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[ Abstract] Objective To use machine learning to predict the efficacy of accelerated corneal collagen cross-
linking ( A-CXL) surgery, identify prognostic factors, and construct models to predict postoperative disease
progression.  Methods A single-center retrospective study was conducted. A total of 82 keratoconus patients
(112 eyes) who underwent A-CXL surgery at the West China Hospital of Sichuan University between March and
December 2021 were enrolled. Preoperative and follow-up examinations included anterior segment evaluation by slit-
lamp microscopy, corneal topography using Pentacam, and corneal biomechanical indices using Corvis ST. Disease
progression was defined as an increase in maximum keratometry ( Kmax) of =1 D from the preoperative level at the
last follow-up. Various machine learning algorithms were employed to analyze corneal topography, biomechanical
parameters and corneal densitometry values to identify prognostic factors and construct models for predicting
postoperative disease progression. This study adhered to the Declaration of Helsinki. The study protocol was approved
by the Ethics Committee of West China Hospital, Sichuan University ( No. 2023496). Written informed consent was
obtained from each subject. ~ Results During follow-up,15. 1% (17/112) of the eyes showed progression after
A-CXL. The preoperative astigmatism and stress-strain index (SSI) in the progression group were (=5.41+2.72)D
and 1.41x0. 78, respectively,, which were significantly higher than (=3.30+2.54) D and 0.95+0.98 in the non-

progression group (¢=2.80,2.03;both P<0.05). Cox regression analysis identified preoperative astigmatism ( hazard
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ratio [ HR] =1.20),SSI (HR=1.10), and anterior corneal densitometry of 2—6 mm (CDA6) (HR=2.10) as
significant risk factors for post-A-CXL progression. Among various machine learning models developed and validated,
the area under the curve (AUC) values for logistic regression, multilayer perceptron ( MLP) model, and random forest
(RF) exceeded 0.700. For Fl-score,the AUC values for logistic regression, MLP, and RF were 0.870,0. 830, and
0. 880, respectively. The network structure of the visualized MLP was a single-layer,24-neurons neural network with
80% accuracy in predicting whether progression occurred after A-CXL. The clinical nomogram developed in
conjunction with astigmatism,SSI, and CDA6 predicted the cumulative probability of progression at 0. 5,1,and 2 years
postoperatively based on the sum of the specified values for each variable, and based on the optimal cutoff value,
keratoconus corneas could be classified into high-, intermediate-, and low-risk groups, respectively. The time-
dependent subject operating characteristic curves of the nomogram showed AUCs of 0. 734,0. 685 ,and 0.935 at 0.5,
1,and 2 years postoperatively, respectively, all of which performed well in predicting progression. ~ Conclusions

Preoperative astigmatism, SSI, and CDA6 are significant risk factors for post-A-CXL progression in keratoconus. The
MLP model can accurately predict postoperative disease progression, and the clinical nomogram combining

preoperative astigmatism, SSI, and CDA6 can effectively differentiate between low-, medium-, and high-risk

postoperative progression outcomes.
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Fleischer JR4% o BG4k, 2 38 T BE BB 2 S AT
/LR ST TN ) U P S E O oy |
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Down 254 fF A1 Marfan 25 4 4F 215710 % 5 [0 4 £f i
R 52 Z e A 2 A, 30142 W AR B i) T RS T 7 1k A
i TR REE . HAET, M RIS B (corneal
collagen cross-linking , CXL) TR % 1\ iy & 16 97 [B 5 M
WA RO0T 0 TR LML A A A B R
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i1 DU 2% T AR A 0] 88 A B A A X 36 97 R 1Y
2SN R, T B — BT 5T Ak E CXL Y
T AR AR R P UE, AR & TR T A, AR5y

A I L (5 JIE AR AR PE AT PR CXL (accelerated
CXL, A-CXL) T/ Fif 1 £ 158 08 & F AR W) )22 2 8L,
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DR HE: (1) FF & B o /A 2 s (2) IR %%
A-CXL 3G 7 I 5 JRCKE U7 # . 18 HE #1512 B A
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Table 1 Baseline characteristics of keratoconus patients

A5 B fH
%550/ AR %L 82/112

P (F /% ,n) 63/19

LEWE (x5, %) 22.04+7.17
FRBEJE (wts,D) —4.24+4.20
MBI (v, D) -3.62+2.67
fli i) (xxs,°) 91.05+54. 13
LogMAR CDVA (xts) 0.36x0. 32
Kf(xts,D) 48.73%6. 11
Ks(xs,D) 52.82+6.77
A IM(Q,,Q5) ] 2.00(1.75,4.50)
B[ M(Q,,0;)] 4.00(2.00,4.50)
CHZIM(Q,,05) ] 2.00(1.00,3.00)
DA IM(Q,,Q5) ] 1.00( 1.00,2.00)
BAD_D (xzs) 10. 72£5. 80
Prog_index_avg(x+s) 2.41£0.93
ARTmax (xs) 147. 84+58. 38
Kmax( Ant) (x+s) 61.22+11.16
Q(Ant,6 mm) (x#s) —1.43+0. 83
Q(RF,6 mm) (x+s) -1.45+0. 86
ISV (xs) 99.42+43. 63
IVA (x#s) 0. 8920. 42
THA (xs) 32.98+25.79
IHD (xs) 0.130. 08
DA _ratio(x+s) 4.10+2. 89
Integr_radius (x+s) 4.37+£2.28
ARTh(x%s) 2.90+0. 69
SP-Al(x+s) 2.63%1.06
SSI(x+s) 1.02+0. 96
CBiF (x+s) 4.70+0. 69

E /3 (x+s) 3.07+1.09
CDA2(x#s) 23.85+6. 75
CDA6(x+s) 20. 14+5.07
CDA10(xzs) 18.57+4.10
CDA12(x#s) 32.20+9.97
CDP2(xts) 12.30%1. 80
CDP6(x+s) 11.79+1. 41
CDP10(x+s) 11.91+1.85
CDP12(x+s) 18.22+4. 94

- CDVA 7 IE ALy 5 KL P38 1 5 gl €5 Ks < BE U #fy J52 il %< ; BAD_D .
Belin/ Ambrosio 34 5% %Y 4 5K 5 i 2% {8 ; Prog_index_avg : #F J&& 45 50 F Y18 5
ARTmax ; Ambrosio #H %} J5 B B K AH ; Kmax : 5z KA Bt 25 ISV K H A
FEBGIVA 3l BN N FRAHEH0 THA 55 B2 A5 X8 BR 48 20 THD - i3 B2 D O 46 50
DA _ratio: 25 J 5 Ji LU 5 Integr _radius : 4 B33 M 2 4% s ARTh ; 7K - %8 B 11
Ambrosio A X} JE B 5 SP-AL: B IR & - W BE 2 805 SSL: B Jy — o7 2% 45 4
CBiF : Corvis A4 ¥ J3 % [K - ; CDA . JBE 1if 2% 1f1 ' % J& {8 ; CDP - £y i )5 2 1Hi

Note: CDVA ; corrected distance visual acuity; Kf: flat keratometry ; Ks; steep
keratometry ; BAD_D : Belin/Ambrésio enhanced ectasia total deviation value;
Prog_ index _ avg: progression index average; ARTmax: Ambrésio relational
thickness maximum; Kmax: maximal keratometry; ISV index of surface
variance ; IVA ; index of vertical asymmetry; IHA : index of height asymmetry;
THD: index of height decentration; DA _ratio: deformation amplitude ratio;
Integr_radius: integrated inverse concave radius; ARTh: Ambrésio relational
thickness to the horizontal profile; SP-A1. stiffness parameter at the first
applanation ; SSI; stress-strain index ; CBiF ; Corvis biomechanical factor; CDA ;

corneal densitometry anterior; CDP ;corneal densitometry posterior

1.2 Jiik
121 PEASHERR DT, £ 450 L (U A 4% fk

B 3AH o H ORGSR A R, ORI
PERIEAL BRI B e O TIPS B E A, ] AR
HERDGEAT 2 YCHE N G, 3% 20 5 A5 R T R
A-CXL FARIGITHI G 0 #E R o B BT, R 2B T
ARG A HR A Y1 B0, R JH Pentacam (£ [/ Oculus
AW KA A E L ], 2R A Corvis ST(1E[E Oculus 23
H)) K A AR Y f1 22 280, Pentacam K5 #% 1] i Belin
ABCD i 7, A] DL 8] 4 £ JEE A8 55 6 17 ABCD 43
I, W EE A B TR [ AH 52 48 45 , 4 Belin/ Ambroésio 34
i 780 37 5K 8 22 {H ( Belin/Ambrésio enhanced ectasia
total deviation value, BAD _ D) . ¥t J& 48 ¥t % ¥ (H
( progression index average, Prog_index_avg) . Ambrésio
HXF 5 B B K fH ( Ambrésio
maximum, ARTmax ). fi K A JE i % ( maximal
keratometry, Kmax ) , Q {& . 3 & 2% 5 18 % (index of
surface variance, ISV ) | 3 B A % FF #5 20 (index of
vertical asymmetry, IVA) | /& & S X} FR 75 4% (index of
height asymmetry, THA ) 1 & B W 0> 38 2% (index of
height decentration,IHD) . £ I 4 9 )1 2% 2 5040, $5 725
JE % H ( deformation amplitude ratio, DA _ratio) | 4 Jif;
U 1 2F 42 (Integr_radius ) , /K 3 58 BE /) Ambrosio AH X}
JZ & ( Ambrésio relational thickness to the horizontal
profile, ARTh) . & ¥ & 3F NIl J& 2 %% ( stiffness parameter
at the first applanation,SP-A1) Jij J7 -] 28 48 %% ( stress-
strain index, SSI') . Corvis 4 ¥ 71 == A F ( Corvis
biomechanical factor, CBiF ) #1 E 43 Bi., K ¥ B 15 B+
Kmax 2 AR B30 =1 D 5 Xk B 4 stk 2t
AR A5 631 A 52 30 JRE 19 0 23 Dy JE 0 e 4 95 IR AN i Jie 4
17 IR

1.2.2 A-CXL FARKAJGT L ARTAIRMSE 2R
VP R THIRB IR, K 49k, 182 3 do A A-CXL
TR [R]— BRI 58 18 A AT 8 WL 75 e 3 TR
T, T 0 s T 1S o O ¥ WAL K BR 9.0 mm BT IX
SRA A B, (0. 1% 8% B KR I A 10 min,
FH V7 2R 5 WAL i e AR B, O L8 T 58 A 2 R GY
ZAGH (KXL, K [H Averdro A ) LIRS 4 min, [
SH3R B R 30 mW/em®, MAE R 7.2 J/em® . AR5 Il
WRITT AR ME EE LR e, REAAE
520 SR R IR W S IR, R 4 R ESE 1 %A
B R M FERMTH IR SR, R 4 k&S 1 LR E
SO 0. 1% 98K e i BRI s IR, 5K 3 Wk, B ) 3k s
1R ES R 3 G524

relational thickness
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1.2.3 Hlaes=d b 7 A-CXLIRYT J5 ik 1 i e
AN AL RY SR F O A HILA 7 > 502, A 35 A1) e/ 4
oIS 45 A 0k £ 580 1 |1 1T (least absolute shrinkage and
selection operator-Cox , Lasso-Cox ) 3 §i 1/ 55 2 4%
H P HE A (decision tree, DT ) KL 11| fiz IT 48 57 1k
(k-nearest neighbors, KNN ) | #f B # 7} 2 35 B ( light
gradient boosting machine, lightGBM ) 1% &Y 3% #5 [1] I
(Logistic [\ 1)\ #% FR B8 & & F ( extreme gradient
boosting , XGBoost) . £ |2 /81 #% ( multilayer perceptron,
MLP) . 3% 4 7] 12 HL ( support vector machine , SVM ) & ¥
FIBEPLARAK (random forest, RF ) Sk 4 it F I LAY, 4R
Jei X B BRI BIZR G N 4R B R R HE A R
Gy A RRUB (B A -4~ < 1 A3 AR R
=-1~<02r R MB;>0~2.5 70 WU ) , E 4T
A-CXLAIBYT FUG PR AL o TEDLER 2 T RRAE L 4% 2
— e A EOR & AT DA i — 2H A OG5 ik 1 £2 e 1
£, DA v To0I0 o A
1.3 it orik

KRBT (v.4.2.2) G BI85 00 A G k47 58
ot . T3 LLse/N o3 B A 0 50 (LogMAR) Jhy B8 A7 ik
gt ot o i BRI 28 Shapiro-Wilk 45 56 ik 52
FEAIERS A & L xts 28,2 DULS 8 5 LU R
ST REA ¢ K50, 3 AR bR LU BCR TR R 07 221
Bro DA ESDMHHEL M(Q,,Q,) £m,2 M MHE
TEAR L HOR ] Wilcoxon Bk FIAS 56, 3 /> 2H 4% 45 b LU 5
KM Kruskal-Wallis H #6560 o 3+ %050RHECE LUSUECRT
TR i R 2 A e 2 S A R EE B B AR
FHARZTE X K56, w85 v ARG 201 31 4 A B i 15 2
Ak A B H B R T Fisher B U1 A 3 3k
P<0.05 J 22 5 A gL il 2 B Lo KM tidymodels 4
FL BEAT L 7 > BERUAL 2, SR ] survminer 87 (0 5
AE R W, R B survival 2 4 & 47 Kaplan-Meier
(KM) A= 77 F1 Cox [0 J4 53 47, R H survivalROC #ifF £
fli 31 52 #F T OAF FF AR M 28 ( receiver operating

characteristic curves, ROC) ,
2 FHR

2.1 [AHEARE A-CXL A J5 3E iF i 241 Fafk Ji2 41 45 46 A5
R

BT R, 15. 1% (17/112) IR 7E A-CXL 597 5
(0.86+0.55) 4 H g0 | ik &, V-3 ik Jé (2.8+£2.7) D,
HEJRAARFHOGE M SST Y K TAE kR4, 25 W4
Giitaeam X (1=2.80.2.03,1 P<0.05) (£ 2),
2.2 WA

AR 2R AP 23 A 45 2R e B, R RO SST A 2 ~
6 mm YL CDA6 55 JC i Ji AF A7 I ) | 25 AH 5C o AR i
HOE(HR =1.20) ,SSI(HR =1.10) fil CDA6 (HR =
2.10) #J& A-CXL RJGHfER AR (1) o # Cox [v]
H A 45 R v P>0. 1 /4 il IR 2 B0 AT dc A3 k(83
S KM 24, 23 50 3 SR AT O\ SST A CDVA 1 8%
AR AR o R 05 o (5 AR BT R, (58 6 A MBS PT LA IO 3 4%
oy M o AR or 4. KM 23 A o, R i EOG (SST A
CDVA T% gy Ry B it e % ( cumulative progression
rate, CPR) ¥ . 25 & T 70 41, 0 8] 4K i 59 ROC
(time-dependent ROC, TROC) & /8 REjHE Y 0.5.1
N2 A T 4 e Bl £& T 10 FR (area under the curve,
AUC) 23512k 0. 537 .0. 642 Fi1 0. 726, SSI 4 0.5.1 Fil
24 AUC 43 5l 2 0.576.0.649 F1 0.596, CDVA [
0.5.1 12 & AUC 4354 0.755.0. 628 Fi1 0. 548,
Hh KM 43 # i 75 BT CDA6 , CDA2 F [ 4 /1 I D 43
Ger oy KAy 41 CPR H 22 R G 2% 8 X
(E2)
2.3 Hlases B AL

TEFL#R =~ B Sl ] Lasso-Cox #EAT B4 70 #r
(1 3A) , I % £ B A lambda {4 (9 5 3738 X383 (K
3B) . MHE A lambda fi, 7535 3 A HE %A g 6 7% &
RETE I = -5.24%x1077;SSI = 6.75x 1077 ; CDA6 =
5.74x107 (RHAR 05 3C) o Lasso YU 9 2
A5 B (AR i HEOE L SSIL CDA6 ) 4 Sy F9i 00 45 70 f 4 A A8
i, B HE A AT A-CXL R G 275 K A ik AR 25 R 7
IR Ot R AL AR R A IR T5% 1 25% FEHL 4>
WIRGE AR o I ZRid Re b, R MRS 8 R S
A B IR B vk X 8 b AL g 2 o A A (DT KNN
LightGBM . Logistic [0 )] \XGBoost MLP .SVM .RF) %
B AT AL (K 3D) o S ) F B A 2 ok s Bl 2
>J WA, A5 I 3 4 R R AT B IE, K BLBR T DT
KNN FI SVM, fF A 55 15 1 RE 35 21 80% 1 75 Il E fy 3
(I 3E) , Logistic [1 )1 MLP il RF () AUC {& ¥ # it
0.700( & 3F) ., 78 F1 23 ¥ ¥ 4 J5 1, Logistic [A] I |
MLP F1 RF % {H 43 %] & 0.870, 0.880 #1 0.3880
([E13G) . AL MLP 1) R0 2% 4548 1y & 24 DA
JUH R 22 W 4% (18] 3H) , MLP R 7 I 3 5 24 o
F18y I YR V8 REL I L I 31
2.4 A A

i 22 R Cox [ 73 Bt , 1 A i #O' L SST
CDAG6 QLR G M RSV Z I, AT L A-CXL iR YT J5
A HE AR B ok R 4R (I SR R ME AR RO BN 5 ik
CIELAA) B 26 PRI AR Jf 4 4> 28 148 7 70 B0 6l o0
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Table 2 Comparison of clinical features, corneal topography and biomechanical indices between progression
and non-progression groups

A E [ bl X/ 7 (5 P{g
R %% 95 17

Bifi 7 5 7] (x5, 4F ) 1.05+0. 55 0.86+0. 55 1.30 0.196
P (B /4 n)" 54/16 9/3 0. 04 0. 836
AR (xxs, )" 22.07+7.29 21.83+6. 74 0.11 0.912
BRI (vxs,D) " -4.20+4. 37 -4.44+3.22 0.27 0. 790
K (xxs,D) " -3.30%2. 54 -5.41£2.72 2.80 0. 007
) (s, 0)® 94.73+57. 09 73.53+32. 68 2.08 0. 043
CDVA (xz%s)* 0.35+0.33 0.42+0.25 1.06 0.292
Kf(xzs,D)" 48.60+6. 15 49.42+6.03 0.51 0.611
Ks(x%s,D)* 52.61+6. 86 53.98+6.27 0. 81 0.422
ASHHIM(CQ,,05)]1° 2.00(1.50,4.50) 2.00(2.00,4.50) 742.50 0. 805
BARIM(Q,,0,)]° 4.00(2.00,4.50) 4.00(2.00,4.50) 760. 00 0.712
CHAB/IM(Q,,0,)1° 2.00(1.00,3.00) 2.00(1.00,3.00) 800. 00 0.538
DAHIM(Q,,05)]° 1.00(1.00,2.00) 1.00(1.00,2.00) 850. 00 0.316
BAD_D(x=s)* 10. 58+5.78 11.50+6. 01 0.58 0.562
Prog_index_avg(x+s) " 2.39+0. 89 2.56+1.15 0.58 0. 564
ARTmax (x%s)* 147.98+57. 28 147. 06+66. 08 0.05 0. 958
Kmax( Ant) (x£s)* 61.08+11.13 62.01+11.63 0.30 0.763
Q(Ant,6 mm) (xzs)* -1.39+0. 83 -1.63+0.79 1.10 0.272
Q(RF,6 mm) (xs)* -1.41+0. 86 -1.65+0. 89 1.02 0.312
ISV (xzs)* 98.77+43.24 103. 06+46. 98 0.35 0.729
IVA (x#s)* 0. 90£0. 42 0. 84x0. 42 0.50 0. 622
THA (x%s)* 33.80+27. 18 28.41+15. 81 1.12 0.263
IHD (x%s)* 0. 13+0. 08 0.13+0. 09 0.09 0. 930
DA _ratio(x+s) 4.00+2. 82 4.68+3.25 0.79 0. 429
Integr_radius(x#s)* 4.33+2.30 4,58+2.25 0.42 0.674
ARTh(x#s)* 2.89+0.71 2.98+0. 60 0.56 0. 580
SP-Al(x%s)" 2.62£1.05 2.66+1. 11 0.13 0. 895
SSI(w#s)* 0.95+0.98 1.41£0.78 2.03 0. 045
CBiF (xs)* 4.72+0. 70 4.55+0. 66 0.99 0.324
E /3 (xzs)® 3.01+1.09 3.38+1. 11 1.24 0.217
CDA2(x#s)" 23.4626. 04 25.98+9.72 1.01 0.315
CDA6(x#s)" 19. 74+4. 26 22.32+8.05 1.25 0.214
CDA10(x%s)" 18.41+3. 84 19. 46+5. 32 0.77 0. 447
CDA12(x%s)" 32.21+9. 68 32.14=11.78 0.03 0. 980
CDP2(xs)* 12.32+1. 85 12.16+1.53 0.38 0. 705
CDP6(xxs)® 11.80+1. 46 11.74+1.13 0.20 0. 838
CDP10(x%s)* 11.93+1.90 11.76+1.59 0.38 0.704
CDP12(x%s)" 18.22+4. 81 18.245.76 0.01 0. 990

T (a: MSTAEAR 4 5 ;b R IE XY 45 50 Wilcoxon BERIFG TR ) CDVA 95 IF 328 ¥ J7 5 KE: T35 £ B8 ol € 5 K B Ui £ 15 i 8 ; BAD_D ; Belin/ Ambrosio
H SR ALY 5 B 25 1 5 Prog_index_avg : i J& 8 07 406 ; ARTmax : Ambrosio A X J5 32 55 K AE 5 Kmax: Je K I8l %6 5 ISV 2 2 11 A8 S48 40 IVA L 3 R X
FRAGH THA 5 J8 N X BREE 405 THD ¢« 55 2 i 0 46 455 DA _ratio : 25 B W £ G 5 Integr_radius : 42 B33 M1 2 422 ; ARTh: 7K V- %8 JB§ (19 Ambrosio A X J&2 £ ; SP-
AL TR T WIBE S 4505 SSI: of g — B A8 16 45 ; CBIF : Corvis 4 4 J 5 Rl ; CDA - £ JIE i 3% 11 5% %% J8 (1 ; CDP . £ 55 2% 11 o' 2% J3 1

Note: (a:Independent samples ¢-test;b ; Corrected x? test;c: Wilcoxon rank-sum test) CDVA :corrected distance visual acuity ; Kf:flat keratometry ; Ks: steep
keratometry ; BAD_D : Belin/ Ambrésio enhanced ectasia total deviation value ; Prog_index_avg: progression index average ; ARTmax : Ambrésio relational thickness
maximum ; Kmax : maximal keratometry;ISV :index of surface variance;IVA :index of vertical asymmetry; THA :index of height asymmetry; THD :index of height
decentration ; DA _ratio; deformation amplitude ratio; Integr _radius: integrated inverse concave radius; ARTh: Ambrésio relational thickness to the horizontal
profile ; SP-A1;stiffness parameter at the first applanation ; SSI; stress-strain index ; CBiF ; Corvis biomechanical factor; CDA ; corneal densitometry anterior; CDP ;

corneal densitometry posterior
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log2 Hazard Ratio

beta HR 95%CI for HR p.value
cylinder 0.1800 1.20 . 1-1.4 0.014 68
CDAB 0.0780 1.10 [ 1=1:2 0.035 38
SSI_SD 0.7400 2.10 ——— 1-4.3 0.038 67
Classification_D 0.5700 1.80 —— 0.99-3.2  0.052 47
CDVA_logmar 1.3000 3.60 H———# 0.9-15 0.069 58
CDA2 0.0530 1.10 d 0.99-1.1  0.082 15
Q(Ant,6mm) -0.4800 062 +—&— 0.34-1.1  0.110 90
Q(RF,6mm) -0.4700 0.63 +——— 0.34-1.1  0.128 40
E-stage 0.2800 1.30 H—— 0.91-1.9 0.138 20
CBiF -0.4100 066 +——¢—— 0.35-1.2 0.197 70
axis -0.006 2 0.99 * 0.98-1 0.206 20
BAD_D 0.0510 1.10 d 0.97-1.1  0.216 10
DA_ratio(SD) 0.0860 1.10 e 0.95-1.2 0.219 20
CDA10 0.0630 1.10 e 0.96-1.2  0.231 20
Prog_index_avg 0.2500 1.30 ——— 0.83-2 0.266 70
IHA -0.0110 0.99 * 0.97-1 0.293 20
Kf 0.0390 1.00 * 0.96-1.1  0.314 70
Ks 0.0330 1.00 * 0.97-1.1  0.316 60
ISV 0.0052 1.00 * 0.99-1 0.372 80
Classification_B 0.1800 1.20 —— 0.8-1.8 0.384 40
ARTh(SD) 0.2800 1.30 — 0.65-2.7  0.443 40
Integr_Radius(SD) 0.076 0 1.10 b 0.89-1.3 0.448 70
Kmax(Ant) 0.0150 1.00 * 0.97-1.1  0.482 60
CDP10 -0.0940 0.91 —— O e WP 0.484 40
CDP2 -0.0930 0.91 —r 0.69-1.2 0.515 20
Classification_C -0.1100 0.90 —— 0.61-1.3 0.587 50
CDP6 -0.0880 0.92 —— 0.65-1.3 0.613 80
sex -0.3200 0.73 + 0.2-2.7 0.631 80
CDP12 -0.0180 0.98 e 0.89-1.1  0.718 00
sphere -0.0190 0.98 s 0.88-1.1  0.733 40
IVA -0.1500 0.86 * 0.26-2.8 0.803 80
ARTmax -0.0011 1.00 * 0.99-1 0.807 80
IHD 0.7800 2.20 * 0.004-1 200 0.808 70
Classification_A 0.0350 1.00 —— 0.75-1.4  0.830 60
CDA12 -0.0021 1.00 b d 0.95-1 0.933 20
age 0.0010 1.00 gl 0.93-1.1  0.980 10
SP_A1(SD) -0.003 1 1.00I % ’l—db—l- —— 0.61-1.6  0.990 20
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H W) 112 A1 ; BAD_D : Belin/ Ambrosio 1 55 %I 4§ 5K 5 fl 2% {8 ; DA _ratio; 2% JE i & H ; Prog_index_
avg: JE AR BT (E 5 THA « 5 B2 A G FR$E B0 KE 35 5 25 Ks o BE U A Bl 255 ISV R i A8 57
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CDP : ffy 5 32 100 't %% BE AR 5 TVA - 2B B AN FR 8 %55 ARTmax: Ambrosio A X 5 B i JCfEL; THD - 155 B
i 0 15 5505 SP-A T2 1 U I BE 2 80 HR < KU LE 5 €1 LA X (1]

Figure 1 Forestplot of univariate cox regression analysis for clinical feature, corneal topography ,
biomechanical indices and corneal densitometry CDA: corneal densitometry anterior; SSI: stress-
strain index ; CDVA ; corrected distance visual acuity; CBiF ; Corvis biomechanical factor; BAD_D: Belin/
Ambroésio enhanced ectasia total deviation value; DA_ratio ; deformation amplitude ratio; Prog_index_avg:
progression index average; IHA ; index of height asymmetry; Kf; flat keratometry; Ks: steep keratometry;
ISV :index of surface variance; ARTh: Ambrésio relational thickness to the horizontal profile; Integr _
radius; integrated inverse concave radius; Kmax: maximal keratometry; CDP: corneal densitometry
posterior;IVA ;index of vertical asymmetry ; ARTmax; Ambrosio relational thickness maximum ; IHD ;index
of height decentration ; SP-A1 ;stiffness parameter at the first applanation ; HR ; hazard ratio; CI; confidence

interval
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Figure 2 Best cutoff values and KM analysis of different indices

off value (=3.5 D)

B: KM CPR in high- and low-cylinder with log-rank test

A ; Cylinder distribution and optimal cut-
C: The ROC curves and

corresponding AUC values for cylinder at 0. 5,1 and 2 years after surgery D :The SSI distribution and optimal cut-

off value (1.2)

corresponding AUC values for SST at 0. 5,1 and 2 years after surgery

cut-off value (0.15)

curves and corresponding AUC values for Q value at 0. 5-year, 1-year and 2-year, respectively
CPR in high- and low-CDA6 with log-rank test
L:KM curve of CPR in high- and low-Classification D with log-rank test

E:Kaplan-Meier curve of CPR in high- and low-SSI with log-rank test

J: KM curve

K:KM curve of CPR in high- and low- CDA2 with log-rank test

distance visual acuity ; CDA ; corneal densitometry anterior; AUC :area under the curve

F.:The ROC curves and
G : The distribution of CDVA and optimal

H:Kaplan-Meier curve of CPR in high- and low-CDVA with log-rank test 1:The ROC

of

SSI: stress-strain index ; CDVA : corrected
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LASSO Regression Path 5~fold Cross-validation using Lasso Regression LASSO identified variables
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Figure 3 Identification of important features and machine-learning model construction A :The coefficient
profiles of keratoconus patients” clinical indices in Lasso regression B:The distribution of mean squared error with
the corresponding \-logarithm value in 5-fold cross-validation using Lasso regression C;Coefficient values for the
D:The AUC values of 5-fold cross-validation for model construction
F:The

G :The F1 scores of 8 machine-learning methods in

three identified variables in Lasso regression
in 8 machine-learning methods E:The values of accuracy for 8 machine-learning methods in test dataset
AUC values of 8 machine-learning methods in testing dataset
H:The architecture of the MLP model

DT: decision tree; KNN: K-nearest neighbors; LightGBM : light gradient boosting machine; XGBoost: extreme

testing dataset I:The confusion matrix of MLP model in testing dataset
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Figure 4 Nomogram construction and performance A: Clinical
nomogram scoring system for predicting cone cornea progression at 0. 5,1,
and 2 years after A-CXL treatment, which included preoperative
astigmatism ,CDA6, and SSI, based on which the nomogram scoring system
allowed for the corresponding classification of cone corneas into high-,
intermediate-, and low-risk groups  B: KM curve of CPR in high-,
intermediate- and low-risk groups with log-rank test C:The ROC curves
and corresponding AUC values for nomogram at 0.5,1,and 2 years after
A-CXL treatment D Calibration curve of nomogram predicting cone
cornea progression after A-CXL treatment E:Decision curve analysis of
nomogram for comparing " treat-all" or " treat-none" practices CDA.
corneal densitometry anterior; SSI; stress-strain index; AUC:; area under

the curve
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Figure 5 DT diagnostic model A Confusion matrix of model in

training dataset B :Confusion matrix of model in testing dataset C:The
ROC curve and corresponding AUC value of DT for risk diagnosis in
training dataset D :The ROC curve and corresponding AUC values of DT

for risk diagnosis in testing dataset E:The visualization of DT model
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Table 3 Comparison of clinical features, corneal topography and biomechanical indices among high-, medium- and low-risk groups

BN 1o R R R rp RV F/X*/H Al P
AR %k 59 14 39

Bt e 1] (s, 4F) 1.00+0. 52 1.11£0.53 1.03£0. 62 0.23 0.792
PEER(%)" 27.1 7.1 0.0 <0.001
PERI (B4 n)" 34/10 10/3 19/6 1. 000
FEPE (s, )" 22.2316.86 22.15+8.74 21.6427. 14 0. 06 0. 946
R4S (xxs,D) " -5.25+4. 69 -2.5043.37 -3.3243.23 3.89 0.023
HBE (ks D) -4.65+2.82 -2.46x1.94 -2.50+2.00 12. 34 <0.001
Bl (x2s,°) " 90. 64x50. 48 78. 644528 96.0363. 14 0. 48 0. 620
CDVA (xxs)® 0.46+0. 35 0.25+£0.20 0.25+0.24 6.89 0. 002
Kf(x+s,D)" 50.73x6. 81 46.04+4.51 46. 66+4.27 7.89 0. 001
Ks(xs,D)" 55.54£7.07 49.01£5.55 50. 08+4. 74 12. 34 <0.001
Classification_A[ M(Q,,05) 4 #11° 3.00(2.00,4.50) 2.00(1.00,2.00) 2.00(1.00,3.00) 11.56 0.003
Classification_B[ M(Q,,0,) 4% 71° 4.50(3.00,4.50) 3.00(2.00,4.00) 3.00(2.00,4.50) 9.89 0. 007
Classification_C[ M(Q,,0,) ,481° 2.00(1.00,3.00) 1.50(1.00,3.00) 2.00(1.00,3.00) 3.78 0.150
Classification_D[ M(Q,,0Q5) 4 11° 1.00(1.00,2.00) 1.00(0.25,1.75) 1.00(1.00,1.00) 12. 34 0. 002
BAD_D(x+s)" 12.79£6. 45 8.52+4.24 8.38+3. 82 12. 34 <0.001
Prog_index_avg(x+s)® 2.66+1. 12 2.110.51 2.14+0.58 4.89 0.010
ARTmax (x+s)* 138.71£59. 72 150.93£49. 51 160. 54+58. 09 1.56 0.211
Kmax( Ant) (x+s)* 65.5312. 10 56.59+9. 22 56.36%7. 10 12. 34 <0.001
Q(Ant,6 mm) (x+s)" -1.81x0.76 -0.90+0. 78 -1.04=0. 64 12. 34 <0.001
Q(RF,6 mm) (x#s)* ~1.84+0.78 -0.93+0.75 ~1.04£0.75 12. 34 <0.001
ISV (x%s)® 114.75+45. 86 90. 07+39. 84 79.59+31. 74 12. 34 <0.001
IVA(x#s)® 0.93+0. 44 1.01+0. 45 0.79+0. 35 2.12 0.126
THA (x+5)° 33.01+27.59 23.29+16. 98 36.42+25.23 2.34 0. 100
IHD (x#s)* 0.15£0. 09 0.13£0. 07 0.11£0. 06 3.12 0. 054
DA _ratio(x+s)* 5.38+3.18 2.03+1.48 2.92+1. 61 12. 34 <0.001
Integr_radius (x+s)* 5.22£2.46 2.69+1.23 3.68+1.67 12. 34 <0.001
ARTh (x#s)* 3.03+0. 66 2.76£0.71 2.75+0.71 2.12 0.129
SP-Al(xs)" 3.05+0.97 1.99+0. 74 2.211.01 12. 34 <0.001
SSI(x#s)* 1.50+0. 64 -0.54x1.25 0.85+0. 53 12. 34 <0.001
CBiF (x#s)® 4.42+0.75 5.01+0. 43 5.01=0. 46 12. 34 <0.001
E-stage(x#s)" 3.52+1. 14 2.59+0.73 2.56+0. 81 12. 34 <0.001
CDA2(x+s)" 26.37+7.39 18. 86+4. 56 21.85+4.37 12. 34 <0.001
CDA6(x+s)" 21.79+5. 67 16.71£3. 43 18. 88+3. 41 12. 34 <0.001
CDA10(x+s)® 19.38+4. 46 16.98+3.24 17.93+3.56 3.12 0. 060
CDA12(x#s)® 29.86+10. 16 34.97£11.55 34.75+8. 30 3.89 0.038
CDP2(x+s)® 12.50+2. 04 11.37+2.01 12.34%1.16 1.67 0. 187
CDP6(xxs)" 12. 11x1.40 10.75+1.82 11.69+1.03 3.56 0.032
CDP10(x+s)® 12.00=1.93 11.19+2. 14 12.02+1.59 0.92 0. 403
CDP12(xs5)" 18.09+5. 17 17.22+4. 60 18.78+4.74 0.61 0.551

VB (a: BRI E 2240 M7 ;b Fisher A U HE R 15 5 ¢ : Kruskal-Wallis H #:5:)  CDVA 8 IE 240 77 ; KE: 30 £/ 5 il % Ks . BE Y A H #H 2 ; BAD_D ; Belin/
Ambrosio 3§ 58 B4 5 5 ffi 2 {4 ; Prog_index_avg : # R 5 £0°F B ; ARTmax : Ambrosio AH X J5 BE fig KA s Kmax : 5 K A 5l 58 ISV R A8 F 8 B TVA
e AN FRAE Hs THA 35 B S X AR FE 20 THD ¢ 55 2 4 0 45 %5 s DA _ratio : 28 T2 8 ¥ LU ; Integr_radius : H A 3% U124 42 ; ARTh : 7K - %8 B 19 Ambrosio A Xt &
JE 5 SP-A LB YRV W B 2805 ST i — o AE 48 %5 CBIF : Corvis A=) 71 % [R 7 s CDA « ffy N5 Hiy < 1] 't %% BE (B ; CDP - ) [ )5 2 1h ' % P2 (HL

Note: (a: One-way ANOVA; b: Fisher exact test; c: Kruskal-Wallis H test)  CDVA.: corrected distance visual acuity; Kf: flat keratometry; Ks: steep
keratometry ; BAD_D : Belin/ Ambrésio enhanced ectasia total deviation value ; Prog_index_avg: progression index average ; ARTmax: Ambrésio relational thickness
maximum ; Kmax : maximal keratometry; ISV :index of surface variance;IVA :index of vertical asymmetry; ITHA :index of height asymmetry; IHD :index of height
decentration ; DA_ratio; deformation amplitude ratio; Integr _radius: integrated inverse concave radius; ARTh: Ambrésio relational thickness to the horizontal
profile ; SP-A1 : stiffness parameter at the first applanation ; SSI: stress-strain index ; CBiF ; Corvis biomechanical factor; CDA ; corneal densitometry anterior; CDP .

corneal densitometry posterior
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D5 ¥ A 15 O R L2 B v b 0 g JRURS: s, 9 R B
T 1 T R T R

RGRPFFRES T —HEE R, (HAE — 5
PR 2 — DS g . 8 6, Corvis ST L it
IRV R M T g RS A2 0, A L2 ) ) 2 2 000 /I B
i O TR0 A (1 B R e 22 o IR AR, 22 Pt KRR AR 1Y) i S
PEBIE KA B T 360 U A OF 58 45 R 0 35 58 1 F R R A
[ A 0N [ 55 195 B B 1) e A 3R 7 SR I o

g5 b T IR, A B 5 45 R 3R W OR BT LG L SST A
CDAG J& 7 4 ff1 6 A-CXL A Ji5 i Ji iy 55 22 35000 P 3%
MLP 7] DAME 8 75000 A J5 92 05 i 88, 45 6 AR | HiOE L SST
1 CDAG6 FF & 1 It R 51 £& (&1 AT LA a7 2 10 o 5 b X 53[5
HE SRR 5 1 R 0 IR OXURS: o AFSE A A-CXL R
S VB o A 8 ) DXL A 1R T R AR AR AR O e o
BILAS 27 21 BRI TR 51 2% 181 7 A 2, S S PR TR T 3R
M 1 o B4 T Y LB R T AL
FIEEFRIE A 1 & 4474 R A7 18 25
TEBRAKAID  J7 4 RSO SMHT/ RO R ST M R AR
Bl 5 BT/ BCAR SO T S W BAA R AR MU 5 R U L I
B P T < R IE BT 0 4 B/ 0 X SC R i R 1 %
P4 4 0 B
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BILZ AR 13 AT B R IS A IR A1 K 45 B3 4y Wk ) %
Feol 4 A H ZEMR A RS Ry W 2R sk 2 A H T 2019 4 8
A 18 Az Tl 5 4 5 IR B, DA SUIR S0t 5 15 R e A B
RIT . BIL 4TS T AMBE 12 Wy BUIR 45 18 48, 27 7 I 52
R RIE S SR A8 B AL TR LB B T IR K K e g TR VTR
7 EBOR R A RS R B B RS A7 o IRBE K 5 Al I XX
MR BT G 45 68 3 1 A s K o R W, OF T T AR It AL A
BRSSP B AL, F A B R WA B R (B ), &
Sa R WU B R, BILEEIER., m&HaE: 08k
16.55x 10°/L, ik EL 4 g 13.33 x 10°/L, ¥k B 40 J 1 4% H h
80.5%, 2019 4F 8 7 19 H T 4 B BRI T ¥ bRk SUHR 16 D B, A
rh LIRS R T8 A B4 T JS R R G 5 ) T 5 A AT 5, AT L
B (B 2), RIFEHTEFERS T HRIK (S ml, b7
%+ 3 mg 5 ZEAKARBERR A 0. 025 mg) At 52 5 vl ifg IR S %
M dE R M IR IRE /AN, RSG5 1 R R 3 55 45 W
YWLORJES S RIGSS M B A W B2, Bl i BRoR Y
PR AR 28 21 S5 B 2 A A B Oy I D AT 2 5 AL BV M O R
PR 20 B b 0 R SN R (BT 3) o AR Ak AR L%l B R AT
4 G R SCHR AR , 5 BB R LR RR S B 2 AT REME R . TR ANE
5] G o2 R LA BE Ry 3 SR A U o SR AR A8 L B SC BRI Ik af
5 ml A7 EF 5 B JRU0E Ik R SR R . g R 4R R R L R AL

B 41 BT S P 43 5 R 2. 50% (54, 07% F1 41. 02% ( 1F % 4 K
65%~120%) , B IL PLG 5 T BT R BT 1 A H MG A
5t ¢. 763G>A(p. Glu255Lys) , HoACREAE ] — o7 s tH 3R T 28 & 28
5t ¢.763G>A (p. Glu255Lys) , & 1E 12 W : BUIR AR A% 45 I 4% | &1
Vo D B 2 RE o TR B TR T O 48, R A AR L BE 3R i Bk i
20 ml, B .02 4% 25 cm,3 000 r/min 20> 5 min, B I 3¢ B 6 5%
T IR IRL 4 BT 2R ki S R C 1 B 12 5 000(5 ml,25 000 A ) A
R MR, LR 25 IR & 1 W/, il 5w 22 ] IR R IR
3K/ d, B A T 2 A ZE R IR R A5 I VR PR AR 1 VR, YR H LR
SERERE SR I Y0, M S I G T T A R A R R ORI
FEmEEREEHM R EERE 2 A A4, K2 s
BRI ARAE IRIT )G 9 A H BRI 25 IR R A A, 1 2> B Y 2E 41
U A ZE IR T R &5 R R A 41 20T A ik S D R , BUIR 2
JHE 0 HA 1 35 H ), 6 5 R A, o HE B o R R R AR TR ik 46
W R ST R A I R RE o A YT T W U ek R vp Bk A R R A I )
ez BB 4) . KRR R] WA 2 % A, 2020 4 4 A 9 H
A I R R AR 11.92x 107/, ik EL 41 i 7. 17%10°/L,
I O 2 LT 43 LGy 60. 2% 52020 4E 11 2 A & £ Il % BoR
40 9. 70x 10° /L, ik B 4 i 6. 46X 10° /L ik L 40 L 15 4% L
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