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Purpose: The objective of this study is to numerically analyze and visualize changes in airflow characteristics due to maxillary

expansion in pediatric patients using computational fluid dynamics (CFD).

aterials and Methods: CBCT data from pediatric patients with an apnea-hypopnea index of over 1, habitual mouth breathing,
and a constricted maxilla were used. For onlgodontic treatment, maxillary expansion was conducted, and CBCT scans were taken
before and after expansion. 3D models of the nasal airway, created from CBCT data, were converted into smoothed, mesh-divided
models. CFD analysis was conducted and various parameters which can be used to evaluate flow obstruction, including pressure,
velocity, and wall shear stress, were analyzed.

Results: In the patient with rapid expansion, constriction sites with high pressure, velocity, and wall shear stress distribution were
identified in the anterior and posterior regions of the nasal cavity, while in the slow expansion patient, these high pressure, velocity,
and wall shear stress distributed constriction sites were found in the anterior and mid-inferior regions of the nasal cavity. In both
patients, after expansion, the flow-related variables that were highly distributed prior to expansion decreased, and their maximum
values were also reduced.

Conclusion; CFD analysis enabled the identification of constriction sites within upper airway before undergoing expansion, and
improvement in airflow was confirmed after both rapid and slow maxillary expansion in pediatric patients. CFD analysis on patient-
specific upper airway models is expected to aid in precisely identifying the problematic areas of respiratory obstruction, thereby
assisting in the selection of personalized treatment methods.

Key words : Maxillary expansion, Upper airway, Computational fluid dynamics

Corresponding Author

Yeonmi Yang, DDS, PhD, Prof.

Department of Pediatric Dentistry, School of Dentistry, Jeonbuk National University,
20, Geonji-ro, Deokjin-gu, Jeonju 54907, Republic of Korea

Tel : +82-63-250-2212 / Fax : +82-63-250-2131 / E-mail : pedo1997@jbnu.ac.kr

ACKNOWLEDGMENT  Tae-Hyun Kim and Kyung—Ho Lee equally contributed as first authors to this work.

FUNDING This paper was supported by Fund of Biomedical Research Institute, Jeonbuk National University Hospital.

724 | tHStX|ZIOIAEEIX| RI62H K125 2024


https://orcid.org/0000-0002-8789-6756
https://orcid.org/0000-0003-3359-9278
https://doi.org/10.22974/jkda.2024.62.12.001
mailto:pedo1997@jbnu.ac.kr

ORIGINAL ARTICLE .

2

rx

R

12

10!

o

L A& Sl A B gl Qoo i

_ ) .

ZAARFA 82 HIFE S o859 Navier-Stokes B 5‘3

M5 7153 ) ok Agute] B 244 4 AATH RS $A0 258 RASe wAAS ol A B

ol o] P 750l BTt AT WAL U2 H - S 71 olEsto] ANt =N RA9] SES A i

o= Q] 24 Moss?] 71571840 Jotd o0& Hdske 7|&o|th?. o] 7|&2 Bl ¥ b

HBES AL W d5lol 2 U ST ATAES TS Y o RA naRt Bet Hopol g A 3B

S - _ for

of 7 qhl BabA|o] A ATt gt B I o] $hn Aol AN ol A7 HoPHE AF AL o

gH?, 58 5 HE B ALAQ 3719 5524 BEIL Als A Aol HARA Ak o] H ”—_ﬁ
oto] ZapAH b 7 H%ﬂ s Ol%% e AEH L A5 2ol e ofdf 5 TRl wigEo] chat o)

QU AFL FEFTP. W] v3L $F TFo
A9l ZolE 252 E*Jo}ﬂ PR

oleie W AKS /53H ool s 0Bl SRl Yelt
o 34 G S A kA B i

b A2 HPES ST S oY, B8 AR A o
ot Ao gaHd B -5 Wesol ot At 7éﬁr
AsAY Aoz HARH 70 7|5 £ FHopolo] 352 & glor B3 Y Yo &
T2 Pz AR HHA] %%‘EA =030l 2 S oyuloldS 2okt o Aldet 7S °l~9~°} %
=L A e 2t Xl;e«l ”M—— H“‘W 0, o] of HHT 4= Ut HARGA| A5k o] H9] AF-ECA
of Hal| vt sz Qg o] B3l 3] v Eeet 7oA 571 RS Sl Ao AR
A, VA Betae] 94 % -TLX1 m1 "ZJ Z8 9 =t 9lrk Suga 5202192 HiA s Fo 5 SRt
Qlo] Hrp. oA st A FA| AR ol F- A7 1= Wl 871

&5l 25 12 h 3l

o

gete] B2 7P S5l WSk T M g = 9 7l ARRA SRS ol-8ste] F]lskier Kim
24718 F oA ologe T AR L2 F 520157 WA ¢ F5g Tl Aetet Ax
A1 29 el e BT N2 A3 FEF, AEES & T A7 Ul Y W 7S AAdRAIEH
ZRY 7 T T Y =R, W) S0 A2 WoR At EE ol
77} ok T} So] oA 9. 24 Aloh slxko. FakE  Alor 3t T o] A 9] ofg] ATSoA T Alet
ekgolt 22 77 TEaL olofl 71Qlet vt uete] SR> 544 3 Aop|2d 2 Aol s vl 7]
U34S 7 2ot Bad SRS S5 AfEE R AT AAARICEN TR ST U SH TR R
P EAotP Aot An ol FE AT T oS Mt 2HE El vt glou A< et &
7 gl IR BPFgACIA BlFdEe] S7FHA HalH] o] Beole BE A7 A9 AlBH v @it EeF
7 o] 9Z0 2 ol Fof wEh uIF Ui ol 57 Aok LA IS E 71 7ke] Al s RARE ti-E
SHA 7. G ot g o] F AT 7= WSE & 9] AFEo)AlE CBCTE ol&sto] 47|29 H#jolk
743t Buccheri 5{2004°9] d7olA= Adote] &g o] S BRISHAY HI7I9AY 7 vl 571% HAPIE ©f
T T U 7 9] 3710k A vlagol /e & Esto] iAot wde] FulE Sshe o IA . A
7 g1t vt 9lon] 0]9j9] of2 AFSoM = Aot 8 ARA kS o] gsto] Aot 2 o] F- A7k Wi 571
7 o]% v Zo| 7R A v 71 Aol A e HskE AR a0 T2 S5 AT

CHSIR|ZHRIAFRISIX| Mi62E A125 2024 | 725



ORIGINAL ARTICLE

A3t TS o2 shl o oA At &
& AAZE Ao AEE tAfo = AARGA e B4
= AARH A7 AL AlE B @it} whaka] £ Aol
M Aot 8 | 25wk Aobg o)A 54 B4
A BAo| T 2 G0 wHE B M50 A7)E
7] 6 Wske AARRAIGEHE o]§3to] Bt 1
AIE vl wekarAt gt

1L \:H A} gl 15125

1. 7t O

et aopx| oA F2bE Azl Hisf Aot
k= 78 o5 W ZAIE 7HA
T o g 291
Aot e 2 ol A= T4 At E(Rapid
Maxillary Expansion, RME: 2turns/day, 0.5mm/day)
o] AAEQIY TE 39 TRoA = A& Ao &
“HSlow Maxillary Expansion SME: 2 turns/week,
0.5mm)°] AAIE AP, AJotg-2 w4 2= A ”ﬂ7}°}
+ intermolar width& 0]49—0}01 36mm Ero} 2
5 F2E Aoto® Hrisielon oF —1_-—11]—5—
o5 S 22 g A R ARl A
Pediatric Sleep Questionnaire(PSQ) scale S

L2 255435 A4(Apnea-Hypopnea Index, AHI)
ot 2 o F TAIeE TlE ABAR $XE A o&
sfo] rFeFATHe.

PSQ scale2 Chervin $(2000)79] 7jgHE 4H 5.5
Foliet T 22719 Ao & F/dH HEAY S W
42 7]Hko & AREEE= A Holtt. Cut-off 033 7|&
O o|HTh S FF Z‘V\(}—E ol ZAY =2 A
THTEf o2 ERET 2~18419] Aok 4

ol S A QUHOE olele A ol o
A 4= 9l Sxrko 2 ARBo| 7155},

2EE-ATE ASE WA SH FEgo A 7|2

02 AL AEEA Lol 1ol 39 v
X4 41 Rage] I, BEF-ATE A4 F

& ZrolH A H](Embletta® MPR, Natus Medi-
cal Inc., California, USA)YE AR&5lo] =451}, g
Fle F2F-ASE AFE HIES Ath S22
*(oxygen desaturation index, ODI), ZHMd A|4x(auto-

nomic arousal index), T&°] A|7+9] H|-&, Ho AbAE
oJ

Sle, A Ak Zole 55 3 SAS U= 71V=
W 34 AR AR S 5 5 B4 ong wris]

o]
Sfol NS, B o ARk 71w

92)9]915]2 B E| o] 20| 5lo]| o]0 HTHIRB File No
CUH 2024-08-055).

2, g

3ot S A& At A= F CBCTE Yottt 3
& o] 48 I A% FAT 44 Fgol dojA|
AJgk 2| & o] % OF 10577+ T A4 A, X|/d4 EAfo] &
Aot A& o] Aol T2, A3 #sht &
ARRE HIEE G TAsto] oF 105 o] 9ol Ikt
To| A4, A WS HolA "op, g &1 A}
ol w2 X5 AT F 719] 7|7t Aol = Qg 0 7FE
FHAaslop| lof, A5 & Ao 44 9 X494 |
3Pt S5 dojuar, 3 S A< o) 244
4 2438 77t visaiAl= A719 1058 HE 5 3
EE oF 37 ol /4] 717k& AR § CBCTE 2

gtk
o]& Mimics(Materialize NV, Leuven, Belgium) A3
EfJojE o]&sto] At o= AAHE et A5 A
29| CBCT Hl°o8E °]&sto] H7 71%9] 3D model

726 | CHStX|ZIOIAEEIX| RI62H K125 2024




ORIGINAL ARTICLE

<= F/5I3ith vl7d 71&9] ¥l olH 9 B4l o
T2l 2Aste] ulFoNARE T 2]
= 7|E0E 7|7 RE =R S0 SH)

74& o7k REE FESIUTH?. A
5+9] E44F 3D model®] geometry A9] 2ol A
Aol B} § & 2|5 8 5= Q7] wizol| o
29| HlE4 2 59 9 A= WF CBCT Hlole 4
oA &R Eph= F2ETS E3olo] A= A%
9] geometry©l| & A}°]7} YIS segmentation oFAT.
Inlet® & AME-E QJH|T-Z A& AT geometry2] FE
£ 18slo] 4 2 o o B o & AAs5Iein
ST Geometry= &Y AZE 1 E ARESto] 1414
O & smoothing ¥ wrapping®] ¥H 2|5 AA|s}o]
#5421 3D model:& F/doFHHFig. 1,2).

F/J3t 3D model> Meshmixer(Autodesk Inc., San
Rafael, Calif, USA) AZE gJo}E 0]-€5}9] smoothing
L A AZ 3 mesh & £8519 T} Meshmixer 4
ZEo)E o]-&ste] 144 0= EH mesh=HI7 71
9] B9t 722 Qlof A2l mesh FANS Ol &
< QFE0] EA51H o] 2|3t @752 mesh 7+ ALK
2 V18 20= ol &sh= AARA AT} a4 Wlist
= 247} "HKFig. 3). o]ofl W} SolidWorks(Dassault
Systems, Vélizy-Villacoublay, France) 2ZE{o]E
ARESHo] mesh?te] AAE 785k A0 E #E
meshE HYSIAZITHFig. 4). ©1F /3% mesh model
< 7]¥ke 2 COMSOL multiphysics(COMSOL Inc.,
Burlington, MA, USA) AX E ¢|o}E- o]-&a}o] HARGA|
5kS AAlSHT

FAI 272 HIdEA Y] wE 712 S 7=
gasZ Ao 0 inlet 2JH]F-O 2 A%5}AL normal
inflow velocity 27 F-04519911 outlet?l 74 24
1} plane9| A+ pressure?] 2AE 445t A4S 2

ot 7 10LPMOZ YL AR 1, B4

o rH
i

2
s

oo

fo

A 552 Vi, JH 5= Vi T AT
& 7719 HIEE f2 FoJsils f o] A=
2 o2 A3 Zo] AR velocity profile & 7F
< 4k & 3o 571 Al 270] disf siAlS Zggst

)

i

¥R K

Vig=VimaxsinQaft)

HH O] AL non-slipperydtil rigidet A0 E A
ot -5 RE2 oA AT ES HRFCE MY A &
SoIA Hol= 557 o BE= ARSI HAAY
S} gfj4jo] Y &3l WA A(pressure), F-5(velocity),
iy Ak-S-2(wall shear stress, WSS) 59 -5 T
o] ek B4 AAISkI T

1. A3}
1. G O
5 et A A 85 12 Sxk= 104 HolE 32.1
mm?2 intermolar width, 2.18] #3&-45& A4, 71
1 F58 H5IE 7HA L A hFig. 5). A& ol 51t
O A% P et 259 4 WAE EloH g
2he] AJekg9] 7141 f18l MARPEES ol-&sto] 9<% g
&Y £E& Tmm A2t &2 AAIsHITHFig. 6,7.9).
A Aot S A5 W2 SRl 84 HotE 357
mm?2| intermolar width, 159 F3&-A35 A4}
A F2F 5= 7HAAL QITkFig. 9). A3l Hlsh
A 0 & slefo] Fxtof Aot 290 =4 BAE B
o FahE AJotaol S sl 7HEA AR E ol&
sto] A& 2ol £ 2 Tmme] Aot TS AAISH
THFig. 10,11,12).

1 llo

=
=

&5l 25 12 h 3l

1%

CHSIR|ZHRIAFRISIX| Hi62E A28 2024 | 727




ORIGINAL ARTICLE

A
Figure 1. 3D reconstruction models used for CFD analysis of patient who underwent RME; Anterior (A) and Right
(B) view of Pre—expansion model and Anterior (C) and Right (D) view of Post-expansion model.

Figure 2. 3D reconstruction models used for CFD analysis of patient who underwent SME; Anterior (A) and Right
(B) view of Pre—expansion model and Anterior (C) and Right (D) view of Post-expansion model.

Figure 3. Surface mesh boundary errors detected in mesh-divided 3D reconstruction model.
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Figure 4. Process of error revision using SolidWorks(Dassault Systems, Vélizy-Villacoublay, France).
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Figure 6. Pre—treatment lateral cephalogram (A) and panoramic radiograph (B) of patient who underwent RME.
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Figure 8. 3D reconstruction models of upper dental arches of patient who underwent RME. (&) Pre—expansion.
(B) Post-expansion. (C) Superposition of Pre— and Post-expansion.

Figure 9. Pre—treatment intra—oral photographs of patient who undenwent SME.
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Figure 11. Expansion appliance placed in upper dental arch of patient who underwent SME.

Figure 12. 3D reconstruction models of upper dental arches of patient who underwent SME. (A) Pre—expansion.
(B) Post-expansion. (C) Superposition of Pre— and Post-expansion.
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Figure 13. Pressure profile from CFD analysis of patient who underwent RME; Pre—expansion (A) and Post—
expansion (B).
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Figure 15. Wall shear stress profile from CFD analysis of patient who underwent RME; Pre—expansion (A) and
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Figure 16. Pressure profile from CFD analysis of patient who underwent SME; Pre—expansion (A) and Post—
expansion (B).
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Figure 17. Velocity profile from CFD analysis of patient who underwent SME; Pre-expansion (A) and Post-ex—
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Figure 18. Wall shear stress profile from CFD analysis of patient who underwent SME; Pre—expansion (A) and
Post-expansion (B).

¢

N
or
lo 1o
=

o

]

TT)

b
S
o
i)
<k
i,
5
=
o

l
@

o
L

e}

&>
n
]j\l
ps
<t
it

= |
it
k.
%

734 | CHStR|ZIOIAEEIX| RI62H K125 2024



ORIGINAL ARTICLE .

VARE % Qe ERHE B wEOM S oY
AHol JEo| 7 PP Bl oS B Y & B
AT A2 T 9 YT A e ol BARIe] 4ot 5 ol 4119l Bl A B
= S e S B AT o BAS AT B 582 oo o @
4 ANFORA I ] B, 94, ATSY 50 R B AT 29 N AR AR =
CEE R ER EE P CERE T AoE B 4 g wEe pAat 9l Hige A %6
B 817] Abele] 2 71 Q1o o RE AFRE]  welFulE Aol ol Ao ke 44 o
OIgkd Y w7y B71% A I FULF AolS]  EE WA AL o AYS NFT BN 5E B
Qeio] S o] 831 A4 MOl Mo 501092 . Hom )730] Fop oo £ SS EES HAY. &
FONE A% ] B7] S500H DR (T dLT w7 ol H 52 gm0l thdo] et wselA g T
F A4 Q] 2jo] = 4 ol = ST Ao BT o] 9 04—7“’1]/\1 Downing ¥+ Ku(1997)28—1§ AARRA S O_\HI
= Q%50 7| Agoln] 7150) eld B0 QI 4 8 mEo|x] SRl Hobd 928 Ad v f20) Z7h X
Gl s AA% FUH0E M ARz o H 4 Trh SlSIEPD 40 RIS AT 2 W i
9 Aoleha SRR, M 02 A|E ne) 2] ASS Asdo A A% SRS AP e gy
520] gt AAGA RS BN I 8] e B A g B ATlolA skl Hze) @ o)
B710] o] S Fag AXAL & 4 oA B o] o SHH oz ue] F3p R E AL 2

A inler& SJHIE-CE BBl ouderd T/ A ARRE BRI &= 1T Minami 5(202079] Al
go) FHor AAslon 7] fes AuleoRR  Me7|k Wil edst i< Aol 59 JHAAS
B goles 3, & 571 3 %SM o R e SRR O B L JM %ﬁJJFAHI 7}4 xoh 2
2 £ Agstalnt. off wet v J el 2719 &

& Pt et el g B ¢ o AT AAE Brisket AE 318 3_ quﬁ"‘—aiu}.
s et o] of 749 @E% s el AdRAGEk IS Wlehe T ErEThe

F

ogr

Qe 0] wfet 25 wgo] oAk S gl 71 o) 27] 58] 28 71 ol ek
Qe FAA AT, FE AT IS YRS A A AS WA 4 9k W AL v
Apo] S A o] gk AARASE 54 Ak vl U ee) 7)AA 840 B e st o] 2 F )
of 411 .

AR w2 U8 F2EE ERL vl Aot A ofs) FHH 0= WriE= vlege ST
FHIZ A GAolA FAT YO WIS B AS 7HA HoP. HE ADS 2 72 fE o Yelw)
gk 7] 8=0] A5 2R20] & ILo|L} Q= o] Hlgo] 245

o
=

iU

P}

o -
H730] Aol AT 02 o ool BEoL I A Msteh o)A S5 Sk, v Aug e &
A% Qrelo] wisks Rk 2, elo] diet HARAlY A=) We] AR glof W Fast aolch 3
s} B4 2T B9 34 oh YL A B T3 ww AT A w1 holA 2 448 FUsH
0] e} SR o, A ot B4 Al 1L ol W ete) mAEa £439] Ugle] F 5 9]
o PRl ul0] Mol BHRSL EAS  on AUAESY 7]5olE RAHOR dakg v 4

CHSIR|ZHoIArRSIX| Mi62E A125 2024 | 735



ORIGINAL ARTICLE

QP B AT At 4 A0t SAS A B & 5 ol le] 3719 REL BAVO RN 5 24§

%A o A= u7de] AEer $HE Q9] o] o] A7k U] “‘7]4 55, & 47129 71541 S99
A A wo| W AekgEo] £Xo1G o G 55 bt /A o RE EASHIA S1Gl o A= HE {3 Y
HlF 9] =2 A8 RE= At A5 S Ao = }\]—c])] ot A KoM 7] 5] ZiA
= ARt SR A= S A 7 R FAR A H s Hlth
M2 AdgE B Yot S AbE 40E AARAIGehS 2ol HolX] g= fA 5 48
Holok 2 37 TAQlo] = EAF BRolA & o] AlZERE 4= itk HoflA v BTl Bs & A4H
Tu Y U AR RS Ao ofs Aot & I AR A GEhS A 8ol fE B WeE
o] A1) 7o) Hef w7t ] B 7|52 o Hd Uf E2of it AlSF A A 4 9loH o]
SRAZ I =20l E 4= Yl2= AR, £ 5l A7) B7HE F1sl 710 AREEII| CBCT
o5 gt 2 2 Fol AYA o FR Y & o83t 7= FEA BrolA e EET 4= 9l
=1 o]of wet & 270l SR A0 E ) | B HARYE SR S ZF— A =AU
WEo] T4 &4o] 32 WAsH k. o] 3 /A7 2R 7RIS A71E 3D BEE 7|REe ® HARA|
EQt AEH o= I spiRoA= S Aol T oF EA43 Al gt Aol W2 A7 & W HlaR-919]
AYotA =lo] dxtA o g ZAK I Aox |24 & E9lo] 7ksstal ofF &l el 9ol ARt A& v
o] Bl HIES 7HAA Het. oof] Bl A& Aot & ¥ AEieko 24 S} Bk A7 ek 3ol =20
o= A A Srg djd o A5 &4 Al E AR AZET
PolA Fo=H & 2718 H A4 g Aof R £ Aq= T 13T Y SRE o= shoitt
/d o] HI3 vlER WASH] EH o]= EFgo] & = HoflA SRRt I 5=0] BZo|2h= A Aol 3loH
29 g71A] §A=A P, Greenbaum It Zachris-  ©]°f whet & ArATE Yulslslr|E ook I

son(1982)32) <= S5 AR I A& Aot ol A &2 04-?% 51114101]*1 94 ABEA] FUE 204

°1W 1% “ger ol 16334 b SIC A R ?é %?%011 @ 7111 ARE AT
*J@% g &of M2 XopX| 24, 244 £ 4
o] gt YRS B3 Kim $(2023)79) o]
W A gt B2 ol Aof A2 w24 B skeirhs HolM 1 447} Atk 2 ‘E%LOHH 4%1;4
€ aqoﬂ M *o 15 2 gekEo] ) wislel thafs 7)ol hek AR A et g gL Ve R 25

S
°E
)
H
ol
=k
>
fru
Ku
rr
ot
ozl

o~ :{0
al
p oo ¢
4
rOlA
Lo_lrl
X
H
-
&
o)
o?':

736 | CHetX|ZIOIAEEIX| RI62H A125 2024



ORIGINAL ARTICLE

*J7IE o] o] QJx|ofA] =5 27] 920 /i &3 V. O]sAE(Conflicts of Interest)2] -5
o

BGEA0] g Bl 54
205 gzpa

Al 50l AlgE == 9

.McNamara JA. Influence of respiratory pattern on craniofa-
cial growth. Angle Orthod 1981; 51: 269-300. https://doi.
org/10.1043/0003-3219(1981)051%3C0269:I0RPOC%3E2.0.
COs2.

2. Moss=Salentijn L. Melvin L. Moss and the functional matrix. J
Dent Res 1997; 76: 1814-1817. https://doi.org/10.1177/0022
0345970760120201.

3. Kilig N, Oktay H. Effects of rapid maxillary expansion on nasal
breathing and some naso-respiratory and breathing problems
in growing children: a literature review. Int J Pediatr Otorhi-
nolaryngol 2008; 72: 1595-1601. https://doi.org/10.1016/j.
jporl.2008.07.014.

4. Lee MJ, Kim JG, Yang YM, Baik BJ. Effects of mouth breathing
on facial skeletal morphology. J Korean Acad Pediatr Dent 2012;
39:339-347.

5. Kim NW, Lee DW, Kim JG, Yang YM. Three Dimensional Skel-
etal, Dentoalveolar and Airway Space Changes after Slow Maxil-
lary Expansion in Children. J Korean Acad Pediatr Dent 2023; 50:
155-167 https://doi.org/10.5933/JKAPD.2023.50.2.155.

6. Wertz RA. Skeletal and dental changes accompanying rapid
midpalatal suture opening. Am J Orthod 1970; 58: 41-66.
https://doi.org/10.1016/0002-9416(70)90127-2.

7. Haas AJ. Rapid expansion of the maxillary dental arch and nasal

cavity by opening the midpalatal suture. Angle Orthod 1976; 31:

73-90. https://doi.org/10.1043/0003-3219(1961)031%3C007

3:REOTMD%3E2.0.CO;:2,,

o3

N

!

ko

The authors have no potential conflicts of interest

to disclose.

8. Buccheri A, Dilella G, Stella R. Rapid palatal expansion and pha—
ryngeal space. Cephalometric evaluation. Prog Orthod 2004; 5:
160-171.

9. Hershey HG, Stewart BL, Warren DW. Changes in nasal air-
way resistance associated with rapid maxillary expansion. Am
J Orthod 1976; 69: 274-284. https://doi.org/10.1016/0002~
9416(76)90076-2.

10. Wertz RA. Changes in nasal airflow incident to rapid maxil-
lary expansion. Angle Orthod 1968; 38: 1-11. https://doi.
org/10.1043/0003-3219(1968)038%3C0001:CINAIT%3E2.0.
CO:2.

11. Kundu PK, Cohen IM, Dowling DR. Fluid mechanics. In: Hu HH.
Computational fluid dynamics. 5th ed: Elsevier; 2012. p.421-
472.

12. Faizal W, Ghazali NN, Khor C, Badruddin 1A, Zainon MZ, Yazid AA
et al. Computational fluid dynamics modelling of human upper
airway: A review. Comput Methods Programs Biomed 2020;
196: 105627. https://doi.org/10.1016/j.cmpb.2020.105627.

13. Bailie N, Hanna B, Wiatterson J, Gallagher G. An overview of
numerical modelling of nasal airflow. Rhinology 2006; 44: 53~
57.

14. Suga H, Iwasaki T, Mishima K, Nakano H, Ueyama Y, Yama-
saki Y. Evaluation of the effect of oral appliance treatment on
upper—airway ventilation conditions in obstructive sleep apnea
using computational fluid dynamics. CRANIO® 2021; 39(3):
209-217. https://doi.org/10.1080/08869634.2019.1596554.

ro

1 llo

=
=

&5l 25 12 h 3l

1%

CHSIR|ZHoIAFRISIX| Mi62E A125 2024 | 737




ORIGINAL ARTICLE

o3

15. Kim HH, Suh SH, Choi JY, Kim TY. Flow analyses of upper
airway before and after maxillomandibular advancement sur-
gery for obstructive sleep apnea patient. Transactions of the
KSME B 2015; 39: 443-448. https://doi.org/10.3795/KSME-
B.2015.39.5.443.

16. McNamara JA., Brudon WL. Orthodontic and orthopedic treat-
ment in the mixed dentition. 1st ed: Needham Pr. 1993.

17. Chervin RD, Hedger K, Dillon JE, Pituch KJ. Pediatric sleep
questionnaire (PSQ): validity and reliability of scales for sleep—
disordered breathing, snoring, sleepiness, and behavioral prob—
lems. Sleep Med 2000; 1: 21-32. https://doi.org/10.1016/
$1389-9457(99)00009-X.

18. Yang YM. Sleep Disordered Breathing in Children. J Korean Acad
Pediatr Dent 2022; 49: 357-367. https://doi.org/10.5933/
JKAPD.2022.49.4.357.

19. Savini S, Ciorba A, Bianchini C, Stomeo F, Corazzi V, Vicini C
et al. Assessment of obstructive sleep apnoea (OSA) in chil-
dren: an update. Acta Otorhinolaryngol Ital 2019; 39: 289-297.
https://doi.org/10.14639/0392-100x-n0262.

20. Moon SY, Lee DW, Kim JG, Yang YM. Assessment of Pre-
dicting Factors for Pediatric Sleep Disordered Breathing. J
Korean Acad Pediatr Dent 2020; 47: 377-388. https://doi.
org/10.5933/JKAPD.2020.47.4.377.

21. Proffit WR, Fields H, Larson B, Sarver DM. Contemporary or-
thodontics. 6th ed. Amsterdam: Elsevier. 2021.

22. Chang KK, Kim KB, McQuilling MW, Movahed R. Fluid structure
interaction simulations of the upper airway in obstructive sleep
apnea patients before and after maxillomandibular advance—-
ment surgery. Am J Orthod Dentofacial Orthop 2018; 153:
895-904. https://doi.org/10.1016/}.aj0d0.2017.08.027.

23. Ormiskangas J, Valtonen O, Kivekas |, Dean M, Poe D, Jarn-
stedt J et al. Assessment of PIV performance in validating
CFD models from nasal cavity CBCT scans. Respir Physiol
Neurobiol 2020; 282: 103508. https://doi.org/10.1016/].
resp.2020.103508.

24. Soni B, Aliabadi S. Large—scale CFD simulations of airflow and
particle deposition in lung airway. Comput Fluids 2013; 88:
804-812. https://doi.org/10.1016/j.compfluid.2013.06.015.

25. Mo SS, Ahn HT, Lee JS, Chung YS, Moon YS, Pae EK et al.

|

(=)
(L

rot

Morphological characteristics of the upper ainway and pressure
drop analysis using 3D CFD in OSA patients. Korean J Orthod
2010; 40: 66-76. https://doi.org/10.4041/kjod.2010.40.2.66.

26. Moreddu E, Meister L, Philip-Alliez C, Triglia JM, Medale M,
Nicollas R. Computational fluid dynamics in the assessment of
nasal obstruction in children. Eur Ann Otorhinolaryngol Head
Neck Dis 2019; 136: 87-92. https://doi.org/10.1016/j.an—
0r.2018.11.008.

27. Xavier R, Menger DJ, de Carvalho HC, Spratley J. An overview
of computational fluid dynamics preoperative analysis of the
nasal airway. Facial Plast Surg 2021; 37: 306-316. https://doi.
org/10.1055/s-0041-1722956.

28. Downing J, Ku D. Effects of frictional losses and pulsatile flow
on the collapse of stenotic arteries. J Biomech Eng 1997; 119:
317-324. https://doi.org/10.1115/1.2796096.

29. Minami  AY, Sugiyama T, Iwasaki T, Yamasaki Y. Primary
site identification in children with obstructive sleep apnea by
computational fluid dynamics analysis of the upper airway. J
Clin Sleep Med 2020; 16: 431-439. https://doi.org/10.5664/
jcsm.8224.

30. Tan J, Han D, Wang J, Liu T, Wang T, Zang H et al. Numeri-
cal simulation of normal nasal cavity airflow in Chinese adult:
a computational flow dynamics model. Eur Arch Otorhinolar-
yngol 2012; 269: 831-889. https://doi.org/10.1007/s00405~
011-1771-z.

.Chen S, Wang J, Xi X, Zhao Y, Liu H, Liu D. Rapid maxillary
expansion has a beneficial effect on the ventilation in children
with nasal septal deviation: A computational fluid dynamics
study. Front Pediatr 2022; 9: 718735. https://doi.org/10.3389/
fped.2021.718735.

32. Greenbaum KR, Zachrisson BU. The effect of palatal expan—
sion therapy on the periodontal supporting tissues. Am J
Orthod 1982; 81: 12-21. https://doi.org/10.1016/0002-
9416(82)90283-4.

33. Iwasaki T, Saitoh |, Takemoto Y, Inada E, Kanomi R, Hayasaki H
et al. Improvement of nasal airway ventilation after rapid max—
illary expansion evaluated with computational fluid dynamics.
Am J Orthod Dentofacial Orthop 2012; 141: 269-278. https://
doi.org/10.1016/}.aj0do.2011.08.025.

E

=

738 | CHetx|ZIOIAEEIX| RI62H A125 2024




