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Abstract Objective: For the treatment of obstructive sleep apnea in adults, mandibular
advancement devices (MADs) are often used. Since adults with a prognathic mandibular pheno-
type are at risk of developing an unfavorable facial profile, midfacial development using bio-
mimetic oral appliance therapy might provide a suitable alternative. However, the effect of
this procedure on the maxillary air sinuses is unknown; therefore, changes in sinus pneumati-
zation were investigated in this study.
Methods: After obtaining informed consent, 16 consecutive Korean adults with midfacial hypo-
plasia had 3D cone-beam (CB) CT scans taken, and biomimetic upper appliances (DNA appli-
ance�, Vivos Therapeutics, Inc., USA) were constructed.

All subjects were instructed to wear the device 12e16 h/day. Each month, examination for
the progress of midfacial development was recorded. Post-treatment, a follow-up 3D CBCT
scan was undertaken with no device in the patient’s mouth. Pre- and post-treatment linear
and volumetric measurements were obtained using appropriate software, and compared sta-
tistically using t-tests.
Results: The mean age of the sample was 25.0 yrs � 8.7. The mean treatment time was 15.5
mths � 5.2. Post-treatment, the transpalatal bone width increased from 35.3 mm � 3.0 to
38.5 mm � 2.0 (P < 0.001); the maxillary air sinus volume on the left side increased from
18.8 cm3 � 6.5 to 20.0 cm3 � 6.0 (P < 0.05), and from 18.5 cm3 � 5.7 to 19.7 cm3 � 5.8
(P < 0.05) on the right side.
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Conclusions: Biomimetic oral appliance therapy may be able to increase the maxillary air sinus
volume in adults. In view of these preliminary findings, further studies on the effect of
enhanced pneumatization on paranasal sinus function and sleep parameters are warranted.
Copyright ª 2020 Chinese Medical Association. Publishing services by Elsevier B.V. on behalf of
KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The maxillary air sinuses are often anatomically described
as pyramidal-shaped cavities within the maxilla. Smith
et al1 investigated neonatal maxillary sinus development in
primates histologically and immunohistochemically for the
distribution of osteoclasts, osteoblasts and osteopontin.
They noted that expansion of the sinus roof and floor
appeared to correspond to vertical midfacial growth.
However, expansion of the lateral walls was more variable,
and influenced by adjacent structures, such as the decid-
uous molars. Their overall results were consistent with the
structural-architectural hypothesis of sinus formation, in
that most expansion occurred in regions unopposed by
adjacent structures. Conversely, the appearance of these
air-filled cavities within the spatial matrix of the craniofa-
cial complex may simply be opportunistic. To address this
notion, Smith et al2 compared pneumatization in anthro-
poid primates that possess maxillary sinuses to squirrel
monkeys, which do not. Using micro-CT scans and histo-
morphometric techniques, the spatial position of the par-
anasal sinuses and size of the adjacent dental structures
was measured. In the primates, pneumatization extended
alongside the deciduous premolars but in squirrel monkeys,
the homologous spaces did not develop. It was concluded
that differences in tooth size/position and larger orbits may
account for the resulting dimorphism, likely by limiting the
space available for posterior expansion of the sinus. In this
way, paranasal sinuses appear to be associated with skel-
etal elements that border on several functional matrices,
the spatial dynamics of which act as developmental con-
straints on pneumatic expansion. Therefore, pneumatiza-
tion may simply be a secondary, opportunistic growth
mechanism that replaces redundant bone with air cavities.

Clinically, Lawson et al3 reported that maxillary sinus
hypoplasia can occur unilaterally or bilaterally, but CT
scans revealed that it appears to retain its pyramidal
configuration. In addition, the sinuses were rarely found to
be excessively pneumatized, while a reduction in size/
volume was more frequent. They concluded that while a
range of developmental and pathologic conditions influence
maxillary sinus morphology, its biologic response is some-
what limited. Therefore, the physiologic mechanism of
sinus pneumatization is a natural phenomenon that has
been known and studied for centuries,4,5 but has rarely
been deployed therapeutically. In this regard, Wehrbein
and Diedrich6 quantified progressive pneumatization of the
maxillary sinus after tooth extraction and orthodontic
space closure, noting that the pneumatization tendency
was higher after extractions in the molar region. More
recently, Re et al7 reported that tooth movement through
the maxillary sinus can be used as part of a therapeutic
protocol, if appropriate forces are used. They reported
orthodontic movement of an upper premolar through the
maxillary sinus, using an implant inserted into the retro-
molar pad as anchorage. They also noted that the premolar
that was moved through the sinus maintained its perio-
dontium and alveolar bone. In addition, the implant used
for anchorage remained osseo-integrated; however, the
origins and functions of pneumatization remain elusive.
Therefore, the aim of this study is to evaluate changes in
maxillary air sinus volume in adult patients diagnosed with
clinical midfacial hypoplasia, following biomimetic oral
appliance therapy (BOAT).

Materials and methods

Setting and sample population

After obtaining informed consent, 16 consecutive patients
were recruited for this study. The rights of the subjects
were protected by following the Declaration of Helsinki.
Inclusion criteria were: adults aged >18 yrs diagnosed with
clinical midfacial hypoplasia (such as a narrow hard palate);
good compliance; no history of hospitalization for cranio-
facial trauma or surgery; no congenital craniofacial anom-
alies, and a dentate upper arch. The exclusion criteria
included: age <18 yrs; lack of compliance; active peri-
odontal disease; poor oral hygiene, and systemic
bisphosphonate therapy.

Materials and methods

After careful history-taking and craniofacial examination,
we undertook 3D scans using a CBCT machine (HDXwill,
Dentri-s, Seoul, South Korea). Strict positioning protocols
were used, and a 20 s scan was performed using a wide
(13 cm) field of view with a voxel size of 0.25 mm. A
neuromuscular bite registration was obtained in the
upright-sitting position with corrected jaw posture in the
vertical axis for each subject. Upper and lower poly-
vinylsiloxane impressions were also obtained. The upper
model was then mounted using the hamular notch-incisive
papilla (HIP) plane method on a Stratos articulator (Ivoclar-
Vivadent, Amherst, USA), and the lower model was moun-
ted relative to the upper model, using the bite registration
captured in the physiologic rest position. Following a
diagnosis of midfacial hypoplasia, a biomimetic upper
appliance (DNA appliance�, Vivos Therapeutics, Inc., USA)
was prescribed for each subject. Biomimetic oral appliance
therapy (BOAT) aims to mimic natural growth and devel-
opment of the facial complex, and the system is designed
to correct craniofacial and upper airway issues in both
children and adults.8e11 The design used in this study had: 6
(patented) anterior 3D axial springs�, midline anterior
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Fig. 2 The minimum transpalatal bone width at the cervical
margin of the mesio-palatal cusp of the first molar was
measured prior to midfacial development and post-treatment.
The yellow line indicates a width of approx. 35.2 mm in this
case.
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and/or posterior jackscrews, occlusal pads, retentive
clasps and a labial bow (Fig. 1). All subjects were instructed
to wear the device during the late afternoon, early evening
and at nighttime (for approx. 12e16 h in total), but not
during the daytime and not while eating, partly in line with
the circadian rhythm of tooth eruption,12 although this only
occurs in children. The appliance was adjusted approx.
every 4 weeks when all subjects reported for review. At
each monthly follow-up, examination for the progress of
midfacial development was recorded. Adjustments to the
devices were performed to optimize their efficacy. Only
gentle pressures were transmitted to the teeth, and the
functionality of the device was checked with the subject
activating a mild force on biting. Treatment was deemed to
be completed when the clinical transpalatal bone width
was approx. 38 mm.

After midfacial segmentation was completed, the mini-
mum transpalatal bone width at the cervical margin of the
mesio-palatal cusp of the first molar (Fig. 2) was measured
prior to midfacial development. For volumetric recon-
struction of the maxillary sinuses (Figs. 3 and 4), appro-
priate software was implemented (Morpheus3D, Morpheus
Co. Ltd., Seoul, South Korea). Next, the 3D volume of the
right and left maxillary sinuses, excluding the nasolacrimal
duct, was computed in all cases (Fig. 5). The measurement
protocol was repeated three times to determine the per-
centage measurement error. Post-treatment, these data
measurements were repeated, and the findings were sub-
jected to statistical analysis, using t-tests.

Results

The mean age of the final sample was 25.0 yrs � 8.7 (7
females; 7 males). The mean treatment time was 15.5 mths
� 5.2. The 3D measurement error was found to be <1% and
further measurements were warranted. Pre-treatment, the
mean minimum transpalatal bone width at cervical margin
Fig. 1 Thebiomimeticdevicedesign (fabricatedbySTAADental
Laboratory, South Korea) used in this study with 6 (patented)
anterior 3D axial springs�, midline anterior and/or posterior
jackscrews, occlusal pads, retentive clasps and a labial bow.
of the mesio-palatal cusps of first molars was found to be
35.3 mm � 3.0 and it increased to 38.5 mm � 2.1 (p <
0.001) post-treatment. In addition, the mean maxillary air
sinus volume on the left side was 18.8 cm3 � 6.5 pre-
treatment and increased to 20.0 cm3 � 6.0 (p < 0.05)
post-treatment, while the mean maxillary sinus volume on
the right increased from 18.5 cm3 � 5.7 pre-treatment to
19.7 cm3 � 5.8 (p < 0.05) post-treatment. Table 1 sum-
marizes these findings.
Discussion

This present study examined the effects of a biomimetic
approach to palatal expansion on the maxillary sinuses in
adults with midfacial hypoplasia. To ensure precision, a
sub-millimeter voxel size of 0.25 mm was deployed in the
imaging protocols utilized for the 3D CBCT scans, which is
intermediate in the typical range of 0.10e0.30 mm in the
specifications for craniofacial CBCT imaging. In addition,
the CBCT scans were measured in triplicate using software
of validated accuracy but subjective bias can never be
excluded completely. Despite these limitations, none of the
subjects complained of discomfort when wearing the de-
vice after a period of habituation, which typically last
24e72 h, and none of the subjects reported any adverse
reactions to BOAT. In the present study, we report some
changes in the pneumatization of the maxillary air sinuses
in non-growing adults with midfacial hypoplasia following
BOAT.

The origins of craniofacial pnuematicity remain obscure.
Márquez13 reviews the temporo-spatial complexities and
diversity of paranasal sinus growth and development in an
attempt to provide an improved understanding and deeper



Fig. 3 Volumetric reconstruction of the maxillary sinuses, using appropriate software (Morpheus3D, South Korea). The green
outlines indicate the regions of interest, excluding the nasolacrimal duct, which is indicated by the straight green line.

Fig. 4 After midfacial segmentation was completed, the 3D volumes of the right and left maxillary sinuses were computed, as
indicated by the yellow outlines and enclosed shaded areas.
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appreciation of these specialized craniofacial functional
spaces. Briefly, the earliest known postcranial skeletal
pneumatization in some dinosaurs is similar to the cervical
air sacs of birds.14 Extant birds have a unique pulmonary
system that consists of a dorsally-anchored lung with
several bellow-like air sacs to direct inspired air through
the lung. Sereno et al15 consider that the evolution of avian
air sacs may have been driven by lung ventilation inter alia.
Indeed, Butler et al16 support the contention that post-
cranial skeletal pneumatization and, therefore, avian air-
sacs were likely present in a common ancestor and,
consequently in the evolution of the respiratory systems in
bird-like dinosaurs. In some respects, therefore, the para-
nasal air sinuses, specifically the maxillary air sinus, might
be viewed as vestigial organs of the upper airway that were
once necessary for respiration.
Currently it is thought that the function of the paranasal
sinuses may be to: decrease the weight of the skull
(ostensibly for flight); increase the resonance of the voice;
protect against craniofacial trauma; guard against nasal
temperature fluctuations; humidify and warm inspired air,
as well as initiating immunologic defenses17 against micro-
bial infections. In addition, since nitric oxide (NO) is present
in high concentrations in the paranasal air sinuses, it is
thought that the sinus’ epithelial pneumocytes produce
NO,18 which guards against bacterial and viral infections. In
contrast, only weak NO synthase activity is found in the
epithelium of the nasal cavity. It is also thought that the NO
produced during T2R38 gene activation regulates mucosal
defenses against gram-negative bacteria, by increasing
mucociliary clearance. Thus, the widespread role of T2R38
may prove to have therapeutic potential in cases of chronic



Fig. 5 After midfacial segmentation was completed, the 3D volumes of the right and left maxillary sinuses pre- and post-
treatment were reconstructed and measured, as indicated by the yellow 3D objects.

Table 1 Mean values and standard deviations of param-
eters measured in this study (Mean � SD).

Time Transpalatal
width (mm)

Sinus volume
(Left, cm3)

Sinus volume
(Right, cm3)

Pre-treatment 35.3 � 3.0 18.8 � 6.5 18.5 � 5.7
Post-treatment 38.5 � 2.1 20.0 � 6.0 19.7 � 5.8
p value <0.001 0.026 0.038

Notes: The mean age of the sample was 25.0 yrs � 8.7. The
mean treatment time was 15.5 mths � 5.2.
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rhinosinusitis,19 while NO may act more generically. In fact,
in a preliminary study using BOAT, Hwang et al20 were able
to resolve some cases of pediatric rhinosinusitis in young
Korean children. In addition, Park et al21 measured para-
nasal sinus volume in healthy Asian adults, using CBCT scans.
They reported that the mean fully grown maxillary air sinus
volume was approx. 15 cm3. This value is similar to the pre-
treatment values that we found of approx. 18.5 cm3 (Table
1) in our present study. On the other hand, in a study to
correlate symptoms of chronic rhinosinusitis with radiologic
imaging, Deeb et al22 analyzed CT scans. For healthy control
subjects in that study, the volume of the maxillary sinus was
approx. 24 cm3. In our present study, the post-treatment
findings were of a similar dimension, since the mean
maxillary air sinus volume was approx. 20 cm3 on both sides
(Table 1). Therefore, although our study was performed on
Asian patients, post-treatment it appears that their maxil-
lary air volume was similar to that of Caucasian subjects.
Interestingly, there are very few studies that have
investigated the effect of maxillary expansion on maxillary
sinus volume. In children, Almuzian et al23 studied the ef-
fects of rapid maxillary expansion (RME) on the upper
airway, using CBCT scans. They found a correlation



138 G.D. Singh, H.N. Kim
between changes in the maxillary sinus volume and den-
toalveolar expansion. In teenagers,24 CBCT scans were
taken before and after maxillary expansion therapy with a
banded Hyrax appliance. It was reported that while the
maxillary sinus volumes remained unchanged, the proced-
ure resulted in a wider hard palate. In our study, we also
found that the transpalatal bone width increased from
approx. 35 mm to 38.5 mm post-treatment, but this was
allied with increases in maxillary sinus volume (Table 1).
Tikku et al25 consider that nasal obstruction can lead to
impaired pneumatization that can result in dimensional
changes in the sinus. They calculated maxillary sinus vol-
ume from CBCT scans, and reported that the mean maxil-
lary sinus volume of mouth breathers was significantly less
than that of nasal breathers. In fact, a previous study9 re-
ported an increased nasal volume in adults treated using
BOAT, and subsequent changes might induce size changes in
adult maxillary sinuses, as noted in this study. In summary,
it appears that, unlike traditional palatal expansion, BOAT
may represent a novel field of endeavor based on the well-
recognized but under-utilized physiologic mechanism of
pneumatization. Further studies on the effect of these
findings on paranasal sinus dysfunction, such as rhinosinu-
sitis, infective conditions and sleep disorders associated
with nasal obstruction, are now required.

Conclusions

Biomimetic oral appliance therapy may be able to non-
surgically and non-pharmaceutically increase the maxillary
air sinus volume in adults.

Further studies on the effect of enhanced pneumatiza-
tion on rhinosinusitis, infective conditions and sleep-
related breathing disorders are indicated.
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