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Objective: This study aims to evaluate the diagnostic efficacy of shear wave elastography (SWE) and super-resolution imaging (SRI)
in detecting moderate-to-severe renal fibrosis (MSRF) among patients with chronic kidney disease (CKD).

Methods: In this prospective study, 202 CKD patients who underwent SWE and SRI prior to renal biopsy were enrolled. Based on
pathological findings, patients were categorized into a mild renal fibrosis group (n=107) and an MSRF group (n=95). LASSO logistic
regression was employed to identify independent risk factors for MSRF. Four diagnostic models—isolated, series, parallel, and
integrated—were developed by combining elasticity values from SWE and vascular density values from SRI. Additionally,
a nomogram incorporating clinical parameters and ultrasound composite parameters was constructed to assess MSRF in CKD patients.
Results: LASSO and subsequent logistic regression analysis revealed that age, diabetes history, estimated glomerular filtration rate
(eGFR), elasticity, and vascular density were independently associated with MSRF. The integrated model, utilizing a logistic
algorithm, demonstrated superior diagnostic performance with an area under the curve (AUC) of 0.83 (P < 0.001), sensitivity of
80.4%, and specificity of 75.8%, outperforming all other models. Furthermore, the nomogram, which integrated clinical factors and
ultrasound composite parameters, exhibited excellent predictive performance (AUC = 0.878, 95% CI 0.782—0.974). Calibration and
decision curve analyses confirmed the model’s robust calibration and clinical utility.

Conclusion: The integration of SWE-derived elasticity and SRI-derived vascular density significantly enhances the diagnostic
accuracy for MSRF in CKD patients. This comprehensive approach offers a promising non-invasive strategy for assessing renal
fibrosis severity.
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Key Points

1. Novel Dual-Perspective Approach: This study is the first to assess renal fibrosis by integrating super-resolution
imaging (SRI) for microvascular evaluation and shear wave elastography (SWE) for parenchymal diffuse lesions,
providing a comprehensive analysis of fibrosis severity in chronic kidney disease (CKD) patients.

2. Advanced Diagnostic Strategy: The diagnostic performance of two innovative ultrasound techniques—microvas-
cular contrast imaging and elastography—was evaluated both individually and in various combinations. A novel method
for calculating ultrasound composite parameters was developed, significantly improving sensitivity, specificity, and
diagnostic accuracy for renal fibrosis.
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3. Integrated Predictive Model: A robust predictive model was designed by combining clinical parameters (eg age,
diabetes history, eGFR) with advanced ultrasound-derived parameters. This model effectively identifies independent risk
factors and enhances the prediction of moderate-to-severe renal fibrosis, offering a valuable tool for clinical decision-making.

Introduction

Chronic kidney disease (CKD) represents a major global health burden, with renal fibrosis being the key pathological driver of
progression to end-stage renal disease. Early and precise detection of renal fibrosis is crucial for effective clinical management
and improving patient outcomes.' Renal fibrosis involves pathological changes in the glomeruli, interstitium, and microvascu-
lature. Conventional ultrasound and shear wave elastography (SWE) have been utilized to evaluate renal fibrosis, providing
insights into renal size, parenchymal thickness, diffuse lesions, and tissue stiffness. However, morphological changes in the
kidney typically manifest in the middle to late stages of CKD, limiting the utility of these methods in early disease. SWE can
differentiate between glomerulosclerosis and interstitial fibrosis based on tissue stiffness,” offering some correlation with the
progression of renal fibrosis. Nevertheless, a comprehensive assessment of early-stage fibrosis remains challenging.

The kidney is a highly vascularized organ, and microvascular injury is a common feature across various kidney
diseases, ultimately contributing to CKD progression.® Super-resolution imaging (SRI), an advanced ultrasound technol-
ogy with exceptional temporal and spatial resolution, enables noninvasive evaluation of renal microcirculation. Renal
cortical microvascular hemodynamics, closely linked to renal function,” in this study, we integrated SRI with conven-
tional ultrasound and SWE to assess renal cortical microvascular lesions, addressing a critical gap in previous research by
incorporating vascularization into the evaluation of renal fibrosis.

This study aims to identify independent risk factors for moderate-to-severe renal fibrosis by analyzing ultrasound and
clinical parameters, develop an ultrasound composite parameter to improve fibrosis assessment in CKD, and design an
integrated model combining clinical and ultrasound-derived parameters for enhanced risk stratification. By integrating
microvascular and parenchymal evaluations, this approach offers a more comprehensive and accurate method for
diagnosing and monitoring renal fibrosis in CKD.

Methods
Study Population

A prospective study was conducted on 422 patients who underwent renal biopsy at Renmin Hospital of Wuhan
University from January 1, 2024, to September 31, 2024. Based on pathological results (semi-quantitative score <9
points or not®”), patients were divided into a mild renal fibrosis group (n=107) and a moderate-to-severe renal fibrosis
group (n=95). Inclusion criteria were: 1) diagnosis of CKD according to KDIGO criteria,® 2) availability of clear
pathological results from renal biopsy, 3) no contraindications to ultrasonography, and 4) ability to cooperate during
image acquisition to ensure high-quality, clear, and homogeneous ultrasound images. Exclusion criteria included: 1)
structural renal diseases (eg, large stones, hydronephrosis, renal artery stenosis) and 2) incomplete ultrasound data (eg,
inability to cooperate with breath-holding or allergy to ultrasound contrast agents). After screening, 104 cases with
structural renal lesions and 116 cases with incomplete ultrasound data were excluded, leaving 202 patients for final
analysis. This study was conducted in accordance with the Declaration of Helsinki (as revised in 2013) and was approved
by the Clinical Research Ethics Committee of Renmin Hospital of Wuhan University (No. WDRM?2024-K109) and all
patients provided informed consent. (Figure 1).

Clinical Data Collection
Clinical data, including age, gender, body mass index (BMI), history of diabetes mellitus, hypertension, hyperuricemia,
and hyperlipidemia, were collected for all patients during hospitalization. Laboratory parameters were recorded within

48 hours prior to renal biopsy.
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422 CKD patients who underwent renal biopsy and
multi-parameter ultrasound examination included

104 cases with renal structural
diseases

116 cases unable to cooperate
with breath-holding or allergic to
ultrasound contrast agent

202 CKD patients enrolled for analysis

A4 A4
107 patients with mild renal 95 patients with moderate-to-
fibrosis severe renal fibrosis

Figure | Flowchart of study population recruitment.

Ultrasound Imaging Collection

Conventional Ultrasound

Using the Mindray Resona A20 Pro ultrasound diagnostic instrument with an SC7-1U probe, patients were examined in
the prone position. Two-dimensional and color Doppler ultrasound images of the kidneys were acquired, measuring renal
length, cortical thickness, and the distance between peripheral blood vessels and the renal capsule in CDFI mode. All
examinations were performed by the same physician with over ten years of experience in ultrasound diagnostics and all
relevant data were collected within 24 hours before renal biopsy.

Shear Wave Elastography (SWE)

The clearest two-dimensional image of the kidney was selected, and the sample box was placed in the middle of the
kidneys (perpendicular to the probe direction) for elastography and viscoelasticity measurements, avoiding the renal
collecting system and surrounding tissues. The distance between the sample box and the probe was maintained within
5 cm for all patients. Patients were instructed to hold their breath for 5-10 seconds to obtain satisfactory images. The
collected shear wave elastography and viscoelasticity results had to meet the following conditions: 1) the ultrasound
instrument displayed an M-STB index of at least four stars; 2) the test area showed a uniform green color; 3) the index
allowed values greater than 90%. The rectangular sample box measurement software within the instrument was used,
with a sample box size of 1x1 cm. The circular region of interest (ROI) method was used to select an ROI with
a diameter of 2 mm in the middle cortical region, and the Young’s modulus and the viscosity within the ROI were
recorded. It was measured three times under the same conditions, and the average value was calculated.

Super-Resolution Ultrasound Imaging (SRI)

The clearest long-axis view of the kidney was selected in two-dimensional mode. The probe position was fixed, and the
“microvascular imaging” mode was activated. A contrast agent (SonoVue 0.5 mL) was injected through the patient’s
elbow vein, followed by a 5 mL saline flush. At the peak contrast intensity, the patient was instructed to hold their breath
to ensure probe stability. Dynamic images were collected for 3 seconds, with the machine acquiring 1500 frames at
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a high rate of 500 frames per second. Super-resolution images of renal blood vessels were automatically generated, and
microvascular density in the subcapsular renal cortex was calculated.

Comparison of Diagnostic Strategies
This study evaluated the diagnostic utility of combining shear wave elastography (SWE) values with SRI vascular
density using four strategies:

Isolated Use
SWE or vascular density values alone were used to differentiate between mild and moderate-to-severe renal fibrosis,
assessing the independent diagnostic validity of each parameter.

Series Combination
Only cases diagnosed with moderate-to-severe renal fibrosis by both methods were classified into the moderate-to-severe
group, improving diagnostic specificity.

Parallel Combination
A diagnosis of moderate-to-severe renal fibrosis by either method was included in the moderate-to-severe group,
leveraging the complementary strengths of both techniques to reduce missed diagnoses.

Integrated Scheme

A logistic regression algorithm combined SWE values and vascular density values into a unified diagnostic model. This
approach calculated the probability of moderate-to-severe renal fibrosis based on predefined thresholds, enhancing
accuracy and reliability.

Statistical Analysis

Data were analyzed using IBM SPSS 20.0 and R 3.3.3 software. Normally distributed data were compared using the #-test,
while non-normally distributed data were analyzed using the Mann—Whitney U-test. Categorical data were compared using
the chi-square test. To avoid overfitting, LASSO regression was applied to screen risk factors associated with moderate-to-
severe renal fibrosis, followed by univariate and multivariate logistic regression to identify independent risk factors.

The consistency analysis between diagnostic patterns and pathological results was conducted using a confusion matrix to
summarize the classification agreement, and Cohen’s Kappa statistic to quantify the level of agreement beyond chance.

The Shapiro—Wilk test was used to assess normality of diagnostic variables. The Pearson chi-square test evaluated the
relationship between diagnostic and pathological findings. Receiver operating characteristic (ROC) curves were con-
structed, and area under the curve (AUC) values were calculated to assess diagnostic performance in differentiating mild
from moderate-to-severe fibrosis. The DelLong test compared AUCs between diagnostic modalities. Optimal cutoff
values were determined using the Youden index, and sensitivity and specificity were calculated accordingly. Paired
diagnostic strategies were compared using McNemar’s test, and accuracy was assessed using the Pearson chi-square test.
Statistical significance was defined as a two-sided P < 0.05.

A nomogram combining ultrasound composite parameters and clinical information was developed. The predictive
model was internally validated using calibration curves, and its efficacy was assessed using ROC curves and decision
curve analysis. Differences were considered statistically significant at P < 0.05.

Results

Participant Characteristics

A total of 202 patients were included in this study, Subjects demographic was presented in Table 1, comprising 85
females (42%) and 117 males (57.9%), with ages ranging from 17 to 75 years. Based on pathological semi-quantitative
scores, 107 cases (53%) were diagnosed with mild renal fibrosis, and 95 cases (47%) were classified as moderate-to-
severe renal fibrosis. The pathological diagnoses included membranous nephropathy (89 cases), IgA nephropathy (78
cases), hypertensive renal damage (15 cases), minor glomerular lesions (10 cases), and other conditions (10 cases).
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Table | The Baseline Characteristics of All Patients

Characteristics Mild Moderate-to-Severe | P value
(n=107) (n=95)
Age, years old 46.7 £15.0 53.0+14.4 0.003
Gender, female, n (%) 49 (45.8) 36 (37.9) 0.321
BMI, kg/m? 24.1£3.5 24.4+3.3 0.097
Comorbidity, n (%)
Hypertension 59 (55.1) 72 (75.8) 0.003
Diabetes 19 (17.8) 34 (35.8) 0.006
Hyperlipidemia 40 (37.4) 32 (33.7) 0.689
Hyperuricemia 18 (16.8) 26 (27.4) 0.101
Ultrasound parameters
Kidney length, cm 10.4+0.8 10.2+0.7 0.048
Renal parenchyma thickness, cm 1.45+£0.24 1.39+0.28 0.235
Cortical thickness, cm 0.74+0.1 0.72+0.2 0.208
CDFlI-distance, mm 4.7x1.6 4.7£1.5 0.841
RSWE, kPa 10.6+4.3 13.6x1.5 <0.001
LSWE, kPa 9.6+5.2 9.8+5.4 0.807
PSWE, kPa 15.5£10.5 20.6+12.0 0.001
SRI, % 56.3+12.3 40.86+14.9 <0.001
Laboratory results
White blood cells, x10%/L 6.8 39 6.7+ 3.3 0.785
ALT, U/L 22.54+28.74 | 21.82+12.07 0.820
AST, U/L 24.23+17.37 | 23.17+7.52 0.581
Creatinine, pmol/L 149.6 + 62.3 163.5 + 76.9 <0.001
eGFR, mL/min 86.5 + 26.9 65.2+ 33.7 <0.001
Glucose, mmol/L 52+ 14 62+22 <0.001
BUN, mmol/L 6.54+2.52 9.68 +6.84 <0.001
Proteinuria, n (%) 0.003
- 28 (26.2) 8 (84)
< I+ 29 (27.1) 39 (41.1)
22+ 50 (46.7) 48 (50.5)
Hematuria, n (%) 0.018
- 29 (27.1) 39 (41.1)
< I+ 21 (19.6) 24 (25.3)
=2+ 57 (53.3) 32 (33.7)

Abbreviations: RSWE, renal shear wave elastography; SR, super-resolution imaging; LSWE, liver shear
wave elastography; PSWE, spleen shear wave elastography; BMI, body mass index; eGFR, estimate glomerular
filtration rate; CDFI, color Doppler flow imaging; BUN, blood urea nitrogen; ALT, alanine aminotransferase;
AST, aspartate aminotransferase.

The study flow is illustrated in Figure 1, and representative renal ultrasound images for the different groups are shown
in Figure 2. The moderate-to-severe renal fibrosis group had a higher mean age and a greater prevalence of hypertension
and diabetes mellitus compared to the mild renal fibrosis group. However, there were no statistically significant
differences between the two groups in terms of gender, body mass index (BMI), history of hyperlipidemia, or
hyperuricemia (p > 0.05). Creatinine, estimated glomerular filtration rate (eGFR), and blood glucose levels were
significantly higher in the moderate-to-severe renal fibrosis group, and there was also a statistically significant difference
in hematuria-proteinuria between the two groups (p < 0.05).

Kidney and spleen elasticity values were significantly higher in the moderate-to-severe renal fibrosis group compared
to the mild renal fibrosis group, while vascular density values and kidney length were lower (p < 0.05). No statistically
significant differences were observed in renal parenchyma thickness, renal cortex thickness, CDFI end-vessel distance

from the renal capsule, or hepatic shear wave elasticity values between the two groups (Table 1).
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Mild renal fibrosis|

Figure 2 Multi-parameter ultrasound schematic diagram, mild renal fibrosis group (up-side) and moderate to severe renal fibrosis group (down-side). The number of green
stars represents the quality of the SWE pictures, and four and more stars mean that the quality of SWE picture was qualified.

Assessment of Risk Factors for Moderate to Severe Renal Fibrosis in CKD Patients
The risk factors for severe renal fibrosis in CKD patients were screened by LASSO regression as age, history of diabetes,
Glu, BUN, eGFR, proteinuria, renal elasticity value, splenic elasticity value and vascular density value, and further
applied univariate and multivariate logistic regression to analyse the independent risk factors for severe renal fibrosis in
CKD patients, and the results showed that the age (OR= 1.03, 95% CI 1.01-1.06, P=0.041), history of diabetes
(OR=3.17, 95% CI 1.13-8.89, P=0.029), eGFR (OR=0.98, 95% CI 0.97-0.99, P=0.023), renal elasticity value RSWE
(OR=1.22, 95% CI 1.10 —1.35, P<0.001), and vascular density value SRI (OR=0.92, 95% CI 0.88—0.95, P<0.001) were
independent risk factors for moderate to severe renal fibrosis in patients with CKD (Table 2, Figure 3A and B).

Table 2 Logistic Regression Analysis for the Predictors of Moderate to
Severe Renal Fibrosis Selected by LASSO Regression

Univariate Multivariate

OR (95% CI) P value OR (95% CI) P value
Age 1.03 (1.01-1.05) 0.003 1.03 (1.01-1.06) 0.041
Diabetes

No Ref. - Ref. -

Yes 2.58 (1.35-4.94) 0.004 3.17 (1.13-8.89) 0.029
Glucose 1.37 (1.16—1.63) <0.001 1.09 (0.87-1.36) 0.466
BUN 1.24 (1.12-1.37) <0.001 1.13 (0.96-1.33) 0.135
eGFR 0.98 (0.97-0.99) <0.001 0.98 (0.97-0.99) 0.023
Proteinuria

- Ref. - Ref. -

< I+ 2.04 (0.98—4.22) 0.056 0.72 (0.23-2.32) 0.585

> 2+ 2.40 (1.26-4.57) 0.008 1.46 (0.60-3.55) 0.405
RSWE 1.18 (1.09-1.26) <0.001 1.22 (1.10-1.35) <0.001
PSWE 1.04 (1.02-1.07) 0.002 1.05 (0.98-1.39) 0.091
SRI 0.92 (0.90-0.95) <0.001 0.92 (0.88-0.95) <0.001

Abbreviations: OR, odds ratio; 95% Cl, 95% confidence index; BUN, blood urea nitrogen;
eGFR, estimate glomerular filtration rate; RSWE, renal shear wave elastography; PSWE, spleen
shear wave elastography; SR, super-resolution imaging.
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Figure 3 Screening of variables based on LASSO regression. (A) The variation characteristics of the coefficient of variables; (B) the selection process of the optimum value
of the parameter A in the Lasso regression model by cross-validation method, each colored line represents a variable.

Comparison of Diagnostic Strategies and Analysis of Concordance with Pathological
Findings

All diagnostic methods demonstrated statistically significant performance in differentiating mild from moderate-to-severe renal
fibrosis (Table 3). The kappa values for diagnostic agreement were as follows: renal shear wave elasticity values (Kappa =0.375),
SRI vascular density values (Kappa = 0.474), serial scheme (Kappa = 0.445), parallel scheme (Kappa = 0.386), and integrated
scheme (Kappa = 0.488).

In individual diagnoses, the sensitivity and specificity of differentiating mild and moderate-to-severe renal fibrosis using
SWE values were 82.1% (95% CI: 72.9-89.2) and 57.9% (95% CI: 48.0-67.4), respectively. For vascular density values, the
sensitivity and specificity were 72.6% (95% CI: 62.5-81.3) and 74.8% (95% CI: 65.4-82.7), respectively. The serial scheme
improved specificity to 86.9% (95% CI: 79.0-92.7) but reduced sensitivity to 56.8% (95% CI: 46.3—67.0), with an AUC of
0.72 (95% CI: 0.65-0.78). The parallel scheme achieved a high sensitivity of 97.9% (95% CI: 92.6-99.7) but a lower
specificity 0f42.1% (95% CI: 32.6-52.0), with an AUC of 0.70 (95% CI: 0.61-0.76). The integrated strategy, combining SWE
and SRI vascular density values using a logistic regression algorithm, achieved a sensitivity of 80.4% (95% CI: 71.6-87.4) and
specificity of 75.8% (95% CI: 65.9-84.0). Detailed performance metrics for all diagnostic strategies are provided in Table 4.

Table 3 Consistency Analysis Between Diagnostic Patterns and Pathological Results

Index Subtypes Pathological Result Cohen’s Kappa Value P P value
. (95% CI)
Mild Moderate-to-Severe

RSWE Mild 60 17 0.375 (0.253, 0.497) 31.098 <0.001
Moderate-to-severe 47 78

SRI Mild 80 26 0.474 (0.352, 0.596) 45.332 <0.001
Moderate-to-severe 27 69

Serial scheme Mild 93 41 0.445 (0.325, 0.565) 43.148 <0.001
Moderate-to-severe 14 54

Parallel scheme Mild 45 2 0.386 (0.284, 0.488) 44.986 <0.001
Moderate-to-severe 62 93

Integrated scheme | Mild 74 19 0.488 (0.368, 0.608) 48.950 <0.001
Moderate-to-severe 33 76
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Table 4 Comparison of Diagnostic Performance Between Various Approaches

Index AUC Sensitivity Specificity

95% CI P? value | % (95% CI) P® value | % (95% CI) P value
RSWE 0.71 (0.63-0.76) | 0.001 82.1 (72.9-89.2) | <0.001 57.9 (48.0-67.4) | <0.001
SRI 0.77 (0.72-0.84) | 0.010 72.6 (62.5-81.3) | <0.001 74.8 (65.4-82.7) | <0.001
Serial scheme 0.72 (0.65-0.78) | <0.001 56.8 (46.3-67.0) | <0.001 86.9 (79.0-92.7)* | —
Parallel scheme 0.70 (0.61-0.76) | <0.001 97.9 (92.6-99.7)% | — 42.1 (32.6-52.0) | <0.001
Integrated scheme | 0.83 (0.77-0.88)% | — 80.4 (71.6-87.4) | <0.001 75.8 (65.9-84.0) | <0.001

Notes: P* value refers to comparing with an integrated scheme; P° value refers to comparing with a parallel scheme; P< value refers to
comparing with a serial scheme; &, the value indicates the highest diagnostic performance in this metric.
Abbreviations: AUC, area under the curve; Cl, confidence interval; RSWE, renal shear wave elastography; SRI, super-resolution imaging.

Establishment of Ultrasound Synthesis Parameters
Optimal threshold values were determined using the Youden index: SWE value = 10.7 kPa and SRI vascular density
value = 47.3% (Figure 4A and B). Patients were grouped based on these cutoff values, and subgroup analyses were
performed (Figure SA—C).

Within the integrated strategy, the diagnostic formula derived from the logistic regression algorithm was as follows:
Diagnostic probability = 1.88-0.08 x SRI vascular density value + 0.16 x RSWE value. Using the Youden index, the
optimal diagnostic probability threshold was set at —0.02.

Construction and Evaluation of Predictive Models
We constructed a diagnostic model for predicting the risk of developing moderate-to-severe renal fibrosis in patients with CKD
by combining clinical indicators and ultrasound composite parameters (Figure 6A). The addition of ultrasound composite
parameters significantly improved predictive efficacy compared to models using clinical characteristics alone or individual
ultrasound parameters (NRI = 0.511, 95% CI: 0.340-0.681, p < 0.001; IDI = 0.234, 95% CI: 0.170-0.298, p < 0.001) (Table 5).
The combined clinical-ultrasound model demonstrated excellent predictive performance (AUC = 0.893) and further
improved predictive efficacy (NRI = 0.511, 95% CI: 0.340-0.681, p = 0.005; IDI = 0.12, 95% CI: 0.057-0.183, p <
0.001). The model exhibited strong discriminatory power (Figure 6B), good calibration (Figure 6C), and high clinical
utility, as demonstrated by the decision curve analysis (Figure 6D).

Discussion
Chronic kidney disease (CKD) is characterized by chronic structural and functional renal dysfunction caused by various
etiologies, resulting in a reduced glomerular filtration rate (GFR) persisting for more than three months.” In China, the
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Figure 4 Scatter plots illustrating the trend of diagnostic metric changes for SWE value (A) and SRI (B) in relation to the Youden index variation.
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Figure 5 The waterfall plot of SWE value (A), and SRl value (B) for each patient. (C) The forest plot revealed the results of subgroup analysis for moderate to severe renal
fibrosis based on SWE and SRl in the crude cohort.
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Figure 6 The nomogram for the risk of moderate to severe renal fibrosis in CKD patients(A). The receiver operating characteristic curve (B), the calibration curve (C),
and the decision curve analysis (D) of the nomogram for moderate to severe renal fibrosis.

prevalence of CKD is rising annually, imposing a significant societal burden. Despite advances in traditional pharma-
cological therapies and renal replacement treatments, a substantial proportion of CKD patients progress to end-stage
renal disease (ESRD), with a five-year survival rate for dialysis patients of less than 50%. Renal fibrosis is a hallmark of
CKD, and renal biopsy remains the gold standard for its detection. However, due to the kidney’s strong compensatory
capacity, irreversible damage often occurs by the time symptoms become apparent. Early intervention in CKD can
improve patient prognosis, underscoring the importance of diagnosing renal fibrosis at an early stage.'” The quest for
non-invasive diagnostic methods is driven by the limitations of traditional renal biopsies.

As CKD progresses, there is a notable cellular depletion in the renal tissue, which is supplanted by an extracellular
matrix (ECM) within the glomerular and interstitial compartments. The relentless accumulation of ECM culminates in
the formation of fibrotic lesions, leading to a significant architectural distortion within the kidney. The fibrotic kidneys
exhibit an enhanced mechanical rigidity, attributed to the increased cross-linking of collagen and elastin fibers, which are
hallmarks of the fibrotic process.'' Supersonic Imagine pioneered the development of the original 2D-SWE technology,
and a multitude of research studies and systematic reviews have affirmed its efficacy in evaluating tissue fibrosis.'?
Previous studies have confirmed that SWE can be used as a noninvasive tool to evaluate renal fibrosis.'*'* And it holds
promise for monitoring disease progression during long-term follow-up.'> A meta-analysis including 1394 samples from
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Table 5 NRI and IDI Analyses for Risk Reclassification of Moderate to Severe Renal Fibrosis

Outcome AUC IDI NRI?
Biomarker Biomarker+ Clinical Model® P value® Value (95% CI) P value Value (95% CI) P value
Clinical Model
RSWE 0.710 0.772 0.692 0.005 (—0.068-0.059) 0.881 0.046 (—0.230-0.322) 0.747
SRI 0.765 0.801 <0.001 0.133 (0.061-0.205) <0.001 0.188 (0.015-0.378) 0.041
Integrated scheme 0.824 0.844 <0.001 0.234 (0.170-0.298) <0.001 0.511 (0.340-0.681) <0.001
Nomogram 0.893 0911 <0.001 0.120 (0.057-0.183) <0.001 0.200 (0.059-0.341) 0.005

Notes: * The NRl is calculated through two-way category by the rate of moderate to severe renal fibrosis. ® The clinical model for moderate to severe renal
fibrosis are composed of variables in Table | excluded for the variables in the nomogram. € Ultrasound omics +clinical model versus clinical model. The NRI and
IDI of SRI and SWE were calculated based on the clinical model, while the NRI and IDI of integrated scheme were calculated based on the SRI, and the NRI and
IDI of nomogram were calculated based on the integrated scheme.

Abbreviations: AUC, area under the receiver-operating characteristic curve; IDI, integrated discrimination improvement; NRI, net reclassification index; RSWE,
renal shear wave elastography; SRI, super-resolution imaging vascular density.

24 studies conducted by Cao et. al'®

in 2023 showed that SWE is a good technique for diagnosing mild and severe renal
fibrosis. Some researchers believe that the shear wave velocity of renal cortex in patients with renal fibrosis is
significantly higher than that in normal control group, and it is positively correlated with the pathological grade of
fibrosis,'” consistent with our findings. In this study, SWE values increased progressively with the severity of fibrosis,
achieving a sensitivity of 82.1% in diagnosing renal fibrosis.

In the early stages of intrarenal diseases, microvascular damage is often subtle, with lesions initially confined to
the distal capillary bed. As the disease progresses, reduced microvascular density leads to decreased renal perfusion,
eventually involving larger vessels and resulting in diminished blood flow.'®'" Renal cortical microvascular
hemodynamics, closely linked to renal function,*® plays a critical role in glomerular blood supply. However,
renal microvessels are extremely fine (diameter < 200 pm), with slow blood flow,?® making their assessment
challenging. Super-resolution imaging (SRI), combining ultrasound, ultra-fast frame rate imaging, advanced clutter
filtering, and novel centering techniques, significantly enhances vascular resolution beyond the acoustic diffraction
limit.?! By utilizing contrast microbubbles as point targets for localization and tracking, SRI enables precise
mapping of microvessels and measurement of blood flow velocity.>?> SRI has been applied in preclinical models
and pilot clinical studies across neurology, oncology, nephrology, and cardiology. In renal applications, SRI’s high
spatial resolution and quantitative hemodynamic measurements have visualized renal microvasculature in rats before

and after renal ischemia.”* Huang et al**

demonstrated that SRI effectively assesses renal microcirculation in acute
kidney injury (AKI) patients, offering a non-invasive technique for AKI diagnosis and quantitative evaluation. In our
study, SRI vascular density values decreased with the severity of renal fibrosis and correlated positively with eGFR,
indicating its utility in reflecting disease progression.

By comparing the diagnostic efficacy of SWE and SRI, we found that a series diagnostic strategy enhanced the
detection of early mild renal fibrosis, while a parallel strategy improved the identification of moderate-to-severe fibrosis.
However, these strategies involve a trade-off: increasing sensitivity often reduces specificity, and vice versa. In contrast,
an integrated diagnostic approach demonstrated superior performance, achieving a balanced sensitivity and specificity
that outperformed individual methods.” This study is the first to combine parameters from SWE and SRI to derive
a formula for ultrasound composite parameters, enabling a more accurate assessment of renal fibrosis severity and
facilitating its inclusion in clinical research models.

In summary, this study identified independent predictors of renal fibrosis, compared the diagnostic efficacy of various
ultrasound parameters, and introduced a novel composite parameter. A comprehensive nomogram was developed to
enhance clinical decision-making. However, this study has limitations, including its single-center design and relatively
small sample size. Future multicenter studies with larger cohorts are needed to validate these findings.
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