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Abstract

Objective: To reconstruct the three-dimensional model of glaucoma eyeball and explore the in-
fluence of different degrees of pupillary block and trabecular meshwork lesion on anterior and
posterior chamber aqueous humor flow. Based on ultrasound biomicroscopy (UBM), the
three-dimensional modeling of human eyeball was carried out. The iris-lens space and trabecular
meshwork structure were modeled by annular channel. The annular channel was divided into 20
and 32 equal parts respectively. The degree of pupillary block and the degree of trabecular
meshwork lesions were indicated by closing different numbers of bisections. The finite volume
method was used to simulate the aqueous humor flow. The results showed that there was an ex-
ponential relationship between the anterior and posterior chamber pressure difference and the
opening of iris-lens space; in addition, the relationship between anterior chamber pressure and
the opening of trabecular meshwork was also exponential, but the closure of trabecular mesh-
work had little effect on the pressure difference between anterior and posterior chamber. The re-
sults of this study are helpful to predict the degree of pupillary block and trabecular meshwork le-
sions in glaucoma patients, and it has reference significance for the disease analysis of glaucoma
patients.
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FHRE SR KBOEMERR 1], R B IR R & 2 5 KB OLIRM EE AR R[2], HHRIE
3 & 2 HOe T K e AR T RS, gL A . ANREEL . RT A A BRI, R T 5
IKUEIR I BNAS V-7 o R L EL A [ 312 J5 & 14 A A7 A 75 D16 AR (primary angle closure glaucoma, PACG)JE il
WL, SRR 2 SRR E, R K BEFLI AT 5 A2 B T RAMABE ), 3 SO R R R,
2 i FLRE A R I S 55 s K B R 0B, ¥ BE B K e S B N R B, LIS R R AR B IR, 32 s £
KM, RSB T BSR4 IR IR Sor, JRIE 38.1%01 PACG 3% 72 i 540 ) i £L L 51
E TR R, I R RN S B S R AR o /NZE A HH s AR AR D IR s 39 ) DG B AL, 2 s /K b
W FEE R, HA T AR 60%~95%1 5 K51, a2 J5 k1% I M 84 7 6 IR (primary  open-angle
glaucoma, POAG) I AEHRAL . HAR AT A PRI, FEEFERIEI, /NG IE R g0l b, e
M3 INS5], [FIR A NGRS R DI REAR T, X PR S AR 2 S EUNREIBRAZ /N 7K A BE
DI, ASEIRET G . HAl POAG B3 /NG IR AR IR RFAE G 45 /N 2 X A B2 38 Jn AT Schlemm & A4
R A0 2 22 FLME I PG 6] o 1K 2855 B DU # 22 G N POAG &3 o5 /K tH (1 FBH. 77, AT 3 R T 5
2R LRI, WL R DL A /N2 X A8 A2 5 O O IR () B2 S (K], [R] I 9 7 R HIR PN s K R BIPIR S 1)
M SCE R

AT SR 75 AR BB (UBM) 2R B 7 NHRER BRI =4, SR AR EIEE AT - &tk
AATRI R DL K /NG X 45 4 3 DA T 38 3 R AN (5] T PR AR R FLBEL A A /N GR X AR R 2 o S AT B A AR VA A
NHRARER 57K 8, SREUCA R TO0 N KR R 13 U KGR E A s K ahre e, 8
I ERZIEWARSE: SN ERG ¥ AN s R

DOI: 10.12677/mo0s.2020.93027 265 jé

[

S K


https://doi.org/10.12677/mos.2020.93027
http://creativecommons.org/licenses/by/4.0/

EH %

2. YIIEER

=4 NIRD)V BB AR W 1 R B YRR R BRI R IR S WAt B e Jr A 1 AL A
JEIREE ) UBM 4R, /NREML MR, SRR BRI LML E N 1(A) s, Hk, BETIRER
FEEAREL, fRImlE 1(B)F i —4ER R . B AR B AL A Ry S HORE, NI g AR AL
VUi, JAKI35179 136 pm A1 100 ume STHR - dectRAR KT B AN ARAE B HIER, 8 4.67 um. H4& K =
HERUR ph —AEROR B R T A (B 1(0)), H A TR R AL 5T

A ) B
1./NGER
v
2.0 i Oﬁm
.|
e 7.63mm | 3| 153mm
LR E |

5.5

Figure 1. Construction of 3D human eye model. (A) The UBM image of the patient; (B) Two-dimensional
contour; (C) 3D modeling
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Figure 2. Division of iris-lens channel and trabecular meshwork channel
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Pl 2 Dyl fLBE AN AR AL . T 78 AR =R~ 5 B A 1) 2(A) BT, s /K RO -
Ar R AR B RO AR — IR AT, b3 K A5 S HH R /NG A (Y B g /NG o Dy 1 A 4L e LRI
e AR, CRPUTBE - SRR IE S R 104 23 9 20 8585y, InlE 2(B)FTR, BRI RREE T N — AT
PRALCPRAUERT 55 5 /KRB IR FRAE), S8 o R LR - SoRARIITTEE, € SONTT I AR 80 5 A
PR BCR AL [FIEE, /NGRS AR LR AT/ e AT 38 1) A (0T E & ANHIEIDTE 0 Ko, 4
K 2O R R /NREIA BB 7 8 550, AR (2 BT 1) 4 5500, & 5E SONR AT S 5 8
O 1) 45 BB RO LU AR, 6 58 SO B IR T IR HCE 55 S Bl ) 45 0 BOE A Bl LR EBOR B & 2(D)
Fose B, kb AR [ # KA — AN ST, ANRMFITERIR Y 0=0.25, £=0.125,

3. CFD #{a=#l
3.1. #HI5RE

KB EEE = AN ARG RS, B EAE. iR RRETE. RS RGNS
BUR, R SEE T RERE () FrR:
6_u+g+6_w =0 (1)
ov oy Oz
K, w, v wREEREE X, v, z HAISE. ZEEA RN P ] A IR AR = )3
hn, ST AT B TA) PN IR N A BT AR 4 5
YRk - WidE e 7 FE(Navier-Stokes equation, N-S HF2)& MRk HEA v B4 ik sh & FE R E s
2. EMRERAAQ):

av
p3=pg—Vp+W2V )

Kb, p RWEEE, p 2EIT, W p 23N IRPERE . N-S JrFEMERE RS MEAS T R 4 it A4 i 2 1) 3
W, fEVA e BRI .

F T IR R AR L2 5 A R R AN ) 75 R AR R B U A R AT B B 5 IR 20 Ao BT E
7 =G Fs:

pC,v-VT = AV’T 3)

X, C, NI, LSRR E, TRIEE.

AN 2 FEVE T IR S ZE X 5 K B 52 o AT 723 B Boussinesq B AT I AATTHAR, 1XFp
WAL 25 B8 TR B AR A SR % FE AR, T 2 T R R AR SR K B AR A . R R (4) s

p=p|1-B(T-T,)] )
Ferh BIZIK AR B 09 5E R A T AL TR R 4
= ©)
MR ER R SR, REESHER TR, AR AR R IR AT N B KRS . IR &
JE /15 B PEAAE B
3.2. pAERIS

A% B ) 0 A BGR BB T SR B A . R, PR R R 4 B 1 4 Rl ok i, (ERER
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Figure 3. Mesh generation
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33. WARAFHEREELE

VOB AN TR SR A Dy [ 7 B WP TC TR A L 5 7] MLARAN SRR B2 S AR AR F), % 37°C.
B A S 2 S i, HOR P EE AT AR, ProUAIERIRE ey 34°C [8]. fEIEH IRER T 5Kt &
4 2.5 wl/min, € 534 K IR BEARAR SR TSI FEN T, AR RS ) BeE , TN g v =
2e—6 m/s [9]. /KR HMNNEMGLH, ZFi/NE 5 E Schlemm %, #F 7%, Schlemm & W& /)
N 1200 Pa [10], #eK it O EAE T D11 KRBT R4E A Wik, 22 1 s 5Ky
PEZH AR SO AR ENIRZS I 1 55 KR s, 1) B 7 R IE, B s i 7 1n B BN R R .
FERAUI K H 7 FLUENT 3D XUHS BE s 7 SRAR 28 X6 55 /K I AlHsdE A7 SR, o st D] R g i 2038 SR H
BRME, AORIETHERE B, KA BRARFNER VS X I E B U AR EE, 25 F0 R & 5 72 S CR A —fhd
Wg R, R JRE R A SIMPLE 5%

Table 1. Physical parameters used in the model

= 1. REE RIS HIE12] [13]

S e FLAL
FRIKEEEp 998 kg/m®
KB TR FR B 0.001003 kg/(m's)
KRB 0.6 W/(mK)
KR C, 4182 J(kg'K)
WK 3.2e4 K'
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4. R
4.1. EFRHEF

| N

Figure 4. Schematic diagram of iris-lens ring channel
E 4. 41f% - RRFTEBETREE
N T YGRS AR E, R - SR IEIE(E 4)RIETS S22 5 Silver [141H) K2 THE A X
FIER THEAE HEAT E, LR ZE R 5 A SR HIE Btk J7 RE AN Bl B 07 R 41 5 17 R
B 6/Jf]n(tan(93/2)/tan(HA/Z))

AP = P(6,)-P(6,) . ©

Table 2. Parameters of the iris-lens ring channel

2. MR - R EESH

SR LICEN FLp
AL A S R AL 04 20.97
AL AL BN R F L O 21.93
Pk f 2.5 ul/min
B - dolR AR SN FTBE g 4.67 pm
5 KE) SRt R E 0.001003 kg/(m's)

WL - S RORIATEEIE S 54 2 o, K IXESH0m As((6) W #F: AP =359 Pa.
IS ZRITHEERNAP, = 36 Pa. MIHEEERE, ISR SEIRTHES RMEAK, IR
IDREREtc

4.2 RIKRE 576

K] 5 1 Case 0.1-0.25-0.125 FIRUTAR - SR IRAAIEIE T B9 a = 0.1, ZNGE W IETE PR il 1e) FF 9 6 = 0.25,
JARITFEEA e = 0.125, BEFLBA TR S /NG IR A FE B FH 7 s03R o ARqULh o, =PI il I LA 38 £ B 1Y)
TRFEHS R BRRE T, ST SR A AR (1)o7 B I B 25 i 54 s 7K B FE AR 0 Sl £ s 8 11 5 7KL BE A1
BIEROR, HE RS T W E T T J) . BERR KT E R NS, %R K
T ERtah, TR T RRERRIIREE A o 15 5 B, UM - afebR AR I8 TE T FE AN /N G2 Y e 0 I
FEo A JUF-BER M0 o RUATEREANATR A 55 /K B AUERARAG,  GRIm 4 Rt i B 23 A3 (R e ] LA AN T, SR
fERG e 32 SRR  IRESA 153455 Song [1313CHRH 1, UEBARHI 5 A A2 S HOR BT & 2
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Figure 5. Temperature field of pupillary block and trabecular meshwork le-
sions in different working conditions
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Figure 6. The velocity contour of aqueous. (A) Aqueous flow distribution under
pupillary block; (B) Aqueous distribution under trabecular meshwork lesions
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4.3 KR

Kl 6 i FLBH A AN AL N (55 KSRGS . B 6(A)FTR, B AE S BEARAR R i, g T
A% - RRIEIE, BEE UL - RSB TETT R A, DK A sh i B 2 25 080, &) P ITE o= 0.1 I
WS — PR AR (8] BRI ) el X B B K. 2 b5 K i fL B RT3, WEALBER MR AT 5 M, FE4L
R BRI B, AR 170 B3 A AR A RN o s /KA HE AL PRI B e 2 (AR BRI 4K
/Ny 5 K ZE R I FLIRL ) 55 7 I 2 ) (A R RO, 5 S R 0 1) s /KR K o s /KR B ) o 4 B SE
—ER oy b AGHEIE AN R TGS, o3 S I AR, JLE A SR AT L, XA B K ST
J vh ST B0 5 KR A T R — NI X I Ak, AN (R R AL BEL TR B2 1 15 1) D K TR sh R A ABL, 3R W it
FLBEIR 1T 55 80 55 KRB AN K o 18 6(B) Tz, /N R ARRE BERT I B3 s /K idE J L Jesemi, (HXS UL
5, A AR T vk DX AT SR, A TR AR U0 O T ) e o XTI RR G K, B T 1 vk i A
P, LB AR A S R 5 /N e R S T A B ST RN R

4.4. IRAES

e 3 R FLRE AN G2 W AR AT 5 R J1(APYRUS 55 6 J1(QP)SE M Y TH R 88ds . iR m N, R FLRH
T BT 5 IR/ RE MRS R, A B A WS — DR A 8 1 T B I RN, S s R I AW TR, S ECT
AT JG s I Z(DP)sE . ik abh, BRI, NGRS [RIT XA 5 By e 22 ) LT3 e, {H B T B2 1
TN, DRI DTRG0 s 7K 2 B S 355 55 5 /KR Bt 52 B — e FRFE RIS, & S
FEFI T, RS B T IR T 1 = A K

7 B T G B e 22 AT - iR RS E 2 RO R e MR - R TE (1T B2 1 A2 4L
0.6 B, EZEMNIEINL 20 Pa, P, HFEMREFLIEAA S 5] TS B R Z B8, FFEM 0.6 &
1RE] 0.2 BF, FRZEHIINZ) 100 Pa, XA 0.2 2] 0.1, EZEHEINT £ 130 Pa, WAL 2 580005 5 2%
SURIBEIN, SRR EAR Y, G A S, AR IRE, B PACG AR . SRR, AT
Ja B I ZE ST - SRR IE I 2 IEHOC R

Kl 8 AP 1 5/NREMTT R & FTUAE tH, FETTF RN a-6-¢ = 1-1-1 I A B3 H 7974 1912 Pa (14.3
mmHg), FEAN R E/NREME m AR RS DL (e 185E), #1555 1B m R 0 F9s/N iz
WG OR . /NI T AR (O 1), #U55 IS 5 REITE ¢ RAREUHK

Table 3. Detailed data of anterior and posterior chamber pressure at different working conditions

3. FRILATRIERBEENNHTERE

a@=1,e=1) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
AP 1912 1912 1912 1912 1912 1912 1912 1912 1912 1912
QP 2204 2071 2023 1998 1981 1970 1962 1956 1951 1948
DP 292 159 111 86 69 58 50 44 39 36
a(0=05,e=1) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
AP 2536 2536 2536 2536 2536 2536 2536 2536 2536 2536
QP 2828 2695 2647 2622 2605 2594 2586 2580 2575 2572
DP 292 159 111 86 69 58 50 44 39 36
a(0=0.5,e=0.5) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
AP 3857 3857 3857 3857 3857 3857 3857 3857 3857 3857
QP 4148 4016 3968 3942 3926 3914 3906 3900 3896 3893
DP 291 159 111 85 69 57 49 44 39 36
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Figure 7. Relationship between anterior and posterior pressure difference and
iris-lens channel opening
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Figure 8. Relationship between anterior chamber pressure and trabecular
meshwork opening
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B R ZE MR, MR - SIRAIETE AT B, R ZE R, HLAT S b5 s 22 SRR - SR A3 T8 1)
TFEERARHOR R /NR R AN T Ja i I 22 AR AS K, (B R B3 s 0 AU B3 R 7738 R 1 B S ) e 22
WETCRE, e/ NGERGEIE R R DT BRI, #5715 A FOT B B4R B . AHE 73R4S 1 % R AU rT I

LI 5 s 3 SR S5 e FLREL s NG R A ) AR, OGRS o T A s X

SE

[1] Feng, Z., Sun, N., Zhou, A., et al. (2007) The Effect of Lens Parameters on the Development of the Primary An-

DOI: 10.12677/m0s.2020.93027 272 e RSE TR


https://doi.org/10.12677/mos.2020.93027

(8]

(9]

[10]

[11]

[12]

[13]

[14]

gle-Closure Glaucoma. Journal of Nanjing Medical University, 21, 262-267.
https://doi.org/10.1016/S1007-4376(07)60058-6

FLIEEM, MiniAE. hTEEREE AT HOGIRAG SR 1 G1HRE[1]. W BEAR &, 2020, 36(6): 89-90.
BEAS, SR, RN TR P A B SRR 5 A A 2 S oG PIALA BT i R U], BR 224534, 2011, 17(1): 104-106.
FSCHE, A, fshE, S RIE R A AR ORIR 0 R[], FAEIRRLAE, 2000, 36(6): 475-478.

Grossniklaus, H.E., Nickerson, J.M., Edelhauser, H.F., ef al. (2013) Anatomic Alterations in Aging and Age-Related
Diseases of the Eye. Investigative Ophthalmology & Visual Science, 54, ORSF23-7.
https://doi.org/10.1167/iovs.13-12711

Johnson, M., Chan, D., Read, A.T., et al. (2002) The Pore Density in the Inner Wall Endothelium of Schlemm’s Canal
of Glaucomatous Eyes. Investigative Ophthalmology & Visual Science, 43, 2050-2955.

Heys, J.J., Barocas, V.H. and Taravella, M.J. (2001) Modeling Passive Mechanical Interaction between Aqueous Hu-
mor and Iris. Journal of Biomechanical Engineering, 123, 540-547. https://doi.org/10.1115/1.1411972

Fernandez-Vigo, J.I., Macarro-Merino, A., Fernandez-Francos, J., ef al. (2016) Computational Study of Aqueous Hu-

mor Dynamics Assessing the Vault and the Pupil Diameter in Two Posterior-Chamber Phakic Lenses. Investigative
Ophthalmology & Visual Science, 57, 4625-4631. https://doi.org/10.1167/i0vs.16-19900

MR, skmizR, R, 2. WLRERAZEEXT B K iR shas m i U E L AT [J]. IREBETERE, 2017, 37(1): 72-75.

Johnson, M.C. and Kamm, R.D. (1983) The Role of Schlemm’s Canal in Aqueous Outflow from the Human Eye. In-
vestigative Ophthalmology & Visual Science, 24, 320-325.

Huang, E.C. and Barocas, V.H. (2006) Accommodative Microfluctuations and Iris Contour. Journal of Vision, 6,
653-60. https://doi.org/10.1167/6.5.10

Heys, J.J. and Barocas, V.H. (2002) A Boussinesq Model of Natural Convection in the Human Eye and the Formation
of Krukenberg’s Spindle. Annals of Biomedical Engineering, 30, 392-401. https://doi.org/10.1114/1.1477447

Song, H., Li, L., Wang, W., ef al. (2019) Numerical Simulation of Multi-Field Coupling in Aqueous Humor under the
Condition of Dynamic Pressure. International Journal of Computational Methods, 16, Article ID: 1842001.
https://doi.org/10.1142/S021987621842001X

Silver, D.M. and Quigley, H.A. (2004) Aqueous Flow through the Iris-Lens Channel: Estimates of Differential Pres-
sure between the Anterior and Posterior Chambers. Journal of Glaucoma, 13, 100-107.
https://doi.org/10.1097/00061198-200404000-00004

DOI: 10.12677/m0s.2020.93027 273 e RSE TR


https://doi.org/10.12677/mos.2020.93027
https://doi.org/10.1016/S1007-4376(07)60058-6
https://doi.org/10.1167/iovs.13-12711
https://doi.org/10.1115/1.1411972
https://doi.org/10.1167/iovs.16-19900
https://doi.org/10.1167/6.5.10
https://doi.org/10.1114/1.1477447
https://doi.org/10.1142/S021987621842001X
https://doi.org/10.1097/00061198-200404000-00004

	Numerical Simulation of Aqueous Humor Flow in Glaucoma
	Abstract
	Keywords
	青光眼房水流动的数值模拟分析
	摘  要
	关键词
	1. 引言
	2. 物理模型
	3. CFD数值模拟
	3.1. 控制方程
	3.2. 网格划分
	3.3. 边界条件及算法设置

	4. 结果
	4.1. 模型验证
	4.2 眼球温度分布
	4.3 房水流动特性
	4.4. 眼内压分析

	5. 结论
	参考文献

