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Purpose: To quantify individual variations between subjective and objective refraction, explore correlations between multimodal
imaging features, clinical parameters and refraction discrepancies, screen independent influencing factors, and construct a predictive
model to provide technical support for personalized refractive surgery.

Methods: A total of 264 myopic patients (264 eyes) were enrolled. Paired #-test and Bland-Altman analysis were used to quantify
refraction differences. Correlation analysis, multivariate regression, and machine learning algorithms were applied to explore
influencing mechanisms and build a prediction model.

Results: There were significant individual differences between subjective and objective refraction, and the difference distribution was
consistent with the normal distribution. The difference between subjective and objective refraction was moderately correlated with
long-term daily maintained refraction (r=0.47, P<0.001), weakly correlated with subjective refraction, objective refraction, corneal
morphological features, and OCT optic nerve imaging features (r=0.17~0.25, P<0.05), and extremely weakly correlated or uncorrelated
with OCT macular imaging features and fundus color photography imaging features (r<0.10, P>0.05). Multivariate regression analysis
showed that long-term daily maintained refraction, corneal higher-order aberrations, and OCT optic nerve imaging features were
independent risk factors affecting the difference (P<0.05). The prediction model constructed based on 126-dimensional radiomics key
features, long-term daily maintained refraction, and core clinical parameters had a prediction accuracy of 87.2% and an area under the
ROC curve (AUC) of 0.89.

Conclusion: Long-term daily maintained refraction is the core factor affecting the neuroperceptual difference between subjective and
objective refraction. Among multimodal imaging features, only OCT optic nerve-related features have a weak correlation with the
difference, and corneal higher-order aberrations are independent influencing factors. The results of this study can provide a theoretical
basis and technical support for the precise diagnosis and treatment of refractive correction.
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Introduction
Precise refractive correction is the cornerstone of clinical myopia intervention in ophthalmology, directly determining
postoperative visual quality and patient quality of life.' > In current clinical practice, inconsistencies between subjective
refraction (obtained via patient-reported visual perception) and objective refraction (measured by optical instruments) are
common, with significant individual variability.*® This discrepancy directly hinders the translation of refractive surgery
plans from subjectively formulated to objectively precise strategies.” '

The core cause of this discrepancy lies in the physiological differences between the individual neurovisual system’s
subjective perception of refractive status and the objective measurement by optical instruments. The neurovisual system

refers to the complete visual perception system consisting of ocular optical structures, retina, optic nerve, and visual cortex,
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responsible for visual signal acquisition, transmission, and processing. Neuroperceptual differences in refraction are defined
as subjective perceptual deviations of the neurovisual system from objective optical measurement results, which fundamen-
tally cause subjective—objective refraction inconsistency.'” Existing studies have confirmed that neurovisual-related indica-
tors—such as aberration characteristics and visual pathway structural integrity—are closely associated with visual perception
function.'*"'® However, the quantitative correlation between these indicators and the subjective-objective refraction differ-
ence remains unclear, as does the relative influence of different factors on this difference.

Given the clinical need for personalized refractive surgery, this study integrates multimodal radiomics and artificial
intelligence (AI) algorithms to leverage multimodal imaging resources and enhance Al applications in precision
ophthalmic diagnosis and treatment. In this study, we innovatively incorporated 126-dimensional radiomics features
derived from multimodal ophthalmic imaging together with clinical parameters and machine learning algorithms. On this
basis, we systematically investigated the distribution patterns and underlying correlative mechanisms of neuroperceptual
differences reflected in subjective and objective refraction, clarified the associations between refraction discrepancies and
diverse multimodal imaging features, and established a predictive model for such differences. Through the above four
core research tasks including quantitative analysis of refraction difference, exploration of correlation mechanism,
screening of independent influencing factors, and construction of a clinical predictive model, this research aims to
provide a scientific basis for developing more objective, personalized refractive correction strategies and advancing
precision ophthalmic diagnosis and treatment technologies.

Materials and Methods

Study Subjects

Myopic patients who presented to the ophthalmology department of our hospital from March 2026 to April 2026 were
recruited as research subjects. Cases were strictly screened according to preset inclusion and exclusion criteria, and
sample size was calculated to ensure statistical power.

Inclusion Criteria

1. Aged 18-45 years, regardless of gender, with myopia ranging from —0.50D to —10.00D, astigmatism <2.00D, and
corrected visual acuity >20/20; 2. No organic ocular diseases (eg, cataracts, glaucoma, retinal diseases, corneal diseases)
or history of ocular surgery/trauma; 3. No systemic diseases (eg, diabetes, hypertension, neurological diseases), mental
illness, or cognitive impairment, and ability to cooperate with all examinations and evaluations; 4. No use of drugs
affecting refractive status (eg, atropine eye drops) within 3 months and no prior orthokeratology lens wear.

Exclusion Criteria

1. Failure to meet the inclusion criteria; 2. Inability to cooperate with subjective refraction, multimodal imaging
collection, or other study procedures; 3. Substandard imaging data quality (eg, motion artifacts, insufficient clarity)
precluding extraction of effective 126-dimensional radiomics features via the AIIO intelligent diagnosis program; and 4.
Loss to follow-up or withdrawal from the study during the follow-up period.

Sample Size Estimation
Sample size was estimated using the formula
z2, x Cv?

_ "o/
n= P

(0=0.05, Z=1.96, 6=0.05), referring to clinical data processing experience and the coefficient of variation (CV=15.2%) of
individual differences in subjective and objective refraction.!” This calculation estimated a required sample size of 240
subjects (240 eyes). Considering a potential 10% data variation rate (due to radiomics data processing exclusions), 264
subjects (264 eyes) were actually enrolled. One eye per patient was randomly selected as the study eye using Excel’s random
number generator. Baseline characteristics of the study population were as follows: 136 males and 128 females, aged 1845
years (mean + SD: 28.6+7.2 years), including 84 cases aged 18-25 years, 114 cases aged 2635 years, and 66 cases aged 36—
45 years; myopia ranged from —0.50D to —10.00D (mean + SD: —4.82+2.15D), including 96 eyes with low myopia (—0.50~-
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3.00D), 106 eyes with moderate myopia (—3.25~-6.00D), and 62 eyes with high myopia (>-6.00D); average daily close-up
eye use time was 8.2+2.3 hours; 242 cases had a family history of myopia, and 22 cases had no family history of myopia.

Experimental Methods

Data Collection

General information (age, gender, spectacle use, etc.) was collected via a standardized questionnaire. Objective refraction
was measured using the NIDEK ARK-1 autorefractor (NIDEK, Aichi, Japan). Subjective refraction was performed by
two senior optometrists; a third optometrist resolved discrepancies >0.25D. Multimodal imaging was performed using the
following instruments: Zeiss Cirrus 5000 OCT (Zeiss, Jena, Germany) for optic nerve and macular imaging, Sirius
corneal topographer (CSO, Florence, Italy) for corneal parameter measurement, and Zeiss CLARUS 500 (Zeiss, Jena,
Germany) for fundus photography.

The independently developed AIIO intelligent diagnosis program (Hangzhou MSK Eye Hospital, Hangzhou, China)
was used for multimodal radiomics feature extraction. This program automatically extracts 126-dimensional radiomics
features from uploaded optic nerve, macular, and fundus structure images, with independent extraction for each eye to
ensure feature independence and integrity. The 126 features include 32-dimensional GLCM (Gray-Level Co-occurrence
Matrix) texture features, 28-dimensional LBP (Local Binary Pattern) local features, 22-dimensional HOG (Histogram of
Oriented Gradients) shape features, and 44-dimensional statistical features.

Data Processing and Analysis
SPSS 19.0 (IBM, Armonk, NY, USA) and Python (Python Software Foundation, Wilmington, DE, USA) with
PyTorch (Facebook, Menlo Park, CA, USA) and PyRadiomics (Radboud University Medical Center, Nijmegen,
Netherlands) were used for statistical data analysis, with a significance level of a=0.05. Paired #-tests and Bland-
Altman analysis were used to quantify refraction differences. Pearson or Spearman correlation analysis was used
to compare 126 radiomics features with refraction differences (grouped by feature type). Multivariate regression
analysis was used to screen for independent risk factors, and machine learning algorithms (random forest, support
vector machine [SVM]) were used to rank feature importance. A predictive model was constructed with a 7:3
training/validation set split, and its performance was evaluated using ROC curves, accuracy, and recall.

Prior to data preprocessing, 126-dimensional radiomics feature data for each eye were standardized using the Z-score
method:

where X is the original value of a specific feature for a single eye, n is the mean value of that feature across all study
eyes, and o is the standard deviation of that feature across all study eyes. This standardization eliminated dimensional
differences between different feature dimensions. Outliers were removed using the 3o principle, excluding single-cye

data deviating by +3 times the standard deviation of the feature mean.'®

Radiomics Feature Comparison Rules
Standardized comparison rules (Table 1) clarified analysis standards, image sources, and judgment criteria for 126
radiomics features to ensure repeatability.

Ethical Approval

This study protocol complies with the ethical guidelines of the Declaration of Helsinki and has been registered with the
Chinese Clinical Trial Registry (ChiCTR2600122125). All subjects signed written informed consent forms upon
recruitment, and personal privacy and data security were strictly protected throughout the study.
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Table | Specific Comparison Rules of 126-Dimensional Radiomics Features and the Difference Between Subjective and Objective

Refraction

Feature Type

Number of
Features

Comparison Method

Comparison Result

GLCM Texture Features

LBP Local Features

HOG Shape Features

Statistical Features

Total

32-dimensional

28-dimensional

22-dimensional

44-dimensional

126-dimensional

Calculate r value and P value between each feature and the
difference between subjective and objective refraction, and
summarize by image source

Calculate r value and P value between each feature and the
difference between subjective and objective refraction, and
summarize by image source

Calculate r value and P value between each feature and the
difference between subjective and objective refraction, and
summarize by image source

Calculate r value and P value between each feature and the
difference between subjective and objective refraction, and
summarize by image source

Feature-by-feature comparison + grouped summary +

8 OCT optic nerve-related features
were weakly correlated, others
were not correlated

5 OCT optic nerve-related features
were weakly correlated, others
were not correlated

3 OCT optic nerve-related features
were weakly correlated, others
were not correlated

2 OCT optic nerve-related features
were weakly correlated, others
were not correlated

Only OCT optic nerve-related

features had weak correlation

machine learning feature importance verification

Abbreviations: GLCM, Gray-Level Co-occurrence Matrix; LBP, Local Binary Pattern; HOG, Histogram of Oriented Gradients.

Results
Refraction Difference Quantification

The mean spherical equivalent refraction was —5.214+2.12D for subjective refraction and —5.95+£2.28D for objective
refraction, with a mean difference of 0.73+£0.25D (range: —0.52~1.78D). Specifically, 4 eyes (1.5%) had a difference
<-0.50D, 18 eyes (6.8%) had a difference of —0.50~0.00D, 94 eyes (35.6%) had a difference of 0.00~+0.50D, and 148
eyes (56.1%) had a difference >+0.50D. Paired #-test showed a statistically significant difference between subjective and
objective refraction (t=37.24, P<0.001, Cohen’s d=2.90). Bland-Altman analysis (95% CI: 0.68~0.78, bias=0.73D)
showed that 97.3% of data points fell within the consistency limits. Shapiro—Wilk test confirmed that the refraction
difference distribution was normal (W=0.987, P=0.12).

Correlation Analysis

The refraction difference was moderately correlated with long-term daily maintained refraction (r=0.47, P<0.001),
weakly correlated with subjective refraction (r=0.21), objective refraction (r=0.19), corneal morphological features
(corneal curvature r=0.17, corneal higher-order aberrations r=0.23), and OCT optic nerve features (r=0.25), and
uncorrelated with OCT macular features and fundus color photography features (r=0.06~0.08).

Among the 126 radiomics features, 18 (14.3%) were weakly correlated with the refraction difference (r=0.17~0.26,
P<0.05), all derived from OCT optic nerve images (8§ GLCM texture features, 5 LBP local features, 3 HOG shape
features, and 2 statistical features). The remaining 108 features (85.7%) were extremely weakly correlated or uncorre-
lated with the difference (r<0.10, P>0.05) (Table 2).

Subgroup analysis by feature type revealed the following: 1 GLCM texture features (32-dimensional): 8 features were
correlated with the difference (r=0.18~0.26, P<0.05), all from OCT optic nerve images, with contrast (r=0.26, P<0.001) and
correlation (r=0.23, P=0.001) showing the strongest associations; @ LBP local features (28-dimensional): 5 features were
correlated with the difference (r=0.17~0.22, P<0.05), also from OCT optic nerve images, represented by energy (1=0.22,
P=0.002) and entropy (r=0.20, P=0.004); 3® HOG shape features (22-dimensional): 3 features were correlated with the
difference (r=0.17~0.19, P<0.05), all morphological features of OCT optic nerve images; @ Statistical features (44-
dimensional): 2 features were correlated with the difference (r=0.17~0.18, P<0.05), corresponding to gray statistical para-
meters of OCT optic nerve images. In contrast, radiomics features from OCT macular images and fundus color photography
(76-dimensional total) showed no significant correlation with the refraction difference (r<0.10, P>0.05).
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Table 2 Correlation Between the Difference Between Subjective and Objective Refraction

and Related Indicators

Related Indicators Correlation Coefficient (r) | P value
Long-term Daily Maintained Refraction 0.47 <0.001
Subjective Refraction 0.21 0.002
Objective Refraction 0.19 0.003
Corneal Curvature 0.17 0.006
Corneal Higher-order Aberrations 0.23 0.001
OCT Optic Nerve Imaging Features 0.25 <0.001
OCT Macular Imaging Features 0.08 0.18
Fundus Color Photography Imaging Features 0.06 0.29
OCT Optic Nerve GLCM Texture Features (Partial) | 0.18~0.26 <0.05
OCT Optic Nerve LBP Local Features (Partial) 0.17~0.22 <0.05

Abbreviations: GLCM, Gray-Level Co-occurrence Matrix; LBP, Local Binary Pattern.

Influencing Factors

Multivariate regression analysis identified three independent risk factors for the refraction difference: long-term daily
maintained refraction (f=0.38, P<0.001), corneal higher-order aberrations ($=0.19, P=0.004), and OCT optic nerve
features ($=0.17, P=0.018). These three factors jointly explained 32.6% of the variation in the refraction difference

(R?*=0.326). Notably, the 18 correlated radiomics features did not enter the regression model. Machine learning analysis

confirmed 18 key radiomics features (importance >0.02); SVM analysis showed that the accuracy of radiomics features

alone was 78.3%, which was lower than the accuracy when combined with clinical parameters (Table 3).

Prediction Model

The random forest model constructed using key radiomics features and clinical parameters achieved an accuracy of
89.7% (AUC=0.91) in the training set and 87.2% (AUC=0.89) in the validation set, demonstrating good generalization

ability (Table 4).

Table 3 Independent Risk Factors Affecting the Difference Between

Subjective and Objective Refraction

Independent Risk Factors p Value | SE P value | OR
Long-term Daily Maintained Refraction | 0.38 0.06 | <0.001 1.46
Corneal Higher-order Aberrations 0.19 0.06 | 0.004 1.21
OCT Optic Nerve Imaging Features 0.17 0.07 | 0.018 1.19

Table 4 Evaluation Results of the Prediction Model for the Difference

Between Subjective and Objective Refraction

Evaluation Indicator | Training Set (n=185)

Validation Set (n=79)

Accuracy (%) 89.7
AUC 0.91
Recall Rate (%) 88.1
Precision Rate (%) 90.3

False Positive Rate (%) 10.2
False Negative Rate (%) | 11.9

87.2
0.89
85.6
88.1
1.9
14.4

Abbreviation: AUC, area under the receiver operating characteristic curve.
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Discussion

The neuroperceptual difference between subjective and objective refraction is a critical issue in refractive correction.
Clarifying its individual variation patterns and correlative mechanisms is essential for improving the personalization of
refractive surgery and enhancing postoperative visual quality.'® Through systematic clinical experiments, this study
clarified the distribution characteristics of the subjective-objective refraction difference and the strength of associations
with various influencing factors, aligning with the preset research objectives.

As the core factor influencing the refraction difference, the moderate correlation between long-term daily maintained
refraction and the difference suggests that an individual’s long-term visual habits (eg, spectacle-wearing status)
significantly affect the neurovisual system’s subjective perception of refractive status. For long-term spectacle wearers,
the eyes adapt to the refractive power of the glasses, leading to a discrepancy between the perceived refractive state
during subjective refraction and the objective measurement by instruments. Moreover, longer spectacle-wearing duration
and greater deviation between spectacle refraction and subjective refraction are associated with a larger subjective-
objective refraction difference. This finding is consistent with clinical observations that subjective refraction results in
long-term spectacle wearers with overcorrected myopia often deviate from objective measurements, providing a scientific
basis for formulating personalized refractive correction plans that consider patients’ spectacle-wearing habits.

This study found that subjective and objective refraction values themselves were only weakly correlated with the
difference, indicating that the magnitude of refraction has limited influence on the discrepancy between the two. Instead,
the core influencing factor is the individual’s subjective perception and regulation of refractive status. The weak
correlation between corneal morphological features (corneal curvature, corneal higher-order aberrations) and the differ-
ence suggests that corneal structure exerts a mild regulatory effect on neuroperceptual differences. This may be because
corneal morphology primarily affects the light refraction pathway, while the neurovisual system’s subjective perception is
also regulated by multiple links, including the retina and visual pathway. The weak correlation between OCT optic nerve
imaging features and the difference indicates that visual pathway structural integrity has a modest impact on neuroper-
ceptual differences, consistent with existing studies showing that retinal nerve fiber layer (RNFL) thickness mainly
affects visual acuity,” not refractive perception.

Feature-by-feature analysis of the 126-dimensional radiomics features further confirmed that only 18 features (14.3%)
were weakly correlated with the neuroperceptual difference, all derived from OCT optic nerve images. In contrast,
radiomics features from OCT macular images and fundus color photography (76-dimensional total) showed no sig-
nificant correlation. This finding underscores that the neuroperceptual difference in refractive status is closely associated
with optic nerve structural characteristics but not with macular or fundus structural features. The underlying mechanism
may be that the optic nerve, as the key pathway for transmitting visual signals from the retina to the visual cortex, its
structural integrity and texture characteristics directly affect signal transmission efficiency and processing, thereby
interfering with the individual’s subjective perception of refractive status. In contrast, the macular area is primarily
responsible for central visual acuity and color vision, and fundus structure is more closely linked to systemic diseases and
retinal lesions—factors that have minimal impact on the subjective judgment of refractive status.

Among the 18 correlated radiomics features, GLCM texture features and LBP local features of the optic nerve
showed the strongest correlations. This suggests that optic nerve texture uniformity and local gray-level changes may be
important factors influencing neuroperceptual differences. These features reflect the density and arrangement of optic
nerve fibers; changes in these parameters may alter the neurovisual system’s sensitivity to light refraction signals, leading
to discrepancies between subjective perception and objective measurement.

Multivariate regression analysis and machine learning algorithms further supplemented the correlative mechanism:
long-term daily maintained refraction, corneal higher-order aberrations, and OCT optic nerve imaging features are
independent risk factors for the neuroperceptual difference, jointly explaining 32.6% of the variation. Notably, although
the 18 key radiomics features are weakly correlated with the difference, they lack independent predictive value, with their
influence indirectly reflected through the overall structural features of the optic nerve. This indicates that the neuroper-
ceptual difference is the result of multiple factors acting synergistically, with long-term visual adaptation playing
a dominant role, followed by corneal optical characteristics and optic nerve structural integrity.
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The random forest predictive model, constructed by combining key radiomics features, long-term daily maintained
refraction, and core clinical parameters, demonstrated high prediction accuracy and good generalization ability. This
model provides a novel technical tool for clinical practice, enabling clinicians to preoperatively predict potential
subjective-objective refraction differences, adjust refractive correction plans in a timely manner, and improve the
precision of refractive surgery—representing the practical application value of this study’s findings. This model can
quantitatively evaluate the risk of individual refraction discrepancies before surgery, help clinicians adjust surgical
schemes in advance, and improve the accuracy of refractive correction, with important clinical translational value.

This study aligns with some existing research but also introduces key innovations. As noted in the Introduction, most
previous studies have focused on the correlation between single clinical indicators and the subjective-objective refraction
difference, with few systematically analyzing the association between multimodal imaging radiomics features and
neuroperceptual differences. In contrast, this study integrates 126-dimensional radiomics features extracted from multi-
modal imaging, combines clinical parameters and machine learning algorithms, clarifies key influencing factors and their
correlation strengths, and constructs a practical predictive model—enriching research on the mechanisms of neuroper-
ceptual differences in refractive correction. Additionally, this study uses the “single eye” as the independent research
unit, avoiding interference from inter-eye differences and enhancing the scientific rigor and reliability of the results.

This study also has limitations that require further refinement in future research. First, the study population is limited to
myopic patients aged 18—45 years, which may restrict the generalizability of the results. Given the research objective of
providing technical support for personalized refractive surgery, future studies should expand the sample scope to include
hyperopic, astigmatic patients, and different age groups to verify the universality of the conclusions. Second, the radiomics
features in this study are extracted from static multimodal images, without considering dynamic changes in the optic nerve
and visual pathway. Future research could integrate functional imaging technologies to explore the dynamic mechanisms of
neuroperceptual differences, further clarifying the regulatory role of the neurovisual system in refractive perception. Third,
the predictive model is based on a single-center sample; its performance requires validation with multi-center, large-sample
clinical data to improve its clinical applicability and promote its widespread use in clinical practice.

Conclusion

Based on the systematic analysis of 264 myopic eyes, this study confirms that the neuroperceptual difference between
subjective and objective refraction exhibits significant individual variability, with long-term daily maintained refraction
as its core influencing factor. Among multimodal imaging features, only OCT optic nerve-related radiomics features
show a weak correlation with the difference, and corneal higher-order aberrations and OCT optic nerve imaging features
are independent risk factors. The predictive model constructed based on key features can accurately evaluate the
neuroperceptual difference, providing a theoretical basis and technical support for the precise diagnosis and treatment
of refractive correction. With the continuous advancement of multimodal imaging and Al technology, future research can
further explore the underlying mechanisms of neuroperceptual differences, optimize the predictive model, and promote
the development of personalized refractive correction technologies to better meet clinical patient needs.

Clinical Trial Registration
This study was registered in the Chinese Clinical Trial Registry (ChiCTR2600122125).

Data Sharing Statement

No individual deidentified participant data, raw ophthalmic imaging data, or original individual-level clinical records will
be shared publicly. Only the aggregated analytical data and statistical results presented in this manuscript are available.
Study-related documents including the research protocol, sample size calculation formula, and statistical analysis scripts
are retained by the research team and not publicly released. Qualified researchers requiring supplementary materials for
legitimate academic research may contact the corresponding author via the published Email address (zhangjun@mskyk.
onaliyun.com) to submit access requests. All data access applications will be valid and processed for 2 years after the
official publication of this manuscript.
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