roles played by body weight in UA lengthening
and obstruction. In addition to confirming that UA of
OSA patients is much longer than in healthy subjects, and
that LUA is positively correlated with AHI as observed in
some studies [8], we find the significant impact of body
weight on LUA and the mechanism of UA lengthening in
obese people, suggesting that weight gain increases LUA
and the risk of UA collapse during sleep. In a study involv-
ing 24 weeks of weight loss, the investigators observed a
decrease in the distance between the hard palate and

hyoid bone in OSA patients [21]. This reflects our own
observations, which show that weight change will lead to
LUA change in the same direction.
It sounds amazing that weight increase can make UA

longer. A clarification of its mechanism is particularly
important for the treatment of OSA. From our hypoth-
esis and findings, there are two points that merit special
attention. One is the impact of the total weight increase,
and the other is the impact of the regional distribution
of the increased weight. Our results show that the dis-
tance h increases with weight increase in both OSA pa-
tients and healthy people, but the increment is different
after weight matching. We can explain this as follows:
Table 2 shows that TST in OSA patients is significantly
larger than in healthy subjects, BMI matched or not.
This increase in thickness will tilt the head farther back,
increasing β, which then leads to an increase in the dis-
tance h and therefore lengthens UA. Another reason for
airway lengthening is that the pulling and squeezing on
the surrounding tissues of the airway due to fat depos-
ition, especially the expansion of tongue volume, will
push the hyoid down and increase LHV. Obesity leads to
the increase of fat content in the genioglossal muscle
[20], which can increase tongue size. Our results show
that the tongue volume VTG in OSA patients is signifi-
cantly larger than in healthy subjects. The head tilt angle

Fig. 5 Correlations of the body weight W with a the length of the long axis of tongue LLAX, b the thickness of soft tissue behind the neck TST, c
the angle β, and d the distance from the top of second cervical vertebra to hard palate plane h in all subjects. Solid symbols represent
obstructive sleep apnea patients and hollow symbols are healthy subjects. Solid lines are the fitting results for data from all subjects. The upper
and lower dashed lines are the fitting results for patients and healthy subjects, respectively. The two vertical lines indicate the weight range with
body mass index matching in patient and healthy groups
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and hyoid downward displacement are both related to
the fat increase. This can explain morphologically why
not all obese people suffer from OSA. We found that
OSA patients have a 5–10° larger head tilt angle than in
healthy people due to their large TST, and the contribu-
tions of hyoid downward movement and head tilt on the
change in LUA are 67.4–80.5% and 19.5–32.6%, respect-
ively. Although the amount of weight and the distribu-
tion of deposited fat will both affect LUA, Fig. 4a shows
that the impact of fat distribution is larger than the in-
creased amount of weight, which proves our hypothesis.
We grouped subjects not only with matched BMI be-

tween OSA patients and healthy subjects, but also with-
out BMI matching to extend the weight range. From the
BMI matching groups, we can observe the difference of
fat distribution in the head and neck between the patient
and healthy groups and analyze its impacts on respira-
tory functions. From the groups without BMI matching,
we can observe some important phenomena over a large
weight range, such as the changes in the parameters h,
β, VTG, LLAX and LUA with weight. Our study shows that
fat distribution plays a key role in evaluating the changes
in UA length. Because BMI is an overall parameter that
cannot provide any distribution information, it is there-
fore hard to effectively evaluate the impact of weight in-
crease on the occurrence of OSA for an individual
patient using BMI only.
The fat in the head and neck accumulates when

weight increases in OSA patients. Some previous studies
have found that parapharyngeal fat pads can narrow UA
[29], while other data do not show such effects [30]. Our

results show significant differences in VPF and VMF be-
tween OSA patients and healthy subjects, and SNPF cor-
relates with AHI. This suggests that fat accumulated at
the parapharyngeal and mandibular areas will directly
compress UA. Therefore, obesity has a double effect on
the morphology of UA in OSA patients. On the one
hand, it will lengthen UA. On the other hand, the in-
crease of fat around the pharynx will squeeze and nar-
row UA when most of the dilator muscle activations are
lost during sleep. Both factors make airway collapse and
obstruction more likely during sleep in OSA patients.
Our results show that the parameter SNUA in OSA pa-
tients is significantly smaller than in healthy subjects,
but there is no correlation between SNUA and AHI. This
is not surprising because the images were taken while
awake rather than sleeping, and therefore the parameter
SNUA only reflects the narrowest caliber of UA while
awake. Because dilator muscle activities can be very dif-
ferent among patients under waking condition for main-
taining normal breathing, the distribution of the
narrowed size of UA obtained under such a condition
can be very different from that during sleep, when most
of dilator muscle activities are lost.
We should mention that the number of patients in-

cluded in the study is still small and all subjects in this
study are male. The population of males with OSA is
much higher than females [31], and we design, as the
first step, the comparisons of morphological parameters
between male healthy subjects and patients to study the
effects of body weight on the airway length and therefore
on OSA. Further investigations are needed to see

Fig. 6 The correlations between apnea-hypopnea index (AHI) and a upper airway length LUA, b distance from hard palate plane to the top of
second cervical spine h, c angle β, and d length of the long axial of the tongue LLAX in obstructive sleep apnea patients
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whether the important conclusions of this study can be
extend to females. Another limitation is that our patient
group does not include mild OSA patients with AHI be-
tween 5 and 15. We only measured and analyzed data
for moderate and severe OSA patients with AHI > 15 in
this study. In addition, the subjects participated in this
study are Chinese. We do not know whether the findings
of this study can be applied to other population groups.

Conclusions
The important findings in this study prove our hypoth-
esis, and reveal that although the amount of body weight
and the distribution of deposited fat both affect airway
length, and therefore OSA, the impact of fat distribution
is larger than that of weight increase, and is a better pre-
dictor of who among obese people are more prone to
OSA. The findings in this study can lead to a better un-
derstanding of OSA mechanism and will be of great sig-
nificance in developing effective treatments for OSA.
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