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[ Abstract] Objective To establish machine learning models to predict visual improvement and anatomical

response after anti-vascular endothelial growth factor ( VEGF) treatment in patients with diabetic macular edema
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(DME). Methods A multi-algorithm machine learning predictive modeling study based on retrospective clinical
data was conducted. A total of 225 patients with DME who received their first intravitreal anti-VEGF injection at
Fuzhou University Affiliated Provincial Hospital were enrolled between January 2023 and April 2025. According to
data completeness,204 cases were included in the visual recovery prediction model and 201 cases were included in
the anatomical response prediction model. Baseline data included optical coherence tomography ( OCT) features and
blood biomarkers. The primary outcomes were defined as an improvement of =1 line in visual acuity and a reduction
of =20% in central retinal thickness ( CRT) after anti-VEGF treatment. Feature selection was performed using
univariate logistic regression and Lasso regression. Four machine learning algorithms, logistic regression ( LR),
decision tree, multilayer perceptron,and random forest, were trained and validated. Model performance was evaluated
using accuracy, sensitivity, specificity, area under the receiver operating characteristic curve ( AUC), and decision
curve analysis. The best-performing model was further interpreted using SHAP analysis, and a nomogram was
constructed for clinical application. This study adhered to the Declaration of Helsinki. The study protocol was approved
by the Ethics Committee of Fuzhou University Affiliated Provincial Hospital ( No. K2025-03-064 ). Written informed
consent was obtained from each subject.  Results Among the 37 baseline variables, five key predictors were
identified for the outcome of =20% CRT reduction: baseline CRT, baseline CRT =400 wm, presence of subretinal
fluid ( SRF) ,disorganization of the retinal inner layers ( DRIL) ,and integrity of the ellipsoid zone ( EZ). Among the
four models,the LR model had the best performance , with an accuracy of 0. 88, sensitivity of 0. 94, specificity of 0. 70,
and an AUC of 0. 94 (95% confidence interval [ CI]:0.87—-1.00). SHAP analysis showed that baseline CRT =
400 pm, DRIL, SRF, and baseline CRT contributed positively to the outcome, while EZ integrity was a negative
predictor for CRT reduction. For the outcome of = 1-line visual improvement, two key predictors were identified .
baseline best corrected visual acuity (BCVA) and EZ integrity. Both baseline BCVA and EZ integrity were negative
predictors for = 1-line visual improvement. The LR model also had the best performance in the internal validation
cohort,with an accuracy of 0. 71, sensitivity of 0. 67, specificity of 0.75, and an AUC of 0.76 (95% confidence
interval [ C1]:0.61-0.91). A visual nomogram was developed based on the selected predictors and the best-
performing model. By converting patient-specific clinical characteristics into scores, clinicians can calculate a total
score and estimate the probability of achieving a reduction of =20% in CRT and a = 1-line improvement in visual
acuity after anti-VEGF therapy. Conclusions Machine learning-based model building can effectively predict visual
and anatomical response following anti-VEGF treatment in DME patients. Logistic regression shows robust predictive
performance for both outcomes. Identification of key predictors, especially OCT features such as EZ integrity, SRF ,and
DRIL, may aid in guiding treatment expectation assessment and personalized intervention strategies. Nomogram
constructed in this study shows good clinical applicability and may serve as a decision-support tool to improve the
precision of DME management.
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Diabetic retinopathy
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Table 1 Comparison of baseline characteristics of patients with or without CRT decrease and 1-line visual improvement

BOTRS TR R R
e 51 n( %) 0.194  0.60 0.003 0.80
# 75(58) 44(62) 61(59) 60(60)
55(42) 27(38) 43(41) 40(40)
FILE 0 (%) 0.001 0.9 0.004 0.80
% 77(59) 43(61) 62(60) 61(61)
2 53(41) 28(39) 42(40) 39(39)
BRI (%) ] 2477 0.08 3.106 0.0
10 411y 98(75) 61(86) 71(74) 85(85)
10 41 32(25) 10(14) 27(26) 15(15)
WS (%) ] 0.545 040 <0.001 0.9
& 95(73) 56(79) 78(75) 76(76)
R 35(27) 15(21) 26(25) 24(24)
4 CRT=400 pm[n(%) 1" 92.967  <0.001 1,522 0.20
% 106(82) 7(10) 64(62) 52(52)
2 24(18) 64(90) 40(38) 48(48)
SRF[n(%)]" 58.298  <0.001 3.357 0.05
% 111(85) 22(31) 76(73) 60(60)
2 19(15) 49(69) 28(27) 40(40)
ELM 528 [n(%)]" 13.321 <0.001 2693 0.07
% 20(15) 28(39) 19(18) 29(29)
R 110(85) 43(61) 85(82) 71(71)
EZ 54 [ n(%) ] 53.483 <0001 3.880  0.04
42(32) 62(87) 46(44) 59(59)
R 88(68) 9(13) 58(56) 41(41)
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g% 1
MG E F R (%) ] 1.221 0.20 1.5810.20

% 23(18) 18(25) 25(24) 16(16)

B 107(82) 53(75) 79(76) 84(84)
SR G L (%) ]" 46,562 <0.001 0.648 0.30

% 120(92) 29(41) 80(77) 71(71)

B 10( 7.7) 42(59) 24(23) 29(29)
DRIL[ n(%)]" 60.760  <0.001 1.720 0.15

& 79(61) 7(10) 50(48) 38(38)

= 51(39) 64(90) 54(52) 62(62)
EIIM0,,05),%]" 62(55,69) 63(57,69) 4539.000 0.80 62(56,70) 63(57,69) 5131.000 0.90
B2 BCVALM(Q,,04)]" 0.25(0. 15,0.40) 0.25(0.12,0.30)  5466.000  0.03 0.28(0. 15,0.40) 0.20(0.15,0.30) 6 147.500 0.02
4 CRT[M(Q,,0,) ,pm]" 328(288,387) 492(444,577) 935.000 <0.001 354(300,472) 401(319,483) 4621.000 0.20
B [M(Q,,0,) ,pmol/L]" 8.0(5.3,10.5) 7.0(4.6,9.0) 5268.000  0.10 7.8(5.3,10.5) 7.3(5.1,9.8) 5549.500  0.40
Fl =R M(0,,05) ,mmol/L]" 1.27(0.94,2.29) 1.55(1.13,2.34) 4194000  0.30 1.46(1.08,2. 45) 1.29(0.96,2.16)  5833.500 0.13
BRRERM(Q,,05) ,mmol/L]" 4.62(3.62,5.62) 4.66(4.23,5.67)  4150.500 0.20 4.48(3.60,6.05) 4.74(3.77,5.59)  5065.000 0.70
EEEIRERIMQ,,0,) ,mmol/L]" 1.09(0.95,1.34) 1.15(0.90,1.38)  4588.000 >0.90 1.09(0.90,1.32) 1.17(0.97,1.47)  4766.000 0.30
IEHEISE [ M(Q,,05) , mmol/L]" 2.68(1.85,3.41) 3.03(2.39,4.00)  3795.000 0.04 2.75(2.04,3.85) 2.83(2.23,3.83)  5036.500 0.70
HIEEE ALMQ,,04),/L]" 1.36(1.19,1.49) 1.33(1.13,1.58)  4584.000 >0.90 1.34(1.14,1.48) 1.37(1.16,1.57)  4795.500 0.30
S M(Q,,0,) ,mmol/L]" 7.01(5.87,10.00) 6.59(5.06,9.04)  5307.000 0.08 7.00(5.71,9.20) 6.72(5.61,9.92)  5149.500 >0.05
MEZRM(Q,,05) ,mmol/L]" 6.50(5.36,7.99) 7.20(5.51,8.63)  3726.500  0.02 6.51(5.41,8.15) 6.88(5.24,8.19)  5042.000 0.70
ML M(Q,,05) , wmol/L]" 76(61,91) 84(67,125) 3652.000  0.02 78(64,92) 78(62,106) 4975.000 0.60
JRERLM(Q,,05) , pmol/L]" 349(283,421) 359(313,437) 4193.500  0.30 346(283,430) 359(307,427) 4919.500 0.50
MEEEM(Q,,05) ,mmol/L]" 2.38(2.32,2.43) 2.33(2.20,2.43)  5664.500 0.0l 2.38(2.31,2.43) 2.37(2.26,2.43)  5399.500 0.60
MEEIM(0,,05) ,mmol/L] 0.88(0.84,0.93) 0.90(0.81,0.95)  4437.500  0.70 0.89(0.82,0.94) 0.89(0.84,0.94)  4948.500 0.60
FURLER M0, ,0,) ,x10°/L)" 6.70(5.60,7.60) 6.80(5.80,8.30)  4181.000  0.30 7.05(5.65,8.10) 6.50(5.50,7.40)  5916.500 0.09
PR M(0,,05) ,x10°/L]" 3.90(2.80,4.90) 4.20(3.30,5.30)  3984.000 0.1 4.20(3.20,5.30) 3.80(2.90,4.60)  5819.500 0.14
IRE AR M(0,,0,) ,x10°/L]" 2.10(1.60,2.40) 2.00(1.60,2.40)  4696.000 0.80 2.10(1.55,2.70) 1.90(1.60,2.30)  5894.000 0.10
MR M(Q,,0,5) ,x10"/L]" 4.45(3.97,4.83) 4.28(3.64,4.71)  5528.000 0.02 4.35(3.85,4.82) 4.34(3.76,4.82)  5194.000 >0.05
MaEHEIMQ,,0,),0/L]" 131(119,146) 120(106,142) 5508.000  0.02 129(117,140) 128(110,146) 5199.000 >0.05
T M(Q,,0,) ,x10°/L]" 223(197,272) 248(203,302) 4017.000  0.13 246(200,294) 223(198,277) 5573.000  0.40
T4 i MR M(Q,,05) ,L]" 10.20(9. 50, 10. 80) 9.90(9.40,10.40)  5439.000 0.04  10.20(9.50,10.70) 9.90(9.40,10.75)  5433.000 0.60
M S (M(Q,,05) 1" 11.30(10.00,12. 80) 10.90(9.90,11.70)  5431.500  0.04  11.10(9.95,12.25) 11.0(9.90,12.65) 5177000 >0.05
W maErIM(Q,,0,) , mmol/mol]" 66(55,83) 64(51,76) 5159.000  0.20 66(54,80) 65(55,82) 4935.000 0.50
BLMAEAERHIM0,,0,),%]"  8.20(7.20,9.70) 8.00(6.60,9.10)  5254.000 0.10 8.20(7.05,9.50) 8.10(7.10,9.60)  4931.000 0.70
Ml FLMQ,,0,)1" 0.40(0.30,0. 60) 0.40(0.40,0.50)  4806.500 0.60 0.40(0.30,0. 50) 0.40(0.30,0.50)  5019.000 0.70

F:(a: X? 56 5 b : Wilcoxon Fk A 56 )

P JZ W 1 R 5 g 2R L

Note: (a: X test; b: Wilcoxon rank sum test)

limiting membrane ; EZ : ellipsoid zone ; DRIL ; disorganization of the retinal inner layers

BCVA : Fe 57 IE AL J7 5 CRT . v o WL [0 552 18 5 SR - 4 100 T A5 ELM « 4h B i 5 EZ ff [ 142 77 ; DRIL

BCVA ; best corrected visual acuity; CRT; central retinal thickness; SRF; subretinal fluid; ELM ; external
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2.2 LASSO [d] I3 i 8a 78 &

*2 BTEZEBAMERHL CRT R 20%FR RS

Logistic [8] 13434
PL CRT ¥ b = 20% N 45 s
W, TR AR Y 37 A, X 4

Mg AT R B R, opp  EEKECEEKE o EEKE REKH
116 7 U IA B0 2 0 4 P ) 0.837 0T4|§6E3 1Ji5|§1ré 3 0. 946 o?slgi 1L6|§5E4
;EF%{::\ ﬁ;;l;éf ];/l:fjé iﬁﬁﬁ A iy 1.007 0.982 1.033 1.007 0.983 1.031
Hk BCVA 0.075 0.010 0. 592 0.067 0.010 0.453
FEAETE B2 SE AL R IHLLE IR 5 IR 0. 946 0.524 1.708 0. 944 0.538 1.654
FRZLAN M A M 2T B P 8 5 bR 0.502 0.230 1.094 0.503 0.249 1.016
M /MRABIRNIL NI AT TEBE R g 2 0.727 0.365 1. 448 0.947 0. 500 1.794
CRT 3> =20% By G 1m B R sese cre 1.015 1.010 1.019 1.001 0.999 1.003
(BP AR P I K)o 4k CRT = 564 CRT=400 pm  40.381 16. 462 99. 052 1.477 0. 846 2.577
400 pum . FE4k CRT ,SRF DRIL 4}  srr 13.012 6. 462 26. 199 1.810 1.003 3.264
JZAL I GE A ZXFEL ML PR &= A f1 ELM Sgieis: 0.279 0. 142 0.548 0. 547 0.283 1.058
I LEF A CRT 320 =20% (R IE T BZ sedtk 0. 069 0. 031 0.153 0.551 0.316 0. 961
MHETF(FE2). RPE J2 52 5 P 0.633 0.315 1.273 1.661 0.826 3.341
DIF 355 = 1 47 M4k PRI 17.379 7.808 38. 681 1.362 0.726 2.552
A 3 A T T E SNERRIELEAZEL 14, 162 6.017 33.335 1.511 0.865 2.639
e e
=l "TT*EE‘QE/‘JZE_\L%%,Q%'U Aol JIEL ] 2 1. 100 0.918 1.319 1.003 0.843 1.193
R HEZ BOVA L SRE AL BZ 5¢ 4 5 P A 2B 0. 906 0.426 1.925 1.230 0. 664 2.275
P JLrin, SRE 21w =1 47 1% 5% 5 IS 76 14 1.247 0.999 1.557 0. 980 0.921 1.043
(I B A ¥, JE 2k BCVA Hi1 EZ RIEE M A 0.979 0.862 1112 1.382 0.574 3.330
TEMERM AR VAR 0.913 0.824 1.011 1.011 0.927 1.104
MHEF(FE2), [NzEL 1.118 1.018 1.228 0.987 0.903 1.079
it — 2B P I CRT 3 s 1. 005 1. 000 1. 009 1. 001 0.998 1. 004
IMBTERIR 2R &, N A Lasso [0 R 1.001 0. 999 1. 004 1.001 0.998 1.003
5 0E A7 K5 40 B0 AF 2% £, b E mies 0.034 0.003 0.414 0. 407 0.039 4.227
Lasso [8] 7 I logistic [A] 9 978 & 1wt 3.465 0.319 37.587 1.851 0.275 12. 456
LA B WY 37 ANk g AAEEE 1.103 0. 940 1.293 0. 909 0.781 1.057
HOYERE T S AT T, 4 B rp R A0 i 5 1.156 0.970 1.377 0.912 0.768 1.082
JEZR CRT. 3£ 4% CRT = 400 pm ., NS RS 0.902 0.718 1. 134 0. 760 0.530 1.090
\ SN AR 0. 606 0. 407 0.903 1.016 0.712 1.452
SREEZ 5GP DRIL, [ &y 0.985 0.972 0.998 1.001 0. 990 1.012

W E 1T HZ BCVA (SRF EZ 7%

- i /AR 5 1.004 1.000 1.008 0.998 0. 994 1.002
S 1l AN AR 0. 642 0. 449 0.919 0.959 0.704 1.306
WA (RS E ). i /N AR 43 A 58 0.835 0.719 0.970 1.024 0. 900 1. 164
L CRT b =20% fL Jp $2 Ak 1 41 2 1 0. 989 0.974 1.004 1.007 0. 994 1.021
w = UAT 4R RN 2 AL WL A AL 0.871 0.739 1.026 0.985 0.915 1. 061
Wt B, AT EZEKE T pasar 1.129 0. 384 3.321 1. 886 0. 626 5. 687

with outcomes of =20% CRT reduction and =1-line visual improvement

Z1THAERNBELTE
Table 2 Significant variables identified by univariable logistic regression

CRT J /> =20%

Mt =117

(variance inflation factor, VIF) {H
PR T 2.5, R W e i R AR Z A A
fETE o % 2 & L2 % (3R 3,
K1),

TE : CRT : v S L 190 IR JEE 182 s BOVA - e A5 IE A 7 5 SR - B 100 Jl AR 5 ELM : A1 5 5 B2 A I3 A 47 5
RPE: 40 9 (43 | Bz ; DRIL: PN J2= 4 I B 45 FY 5 L ; OR: LA LE

Note; CRT: central retinal thickness; BCVA; best corrected visual acuity; SRF; subretinal fluid; ELM
external limiting membrane ; EZ ; ellipsoid zone ; RPE ; retinal pigment epithelium ; DRIL : disorganization of the

retinal inner layers; OR :odds ratio
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Table 3 Multicollinearity analysis of independent variables

45 R 8 A A VIF {8 AR KA OR {8
LA CRT Jgi /> 2k CRT 2.18 1.02(1.01,1.02)
=20% N4 H4k CRT=400 pm  2.45 40.38( 16. 46,99.05)
SRF 2.08 13.01(6.46,26.20)
EZ 527% 1.95 0.07(0.03,0.15)
DRIL 1.48 17.38(7.81,38.68)
eIk 4= 4k BCVA 1.28 0.07(0.01,0.45)
=1 TR SRF 1.71 1.81(1.00,3.26)
EZ 5¢ % 1 2.13 0.55(0.32,0.96)

T CRT . o o 400 9 B JEE 32 5 SRIF - AL 19 1 B 5 EZ . A 18] 14247 ; DRIL:
P2 P O BB 25 4 ZE L s BCVA - S AR IE MR 7 5 VIR J5 22l Ik IR 7 OR - L
fE L

Note: CRT: central retinal thickness; SRF: subretinal fluid; EZ . ellipsoid
zone ; DRIL ; disorganization of the retinal inner layers; BCVA ; best corrected

visual acuity ; VIF ; variance inflation factor; OR ;odds ratio
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Figure 1 Feature selection using Lasso regression A Lasso
coefficient path plot of 37 candidate predictors for anatomical response
improvement outcomes B Lasso coefficient path plot of 37 candidate
predictors for visual function improvement outcomes C: Ten-fold cross-
validation for selecting the optimal lambda value in Lasso regression for
anatomical response improvement outcomes D :Ten-fold cross-validation
for selecting the optimal lambda value in Lasso regression for visual

function improvement outcomes
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Figure 2 Comparison of the performance of four machine learning
models in predicting anatomical response and visual recovery after
anti-VEGF therapy A:ROC curves of the four models for predicting
anatomical response outcomes B:ROC curves of the four models for
predicting visual function improvement outcomes  C: Decision Curve
analysis curves of the four models for predicting anatomical response
outcomes  D: Decision Curve analysis curves of the four models for
predicting visual function improvement outcomes DT:decision tree; LR :

logistic regression; MLP : multilayer perceptron; RF ;random forest
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Table 4 Evaluation of different model metrics for predicting CRT reduction and visual improvement

4R tE bR foi biRTIES AUC(95%CI) RAPE LS Youden 454 F1 0%

LA CRT 1§/ =20% Fy 4 )5 DT 0.88 0.89(0.77-1.00) 0.87 0.90 0.77 0.92
LR 0.88 0.94(0.87-1.00) 0.94 0.70 0. 64 0.92
MLP 0.88 0.93(0.86-1.00) 0. 94 0.70 0. 64 0.92
RF 0. 88 0.93(0.86-1.00) 0.90 0. 80 0.70 0.92

DIV B =1 47 R 4 R DT 0. 61 0.74(0.59-0.89) 0.52 0.70 0.22 0. 58
LR 0.71 0.76(0.61-0.91) 0. 67 0.75 0.42 0.70
MLP 0. 61 0.69(0.55-0.83) 0.29 0.95 0.24 0.43
RF 0.56 0.69(0.53-0.85) 0.52 0. 60 0.12 0.55

TE : CRT - tpr S L o0 L 2 5 DT PSR 5 LR 3B 48 [0 U9 ; MLP - B 2 HI L s RE - FEHLAR AR AUC: il £ F I B C: B A5 X ]

Note: CRT: central retinal thickness; DT : decision tree; LR : logistic regression; MLP : multilayer perceptron; RF:random forest; AUC: area under the curve;

CI: confidence interval
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Figure 3  Interpretability and explainability of the optimal predictive model for outcome
prediction using SHAP analysis A, B: SHAP summary plots for anatomical response and visual
function improvement outcomes, respectively G, D:SHAP bar plots for anatomical response and visual
function improvement outcomes, respectively ,ranked by the mean absolute impact of each feature E,F.
SHAP force plots for anatomical response and visual function improvement outcomes, respectively,

illustrating individualized predictive explanations for representative cases CRT:central retinal thickness;

EZ :ellipsoid zone ; DRIL: disorganization of the retinal inner layers; SRF ;subretinal fluid
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Figure 4 Nomograms for predicting anatomical response and visual recovery after anti-VEGF therapy in patients with DME A Anatomical

response B Visual function improvement BCVA ;best corrected visual acuity; CRT; central retinal thickness; EZ: ellipsoid zone; DRIL: disorganization of

the retinal inner layers; SRF :subretinal fluid
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