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[Abstract] Objective To evaluate alterations in macular microvascular fractal dimension (FD) and blood
vessel tortuosity (BVT) in patients with primary open-angle glaucoma (POAG) using optical coherence tomography
angiography (OCTA). Methods A cross-sectional study was conducted. Early POAG patients (101 cases, 101
eyes) and healthy subjects (518 cases, 518 eyes) who underwent OCTA at Zhongshan Ophthalmic Center between July
2016 and July 2023 were included. Macular microvascular geometric parameters of the superficial capillary plexus
(SCP) and deep capillary plexus (DCP) were obtained from OCTA images and compared between two groups.
Univariate and multivariate regression models were used to identify ocular factors associated with FD and BVT. This
study followed the Declaration of Helsinki. The study protocol was approved by the Ethics Committee of Zhongshan
Ophthalmic Center, Sun Yat-sen University (No. 2023 KYPJ356-4), and all subjects signed the informed consent
form. Results Compared with healthy control group, POAG group showed significantly lower FD in the SCP and
higher BVT in both the SCP and DCP (1=-5.947.5.028.3.926; all P<0.001). In the multivariate model, diagnosis of
glaucoma and image quality score (IQS) were influencing factors for FD in the SCP (diagnosis of glaucoma: f=-4.99,
95% confidence interval[CI]: =8.06--1.93, P=0.001; 1QS: 8=0.73, 95%CI: 0.57-0.90, P<0.001) and BVT in the DCP
(diagnosis of glaucoma: B=0.12, 95%CI: 0.03-0.21, P=0.008; 1QS:B8=-0.007, 95%CI: -0.012--0.002, P<0.001).
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Conclusions

Compared with healthy controls, there were significant differences in FD and BVT of macular

microvessels in patients with early POAG, and the diagnosis of POAG is associated with macular microvascular

geomelry parameters.
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I, A BE 58 R A 45 U (swept-source,
SS)-OCTA HA , AL A L POAG [ 5 1E W 2 il
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1 #ZBREFE
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7 H L Tl K 2E i iR R G 9 POAG K 101
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(2)HR =21 mmHg(1 mmHg=0.133 kPa) ; (3) 37 (A& HR JiE
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+ W7 JZ 13 (optical coherence tomography, OCT) £ £F
7R Jmy B RNFL B4, DL K A0 BT 3 4 A 187 3 OGIR
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%t 1IE M 7 (best corrected visual acuity, BCVA) <20/40
s (2) e BE AT A B L, S RCER B R >+6.0 D E <
-6.0 D, HR %l K JF (axial length, AL)>26 mm % ; (3) BE1E
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HR S0 475 B P s A o i 72 A T I 5 ) s R 5 - R
B (A RGNEO A AU PO B 2R 17
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Haag-Streit N E] ) AR 45 K6 BR 8% (Ocular 90D Slit Lamp
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fli ;& ] ETDRS # J 3% ( 3¢ [ Precision Vision 24 A ) £
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JEE IR AR JEE 8 Y D TR

1.2.2  SS-OCT I SS-OCTA i & i 45 OCT E & 24 T
i % 9 1 J5 ff FH SS-OCT # 4 (Triton, DRI-OCT-2, H
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JH Littmann #1 Bennett 2% 20 % 1F it K %
KK 1), f# A Image) Bk 4 (3 F [ 7
DAMIERE) , K “Huang” B {8 43 F 2%
Xt AR EAT B 8h B AL B OF EAT B
Al i i G BOE IR FD T EE e
& OCTA EE b il 48 4548 BT o 1 1 J5 B
Bk, AN Wr i /N IEJ7 B Mg RO IF
A, a8 2 R 0L [l 051 23 A BT A B R
FRAEE SCHFDE (K 2) . B ARALE G
b R S PR RS S H AR 2 e ()
SRy SR BB DR AR LR R RS
D E L BVTE (1 3) o 35752 K R
W BE X % 2 B 404 2 M\ (superficial
capillary plexus, SCP) IV JZ B 4 1 45 M
(deep capillary plexus, DCP) N 9 FD I
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1.3 Geifee ik

K FH Stata MP 16.0 55 11 2% 4 ( 3
[ StataCorp 28 7 ) HEAT AT 0 M o T4
% kE 4 Shapiro-Wilk #; 38 3F 52 75 & 1E &

EFIRMTIRE AEEERG

it B E : 1 o S e R T | A ] 4 :
IRE=24.47 mm #EMEF=1.000 6 R<: 6 mmx6 mm
1 & F Littmann 1 Bennett 22 X B B X 5 R IE 475 1 =3.382x0.013 062x
(AL-1.82). #7 AL=23.82 mm U4 LN T4 F 1. B /R T AL=24.47 mm I 25 BEIX 2
JZ B AL Y en-face R, 4D ¥ 31504 1.000 06, 2% 8 )5 B3R 8 X BT 6 mmx
6 mm K/NAYSEBREBIRAT  SERIE TG IR N AT ZE 00T OCTA DB T W2 444
A AR 5 AL : R K

Figure 1 Magnification correction by using Littmann and Bennett formula Scaling
factor=3.382x0.013 062x(AL-1.82). The scaling factor was 1 if AL= 23.82 mm. En-face image
of superficial capillary plexus at macula with AL=24.47 mm was presented and the scaling
factor was calculated as 1.00 006. The green square corresponded to the actual image to the
size of 6 mmx6 mm. The cropped images were involved in the final analysis OCTA: optical

coherence tomography angiography; AL: axial length
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Figure 2

Schematic illustration of the retinal microvascular fractal dimension
measurement and parameter extraction OCTA images and the macula were automatically
determined in B-scan images. Scan size of 6 mmX6 mm of an en-face blood flow image of both
superficial and deep retinas were stratified. Original images with same scan size following
projection artifacts removal were obtained. Then binarized and skeletonized capillary images
were calculated. In the log-log plot, the blue dot represented actual OCTA data for this image,
while the green line displayed the closest fitting fractal log-log line. The x-axis indicated the
log base e of the size of the boxes in pixels, while the y-axis represented the log base e of the
number boxes subtending the OCTA pattern. Thus, a linear relationship in the log-log plot
indicating the good self-similarity of the macular retinal microvascular network  OCTA:

optical coherence tomography angiography
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Figure 3 Schematic illustration of the retinal microvascular blood vessel tortuosity
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B P<0.05) o 2421 ) A P A B L R AR S B R
ALWE Z R LR iT % E X (1=1.245, x*=0.188, 1=
1.209.-1.736, 4 P>0.05) (% 1).
2.2 24 FD 5 BVT H#

55 {3 %F IR A A L, POAG 41 SCP N FD & 3 %
i, 22 %A G it 7% X (1=-5.947, P<0.001) ; 2 4~ 4[]
DCP N FD [ #8 2 7 Jo 4t it 27 22 L (1=
-1.446,P=0.15)(5 1). POAG 4L SCP W

siges BVT Al DCP A BVT & 1 35 & T filt e X
M, 2R AFKIT¥E L (1=5.028,
T RIFEE® ,
SARER 3.926, 3 P<0.001)(F£ 1),

2.3 K JZURFD (1 R R 52 e PR & Hr
e Z M H , FHOLIR 2 W AR
% IR & ¥ mGC-IPL B & | F 1
pRNFL JE & J 1QS /& SCP N FD 1) 5% i
HWE () P<0.05) . 015 REE P

measurement and parameter extraction After binarization and skeletonization of the

capillary OCTA images, distance parameters for calculating blood vessel tortuosity were
extracted. Blood vessel tortuosity was calculated as the sum of the actual path lengths of the

BVT: blood vessel

vessel branches divided by the sum of their straight-line distances

tortuosity; OCTA: optical coherence tomography angiography

mGC-IPL J5 & & 1QS & DCP N FD iy 5%
Wi K 2 () P<0.05) (%2)
ERIEWHERAHF RGN ZHE N

£1 POAGASEENBAIKKIFITERXESHEER

Table 1 Comparison of clinical characteristics-related parameters between POAG group and healthy control group

i . o e Ay R HIE B TR TR IN NS AL
213 BB AR (s, %) BEn(%) ] SO TR Ty T RS
(%+s,mmHg) (X+s,um) (X+s,mm) (X+s, mm) (X+s, mm)
fEREX L 518/518 43.95+9.06 284(54.8) 15.62+2.97 546.23+33.04 3.25+0.44 4.12+0.39 25.52+1.12
POAG 4 101/101 45.21+10.50 53(52.5) 17.54+3.68 537.99+35.16 3.37+0.32 4.17+0.39 25.311.17
- 1.245 0.188 4.023 -2.268 3.133 1.209 -1.736
PAE 0.21 0.66 <0.001 0.02 0.002 0.23 0.08
o FHmGC-IPLEREE  SEH) pRNFLJE JiE SCP I FD DCP N FD SCP Y BVT DCP N BVT 108
15 8 A mOCAPLIER PRNFLIZI P A B e s
(%+s, pm)* (%+s, pm) (%+s)" (x+5)° (x+s) (x+s) (Xs,57)
flEHEXT AL 518/518 69.41+4.77 105.46+11.97 1796.0325.87 1866.1522.52 1006.36+1.20 1 004.46+0.17 72.18+4.11
POAG 41 101/101 61.00+6.78 81.70+21.31 1790.2329.47 1865.7522.70 1007.60+2.42 1004.5620.24  69.80+5.29
thAH -7.626 -6.923 -5.947 -1.446 5.028 3.926 -4.277
PiH <0.001 <0.001 <0.001 0.15 <0.001 <0.001 <0.001

W (a: AT HEAR A5 b R0 90)  POAG: JFURMEIF A L7 JGIR s AL ARl 2

smGC-1PL 8 B DA 2855 40 i~ 9 IR JZ 5 pRINFL - 40 25 J& Bl 400 o0 J

P2 LT YE 5 SCP: 3B X 8 2 B A0 L4 A\ s FD < 43 JE AR50 DCP 35 BE X VR J2 B 40 14 AA s BVT: il 38 #h B2 5 1QS : BIE B 774> 1 mmHg=0.133 kPa

Note: (a: Independent samples t-test; b: x* test) POAG: primary open-angle glaucoma; AL: axial length; mGC-IPL: macular ganglion cell-inner plexiform

layer; pRNFL: peripapillary retinal nerve fiber layer; SCP: superficial capillary plexus; FD: fractal dimension; DCP: deep capillary plexus; BVT: blood vessel

tortuosity; 1QS: Image quality score 1 mmHg=0.133 kPa
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IR OERZ T 1QS J& SCP N FD i 2 i [ £

(HFOLIRZ M.

=-4.99, 95%CI:

-8.06 ~ -1.93, P=

0.001;1QS:8=0.73,95%CI: 0.57 ~ 0.90, P<0.001) ; IQS
J&DCP N FD 152 Rl & (8=0.25,95%CI:0.19 ~ 0.31,

P<0.001)

P IR AT IR Y mGC-1PL R

JAF-34 pRNFLJE R J2& SCP 4 A1 DCP N FD A9 5% i [K]

Z (W P>0.05)(32),

2.4 £ JZIWBVT RS i K 2% 45 B
FE R W TG IR 2 W AR

¥ pRNFL

JEFE J 1QS J& SCP N BVT By 52 i K 2 (34 P<0.05) .
HHRZ W 3 mGC-IPLJEFE SF-3% pRNFLJE B ) 1QS
J=DCP N BVT 52 X &K (¥ P<0.01) .
FERSIE W AEIR 22 T R 5 1 2 K 2 [ F LR | 1QS
J& SCP N BVT Y 5 1 K & (8=-0.12,95%CI: -0.16 ~
-0.02, P<0.001) ; [7] i} 5 YL IR 2 W (1QS J& DCP N BVT
B 52 M R & (FOEIR 2 Wi 8=0.12,95%C1:0.03 ~ 0.21,
P=0.008; 3=-0.007, 95%CI: —=0.012 ~ —0.002, P<0.001)
(#£2),

R2 RERRESHEH NETHMENERZSSEZRASH
Table 2 Univariate and multivariate regression analysis for superficial and deep fractal dimension and blood vessel tortuosity
imIZ JUIKESeaiii's
W% L F Z [ % Jul I EAEAE] Z Kl H
o o Y -
ossor U gmoser "M Gwowen "™ Zhosn '
scp
LIRS W -5.81(-7.21,-4.40)  <0.001 -4.99(-8.06,-1.93)  0.001 1.24(0.92,1.55) <0.001 0.59(-0.03. 1.22) 0.060
A (%) -0.07(~1.12,-0.01) 0.029 -0.003(-0.130,0.070)  0.608 0.020(0.002,0.029) 0.019  0.020(0.002,0.032) 0.023
H 0.21(-0.89,1.31) 0.708 0.004(-0.240,0.248) 0.972
M (mmHg) -0.31(-0.52,-0.10) 0.004  -0.19(-0.42,0.04) 0.099 0.042(-0.001,0.084) 0.056
H ok £ B 0.003(-0.012,0.020)  0.652 -0.003(-0.006,0.000) 0.147
JEEE (m)
5 R B (mm) -0.09(~1.37,1.19) 0.889 -0.041(-0.327,0.243) 0.774
AR A BE (mm ) -0.61(-2.01,0.78) 0.390 0.15(-0.16,0.46) 0.331
AL(mm) 0.35(-0.13,0.83) 0.154 -0.08(-0.18,0.03) 0.158
F- 3 mGC-1PL 0.18(0.05,0.30) 0.005  =0.09(-0.25,0.07) 0.283 -0.02(-0.04,0.00) 0.142
JEEE (m)
SEH4 pRNFL 0.09(0.04,0.13) <0.001  -0.01(-0.07,0.05) 0.845 -0.01(~0.02,0.00) 0016  0.01(-0.01,0.02) 0.349
JEEE (m)
10S(43) 0.69(0.58,0.80) <0.001  0.73(0.57,0.90) <0.001 -0.12(-0.15,-0.09) <0.001  -0.12(-0.16,-0.02) <0.001
DCP
#HOLIR 2 W -0.40(-0.94,0.14) 0.149 0.10(0.06,0.14) <0.001 0.12(0.03,0.21) 0.008
(%) 0.01(-0.01,0.03) 0.227 0.001(-0.001,0.002) 0.436
B 0.08(-0.32,0.49) 0.410 -0.004(-0.032,0.025) 0.794
M (mmHg) 0.05(-0.13,0.03) 0.240 0.004 0(~-0.0007,0.0104)  0.087
g £ -0.002(-0.008,0.004)  0.469 -0.000 1(=0.000 6,0.000 2) 0.380
JEJE (pm)
PR B (mm) -0.64(~1.11,-0.17) 0.008  -0.09(-0.63,0.45) 0.751 0.01(=0.02,0.04) 0.454
nnJMAx JE B (mm) 0.21(-0.30,0.73) 0.421 0.02(-0.02,0.05) 0.417
AL(mm) -0.12(~0.30,0.06) 0.197 -0.01(~0.02,0.01) 0.395
-3 mGC-IPL 0.050(0.003,0.096) 0.036  =0.01(-0.05,0.04) 0.783 -0.005(~0.008,-0.002) <0.001  -0.001(~0.006,0.003) 0.530
JERE (pm)
£ pRNFL 0.01(-0.01,0.03) 0.290 -0.002 0(-0.0027,-0.0004)  0.008 0.000 4(-0.0013,0.0023)  0.626
JEBE (pm)
1Q8(43) 0.21(0.17,0.25) <0.001  0.25(0.19,0.31) <0.001 -0.009(~0.013,0.006) <0.001  -0.007(-0.012,-0.002)  <0.001

1 - 2 K £ [0 5 P 2 Bonferroni £ 1F («=0.05/4=0.012 5) SCP: ¥ B X % 2 T M MM ; CL: B F X
=PI MR JZ 5 pRNFL - R0 45 J71 R AR 00 s o 28 2 4 2 5 1QS - RS 2 49 5 DCP - 3 BE X VR 2 6 41 1L 55 A

Note: P values in multivariate regression were adjusted using Bonferroni correction («=0.05/4=0.012 5)

DT 5 AL BRI 2 s mGC-TPL - 3 34 IX o 224 24
1 mmHg=0.133 kPa

SCP: superficial capillary plexus; CI: confidence
Intervals; AL: axial length; mGC-IPL: macular ganglion cell-inner plexiform layer; pRNFL: peripapillary retinal nerve fiber layer; 1QS: Image quality score;

DCP: deep capillary plexus 1 mmHg=0.133 kPa
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