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Intermittent hypoxia induces disturbances in craniofacial growth and
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A B S T R A C T

Objectives: To investigate intermittent hypoxia (IH) induced changes in craniofacial morphology and bone
mineral density (BMD) in the mandible of growing rats.
Design: Seven-week-old male Sprague-Dawley rats were exposed to IH for 4 days or 3 weeks. Sham-
operated rats simultaneously breathed room air. Lateral and transverse cephalometric radiographs of the
craniofacial region were obtained, and the linear distances between cephalometric landmarks were
statistically analyzed. BMD and bone microstructure of the mandible were evaluated using micro-
computed tomography (micro-CT).
Results: Cephalometric analyses demonstrated that exposure to IH only in the two groups for 3 weeks
decreased the size of the mandibular and viscerocranial bones, but not that of the neurocranial bones, in
early adolescent rats. These findings are consistent with upper airway narrowing and obstructive sleep
apnea (OSA). Micro-CT showed that IH increased the BMD in the cancellous bone of the mandibular
condyle and the inter-radicular alveolar bone in the mandibular first molar (M1) region.
Conclusions: This study is the first to identify growth retardation of the craniofacial bones in an animal
model of sleep apnea. Notably, 3 weeks of IH can induce multiple changes in the bones around the upper
airway in pubertal rats, which can enhance upper airway narrowing and the development of OSA. The
reproducibility of these results supports the validity and usefulness of this model. These findings also
emphasize the critical importance of morphometric evaluation of patients with OSA.

ã 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Obstructive sleep apnea (OSA) is characterized by sleep-related
collapse of the upper airway (Azagra-Calero, Espinar-Escalona,
Barrera-Mora, Llamas-Carreras, & Solano-Reina, 2012). Under-
standing of the morbidity and pathophysiology of pediatric OSA
Abbreviations: BMD, bone mineral density; IH, intermittent hypoxia; BV/TV,
bone volume/tissue volume; M1 region, first molar region; micro-CT, micro-
computed tomography; OSA, obstructives sleep apnea; ROI, region of interest.
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has expanded significantly since the first report of this condition in
1976 (Guilleminault, Eldridge, Simmons, & Dement, 1976).
However, the pathogenesis of pediatric OSA remains controversial
because of the associated complications and age-related variations
in presentation (Tan, Gozal, & Kheirandish-Gozal, 2013).

Risk factors for OSA in adults include hormonal imbalance
(Barcelo et al., 2013), age (Mehra et al., 2007), sex (Bixler et al.,
2001), diet (Papandreou et al., 2012), obesity (Azagra-Calero et al.,
2012), and skeletal and soft tissue abnormalities (Aoki & Prahl-
Andersen, 2007; Banno & Kryger, 2007). The severity and mortality
of adult OSA are associated with various comorbidities (Azagra-
Calero et al., 2012), such as heart failure, hypertension, arrhythmia,
stroke, and diabetes mellitus. In contrast, pediatric OSA is often
associated with impaired growth and development in the
craniofacial and otolaryngological tissues, as well as with

http://crossmark.crossref.org/dialog/?doi=10.1016/j.archoralbio.2015.10.017&domain=pdf
mailto:hosomichi.orts@tmd.ac.jp
http://dx.doi.org/10.1016/j.archoralbio.2015.10.017
http://dx.doi.org/10.1016/j.archoralbio.2015.10.017
http://www.sciencedirect.com/science/journal/00039969
www.elsevier.com/locate/aob


116 S. Oishi et al. / Archives of Oral Biology 61 (2016) 115–124
neuromuscular diseases (Balbani, Weber, & Montovani, 2005;
Huang & Guilleminault, 2012). Typically, children with OSA exhibit
excessive daytime sleepiness, impaired school performance,
abnormal daytime behavior, recent enuresis, morning headache,
abnormal weight, and progressive development of hypertension
(Azagra-Calero et al., 2012; Urschitz et al., 2003; Reade et al., 2004).

Children with OSA exhibit growth retardation in various ways
(Ersoy, Yuceturk, Taneli, Urk, & Uyanik, 2005), including growth
hormone deficiency, as well as snoring (Nieminen et al., 2002).
Because skeletal and soft tissues in the nasopharyngeal and
oropharyngeal regions undergo substantial development during
puberty (Ronen, Malhotra, & Pillar, 2007), even mild impairment in
craniofacial growth may cause a severe morphometric mismatch
between the maxilla and the mandible. However, few studies have
documented the possible association between craniofacial changes
and the pathophysiology of OSA in puberty (Tapia et al., 2008; Yuan
et al., 2012).

Adults with OSA show variable ventilatory responses to
chemical stimulation (Radwan et al., 2000), whereas children
with OSA exhibit ventilatory depression under anesthesia or in the
presence of high carbon dioxide levels (Strauss, Lynn, Bratton, &
Nespeca, 1999). Compared with adults, children present a greater
reduction in oxygen saturation from the baseline to the nadir
during sleep (Hara et al., 2013). This low oxygen saturation in
children with OSA can result in general growth retardation (Poets,
1998) and weight loss (Martinez, Vasconcellos, de Oliveira, &
Konrad, 2008). In children with moderate and severe OSA, the
recurrent episodes of abnormal gas exchange during sleep cause
hypoxemia, hypercapnia, and acidosis (Sharp, Druz, D’Souza, &
Diamond, 1985).

A few reports have implicated impaired respiration in
craniofacial development. For instance, a 3-day nasal obstruction
in young rats has been shown to induce long-term hormonal
changes that may result in craniofacial growth retardation (Padzys,
Tankosic, Trabalon, & Martrette, 2012). Moreover, adult and elderly
patients with OSA reportedly develop increased bone density
(Uzkeser et al., 2013; Sforza, Thomas, Barthélémy, Collet, & Roche,
2013). Although intermittent hypoxia (IH) has been strongly
implicated in the pathogenesis of OSA (Noda et al., 1998; Lal,
Strange, & Bachman, 2012), the role of IH in the growth of the
craniofacial bones of children with OSA has not been reported.

We recently developed an apparatus that enables simultaneous
exposure of many rats to IH for long periods of time, thereby
reproducibly simulating the pathogenesis of OSA (Maeda et al.,
2013). Here, we implemented this approach to investigate the
effect of IH on craniofacial development, bone mineral density
(BMD), and bone microarchitecture in peripubertal rats during the
stage of craniofacial growth modification.
Fig. 1. Cephalometric landmarks. (A) Sagittal view. (
2. Materials and methods

2.1. Experimental IH model

The experimental procedures were performed according to the
Guide for the Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH publication 85-23, revised
1996). The animal protocol was approved by the Institutional
Animal Care and Use Committee of The University of Tokyo
(approval number, P12-149).

Eighteen 7-week-old male Sprague-Dawley rats were used in
this study. Experimental rats were exposed to IH at a rate of
20 cycles per hour (nadir, 4% oxygen; peak, 21% oxygen; 0% carbon
dioxide), and control rats breathed room air. The control cage was
placed next to the cage equipped with the IH apparatus, and all rats
underwent their respective treatments for 8 h per day during the
12-hour “lights on” period (Maeda et al., 2013). The rats were
randomly divided into 4 groups. The experimental rats underwent
IH for 4 days (IH4D group, n = 4) or for 3 weeks (IH3W group, n = 5),
while the control rats breathed room air for 4 days (C4D group,
n = 4) or for 3 weeks (C3W group, n = 5). The experiments were
conducted while the rats were 7–10 weeks of age, when
craniofacial bones actively develop (puberty), as documented by
studies of craniofacial growth (Spence, 1940) and puberty onset
(Cheung, Thornton, Nurani, Clifton, & Steiner, 2001) in male rats.
All rats were allowed free access to food and water throughout the
experimental period, as previously described (Maeda et al., 2013;
Skelly et al., 2012). After the IH-exposure period, all rats were
anesthetized by a sodium pentobarbital injection and sacrificed.

2.2. Cephalometric analysis

To evaluate craniofacial growth, we obtained lateral and
dorsoventral radiographs with a soft X-ray machine (SOFTEX
CMB-2; SOFTEX Co., Ltd., Tokyo, Japan). The head position of each
rat was fixed using a pair of ear rods to maintain a standard head
posture and contact with the film in any other way to avoid the
magnification factor (Abbassy, Watari, & Soma, 2008). The sagittal
and transverse cephalometric radiograph settings were 50 kVp,
15 mA, and 5-s impulses. All radiographs were taken, developed,
and scanned by the same operator. Thirteen lateral and six
dorsoventral landmarks were identified on the cephalometric
radiographs (Fig. 1,Table 1). Sixteen linear distances between the
cephalometric landmarks (Table 2) were measured, as described in
previous studies (Abbassy et al., 2008; da Silva & Cecanho, 2009).
To ensure reliability and reproducibility of each measurement,
each distance was measured thrice by the same operator and the
three values were averaged. The ratios of different craniofacial
linear distances to the neurocranium were calculated by the cranial
B) Transverse view. Abbreviations: see Table 1.



Table 1
Definitions of cephalometric landmarks.

Sagittal cephalometric radiograph

N The most anterior point on the nasal bone
E The intersection of the frontal bone and floor of anterior cranial fossa
Po The most posterior and superior point on the skull
Ba The most posterior and inferior point on the occipital condyle
So The intersection of the most anterior tympanic bulla and the superior border of the sphenoid bone
Co The most posterior and superior point on the mandibular condyle
Go The most posterior point on the mandibular ramus
Mn The most concave portion of the concavity on the inferior border of the mandibular corpus
Gn The most inferior point on the ramus that lies on a perpendicular bisector of the line Go–Mn
Me The most inferior and anterior point of the lower border of the mandible
LI The most anterior and superior point on the alveolar bone of the mandibular incisor
Mi The junction of the alveolar bone and the mesial surface of the first mandibular molar
Mu The junction of the alveolar bone and the mesial surface of the first maxillary molar

Transverse cephalometric radiograph
Go1,
Go2

The points on the angle of the mandible that produce the widest width; Go1 is the point on the left side point and Go2 the point on the right

P1, P2 The most anterior and medial points within the temporal fossae that produce the most narrow palatal width; P1 is the point on the left and P2 is the point on the
right

C1, C2 The points on the cranium that produce the widest cranial width; C1 is the point on the left and C2 is the point on the right

Table 2
Cephalometric measurements of the craniofacial skeleton.

Neurocranium

Po–N Total skull length
Po–E Cranial vault length
Ba–E Total cranial base length
So–E Anterior cranial base length
Ba–So Posterior cranial base length
Po–Ba Posterior neurocranium height
Viscerocranium
E–N Nasal length
E–Mu Viscerocranial height

Mandible
Co–LI Total mandibular length
Co–Me Length from condylar head to Me
Co–Gn Ramus height
Go–Mn Posterior corpus length
Mi–LI Anterior corpus length

Transverse measurements
Go1–Go2 Bigonial width
C1–C2 Maximum cranial width
P1–P2 Palatal width
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vault length (Po�E) to evaluate the discrepancies in craniofacial
morphology. Additionally, The tibial length was radiographically
measured from the proximal end to the medial malleolus of the
tibia as an index for whole body growth.

2.3. Three-dimensional microcomputed tomography analysis

To investigate the changes in the bony microstructure of the
condyles of the mandibular condyle and the inter-radicular
alveolar bone in the mandibular first molar (M1) region, the
cancellous bone was analyzed in both the IH3W and C3W groups
using microcomputed tomography (micro-CT) with a desktop X-
ray micro-CT system (SMX-100CT; Shimadzu, Kyoto, Japan). The
region of interest (ROI) for structural morphometry was chosen
within the cancellous bone of the mandibular condyle and the
mandibular M1 region according to previous studies (Fig. 2)
(Shimizu, Hosomichi, Kaneko, Shibutani, & Ono, 2011; Kuroda
et al., 2011; Abbassy, Watari, & Soma, 2010). The mandibular
condyle in the IH3W and C3W groups was analyzed to evaluate the
influence of IH on the skeletal development of the mandible in rats.
The ROI (1.0 � 1.0 � 0.2 mm) was selected in a region 1.0 mm
distant from the epiphyseal cartilage of the mandibular condyle, to
distinguish the ROI from the cortical bone area (Fig. 2A) (Kuroda
et al., 2011; Bouxsein et al., 2010). The inter-radicular alveolar bone
in the mandibular M1 region used for micro-CT was measured in
the ROI for structural morphometry, as this area is frequently used
for histomorphometry of the trabecular bone. The ROI was selected
between the alveolar ridge crest and apex of the roots in the
sagittal section. The white part showed the ROI between the four
roots in the mandibular M1 region on the horizontal section.
(Fig. 2B) (Shimizu et al., 2011; Abbassy et al., 2010). Each
mandibular condyle and mandibular M1 region was analyzed
with respect to the BMD, bone volume/tissue volume (BV/TV),
trabecular bone thickness (Tb.Th), and trabecular number using a
three-dimensional image-analysis software (TRI/3D-BON; Ratoc
System Engineering, Tokyo, Japan) as follows. A scanning resolu-
tion of 20 mm was used to assess the mandibular condyle and
alveolar bone in the M1 region (Shimizu et al., 2011; Kuroda et al.,
2011; Abbassy et al., 2010). A CT-level histogram of the bone
marrow was constructed to determine the adaptive threshold
using the discriminant analysis method (Bouxsein et al., 2010).

2.4. Statistical analysis

Statistical calculations were performed using a statistical
analysis software (IBM SPSS Statistics Version 20.0, Chicago, IL,
USA). The control and experimental groups were compared using
the Mann–Whitney U-test, and statistical significance was
accepted at a p level of less than 0.05.

3. Results

3.1. Systemic changes in rats after IH

The body weight and tibial length of the rats were measured as
an index for whole body growth. After 3 weeks of IH exposure, the
body weight of rats exposed to IH was significantly lower than
those of control rats (Fig. 3A). There was no significant difference in
the tibial length between C3w and IH3w rats (Fig. 3B). The
correlation between the body weight and tibia length was assessed
by the Pearson correlation coefficient, which indicated a lower
value (p = 0.054). This showed that the correlation between the
body weight and whole body growth in this model was low.



Fig. 2. Micro-CT images of the cancellous bone in the mandibular condyle and the inter-radicular alveolar bone in the mandibular first molar. (A) The region of interest (ROI;
white-filled area) in the cancellous bone of condyle was selected in the sagittal section (A1) and in horizontal section (A2). (B) The region of interest (ROI; white-filled area) in
the mandibular first molar region was selected in the sagittal section (B1) and in horizontal section (B2). Abbreviations: M, mesial; D, distal; MR, mesial root; BR, buccal root;
DR, distal root; LR, lingual root.

Fig. 3. Body weight and length of the tibia. (A) Body weight of the rats. (B) Length of the tibia after 3 weeks of intermittent hypoxia (IH). C, control group; IH, experimental
group. *p < 0.05.
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3.2. Cephalometric measurements

No significant differences in any linear measurements were
observed between the IH4D and C4D groups (Table 3). However,
several parameters were significantly different between the IH3W

and C3Wgroups. Among the 16 parameters examined, 5 parameters
were found to be significantly different between the IH3W and C3W

groups. In the viscerocranial measurements, the length of the nasal



Table 3
Comparison of skeletal cephalometric measurements between the C4D and IH4D groups and between the C3W and IH3W groups.

Group C4D IH4D Significance C3W IH3W Significance

Parameter Medians Standard errors Medians Standard errors Medians Standard errors Medians Standard errors

Neurocranium
Po–N 47.75 0.34 48.2 0.35 NS 50.6 0.29 49.5 0.22 NS
Po–E 28.85 0.39 29.4 0.32 NS 28.8 0.18 29.4 0.22 NS
Ba–E 30.85 0.30 31.85 0.21 NS 32.4 0.12 32.4 0.22 NS
So–E 20.00 0.33 20.65 0.06 NS 20.8 0.14 21 0.19 NS
Ba–So 12.15 0.18 12.15 0.05 NS 12.1 0.16 11.8 0.07 NS
Po–Ba 10.75 0.09 10.8 0.05 NS 11.0 0.15 11 0.12 NS

Viscerocranium
E–N 19.85 0.28 19.2 0.35 NS 21.8 0.19 20.8 0.21 *
E–Mu 11.85 0.11 11.9 0.15 NS 13.3 0.28 12.2 0.09 NS

Mandible
Co–LI 25.35 0.52 26.55 0.24 NS 27.9 0.22 27.4 0.20 *
Co–Me 21.9 0.17 22.05 0.05 NS 25.6 0.30 24.0 0.32 *
Co–Gn 11.05 0.16 10.9 0.25 NS 12.8 0.10 12.6 0.12 NS
Go–Mn 13.35 0.74 12.55 0.52 NS 14.5 0.26 12.5 0.54 *
Mi–LI 7.1 0.05 7.0 0.24 NS 7.70 0.20 8.0 0.24 NS

Transverse X-ray
Go1–Go2 18.85 0.07 18.95 0.14 NS 19.4 0.11 18.7 0.14 *
C1–C2 17.35 0.09 17.25 0.07 NS 17.2 0.08 16.9 0.06 NS
P1–P2 6.95 0.13 6.65 0.21 NS 7.9 0.17 7.60 0.09 NS

Abbreviations: NS, nonsignificant; others, see Fig. 1 and Table 2.
*p < 0.05.
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bone (E–N) was significantly shorter in IH3W rats than in C3W rats.
Among the mandibular measurements, the total mandibular
Fig. 4. Comparison of craniofacial measurements between the C3W and IH3W groups. Va
measurements normalized. Data are shown as medians with standard errors for each 
length (Co–L1), the length from the condylar head to the most
inferior and anterior points of the lower border of the mandible
lues of the (A) neurocranial, (B) viscerocranial, (C) mandibular, and (D) transverse
group. Abbreviations: see Fig. 1 and Table 2. *p < 0.05.



Fig. 5. Evaluation of craniofacial bony length ratios. The ratios of the (A) viscerocranial and (B) mandibular lengths to the cranial vault length (Po–E) were compared between
the C3W and IH3W groups. Data are shown as medians with standard errors for each group. Abbreviations: see Fig. 1 and Table 2. *p < 0.05.
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(Co–Me), and the posterior corpus length (Go–Mn) were signifi-
cantly shorter in IH3W rats than in C3W rats. Among neurocranial
measurements, there was no difference in the total skull length or
any other measurement between the C3W and IH3W groups.
However, the bigonial width (Go1–Go2) was significantly lower in
the IH3W group than in the C3W group (Fig. 4, Table 3).

3.3. Evaluation of craniofacial bony length ratios

Both the ratio of the viscerocranial length to the neurocranium
length and the ratio of the mandibular length to the neurocranium
length were significantly shorter in IH3W rats than in C3W rats.
There was no significant difference in other ratios between the IH
and control groups (Fig. 5).

3.4. Three-dimensional microcomputed tomography analysis

Micro-CT images of the cancellous bone in the mandibular
condyle and the inter-radicular alveolar bone in the mandibular
Fig. 6. Microarchitecture of the cancellous bone in the mandibular condyle of the rats
(micro-CT) morphology of the mandibular condyle in the sagittal section. The region of in
Representative micro-CT images of the cancellous bone in the mandibular condyle. Sca
M1 region showed higher bone volume density for the cancellous
bone in the IH3W group than in the C3W group (Figs. 6 and 7). As
shown in Fig. 8, a micro-CT analysis demonstrated significantly
higher BMD and BV/TV of the mandibular condyle and the
mandibular M1 region in the IH3W group than in the C3W group.

4. Discussion

Here, for the first time, we have revealed evidence of
heterogeneous growth retardation in the craniofacial bones in
an animal model exposed to IH. These morphological changes can
contribute to upper airway obstruction.

The purpose of our study was to provide evidence for the
multifactorial pathogenesis of OSA and advocate early OSA
treatment in children on the basis of bone and respiratory
physiology. IH reportedly encompasses the primary aspects of
OSA (Fletcher, 2001). However, given the multiple factors that
contribute to the pathogenesis of OSA, such as hypercapnia,
intrathoracic negative pressure, sympathetic overactivation, and
 in the C3W and IH3W groups. (A) Three-dimensional microcomputed tomography
terest (ROI) was selected only in the cancellous bone, without the cortical bone. (B)
le bar: 500 mm. Abbreviations: M, mesial; D, distal.



Fig. 7. Microarchitecture of the inter-radicular alveolar bone in the mandibular first molar region of the rats in the C3W and IH3W groups. Three-dimensional microcomputed
tomography (micro-CT) morphology of the inter-radicular alveolar bone (indicated as white-filled area) in the mandibular first molar region in the sagittal section (A) and
horizontal section (B). (C) Representative micro-CT images of alveolar bone in the mandibular first molar. Scale bar: 50 mm. Abbreviations: M, mesial; D, distal.
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neurohumoral factors (Fletcher, 2001), it was surprising that
3 weeks of IH can induce significant morphological changes in the
craniofacial bones consistent with OSA (Kuma et al., 2014). The
horizontal lengths of the mandible and viscerocranium of IH3W rats
were shorter than those of C3W rats, whereas the neurocranial
lengths did not differ between the two groups. The latter changes
can reduce the upper airway width and aggravate the pathogenesis
of OSA.

We studied the effect of IH on growing rats aged from 7 to
10 weeks. During this stage of rat development, the mandibular
and viscerocranial bones, but not the neurocranial bones, are in an
active growth phase (Spence, 1940). The directional growth of
craniofacial bones is affected by orofacial functional changes, such
as respiratory obstruction (Padzys et al., 2012). Experimental
hypoxia causes the inhibition of postsynaptic components in the
rat vestibular nuclei (Yoshida, Sasa, & Takaori, 1988), which are
connected with the spinal trigeminal nuclei, which, in turn,
mediate the pathway of the jaw-opening reflex (Pinganaud,
Bourcier, Buisseret-Delmas, & Buisseret, 1999; Tolu et al., 1996).
Upper airway obstruction, which induces hypoxia in the rat
(Trabalon & Schaal, 2012), affects the jaw-opening reflex and
reduces the masticatory efficiency (Funaki, Hiranuma, Shibata,
Kokai, & Ono, 2014). Orofacial functional demands under impaired
inhalation may further influence the differential effects of IH on
the skeletal growth among various craniofacial regions.

Given the lack of morphometric analysis in previous studies,
such studies in rats exposed to IH are critical for elucidating the
pathogenesis and treatment of OSA. Partly because of the high
reproducibility of our experimental design, the morphological
changes were significant despite the short duration of IH (3 weeks).
Our findings strengthen the validity and usefulness of this rat IH
model in research into the pathogenesis of OSA, particularly during
early puberty.

The results of this study suggest that IH induces bony changes
that can disturb airflow in the upper airway, further precipitating
the development of OSA. Adenotonsillectomy has been widely and
successfully adopted in children to alleviate upper airway stenosis
(Marcus et al., 2012). The growth retardation of the craniofacial
bones in rats exposed to IH suggests that IH evoked by adenotonsil
hypertrophy induces bony growth retardation, thereby aggravating
upper airway narrowing and OSA development. Clinical studies
should investigate whether adenotonsillectomy can improve
craniofacial growth retardation and OSA symptoms (such as
snoring and the apnea–hypopnea index), in order to elucidate the
causal link between impaired airflow (IH) and craniofacial growth
retardation of adolescents with OSA.

The results of cephalometric measurements suggested that the
mandibular measurements in the IH3W group were significantly
smaller than those in the C3W group. However, there were no
significant differences in neurocranium measurements between
the IH3W and C3W groups (Fig. 4). These results suggest that the
effect of IH on neurocranium bone growth is lower than that on the
mandible, which induced disturbances in bone growth and density
in rat maxillofacial bone (Fig. 5). Some of the most compelling
previous studies on the effect of IH-related factors on osteogenesis
have indicated that the mechanisms responsible for intramem-
branous ossification differ from those that cause endochondral
ossification (Wang et al., 2007). This suggests that IH can increase
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bone-modeling events in the growing long bone. Our results are
consistent with the concept that IH affects the growth of the long
bones, such as the mandible.

Osteogenesis is a complex process consisting of several steps
(Chatakun et al., 2014). We speculated that IH may have differential
effects on skeletal elongation and bone mineralization. Thus, we
also investigated the BMD in the cancellous bone of the
mandibular condyle and the inter-radicular alveolar bone in the
mandibular M1 region to evaluate the effects of IH on mandibular
bone mineralization. Indeed, there have been 2 discrepant clinical
reports on the BMD in patients with OSA: the first one found an
association with low density and osteoporosis in middle-aged
patients (Uzkeser et al., 2013) and the other found an association
with high density in elderly patients (Sforza et al., 2013). A
previous study in an animal model, using old-aged mice exposed to
chronic IH, suggested that IH did not modify BMD (Torres et al.,
2013), and the spinal bone density was shown to be enhanced in
old-aged rats that underwent 5 weeks of IH (Guner et al., 2013). In
contrast to these reports, our study of growing rats indicated that
IH significantly increased BMD as a potential risk factor for
disturbances in craniofacial growth and discrepancies in
craniofacial morphology. In our study, exposure to IH for 3 weeks
enhanced BMD in the rat mandible. To date, no study has reported
on bone metabolism in children and young adults with OSA. The
clinical implications of the enhanced bone density in the mandible
remain to be addressed. Therefore, the findings of current clinical
studies remain inconclusive with respect to the relationship
between OSA and bone metabolism according to the patients' age.

Changes in the bony microstructure during growth may have
been associated with retardation of condylar growth in IH-exposed
rats in this study, although further histomorphological studies
would be necessary to verify the state of bone turnover and its
relationship with the three-dimensional trabecular microstruc-
ture.

5. Conclusions

This is the first report on growth retardation in the craniofacial
bones of pubertal rats that had been exposed to IH. Our study
indicated that IH can affect rat maxillofacial bone growth, leading
to aberrant maxillofacial morphology in the peripubertal growth
period. These changes can enhance upper airway flow narrowing
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and support the development of OSA. Thus, our model is both valid
and useful. Moreover, we showed that IH induces changes in the
bony microstructure of the mandible. Therefore, this study also
emphasizes the importance of morphometric studies in patients
with OSA.
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