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Abstract

Purpose: The differential diagnosis of ocular diseases involving different anatomical sites remains
a clinical challenge, especially when objective assessment of visual function is required. This study
aimed to explore the commonalities and specificities of single-channel prefrontal Event-Related Po-
tential (ERP) responses in patients with three distinct types of ocular diseases that affect different
anatomical sites, namely refractive errors, lens opacities, and fundus diseases. Specifically, we
sought to verify the potential value of prefrontal Electroencephalographic (EEG) features in the dif-
ferential diagnosis of these ocular diseases and to clearly define the mediating and regulatory role
of visual acuity in the cortical reconstruction of visual information, which could provide new in-
sights into the neuroelectrophysiological mechanisms underlying visual impairment. Methods: A
total of 50 subjects (71 affected eyes) who were clinically diagnosed with simple refractive errors,
cataracts (as a representative of lens opacities), and fundus diseases were enrolled in this study. All
subjects underwent a comprehensive ophthalmic examination to confirm the diagnosis and exclude
other concurrent ocular or systemic diseases that might affect the results. During the experiment,
single-channel prefrontal EEG signals were synchronously collected under standardized Virtual Re-
ality (VR) visual stimulation, which was designed to ensure consistent and controllable visual input.
The key characteristic components of ERP, including P1, P2, P3, N1, and N2, were extracted and an-
alyzed. To eliminate the potential confounding effects of age and baseline visual acuity on ERP re-
sults, Analysis of Covariance (ANCOVA) was applied. Subsequently, multivariate Logistic regression
and discriminant analysis were employed to evaluate the accuracy of the disease classification
model constructed based on the extracted prefrontal ERP features. Additionally, Pearson correla-
tion analysis (for normally distributed data) and Spearman correlation analysis (for non-normally
distributed data) were used to explore the association between ERP features and Log MAR visual
acuity, which is a standard indicator for evaluating visual function. Results: After adjusting for the
covariates of age and visual acuity, statistical analysis showed that there were no significant differ-
ences in the latency, peak amplitude, and response area of each prefrontal ERP component (P1, P2,
P3, N1, N2) among the three groups of patients with different ocular diseases (all P > 0.05). The
multi-class discriminant model constructed based on the prefrontal ERP features exhibited an ex-
tremely low classification accuracy for the three types of ocular diseases, with the accuracy ranging
only from 13.33% to 33.33%, indicating that prefrontal ERP features are not effective for differen-
tiating these ocular disease types. In contrast, the results of correlation analysis revealed that N1
latency and N2 response area in ERP were significantly positively correlated with Log MAR visual
acuity (all P < 0.05), suggesting that these ERP components are closely associated with the severity
of visual function impairment. Conclusion: Ocular diseases with different pathogenic mechanisms,
which affect different anatomical sites of the eye, exhibit high electrophysiological commonalities
when transmitting visual information to high-order cognitive brain regions. Prefrontal ERP lacks
specificity in differentiating the types of ocular diseases but is highly sensitive to the degree of vis-
ual function impairment, which means it can effectively reflect the severity of visual damage. Visual
acuity serves as a core mediating variable that drives the allocation of prefrontal cognitive re-
sources during visual information processing. From the neuroelectrophysiological perspective, this
study verifies the “common pathway principle” of visual impairment, which holds that different
types of visual damage may converge on a common neural pathway in the brain. Furthermore, these
findings provide important evidence-based support for the development of portable, objective vis-
ual function assessment devices, which could be particularly useful in clinical settings where sub-
jective visual assessment is not feasible. Visual stimulation, and characteristic components (P1, P2,
P3, N1, N2) were extracted. Analysis of Covariance (ANCOVA) was used to exclude confounding fac-
tors of age and baseline visual acuity. Multivariate Logistic regression and discriminant analysis
were employed to evaluate the accuracy of the disease classification model, and Pearson/Spearman
correlation analysis was used to explore the association between ERP features and Log MAR visual
acuity. Results: After adjusting for age and visual acuity covariates, there were no significant differences

DOI: 10.12677/acm.2026.1641751 4786 Il A 2= 27 ik


https://doi.org/10.12677/acm.2026.1641751

WG, SR EM

in the latency, peak amplitude, and response area of each prefrontal ERP component among the
three groups (P > 0.05). The multi-class discriminant model constructed based on prefrontal ERP
features had an extremely low classification accuracy of only 13.33%~33.33% for the three types of
ocular diseases. In contrast, N1 latency and N2 response area in ERP were significantly positively
correlated with Log MAR visual acuity (P < 0.05). Conclusion: Ocular diseases with different patho-
genic mechanisms exhibit high electrophysiological commonalities when transmitting information
to high-order cognitive brain regions. Prefrontal ERP lacks specificity in differentiating ocular dis-
ease types but is highly sensitive to the degree of visual function impairment. Visual acuity is a core
mediating variable driving the allocation of prefrontal cognitive resources. This study verifies the
“common pathway principle” of visual impairment from the neuroelectrophysiological perspective
and provides evidence-based support for the development of portable objective visual function as-
sessment devices.
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B I A AN ER AR RE ) K& R . (RIS L . B I BOA RN D e aG B | RIEAE B,
DA SV B iR 5 %5 58 W O (Malingering) AFERT, WA 70 MHaRAE: A0k DLSRAS L SEm SE M S5 2R [1] [2].
KL, R AR 5 St 1) 2 AR T RE VP Al BR — B2 AR S HR R} 27 5 A W 1% 2 TR 40 4 1) = 2
AR TR .

K ALK, Wi & H47(Visual Evoked Potential, VEP)/E N M IFM ARG S IUREN) “ &bruE” , ¥
Sz R FIRR3]. 2RI, &4t VEP EEEFHMMEZ(O1, 02, Oz)f HUAERR(E 5520, X141
PSR PR S LA TS 5 EEORT A R B A AN 22 (A e FE URR, HHI i 2 IR R . He—, RS S X
IRERERARAS ALK/ S ol 1B S5 Ve S o BURK, W 5 = AR AR PR M BB MRS5S =, %48 VEP &
A E PRbr #E(ISCEV) 23K 2 3 6 FIUA I B 5 P2 1 R R BT A 2, R S, ¥ DA e 8 4% 2 57 s e 4 %
J& F A 5 A 4] [5].

EAEk, P& HFAH S AL (Event-Related Potential, ERP) 73 #1457 AR 55 fisi AL #2 [ (Brain-Computer Inter-
face, BCD KUk J&, BFFLE ALE FFAR N “RUmHHIZML S j 27 /) “HIBI SO R =" Bt
25 BAHURIZR I, AL A 5T B BRI BT AR IR B G AN IE -2 B0 B AR AR, Bl A PR 3
o LU BAAR) B, RIS i A AR 3245 1B EL 4R 3R (Information Bit-rate) 2> & 2 FRA%, MAEMELLEEZ TF%[6].
9T AERERI) R AN E PR SN ORI R H AR, KA AR B “ 3 BT (Top-down)” T & /)
PWATHLE . AEXAE RS, FrE - T5H R 4% (Fronto-parietal network){E A3 5 4743 ic i AR A4k = B s
DL BE B 22 1) TARICIZ 5 OB BT IR 25 “ b ” AL 407 (YBR[ 7] 0 X MPER AR ) “ FL 58 %% 71 (Visual Effort)”
5“0 H14 17 (Cognitive Load)” , AEWELEHFE A K ERP RHER S BB RIRZIRAEFENE[8]. AU 5K
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(0 LA (I P1L N2 S 7 Ao ) BRARRAE P 2 SR 0 s TR 040 (1 P2+ N2 P300) MR 230
s WIEVENFI AL, IREEGN TR SATHEH LU TARICIZ I BEHT[9]. 243 10 T IR0 bE B2 B
BORI A AT S5 I, AN P3 S5 ST AR I 22 R AL BN (R SE KT RE SR, P2 N2 PR B [ AR 5 I 2 2
DRI P 5 V5 0 R R T Bl T A R S PR R [10]

T BRI A B AE SG SRR R I, JRE UL EEG/ERP BRI Tl e SO AT 78 H w36 22, (R248 K 230t 7t
EAE R L) M RIRYE” o #ill, Zou % N5 Li % NIRAHIL T & DAL 8 A8 R B UIT 55 1)
ERP F ARG MMM 48 i [11] [12]; JRE 238 B0 B — T G IR Bl B AR P 53 1 2 )2 OB AR AT 1
MZE[13]e XEBFFTAIRZOIZAR R R R E IR~ WAL B AR, X - 4R A% e e P ) v
PREINTARED . R, X3 “H” s 7 — N EEARRR R AR EIRBRR, HR
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I X AL, BRI B R ECARE “Hron) 32 TR B A4 A g ?
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VAR, TEEIRAMERAE AL, AR B AT HTA ERP N (8] 70 #F R 5 BRSOt A&
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Figure 1. Compound visual stimulus paradigm
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Figure 2. Prefrontal single-channel EEG acquisition device
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2. BAETALEE 5 ERP FFAESEHL

JRAIN R A5 5 T SR R GEHAT KR IREONEERIRR . B, R IE & - 2 AL B,
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B ARIICRI B % 2R VA I TR S R, 1] 3 R 1 a X)WV AT ARGV 22, 14 3 Hi b
DX 450 2 i 2 TR CRE AL AT 28 A 2k R AR TR, SRR SIS 4ERR KT, B 3 i ¢ [X380).

A

ms/1
PS//\\ ;
w Biia]

Figure 3. Schematic diagram of ERP characteristic components and eigenvalues

3. ERP $HER 77 RAHEEREE

25. ZHESWEE

fiH] SPSS 25.0 et AT Ge it 22 0 e W ALIRARIE R A B . R AL e BB ) ERP HRFAE
PO P1. P2, P3. NI, N2 fUAEF R, e B ma N AREEAT J5 22000, 70 A & 2 N - B R AR R
T WRFIEAE & R AFAE 225 FIA] Spearman 73 #7245 ALAEL 5 WL BB FE (HF 1) AOAR S FIFT Pearson 23 #r
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3. 58
3.1. Eft#ER SR HERNEE LS

AT AN G AT I R s 71 HURIR, o gl e AN B4 29 X, e/ JivE i/ A
PEEZH 23 H, BRI 19 Ho

TERZARE 10— R 7 T 25 4L 3 A 2 S EGE T 24 35 SL(P > 0.05) 0 FH T 1 PRI B 3 A0 1) i
WAL R T HEFENEE, MRAJECAIEZ W T hEHE, SHER D MAAERT S IR R % 2 5 (W
%) SR, AENEMA RN REMIAZ O Fa bR, =220 7 S IEALUELE (F5 95 9 LogMAR #17)
(L Rtk 73 A0 22 7 I BT #5 o BGIH Levene R I8 AT IESE, =412 WS 7K P 1077 22551 R 4F
(F=2.102,P=0.130, F =2.102, P = 0.130), /& /5 ST et 2= @i 5 LA i aT $e 26 (L3 2).

Table 1. Basic information of different disease model groups

1. TREFRRESEERER

SN) YR, %) SEAERR (D)
Al JE Y6 A IEZH(29) 16 (55.17) 38.72+£19.18
JR A B B (A B )4H.(23) 11 (47.83) 65.78 + 8.90
IR IR2H(19) 9 (47.37) 44.79 +21.87
P 0.822 0.000"™

T ZHHGEAL, PAEANT 005, ERAGSRIFFE L.

Table 2. Analysis of variance of visual acuity in different disease model groups

2. FEEFRBRESENBEGHERES
75 ZE55 M 4 B (Levene F36035)

HA (b2 - >
1.0 (n=29) 2.0 (n=23) 3.0(n=19)
HrEW S 0.32 0.35 0.33 2.102 0.130

P <0.05, "P<0.01,

3.2. HBREAERENRBERFEER S0

BESE “AN [F) P S R 5 P A AN [ o LR .7 X — AR O BE ], ARBRFCR T R I T SRR
R E SR BN R 7 Z 55 HT(ANOVA), SRR RIS A Bl it p “ N R 2. Rk, AHF
FORF T Z /BT (ANCOVA), 4 “4Fi#” 5 “LogMAR 717 1E NI &E [ 2 .

# 3 PG RIE R B TERIBR T RS S0 2 R VR AN S, Bl IR S A (B
(AR 51 R A BT A ERP REAEZE SRR/ o BT S, Jo il 2 RIS 4 20 R M B R4 (P11 N T,
TR MR RIS TARCIZ (P2, P3. N2), HIBRI . Wi e LA Sz LAY, 78 =LA 2
[ 14 22 5 ) JCAT AT e vk 3 SLFT A RRAE T P 75 22 32 308 P {ELFS > 0.05)

X RYPGIESE: TR RIF AR IR AR AT T Hr 4 5 . eRARVE MUE 2 IR R A 2 1, TN
I 7 2 3 R e I AT e F e e, JFCA i 7 2 B K v R P — B30
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Table 3. Schematic diagram of ERP characteristic components and eigenvalues

3. TEIRMSEFEEDFESR

ERP HF4iE A5 75 YR ST A df 7 F P
TR
Pl s 1033.642 2 516.821 0.071 0.932
P2 LS 4287.987 2 2143.994 0.088 0.916
P3 S 22459.97 2 11229.985 0.417 0.661
N1 T4y 23,608.039 2 11804.02 0.931 0.399
N2 LS 2861.277 2 1430.639 0.059 0.943
e 218
Pl LS 0.817 2 0.408 1.04 0.359
P2 LS 0.044 2 0.022 0.024 0.976
P3 WMo 1.216 2 0.608 1.07 0.349
N1 S 0.741 2 0.37 1.043 0.358
N2 Aoy 0.939 2 0.469 0.438 0.647
M) S [ R
Pl T4y 138.513 2 69.257 0.474 0.624
P2 EL S 356.512 2 178.256 0.594 0.555
P3 T4y 170.286 2 85.143 0.411 0.665
N1 s 23.792 2 11.896 0.099 0.906
N2 o2 1040.017 2 520.008 1.023 0.365

P{H/NT 0.05, ZRAEBGHHE XL,

3.3. HI%i ERP $HMEESMEHENELHEX M

BESRER R e i 2 5, AR A RSN T ERP 15 5 1AL ? AWF UK BT 2l & 1E N —A
HLARFAG, %L ERP $HIE S5IG KA IS BRI AR SV o S5 5 R I : N1 N2 FRIVE AR 90 5 [ A7 5 Log MAR
BB (FF IE) 2 (B AF AR LR MEAE 2 (P < 0.05), 3% 4.

Table 4. Correlation analysis of eigenvalues for each group of VA

4. B E S AFHEEME X T2

Pearson tH% Spearman A3
ERP HHAE(E . . = %

R R EL P{H R R P1{H
period P1 -0.139 0.247 —0.156 0.195
period P2 -0.204 0.087 —0.249 0.036
period P3 -0.112 0.351 —0.06 0.617
period N1 —0.241 0.043 -0.257 0.030
period N2 —-0.072 0.552 -0.023 0.851
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area_P1 ~0.131 0.275 ~0.049 0.686
area_P2 -0.05 0.678 0.022 0.854
area_P3 0.035 0.773 ~0.137 0.254
area_N1 ~0.117 0.331 ~0.069 0.567
area N2 0.039 0.037 0.268 0.024
ppvalue Pl ~0.126 0.294 ~0.108 0.371
ppvalue_P2 0.032 0.789 0.141 0.241
ppvalue P3 0.146 0.223 0.055 0.650
ppvalue N1 ~0.015 0.904 0.129 0.283
ppvalue N2 ~0.047 0.697 0.017 0.886

3.4. ERFIFIEE “KB” MR ELSEIE

N5 IO\ T8 e S0 43 288 1) 44 i 560 U PR 088 08 i A0 fE i RS S vk, AR TR &8
ERP FHEEHECHE P1 & N2 [T I 8]/ [0/Re B 240, S8 — A2 432510 Fisher 143 H A
J % 76 Logistic [FIEREAY, RELBAL L “PEH 7 S2iRFH B A MR AR -

DR AR H A 128 XGRS, AR I, B 2 A 1) OO o e 6 R IR I R = o Bl e
AIE . PR R R R 120 FEHER R ANAE 13.33% %8 33.33% MR X [k 5h . B FBENLE R MR Z N
33.3%, LA HERR R AT R TR HEAE, WK S,

N 550 R BSOS A B )R, = 2H R (O 508 i/ A b R e IR . BB RS X
WPIRES, AAELEAT o] AT B R PR B AR R MR IL F A R BRI R ol . BOUBE TR UGIESE: B2 T30 R
A FEAE S 20T R = o S R S, TGVE R O AN TR S 1 BRS

Table 5. Multinomial logistic regression analysis

5% 5. %10 Logistic EYI4T

ERP FFE 57 P1 P2 P3 N1 N2
HERf AR 20.00% 13.33% 20.00% 20.00% 20.00%
AR e E 6.67% 13.33% 33.33% 6.67% 20.00%
WA g I T AR 13.33% 13.33% 20.00% 13.33% 20.00%
4. g

RUTGEAL AR S 6 BT I, S8 RN B ST i (5 B sl e s 5 B A O A
AR TE T, BAVFBCA LGB TR “BOW R IR BOE " 2E R, T2 — Rl i
A TR AR R, IRAIRTR NSRRI R AN [R5 5 I FRR RS

4.1. BIER ERP Mo R HFAE S IAZASA TSR B9 ENIEE

AR FEAZOIIAYE R —, R ERP MR N1, N2) SO 2 A7 72 AR 4tk
MR EIEHIRZT, TN AOAI R B A AR R (R B, R e S P - 80 800 T F) 4 3 2 e 28 L
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Figure 4. Discriminant analysis function scores of EEG models in each disease group
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