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Objective: To explore the value of 1.5T magnetic resonance (MR) fat saturation-T2-weighted imaging (FS-T2WI) and apparent 
diffusion coefficient (ADC) imaging texture features in distinguishing the renal changes of patients with stage III type 2 diabetic 
kidney disease (DKD) from healthy people.
Methods: This study collected 55 patients with stage III DKD (39 males and 16 females) and 33 healthy controls (13 males and 20 
females) from December 2021 to June 2022 in the China-Japan Union Hospital of Jilin University. All subjects were randomly divided 
in a ratio of 6:4 to extract and screen the FS-T2WI and ADC texture features of the right kidney of the subjects. The area under the 
curve (AUC) was used to assess the diagnostic accuracy of each model.
Results: There were significant differences between urea, creatinine and sex (p<0.05) of the two groups in the training and test set, 
and no significant difference in age and body mass index (BMI). We extracted 1409 imaging features from the original ADC sequence 
and selected them by wavelet and Laplace-Gaussian filter and LASSO algorithm, and using the same methods of FS-T2WI. Finally, 
FS-T2WI and ADC models were selected to construct the united model, including 3 first-order features and 8 texture features. The 
AUC values of the training set of FS-T2WI, ADC, FS-T2WI+ADC combined logistic regression model were 0.96, 0.91, 0.98; the 
AUC values of the test set were 0.91, 0.89 and 0.93, and the specificity and accuracy values of the united model were 0.90 and 0.89, 
respectively.
Conclusion: FS-T2WI and ADC imaging features based on 1.5 T MR had diagnostic value in the early diagnosis of DKD stage III, 
and the combined model of FS-T2WI and ADC had high diagnostic efficiency.
Keywords: diabetic kidney disease, magnetic resonance imaging, radiomics

Introduction
At present, there were about 425 million diabetes mellitus (DM) patients worldwide, and it was estimated that the 
number of DM patients may reach 693 million by 2045.1 DM can cause a variety of complications, such as cardiovas-
cular and cerebrovascular diseases, retinopathy, peripheral neuropathy, kidney diseases and other complications. Among 
them, diabetic kidney disease (DKD) was the most important and common chronic complication and was also the main 
cause of end-stage renal disease.2,3 The proportion of DKD patients in China in patients with end-stage renal disease was 
about 15% and had increased in recent years.

Patients with early DKD often had no obvious clinical symptoms. It was difficult to find abnormalities by conven-
tional imaging methods of early DKD, and ultrasound diagnosis was also not sensitive. Some studies had shown that 
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early diagnosis of DKD patients can reduce the risk of progressive kidney disease developing into end-stage kidney 
disease by 80%.4 Therefore, timely and accurate detection and timely clinical intervention of early diabetes kidney 
changes are particularly important to curb the occurrence and deterioration of DKD and improve the prognosis, which is 
of great significance both for individuals and society.

In recent years, with the development of artificial intelligence and the inspiration of emerging technologies such as 
genomics and proteomics, Lambin et al5 and others formally put forward the concept of radiomics in 2012, that is, to 
extract high-throughput features from medical images, and further use diversified statistical analysis and data mining 
methods to extract information that plays a real key role in glass from millions of image data, and finally use it for 
disease diagnosis, forecast or classification.6 At present, radiomics technology has played a huge role in the diagnosis and 
prediction of colorectal cancer, breast cancer, cervical cancer7 and other diseases.

Due to the rapid development of renal damage in the event of clinical diabetic kidney disease, there is still no 
effective treatment, and most patients enter end-stage renal disease in a short time. Therefore, targeted prevention and 
treatment must be given in the early stage, that is, kidney disease is still in stage I–III, in order to effectively control and 
delay the further development of kidney disease. Through previous studies, our research team found that there were 
differences in imaging manifestations of stage III diabetic kidney disease, so we conducted radiomics research on stage 
III diabetic kidney disease. The purpose of this study was to analyze the texture characteristics of early diabetes 
nephropathy and normal subjects through MRI, obtain the quantitative data of these texture characteristics, establish 
a diagnostic model, and explore the value of fat saturation T2 weighted imaging (FS-T2WI) and apparent diffusion 
coefficient (ADC) imaging texture characteristics in distinguishing the renal changes of patients with stage III type 2 
DKD from healthy people.

Materials and Methods
Basic Materials of Patients
This study collected 55 patients with stage III DKD (39 males and 16 females) and 33 healthy controls (13 males and 20 
females) from December 2021 to June 2022 in the China-Japan Union Hospital of Jilin University. The preoperative MR 
examinations of DKD confirmed by biopsy were obtained before June 2022. The basic flow chart of the experiment is 
shown in Figure 1. Diagnostic criteria for stage III diabetic nephropathy: In stage III, there will be continuous 
microalbuminuria, urinary albumin excretion rate continues at 20 ~ 200μg/min, glomerular filtration is higher than 
normal or normal.8

The inclusion criteria were pathologically diagnosed as DKD stage III with complete clinical data, no concomitant 
diseases, can cooperate with MRI examination, a history of DM2, stable comorbidities, treatment regimen, oral 
hypoglycemics, without change in weight, diet, lifestyle and medication therapy for comorbidity in the last 6 months. 
The main inclusion criteria for the control group were adult patients of both sexes in the age range of 30–70 years, 
without DM, hypertension, heart or kidney disease. The exclusion criteria for all groups were pregnancy and lactation, 
liver disease, infectious diseases, malignant diseases, patients with extremity amputations, urinary tract infections, or 
some other disease, cardiac insufficiency, patients with and relative contraindications for MR imaging (absolute contra-
indications: patients with pacemakers or with ferromagnetic foreign bodies; relative contraindications: claustrophobia, 
restless patients). Due to the presence of artifacts, post-processing MRI quality is not ideal.

Equipment and Scanning Parameters
MR was performed by using a 1.5-T Avanto scanner (Siemens Healthineers, Erlangen, Germany) and an 8-channel 
phased array abdominal coil. Subjects should be fasting and fasting at least 4 hours before the examination. The subjects 
were instructed to relax and lie on the examination table, make the coil close to the abdomen of the subjects. The 
scanning range ranged from the level of xiphoid process to the level of pubic symphysis, and non-contrast axial FS-T2WI 
and ADC images were obtained under a variety of breath-holding conditions. FS-T2WI scanning parameters: repetition/ 
echo time was 5080/87ms, slice thickness/interstratified space was 4.0/0.4mm, number of layers was 20, matrix was 
256×320.
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Imaging Acquisition and Data Processing
The imaging data of all DKD patients and normal subjects were exported to the external storage device in DICOM 
format through PACS (image storage and transmission system), and the radiologist 1 used ITK-SNAP (ITK-SNAP Home 
(itksnap.org)) to manually sketch the region of interest (ROI) of the images to obtain the mask file (Figure 2), and the 
image quality was checked by the high-level radiologist 2 with more than 10 years of work experience.

Extract Imaging Texture Features from ROI
The texture features were extracted from the original images of FS-T2WI and ADC sequences by using the pythics 
library based on Python (version 3.8.0). The texture features include GLCM (gray level co-occurrence matrix), GLRLM 
(gray level run length matrix), GLSZM (gray-level size region matrix) and GLDM (gray-level dependence matrix). In 
addition to the shape features directly calculated from the original images, the other types of features had been processed 
by one or more filters. We used different λ parameters of high-pass or low-pass wavelet filter, and Laplace filter were 
used to preprocess the original images.

Characteristic Consistency Test
The right kidney images of 50 subjects (including 25 FS-T2WI sequences and 25 ADC sequences) were redrawn at 
random by physician 1 for intraclass correlation coefficient (ICC) test. It is generally believed that ICC>0.75 means that 
the two sketches have better consistency.9

Figure 1 Basic flow chart of the experiment.
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Feature Screening
Before feature screening, we used the median filling method to process the missing values of features, and then used the 
Z-Core method to preprocess the data. In order to eliminate redundant features, the least absolute shrinkage and selection 
operator (LASSO) algorithm of R software was used to further filter and fuse features with significant differences to 
establish a united radiomics model, and the most important features of modeling and improving model performance with 
non-zero coefficients were determined.

Model Establishment
The texture features were selected to construct the radiomics model to eliminate the redundant features. Logical 
regression (LR) classifier was used to establish the model through 10-fold cross-validation method. Finally, all data 
were used for a training set and a test set. The radiomics labels (ie, RS-T2WI, RS-ADC) based on FS-T2WI and ADC 
were constructed, and the scores of corresponding radiomics model labels (radscore) were calculated. Radscore was 
calculated as radscore = intercept + bi·Xi, where Xi represents the final filtered feature value, and bi represents the 
corresponding weight coefficient of the final filtered feature. The clinical factors of DKD were statistically analyzed by 
univariate analysis, and the clinical factors related to the onset of DKD (P < 0.05) were selected. Then these selected 
clinical factors were analyzed by multivariate LR.

Quantitative Analysis
This study uses Scikit learning package (version 2.2.3) to create classification models. We used Matplotlib (version 3.1.0) 
to draw the ROC curve. For statistical analysis of general data, we used SPSS for Windows version 24.0 (IBM Corp., 
Armonk, NY, USA). Chi-square test was used to detect the difference in classification variables between groups. 

Figure 2 Respective MR images of the right kidney with stage III type 2 DKD and normal persons (NP). The ROI were curved over the renal parenchyma of the right kidney 
(red curve). In this study, the images analyzed were the FS-T2WI and ADC maps. (Female patient with DKD, 54 years old, stage III diabetes nephropathy, creatinine value was 
about 135.7, BMI index was 28.41).
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Independent sample t-test was used to test the inter-group difference of quantitative variables. P <0.05 was considered 
statistically significant. ROC was used to analyze the diagnostic efficacy and AUC of imaging characteristic parameters 
for stage III DKD. The predictive efficacy included sensitivity (SEN), specificity (SPE), accuracy (ACC), positive 
predictive value (PPV), positive predictive value (PPV), negative predictive value (NPV), AUC and 95% confidence 
interval (CI) were used.

Results
General Clinical Data of Subjects
Table 1 summarizes the characteristics of 88 participants. There were significant differences between urea, creatinine and 
sex (p < 0.05) of the two groups in the training and test set, and no significant difference in age and BMI. We extracted 
1409 imaging features from the original ADC sequence and selected them by wavelet and Laplace-Gaussian filter and 
LASSO algorithm. There were 2 first-order features and 2 texture features selected by 10 times cross validation method. 
Using the same methods of FS-T2WI sequence, 1 first-order feature and 7 texture features were selected. Finally, FS- 
T2WI and ADC models were selected to construct the united model, including 3 first-order features and 8 texture 
features. The feature lists and coefficient charts are shown in Table 2. The correlation coefficient within ADC group was 
0.79 (Figure 3). The correlation coefficient within the FS-T2WI group was 0.83 (Figure 4), which was greater than 0.75, 
indicating that the feature extraction had good consistency.

Results of Logical Regression Model Based on Imaging Features
To evaluate the performance of the prediction model in the training set and test set, we focus on evaluating the ACC, 
SEN and SPE of the prediction model. The results are presented in Table 3. We verified the prediction and discrimination 
ability of the combined model through ROC curve analysis. The results showed that the diagnostic accuracy of stage III 
type 2 diabetic kidney disease and normal people was as high as 0.98 (all AUC > 0.89). In the 10-fold cross-validation of 
the training set, we found that the AUC of the LR model was 0.98, tending to the upper left corner and away from the 
diagonal (Figure 5). The combined model had the advantages of high positive predictive value (96.7%) and specificity 
(94.7%). In addition to the above training data set, we need preprocessing or class distribution equalization to test the 
performance of the united model. In the test set, the machine learning algorithm used the same machine learning 
algorithm as the training set. In the aspect of the classifier performance in the test set, ROC curve could show that the 
model had high classification accuracy, AUC value was 0.93 (Figures 6).

Table 1 Patient Characteristics in the Training and Test Set

Variable Training Set (n=50) Test Set (n=38)

DKD 
(n=30)

NP 
(n=20)

t/x2 P value DKD(n=25) NP 
(n=13)

t/x2 p value

Age (years) Mean ± SD 52.31±2.02 49.36±1.13 3.235 0.075 52.26±2.27 54.79±3.01 6.714 0.097
Sex 4.433 0.035 4.027 0.045

Male 21 8 18 5

Female 9 12 7 8
Urea (mmol/L) 133.36±22.41 71.85±19.05 13.173 <0.001 140±0.235 73.36±1.135 14.502 <0.001

Creatinine (μmmol/L) 9.81±1.22 4.36±0.83 19.216 <0.001 8.47±1.105 4.64±1.305 18.817 <0.001

Urinary albumin/creatinine ratio (mg/g) 113.63±4.99 0.23±0.12 38.217 <0.001 116.33±7.31 0.21±0.14 43.621 <0.001
Glomerular filtration rate (mL/min) 47.66±2.73 96.34±3.18 26.748 <0.001 46.89±1.71 95.97±3.21 21.874 <0.001

BMI(kg/m2) 2.257 0.133 2.923 0.087

Normal 13 13 10 9
Fat 17 7 15 4

Abbreviations: DKD, Diabetic kidney disease; NP, Normal population; BMI, Body Mass Index.
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Discussion
The diagnosis of DKD could be divided into pathological diagnosis and clinical diagnosis. In the past, renal pathology 
was considered as the gold standard for diagnosis, but the operation of puncture biopsy was difficult and invasive, and it 
was difficult for a considerable number of primary medical institutions to implement it. As we had discussed before, 

Table 2 The Imaging Features Based on FS-T2WI, ADC and United Model

Model Imaging Features Coef.

ADC model lbp-3D-m2_glszm_SmallAreaHighGrayLevelEmphasis 0.97
Wavelet-LHL-firstorder_90Percentile −0.69

lbp-2D_glrlm_LongRunLowGrayLevelEmphasis 0.72

Original_firstorder_Skewness 1.32
FS-T2WI model Exponential_glszm_GrayLevelNonUniformity −1.31

bp-3D-m1_glszm_LowGrayLevelZoneEmphasis 1.38

Wavelet-HLH_glrlm_ShortRunLowGrayLevelEmphasis −0.71
Wavelet-LLL_firstorder_Median 0.64

Wavelet-LHL_glcm_ClusterShade 0.31
Wavelet-HHL_glrlm_ LongRunLowGrayLevelEmphasis −1.51

Wavelet-LLH_glrlm_LowGrayLevelZoneEmphasis 0.58

Wavelet-HLL_ngtdm_Buyness 0.63
United model ADC-lbp-3D-m2_glszm_SmallAreaHighGrayLevelEmphasis 0.82

ADC-wavelet-LHL-firstorder_90Percentile −0.42

ADC-lbp-2D_glrlm_LongRunLowGrayLevelEmphasis 0.51
ADC-original_firstorder_Skewness 0.97

FS-T2WI-wavelet-HLL_ngtdm_Buyness 0.41

FS-T2WI exponential_glszm_GrayLevelNonUniformity −0.85
FS-T2WI bp-3D-m1_glszm_LowGrayLevelZoneEmphasis 1.22

FS-T2WI wavelet-HLH_glrlm_ShortRunLowGrayLevelEmphasis 0.08

FS-T2WI wavelet-LLL_firstorder_Median 0.42
FS-T2WI wavelet-LHL_glcm_ClusterShade 0.23

FS-T2WI wavelet-HHL_glrlm_ LongRunLowGrayLevelEmphasis −1.43

Abbreviations: Coef, coefficient; FS-T2WI, fat saturation-T2-weighted imaging; ADC, apparent diffusion coefficient.

Figure 3 The ICC of ADC.
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although urinary microprotein was the main indicator for diagnosis of diabetes, its reliability was not absolute, and some 
end-stage renal diseases may also be normal. Similarly, indicators such as creatinine and urea were also affected by 
gender and age. Based on this background, it is particularly important to carry out non-invasive early screening and 
diagnosis of early DKD patients with normal laboratory indicators but with kidney changes. In this study, we aimed to 
evaluate the value of 1.5T MR FS-T2WI and ADC imaging texture features in distinguishing the kidney changes of 
patients stage III type 2 DKD from healthy people.

As a new non-invasive examination technology, radiomics provides more biological explanations for the subtle 
texture changes of images. At present, many studies had shown that functional magnetic resonance imaging (fMRI), 
including diffusion weighted imaging (DWI), diffusion tensor imaging (DTI) and blood oxygen level-dependent MRI 
(BOLD), was a safe and non-invasive imaging method that could provide quantitative parameters to evaluate the changes 
in renal microstructure and function.10–16 In this study, ADC and FS-T2WI sequences were selected, because T2WI 
sequence had good spatial resolution,17 good image contrast, and could better display the signal difference between 
different tissues. The model based on T2WI had better fitting.18 In the research of Wang Siyuan et al,19 the AUC values 
of the training set and test set of the early DKD diagnosis model based on T2WI imaging histology diagnosis were 0.89 

Figure 4 The ICC of FS-T2WI.

Table 3 Performance of Each Model in Training Set and Test Set

Model AUC ACC  
(%)

SEN  
(%)

SPE  
(%)

PPV  
(%)

NPV  
(%)

Training set FS-T2WI 0.969 92.0 96.4 86.4 90.0 95.0

ADC 0.911 90.0 89.5 93.3 85.0 93.3

FS-T2WI 
+ADC

0.982 94.0 93.5 94.7 96.7 90.0

Test set FS-T2WI 0.910 84.2 88.9 81.8 92.0 69.2

ADC 0.891 84.2 88.0 76.9 88.0 76.9
FS-T2WI 

+ADC

0.935 89.5 88.9 90.9 96.0 76.9

Abbreviations: FS-T2WI, fat saturation-T2-weighted imaging; ADC, apparent diffusion coefficient; ACC, accuracy; 
AUC, areas under curve; SEN, sensitivity; SPE, specificity; PPV, positive predictive value; NPV, negative predictive 
value.
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and 0.76. Respectively, the AUC value of FS-T2WI training set and test set selected in this study was slightly higher than 
that of conventional T2WI, suggesting that FS-T2WI may have higher spatial resolution compared with conventional 
T2WI by using fat suppression technology. ADC was an artificial parameter for the dispersion and micro-perfusion of 
reactive water molecules, which was calculated by DWI. It makes up for the low resolution of DWI and the inaccurate 
evaluation of water molecular diffusion caused by the penetration effect of T2WI. Relevant literature studies had pointed 
out that, except for early DKD (stage I), the renal ADC value in most chronic kidney disease stages is significantly lower 

Figure 5 ROC curve analysis of the training set in between the stage III type 2 DKD and normal subjects. The solid lines in different colors indicate that the ROC curve for 
each model correspond to a different AUC.

Figure 6 ROC curve analysis of the test set between the stage III type 2 DKD and normal subjects. The solid lines in different colors indicate that the ROC curve for each 
model correspond to a different AUC.
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than the normal level, and the renal ADC value was negatively correlated with the patient’s serum creatinine level.20 The 
increase of ADC value also suggested that renal tubulointerstitial fibrosis and water molecule dispersion were limited. In 
addition, the study of Xu et al also showed that the ADC value of renal cortex and medulla in DKD was significantly 
different,21 generally low in patients with renal insufficiency, which can be used as a good non-invasive indicator for 
evaluating renal function.

This study compared the diagnosis and analysis of DKD patients using ADC and FS-T2WI sequence models, and found 
that both had high diagnostic efficiency, and the combined sequence diagnostic model had higher accuracy and specificity, 
which was similar to the research results of Yu et al22 on stage III DKD patients. Nevertheless, the clinical model we have 
established may still be unsatisfactory, because the kidney may have undergone obvious pathological changes when the 
patients with early DKD have slight proteinuria or even in the compensatory period without clinical characteristics.23 Whether 
we can detect the abnormalities of the renal microstructure by non-invasive means before the patients have proteinuria will be 
the focus of our future research, we also hope to make new breakthroughs in relevant animal experiments.

Though our research overcome shows the latent value of distinguishing the radiation characteristics of early renal 
damage and healthy kidney in diabetic patients, our research still has localizations. Firstly, this study is a single-center 
study and lack of external validation. The stability and generalization ability of the model need to be further strength-
ened. Secondly, this study is a preliminary study, and the amount of data in this study is small and uneven, which could 
have certain selective deviation. It is necessary to further strengthen the generalization of the model through multi-center 
validation. Thirdly, only the right kidney of the subject was used in this study. Although the left kidney was not included 
because of intestinal gas interference, whether there was any difference between the two kidneys needs further study. 
Lastly, this study included the intact cortex and medulla of the right kidney, and the texture differences between the 
cortex and medulla also need to be further explored. The texture feature extraction and the establishment of the 
diagnostic model in this study are only for scientific research at this stage, and the transformation into clinical application 
still needs further demonstration.

Conclusions
Our research results suggested that renal changes detected by ADC and FS-T2WI based on 1.5T MR may serve as 
indicators for early DKD. We analyzed the texture features of patients with stage III type 2 DKD and normal images to 
obtain quantitative data of texture features. Research had found that FS-T2WI and ADC imaging features based on 1.5T 
MR had diagnostic value for early diagnosis of DKD stage III, and the joint model of FS-T2WI and ADC had high 
diagnostic efficiency.
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