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vl =719 Styrofoam =9, 3] =7]9] Plexiglass
plate 2" 2] 3 A A4 9 8Hcomputational fluid
dynamics, CFD) 222" o] &3 A7} A|x=EQ]
ot HZo= ko] FAH CT YA e=z5y A4l
% 9 (region of interest - airway)= 3% YA Z A
T4 e Z2ads ol &, vt JAFUt
gt oz A4 Add AP A= FAGNAR
A2 A &sta, AAHA 98 22 a8 S o] &5t
2718 7] A9 7= W 7] f(air ﬂOW) E4 3
7179 71=H (airway wall)ell tigF J&FS FA 9t
Al A A 7 UA 549}1"/}.13

SEA|RE Q1 OSA SAtol| A 7 st 329 2
A Zsta, st o g theke Feo] Are
o2 CFD 314 & Aldste], 1 §4& vl
H3uE olA7A] fiddth

2 AP = X FEA A 5E Al $
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o o

H4d =HISE &Rl At MLRH S Sl A

A4 FollA A71=e] FEjA 5A o] Agolgt &4 3
ole] 47]%= CFD 2d< EH*J&E 170, 200, 230
mlse] F71 el st HdARA g} A= Al
3)sle] &7 Al A= ﬂ*—,(ﬂow velocity)e] ¥
3}, %(negative pressure) 3, 4 7 SHpressure
drop) #< ot 71:=9] of F-3tA ejete]
’d& ¥wate] 0SA EAtolA 7= #H e1E A
A - < 8}H(Bio-Fluid Mechanics)Z] ol A Al B
Sttt

AZoprhg sl olH|QIFTtell A PSG HAMS A
slo] 5= o]l 0SAZFAol e Aow Hut
wof, XA FEA] X 25 Al $2f 30H
3 PSG ZALl A AL, AHI &HE-ol| A H| =3l 4 o
severity S 7HAIA|RY, 7|9 o7} & #x} 3
ol-S MA3IATh (Tables 1 and 2).
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7} FH HH-S 29 71) 9] guiding laser light9} U 3|
AlZ1 ZdEfell 4], General Electric Light Speed QX/i
(DOTmed Inc., WI, USA)Z ZFEHEZHI(CT)=
Al sttt ”0}9}"4 oA A Q 2 cm PR F
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Table 1. Anthropometric variables and Apnea indices

CHXI™A| 40 25, 2010L

Patient ID A B C

Anthropometric variables Age (year) 19 65 62
Sex Male Female Male

Height (cm) 180 160 173

Body weight (kg) 64 64 69
BMI" 25.5 25.0 23.1
Apnea indices AT (counts/h) " 52.3 306 419
AHI (counts/h) " 52,9 431 473
Snoring index (counts/h) 183.7 573.3 20.3
Minimum SaQ. (%) 81.2 78.0 75.3

*BMI (body mass index), weight, kg/height? in m% TAT (apnea index), the number of apneas per 1 hour of sleep; TAHI

(apnea—hypopnea index), the number of apneas and hypopneas per 1 hour of sleep; SaQ., O saturation.

Table 2. Morphological characteristics of upper airway models for 3 subjects

Model (patient ID) SMA-W (mm) SMA-T (mm)

AWL (mm) In-A (mmd)

SMA-A (mm®) Out-A (mm?®)

A 13.7 3.0
B 134 7.2
C 176 58

113 87.0 349 260.2
93 109.5 83.5 372.7
100 172.3 86.1 198.8

SMA-W, Lateral width of the section of minimum area;, SMA-T, anterior-posterior thickness of the section of

minimum area; AWL, length of airway; In-A (inlet area), sum of the cross—sectional area of left and right nostrils;

SMA-A (SMA area), area of the section of minimum area; Out-A (outlet area), cross—sectional area of hypopharynx

in the model.

terest, ROI) A-&-A1 & (segmentation) 2 4 U=F 0
- 800 7+e] thresholdE AF-&-3ke] A% 3}t
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st on, siRlF st (Vs 29
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A Foll A, 5 AIFH Zdoll A ZE = upper eso-
phageal sphincter®]' A o] x| oA #THE = 7]
Ed9E ez At

FtE T 55 B gle FEES TAHeE
A A8k 3 dimensional (3D) surface model< A4 5}
9 THBionixol| A 283t air 99| threshold 77+
V works 4.0 (Cybermed, Seoul, Korea)s 7]5+O.&
teF —1024 - —2209] CT numberel] 3.

3D surface model®] W]H-+= Hypermesh (version
6.0, Altair Engineering, Troy, MI, USA) ZZ13-&
o]-&-3}o], standard growth and normal mesh gen-
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eration 0.2 APAA L A(tetrahedron element) =

L&A (Fig 1).
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Adst= Aol oste] FAHE 7= U] HA
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Fig 1. Construction of 3D upper airway. A, Segmentation of the air region. The black color in the dotted box shows
the nasal cavity; B, 3D surface model. 3D surface model of the upper airway constructed from the segmented images
using Bionix body builder software. Smoothing was performed two times with the built-in options of Laplacian and
boundary-edge smoothing algorithms for the most optimal model; C, AWL (airway length) measurements were done
on the lateral cephalogram. Palatal plane (PP), tip of the uvular (TU), tip of the epiglottis (TE), upper esophageal
sphincter (UES), upper esophageal sphincter plane (UESP); D, 3D model generation. The inside of the 3D surface
model was meshed into the tetrahedron element; E, the inlet (nostril) and outlet (on the UESP) regions were assigned

respectively.

717F Wtk sRlF sl E7E outlete =
SFe] (Fig 1) inlet 2 outletol] 2] YA S A=
}AT} (Table 2).

I, Hz ol

[¢]

AN 2 AnEA

Fluent (Version 6.3, Fluent Inc., Ann Arbor, MI,
USA) == 133} 64 bit Linux-based Workstation
(Intel Xeon 2.26 G Quad-Core Dual-Processor, 24 GB
memory)< ©]-§-3te] B]F & 170, 200, 230 ml/sec<]
571 el distd FASIA S FAAT 53
g S e AVNEE Ave fAe GRY
S 183ty Y35ke] Standard k- & HHELS o]
do] NS FastA. ANRANY AN
Hiero 2 7% f-5(flow velocity)®] W3}, 5%
(negative pressure)®] WEZE st St Aksh
(pressure drop) #k= TSIATE 7%= FHI= AWL,
SMAS] deje} @A 18] inlet, outletd] THHZA
H&2 v wsks]

0‘10 oo\’

5 =
2). AREC] SMAE -2 253 e3P oln, B
oA s dAo] 42 KAzt oqlrh CR
g A FHo] Fa SWo R dolyh A A

2 Arde] 714 Zoh34.9 mm?) =29 B €9 of
41% B, SMA F-9e] FAE 29 A
A1 297 mmE 71 Zekeh

Inlete] TA 2 on]F ite] &, ¢ 1 2
& gholm 2l CollA 172.3 mm’Z 29 AC] %
B} oF o) 7hF WAt Outlete] ©W & =4l B
7} 3727 mm’Z 7P Zow 2 cr}l 1.874) 21
t} (Figs 2 and 3, Table 2).

AWLE 29 AoA 113 mm=E 71 Agen, =
d B9} CE= Z7; 93, 100 mmSIt} (Figs 2 and 4,
Table 2).
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Right side

Left side

Cc

Fig 2. Morphological characteristics of upper airway models for 3 subjects. Section of minimum area (SMA) is in-
dicated by the dotted line in the right side of the model. A, Model A; B, model B; C, model C. The shapes of the
SMA were compared by a 5 mm unit mesh diagram. The left (L), right (R), ventral (V), dorsal (D), inferior and superi-
or views were compared. SMA, The area of the section of minimum area; SMA-W, the lateral width of the SMA;
SMA-T, the anterior-posterior thickness of the SMA; In-A, the cross-sectional area of left and right nostrils; Out-A,

the area of hypopharynx in the model.

2H A B, Co R&1 Y 22

r-||I

200 mljs FFSE F7] Al SMA F-9follA oy
&5 2l A9] 7% 7.96 mfs, 2H C] 73 2.83
m/s2 YERSTE 2d B A9 QT AT
ARG 7| ddo] 7P F2 FEA tip
AelA Ha 745341 mys)o] FAYsII oL, SMA F-
A9 FEE 290 msE thE T4l Hlste] wl§-
w2 Holdt} (Fig 5).

SMA F-9JollAe] S9te] ¥+ 2d A, B, Coll
Al Z¥7+ —60.8 Pa, —8.97 Pa, —6.81 Pa=A], =g

70

AdllA ZStol 71 A vERTh A9k C B A
© SMA F-9lollA Hof Sfe] #FER Y, =g
BolAl= 59N dp AahdelA] HAlSt(—115
Pa)o] WAYSFATH (Fig 6).

1703} 230 mlfs FrEFo|Ao] &3 §9te] Bx

+ 200 mljs -7 v ARSI AL, frEFel St
f‘é°ﬂ whet §53 90 A f= SrHskThA
gFo] frAtstel 1d-& Ak,
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Airway models
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Fig 3. Comparison of the area measurements of upper
airway models. In-A, Cross-sectional area of the left
and right nostrils; SMA-A, the area of the section of
minimum area; Out-A, the area of hypopharynx in the

model.
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Fig 4. Comparison of the linear measurements of up-
per airway models. SMA-W, The lateral width of the
SMA (section of minimum area); SMA-T, the ante-
rior-posterior thickness of the SMA; AWL, the length of
upper airway.
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Fig 5. Comparison of the changes of the airflow velocity at the flow rate of 200 ml/s. A, Maximum velocity was ob-
served at the SMA (section of minimum area) region. More airjet regions were observed; B, maximum velocity was
observed near the tip of the epiglottis, but the maximum velocity magnitude was lower than those in model A; C,
maximum airflow velocity was observed at the narrowest portions at the SMA.

7.28e + 00

Pa

A

-1.07e + 01
-1.15e + 01 Pa

B

-6.31e + 00
-6.81e + 00 Pa

c

Fig 6. Axes and negative pressure patterns of model A, B, and C at the flow rate of 200 mi/s. A, Negative pressure
increases at the collapsed regions. The maximum negative pressure occurs at the narrowest region below the SMA
(section of minimum area) region; B, the maximum negative pressure occurs at the epiglottis region; C, the maximum
negative pressure were observed at the SMA which is narrowest region and the epiglottis tip region.
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Fig 7. Comparison of the cross sectional area ratio and
pressure drop of upper airway models. SMA-A, The
area of the section of minimum area; In-A, the
cross-sectional area of left and right nostrils; Out-A, the
area of hypopharynx in the model.

Az Ystet A7|= HENN S 8l

e 7 SHpressure drop)= 29 AcA] 71 Zlo
™(63.83 Pa), =l BS} Col| ¥]5lo] °F 6wl 7} =
A debsta, A71=e] Fejd 54 FellA outleto]
GHA T SMAS] THA ] H]E&(Out-A/SMA-A)©|
ol¢} Ze ztolE M fAFeHAl WIS (Fig
7). 3t 2l A= A% Zolr} 7 AWa] o=
AstE 71 & EAo] ATt (Fig 3). ZF BdleilA
E71%o] 170, 200, 230 ml/sE S7FE o 4HA

otie 7lo] melH e s Frletdon, Al kA
of thste =ell B} Coll Hlsto] 2l AS] #7d
st7F FASH S71esiTh (Fig 8).

nE

Aol QIFE WS A% Zske] Po= <l
ste] N AR sl TS 4
(epiglottic-soft palate lock-up)7} A E 31, FF(la-
rynx)2]  SHd(frobell A AdQlem el wet
caudal o w TF71 o olFHM AFHIL H
dojzhol doju, FdE T717F o 1 V=R
olgst7] W&, vt HHgol =2 Fx2= A7
H1 Jokt v F5A73AZRE ] vhAmks
< AF e AT 2o HEE STHIAA
Qo] 24 (patency) S FA1E = A Fek’ A
71%9] el ek Wele-e thFslth Schwab'&

72

CHXI™A| 40 25, 2010K

Airway models
90

8041 ----B
704 C
60
50
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30
20
10 -

170 200 230
mil/s

Fig 8. Changes of the maximum pressure drop by the
air flow rate. In all models, maximum pressure drop
(differences between the highest pressure in the inlet
region and the lowest pressure in the section of mini-
mum area region) increased as the air flow rate in-
creased, and the largest pressure drop occurred in
model A.

AAA 52 THA iz F2F o4
(abnormalities), & FAY #A A= 7] H& 7= &
2 I §5tA olgo] Hdeolgtn FAe WA
Strohl®2 &4 (muscle tone)e] 7+t 7H4AE EMG
Rt FEEE e, V1= =
Aot Jeh ez 1 3 Q% shgae] 284
o] 747} 0SAS] ¥lolga &
O’Comnor 52 HA3HA 3o THZAQ A%
T22 ol £ F A= 8o FAE A
7F 23E ] A7zl HHvE dojvhe Aeolgta
Atk tlF-E2] 0SA E2K56 - 75%)°IA 71%= =
= 91 F(oropharyngeal) 910l A AJZf= W 25 -
4% A ] 7IARAX FHH7F dejdet” Fel
T 7R H A dolvs A= 0 - 33%°] 4,
29| gAjo| A= 891 F(hypopharynx)oll Al *{ 5
HAHY7F Al FE = Aoz d3A Uk 37] 27l
= W stEHel dfelnz mrh g =],
OSACA ] B2 ggo] dojur, o] 44
7

=, =

715 Hlel OSA ghzte] 717} sheel ofs) €7
=717 H dohe Ae HoFrh 37] drlde &
ol FastHA 7=rt Folxl=t, Fdlol
OSA bz} B o] Al7|o 7|=7} 71 FolA|H,
OSA $Hx}e] 74-9- ©] Bo| FolxAl €l whahA
F71%=9] Hdl= Z7](expiration) TV Ev F71
(inspiration) 2710 doluA Hrh'®

OSA A2 AAle Hls) r|=e] 54 F
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A7F F& AR LA o, F& How Y
9] 13] T & HK(tidal volume)oﬂ s sl —17] =
dallof ste=, HHfrt F2 dojue F2 72
o] F7]44e v Wk A Aot Bernoullid] &
glof] oahH 7 oA g 717 Hre o
a AFHBER, 5o METE 7= i F 72
U2 o "olA|a, HHfdo] A T eie %
ol et o Fople ofegho] dojuta 2
=7t HEE Aoz YAEm) ojH AT ﬁeﬂr
5= SMA F-9]¢] ©Fo] 7P 2 Bl AdA
o] 7P wglom, thE Rl H]|ste] 7 - 9nl] 2
Ao &9fol LA (Fig 3). Jeong 57°& 7371
=7} SMA F-9Jol|Al F2 Al FobA"A] pharyng-
eal jeto] WAYE W, AF ol &2 shear stresss &
A1tk L 319 a1, pharyngeal jetol] ©] 3} shear force
= SMAYF 9= QS =1 0% Tuky
= wEtA YEH7EAE =4 Yeht=dl phar-
yngeal jeto] FHH S whebA] ol = "ol WA =
&% (higher velocity gradient)E X.0]7] wjFo]}
SHATh & Aol A= 200 ml frEelA] A, C 2
o] % SMA F-glolA Hdl Sto] LA sATH
24 Bo| A% tE RIdEF b2A @zl
7V Fokle FRA7F wHekA &, A7E #e
ezt Bl wsg G ‘ITZ]O]':ﬂ— LA,
FA1¢] 58| pharyngeal jet E2}7} ZA UEREA]
o, TN tip F-ffoll A A O] ThA] ZFaeta fr
o] Wb o 5-9to] XU (Fig 6). &
d B= =@ 7IF 54 @ EO]—t— 2d ol B
ato] SMA H-919] f-o] to] ozt 2 Ao g
YERE=H (Figs 5 and 6), ©]+ inletol] o3 S7]7
# Z2710] T3 v inlet WA Q] 27]71 2 C
9] 63.6%° &3t F7FE5 57 AUt 2l
Bl a4 Ao J3E n|zl Aoz AdETh
H]F AT W9 nasal valverw B 7 oA 71
F3(HZ 55 - 100 mm?), 500 mlfsec ©]’Fe] F7]
& St Al H A =7] 4 flow-limiting structure 2
Zgste Ao dEA A 2 A
A e inlete] WHAS A Aol oA
Fejzde] g glom FASIG T kAN 3
g airflow 231 A48 dE BAEAS FLsI
95}, inletS Bionix 2@ A] axial ¥kl 2zt
z vgAzgonz @4 nguS szow
F inlet®] ©HAZAL AA WAI zpol7t &

B TE N I
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Nl

Lo

m&\zlr

n]o tlo r.\

%
o

A
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ORIGINAL ARTICLE

Morphological characteristics of the upper airway and pressure

drop analysis using 3D CFD in OSA patients

Sung-Seo Mo, DDS, MSD, PhD," Hyung Taek Ahn, PhD,” Jeong-Seon Lee, DDS, MSD,’
Yoo-Sam Chung, MD, PhD,d Yoon-Shik Moon, DDS, MSD, PhD,°
Eung-Kwon Pae, DDS, MSc, PhD,’ Sang-Jin Sung, DDS, MSD, PhD*

Objective: Obstructive sleep apnea (OSA) is a common disorder which is characterized by a recurrence of entire
or partial collapse of the pharyngeal airway during sleep. A given tidal volume must traverse the soft tissue tube
structure of the upper airway, so the tendency for airway obstruction is influenced by the geometries of the duct
and characteristics of the airflow in respect to fluid dynamics. Methods: Individualized 3D FEA models were re-
constructed from pretreatment computerized tomogram images of three patients with obstructive sleep apnea. 3D
computational fluid dynamics analysis was used to observe the effect of airway geometry on the flow velocity,
negative pressure and pressure drop in the upper airway at an inspiration flow rate of 170, 200, and 230 ml/s
per nostril. Results: In all 3 models, large airflow velocity and negative pressure were observed around the sec-
tion of minimum area (SMA), the region which narrows around the velopharynx and oropharynx. The bigger the
Out-A (outlet area)) SMA-A (SMA area) ratio, the greater was the change in airflow velocity and negative
pressure. Conclusions: Pressure drop meaning the difference between highest pressure at nostril and lowest
pressure at SMA, is a good indicator for upper airway resistance which increased more as the airflow volume
was increased. (Korean J Orthod 2010;40(2):66-76)

Key words: OSA, Upper airway, Computational fluid dynamics, Pressure drop
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