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Background: Assessing renal fibrosis non-invasively in patients with chronic kidney disease (CKD) 
remains a considerable clinical challenge. This study aimed to investigate the diagnostic efficacy of different 
approaches that combine shear wave elastography (SWE) and estimated glomerular filtration rate (eGFR) in 
distinguishing between mild fibrosis and moderate-to-severe fibrosis in CKD patients.
Methods: In this prospective study, 162 patients underwent renal SWE examinations and renal biopsies. 
Using SWE, the right renal cortex stiffness was measured, and the corresponding SWE value was recorded. 
Four diagnostic patterns were used to combine eGFR and SWE value: in isolation, in series, in parallel, and 
in integration. The receiver operating characteristic (ROC) curve was established, and the area under the 
ROC curve (AUC) was calculated to quantify diagnostic performance. Sensitivity, specificity, and accuracy 
were computed.
Results: The eGFR demonstrated sensitivity of 68.2% and specificity of 83.8%, whereas the SWE 
value displayed sensitivity of 84.1% and specificity of 62.2%, yielding a similar AUC (78.2% and 77.8%, 
respectively). Combining in series improved specificity to 97.3%, superior to other diagnostic patterns (all 
P values <0.01), but compromised sensitivity to 58.0%. When combined in parallel, the sensitivity increased 
to 94.3%, exceeding any other strategies (all P values <0.05), but the specificity dropped to 48.7%. The 
integrated strategy, incorporating eGFR with SWE value via the logistic regression algorithm, exhibited 
an AUC of 85.8%, outperforming all existing approaches (all P values <0.01), with balanced sensitivity, 
specificity, and accuracy of 86.4%, 74.3%, and 80.9%, respectively. 
Conclusions: Using an integrated strategy to combine eGFR and SWE value could improve diagnostic 
performance in distinguishing between mild renal fibrosis and moderate-to-severe renal fibrosis in patients 
with CKD, thereby helping clinicians perform a more accurate clinical diagnosis.
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Introduction

Globally, chronic kidney disease (CKD) is a growing 
health concern, with prevalence estimates indicating 
that approximately 9.1% of the population is affected 
(1,2). Progressive damage to the kidneys develops as a 
result of CKD, leading to a decline in kidney function 
and a host of potentially fatal complications, which 
ultimately require life-sustaining interventions such as 
kidney dialysis or transplantation (3,4). Renal fibrosis, 
which is marked by interstitial tissue damage, persistent 
inflammation, and excessive accumulation of extracellular 
matrix (ECM) components, is a pathological hallmark of 
CKD deteriorating to end-stage renal disease (ESRD)  
(5-7). Given these implications, it is imperative to undertake 
precise diagnostics and staging of renal fibrosis aiming at 
implementing efficacious intervention strategies to impede 
its progression.

Renal biopsy is considered the gold standard for evaluating 
renal fibrosis (8). However, this procedure is inherently 
intrusive and carries the potential for adverse complications, 
such as bleeding, infection, and arteriovenous fistulas (9,10). 
Additionally, the invasive nature of renal biopsies precludes 
repeated sampling in certain cases. Therefore, it is critical to 
develop alternative methods of assessing renal fibrosis that 
are less invasive and more cost-effective.

Shear wave elastography (SWE) is a state-of-the-art, 
non-invasive imaging modality that has been increasingly 
utilized in the clinical setting for a thorough examination 
of tissue stiffness (11,12). This innovative technique is 
predicated upon the fundamental principle of inducing 
shear waves within the tissue via the application of acoustic 
radiation force pulses (13). By measuring the propagation 
speed of shear waves or converting them into Young’s 
modulus, tissue mechanical properties can be quantified. 
Several studies have revealed that SWE can provide 
valuable information regarding the differentiation of breast  
lesions (14), the diagnosis of thyroid nodules (15), and the 
detection of liver fibrosis (16). Previously, our research 
team also demonstrated the feasibility of applying SWE 
to assess renal fibrosis in CKD patients (17). Its diagnostic 
performance, however, does not meet desired clinical 
expectations, yielding an area under the curve (AUC) of 

76.4% [95% confidence interval (CI): 68.1–84.8%]. In 
recent years, more and more researchers have set their 
sights on improving diagnosis strategies that combine 
ultrasound features with biomarker assays in a parallel 
or serial manner and have exhibited substantial promise 
in achieving satisfactory outcomes (18,19). These 
advancements in the field of medical diagnostics represent a 
significant development in the ongoing pursuit of effective 
and innovative healthcare solutions. However, whether 
SWE values combined with biomarker assays could enhance 
renal fibrosis diagnostic efficacy is still unclear.

Thus, in this study, we intend to evaluate the overall 
utility of these diagnostic patterns by combining SWE 
value with estimated glomerular filtration rate (eGFR), 
the primary indicator of renal function, via a variety of 
strategies, including (I) utilization of SWE value and eGFR 
in isolation; (II) combination in series; (III) combination in 
parallel; and (IV) combination in integration. To the best of 
our knowledge, this is the first study to investigate different 
diagnostic strategies using SWE value and a biomarker 
indicator for the assessment of renal fibrosis in patients 
with CKD. We present this article in accordance with 
the STARD reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-23-962/rc).

Methods 

Study population

The present study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). This study 
protocol was approved by the Ethics Committee of the Fifth 
Affiliated Hospital of Sun Yat-sen University (protocol code 
K09-1; approval date: May 2019). Informed written consent 
was obtained from all the subjects or their legal guardians. 
The study was prospectively conducted from April 2019 
to December 2021, enrolling patients who attended the 
Department of Ultrasound at the Fifth Affiliated Hospital 
of Sun Yat-sen University. Patients presenting with CKD 
underwent a comprehensive assessment, including a renal 
biopsy, kidney function tests, and SWE examination. 
Pathological biopsies were performed by experienced 
clinicians following clinical diagnostic criteria. Likewise, 
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kidney function assessments were conducted according to the 
patient’s clinical care plan. SWE examination, a non-invasive 
and radiation-free procedure, presents no risk to patients. 
Prior to undertaking the SWE examination, a detailed 
explanation of the procedure was given to the patients or 
their legal guardians. The precise inclusion criteria were 
defined as follows: (I) the presence of CKD diagnosis, 
ascertained through the manifestation of renal impairment 
(evidenced by aberrations in blood or urine composition, 
renal biopsy findings, or radiological irregularities) or an 
enduring eGFR below 60 mL/min/1.73 m2, consistently 
observed for over 3 months, in alignment with the 2012 
Kidney Disease Improving Global Outcomes (KDIGO) 
guideline (20); (II) a prior eGFR assessment conducted 
before the renal biopsy; (III) a precedent SWE evaluation 
preceding the renal biopsy; (IV) a predetermined intention 
for renal fibrosis staging evaluation during the renal biopsy. 
The exclusion criteria for patients encompassed: (I) the 
presence of multiple renal cysts, calculi, hydronephrosis, 
or masses that could potentially interfere with the analysis 
conducted through SWE imaging; (II) the inability to 
adhere to prescribed respiratory control during the SWE 

procedure; (III) biopsy specimens deemed inadequate due 
to insufficient length (less than 10 mm) or fewer than 10 
glomeruli; and (IV) unsuccessful SWE measurements. The 
workflow for patient selection is provided in Figure 1.

eGFR test

The eGFR was assessed within the week preceding the renal 
biopsy. In this study, the eGFR was calculated using the 
Chronic Kidney Disease Epidemiology Collaboration (CKD-
EPI) formula (21). As per the 2012 KDIGO guidelines, 
eGFR accuracy was notably enhanced through employment 
of the CKD-EPI equation compared to the Modification of 
Diet in Renal Disease (MDRD) formula, especially for values 
exceeding 60 mL/min/1.73 m2 (20). Moreover, the CKD-EPI 
equation finds preference in both general medical practice 
and public health contexts (22). In contrast, the Cockcroft-
Gault equation tends to overestimate renal function, 
leading to decreased eGFR accuracy (23). Throughout the 
week preceding the eGFR assessment, the patients’ initial 
treatment regimens remained relatively unchanged, or 
with only minor adjustments made when necessary. This 

183 CKD patients who underwent renal 

biopsy and SWE examination included

167 CKD patients enrolled

162 CKD patients enrolled for analysis

74 patients with 

mild renal fibrosis

88 patients with moderate-

to-severe renal fibrosis

5 patients were excluded due to the 

inadequacy of the renal biopsy sample

16 patients affecting the SWE examination 

were excluded:

(a) Multiple renal cysts (n=7): with 2 unable to 

complete successful SWE examinations

(b) Hydronephrosis (n=4): with 1 having 

trouble with respiratory control

(c) Masses (n=3)

(d) Calculi (n=2)

Figure 1 Flowchart of study population recruitment. CKD, chronic kidney disease; SWE, shear wave elastography.
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precaution aimed to mitigate significant eGFR fluctuations 
linked to medication interventions.

SWE examination

A board-certified radiologist, possessing 6 years of 
specialized experience in abdominal ultrasound, conducted 
all SWE examinations two days prior to renal biopsy using 
the Aixplorer US imaging system (SuperSonic Imagine, Aix-
en-Provence, France) equipped with the convex array probe 
(SC6-1, 1–6 MHz). Patients were required to void their 
bladders prior to the examination and maintain breath-
holding for several seconds during the procedure. Under 
the guidance of B-mode ultrasound, the SWE procedure 
was performed in real-time to determine the elastic 
modulus of the cortex in the middle portion of the right 
kidney, with the patient in the supine position (Figure 2). 
To ensure precise inclusion of the renal cortex rather than 
the renal medulla in the renal elastography examination, 
a series of standardized procedures were employed. 
Initially, the elastography sampling frame (referred to as 
the Q-box) was minimized, with a fixed diameter of 4 mm. 
Subsequently, optimal placement of the Q-box was pursued 
by positioning it near the outer layer of the renal cortex, 
adjacent to the renal capsule, thereby circumventing the 

inclusion of the renal medulla. Furthermore, color Doppler 
ultrasound for assessing renal arcuate arteries was integrated 
into the protocol. This method proves advantageous in 
distinguishing between the renal cortex and the renal 
medulla. The resulting maximum SWE value, referred to 
as Emax, was recorded for each patient. According to our 
prior study, Emax, compared to other SWE parameters, 
demonstrated the greatest diagnostic performance in 
detecting renal fibrosis severity (17). Five independent and 
valid SWE measurements were obtained per patient and 
subjected to an arithmetic mean calculation for subsequent 
analysis. Since biopsy was only performed on the right renal 
parenchyma among the patient cohort, to achieve optimal 
congruence with the pathological assessment of renal 
fibrosis, only SWE parameters derived exclusively from the 
right kidney cortex were considered.

Renal biopsy

Indications for renal biopsy encompassed sustained 
proteinuria or hematuria and/or renal insufficiency. The 
ultrasound-guided renal biopsy was conducted at the 
lower pole of the right kidney, utilizing a 16- or 18-gauge 
automatic biopsy gun (Bard Magnum, Covington, GA, 
USA). Two experienced pathologists, each with 6 to 8 years’ 

Figure 2 Use of a dual-modal display for shear wave elastography examination. The top image exhibits a color-coded elastogram for 
measuring renal stiffness, while the bottom image shows a grayscale B-mode image used for real-time elasticity imaging guidance.
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experience, used light microscopy, immunofluorescence, 
and electron microscopy to evaluate the histopathology 
of renal biopsy specimens. Any discrepancies encountered 
were thoroughly discussed and resolved upon consensus. A 
comprehensive assessment of renal fibrosis was conducted 
through the use of a semi-quantitative scoring system. 
This evaluative approach was predicated upon pathological 
observations encompassing distinctive glomerular attributes 
(namely hypercellularity, segmental lesions, and global 
sclerosis), tubulointerstitial characteristics (including 
infiltration, fibrosis, and atrophy), as well as discernible 
vascular alterations (manifesting as wall thickening 
and hyaline changes). The formulation of this scoring 
scheme was previously expounded upon in our earlier  
investigation (17). The degree of fibrotic manifestation was 
ascertained through the classification of cases into three 
stratified cohorts predicated on their respective pathological 
scores: namely, mild (≤9 points), moderate (10–18 points), 
and severe (≥19 points). Due to the limited number of 
severe cases (n=18) in the present study, the moderate and 
severe cases were amalgamated into a single group for 
analysis, referred to as moderate-to-severe fibrosis.

Diagnosis strategy

Four distinct diagnosis strategies were established in 
the current study, as follows: (I) utilizing the SWE value 
and eGFR in isolation; (II) combining in series; (III) 
combining in parallel; and (IV) combining in integration. 
In the isolation strategy, either the SWE value or the 
eGFR was utilized as a standalone diagnostic variable to 
differentiate cases of mild renal fibrosis from those with 
moderate-to-severe fibrosis. This approach was designed 
to independently assess the diagnostic effectiveness of 
each individual variable. The serial strategy operated by 
identifying patients with moderate-to-severe fibrosis only 
when both the SWE value and the eGFR indicated the 
presence of such a condition. This method required dual 
confirmation from both diagnostic variables to categorize 
patients into the moderate-to-severe fibrosis group, 
emphasizing the importance of combined diagnostic 
evidence. In contrast to the serial approach, the parallel 
strategy identified patients with moderate-to-severe 
fibrosis if either the SWE value or the eGFR indicated 
this diagnosis. This strategy made use of the classification 
potential of the two diagnostic approaches and aimed to 
capture cases that might be missed by relying on a single 
parameter alone. The integration strategy leveraged a 

logistic regression algorithm to combine the SWE value 
and the eGFR, creating a unified approach. This method 
calculated the patient’s risk probability of having moderate-
to-severe fibrosis by incorporating both parameters. The 
diagnostic results were then determined based on a pre-
defined cutoff value, which allowed for a reliable and 
accurate assessment. 

Statistical analysis

All data analyses were conducted with SPSS 26.0 software 
(SPSS Inc., Chicago, IL, USA) and R statistical software 
(version 4.2.0; http://www.R-project.org). Continuous 
variables were expressed as either mean ± standard deviation 
or median (interquartile range), and their comparison was 
conducted utilizing either the Student’s t-test or the Mann-
Whitney U test. Categorical variables were presented as 
frequencies and compared with Pearson’s Chi-squared test. 
The diagnostic variables were tested for normality through 
the Shapiro-Wilk normality test. An investigation of the 
association between diagnostic results and pathological 
findings was conducted using Pearson’s Chi-squared test. By 
using Cohen’s Kappa test, the degree of agreement between 
them was also determined. Accordingly, the agreement was 
classified as poor (0.00–0.20), fair (0.21–0.40), moderate 
(0.41–0.60), substantial (0.61–0.80), or almost flawless 
(0.81–1.00) (24,25). The receiver operating characteristic 
(ROC) curve was established, and the AUC was calculated 
to quantify the performance of the diagnostic patterns 
in differentiating between mild fibrosis and moderate-
to-severe fibrosis. The Delong test was used to compare 
the AUCs of diagnostic approaches. The Youden index 
was determined by ROC analysis, and the maximum 
tangent point was identified to obtain the optimal cutoff 
value of the diagnostic patterns. The corresponding 
sensitivity, specificity, and accuracy were also computed. 
Sensitivities and specificities of paired diagnostic strategies 
were compared using the McNemar test. Comparison of 
accuracies between diagnostic strategies was performed 
by Pearson’s Chi-squared test. Statistical significance was 
defined as a two-sided P<0.05.

Results

Baseline characteristics of study population

Twenty-one subjects were excluded from the study due to 
non-compliance with selection criteria. Specifically, these 

http://www.R-project.org
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exclusions were attributed to the presence of multiple renal 
cysts (n=7), masses (n=3), hydronephrosis (n=4), calculi 
(n=2), as well as the inadequacy of renal biopsy samples 
(n=5). Notably, within this subject cohort, two individuals 
with multiple renal cysts were precluded from successful 
SWE assessments. Furthermore, in hydronephrosis cases, 
one subject encountered difficulty in maintaining appropriate 
respiratory control during the diagnostic evaluation. Finally, 
162 patients were included in this study, of whom 74 (45.7%) 
had biopsy-proven mild renal fibrosis and 88 (54.3%) had 
moderate-to-severe renal fibrosis. The eGFR was 89.43 
(interquartile range, 55.89–113.21) mL/min/1.73 m2 in the 
study cohort, while the SWE value was 34.38±9.90 kPa. 
The SWE values followed a normal distribution (P value 
=0.384), whereas the eGFR values were not normally 
distributed (P value <0.01) (Figures S1,S2). The baseline 
characteristics are summarized in Table 1.

Diagnostic consistency with pathological findings

All diagnostic approaches were statistically significant in 
identifying moderate-to-severe from mild renal fibrosis (all 

P values <0.001). The diagnostic results were moderately 
consistent with pathological findings for eGFR (Kappa 
=0.511), SWE (Kappa =0.470), serial scheme (Kappa 
=0.532), and parallel scheme (Kappa =0.445), whereas 
the integrated scheme (Kappa =0.611) had substantial 
agreement (Table 2). 

Performance of different diagnostic strategies

An optimal cutoff value was determined according to the Youden 
index, wherein the eGFR was set at 84.10 mL/min/1.73 m2 
and the SWE value was 37.14 kPa (Figure 3). Within 
the integrated strategy, in accordance with the logistic 
regression algorithm, the diagnostic formula was as follows: 
Diagnostic probability = 7.23 − 0.03 × eGFR − 0.12 × SWE 
value. Utilizing the Youden index, the optimal threshold 
value for diagnostic probability was established at −0.19.

In the isolated strategy, the eGFR achieved a sensitivity 
of 68.2% (95% CI: 57.3–77.5%) and a specificity of 
83.8% (95% CI: 73.0–91.0%) in identifying patients with 
moderate-to-severe renal fibrosis from mild ones, while the 
SWE value yielded a sensitivity of 84.1% (95% CI: 74.4–

Table 1 Baseline characteristics of participants

Characteristic All (n=162) Mild (n=74) Moderate-to-severe (n=88) P value

Gender (male/female) 91/71 43/31 48/40 0.649

Age (years) 40.41±14.26, [16–74] 34.47±12.89, [16–67] 45.40±13.48, [16–74] <0.001

eGFR (mL/min/1.73 m2) 89.43 (55.89–113.21), 
[4.41–147.86]

108.14 (89.82–121.24), 
[16.50–147.86]

63.32 (41.35–96.30),  
[4.41–139.00]

<0.001

SWE value (kPa) 34.38±9.90, [13.16–59.04] 39.62±9.25, [20.20–59.04] 29.96±8.14, [13.16–49.20] <0.001

Etiology –

IgA nephropathy 72 27 45

Membranous nephropathy 34 16 18

MCN 16 16 0

MsPGN 9 4 5

Lupus nephritis 9 5 4

FSGS 8 3 5

Diabetic nephropathy 6 0 6

Others 5 2 3

Unknowns 3 1 2

Categorical variables are presented as number and continuous variables as mean ± standard deviation [range] or median (interquartile 
range) [range], as appropriate. The P value is calculated based on the comparison between the mild and moderate-to-severe groups. 
eGFR, estimated glomerular filtration rate; SWE, shear wave elastography; MCN, minimal change nephropathy; MsPGN, mesangial 
proliferative glomerulonephritis; FSGS, focal segmental glomerular sclerosis.

https://cdn.amegroups.cn/static/public/QIMS-23-962-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-23-962-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-23-962-Supplementary.pdf
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90.7%) and a specificity of 62.2% (95% CI: 50.1–73.0%). 
These two diagnostic patterns attained a similar AUC of 
78.2% (95% CI: 70.9–85.4%) for eGFR and 77.8% (95% 
CI: 70.6–85.0%) for SWE, respectively. Combining the 
eGFR and SWE value in series improved the specificity of 
the classification results to 97.3% (95% CI: 89.7–99.5%), 
outperforming other diagnostic patterns (all P values <0.01), 
at the cost of a compromise in sensitivity to 58.0% (95% 
CI: 47.0–68.2%). The yielding AUC was still maintained 
at 77.6% (95% CI: 72.1–83.1%). When the eGFR was 
combined with the SWE value in parallel, the diagnosis 
approach achieved a sensitivity of 94.3% (95% CI: 86.6–
97.9%), exceeding any other strategies (all P values <0.05), 
but the specificity dropped to 48.7% (95% CI: 37.0–60.5%), 
accompanied by a slightly decreased AUC of 71.5% (95% 

CI: 65.3–77.7%). Concerning the integrated strategy, in 
which the eGFR was incorporated with the SWE value 
via the logistic regression algorithm, both sensitivity and 
specificity exhibited satisfactory performance, with values 
of 86.4% (95% CI: 77.0–92.5%) and 74.3% (95% CI: 
62.6–83.5%), respectively, for efficiency. In addition, the 
AUC (85.8%; 95% CI: 80.0–91.6%), derived from the 
integrated approach, was superior to all other approaches 
(DeLong test, all P values <0.01) (Figure 4). The integrated 
approach achieved the highest accuracy (80.9%; 95% CI: 
73.8–86.4%); however, the difference was not significant 
when compared to the other diagnostic schemes (all  
P values >0.05), except for the parallel approach (P=0.029). 

The performance of all the diagnosis strategies is detailed 
in Table 3. 

Table 2 Consistency analysis between diagnostic patterns and pathological results

Index Subtypes
Pathological result Cohen’s Kappa value 

(95% CI) 
χ2 P value

Mild Moderate-to-severe

eGFR Mild 62 28 0.511 (0.382–0.640) 43.936 <0.001

Moderate-to-severe 12 60

SWE Mild 46 14 0.470 (0.334–0.605) 36.877 <0.001

Moderate-to-severe 28 74

Serial scheme Mild 72 37 0.532 (0.416–0.649) 55.747 <0.001

Moderate-to-severe 2 51

Parallel scheme Mild 36 5 0.445 (0.318–0.573) 39.258 <0.001

Moderate-to-severe 38 83

Integrated scheme Mild 55 12 0.611 (0.489–0.734)& 61.043 <0.001

Moderate-to-severe 19 76
&, the value indicates the highest diagnostic performance in this metric. CI, confidence interval; eGFR, estimated glomerular filtration rate; 
SWE, shear wave elastography.
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Deployment of auxiliary diagnostic device

Given that the diagnostic performance of the integrated 
strategy was relatively comprehensive, it was deemed the 
most appropriate diagnostic approach for this medical 
issue. As part of this study, an easy-to-use document-based 
diagnostic tool (Appendix 1) derived from the integrated 
strategy was developed to facilitate real-life applications. 
The ability to enter eGFR and SWE value on the document 
page is a very helpful way for clinicians to make a diagnosis.

Discussion

The present study endeavors to optimize the diagnostic 
efficacy of readily accessible diagnostic variables by devising 
diverse diagnostic strategies. A combination of eGFR and 
SWE value in a series could enhance clinical capability 
for distinguishing patients with mild renal fibrosis. For 
the identification of patients with moderate-to-severe 
renal fibrosis, the parallel combination of eGFR and SWE 
value is beneficial. It is critical to note that both of these 
diagnostic strategies have a trade-off; that is, if sensitivity 
is improved, a price must be paid for reduced specificity, 
and vice versa (26). Moreover, diagnosis accuracy has not 
improved significantly, and in the parallel approach, it 
was even inferior to the diagnostic variables when used 
alone. The integrated strategy significantly ameliorated 
the above phenomenon. In contrast, there was a significant 
improvement in diagnosis performance with the integrated 
approach, which outperformed all other diagnostic 
strategies and had satisfactory sensitivity and specificity. 
Utilizing a simple combination approach, the integrated 
strategy could maximize the analytical information 
of variables within existing resources, enhancing and 
optimizing diagnosis power, and thereby supporting clinical  
decision-making (27). To enhance clinical utility, we have 
developed an offline, document-based diagnostic device 
founded on the integrated strategy. This tool enables the 
immediate derivation of patients’ diagnostic outcomes 
through the straightforward input of essential diagnostic 
variables. Notably, the diagnostic device relies on laboratory 
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Table 3 Comparison of diagnostic performance between various approaches

Index
AUC Sensitivity Specificity Accuracy

% (95% CI) P value % (95% CI) P value# % (95% CI) P value* % (95% CI) P value^

eGFR 78.2 (70.9–85.4) 0.006 68.2 (57.3–77.5) <0.001 83.8 (73.0–91.0) 0.002 75.3 (67.8–81.6) 0.175

SWE 77.8 (70.6–85.0) 0.005 84.1 (74.4–90.7) 0.004 62.2 (50.1–73.0) <0.001 74.1 (66.5–80.5) 0.080

Serial scheme 77.6 (72.1–83.1) 0.006 58.0 (47.0–68.2) <0.001 97.3 (89.7–99.5)& – 75.9 (68.5–82.1) 0.280

Parallel scheme 71.5 (65.3–77.7) <0.001 94.3 (86.6–97.9)& – 48.7 (37.0–60.5) <0.001 73.5 (65.9–79.9) 0.029

Integrated scheme 85.8 (80.0–91.6)& – 86.4 (77.0–92.5) 0.016 74.3 (62.6–83.5) <0.001 80.9 (73.8–86.4)& –

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; and P value^ refers to comparing with an integrated scheme. &, the value indicates the highest diagnostic 
performance in this metric. AUC, area under the curve; CI, confidence interval; eGFR, estimated glomerular filtration rate; SWE, shear 
wave elastography.

Figure 4 Comparison of receiver operating characteristic curves 
for each diagnostic strategy. eGFR, estimated glomerular filtration 
rate; SWE, shear wave elastography.
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tests and imaging parameters derived from individuals 
diagnosed with CKD, rendering it being exclusively 
applicable to this patient cohort. For the general population, 
the absence of invasive kidney biopsies precludes access 
to kidney pathology data, thereby rendering it unsuitable 
for the development of diagnostic tools targeting this 
demographic.

Due to inherent renal anisotropy, a notable disparity 
in elastic measurements was observed between the renal 
poles and the mid-region. This distinction arises from 
the insonation angle formed by the ultrasound beam and 
the cortical surface (28). The coefficients of variation 
for elastic measurements in the mid-region (10.2%) 
exhibited a considerably weaker value than the lower pole 
(16.4%) (P<0.05) (29). Additionally, the rate of successful 
measurements at the renal poles was comparatively 
lower than those taken in the central segment of the 
renal parenchyma. This observation underscores the 
recommendation to exclude the renal  poles from 
measurements, a practice that enhances measurement 
reproducibi l i ty  (30) .  As a  result ,  e last ic  imaging 
measurements were specifically conducted in the central 
region of the kidney. To mitigate the risk of substantial post-
puncture bleeding caused by inadvertent damage to major 
blood vessels, renal biopsies are ideally conducted at the 
lower pole of the kidney. However, in the context of diffuse 
renal parenchymal lesions, no disparities were observed 
in the extent of renal fibrosis as assessed across various 
renal biopsy sites. The dimensions of the biopsy core, the 
glomerular count per core, and the indicators of chronic 
renal damage (including the extent of interstitial fibrosis and 
the proportion of globally or segmentally scarred glomeruli) 
remained unaffected by the biopsy site (whether located at 
the pole or mid-portion) (31). Additionally, no statistically 
significant disparity was noted in the arterial count between 
biopsies acquired from the two distinct biopsy regions. 
Hence, even when the renal biopsy site is situated at 
the lower pole of the kidney, the degree of renal fibrosis 
assessed through this approach remains representative and 
effectively mirrors the fibrotic status within the kidney’s 
central region (32).

In a recent investigation, Ge et al. introduced a radiomics 
nomogram that incorporates radiomics scores from SWE 
images with independently predictive clinical factors (33). 
The study demonstrated promising results in differentiating 
renal fibrosis severity among CKD patients, yielding an 
AUC ranging from 0.83 to 0.85—results comparable to 
our proposed diagnostic approach. However, the practical 

implementation of the radiomics nomogram necessitates an 
initial delineation of the region of interest within the SWE 
image, followed by the utilization of specialized computer 
software to extract radiomics features and produce radiomics 
labels. This complex procedure inevitably increases medical 
practitioners’ workload. Moreover, the process requires 
the availability of specialized radiomics analysis software, a 
resource often absent from numerous clinical departments. 
Additionally, the biological interpretation of radiomics 
remains an unresolved matter that requires additional 
investigation (34). Consequently, this dearth significantly 
compromises clinical implementation. In marked contrast, 
the diagnostic tool derived from our research distinguishes 
itself through its simplicity and user-friendliness. A 
straightforward input of variables into the document is 
sufficient for the immediate generation of the degree of 
kidney fibrosis—either categorized as mild or indicative of 
progressing to moderate-to-severe fibrosis.

In the context of an isolated diagnostic strategy, which 
relies solely on the eGFR value to distinguish between mild 
and moderate-to-severe renal fibrosis in CKD patients, 
a specific eGFR threshold of 84.10 mL/min/1.73 m2 was 
determined using the Youden index. The diagnostic 
outcomes obtained from this approach demonstrated its 
ability to accurately identify a substantial portion of CKD 
patients with mild renal fibrosis (62/74). However, it also 
resulted in an erroneous classification of a significant 
number of patients with moderate-to-severe renal fibrosis 
as belonging to mild renal fibrosis (28/88). In this particular 
isolated diagnostic method, the eGFR threshold derived 
from the Youden index was found to be somewhat elevated, 
which may be related to the CKD diagnostic criteria. 
It is worth noting that there are two primary diagnostic 
criteria for CKD (20). The first criterion defines CKD 
when hematuria, urine protein, kidney biopsy pathological 
findings, or imaging indicators of kidney structural 
damage are abnormal for a duration exceeding three 
months, regardless of the level of eGFR impairment. The 
second criterion diagnoses CKD if the eGFR remains 
below 60 mL/min/1.73 m2 for more than three months, 
irrespective of the status of other kidney-related indicators. 
While eGFR is a commonly used laboratory measure for 
assessing renal function in clinical practice, these diagnostic 
criteria emphasize that it is not the sole determinant. The 
higher eGFR threshold resulting from the Youden index 
calculation may be influenced by additional factors inherent 
to the diagnostic criteria, potentially contributing to the 
limited diagnostic capability when employing the eGFR 
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indicator in isolation as a diagnostic strategy. This also 
underscores the need for a combined diagnostic strategy. 

In the present study, the eGFR in this study cohort measured 
89.43 (interquartile range, 55.89–113.21) mL/min/1.73 m2. 
Notably, a prior study reported eGFR values for CKD patients 
with fibrosis at 48.02±33.70 mL/min/1.73 m2 (33). It is critical 
to note that the previous study exclusively employed eGFR 
as the sole diagnostic criterion for CKD, necessitating 
eGFR values below 60 mL/min/1.73 m2 for diagnosis. 
Consequently, the eGFR values of the subjects included 
in that study were significantly lower than those in this 
investigation. However, it is imperative to emphasize 
that, in line with the KDIGO 2012 diagnostic criteria for 
CKD, as delineated above, eGFR does not stand as the sole 
diagnostic criterion (20). Therefore, the inclusion criteria 
for CKD cases in the prior study appeared to lack precision 
and rationale. This difference accounts for the significant 
variation observed in eGFR values between this study and 
previous research. Additionally, a study by Islamoglu et al. 
reported an eGFR value of 87.33±40.17 mL/min/1.73 m2 in 
CKD patients with renal fibrosis, which aligns with our own 
research findings (35).

Even though some advancements have been made in this 
study, there are still some limitations. First, it is noteworthy 
that the cohort of eligible participants within the severe 
renal fibrosis group was of a limited size. Consistent with 
epidemiological reports, the prevalence rates for CKD 
stages 1–2, stage 3, stage 4, and stage 5 are documented as 
5.0%, 3.9%, 0.16%, and 0.07%, respectively (1). Hence, 
there arises a necessity to substantiate these findings 
through a broader sample size, underscoring the imperative 
of validation on a larger scale. Second, our results were 
derived from a single-center setting, and the main findings 
need to be further validated at the multicenter level. Third, 
the present study did not evaluate the cost-effectiveness 
of deploying the suggested integrated strategy in clinical 
practice. This aspect bears the potential for further 
investigation in real-world clinical settings.

Conclusions

Our study demonstrated that the combination of eGFR 
and SWE value via an integrated strategy could improve 
diagnostic performance in distinguishing between mild 
renal fibrosis and moderate-to-severe renal fibrosis in 
patients with CKD. This strategy would help clinicians 
perform a more accurate clinical diagnosis in this clinical 
context.
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