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Background: This study aimed to differentiate whether diabetic nephropathy (DN) is complicated by minimal change disease (MCD)
through the differences in podocyte foot process morphology, and subsequently establish an Artificial Intelligence-Assisted (Al-assisted)
Diagnostic Model through machine learning of renal tissue electron microscopy images.

Methods: Patients diagnosed with DN with nephrotic syndrome and treated in our hospital from January 2014 to December 2023
were selected. Patients were divided into the DN group and the DN with MCD group (DN+MCD group). Podocyte morphology’s
diagnostic value was assessed by measuring foot process width and quantifying slit diaphragm changes via Nephrin immunohisto-
chemical staining. This study pioneers developing a machine learning-powered diagnostic model based on renal electron microscopy
imaging to differentiate DN cases with or without concurrent MCD.

Results: In 51 patients, DN+MCD patients exhibited wider podocyte foot processes and reduced Nephrin expression compared to DN.
A total of 622 electron microscopy images were used for model establishment and internal validation, while 225 electron microscopy
images were used for external validation. A model based on Mobilenetv2 was successfully established, achieving a maximum
accuracy of 93.3% in differentiating whether DN is complicated by MCD using a single image. When at least 11 random images
were input, stable reports were obtained with an accuracy of 98%. External validation showed that the model had good sensitivity and
specificity in differentiating whether DN is complicated by MCD (100%, 83.33%).

Conclusion: Podocyte foot process morphology has diagnostic value in differentiating whether DN is complicated by MCD. Our Al
model addresses the unmet clinical need for reliable differentiation between DN with and without concurrent MCD. Additionally, it
establishes a foundational framework for Al-powered analysis of renal imaging data to improve disease diagnosis and prognosis
prediction.
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Background
According to the International Diabetes Federation,' the estimated number of diabetes patients worldwide reached
5.37 billion in 2021 and is projected to increase to 7.83 billion by 2045." Diabetes has become a serious global public
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health issue. Diabetic kidney damage includes diabetic nephropathy (DN), non-diabetic renal diseases (NDRD), and DN
combined with NDRD. DN is the most common chronic microvascular complication of diabetes mellitus. Proteinuria and
progressive renal function decline are the main features of DN, with pathological changes primarily occurring in the
glomerulus. When DN is accompanied by nephrotic syndrome (NS), it is difficult to distinguish whether DN is
complicated by minimal change disease (MCD) due to the lack of immune complex deposition and specific structural
changes in MCD. NS caused by DN results in persistent massive proteinuria, whereas NS caused by MCD leads to the
disappearance of massive proteinuria. Currently, the presence of MCD in DN patients with NS is primarily judged based
on patient prognosis, leading to delayed clinical assessment by physicians. This implies that in clinical practice, clinicians
often recognize that the massive proteinuria in DN patients with concurrent MCD is attributable to MCD only after its
spontaneous remission. By this time, the patients’ kidneys have already sustained significant damage from prolonged
proteinuria. Studies demonstrate that severe proteinuria is the most critical clinical factor contributing to renal function
decline and increased all-cause mortality in DN patients.” Glucocorticoid therapy, which is highly effective for MCD, can
shorten the duration of severe proteinuria if promptly administered to DN patients with comorbid MCD. There is an
urgent need for a pathological method to predict whether DN is complicated by MCD. Podocyte injury plays a crucial
role in the pathogenesis of many kidney diseases, and the pattern of foot process effacement varies in different kidney
diseases. The increase in foot process width (FPW) is an essential indicator for measuring podocyte injury.” Machine
learning, a branch of artificial intelligence, enables computer systems to learn and improve performance through data and
algorithms automatically, and has been widely applied in fields such as image recognition and natural language
processing. Neural networks are a primary method in medical image recognition. By learning from image datasets ()
and clinical conclusions (y), they aim to identify the optimal mapping function (¥, y; w) (where w represents weight
parameters) to model the relationship between inputs y and outputs y. Through hierarchical feature induction and
refinement, neural networks extract clinically relevant patterns from raw data, ultimately supporting diagnostic or
prognostic prediction tasks.* Through individual measurements of FPW and staining for slit diaphragm (SD), we
found that FPW has significant diagnostic value for distinguishing whether DN is complicated by MCD. We have also
established an artificial intelligence model that can differentiate whether DN is complicated by MCD by identifying the
structural changes in the foot process region in electron microscopy images. The most significant contribution of this
study is the development of a reliable method to differentiate between DN with and without comorbid MCD. This
breakthrough resolves a longstanding clinical dilemma: when DN patients present with severe proteinuria, clinicians can
now determine whether the proteinuria stems from DN itself or concurrent MCD, thereby informing therapeutic
decisions.

Materials and Methods

Diagnostic Significance of Podocyte Foot Process Morphology in DN with or without

MCD

Study Subjects

A cohort of 51 patients diagnosed with DN presenting with concurrent NS was selected from the China-Japan Friendship
Hospital between January 2014 and December 2023. The cohort included 35 males and 16 females. Inclusion criteria
included clinical features consistent with NS and pathological diagnosis of DN. Exclusion criteria included hematologic
disorders, immune system diseases, tumors, and the presence of immune complex deposition in renal tissue. The
diagnosis of DN was based on the pathological classification established by the International Society of Nephrology in
2010.° Diagnostic criteria for NS: 24-hour urine protein quantification (24UPr) >3.5 g coupled with serum albumin
(ALB) <30 g/L. Approval received from China-Japan Friendship Hospital Ethics Committee (2024-KY-129), compliant
with the Declaration of Helsinki.

Data Collection

Demographic characteristics such as gender and age were recorded, and urine routine, 24UPr, ALB, serum creatinine
(Scr), fasting blood glucose, blood lipids, and glycated hemoglobin test results were collected from the hospital’s
electronic medical records system for one year after renal biopsy. The ALB, Scr, and lipid profile data in this study
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were obtained from the electronic medical record system of the China-Japan Friendship Hospital. Specifically, the
laboratory measured ALB using the bromocresol green method, Scr via enzymatic assays, and lipid profiles through
enzymatic methods. All these approaches are standardized clinical laboratory protocols, and their results are recognized
for clinical reliability.

Grouping

Among the study subjects, those who developed NS within less than three months after renal biopsy and had 24UPr <1g/
24h without receiving steroid or immunosuppressive therapy for one year after the diagnosis of DN were classified as the
DN+MCD group. The DN group was determined based on the absence of statistically significant differences in the
decline in 24UPr levels within one year.

Podocyte FPW and SD Integrity

Observation and Measurement of Podocyte FPW by Transmission Electron Microscopy

The renal tissue was fixed in glutaraldehyde, prepared into semi-thin sections, stained with toluidine blue, and ultrathin
sections were cut at 70 nm and collected on copper grids, followed by staining with uranyl acetate and lead citrate. The
podocyte foot processes of the glomeruli from both patient groups were observed under a transmission electron
microscope (TEM, JEM-1400, JEOL, Japan) at 20,000X magnification. At least four different FP at the capillary loop
position of the glomeruli were photographed for each patient, and the FPW was measured.

SD Integrity of Podocyte Foot Processes

Nephrin is a transmembrane protein of the SD, as shown in Figure 1. Nephrin immunohistochemical staining was
performed on paraffin sections of renal biopsies from both patient groups. The 2um paraffin sections were dewaxed in
water after antigen retrieval with EDTA for 40 minutes, followed by permeabilization with TritonX-100 for 10 minutes
and blocking with sheep serum antibody for 30 minutes. Subsequently, Nephrin antibody (1:1000, 22912-1-AP,
Proteintech, Wuhan, China) was added and incubated overnight at 4°C, followed by DAB staining, counterstaining
with hematoxylin, dehydration, clearing, and mounting. Immunohistochemical quantitative analysis was conducted using
Image J.
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Figure | Position of Podocytes in the Glomerulus and the Cytoskeletal Structure of Podocytes. The right panel illustrates the fundamental components of a glomerulus,
including mesangial cells, capillary endothelial cells, podocytes, and the basement membrane. Fenestrated endothelial cells, the basement membrane, and podocytes
constitute the filtration barrier. The left panel depicts the ultrastructural architecture of the glomerular filtration barrier. Within podocytes, microtubules, intermediate
filaments, and actin filaments serve as the primary cytoskeletal network, maintaining both these cells’ morphological integrity and functional stability. The FP of podocytes are
connected to the basement membrane, and their width is referred to as the FPW. Adjacent FP form the SD, which contains the transmembrane protein Nephrin. The
podocyte cell body contains microtubules and intermediate filaments, and the morphological changes of FP mainly depend on actin.

Abbreviations: FP, foot process; FPW, foot process width; SD, slit diaphragm.
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Deep Learning of Renal Biopsy Electron Microscopy Images

Training Dataset

The training dataset was created using 622 electron microscopy images from renal biopsies of the DN and DN+MCD
groups, comprising 398 images from the DN group and 224 images from the DN+MCD group.

Model Design

We attempted two approaches to achieve better model recognition performance and generalization ability. One approach
involved designing a convolutional neural networks (CNN) model with a smaller parameter count directly for image
recognition tasks. The other approach involved using a well-performing pre-trained model as the base model and then
adding network layers to the base model for image recognition tasks, as shown in Figure 2. The design and implementa-
tion of these models were based on the 2.13.0 version of the TensorFlow platform.

Model Training

Combining the dataset and model design, image augmentation was performed during model training to reduce overfitting
and improve validation accuracy. This included random scaling, rotation, flipping, contrast variation, skewing, transla-
tion, and adding artifacts to enhance the model’s variability and generalization ability. To assess overfitting, 20% of the
random subset of the reserved dataset was used for validation testing, while the remaining 80% formed the training set
for online learning. The iterative process continued until the training set data was fully learned, with each of the three
models undergoing 50 rounds of iterative training.

Compilation Packages and Cloud-Based Applications
The three models were successfully trained on the complete dataset, and the relevant code and dataset were shared on the
GitHub code hosting platform at the following address: https://github.com/warriorZH/DN_MCD.
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Figure 2 Structure of the CNN Model and Pre-trained Model. (A) The CNN model design structure comprises three convolutional layers, a pooling layer, flattening of
multidimensional data to one-dimensional data, a fully connected layer, and a softmax layer. A dropout layer was added to the network layers to enhance the model’s
generalisation ability. Conv2D, a 2D convolutional neural network layer; employs the subscript “#” to denote variable channel numbers across different layers. In this model
design, the first three convolutional layers (left to right) are configured with 128, 64, and 32 channels, respectively. (B) Pre-trained models Mobilenetv2 and VGGI16 were
used as base models, and the same structure of network layers was added on top of the base models. The network layers on top of the base model include two
convolutional layers (configured with 64 and 32 channels), a pooling layer, flattening of multidimensional data to one-dimensional data, a fully connected layer; a softmax layer,
and a dropout layer in the network layers. The symbol “#” denotes variable channel numbers.

Abbreviations: CNN, convolutional neural networks; Conv2D, 2D convolutional neural network layer; Mobilenetv2, Mobile Network Version 2; VGG 6, Visual Geometry
Group 6.
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Evaluation of Model Performance and Effectiveness

The accuracy and loss functions of the three models were calculated on the training dataset to evaluate convergence.
Similarly, the accuracy and loss functions were calculated on the validation dataset to assess recognition performance and
the degree of overfitting. The parameters of the three successfully trained models on the training and validation sets were
compared to select the optimal model. The critical recognition areas of the optimal model were subjected to heatmap
visualization analysis to evaluate whether the machine model’s recognition areas corresponded to the actual areas.

Determination of the Minimum Number of Electron Microscopy Images for Stable Differentiation of DN with
MCD

As a single electron microscopy image cannot represent the overall microstructural characteristics of the glomerulus,
a multi-input module was added to the optimal model to allow multiple images to be input at once. The number of
images required for stable reporting of whether DN is combined with MCD was determined by sequentially selecting 1,
3,5,7,9... electron microscopy images for each patient and inputting them into the model according to the rules above.
The minimum number of electron microscopy images required for stable reporting of whether DN is combined with
MCD was determined when the accuracy of all patient reports reached 98%.

External Validation of Model Accuracy

Patients diagnosed with DN with nephrotic syndrome and treated at Hebei University Affiliated Hospital between
January 2014 and December 2023 were selected for external validation of the model’s accuracy. The patients were
divided into the DN external validation group and the DN+MCD external validation group based on the grouping criteria
established during model development. Electron microscopy images were observed and captured at 20,000X magnifica-
tion, with at least four different FP from the capillary loop position of the glomerulus being photographed for each
patient. Each capillary loop was photographed with 1-3 images, and the total number of electron microscopy images for
each patient was no less than 11.

Statistical Analysis

Differences in general data and clinical laboratory test indicators were assessed using the Fisher exact probability method
or chi-square test for categorical data, independent sample ¢-test for normally distributed data, and Mann—Whitney U-test
for non-normally distributed data. Analysis of the test indicators during the follow-up period for the two patient groups
involved analyzing 24UPr, serum ALB, and Scr at 3, 6, 9, and 12 months for each group. Within-group analysis was
conducted using ANOVA variance analysis, the between-group analysis involved independent sample ¢-tests, and
pairwise comparisons were corrected using Bonferroni correction. Data analysis was performed using SPSS 22.0 and
R language 4.4.0, and the results were visualized using GraphPad Prism 9.5.1.

Results

Analysis of Baseline Data and Follow-Up Results for the Two Patient Groups

51 patients with DN accompanied by NS meeting the criteria were included, with 17.65% having MCD. The screening
and grouping process is illustrated in Figure 3A. There were 42 patients in the DN group and 9 patients in the DN+MCD
group, with 12 patients requiring dialysis treatment within one year, all of whom were from the DN group. The DN group
and DN+MCD group showed significant differences in the prevalence of hypertension and glycated haemoglobin, as
indicated in Table 1.

During the follow-up period, the analysis of the examination indicators for the two patient groups revealed that there
were statistically significant differences in 24UPr and serum ALB within the DN+MCD group. The 24UPr decreased to
below 1g/24h, while ALB increased to above 40g/L. These two indicators did not show statistically significant
differences within the DN group, as detailed in Figure 3B and C. These findings suggest that massive proteinuria
attributed to MCD may tend to undergo spontaneous remission, with 24UPr often decreasing to <1 g within 3 months.
Additionally, there were statistically significant differences in Scr within the DN group, with Scr increasing from 159
(113, 225) pmol/L to 287 (205, 521) pmol/L. However, in the DN+MCD group, there were no statistically significant
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Figure 3 Patient Enrollment Process and Changes in 24UPr, ALB, and Scr During Follow-Up in the Two Patient Groups. (A) Flowchart of patient screening and grouping.
(B) Patients in the DN+MCD group showed a reduction in 24UPr to below | g within 3 months in most cases. (C) ALB levels in the DN+MCD group returned to the
normal range within 3 months for the majority of patients. (D) Scr levels remained stable in the DN+MCD group, whereas DN patients with persistent proteinuria exhibited
progressive renal function decline. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
Abbreviations: 24UPr, 24-Hour Urinary Protein; ALB, Serum Albumin; Scr, Serum Creatinine.

differences in Scr, as shown in Figure 3D. Between the DN+MCD and DN groups, except for month 0, 24UPr, ALB, and
Scr all exhibited statistically significant differences, as depicted in Figure 3B-D. These findings suggest that with the

remission of MCD-induced massive proteinuria, the risk of further deterioration in renal function in DN decreases,

Table | Clinical Baseline Data of DN and DN+MCD Patient Groups

Characteristic DN Group, DN+MCD Group, | p-value*
N = 42* N = 9*

Gender >0.999

Male 29 (69%) 6 (67%)

Female 13 31%) 3 (33%)

Age 50.17+10.65 51.44+13.54 0.795

BMI 25.49+3.41 26.05+4.35 0.725

Duration of illness 12.95+7.86 12.69+7.98 0.931

Presence of retinopathy 39 (93%) 8 (89%) 0.552

Presence of hypertension | 41 (98%) 2 (22%) <0.001

Red blood cell in urine 4.60 (3.20, 7.18) 4.20 (2.90, 11.00) 0.902

24UPr 7.75 (5.76, 10.24) 8.51 (7.26, 9.94) 0.665

eGFR 39.84 (24.06, 55.23) | 41.94 (37.38,70.97) | 0414

(Continued)
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Table | (Continued).

Characteristic DN Group, DN+MCD Group, | p-value*
N = 427 N = 9%

ALB 27.90 (25.00, 29.53) | 26.40 (22.00, 29.00) | 0.304

Cholesterol 5.20 (4.38, 6.84) 5.38 (5.03, 7.04) 0.505

Triglycerides 1.69 (1.40, 2.44) 1.66 (1.14, 2.05) 0.648

Fasting blood glucose 7.58 (5.65, 10.54) 6.05 (5.19, 6.53) 0.081

Glycated hemoglobin 7.20 (6.63, 8.05) 6.70 (6.10, 6.90) 0.020

Notes: "n (%); Mean£SD; Median (IQR). *Fisher’s exact test; Welch Two Sample t-test; Wilcoxon rank
sum test; Wilcoxon rank sum exact test.

Abbreviations: BMI, body mass index; 24UPr, 24-hour urine protein quantification; eGFR, estimated
glomerular filtration rate; ALB, serum albumin.

accompanied by stabilized Scr levels. In contrast, due to the lack of remission in DN-associated massive proteinuria,
persistent proteinuria remains a critical risk factor for renal dysfunction, leading to progressive kidney function decline in
DN patients.

Analysis of FPW in the Two Patient Groups

Due to factors such as glomerular sclerosis, 11 patients’ electron microscopy images did not meet the criterion of having more
than 4 FP per glomerular capillary loop. Ultimately, FPW measurements were obtained for 32 patients in the DN group and 8
patients in the DN+MCD group. The process of measuring FP in the DN and DN+MCD groups is illustrated in Figure 4A and B.
After obtaining the average FPW for each group, a comparison between the groups showed that the FPW for the DN group was
0.54 (0.49, 0.60), while for the DN+MCD group, it was 1.50 (1.31, 1.74), with a p-value <0.001. The difference in FPW between
the two groups was statistically significant, as shown in Figure 4E. The results indicate that the DN+MCD group has wider FPW
compared to the DN group. The ROC curve analysis demonstrated the ability of FPW to identify the presence of MCD in DN,
with an area under the ROC curve (AUC) of 0.7992, 95% CI (0.7862, 0.8123), and a P value < 0.0001. Further application of
multiple model linear regression was used to eliminate the influence of age, gender, BMI, duration of illness, presence of diabetic
retinopathy, and hypertension on the diagnostic value of FPW, as shown in Table 2. The ROC curve for FPW, after adjusting for
covariates, demonstrated an AUC of 0.9532, 95% CI (0.9485, 0.9579), with a P value < 0.0001, indicating that FPW can
effectively differentiate the presence of MCD in DN, as depicted in Figure 4F. FPW holds diagnostic value in distinguishing
whether DN is complicated by MCD.

Analysis of Differential Expression of Transmembrane Protein Nephrin in Renal Biopsy

Tissues of the Two Groups

The immunohistochemical staining of Nephrin in the two patient groups is depicted in Figure 4C and D. After obtaining
the average optical density (AOD) values for Nephrin expression in each group, a comparison between the groups
revealed that the AOD value for the DN group was 0.1502, 95% CI (0.1278, 0.1726), and for the DN+MCD group, it was
0.0622, 95% CI (0.0529, 0.0715). The difference between the two groups was statistically significant, with P < 0.01, as
shown in Figure 4G. These results indicate that the DN+MCD group has lower Nephrin expression levels and more
severe damage to the SD’s structural integrity than the DN group.

Machine Learning

All three models achieved good convergence on the training dataset, maintaining an accuracy of over 90% and showing
a favorable trend in loss convergence, as depicted in Figure SA and B. However, there was a noticeable performance gap
in the models on the validation dataset, with varying levels of accuracy. Among them, Mobilenetv2 demonstrated the best
recognition performance, and there were distinct differences in the trend of loss variation. The loss trend of the CNN
model indicated the occurrence of overfitting during model training, as shown in Figure 5C and D. After 50 rounds of
iterative training, convergence was achieved on the training set, resulting in different test performances on the test set, as
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Figure 4 Structural Differences in FPW and Pathology Between the DN and DN+MCD Groups. (A) Representative image of the DN group. (B) Representative images of the
DN+MCD group. Green arrows denote FP, and red numerals indicate FPWV values in micrometres (um). Measurement serial numbers precede each quantified value. (C and D)
Immunohistochemical staining of Nephrin in the DN (C) and DN+MCD (D) groups, with green arrows highlighting regions of differential Nephrin expression. (E) Comparison
of mean FPW between the two groups. The DN+MCD group exhibited significantly increased FPW compared to the DN group. (F) ROC curve analysis evaluating the
diagnostic utility of FPW (unadjusted and adjusted for age, sex, BMI, disease duration, diabetic retinopathy, and hypertension) in discriminating DN with MCD from DN alone
under nephrotic syndrome. (G) Quantitative comparison of AOD of Nephrin immunostaining. The DN+MCD group showed reduced Nephrin expression relative to the DN
group. **P < 0.01; **P < 0.001.

Abbreviations: DN, diabetic nephropathy; MCD, minimal change disease; AOD, average optical density.

shown in Table 3. The model based on Mobilenetv2 exhibited the best performance, with the highest accuracy reaching
93.3%. When the number of test images increased to 11, the reliability of the determination of whether DN was
combined with MCD reached an accuracy of 98%, as illustrated in Figure SE. Visualization analysis of the parameters
of the Mobilenetv2-based model using a heatmap revealed that the areas the model focused on for recognition were
consistent with the actual observation areas, particularly near the junction of the FP and the basement membrane, as
shown in Figure SF.
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Table 2 Regression Analysis of Covariates That May Affect the Identification
of MCD in DN by FPW After Adjustment

Variables B SE |t P B (95% CI)
Intercept 0.47 0.03 | 15.48 <0.001 | 0.47 (0.41 ~ 0.52)
FPW 0.14 0.00 | 40.03 <0.001 | 0.14 (0.13 ~ 0.15)
Gender

Male 0.00 (Reference)

Female 0.03 0.01 | 453 <0.001 | 0.03 (0.02 ~ 0.04)
Diabetic retinopathy

No 0.00 (Reference)

Yes —0.15 | 0.01 | —13.38 | <0.001 | —0.15 (-0.18 ~ —0.13)
Hypertension

No 0.00 (Reference)

Yes —0.63 | 0.0l | —80.20 | <0.001 | —0.63 (—0.64 ~ —0.61)
Age 0.0l 0.00 | 7.92 <0.001 | 0.0l (0.0l ~0.01)
BMI 0.0l 0.00 | 4.63 <0.001 | 0.0l (0.0l ~0.01)
Diabetes Duration 0.0l 0.00 | 10.52 <0.001 | 0.0l (0.0l ~0.01)

Abbreviation: FPW, foot process width.

External Validation Results of Model Accuracy

Among 21 DN patients with NS who met the external validation criteria, 19.05% were found to have MCD. The external
validation group consisted of 17 DN patients and 4 DN+MCD patients. Due to factors such as glomerular sclerosis,
electron microscopy images of 5 patients did not meet the criterion, all of whom were from the DN external validation
group. After obtaining the average FPW for the DN external validation group and the DN+MCD external validation
group, a comparison between the groups revealed that the FPW for the DN external validation group was 0.54 (0.51,
0.57), while for the DN+MCD external validation group, it was 1.36 (1.13, 1.65), with p < 0.05. The difference in FPW
between the DN group and the DN external validation group was not statistically significant when the model was
established, with P=0.31. Similarly, the difference in FPW between the DN+MCD group and the DN+MCD external
validation group was not statistically significant when the model was established, with P=0.25. A comparison of FPW
between different groups is illustrated in Figure 5G-I. A total of 225 electron microscope images were used for
validation, with 155 images from the DN external validation group and 70 images from the DN+MCD external validation
group, meeting the minimum total sample size and positive sample size requirements of the BMJ external validation
model.® Based on the Mobilenetv2 model, the recognition of electron microscope images showed that 2 cases were
misidentified in the DN external validation group, while the DN+MCD external validation group was completely
correctly identified. The external validation dataset is shared on the GitHub code hosting platform (https://github.com/

warriorZH/DN_MCD). Therefore, in the external validation data, the model’s sensitivity for predicting the presence of
MCD in DN patients with NS was 100%, with a specificity of 83.33%.

Discussion

Following a one-year follow-up of patients diagnosed with DN and NS via renal biopsy over ten years at our hospital, it
was found that 17.6% of DN patients also had MCD. Clinical data indicated that the levels of glycated haemoglobin and
the presence of hypertension have discriminatory values in distinguishing whether DN is combined with MCD. This
study analyzed the differences in renal tissue pathology between the two groups from three perspectives: changes in
FPW, SD integrity, and deep learning of electron microscope images. The analysis results showed that the FPW of
electron microscope images in the DN+MCD group was wider than that in the DN group, and the expression of the
transmembrane protein Nephrin in the DN+MCD group was lower than that in the DN group, indicating a decrease in the
number of SDs and indirectly supporting the significant fusion of FP and the increase in FPW in the DN+MCD group.
A predictive model was successfully established through machine learning, suggesting the feasibility of using machine
learning to differentiate whether DN is combined with MCD. Additionally, the visualization of the key recognition areas
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Figure 5 Development of a Machine Learning-Based Predictive Model to Distinguish DN with or Without MCD Using Electron Microscopic Images. (A and B) Trends of model
accuracy and loss in the training dataset. The MobileNetV2-based model demonstrated optimal performance. (C and D) Trends of accuracy and loss in the validation dataset. The
MobileNetV2-based model consistently exhibited robust performance. (E) Model accuracy in discriminating DN with or without MCD improves with an increasing number of input
electron micrographs. (F) Overlay of original electron micrographs and model parameter heatmaps. Longer wavelengths exhibit higher recognition weights, with key regions
localized near the FP and basement membrane interface (green arrow). (G) DN+MCD external validation cohort versus DN external validation cohort (P < 0.05). (H) DN cohort
versus DN external validation cohort (P = 0.31). (I) DN+MCD cohort versus DN+MCD external validation cohort (P = 0.25).

in machine learning showed that the recognition positions were mainly located near the junction of the FP and the
basement membrane. Finally, the model was externally validated using renal biopsy-diagnosed DN patients with NS from
an external hospital, demonstrating that the model has good sensitivity and specificity (100%, 83.33%) in distinguishing
whether diabetic kidney disease is combined with minor lesions. Therefore, this study demonstrates that the morpholo-
gical changes in FP have diagnostic value in determining whether DN is combined with MCD.

Table 3 Comparison of Test Set Performance of the Three

Models
CNN | Base on Mobilenetv2 | Base on VGGI6
Precision | 0.70 0.93 0.88
Recall 0.71 0.93 0.88
Fl-score | 0.69 0.93 0.88
Accuracy | 0.71 0.93 0.88

Abbreviations: CNN, convolutional neural networks; Mobilenetv2, mobile net-
work version 2; VGGI16, visual geometry group 16.
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The podocytes are a core component of the glomerular filtration barrier, and their damage may stem from
abnormalities in SD proteins, cytoskeletal proteins, adhesion proteins, GBM proteins, and nuclear proteins.”’
Different pathological types of kidney diseases have different FPW, and after treatment, FPW gradually returns to
normal with the recovery of the disease, indicating that FPW not only has diagnostic value for the classification of renal
diseases but also has predictive value for the prognosis of the disease.'”'" Research has shown that the average FPW in
healthy kidneys is 0.249+0.068 um.'? In untreated MCD, there is diffuse foot process fusion, with an FPW of 1600
+440nm, while in relapsed MCD after prednisolone treatment, the diffuse foot process fusion is significantly less than in
untreated MCD (FPW 920+200 nm)."® In diabetic kidney disease, during the period of microalbuminuria, the FPW is 663
+110nm, while during the period of macroalbuminuria, the FPW is 724+210nm."* The results of this study show that the
FPW in DN is 0.54 (0.49, 0.60), while the width of the FP in cases of combined MCD is 1.50 (1.31, 1.74), similar to the
results of previous studies. Our analysis indicates that FPW has diagnostic utility for differentiating these conditions.
TEM-measured FPW at 20,000x magnification within the range of 0.54 um (0.49-0.60 pm) may indicate isolated DN.
Values exceeding this range likely signal DN complicated by primary glomerulopathies, such as MCD. Notably, the
diagnostic thresholds for FPW are dependent on TEM magnification. Since the maximum resolvable FPW varies with
magnification levels, altering the TEM magnification during measurement may require recalibration of the FPW
reference intervals used for clinical diagnosis.

The FP are anchored to the glomerular basement membrane, and are linked by extracellular structures that are
35-45nm wide, known as slit SD. Nephrin is the first key protein identified to be located within the SD,'> and significant
changes in SD are observed in cases of MCD. Direct observation of foot process SD via electron microscopy presents
technical challenges, as linear images of the SD can only be seen when the thin section is at an appropriate angle.
Additionally, the limited field of view in electron microscopy prevents an overall assessment of the SD. Therefore, in
most studies, the assessment of SD damage is indirectly measured through the analysis of Nephrin expression to evaluate
the extent of SD damage.'® Actin is one of the core components of the cytoskeleton of FP, and is predominantly present
in the FP. It plays a dominant role in establishing and maintaining the unique structure of the FP."”

Nephrin plays a crucial role in the pathogenesis of MCD. 1Q motif-containing GTPase-activating protein 1 (IQGAP1)
is a scaffold protein that links the actin cytoskeleton and SD in FP. It interacts with Nephrin and regulates the
maintenance of the actin cytoskeleton in FP, with actin primarily located in the FP. Recent studies have found that
autoantibodies play a role in the pathogenesis of MCD. In serum samples from MCD patients, the levels of anti-Nephrin
antibodies are significantly higher than in normal patients.'® The binding of Nephrin with autoantibodies may disrupt the
integrity of SD and cytoskeletal organization.'” In contrast to MCD, the structural integrity of the foot process
cytoskeleton in DN is highly dependent on the availability of ATP. Foot processes’ metabolic activity and function
rely on efficient glucose oxidation to generate energy.”’ Chronic hyperglycemia leads to progressive impairment of foot
process glucose metabolism, significantly hindering mitochondrial ATP production.?' Impaired mitochondrial ATP
synthesis significantly disrupts the balance between cytoskeletal assembly and disassembly, particularly affecting actin
cytoskeleton and microtubules, ultimately leading to cytoskeletal rearrangement.”*** Therefore, the causes of foot
process changes in MCD and DN are different, and Nephrin’s differential expression can be used to distinguish between
MCD and DN. Annika Wernerson et al found that the expression of Nephrin decreases in areas where FP disappear.”*
This study found that the expression of Nephrin in the DN+MCD group decreased compared to the DN group, which is
consistent with previous research results.

This study demonstrates that morphological changes in FP have diagnostic value in determining whether DN is
combined with MCD. We designed multiple machine learning models and compared their performance. The results
showed that the Mobilenetv2 model can effectively predict whether DN patients with NS are also combined with MCD,
thus proving the feasibility of machine learning in this field. We provided a potential optimal machine learning design
pattern, which can objectively identify common differential features in images and reduce the omissions caused by
manual recognition. However, this study has some limitations, primarily due to the limited number of research samples
and the damage caused to specimens during the fixation and staining processes in electron microscopy sample prepara-
tion. Multicenter studies can address the issue of limited sample size. With the development of cryo-electron microscopy
technology, cryo-preparation can better preserve tissue morphology and provide higher-quality electron microscope
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images. Cryo-substitution can save the cost of preserving cryo-preparation samples while ensuring high-quality electron
microscope images. We look forward to further research to improve the research outcomes in this field.

Conclusions

Podocyte foot process morphology has diagnostic value in differentiating whether DN is complicated by MCD. There is
no reliable method to differentiate whether DN patients with massive proteinuria are complicated with MCD. Our study
demonstrates that podocyte foot process morphology differences provide promising diagnostic potential to address this
clinical challenge. Furthermore, the artificial intelligence model we developed enables rapid, convenient, and reliable
analysis of patient renal biopsy electron microscopy images, significantly reducing the workload of manual measure-
ments. This lays the foundation for intelligent recognition of renal imaging to assist in disease diagnosis and prognosis
prediction.

Abbreviations

MCD, minimal change disease; DN, diabetic nephropathy; NDRD, non-diabetic renal diseases; NS, nephrotic syndrome;
FPW, foot process width; SD, slit diaphragm; 24UPr, 24-hour urine protein quantification; ALB, serum albumin; Scr, serum
creatinine; Al, Artificial Intelligence; CNN, convolutional neural networks; Mobilenetv2, mobile network version 2.
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