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Objective: To evaluate the role of ultrasonic viscoelastic imaging in predicting proliferative lupus nephritis (PLN).

Methods: We prospectively used ultrasonic viscoelastic imaging to evaluate 143 patients with lupus nephritis (LN), who underwent
kidney biopsies from May 2023 to June 2024. Sixty healthy volunteers served as the control group. Patients were categorized as 90
cases of PLN, and 53 cases of nonproliferative lupus nephritis (nPLN). Ultrasonic viscoelastic imaging was employed to quantitatively
analyze kidney cortex elasticity (Emean), viscosity coefficient (Vmean) and dispersion coefficient (Dmean). Semi-quantitative
assessment of the lesion tissues was conducted based on the activity index and chronic index scoring system established by the
National Institutes of Health (NIH) in 2018. The relationship among clinicopathological, conventional ultrasound factors and
viscoelastic parameters was evaluated.

Results: Viscoelastic parameters (Emean, Vmean, and Dmean) significantly differed among the healthy control, PLN, and nPLN
groups (all p < 0.05). The viscoelastic parameters (Emean, Vmean, and Dmean) of the PLN and nPLN groups exceeded those of the
control group. Vmean and Dmean were considerably greater in the PLN group than in the nPLN group (p < 0.05). Vmean (OR 89.49,
p = 0.002), serum creatinine (Scr) (OR 110.57, p = 0.024), and anti-dsDNA (OR 1.0, p = 0.015) were significant predictors of PLN.
The combined model’s area under curve (AUC) for predicting PLN was 0.83, better than any single indicator (p < 0.05). The peak
systolic velocity (PSV) of the interlobar artery was determining factor of Emean (p < 0.05). The estimated glomerular filtration rate
(eGFR), activity index, and body mass index (BMI) were determining factors of Dmean, while activity index was the determining
factor of Vmean (p < 0.05). Correlation analysis reveals a positive correlation between Vmean and both the activity index and the
chronicity index ( = 0.57 and » = 0.34, respectively, p < 0.05), as well as between Dmean and both the activity index and the
chronicity index (r = 0.43 and r = 0.20, respectively, p < 0.05).

Conclusion: As a noninvasive examination method, ultrasonic viscoelastic imaging is beneficial for identifying PLN.
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Introduction

Multiple system inflammation is a hallmark of the chronic inflammatory disease known as systemic lupus erythematosus
(SLE)." Lupus nephritis (LN) is a severe organ manifestation of SLE that is associated with major morbidity and death in
SLE patients, with up to 20% of LN patients developing end-stage kidney disease.””

The pathology and pathologic type of LN underpin the choice of treatment and prognosis for patients. According to
the International Society of Nephrology/Society of Renal Pathology (2003 ISN/RPS), the LN pathological types are
divided into six categories, with types III, IV, and III/IV+V associated with capillary cell proliferation and defined as
proliferative lupus nephritis (PLN), and types I, II, and V defined as nonproliferative lupus nephritis (nPLN).*>
Compared with nPLN, PLN has severe clinical manifestations and poor prognoses, requiring high-intensity immuno-
suppressive therapy.®® The pathological mechanism of LN involves the deposition of immune complexes, which trigger

a cascade of inflammatory reactions, ultimately leading to kidney damage and fibrosis.” Compared to nPLN, PLN is
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highly inflammatory, involving the deposition of immune complexes beneath the endothelium, accompanied by crescent
formation and damage to the glomerulus and interstitium.>*'® The most reliable method for identifying the disease type
and activity of LN is a kidney biopsy.* Kidney biopsy is invasive procedure. However, it has specific risks, such as
bleeding, infection, arteriovenous fistulas, and so on, especially in SLE patients. Hemorrhagic complications are
relatively high, and about 7% of kidney biopsies still have serious complications.'’ Therefore, it is vital to develop
new noninvasive methods for the early identification of PLN.

Ultrasound shear wave elastography (SWE) is a convenient, noninvasive technology for quantitatively assessing tissue
elasticity, and it has significant potential for the evaluation of glomerular diseases and kidney function.'*'* The principle
behind SWE is that the tissue being imaged is uniformly elastic, meaning that a simple linear formula can be used to
quantitatively assess tissue elasticity.'* However, the liver and kidneys, which are organs with a rich blood supply, possess
both elastic and viscous properties.'>'® Therefore, relying solely on elasticity values for assessment may lead to unreliable
results. Ultrasound viscoelastic imaging—a relatively new elastography technique—can be used to quantify simultaneously
both the elasticity and viscosity of tissues. It has been used to evaluate diffuse liver diseases, diffuse thyroid diseases,
glomerular diseases, and breast diseases.'” 2° Studies have shown that elasticity is superior to viscosity for evaluating fibrosis,
although viscosity is superior to elasticity for assessing degrees of inflammation and necrosis.*' In our previous study on the
assessment of chronic kidney disease (CKD) using ultrasound viscoelastic imaging, we found that viscoelastic parameters had
good diagnostic efficacy in predicting CKD and could also differentiate between different stages of CKD.>>

In this study, we aimed to assess the effectiveness of ultrasonic viscoelastic imaging for detecting PLN by evaluating
kidney tissue viscoelasticity.

Materials and Methods

Patients
This prospective study conformed to the Declaration of Helsinki and was reviewed and approved by the Medical Ethics
Committee of the First Affiliated Hospital of Guangxi Medical University (Approval Number: 2023-K093-01). Patients with
LN were enrolled from May 2023 to June 2024 and signed informed consent forms. The inclusion criteria were as follows:
1) age > 14 years, 2) LN confirmed by kidney biopsy, and 3) submitted for ultrasound and viscoelastic imaging examination
within 3 days prior to kidney biopsy. Patients with grade VI LN were excluded from this study due to distinct outcomes and
clinical features. The exclusion criteria were as follows: 1) the presence of other diseases that might affect kidney
viscoelasticity, such as kidney injury, kidney cyst, kidney tumor, and so on; 2) kidney artery stenosis or compression of the
left kidney vein; 3) inadequate image quality control; and 4) at least 10 glomeruli in the optical microscope specimen.

In addition, we prospectively recruited 60 healthy people without kidney disease, hypertension, or diabetes, matched
to the patient group’s gender and age, to serve as the control group. Figure 1 shows the flowchart for this study.

Clinical Information

Patient data included demographic characteristics (sex, age, and BMI), liquid biopsy indicators (serum creatinine [Scr],
C3, C4, and anti-dsDNA), and estimated glomerular filtration rate (eGFR) calculated using a CKD-EPI creatinine
equation.” Liquid biopsy indicators were assessed within one week prior to kidney biopsy.

Conventional Ultrasound and Ultrasonic Viscoelastic Imaging
A Mindray ultrasound system (Resona R9, Mindray Bio-Medical Electronics Co, China) was used, equipped with
viscoelasticity imaging software (4.1.0, Rev. 179255), a C5-1 transducer, and a frequency range of 1-5 MHz. An
experienced sonographer with 10 years of experience, blinded to patients’ clinical information, conducted consistent
ultrasound examinations. Since all kidney biopsies in our center were performed on the left kidney, patients underwent
conventional ultrasound and viscoelastic imaging of the left kidney in the lateral recumbent position after voiding.
Multiparameter ultrasound measurements were performed on the maximum longitudinal plane of the kidneys.

After the images were stabilized, the viscoelastic imaging function was activated. During the operation, the probe was
positioned vertically and firmly pressed against the skin without applying undue pressure. The sampling frame was
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Figure | Flowchart of the research design.

positioned over the parenchymal area in the middle of the kidney, and viscoelasticity was measured while the patients
held their breath. Subsequently, a quantitative sampling box (Qbox) with dimensions of 1 cm was used to collect data

from the kidney cortex below the renal capsule (see Supplementary Figure 1). The average of at least five consecutive

measurements was taken as the final result. The Qbox viscoelastic imaging system automatically calculated Young’s
modulus, viscosity coefficient, and dispersion coefficient. Emean denoted the average elasticity (kPa) of the tissue in the
Qbox, Vmean referred to the average viscosity coefficient (Pa's), and Dmean represented the average dispersion
coefficient (m/s/kHz) (see Supplementary Figure 2).

Viscoelastic imaging facilitates simultaneous SWE imaging, reliability mapping, viscosity imaging, and dispersion
imaging. SWE is used to quantitatively assess the stiffness of tissues based on the equation E= 3pV?, where E stands for
the hardness of the tissue, p represents the density, and V is the estimated shear wave velocity.** Shear wave dispersion
imaging simplifies frequency-related changes in shear wave velocity into simple linear relationships, thereby allowing the
indirect calculation of tissue viscosity.'® Viscosity imaging, on the other hand, employs the Voigt model and thus more
complex equations to interpret frequency-dependent changes in velocity, which facilitates a more accurate assessment of
tissue viscosity.”’ Detailed information about viscosity imaging is contained in the Supplementary content.
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We employed the following quality control standards for this study: each image should have 1) uniform color
saturation and a moving stability index rating of three stars or higher, 2) a reliability index of 90% or above, and 3) an
interquartile range (IQR)-to-median ratio not exceeding 30%.

To assess interobserver consistency, we randomly selected 20 participants from the study population, and two senior
physicians who had received training in viscoelastic technology conducted the measurements. To ensure intraobserver
consistency, Physician A repeated the measurements for these 20 participants one week later. Physician A conducted the
measurements for all remaining patients. Finally, the viscoelasticity measurement data were calculated based on
Physician A’s measurements.

Kidney Biopsy and Histopathology

A kidney biopsy was conducted within three days of elastography, with ultrasound guidance and an 18G needle targeting
the lower pole parenchyma of the left kidney. Two cores of kidney tissue were extracted, fixed in 10% formalin, and
subsequently sent for histopathological analysis. Paraffin slices were analyzed using hematoxylin and eosin, periodic acid
Schiff, and Masson’s trichrome staining.

According to the 2003 ISN/RPS pathological classification standard, we divided LN patients into PLN and nPLN
groups’ and scored the pathological tissues using the National Institutes of Health activity index and chronicity index
scores.” The LN activity index comprises six indicators: capillary endotheliosis, cellulosic necrosis and/or nuclear
breakage, cellular crescent, hyaline thrombus or platinum ear change, leukocyte infiltration, and tubulointerstitial
inflammation.” We assessed the parameters individually and categorized glomerular involvement as 0%, 1-24%,
25-50%, or > 50%, with a semiquantitative score of 03 points and a total possible score of 24.° The chronicity index
facilitates semi-quantitative scoring based on glomerular sclerosis, fibrous crescents in glomeruli, cortical interstitial
fibrosis, and cortical tubular atrophy, each of which was assigned 0-3 points, leading to a total possible score of 12
points.’

Statistical Analysis

We performed statistical analysis using SPSS® (version 26.0) and MedCalc software (version 20.0; MedCalc), presenting
normally distributed data as mean =+ standard deviation (SD). We used an independent samples t-test for group
comparisons and employed a one-way analysis of variance (ANOVA) and a least significant difference (LSD) multiple
comparison test to compare multiple groups. Nonnormally distributed data were presented as medians and IQRs, and we
used the Mann—Whitney U-test and Kruskal-Wallis test to compare the groups. We identified independent factors
influencing viscoelastic parameters and predicting PLN using both univariate and multivariate analysis. We evaluated
diagnostic performance according to the receiver operating characteristic (ROC) curve, and we used the DeLong test to
compare the diagnostic performance of different parameters. A p value of 0.05 was considered statistically significant.

Results

Cohort Characteristics

For this study, we continuously enrolled 176 LN patients who underwent kidney biopsies at our center. We excluded patients
with renal biopsy contraindications (n = 4), hydronephrosis (n = 1), LN coexisting with other kidney diseases (n = 4), unclear
pathological diagnoses (n =4), and any patients with less than 10 punctured glomeruli (n = 20). Finally, 143 LN patients (mean
age 33.3+13.4 years; 127 females, 16 males) and 60 volunteers (mean age 35.6 + 11.6 years; 51 females, 9 males) were
included in the study. Table 1 summarizes the participants” demographic characteristics. Of the 143 patients, 90 (62.9%) were
diagnosed with PLN, and 53 (37.1%) were diagnosed with nPLN. Supplementary Table 1 presents the patients’ pathological

information.

Clinical Parameters
The clinical parameters of the PLN and nPLN groups are shown in Supplementary Table 2. There were significant
differences in Scr, anti-dsDNA, and eGFR between the groups (all p < 0.05).
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Table | Baseline Data and Multi-Parameter Ultrasound of the Study Subjects

Characteristic Control Group nPLN Group PLN Group p
(n = 60) (n=53) (n =90)

Years 33.5 (26.043.5) | 32.0 (24.0-42.0) 30 (22.0-39.3) 0.196

Sex 0.458

Female 51 (85.0%) 49 (92.5%) 80 (88.9%)

Male 9 (15.0%) 4 (7.5%) 10 (11.0%)

BMI (kg/m?) 21.8 (20.0-23.1) | 20.4 (19.0-22.9) | 22.2 (20.0-24.5) 0.057

Kidney length (cm) 10.36 £ 0.73 10.30 + 0.87 10.47 + 0.95 0.496

PSV of interlobar artery (cm/s) 28.96 + 4.66 27.78 + 532 26.76 + 5.43° 0.029

RI of interlobar artery 0.51 £ 0.04 0.50 + 0.05 0.50 + 0.05 0.256

Emean (kPa) 5.77 £ 0.95 6.94 £ 1.77° 7.18 £ 2.26° < 0.001

Vmean (Pa s) 1.71 £ 0.14 2.02 £ 0.21° 227 £ 0.31% < 0.001

Dmean (m/s/kHz) 6.74 + 0.65 7.67 £ 0.94° 822 £ 0.97*° < 0.001

Notes: *Least significant difference test, compared to control group, p < 0.05. ®Least significant difference test, compared
to nPLN group, p < 0.05.

Conventional Ultrasound and Viscoelastic Imaging

Table 1 shows the conventional ultrasound and viscoelastic parameters of the control, nPLN, and PLN groups. The peak
systolic velocities (PSV) of the interlobar kidney arteries differed significantly across the three groups (p = 0.029).
Pairwise comparison revealed that the PSV in the PLN group was lower than that in the control group (p < 0.05). The
viscoelastic parameters in the PLN and nPLN groups were significantly greater than those in the control group (p < 0.05).
The Vmean and Dmean values in the PLN group were significantly greater than those in the nPLN group (p < 0.05),
whereas the Emean values did not differ significantly between the groups (p > 0.05). Figures 2 and 3 illustrate
representative cases.

Diagnostic Performance of Factors for Identifying PLN

Table 2 outlines the factors linked to PLN. Vmean, Dmean, Scr, Anti-dsDNA, and eGFR were significantly associated
with PLN in the univariable analysis (all p < 0.05). The multivariate analysis determined that Vmean, Scr, and anti-
dsDNA were determining factors for predicting PLN (all p < 0.05). We then combined these factors to construct
a combined model.

Table 3 summarizes the diagnostic performance of independent influencing factors in distinguishing between PLN
and nPLN. The AUC for Vmean for diagnosing PLN was 0.77, the sensitivity was 56.7%, and the specificity was 86.8%,
with a cut-off value of 2.16 Pa-s. Using a combined Vmean, Scr, and anti-dsDNA model, the AUC increased to 0.83
(Figure 4). Applying a probability threshold of 0.66 as the cut-off value improved the sensitivity to 66.89% compared to
Vmean alone.

Factors Associated With Viscoelastic Parameters

Table 4 summarizes the factors associated with Vmean. Through univariate and multivariate analysis, we found that
only the activity index was a determining factor for the Vmean value (p < 0.05). Spearman correlation analysis
showed that there was a significant moderate positive correlation between the activity index and Vmean (r = 0.57, p <
0.001).

Table 5 summarizes the factors associated with Dmean. Through univariate and multivariate analysis, we found that
eGFR, BMI, and the activity index were the determining factors for the Dmean value (all p < 0.05). Spearman correlation
analysis showed that BMI (» = 0.25, p = 0.003) and the activity index (» = 0.43, p <0 0.001) had positive correlations
with Dmean, while eGFR (» = —0.44, p < 0.001) had a negative correlation with Dmean.

Table 6 summarizes the factors associated with Emean. Through univariate and multivariate analysis, we found that
the PSV of the interlobar artery was the determining factor for the Emean value (p < 0.05). Spearman correlation analysis
revealed a positive correlation between the two variables (r = 0.17, p = 0.046).
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Figure 2 The pathological results were classified as nonproliferative lupus nephritis of type | according to ISN/RPS. (A) Conventional ultrasound showed that the echo of
the renal parenchyma was uniform. The mean stiffness measured by viscoelasticity was 7.05 kPa. (B) The mean viscosity coefficient measured by viscoelasticity was 1.95 Pa s.
(C). The mean dispersion coefficient measured by viscoelasticity was 6.70 m/s/kHz. (D) HE staining, PASM staining, and MASSON staining of renal pathology.

Intergroup and Intragroup Consistency Analyses

The intraobserver consistency values for Emean, Vmean, and Dmean were 0.97 (95% CI: 0.94-0.99), 0.89 (95% CI:
0.76-0.96), and 0.95 (95% CI: 0.88-0.98), respectively. The interobserver consistency values for Emean, Vmean, and
Dmean were 0.93 (95% CI: 0.82-0.97), 0.84 (95% CI: 0.65-0.93), and 0.87 (95% CI: 0.70-0.95), respectively.

Correlation Analysis
The correlation between viscoelastic parameters (Emean, Vmean, and Dmean) and pathological parameters were
presented in Supplementary Table 3.
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Figure 3 The pathological results were classified as proliferative lupus nephritis of type IV according to ISN/RPS.(A). Conventional ultrasound showed that the echo of the
renal parenchyma was enhanced. The mean stiffness measured by shear wave elasticity was 7.1 1 kPa. (B). The mean viscosity coefficient measured by viscoelasticity was 2.57
Pas. (C) The mean dispersion coefficient measured by viscoelasticity was 9.18 m/s/kHz. (D) HE staining, PASM staining, and MASSON staining of renal pathology.

Discussion
The results of this study indicated that as a new SWE technology, ultrasonic viscoelastic imaging can effectively and
noninvasively evaluate PLN. Vmean was the independent parameter for predicting PLN. When the cutoff value was set
at 2.16 Pa's, we obtained an AUC of 0.77, a sensitivity of 56.7%, and a specificity of 86.8% for predicting PLN.
Combining the viscoelastic parameter Vmean with clinical parameters Scr and anti-dsDNA yielded an AUC of 0.83. This
study is the first to demonstrate the clinical value of ultrasound viscoelastic imaging for LN evaluation.

This study showed that the viscoelastic parameters (Vmean, Dmean, and Emean) of PLN were significantly greater
compared to the control group (all p < 0.05). This may have been due to changes in the microstructure of the kidneys in
LN patients.> Immune complex deposition induces glomerulonephritis and interstitial inflammation, characterized by
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Table 2 Univariable and Multivariable Analysis of Clinical and Imaging Parameters for Detecting

PLN
Characteristic Univariable Analysis Multivariable Analysis*
Odds Ratio (95% CI) P Odds Ratio (95% CI) p
Years 0.99 (0.97-1.02) 0.554
Sex
Female 0.65 (0.17-2.07) 0.491
Male 1.53 (0.48-5.82) 0.491
BMI (kg/m?) 11 (1.0-1.24) 0.062
Kidney length (cm) 1.23 (0.85-1.80) 0.285
PSV of interlobar artery (cm/s) 0.97 (0.91-1.03) 0.276
RI of interlobar artery 6.23 (0.01-5129.93) 0.589
Emean (kPa) 1.06 (0.90-1.27) 0.497
Vmean (Pa s) 83.71 (13.55-724.65) < 0.001 89.49 (6.50-1878.31) | 0.002
Dmean (m/s/kHz) 1.81 (1.26-2.69) 0.002 0.76 (0.41-1.36) 0.367
C3 (g/L) 0.37 (0.10-1.33) 0.13
C4(g/L) 0.14 (0-5.08) 0.28
Scr (mg/dL) 15.93 (4.3-79.2) < 0.001 110.57 (3.14-9329.76) | 0.024
Anti-dsDNA (IU/mL) 1.0 (1.0-1.01) 0.04 1.0 (1.0-1.01) 0.015
eGFR(mL/min/1.73m?) 1.0 (0.99-1) < 0.001 1.03 (0.99-1.07) 0.175

Notes: *Multivariable logistic regression was performed on the parameters that were statistically significant (p < 0.05) in the
univariate analysis.

Table 3 Analysis of Performance in Identifying PLN

AUC | 95% Cl | Sensitivity (%) | Specificity (%) Cutoff
Vmean 0.77*® | 0.69-0.83 56.67 86.79 >2.16 (Pas)
Scr 0.75%® | 0.67-0.82 77.78 62.26 > 0.68 (mg/dL)
Anti-dsDNA | 0.62* | 0.53-0.70 82.22 39.62 > 33.8 (IU/mL)
Combine 0.83 | 0.76-0.89 66.89 88.68 > 0.66

Notes: *Delong test (1988), compared to Combine, p < 0.05. ®Delong test (1988), compared to AntidsDNA,
p < 0.05.

mesangial, endothelial, and parietal epithelial cell proliferation, crescent formation, interstitial inflammatory cell infiltra-
tion, tubular atrophy, and interstitial fibrosis.>” These abnormalities result in an increase in the elasticity and viscosity of
the kidney parenchyma. A recent study on children with glomerular diseases also found that these children had higher
kidney parenchymal elasticity and a steeper dispersion slope compared to healthy controls,”® and our research results
were consistent with this finding.

This study revealed that Vmean and Dmean values, indicative of tissue viscosity, varied between the PLN and nPLN
groups, potentially due to increased inflammation in PLN. The glomeruli in nPLN are generally normal, with immune
complex deposits located in the mesangial area or subepithelium, causing mesangial cell proliferation and expansion of
the mesangial area.>” In contrast, PLN is characterized by immune complex deposits in the subendothelium, leading to
the proliferation of capillary endothelial cells and mesangial cells, often accompanied by inflammatory cell infiltration
and necrotic crescentic lesions.*>° Consequently, PLN involves a greater number of inflammatory lesions.”® The
inflammatory process can alter the physical properties of tissues.?'*’*® The infiltration of inflammatory cells, narrowing
of intercellular spaces, and stagnation of blood flow increase the internal pressure of organ tissues, leading to an increase
in tissue viscosity.'®*’ Previous research indicated that necrotic inflammatory activity markedly elevated dispersion slope
values in the liver.>’*® A recent study on kidney transplantation also discovered that patients with acute kidney injury
after transplantation exhibited higher dispersion coefficients and that the overall inflammatory grade was correlated with
the dispersion values of the responding tissues.'®
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Figure 4 ROC curve for predicting PLN.The AUCs of Vmean, SCr, and anti-dsDNA for predicting PLN were 0.77 (95% ClI: 0.69-0.83), 0.75 (95% Cl: 0.67-0.82), and 0.62
(95% CI: 0.53-0.70), respectively. The AUC of the combined model was 0.83 (95% Cl: 0.76—0.89). The Delong test revealed that the AUC of the combined model was
higher than that of using a single indicator alone. Although there was no significant difference in the AUC between Vmean and Scr; both were higher than the AUC of anti-
dsDNA.

Our findings indicate that Vmean, Scr, and Anti-dsDNA are all independent predictors of PLN. Scr is a clinical
marker commonly used to assess renal function, while Anti-dsDNA is frequently employed in clinical practice to predict
PLN.?' However, the diagnostic specificity of these two markers decreases in patients with acute kidney injury (AKI) or
concurrent autoimmune diseases such as autoimmune vasculitis or mixed connective tissue disease (MCTD).*? The
activity index, based on a semi-quantitative scoring system that takes into account parameters such as interstitial
inflammation and leukocyte infiltration, provides a pathological indication of the degree of LN activity and renal

Table 4 The Univariate and Multivariate Analysis of Factors Influencing Vmean

Characteristic Univariable Analysis Multivariable Analysis*

Odds Ratio (95% CI) p Odds Ratio (95% CI) p

Years 1.0 (1.0-1.0) 0.724

Sex

Female 0.94 (0.80-1.11) 0.473

Male 1.06 (0.90-1.26) 0.473

BMI 1.01 (1.0-1.02) 0.197

Kidney length (cm) 1.01 (0.96-1.07) 0.728

PSV of interlobar artery (cm/s) 0.99 (0.98-1.0) 0.03 1.0 (0.99-1.0) 0.548
RI of interlobar artery 3.23 (1.24-8.41) 0.018 1.91 (0.93-3.89) 0.079
C3 (g/L) 0.97 (0.80-1.17) 0.735

C4 (g/L) 1.0 (0.59-1.70) 0.998

Scr (mg/dL) 1.13 (1.1-1.16) < 0.001 1.04 (1.0-1.08) 0.077
Anti-dsDNA (IU/mL) 1.0 (1.0-1.0) 0.446

eGFR(mL/min/1.73m?) 1.0 (0.99-1) < 0.001 1.0 (1.0-1.0) 0.087
Al 1.07 (1.06-1.08) < 0.001 1.05 (1.03-1.06) < 0.001
Cl 1.07 (1.04-1.1) < 0.001 1.01 (0.99-1.04) 0.247

Notes: *Multivariable logistic regression was performed on the parameters that were statistically significant (p < 0.05) in the
univariate analysis.
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Table 5 The Univariate and Multivariate Analysis of Factors Influencing Dmean

Characteristic Univariable Analysis Multivariable Analysis*
Odds Ratio (95% CI) p Odds Ratio (95% CI) P

Years 1.0 (0.99-1.02) 0.311

Sex

Female 0.62 (0.36-1.07) 0.088

Male 1.61 (0.93-2.77) 0.088

BMI 1.07 (1.02-1.12) 0.007 1.05 (1.01-1.09) 0.02

Kidney length (cm) 1.08 (0.90-1.28) 0.425

PSV of interlobar artery (cm/s) 0.97 (0.94-1.0) 0.045 0.99 (0.97-1.02) 0.619

Rl of interlobar artery 2.07 (0.09-50.13) 0.657

C3 (g/lb) 0.76 (0.41-1.41) 0.378

C4 (g/L) 0.60 (0.11-3.42) 0.57

Scr (mg/dL) 1.31 (1.18-1.46) < 0.001 0.96 (0.83—1.11) 0.586

Anti-dsDNA (IU/mL) 1.0 (1.0-1.0) 0.957

eGFR(mL/min/|.73m?) 0.99 (0.98-0.99) < 0.001 0.99 (0.99-1.0) 0.002

Al 1.18 (1.12-1.24) < 0.001 1.13 (1.06-1.20) < 0.001

Cl 1.13 (1.03-1.24) 0.009 0.96 (0.87-1.05) 0.348

Notes: *Multivariable logistic regression was performed on the parameters that were statistically significant (p < 0.05) in the

univariate analysis.

Table 6 The Univariate and Multivariate Analysis of Factors Influencing Emean

Characteristic Univariable Analysis Multivariable Analysis*
Odds Ratio (95% CI) P Odds Ratio (95% CI) p

Years 0.99 (0.97-1.02) 0.6l

Sex

Female 1.0 (0.32-3.19) 0.996

Male 1.0 (0.31-3.17) 0.996

BMI 0.90 (0.81-0.99) 0.031 0.91 (0.82-1.0) 0.056

Kidney length (cm) I.11 (0.76-1.61) 0.593

PSV of interlobar artery (cm/s) 1.08 (1.02—1.15) 0.015 1.07 (1.01-1.14) 0.027

Rl of interlobar artery 9.46 (0.01-7875.66) 0514

C3 (g/L) 0.63 (0.17-2.33) 0.488

C4 (g/L) 0.71 (0.02-27.78) 0.856

Scr (mg/dL) 0.89 (0.70-1.14) 0.364

Anti-dsDNA (IU/mL) 1.0 (1.0-1.0) 0.509

eGFR(mL/min/1.73m?) 1.0 (0.99-1.01) 0.703

Al 1.02 (0.90-1.01) 0.805

Cl 1.10 (0.90-1.33) 0.353

Notes: *Multivariable logistic regression was performed on the parameters that were statistically significant (p < 0.05) in
the univariate analysis.

inflammation, while the chronicity index correlates with renal fibrosis.” Our results demonstrated a positive correlation
between Vmean and activity index as well as chronicity index (» = 0.57 and » = 0.34, respectively, p < 0.05), indicating
that ultrasonic viscoelastic parameters can reflect the degree of tissue inflammatory infiltration and fibrosis severity.
Relevant studies have also demonstrated that ultrasound shear wave viscosity parameters can non-invasively identify
lobular inflammation and fibrosis in patients with non-alcoholic fatty liver disease (NAFLD).>* A study on liver
transplants further revealed that the shear wave dispersion slope correlates with the degree of necroinflammation and
fibrosis.'” Therefore, combining the ultrasound viscosity parameter Vmean with laboratory markers such as Scr and Anti-
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dsDNA can significantly enhance the diagnostic efficacy for PLN, outperforming individual indicators in predictive
performance (AUC = 0.83) while markedly improving diagnostic specificity.

Multivariate analysis showed that factors affecting Vmean and Dmean were correlated with the activity index (p <
0.05), and correlation analysis revealed that the activity index was significantly positively correlated with both Vmean
(r=0.57, p < 0.001) and Dmean (» = 0.43, p <0 0.001). Our findings align with prior research indicating that tissue
viscosity, rather than tissue elasticity, is associated with inflammatory activity.'”-*'=7

In addition to the activity index, we also found that eGFR and BMI were factors that influenced the Dmean values. In a study
using viscous plane wave ultrasound (Vi PLUS) to assess renal viscosity in healthy individuals, viscosity had a negative
correlation with BMI and a positive correlation with eGFR.*>* This contradicts our research findings showing a positive
correlation between Dmean and BMI (r = 0.25, p = 0.003), and a negative correlation between Dmean and eGFR (r = —0.44,
p <0.001). However, that research was conducted on healthy individuals with normal renal function, and it did not involve people
with abnormal renal function. Our research subjects were LN patients, and the activity index was a factor affecting Dmean, which
may have affected the influence of BMI and eGFR on Dmean. Additionally, the ultrasonic equipment we used differed, which
may have led to discrepancies in the calculation of the tissue viscosity coefficients. In our study, the dispersion coefficient
(Dmean) was calculated based on SWD imaging. SWD employs a simple linear fitting relationship to indirectly reflect the
viscosity of tissues.'®* This could indeed be one of the reasons for the discrepancies in our research results.

The PSV of the interlobar artery significantly affected the Emean value in our study (OR = 1.07, p = 0.027). Kidney
hemodynamics are potential factors affecting kidney elasticity.®> As a highly vascularized organ, the kidney receives
approximately 25% of the cardiac output.'® Studies have shown that reduced blood flow slows the propagation velocity
of shear waves, leading to a decrease in elasticity measurements.*®*’ Liu et al found that shear wave propagation velocity
and elasticity measurements increased with increases in organ blood perfusion pressure.’® Our research results also
confirmed that blood flow affects kidney elasticity measurements.

Ultrasound viscoelastic imaging, as a new technique within the category of shear wave elastography, depends heavily
on the technical skills of the operating physician for the accuracy and reliability of its results. In this study, we established
strict quality control standards and operational procedures. The intraobserver and interobserver consistency showed that
the consistency coefficients were no less than 0.8, indicating that viscoelastic imaging has excellent reproducibility.

The current research has some shortcomings. First, this was a prospective, single-center study, and the exclusion of
patients with type VI LN in this study may have resulted in selection bias. Future researchers should use larger sample
sizes and conduct multi-center validation studies to better understand the potential of this noninvasive technology for
diagnosing and treating LN. Second, no comparative study has considered each pathological type of LN. Consequently,
the applicability of viscoelastic imaging to different pathological types remains unknown.

In conclusion, ultrasonic viscoelastic imaging, as a noninvasive examination method, can predict PLN by quantita-
tively measuring the viscosity of tissues.

Data Sharing Statement

All de-identified participant data from this study can be provided upon request by contacting the corresponding author.
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