Title Page

Original Research

Does rapid maxillary expansion improve nasal airway obstruction? A computer fluid dynamics

study in patients with nasal mucosa hypertrophy and obstructed adenoids

Rina Sakoda-lwata ) D.D.S., Graduate Student

Tomonori Iwasaki ? D.D.S., Ph.D, Professor and Chairman
Toshiya Tsujii V D.D.S. Ph.D., Associate Professor

Soujiro Hisagai Y D.D.S., Graduate Student

Yoichiro Oku Y D.D.S., Graduate Student

Yuusuke Ban? D.D.S., Associate Professor

Hideo Sato V) D.D.S., Ph.D., Lectour

Hitomi Ishii ® D.D.S.

Ryuzo Kanomi ® D.D.S.,Ph.D

Youichi Yamasaki? D.D.S., Ph.D, Professor and Chairman

Institutional affiliation:

1) Field of Developmental Medicine, Health Research Course, Graduate School of Medical and
Dental Sciences, Kagoshima University

2) Department of Pediatric Dentistry, Institute of Biomedical Sciences, Tokushima University
Graduate School

3) Kanomi Orthodontic Office

Corresponding Author:

Tomonori Iwasaki, D.D.S., Ph.D

Affiliation & Address:

Department of Pediatric Dentistry, Institute of Biomedical Sciences, Tokushima University Graduate
School

3-18-15, Kuramoto-Cho, Tokushima, 770-8504 Japan.

TEL: +81-88-633-7358

FAX: +81-88-633-9132

E-mail: iwasaki@tokushima-u.ac.jp

CRediT Author Statement


mailto:iwasaki@tokushima-u.ac.jp

Rina Sakoda-lwata: Writing - Original Draft, Conceptualization, Formal analysis: Tomonori Iwasaki:
Writing - Review & Editing, Supervision, Conceptualization : Toshiya Tsujii : Project administration:
Yoichiro Oku: Formal analysis: Soujiro Hisagai: Formal analysis: Yuusuke Ban: Formal analysis:
Hideo Sato: Formal analysis: Hitomi Ishii: Data Curation: Ryuzo Kanomi : Supervision.: Youichi

Yamasaki : Supervision, Funding acquisition

Declaration of interest
All authors have completed and submitted the ICMJE Form for Disclosure of Potential

Conflicts of Interest, and none were reported.

Funding

Funding

This work was supported by KAKENHI from Japan Society for the Promotion of Science (No.
18K09860, 20K18766, 20K10230, 21K17189).



Highlights (for review)

Highlights
*In normal children, nasal airway obstruction commonly improves following RME.
* In nasal mucosa hypertrophy children, RME improves nasal airway obstruction to some extent.

* RME is not effective in addressing obstruction among children with adenoids.
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15 6  improves nasal airway obstruction. However, the incidence of nasal airway obstruction improvement
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g 7  following RME is approximately 60%. This study aimed to clarify the beneficial effects of RME on
19 . . . . . .
20 8  nasal airway obstruction in specific pathologic nasal airway diseases (nasal mucosa hypertrophy and
21
22 9  obstructed adenoids) using computer fluid dynamics (CFD).
23
;g 10 Methods: Sixty subjects (21 boys, mean age 9.1 years) were divided into three groups according to
26
27 11 their nasal airway condition (control, nasal mucosa hypertrophy, and obstructed adenoids), and those
28

29 12 requiring RME had cone- beam computed tomography (CBCT) images taken before and after RME.

g; 13 CBCT data were used to evaluate the nasal airway ventilation condition (pressure) using CFD and
33

34 14 measure the cross-sectional area (CSA) of the nasal airway.

35

36 15 Results: The CSA of the nasal airway significantly increased after RME in all three groups. The
39 16 pressures in the control and nasal mucosa groups significantly reduced after RME but did not change
41 17  significantly in the adenoid group. The incidence of improvement in nasal airway obstruction in the
43 18  control, nasal mucosa, and adenoid groups was 90%, 31.6%, and 23.1%, respectively.

46 19  Conclusions: The incidence of improvement in nasal airway obstruction after RME depends on the
48 20  nasal airway condition (nasal mucosa hypertrophy and obstructed adenoids). In patients with non-
51 21  pathologic nasal airway conditions, the obstruction may be sufficiently improved with RME.
53 22 Furthermore, RME may be effective, to some extent, in treating nasal mucosa hypertrophy. However,
55 23

RME was not effective in patients with nasal airway obstruction due to obstructed adenoids.
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Introduction

Rapid maxillary expansion (RME) expands the maxillary dentition laterally and enlarges
the nasal airway laterally; thus, an improvement in nasal airway obstruction is expected as a
secondary effect.1"* Recently, the American Association of Orthodontists recommended that for
obstructive sleep apnea (OSA) and orthodontics, the primary objective of RME is to normalize
maxillary transverse deficiency and improve occlusion, whereas a secondary positive impact of
increasing the upper airway volume and reducing nasal resistance may make it a plausible treatment
modality in children with OSA.* Therefore, the improvement effect of RME on nasal airway
obstruction is important. However, several studies estimate that the incidence of improvement of
nasal airway obstruction following RME is approximately 60%.%%> In other words, not all cases
show improvement in nasal airway obstruction following RME. Therefore, to improve nasal airway
obstruction following RME, many studies®® have investigated the use of expansion appliances®’ and
an extended method.® However, it has been reported that the individual condition of nasal airway
ventilation obstruction (anatomical, pathological, and physiologic) is important.® Therefore, when
evaluating the improvement effects of RME on nasal airway obstruction, the study of the individual
condition is necessary. However, the improvement effect of RME on nasal airway obstruction
specifically due to nasal mucosa hypertrophy and obstructed adenoids remains uncertain. We aimed
to analyze whether RME could help reduce nasal airway obstruction in pathologic nasal airway
conditions. Therefore, this computer fluid dynamics (CFD) study aimed to determine the effects of

RME on nasal airway obstruction in patients with nasal mucosa hypertrophy and obstructed adenoids.

Methods
This study was approved by the institutional review board of XXX university (180073 (657)

Epi-ver. 8). Owing to the retrospective nature of the study, the need for obtaining informed consent
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was waived.

Eligible subjects were selected retrospectively from the archives of a large private
orthodontic office in Himeji, Japan, among those who underwent serial cone-beam computed
tomography (CBCT) imaging before (T1) and after (T2) RME between October 2012 and September
2021. The ages of the subjects ranged from 7 to 12 years. The inclusion criteria were: 1) maxillary
constriction and a need for maxillary expansion, requiring approximately 5 mm of maxillary
expansion as part of their orthodontic treatment (no passive retention appliance was used before full
orthodontic treatment); 2) no previous orthodontic treatment; and 3) no craniofacial or growth
abnormalities. The exclusion criteria were as follows: 1) nasal mucosa hypertrophy combined with
adenoid hypertrophy, 2) history of adenoidectomy or tonsillectomy, and 3) presence of systemic
disease.

Thus, the patients were selected from a total of 542 patients. They were divided into three
groups according to their nasal airway condition (Figure 1): 1) control group (20 subjects; six boys,
mean age: 9.4 years, minimum age: 7.9 years, maximum age: 12.6 years); 2) mucosa group (20
subjects; eight boys, mean age: 9.1 years, minimum age: 7.1 years, maximum age: 10.9 years); and
3) adenoids group (20 subjects; seven boys, mean age: 9.0 years, minimum age: 7.8 years, maximum
age: 10.5 years). The three groups were approximately matched in terms of sex, age, and dentition.
1) Control subjects were those without nasal mucosa hypertrophy or obstructed adenoids
(Figure 1A). Absence of nasal mucosa hypertrophy was defined as the posterior nasal airway at the
maxillary first molar on coronal section imaging showing no marked hypertrophy of the turbinate
mucosa, whereas hypertrophy was defined as one or both turbinates being enlarged or fused.'® On
CBCT imaging, the absence of adenoids was defined as an obstruction of no more than 25%?* in the
space in the midsagittal plane between the posterior outline of the soft palate and the closest point

on the adenoid tissue.
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2) Subjects with nasal mucosa hypertrophy? without obstructed adenoids were classified as
nasal mucosa subjects (Figure 1B). Nasal mucosa hypertrophy was defined as the posterior nasal
airway at the maxillary first molar on coronal section imaging showing no marked hypertrophy of
the turbinate mucosa, whereas hypertrophy was defined as one or both turbinates being enlarged or
fused.®

3) Adenoids subjects were those with adenoid hypertrophy without apparent nasal mucosa
hypertrophy (Figure 1C). Using the CFD study approach, previous studies have shown that 75% of
adenoid obstructions had nasopharyngeal airway obstructions.!! Adenoidal obstruction accounted
for between 25% and 75%, corresponding to grades Il and Il1; the nasopharyngeal airway did not
show airway obstruction. Thus, obstructed adenoid was defined as more than 75% obstruction of the
space in the midsagittal plane from the posterior outline of the soft palate to the closest point on the
adenoid tissue on CBCT.

The participants were seated in a chair with the Frankfort horizontal plane parallel to the
floor and scanned consistently during all CBCT scans (Alphard 3030; Asahi Roentgen, Kyoto,
Japan).'® CBCT was indicated for the patients in this study due to several reasons. CBCT scanning
minimized radiation exposure. CBCT was performed before RME to examine the three-dimensional
maxillofacial form and nasal and pharyngeal airways, paranasal sinus condition, as well as tooth
problems. After RME, but before moving to phase Il of the orthodontic treatment, we again
examined the three-dimensional maxillofacial form, airways, and tooth conditions, especially tooth
root resorption'* and buccal alveolar bone reduction'® due to RME. CBCT was set to a maximum of
80 kV, a maximum of 2 mA, and an exposure time of 17 s. Data were sent directly to a personal
computer and stored in digital imaging and communications formats for medicine.

A volume- rendering software (INTAGE Volume Editor® Cybernet, Tokyo, Japan) was

used to manually create 3D nasal airway (from the external nares to the choanae) images and evaluate
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the intermaxillary molar width and nasal airway width (Figure 2A, B).1® A 3D coordinate system and
3D image were constructed with a medical image analyzing system (Imagnosis VE®; Imagnosis,
Kobe, Japan). Cross-sectional areas (CSAs) of the nasal airways were measured at the anterior and
posterior regions of the nasal airway (Figures 2C, D, E).1® The anterior CSA was defined as lying in
the frontal plane through the anterior nasal spine (CSAa); the posterior CSA was defined as lying in
the frontal plane through the maxillary molar palatal root apex (CSAp).

The nasal area was measured in the posterior region (Figure 2E)*’ and the nasal-mucosal
ratio (NMR) was calculated (CSAp/nasal area). Since the shape of the nasal airway is complex, it is
difficult to evaluate the degree of hyperplasia of the nasal mucosa quantitatively. Therefore, we
calculated the ratio of the nasal airway cross-section to the cross-section of a nasal region as a
quantitative evaluation method in this study; we considered this to be a value indicating the quantity
of nasal mucosa as the nasal mucosa of the soft tissue is thought to account for most of the
components, and a low rate is found in nasal mucosa hypertrophy.

For the measurement of nasal septum deviation, two landmarks were identified on the frontal

view: (1) the junction of the perpendicular plate with the cribriform plate of the ethmoid bone, and (2)
the junction of the vomer bone with the palatine bone (Figure 2F).1° Nasal septum deviation was
measured as the maximum difference between the actual septum and the hypothetical straight septum
in coronal sections at the level of maximal septum deviation; we defined the presence or absence of
nasal septum deviation as > 2 mm and < 2 mm, respectively, based on a previous conventional study.*®

The presence or absence of maxillary sinus mucosa hypertrophy was defined as the degree

of thickening of the sinus mucosa by > 2 mm and < 2 mm, respectively (Figure 2G).*

The 3D nasal airway model was then converted to a smoothed model via meshmorphing
software (DEP Mesh Works/Morpher®; IDAJ, Kobe, Japan) without losing the subject-specific

pattern of the airway shape. The models were exported to CFD software (Phoenics®; CHAM Japan,
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Tokyo, Japan) in stereolithographic format. This software can simulate and evaluate various CFDs
under a given set of conditions. The flow was assumed to consist of a Newtonian, homogeneous, and
incompressible fluid.*® Elliptic-staggered equations and the continuity equation were used in the
study.?’ The CFD of the airways was analyzed under the following conditions: (1) volume of air
flowing at a velocity of 200 mL/s in accordance with subjects’ growth stage; (2) non-slippery wall
surface; and (3) simulations repeated 1000 times to calculate the mean values. Convergence was
evaluated by monitoring the magnitude of the absolute residual sources of mass and momentum,
normalized to respective inlet fluxes. The iteration was continued until all residuals fell below 0.2%.
The simulation estimated the maximum pressure and velocity of the nasal airway.?

According to Ohm's law, nasal airway resistance was calculated from air mass flow and the
pressure difference between the external nares and choanae using postnasal rhinomanometry.?
Airflow pressure and velocity were measured using the maximum value of the nasal airway. We used
the nasal airway model’s standardized gray level in CBCT (corresponding to Hounsfield Unit in CT)
value to ensure that the resistance value of the nasal airway model obtained via CFD matched the

nasal resistance value for rhinomanometry.??

Definition of nasal obstruction

A previous study® reported the nasal disease airway resistance in elementary school
children to be 0.5 Pa/mL/s. Hence, we defined nasal airway obstruction as 0.5 Pa/mL/s, which
corresponds to a resistance level equivalent to 100 Pa according to our flow quantity settings (200
mL/s). We concluded that nasal obstruction occurs when the negative pressure exceeds 100 Pa.
Moreover, complete obstruction was assumed (3D obstruction) when the continuity of the bilateral
nasal meatus of the 3D nasal airway model was broken.?

To ensure reliability, all measurements were repeated by the same evaluator (RSI) after 1
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week. Subsequently, two authors (Tl and RSI) confirmed the accuracy of these measurements. If
additional measurements were needed, the same evaluator (RSI) performed the measurements again;
the Dahlberg formula?* was used to calculate the measurement error. The measurement error of the
images obtained in this study showed that the intermaxillary molar width, nasal airway width, nasal
area, nasal CSA at the anterior nasal spine, nasal CSA at the maxillary first molar, nasal septum
deviation, maximum nasal airway pressure, and maximum nasal airway velocity were 0.055 mm,
0.045 mm, 1.20 mm?, 0.340 mm?, 0.524 mm?, 0.023 mm, 1.823 Pa°, and 0.423 m/s, respectively.

According to all repeated analyses, the method error was considered to be negligible.

Statistical analysis

ANOVA and the Kruskal-Wallis tests were used to detect significant differences in
measurement values among the groups, and post-hoc testing with Bonferroni correction was used.
The significance of treatment changes (T1 and T2) was assessed via paired t-test and Wilcoxon
rank- sum test.

Fisher’s exact test clarified the incidence of nasal airway obstruction and the improvement
in the incidence of nasal airway obstruction following RME in the three study groups. In addition, it
also determined the incidence of nasal septum deviation and maxillary sinus mucosa hypertrophy
following RME in the three groups, the presence or absence of nasal obstruction, and whether nasal
airway obstruction improved after RME.

Spearman correlation coefficients (rs) were calculated to evaluate the relationships among
the CFD values, CSA, and NMR at each stage and across all stages. For all tests, P < 0.05 was
considered statistically significant.

In accordance with our hypothesis that RME improves nasal airway ventilation conditions, we

performed a sample size calculation based on the difference in treatment changes of nasal airway
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ventilation conditions following RME.*® To calculate the B error, a power analysis using G*power
3.1.9.7 was performed (1—f error = 0.80, a = 0.05, two- tailed test); an adequate sample size was

determined to be 18 subjects.

Results

The nasal airway width, maxillary molar width, and nasal area were significantly enlarged
following RME in each of the three groups. However, there were no significant differences among
the three groups at T1 (9.1£1.1 years), T2 (10.9£1.2 years), and T1-T2 (1.8+1.0 years) (Table 1).

The CSAa of the three groups was significantly higher following RME. However, there were
no significant differences among the groups at T1 and T2 (Table 1). In addition, the CSAp of the
three groups was significantly increased following RME. Treatment changes in the CSAp were not
different among the groups. However, the CSAp of the mucosa group was significantly smaller than
that of the control and adenoids groups at T1 and T2.

The NMR did not significantly change in the control or adenoids groups following RME
(NMR, around 30%; adenoids, 27%; Table I). However, the NMR in the mucosa group improved
significantly from 17% to 22% following RME. The NMR in the mucosa group was significantly
smaller than that in the control and adenoids groups at T1 and T2. However, treatment change values
in the mucosa group were significantly greater than those in the control and adenoids groups.

Nasal septum deviation in the mucosa group was significantly larger than that in the control
and adenoids groups at T1 and T2 (Table I). Nasal septum deviation and maxillary sinus mucosa
hypertrophy were significantly different among the three groups (Table 1V). However, the
distribution of patients with nasal obstruction was not significantly different from that of those with
nasal septum deviation and maxillary sinus hypertrophy (Table V). Furthermore, the effect of RME

on nasal obstruction improvement was not significantly different between maxillary sinus mucosa
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hypertrophy and nasal septum deviation (Table V1). Since the ostia was broken and did not continue
between the nasal and paranasal airways, we considered that the 3D nasal airway model of patients
with no ostia would not show the paranasal airway. No ostia were observed in eight patients (five in
the mucosa and three in the adenoid group, and only one adenoid patient showed improved nasal
airway obstruction by RME).

Maxillary sinus mucosa hypertrophy was observed before RME in 14 out of 20 patients (10%)
and nine of 20 patients (45%) after RME in the mucosa group; in the adenoid group, it was observed
before RME in three out of 20 patients (15%) and two of 20 patients (10%) after RME. However, in
the control group, it was not observed before and after RME, and there was no significant difference
between nasal airway obstruction and maxillary sinus mucosa hypertrophy before and after RME.

The pressure and velocity of the control and mucosa groups were significantly reduced

following RME; however, those of the adenoids group did not change (Table 1). The pressure and
velocity in the mucosa group were significantly greater than those in the control and adenoids groups
at T1 and T2. However, the pressure and velocity were not significantly different among the groups.

Regarding the incidence of nasal obstruction at T1, 10 of the 20 subjects in the control group

had an obstruction detected by 3D reconstruction or computational fluid dynamics (50%; Table 2);
following RME, 9 of the 10 subjects had improvement in their nasal airway obstruction at T2
(improvement rate: 90%). In contrast, 19 (95%) of the 20 mucosa group subjects had nasal airway
obstruction at T1, and the incidence of nasal obstruction improved following RME at T2 in six of
the 19 subjects (improvement rate: 31.6%). In the adenoids group, 13 (65%) of the 20 subjects had
nasal airway obstruction at T1, and three of these 13 subjects had improved nasal airway obstruction
following RME at T2 (improvement rate: 23.1%). The improvement rates were significantly
different between the groups.

There were no significant associations between CSAa and the pressure and velocity at each

10
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stage, indicating the nasal airway ventilation condition (Table 3). However, a moderately significant
negative correlation was identified between CSAp and the nasal airway ventilation condition at each
stage (Table 3), and the nasal airway ventilation condition showed a significant negative correlation
with NMR. There were significant negative associations between pressure and CSAa and CSAp at

all stages (Figure 3).

Discussion

The present study showed that nasal airway ventilation conditions were affected by the
specific clinical condition (nasal mucosa hypertrophy or obstructed adenoids) of the nasal airway.
Furthermore, the improvement in nasal airway ventilatory conditions following RME was dependent
on the underlying clinical condition (nasal mucosa hypertrophy or obstructed adenoids) of the nasal
airway. In the absence of nasal mucosa hypertrophy and obstructed adenoids, the improvement in
nasal airway obstruction following RME was high. Conversely, it was found that the improvement

effect was low when nasal mucosa hypertrophy or obstructed adenoids were present.

Nasal airway cross-sectional area

From previous studies, it was decided that the ventilation conditions of the airway are greatly
influenced by airway form.11:2526 Regarding the nasal airway, Garcia et al.?” reported that the cross-
sectional area of the nasal airway of the nasal valve, which is close to the CSAa evaluated in the
present study, is the smallest area in normal adults; they suggested that the CSA of this part greatly
influences the nasal airway ventilation conditions. However, in the present study (Table 1), the three
groups had different nasal airway ventilation conditions (pressure and velocity) but no difference in
CSAa; there were differences in CSAp. The anterior nasal airway, located in the proximal portion of

the nasal cavity, is covered by epithelium and has no erectile tissue, whereas the posterior nasal

11
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airway is covered by mucosa. The posterior nasal airway is considered susceptible to nasal mucosa
hypertrophy and obstructed adenoids. In the presence of nasal airway obstruction, these results
suggest that the posterior nasal airway influences nasal airway ventilation conditions (Figure 3).28

In a study of nasal airway CSA and nasal airway maximum pressures in 11- and 13-year-olds,
the cross-sections o the posterior nasal airway in healthy children ranged from 260-280 mm?, and
the maximum pressure value ranged from 40-80 Pa (corresponding to 0.2-0.4 Pa/mL/s).1% Regarding
the nasal airway cross-section in children with cleft lip and palate, the CSA of 207 mm? was
associated with a pressure of 291 Pa (corresponding to 1.46 Pa/mL/s), and the area of 270 mm?
associated with expansion following RME was associated with a pressure of 49 Pa (corresponding
to 0.25 Pa/mL/s).16
Furthermore, Holsbeke et al.?° reported that the CSA of the posterior nasal airway of normal 6-year-
old children was 317 mm?, whereas it was 171 mm? in children with OSA and upper airway
ventilatory obstruction (there may not be nasal airway obstruction in all cases).

Due to the complicated cross-sectional form of the posterior region of the nasal airway, a
strong association between the cross-sectional area and nasal airway resistance?® of the nasal valve
(rs = 0.816) was not found in the current study in terms of CSAp and nasal airway pressure
(corresponding to nasal airway resistance) (rs = -0.569).

From these reports®® and the results of the present study, we concluded that the threshold of
nasal airway obstruction (more than 100 Pa, corresponding to 0.5 Pa/mL/s) %° of CSAp in children

was approximately 250 mm? (Figure 3B).

Treatment change and nasal mucosa rate
NMR (CSAp/nasal area, i.e., the nasal-mucosal ratio) was used to evaluate nasal

mucosa hypertrophy in each group (Figure 4). The NMR of the normal group did not change and

12
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was a relatively high value (approximately 30%). Since they did not have nasal mucosa hypertrophy
and the NMR values were already high, there was little scope for change. The NMR of the adenoids
group was maintained at around 27% following RME. However, the NMR of the nasal mucosa group
significantly increased following RME, from 17.4% to 22.0%. Nasal mucosa hypertrophy decreased,
which was associated with a reduction in velocity from 34.8 m/s to 17.6 m/s, and mechanical
stimulation of the nasal mucosa by intense airflow at the nasal airway ventilation may have relieved
mucosal inflammation and hyperplasia of the nasal mucosa. However, the NMR remained at 22.0%.
An improvement in upper airway obstruction following oral myofunctional therapy (MFT) has been
recently reported.3* Therefore, other than otolaryngology treatment, MFT may also be effective.
Furthermore, in the adenoids group, the nasal airway cross-section was significantly
expanded in terms of both CSAa and CSAp. However, we hypothesized that the improvement in
nasal airway ventilation following RME was absent because the NMR and CFD did not show
significant improvements.3>3* In terms of adenoids and nasal airway relationships, obstructed
adenoids have been linked to nasal mucosa hyperplasia in a previous study, and adenoidectomy has
been linked to improved nasal airway ventilation.3® Therefore, nasal airway obstruction may be
caused by obstructed adenoids. In the case of conventional examinations®:3 for the degree of nasal
airway ventilation, nasal airway ventilation may be affected by obstructed adenoids for an
anatomical reason. Therefore, evaluating the ventilation conditions for only the nasal airway was
difficult. However, in the present study, we were able to evaluate only the nasal airway in the case
of obstructed adenoids as it was derived from the CFD evaluation of a 3D nasal airway model except
for the obstructed adenoids. Improvement of nasal airway obstruction was not observed following
RME in the presence of obstructed adenoids; this may be because nasal breathing took place in a
non-physiological situation.®? Furthermore, because the nasopharynx becomes constricted when we

perform nasal breathing in the presence of obstructed adenoids, very fast airflow occurs when air

13
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passes the nasopharyngeal airway (Figure 5). Therefore, we performed nasal mucosa mechanical
stimulation,*2 and the possibility that the nasal mucosa was thickened by those effects was considered.
Thus, when adenoids were detected, it was hard to obtain an improvement in nasal airway ventilation
conditions following RME, and otolaryngology treatment for the adenoids was considered

necessary.?

Differences in the improvement of nasal airway obstruction following RME

The sizes of the nasal airways before the expansion and improvement in nasal airway
obstruction following RME were different (Figure 6); thus, the improvement rates of each group in
this study were different.

Regarding the nasal airway CSA (before 11.1 years and after 13.4 years), in a previous
study,'® the anterior and posterior regions of the nasal airway increased from 186 to 198 mm? and
from 259 to 284 mm?, respectively. However, since the age of the patients differed slightly in this
previous study,® the increment in anterior and posterior nasal airway CSAs after RME was 25.0 and
21.7 mm? in the control group, 19.3 and 35.3 mm? in the mucosa group, and 19.7 and 2.6 mm? in the
adenoid group, respectively. Therefore, an enlargement effect of approximately 20 mm? was
observed in the anterior region of the nasal airway in all three groups after RME; the enlargement
effect was approximately 20-35 mm? in the posterior region in the control and mucosa groups, but
there was no enlargement in the adenoid group. Thus, the posterior CSA reflected the ventilation
condition of the nasal airway.

The CSAp of the control group was relatively large, and the nasal airways were expanded
smoothly; as a result, the CSAp was of a sufficient size for nasal airway obstruction to improve.
Therefore, the improvement rate increased. There was one case of non-improvement in the normal

group; this subject had a deviated nasal septum, which we believe may be the cause for non-
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improvement in the nasal obstruction. Future studies should evaluate cases with deviated nasal
septums in detail.

The nasal mucosa group had small CSAp values before the expansion. Therefore,
although the CSAp of the mucosa group was markedly increased following RME, the CSAp did not
reach the size necessary to improve nasal airway ventilation, explaining the low improvement rate.

The CSAp of the adenoids group was intermediate in size before expansion. However,
the effect of RME on improvement was insufficient. Therefore, expansion of the nasal airway did
not occur until symptom improvement was achieved, and this group was associated with a low
improvement rate.

Therefore, we concluded that nasal septum deviation and maxillary sinus mucosa
hypertrophy were unlikely to have a significant impact on the goal of the current study, i.e.,
improvement of nasal airway ventilation condition. However, the result of our present study, which
required the enrollment of patients undergoing RME, might be different from that of general cases.
Therefore, we must continue to investigate these factors in the future. Since the ostia was broken and
did not continue between the nasal and paranasal airways, we considered that the 3D nasal airway
model of patients with no ostia would not show the paranasal airway. No ostia were observed in eight
patients (five in the mucosa and three in the adenoid group, and only one adenoid patient improve
nasal airway obstruction by RME).

Although children with mucosa hypertrophy had a significantly greater degree of maxillary
sinus hypertrophy, the presence of the maxillary sinus mucosa hypertrophy did not improve the nasal
airway ventilation condition after RME Therefore, we believe that there was negligible effect on
maxillary sinus hypertrophy in this study, which evaluated the improvement effect of nasal airway
ventilation after RME. Therefore, we considered that maxillary sinus hypertrophy did not have an

improvement effect on nasal airway ventilation in this study. However, these are studies that only
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included children who required RME, and other cases will need to be investigated in the future.

Clinical implications

From this study, we were able to elucidate improvements in nasal airway obstruction
following RME in subjects with nasal mucosa and adenoidal hypertrophy. In other words, following
RME, effective improvement of the nasal airway obstruction occurred in the absence of hyperplasia
of the nasal mucosa and obstructed adenoids. Moreover, even in the case of mucosa hypertrophy,
there was an improvement in constant nasal airway obstruction following RME, and improvements
in nasal airway obstruction should arise from additional treatment (otolaryngological treatment, MFT,
and other treatments). In contrast, improvement in the nasal airway obstruction following RME
cannot be expected in cases with grade 4 adenoids (> 75%); a medical examination and an
adenoidectomy by an otolaryngologist is required in such cases. Notably, we were also able to
identify a reference value for the CSA of the posterior nasal airway necessary for improvements in

nasal airway ventilation.

Limitations

The limitations of this study include the small sample size and the potential bias of the
included subjects. However, because each variable recognized a statistically significant difference,
it was assumed that the effect on results was minor. Therefore, it will be necessary to perform a
randomized controlled trial examining real cases in the future. Furthermore, it is necessary to
evaluate and compare the nasal airway improvement effects of otolaryngological treatments and
MFT in subjects with nasal mucosa thickening and that of adenoidectomy in subjects with
adenoids.3® Because this is a retrospective study, this study did not include an examination by an

otolaryngologist. Therefore, future research on RME with an otolaryngologist regarding clinical
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manifestations such as nasal mucosa hypertrophy or obstructed adenoids will be required.

Conclusions

In our RME study on children with nasal airway obstruction, the nasal airway ventilation
conditions were affected by the specific clinical condition (nasal mucosa hypertrophy and obstructed
adenoids) of the nasal airway. Improvement in nasal airway obstruction following RME was
influenced by the clinical condition (nasal mucosa hypertrophy and obstructed adenoids) of the nasal
airway, too. In cases without nasal mucosa hypertrophy or obstructed adenoids, the improvement in
the nasal airway obstruction following RME was 90%. Conversely, the improvement effect was low
in cases with nasal mucosa hypertrophy and obstructed adenoids (31.6% and 23.1%, respectively).

Nasal airway obstruction due to obstructed adenoids did not respond to RME.
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Figure captions

Figure 1. Condition of the nasal airway.

A: control subjects, defined as not having nasal mucosa hypertrophy or adenoids. B: nasal mucosa
subjects, defined as having nasal mucosa hypertrophy without adenoids. Nasal mucosa hypertrophy
was considered to be present when one or both turbinates were enlarged and fused. C: adenoid

subjects, defined as having adenoid hypertrophy without apparent nasal mucosa hypertrophy.

Figure 2. Measurement of the intermaxillary molar width, nasal airway width, nasal cross-sectional
area, nasal area, nasal septum deviation, and maxillary sinus mucosa hypertrophy.

A, Intermaxillary molar width, the intermaxillary first molar width at the narrowest portion.

B, Nasal airway width, the widest portion of the nasal aperture.

C, Definition of nasal airway cross-sectional area (CSA). a, measurement site of the anterior CSA at
the anterior nasal spine; b, measurement site of the posterior CSA at the maxillary first molar.

D, CSAa, the anterior CSA, inside the red line.

E, CSAp, the posterior CSA, inside the red line; the nasal area, inside the yellow line.

F, Nasal septum deviation was defined as the maximum difference between the actual septum and
hypothetical straight septum in coronal sections at the level of maximal septum deviation.

G, Presence or absence of maxillary sinus mucosa hypertrophy was defined as the degree of

thickening of the sinus mucosa > 2 mm and < 2 mm, respectively.

Figure 3. Relationships between the cross-sectional area (CSA) of the nasal airway and pressure.
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A: Relationship between pressure and CSAa. A weak but significant association was shown. CSAa:
cross-sectional area of the nasal airway at the anterior nasal spine.

B: Relationship between Pmax and CSAp. A medium significant association was shown. CSAp was
250 mm? or more, and pressure was shown to be 100 Pa or less. CSAp: cross-sectional area of the

nasal airway at the maxillary first molar.

Figure 4. Change of the nasal airway following RME. Upper: before expansion, lower: After
expansion.

A: Control group; the nasal airway expanded following RME.

B: Nasal mucosa hypertrophy group; the nasal airway became constricted by nasal mucosa
hypertrophy before expansion. However, the hypertrophy of the nasal mucosa was relieved after
expansion and showed expansion of the nasal airway.

C: Adenoids group; there were no major changes in the size of the nasal airway following RME.

Figure 5. Airflow of the nasal airway without and with adenoid hypertrophy.

A: Adenoid hypertrophy.

B: Model with adenoids. Airflow showed a faster posterior part (red arrow). Due to the fast airflow,
the site provides strong mechanical stimulation to the nasal mucosa.

C: Model without adenoids. The airflow was relatively slow in all parts.

Figure 6. The difference in improvements in the nasal airway ventilation condition following RME.
A representative example is displayed (upper, before expansion; lower, after expansion).
A: Control, B: Nasal mucosa hypertrophy, C: Adenoids.

Before RME, all cases had a pressure of 100 Pa or more and showed nasal airway obstruction; after
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RME, the Control subjects had a pressure of 100 Pa or less and showed improvement in the nasal
airway obstruction. However, the nasal mucosa hypertrophy and adenoid subjects did not show

improvements in the nasal airway obstruction, with the pressure remaining 100 Pa or more.
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Table I Comparison of the three groups

Nasal mucosa

Control grou Adenoid group ANOVA or ost hoc
(n= 2gO) i hypertro_p hy (h= 2%) Kruskal-Wallis Bponferroni
group (n = 20)
mean SD mean SD mean SD P
age (year)
T1 944 136 9.05 1.01 8.90 0.79 NS
T2 11.03 1.49 11.06 1.26 10.65 0.91 NS
T2-T1 1.59 087 201 1.08 1.76 1.05 NS
Maxillary molar width (mm)
T1 344 29 346 24 33.6 25 NS
T2 38.3 3.4 39.0 2.6 38.2 3.0 NS
T2-T1 3.9 19 * 44 1.7 * 46 1.7 * NS
Nasal airway width (mm)
T1 285 1.4 28.4 20 279 29 NS
T2 30.9 20 30.8 1.7 30.4 2.8 NS
T2-T1 24 1.3 * 24 14 * 25 15 * NS
Nasal septum deviation (mm)
T1 0.6 0.8 2.3 19 1.2 1.3 0.018
T2 0.8 1.2 24 20 1.2 1.2 0.016
T2-T1 -0.2 0.5 -0.1 04 0.0 0.6 0.926
CSAa (mm?)
T1 154.1 29.3 1343 289 1418 36.6 NS
T2 1912 399 1656 34.2 1735 345 NS
T2-T1 370 376 * 313 25.7 * 31.7 25.7 * NS
CSAp (mm?)
T1 218.1 43.8 1230 342 1944 41.0 < 0.001 12, 23
T2 2648 485 1833 555 222.0 54.1 < 0.001 12, 23
T2-T1 46.7 514 * 603 495 * 27.6 36.9 * NS
Nasal area (mm2)
T1 7439 780 7076 582 7284 116.6 NS
T2 859.7 100.9 838.2 98.1 8271 116.9 NS
T2-T1 1158 46.7 * 1306 580 * 98.7 455 * NS
NMR (%)
T1 29.3 5.1 174 45 26.9 48 0.001 12, 23
T2 30.8 41 220 6.5 26.8 52 0.001 12, 23
T2-T1 15 6.1 NS 46 6.0 * 0.0 47 NS 0.035 23
Nasal airway pressure (Pa)
T1 2146 338.2 5645 4942 (h=15) 301.2 397.1 (n=17) 0.019 12
T2 359 360 1795 161.0 (n=16) 197.1 2382 (n=19) < 0.001 12, 13
T2-T1 178.7 3466 * 400.2 4926 (n=15) * 825 366.6 (n=17) NS NS
Nasal airway velocity (m/sec)
T1 177 133 348 187 (n=15) 275 18.2 (n=17) 0.014 12
T2 74 47 176 113 (n=16) 20.6 200 (n=19) <0.001 13
T2-T1 104 148 x* 181 183 (h=15) * 6.3 216 (n=17) NS NS

T1, before RME; T2, after RME; T2-T1, treatment-associated variation; CSAa, cross sectional area at ANS; ANS,
anterior nasal spine; CSAp, cross sectional area at maxillary first molar; NMR, (CSAp/nasal area)*100, 1, control
group vs nasal mucosa hypertrophy group; 13, control group vs adenoiid group; 23, nasal mucosa hypertrophy group
vs adenoiid group; NMR, nasal mucosa rate: nasal cross sectional area/nasal area; *, statistically significant Between
T1 and T2 at P < 0.05
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Table II subject distributions and incidences on nasal airway ventilation condition

Control group Nasal mucosa hypertrophy Adenoid group

(n = 20) group (n = 20) (n =20) .
Before RME After RME Fisher exact
Before RME (year) 94 +14 91 +1.0 89 +038 test P
After KNI age 11.0£15 11113 10.7£0.9
Non obstruction (case) 10 1 6
Non obstruction
Obstruction (case) 0 0 1
Non obstruction 9 6 3 (1%)
(improve) (case)
] Obstruction (non
Obstruction improve) (case) 1 13 (5%) 10 (2%)
nasal obstruction
Improvement incidence 90.0 (9/10) 31.6 (6/19) 23.1 (3/13) 0.004
(%)
Before obstruction incidence (%) 50.0 (10/20) 95.0 (19/20) 65.0 (13/20) 0.020

Obstruction, defined 3D obstruction or maximum pressure of more than 100 Pa; Non obstruction, defined maximum pressure of less than
100 Pa; Before obstruction incidence, (before obstruction case/20 case)*100; nasal obstruction improvement incidence, (improvement
case/before obstruction case)*100; *; 3D obstruction case
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Table IIl. Spearman rank correlation coefficients and P values between nasal airway cross sectional area and nasal airway ventilation

condition
CSAa CSAp NMR
T1 T2 T2-T1 Ti T2 T2-T1 Ti T2 T2-T1
P . -0.141 _ = —0572™
T1 (9111 years) resstre 0592 0572
Velocity  r -0.198 -0.555 -0.534
Pressure r -0.088 -0.523"* -0.547"
T1(10.9%1.2 years) ° : ’
v Velocity . -0.038 0.445™ ~0.492**
Pressure r -0.006 0527 0513"
T2-T1 (1.8+10 ) ° ' '
YOS Velocity  r. 0.098 0.387™ 0.391*

CSAa, cross sectional area at ANS, CSAp, cross sectional area at maxillary molar; NMR,(CSAp/nasal area)*100; T1. before maxillary
expansion; T2, after maxillary expansion, ™ P < 0.01
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Table 4

Table 1V Distribution of three groups of nasal septum deviation and maxillary sinus mucosa hypertrophy

Nasal mucosa  Adenoid Fisher
Control hypertrophy group (n=  exact test
group (n=20) group (n=20) 20) P
Before RME No nasal septum deviation 16 5 13 0.001
(case)
Nasal septum deviiation (case) 4 15 7
After RME No nasal septum deviation 16 6 13 0.004
(case)
Nasal septum deviiation (case) 4 14 7
Before RME No maxillary sinus mucosa 20 6 17 < 0,001
hypertrophy (case) :
Maxillary sinus mucosa 0 14 3
hypertrophy (case)
After RME No maxillary sinus mucosa 20 11 18 < 0,001
hypertrophy (case) '
Maxillary sinus mucosa 0 9 2

hypertrophy (case)

Click here to access/download;Table;Table 4.xIsx 2
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Table 5

Table V Distribution of ventilation obstruction of nasal airway accrding to nasal septum
deviation and maxillary sinus mucosa hypertrophy

Non nasal Fisher
. . exact test
airway Nasal airway p
obstruction obstruction
Before RME No nasal septum deviaton (case 12 22 0.712
Nasal septum deviaton (case) 8 18
After RME No nasal septum deviaton (case 23 12 0.286
Nasal septum deviaton (case) 13 12
Before RME No maxillary sinus mucosa hype 17 26 0.093
Maxillary sinus mucosa hypertrc 3 14
After RME No maxillary sinus mucosa hype 30 19 0.684

Maxillary sinus mucosa hypertrc 6 5

Click here to access/download;Table;Table 5.xIsx 2
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Table 6

Table VI Distribution of improvement effect of nasal airway obstruction by RME accrding
to nasal septum deviation and maxillary sinus mucosa hypertrophy

Fisher exact

. test P
Improve Not improve
Before RME No nasal septum deviation (case) 13 12 0.891
Nasal septum deviiation (case) 11 11
After RME No nasal septum deviation (case) 14 12 0.671
Nasal septum deviiation (case) 10 11
Before RME No mxillary sinus mucosa 16 15
hypertrophy (case) 0.917
Maxillary sinus mucosa 8 8
hypertrophy (case)
After RME No mxillary sinus mucosa 18 18
hypertrophy (case) 0.792
ype pny
Maxillary sinus mucosa 6 5

hypertrophy (case)

Improve; Before RME was nasal airway obstruction and after RME was no nasal airway
obstruction, Not improve; Before and after RME were nasal airway obstruction.
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