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Abstract: The purpose of this study was to evaluate the feasibility of the combination of point-shear
wave elastography (p-SWE) and estimated glomerular filtration rate (eGFR) for assessing different
stages of interstitial fibrosis and tubular atrophy (IF/TA) in patients with chronic renal allograft
dysfunction (CAD). From September 2020 to August 2021, 47 patients who underwent renal biopsy
and p-SWE examinations were consecutively enrolled in this study. The areas under the receiver
operating characteristic curves (AUCs) were calculated to evaluate overall accuracy and to identify
the optimal cutoff values for different IF/TA stages. A total of 43 patients were enrolled in this
study. The renal cortical stiffness and eGFR showed a significant difference between IF/TA Grade
0–1 and Grade 2–3 (p < 0.001). Additionally, renal stiffness and eGFR were independent predictors
for moderate-to-severe IF/TA (Grade ≥ 2) according to multiple logistic regression analysis. The
combination of p-SWE and eGFR, with an optimal cutoff value of −1.63, was superior to eGFR
alone in assessing moderate-to-severe interstitial fibrosis (AUC, 0.86 vs. 0.72, p = 0.02) or tubular
atrophy (AUC, 0.88 vs. 0.74, p = 0.02). There was no difference between p-SWE and eGFR in assessing
moderate-to-severe IF/TA (AUC, 0.85 vs. 0.79, p = 0.61). Therefore, combining p-SWE and eGFR is
worthy of clinical popularization and application.

Keywords: point-shear wave elastography; interstitial fibrosis and tubular atrophy; estimated
glomerular filtration; renal transplantation

1. Introduction

Renal transplantation (RT) is an effective tool for the treatment of end-stage renal
disease [1]. With the improvement in RT techniques and application of immunosuppressors,
the 1-year survival rate for patients with RT has reached 95% [2]. However, the long-term
prognosis of patients has not been improved. Chronic allograft dysfunction (CAD) is
the main cause of graft loss after RT [3,4]. The prominent histopathologic features are
interstitial fibrosis and tubular atrophy (IF/TA), with excessive deposition of fibrillar
extracellular matrix (ECM) [5,6]. Progression of IF/TA is associated with renal function
deterioration. Moreover, moderate-to-severe IF/TA (Grade ≥ 2) occurs in between 17%
and 66% of patients after 5 years of renal transplantation [7]. Up to now, renal biopsy is the
only reference standard to evaluate IF/TA grades. However, it is limited due to several
disadvantages: (1) it is an invasive procedure; (2) sample tissue accounts for <1% of renal
tissue, which means the tissue of renal biopsy may not be sufficiently representative in some
cases and it is difficult to monitor the development of disease dynamically in real-time;
(3) possible complications in up to 2.7%–5.2% of cases [8,9], including gross hematuria
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(2.2%–3.5%), hematoma (1.1%–7.1%), and urinary fistula (2.7%). Therefore, evaluating
IF/TA grades accurately and noninvasively is essential for CAD patients and important for
clinical decision-making.

Conventional ultrasound is well-suited to evaluating renal allograft morphologic
changes by measuring renal size and cortical echogenicity, but it is limited in detecting
diffuse diseases including renal fibrosis. Resistive index (RI), an important parameter
measured by color Doppler flow imaging (CDFI), reflects the hemodynamic status of renal
allograft. The relationship between RI and renal histopathology is still controversial [10–12].
Some studies have reported that RI could act as diagnostic standard of acute rejection (AR)
after RT [10,13]. However, Rother et al. [11] found that RI detected neither chronic allograft
injury such as IF/TA nor acute rejection and acute tubular necrosis.

Shear wave elastography (SWE) developed rapidly and was used to evaluate tissue
stiffness quantitatively. In previous studies, our team demonstrated the reliability of SWE
in assessment of liver fibrosis [14] and lower leg muscle stiffness [15]. Point-shear wave
elastography (p-SWE), one type of SWE method, generates shear wave on the basis of the
acoustic radiation push-pulses of short-duration. The shear wave velocity of the tissue
quantitatively acquired by p-SWE in real-time is based on the B-mode imaging. The tissue
stiffness can be expressed as Young’s modulus. A faster shear wave velocity and higher
Young’s modulus are the mirror of stiffer tissue. At present, p-SWE is recommended for
noninvasively evaluating the stages of liver fibrosis by EFSUMB, WFSUMB, and other
academic organizations due to its high accuracy and good reproductivity [16,17]. Benefiting
from the superficial location, the renal transplant is suitable for measurement by p-SWE [18].
Recent studies have shown the feasible application of p-SWE in evaluating renal fibrosis
in renal transplant, but the results are controversial [19–21]. Yang, La et al. [22] assessed
the different complications after renal transplantation on a sample of 31 patients and re-
ported that the renal stiffness could evaluate moderate-to-severe renal fibrosis (AUC = 0.92,
cutoff = 38.71 kPa). However, Juhan Lee [19] considered that renal stiffness measured by
p-SWE had no correlation with IF/TA stages, but it was correlated with the time after
transplantation. In 2016, Cheng Yang [10] established a novel model involving p-SWE,
eGFR, and other markers to discriminate AR with non-AR after renal transplantation in 115
patients. To our knowledge, there was no study combining p-SWE with other parameters
for the assessment of IF/TA stages in CAD patients.

Serum biomarkers, such as estimated glomerular filtration (eGFR), have been doc-
umented to evaluate the function of transplanted renal. Whether eGFR correlates with
renal fibrosis is still not clear. Gungor, Guzel et al. found that eGFR was correlated with
fibrosis in patients with diabetic nephropathy, but not in patients with renal transplant [23].
Additionally, Cheng Yang et al. [10] reported that eGFR (AUC = 0.803) could discriminate
patients from AR to those without. They also suggested combining eGFR with other pa-
rameters had higher diagnosis accuracy. Therefore, it is necessary to search a noninvasive
and reliable novel model for assessment of IF/TA stages.

First, this prospective study aims to evaluate the feasibility of p-SWE in assessing
different IF/TA stages and further establish a novel and noninvasive diagnostic method for
CAD patients. Second, the study aims to explore the correlations between renal stiffness
and clinical and pathologic findings. The results of this study are expected to evaluate
IF/TA noninvasively, as well as lay the foundations for treatment.

2. Materials and Methods
2.1. Study Population

Between September 2020 and August 2021, 47 patients with clinical renal dysfunction
who planned or decided to undergo ultrasound-guided renal biopsy were consecutively
enrolled in this study. Additionally, all patients consented to p-SWE examinations. The
results of conventional ultrasound, Doppler ultrasound, p-SWE, serum biomarkers, and
biopsy for each patient were collected. The time intervals between renal biopsy and p-SWE
were less than 7 days. Patients with CAD were defined as having worsened renal function
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for more than 3 months without recovery (eGFR < 50 mL/min/1.73 m2, increased serum
creatinine). The inclusion criteria were as follows: (1) patients defined as chronic renal
allograft dysfunction who planned or decided to undergo renal biopsy; (2) over 18 years
of age; (3) more than 1 year since renal transplantation. The exclusion criteria were as
follows: (1) companion with other diseases, including hydronephrosis and renal artery
stenosis; (2) unsuccessful p-SWE measurements. Thus, 43 patients were finally enrolled for
statistical analysis (Figure 1). All the patients provided informed consent to participate,
and The Third Medical Center of Chinese PLA General Hospital review board approved
this prospective study. No data were included that were sourced from executed prisoner’s
donations, and the procedure in this study was designed in accordance with the Declaration
of Helsinki. The demographic and clinical data of the patients (age, sex, body mass index,
and underlying diseases) were recorded.
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Figure 1. Flow chart of all patients.

2.2. Serum Biomarkers

Blood counts and renal function tests were performed 1 week before renal biopsy. The
urea level, serum creatinine level, proteinuria, eGFR (mL/min/1.73 m2), white blood cell
(WBC) count, red blood cell (RBC) count, and platelet (PLT) count were recorded. Using the
Modification of Diet in Renal Disease Study equation, the estimated glomerular filtration
rate (eGFR) was calculated: eGFR (female) = 186 × SCr − 1.154 × age − 0.203 × 0.742, and
eGFR (male) = 186 × SCr − 1.154 × age − 0.203, where SCr = serum creatinine.

2.3. Ultrasound and p-SWE Examinations

The patients were evaluated with B-mode imaging, Doppler ultrasound and p-SWE
measurements 1 week before biopsy. The measurement procedure was performed by using
the software Esaote(version MyLab 8Exp, Genova, Italy), and a convex broadband probe
(C1–8). All measurements were obtained by an ultrasound sonographer (Y.G) who was
blinded to biopsy results. The sonographer has more than 10 years of ultrasound experience
and more than 200 shear wave elastography examinations. The size of the transplanted
kidney (length and width) and skin-allograft distance were measured by B-mode imaging
(Figure 2a). CDFI was used to evaluate blood perfusion of the transplanted renal, such as
resistance index (RI) (Figure 2b).
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Figure 2. (a) B-mode image, measurement of renal size including renal length, width, and renal
parenchyma thickness. The plus signs mean activating the measurement key after freezing the
ultrasound imagine and the green color means focal position.(b) CDFI image, measurement of
resistive index (RI).

The p-SWE technique is characterized by the generation of the shear wave propagation
to obtain tissue stiffness. Before the measurements, patients were suggested to practice
breathing. During the p-SWE examinations, patients were required to hold their breath for
approximately 3–4 s in a natural breathing state and lay in the supine position. To avoid
the influence of probe pressure, the ultrasound transducer was placed vertically on the
surface of the transplanted kidney and compressed slightly. A 5 mm × 10 mm region of
interest (ROI) was placed in a parenchyma-area free of vessels in the p-SWE image. Ten
repetitive and consecutive measurements (lasting 4–6 min) were performed in the same
site. The median (M), interquartile range (IQR), and IQR/M of the elasticity values were
automatically calculated and displayed. The median of 10 elasticity measurements in
kilopascals was used for statistical analysis. Measurements were considered to fail when
IQR/M was >30% (Figure 3).
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Figure 3. Measurements of p-SWE in renal transplants with different IF/TA stages: (a) IF/TA Grade 0,
median = 17.9 kPa; (b) IF/TA Grade 1, median = 22.5 kPa; (c) IF/TA Grade 2, median = 28.7 kPa
and (d) IF/TA Grade 3, median = 38.6 kPa. The line is used to drive operator to select suitable
measurement areas. The square showed 3D eWave which is an exclusive tool that provides immediate
feedback about the quality of the shear wave produced in the tissue, and is the three-dimensional
representation of the shear waves generated by p-SWE. The asterisk showed the cooling indication
(2 s in average) which is directly on the measurement site for “eye focus” feedback.
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2.4. Renal Biopsy and Histologic Assessment

US-guided percutaneous renal biopsy was performed in the renal parenchyma with
a 16- or 18-gauge automated edge-cutting biopsy needle. Specimens obtained from re-
nal biopsy were stained with hematoxylin-eosin and Masson trichrome. Only biopsies
at least 10 mm in length and with 2 sclerosing glomeruli were considered. All biopsies
were graded using Banff scores by scoring the immunological parameters, including the
mannose binding lectin pathway (C4 d), peritubular capillaritis (ptc), glomerulitis (g), inter-
stitial inflammation (i), tubulitis (t), total interstitial inflammation (ti), intimal arteritis (v),
arteriolar hyaline thickening (ah), hyaline arteriolar thickening (aah), interstitial fibrosis (ci),
tubular atrophy (ct), fibrous intimal thickening (cv), mesangial matrix increase (mm), and
allograft glomerulopathy (cg). The IF/TA grade was calculated based on the ci and ct
scores. The histological diagnosis, including the IF/TA grade, was evaluated by an ex-
perienced pathologist (with more than 10 years of experience), who was blinded to the
p-SWE measurements.

2.5. Statistical Analysis

Quantitative variables were expressed as medians and IQRs, and qualitative variables
were expressed as counts and percentages. Correlations between p-SWE and baseline
parameters were analyzed using the Pearson correlation, and correlations between p-SWE
and pathological findings were analyzed using the Spearman correlation. The correla-
tion coefficient was classified as follows [24]: poor correlation <0.4; moderate correlation
0.4–0.75; strong correlation >0.75. Univariate and multivariate analyses were used to iden-
tify correlated factors for different IF/TA stages. The diagnostic values of IF/TA stages
were evaluated by calculating AUCs. Differences between the AUCs were compared using
a DeLong test. Cutoff values, sensitivity, specificity, positive and negative predictive val-
ues were computed. The intraclass correlation coefficient (ICC) was calculated to assess
agreement for p-SWE measurements. The data were analyzed by using SPSS software
for Windows (version 22.0; SPSS, Chicago, I11) and MedCalc software (version 15.2; Med-
Calc, Mariakerke, Belgium). All statistical tests were two-sided and p < 0.05 indicated a
significant difference or correlation.

3. Results
3.1. Baseline Characteristics

From September 2020 to August 2021, 47 eligible patients were enrolled in this study.
Among them, four patients were excluded because of hydronephrosis, unsuccessful p-
SWE measurements and no consent. Thus, 43 patients were finally enrolled for statistical
analysis. We also collected data about donor type including deceased donor (n = 36, percent
83.7%) and living donor (n = 7, percent 16.3%). The baseline characteristics of the enrolled
patients are shown in Table 1. The study consisted of 38 males and 5 females, with a median
age of 43 years. Hypertension (n = 21, percent 48.8%) was the most common underlying
disease. The median time since transplantation was 48 months (range, 28 to 64 months),
and the median renal stiffness was 23.1 kPa (range, 20.4 to 25.1 kPa), as measured by
p-SWE. The intraclass correlation coefficient (ICC) of ten p-SWE measurements was 0.64
(95%CI: 0.51–0.77). The IF/TA grades were based on Banff 2007 and graded from Grade 0 to
Grade 3 [25] (Table 2). The histopathological findings on IF/TA were as follows: 12 patients
were classified as IF/TA Grade 0 (27.9%); 17 patients were classified as IF/TA Grade 1
(39.5%); 10 patients were classified as IF/TA Grade 2 (23.3%); and 4 patients were classified
as IF/TA Grade 3 (9.3%).
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Table 1. Patients’ characteristics.

Characteristics Value

Donor
Donor type 1

Deceased donor 36 (83.7%)
Living donor 7 (16.3%)

Donor age, years 2 52 (48–59)
Recipient

Age, years 43 (38–56)
Male/Female 38/5 (88.4%/11.6%)

BMI 24.2 (22.6–26.9)
Underlying disease

No 9 (20.9%)
Hypertension 21 (48.8%)

Diabetes 5 (11.6%)
Hypertension and diabetes 8 (18.6%)

Time since transplantation (months) 48 (28–64)
Immunosuppressor

Tacrolimus 38 (88.4%)
Cyclosporine 5 (11.6%)

Steroids 37 (86.1%)
Biomarkers

Urea (mmol/L) 14.61 (10.89–20.18)
Serum creatinine (mg/dL) 2.35 (1.71–3.41)

Proteinuria (g/24 h) 1.30 (0.61–2.51)
eGFR (mL/min/1.73 m2) 31.2(19.6–47.8)

WBC 6.62 (4.95–8.54)
RBC 3.71 (3.24–4.41)
PLT 201.00 (158.75–231.00)

Ultrasound examinations
Renal length (cm) 11.39 (10.72–12.10)
Renal width (cm) 5.30 (4.76–5.80)

RI 0.69 (0.64–0.73)
Skin-allograft distance (cm) 2.12 (1.57–2.58)

Grade of IF/TA
0 12 (27.9%)
1 17 (39.5%)
2 10 (23.3%)
3 4 (9.3%)

Renal stiffness (kPa) 23.1 (20.4–25.1)
1 Categorical variables are expressed as frequencies (percentages). 2 Continuous variables are expressed as
median (IQR).

Table 2. Banff classification of IF/TA grades.

Grades Definition

Grade 0 No interstitial fibrosis
Grade 1 Mild interstitial fibrosis, <25%of the cortical area
Grade 2 Moderate interstitial fibrosis, 26–50% of the cortical area
Grade 3 Severe interstitial fibrosis, >50% of cortical area

3.2. Comparison Renal Cortical Stiffness, eGFR, Proteinuria and Resistive Index in Patients
between IF/TA Grade 0–1 and Grade 2–3

All the patients were divided into an IF/TA Grade 0–1 group and Grade 2–3 group.
Renal cortical stiffness and proteinuria of IF/TA Grade 2–3 were significantly higher than
Grade 0–1 (p < 0.001, p = 0.012, respectively) (Figure 4a,c). The eGFR of IF/TA Grade
2–3 was lower than IF/TA 0–1 (Figure 4b). In addition, the RI of the two groups showed
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no difference (p = 0.658) (Figure 4d). Spearman’s correlation coefficient for renal stiffness
measurements and IF/TA grades was 0.713 (p < 0.001).
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Figure 4. Comparison of renal function markers and p-SWE measurements between IF/TA Grade
0–1 and IF/TA Grade 2–3. The renal cortical stiffness (a), eGFR (b), proteinuria (c), and resistive index
(d) were compared. The error bars are the minimum and maximum values. The lines through the
middle of the boxes represent the median. The central box represents the interquartile range.

3.3. Correlations between Renal Cortical Stiffness and Baseline Parameters

Renal cortical stiffness showed a significantly moderate positive correlation with
proteinuria (r = 0.526, p < 0.001), and was the best correlation among the serum biomarkers.
Additionally, renal cortical stiffness measured by p-SWE was poor correlated with urea
(r = 0.394, p = 0.009), serum creatinine (r = 0.372, p = 0.014), and inversely related to the
eGFR (r = −0.375, p = 0.013). However, there was no correlation between renal cortical
stiffness and other characteristics including age, sex, BMI, time since transplantation, RI
and skin-allograft distance (Table 3).

Table 3. Correlations between renal stiffness and baseline parameters.

Variables r p Value

Age −0.170 0.276
Sex −0.047 0.766
BMI −0.098 0.531

Time since transplantation −0.104 0.505
Urea (mmol/L) 0.394 0.009

Serum creatinine (mg/dL) 0.372 0.014
Proteinuria (g/24 h) 0.526 <0.001

eGFR (mL/min/1.73 m2) −0.375 0.013
RI 0.198 0.203

Skin–allograft distance (cm) −0.005 0.973
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3.4. Correlations between Renal Cortical Stiffness and Histopathological Findings

The pathological examinations reveal other significant findings such as chronic re-
jection, drug-induced renal injury and BK virus nephropathy. In addition, the median
number of glomeruli per biopsy was 13, range 11–21. For the 43 enrolled patients, the
histopathological findings were based on the semiquantitative Banff classification. Renal
cortical stiffness showed positive correlations with i (r = 0.494, p = 0.001), t (r = 0.462,
p = 0.002), ti (r = 0.535, p < 0.001), ci (r = 0.563, p < 0.001) and ct (r = 0.649, p < 0.001). With
the increasing of renal stiffness, the degree of chronic lesions after RT including i, t, ti, ci
and ct was deepened. However, it did not correlate with other chronic lesions including
C4d, ptc, g, v, ah, aah, cv, mm, and cg (Table 4).

Table 4. Correlations between renal cortical stiffness and histological findings.

r p Value
Banff score

C4d 0.080 0.612
ptc 0.055 0.726
g −0.151 0.333
i 0.494 0.001
t 0.462 0.002
ti 0.535 <0.001
v 0.168 0.282

ah −0.068 0.663
aah 0.018 0.911
ci 0.563 <0.001
ct 0.649 <0.001
cv 0.207 0.184

mm 0.032 0.839
cg −0.033 0.834

IF/TA 0.662 <0.001
Abbreviations: C4d, the mannose binding lectin pathway; ptc, peritubular capillartis; g, glomerulitis; i, interstitial
inflammation; t, tubulitis; ti, total interstitial inflammation; v, intimal arteritis; ah, arteriolar hyaline thickening;
aah, hyaline arteriolar thickening; ci, interstitial fibrosis; ct, tubular atrophy; cv, fibrous intimal thickening; mm,
mesangial matrix increase; cg, allograft glomerulopathy. IF/TA interstitial fibrosis and tubular atrophy.

3.5. Analysis of Factors Associated with Moderate-to-Severe IF/TA

Univariate logistic regression showed that age (OR = 0.93, p = 0.036), eGFR (OR = 0.92,
p = 0.007), proteinuria (OR = 1.46, p = 0.040), and renal stiffness (OR = 1.98, p = 0.003) were
associated with moderate-to-severe IF/TA (grade ≥ 2). Renal stiffness (OR = 1.78, p = 0.012)
and eGFR (OR = 0.93, p = 0.049) were independent predictors for moderate-to-severe IF/TA
by multivariate logistic regression analysis (Table 5). In line with the results of multivariate
regression analysis, a new model that combined renal stiffness and eGFR was established.
The constant from the multivariate analysis by binominal logistic regression was −11.061,
and the formula was as follows:

y = −11.061 + 0.542 × Renal stiffness(kPa)− 0.084 × eGFR

(
mL
min
1.73

2

)

Table 5. Results of logistic regression analysis on moderate-to-severe IF/TA (grade ≥ 2).

Parameters
Univariate Multivariate

OR (95%CI) p Value OR (95%CI) p Value

Sex 0.69 (0.10–4.70) 0.707
BMI 0.85 (0.69–1.05) 0.149

eGFR 0.92 (0.87–0.98) 0.007 0.93 (0.86–1.00) 0.043
RI 0.05(0.00–544.13) 0.522

Proteinuria (g/24 h) 1.46 (1.01–2.10) 0.040 1.21 (0.74–1.99) 0.455
Renal stiffness 1.69 (1.18–2.42) 0.004 1.70 (1.14–2.53) 0.010
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3.6. Assessment Diagnosis of Histopathological Banff Scores

Based on the Banff scores of 0–3 points, patients with 0 and 1 point were combined, and
patients with 2 and 3 points were also combined to evaluate diagnostic accuracy. The AUCs
of p-SWE, eGFR, and p-SWE plus eGFR were 0.86, 072, and 0.86 for moderate-to-severe
ci (grade ≥ 2) (Figure 5a), and 0.87, 0.74, and 0.88 for moderate-to-severe ct (grade ≥ 2)
(Figure 5b), respectively. In addition, the diagnostic accuracy of p-SWE, eGFR, and p-SWE
plus eGFR in assessing moderate-to-severe IF/TA (grade ≥ 2) was determined (Figure 5c).
The comparison of AUCs revealed that p-SWE was similar to eGFR in evaluating moderate-
to-severe IF/TA (AUC = 0.85 and 0.79, p = 0.61). Using p-SWE plus eGFR did increase
the diagnosis of identifying moderate-to-severe IF/TA (AUC = 0.89). Cutoff values of
the p-SWE, eGFR, and p-SWE plus eGFR with sensitivity, specificity, PPV, and NPV are
summarized in Table 6. The optimal cutoff values were determined by analysis of the AUCs
based on the Youden index.
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Table 6. Diagnostic performance of p-SWE, eGFR, and p-SWE combined with eGFR in moderate-to-
severe ci, ct, and IF/TA (Grade ≥ 2).

AUC (95%CI) Cut-Off Sensitivity (%) Specificity (%) PPV (%) NPV (%)

Ci
p-SWE 0.86 (0.72–0.95) 23.7 91.7 80.6 64.7 96.2
eGFR 0.72 (0.56–0.84) 31.2 83.3 61.3 45.5 90.5

p-SWE plus eGFR 0.86 (0.72–0.95) −1.63 100.0 64.5 52.2 100.0
Ct

p-SWE 0.87 (0.74–0.96) 23.7 91.7 80.7 64.7 96.2
eGFR 0.74 (0.58–0.86) 31.2 83.3 63.3 45.5 90.5

p-SWE plus eGFR 0.88 (0.75–0.96) −1.63 100.0 64.5 52.2 100.0
IF/TA
p-SWE 0.85 (0.71–0.94) 23.7 85.7 82.7 70.6 92.3
eGFR 0.79 (0.64–0.90) 31.2 85.7 65.5 54.5 90.5

p-SWE plus eGFR 0.89 (0.76–0.97) −1.63 100.0 69.0 60.9 100.0
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4. Discussion

IF/TA is a dynamic and progressive process, and moderate-to-severe IF/TA is a
significant risk factor leading to renal graft loss [5]. The early, noninvasive assessment
of IF/TA stages is important for clinical decision-making. B-mode images, CDFI, and
serum biomarkers are still routinely used for monitoring renal allografts. p-SWE, as a
noninvasive technology, has been used to evaluate renal allograft fibrosis. The current
study showed that the combination of p-SWE and eGFR has good diagnostic accuracy in
assessing moderate-to-severe ci, ct, and IF/TA. The corresponding AUCs were 0.86, 0.88,
and 0.89. Additionally, the combination of p-SWE and eGFR is significantly superior to
eGFR alone in assessing moderate-to-severe ci and ct, respectively.

The RI is mainly used to diagnose rejection after transplantation. However, in our
study, the mean RI of all patients was 0.69 and showed no significant difference between
IF/TA Grade 0–1 and Grade 2–3 (p = 0.658). Likewise, Bom iun kim [24] found that RI
was not different between subclinical rejection (SCR) and without SCR groups. These
results suggested that RI may not be an effective parameter to evaluate IF/TA stages.
eGFR is another parameter usually applied in the evaluation of renal allograft status. In
that study [24], eGFR was a significantly independent predictor of subclinical rejection in
univariate and multivariate analysis. We found that the eGFR of IF/TA Grade 2–3 was
lower than Grade 0–1 and that eGFR was also significantly correlated with moderate-to-
severe IF/TA both in univariate and multivariate analysis (p < 0.05). Moreover, Cheng
Yang [10] et al. reported that combining eGFR with p-SWE and other parameters had
higher diagnosis accuracy in discriminating patients from AR to non-AR. Therefore, these
findings prompted us to establish a better index in CAD patients.

p-SWE technology is a well-established noninvasive method for the assessment of
liver fibrosis. In recent years, it has been applied to the evaluation of renal transplant,
with the following advantages: (1) good reproducible measurement and high intra- and
inter-observer agreement, with previous studies showing that the ICC value of p-SWE is
from 0.84 to 0.90 [20,26]; (2) application of different diseases after renal transplantation,
with the first clinical experience using p-SWE suggesting that it is a complementary method
in the diagnosis of renal allograft rejection [27] and other studies also finding that p-SWE
technology can be used to determine acute rejection after renal transplantation [10,13] and
to evaluate renal fibrosis [26]; and (3) real-time measurement of tissue stiffness. Thus,
p-SWE technology was used to measure the renal stiffness in this study. Overall, 45 patients
were successfully measured by p-SWE, while it failed in two patients, demonstrating a
success rate of 95.6%.

In addition, this study found that there was no correlation between p-SWE and
demographic parameters including age, sex, and BMI. Nicolas Grenier observed that renal
stiffness measured by supersonic shear imaging (SSI) had no correlation with baseline
characteristics (p > 0.05) [28], which is consistent with our results. However, Järv et al. [29]
reported that renal stiffness had negative correlations with age (r = −0.2, p = 0.03) and
BMI (r = −0.3, p = 0.01). The reason why their result is different from ours may be that
Järv et al. included more patients who were more than 5 years post renal transplantation,
a group which only accounted for 30% of the patients in our study. We also noted that
the renal stiffness showed a negative correlation with eGFR (r = −0.375, p = 0.013). This
means that renal stiffness might reflect the functional state of renal allografts. The results
were also confirmed in other techniques, such as 2-dimension shear wave elastography
(2D-SWE) and transient elastography (TE) [12,30,31]. Specifically, Nitin P. Ghonge observed
that SWE had a moderate positive correlation with RI (r = 0.56, p < 0.001) [30], whereas we
observed that renal stiffness had no correlation with RI (r = 0.172, p= 0.277). The reason for
the difference might be the inconsistent enrolled population. In our study, we only counted
patients with renal biopsies, while Nitin P. Ghonge’s study enrolled all patients with stable
allograft function who did not undergo biopsy. In addition, a pilot study showed that renal
stiffness using SSI was not correlated with any single semiquantitative Banff score [28].
However, our findings suggested that renal stiffness had positive correlation with some
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pathological scores, especially with interstitial fibrosis (r = 0.591, p <0.001) and tubular
atrophy (r = 0.653, p < 0.001).

To our knowledge, this is the first study to combine p-SWE with eGFR to evaluate
IF/TA grades in patients with CAD. However, the limitations of this study need to be noted.
First, the number of patients enrolled in our study was small. Only 43 patients (including
five female patients, accounting for 11.6%) who underwent renal biopsies were included,
and patients with IF/TA Grade 3 were relatively few (five patients with IF/TA Grade 3,
a percentage of 9.3%). The unbalanced gender distribution might be coincidental, due to
the existence of a random sampling error. This present study is prospective, and more
studies are needed to reflect a more balanced patient distribution in IF/TA grades and sex,
so as to increase the population and improve diagnosis accuracy. Second, our study is an
attempt to use p-SWE combined with eGFR for evaluating IF/TA grades. In fact, biopsies
provide other important and comprehensive pathological analysis, such as inflammation
and glomerular changes. We consider that IF/TA is the main aspect that affects stiffness.
Of course, other aspects may also affect stiffness. Due to the limitation of sample size, this
method cannot replace biopsy. Further studies should expand the sample size needed to
assess inflammation and other pathological findings. Finally, the kidneys make up less than
1% of the body weight but renal blood flow accounts for 20% of cardiac output. The renal
microcirculation hemodynamics may also influence renal function and renal stiffness [32].
CEUS, a novel ultrasound technology, has been identified to evaluate microcirculation
blood flow quantitatively. Further studies could consider combining p-SWE with CEUS to
noninvasively explore the evaluation of IF/TA stages by multiple ultrasound technologies.

5. Conclusions

In conclusion, all of these results suggested p-SWE might become a noninvasive tool
for evaluating IF/TA stages in CAD patients. In addition, based on these results, we
propose that p-SWE combined with eGFR may increase diagnostic accuracy in assessing
moderate-to-sever interstitial fibrosis or tubular atrophy. Therefore, p-SWE combined with
eGFR appears to be a feasible and promising method for assessing IF/TA stages.

Author Contributions: Conceptualization, C.Q., H.J. and Y.G.; methodology, H.Z.; validation, Y.Z.;
formal analysis, Z.G.; investigation, C.Q.; resources, H.J. and Z.G.; data curation, H.Z.; writing—
original draft preparation, C.Q. and Y.G.; writing—review and editing, C.Q. and Y.G. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of
The Ethics Committee of the Third Medical Center of Chinese PLA General Hospital. (protocol code
KY2020013 and date of 7 May 2020).

Informed Consent Statement: Written informed consent, including consent for publication, was
obtained from the patient.

Acknowledgments: We thank Zhenglu Wang from Tianjin First Central Hospital for their help with
the pathological diagnoses.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kalantar-Zadeh, K.; Wightman, A.; Liao, S. Ensuring Choice for People with Kidney Failure-Dialysis, Supportive Care, and Hope.

N. Engl. J. Med. 2020, 383, 99–101. [CrossRef]
2. Tong, A.; Sautenet, B.; Poggio, E.D.; Lentine, K.L.; Oberbauer, R.; Mannon, R.; Murphy, B.; Padilla, B.; Chow, K.M.; Marson, L.; et al.

Establishing a Core Outcome Measure for Graft Health: A Standardized Outcomes in Nephrology-Kidney Transplantation
(SONG-Tx) Consensus Workshop Report. Transplantation 2018, 102, 1358–1366. [CrossRef] [PubMed]

3. Haas, M. Chronic allograft nephropathy or interstitial fibrosis and tubular atrophy: What is in a name? Curr. Opin. Nephrol.
Hypertens. 2014, 23, 245–250. [CrossRef] [PubMed]

http://doi.org/10.1056/NEJMp2001794
http://doi.org/10.1097/TP.0000000000002125
http://www.ncbi.nlm.nih.gov/pubmed/29470347
http://doi.org/10.1097/01.mnh.0000444811.26884.2d
http://www.ncbi.nlm.nih.gov/pubmed/24626060


Diagnostics 2022, 12, 18 12 of 13

4. Stegall, M.D.; Cornell, L.D.; Park, W.D.; Smith, B.H.; Cosio, F.G. Renal Allograft Histology at 10 Years After Transplantation in the
Tacrolimus Era: Evidence of Pervasive Chronic Injury. Am. J. Transplant. 2018, 18, 180–188. [CrossRef]

5. Vanhove, T.; Goldschmeding, R.; Kuypers, D. Kidney Fibrosis: Origins and Interventions. Transplantation 2017, 101, 713–726.
[CrossRef] [PubMed]

6. Granata, S.; Benedetti, C.; Gambaro, G.; Zaza, G. Kidney allograft fibrosis: What we learned from latest translational research
studies. J. Nephrol. 2020, 33, 1201–1211. [CrossRef]

7. Stegall, M.D.; Park, W.D.; Larson, T.S.; Gloor, J.M.; Cornell, L.D.; Sethi, S.; Dean, P.G.; Prieto, M.; Amer, H.; Textor, S.; et al.
The histology of solitary renal allografts at 1 and 5 years after transplantation. Am. J. Transplant. 2011, 11, 698–707. [CrossRef]
[PubMed]

8. Tsai, S.F.; Chen, C.H.; Shu, K.H.; Cheng, C.H.; Yu, T.M.; Chuang, Y.W.; Huang, S.T.; Tsai, J.L.; Wu, M.J. Current Safety of Renal
Allograft Biopsy With Indication in Adult Recipients: An Observational Study. Medicine 2016, 95, e2816. [CrossRef]

9. Torres-Rodriguez, I.B.; Castella-Fierro, E.; Serres-Creixans, X.; Salcedo-Allende, M.; Azancot-Rivero, M.A.; Perello-Carrascosa,
M.; Sellares-Roig, J.; Cantarell-Aixandri, C.; Moreso-Mateos, F.; Seron-Micas, D. Safety and efficacy of outpatient biopsy in renal
transplantation. Nefrologia 2014, 34, 749–755.

10. Yang, C.; Yunjie, J.; Shengdi, W.; Long, L.; Mushuang, H.; Ming, X.; Ruming, R.; Tongyu, Z.; Wanyuan, H. Prediction of renal
allograft acute rejection suing a novel non-invasive model based on acoustic radiation force impulse. Ultrasound Med. Biol. 2016,
42, 2167–2179. [CrossRef]

11. Preuss, S.; Rother, C.; Renders, L.; Wagenpfeil, S.; Buttner-Herold, M.; Slotta-Huspenina, J.; Holtzmann, C.; Kuechle, C.;
Heemann, U.; Stock, K.F. Sonography of the renal allograft: Correlation between Doppler sonographic resistance index (RI) and
histopathology. Clin. Hemorheol. Microcirc. 2018, 70, 413–422. [CrossRef] [PubMed]

12. He, W.Y.; Jin, Y.J.; Wang, W.P.; Li, C.L.; Ji, Z.B.; Yang, C. Tissue elasticity quantification by acoustic radiation force impulse for the
assessment of renal allograft function. Ultrasound Med. Biol. 2014, 40, 322–329. [CrossRef] [PubMed]

13. Cenk Gokalpa, M.G.O. Acoustic Radiation Force Impulse Elastography May Predict Acute Rejection in Kidney Transplantation.
Transplant. Proc. 2020, 52, 3097–3102. [CrossRef] [PubMed]

14. Gao, Y.; Zheng, J.; Liang, P.; Tong, M.; Wang, J.; Wu, C.; He, X.; Liu, C.; Zhang, S.; Huang, L.; et al. Liver Fibrosis with Two-
dimensional US Shear-Wave Elastography in Participants with Chronic Hepatitis B: A Prospective Multicenter Study. Radiology
2018, 289, 407–415. [CrossRef] [PubMed]

15. Zhang, H.; Peng, W.; Qin, C.; Miao, Y.; Zhou, F.; Ma, Y.; Gao, Y. Lower Leg Muscle Stiffness on Two-Dimensional Shear Wave
Elastography in Subjects With Medial Tibial Stress Syndrome. J. Ultrasound Med. 2021. [CrossRef]

16. Dietrich, C.F.; Bamber, J.; Berzigotti, A.; Bota, S.; Cantisani, V.; Castera, L.; Cosgrove, D.; Ferraioli, G.; Friedrich-Rust, M.; Gilja,
O.H.; et al. EFSUMB Guidelines and Recommendations on the Clinical Use of Liver Ultrasound Elastography, Update 2017 (Long
Version). Ultraschall Med. 2017, 38, e16–e47. [PubMed]

17. Ferraioli, G.; Filice, C.; Castera, L.; Choi, B.I.; Sporea, I.; Wilson, S.R.; Cosgrove, D.; Dietrich, C.F.; Amy, D.; Bamber, J.C.; et al.
WFUMB guidelines and recommendations for clinical use of ultrasound elastography: Part 3: Liver. Ultrasound Med. Biol. 2015,
41, 1161–1179. [CrossRef]

18. Sidhu, P.S.; Cantisani, V.; Dietrich, C.F.; Gilja, O.H.; Saftoiu, A.; Bartels, E.; Bertolotto, M.; Calliada, F.; Clevert, D.A.; Cosgrove,
D.; et al. The EFSUMB Guidelines and Recommendations for the Clinical Practice of Contrast-Enhanced Ultrasound (CEUS) in
Non-Hepatic Applications: Update 2017 (Long Version). Ultraschall Med. 2018, 39, e2–e44.

19. Juhan Lee, M.; Young Taik, O. Acoustic Radiation Force Impulse Measurement in Renal Transplantation. Medicine 2015, 94, e1590.
20. Maggie KM Ma, H.K.L. Non-invasive assessment of kidney allograft fibrosis with shear wave elastography: A radiological-

pathological correlation analysis. Int. J. Urol. 2018, 25, 450–455.
21. Yoo, M.G. Usefulness of Multiparametric Ultrasound for Evaluating Structural Abnormality of Transplanted Kidney: Can We

Predict Histologic Abnormality on Renal Biopsy in Advance? Genitour. Ina. Imaging 2017, 209, W1–W6. [CrossRef] [PubMed]
22. Yang, J.R.; La, Q.; Ding, X.M.; Song, Y.; Wang, Y.Y. Using real-time sound touch elastography to monitor changes in transplant

kidney elasticity. Clin. Radiol. 2020, 75, e1–e963. [CrossRef] [PubMed]
23. Gungor, O.; Guzel, F.B.; Sarica, M.A.; Gungor, G.; Ganidagli, B.; Yurttutan, N.; Gorgel, A.F.; Altunoren, O. Ultrasound Elastography

Evaluations in Patient Populations With Various Kidney Diseases. Ultrasound Q. 2019, 35, 169–172. [CrossRef] [PubMed]
24. Kim, B.J.; Kim, C.K.; Park, J.J. Non-invasive evaluation of stable renal allograft function using point shear-wave elastography. Br.

J. Radiol. 2017, 91, 20170372. [CrossRef]
25. Solez, K.; Colvin, R.B.; Racusen, L.C.; Haas, M.; Sis, B.; Mengel, M.; Halloran, P.F.; Baldwin, W.; Banfi, G.; Collins, A.B.; et al. Banff

07 classification of renal allograft pathology: Updates and future directions. Am. J. Transplant. 2008, 8, 753–760. [CrossRef]
26. Chiocchini, A.L.C.; Sportoletti, C.; Comai, G.; Brocchi, S.; Capelli, I.; Baraldi, O.; Bruno, P.; Conti, F.; Serra, C.; Meola, M.; et al.

Correlation Between Renal Cortical Stiffness and Histological Determinants by Point Shear-Wave Elastography in Patients With
Kidney Transplantation. Prog. Transplant. 2017, 27, 346–353. [CrossRef]

27. Stock, K.; Klein, B.; Cong, M.V.; Regenbogen, C.; Kemmner, S.; Büttner, M.; Wagenpfeil, S.; Matevossian, E.; Renders, L.; Heemann,
U.; et al. ARFI-based tissue elasticity quantification and kidney graft dysfunction: First clinical experiences. Clin. Hemorheol.
Microcirc. 2011, 49, 527–535. [CrossRef]

28. Nicolas Grenier, S.P. Quantitative elastography of renal transplants using supersonic shear imaging: A pilot study. Eur. Radiol.
2012, 22, 2138–2146. [CrossRef]

http://doi.org/10.1111/ajt.14431
http://doi.org/10.1097/TP.0000000000001608
http://www.ncbi.nlm.nih.gov/pubmed/27941433
http://doi.org/10.1007/s40620-020-00726-z
http://doi.org/10.1111/j.1600-6143.2010.03312.x
http://www.ncbi.nlm.nih.gov/pubmed/21062418
http://doi.org/10.1097/MD.0000000000002816
http://doi.org/10.1016/j.ultrasmedbio.2016.05.003
http://doi.org/10.3233/CH-189306
http://www.ncbi.nlm.nih.gov/pubmed/30562894
http://doi.org/10.1016/j.ultrasmedbio.2013.10.003
http://www.ncbi.nlm.nih.gov/pubmed/24315391
http://doi.org/10.1016/j.transproceed.2020.02.174
http://www.ncbi.nlm.nih.gov/pubmed/32507711
http://doi.org/10.1148/radiol.2018172479
http://www.ncbi.nlm.nih.gov/pubmed/30040048
http://doi.org/10.1002/jum.15842
http://www.ncbi.nlm.nih.gov/pubmed/28407655
http://doi.org/10.1016/j.ultrasmedbio.2015.03.007
http://doi.org/10.2214/AJR.16.17397
http://www.ncbi.nlm.nih.gov/pubmed/28705060
http://doi.org/10.1016/j.crad.2020.08.013
http://www.ncbi.nlm.nih.gov/pubmed/32917350
http://doi.org/10.1097/RUQ.0000000000000404
http://www.ncbi.nlm.nih.gov/pubmed/30601446
http://doi.org/10.1259/bjr.20170372
http://doi.org/10.1111/j.1600-6143.2008.02159.x
http://doi.org/10.1177/1526924817731882
http://doi.org/10.3233/CH-2011-1503
http://doi.org/10.1007/s00330-012-2471-9


Diagnostics 2022, 12, 18 13 of 13

29. Järv, L. Ultrasound elastography correlations between anthropometrical parameters in kidney transplant recipients. J. Investig.
Med. 2019, 67, 1137–1141. [CrossRef]

30. Ghonge, N.P.; Mohan, M.; Kashyap, V.; Jasuja, S. Renal Allograft Dysfunction: Evaluation with Shear-wave Sonoelastography1.
Radiology 2018, 288, 146–152. [CrossRef]

31. Schmidt, R.A.S. Noninvasive evaluation of renal allograft fibrosis by transient elastography—A pilot study. Transpl. Int. 2010, 23,
871–877.

32. Zhang, Q.; Yu, Z.; Xu, Y.; Zeng, S.; Zhang, Z.; Xue, W.; Wang, W.; Zhang, X.; Hu, X. Use of Contrast-Enhanced Ultrasonography
to Evaluate Chronic Allograft Nephropathy in Rats and Correlations between Time-Intensity Curve Parameters and Allograft
Fibrosis. Ultrasound Med. Biol. 2016, 42, 1574–1583. [CrossRef] [PubMed]

http://doi.org/10.1136/jim-2018-000970
http://doi.org/10.1148/radiol.2018170577
http://doi.org/10.1016/j.ultrasmedbio.2016.01.028
http://www.ncbi.nlm.nih.gov/pubmed/27056611

	Introduction 
	Materials and Methods 
	Study Population 
	Serum Biomarkers 
	Ultrasound and p-SWE Examinations 
	Renal Biopsy and Histologic Assessment 
	Statistical Analysis 

	Results 
	Baseline Characteristics 
	Comparison Renal Cortical Stiffness, eGFR, Proteinuria and Resistive Index in Patients between IF/TA Grade 0–1 and Grade 2–3 
	Correlations between Renal Cortical Stiffness and Baseline Parameters 
	Correlations between Renal Cortical Stiffness and Histopathological Findings 
	Analysis of Factors Associated with Moderate-to-Severe IF/TA 
	Assessment Diagnosis of Histopathological Banff Scores 

	Discussion 
	Conclusions 
	References

