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Background: A high rate of glomerulosclerosis serves as an important signal of poor response to treatment 
and a high risk of disease progression or adverse prognosis in transplanted kidneys. We hypothesized that 
contrast-enhanced ultrasound (CEUS) could serve as a novel imaging biomarker in the early prediction of 
glomerulosclerosis rate by evaluating renal allograft microcirculation.
Methods: A retrospective analysis was performed on 143 transplanted kidney recipients with confirmed 
pathology, including 100 in the training group and 43 in the validation group. All patients underwent 
conventional ultrasound (CUS) and CEUS examinations. The patients were divided into two groups: those with 
>50% glomerulosclerosis and those with ≤50% glomerulosclerosis. The nomograms derived from independent 
predictors identified by multivariate logistic analysis were assessed using receiver operating characteristic (ROC) 
curve analysis, 1,000 bootstrap resamples, calibration curves, and decision curve analysis (DCA).
Results: The patients with >50% glomerulosclerosis and those with ≤50% glomerulosclerosis showed 
statistically significant differences in CEUS parameters, including in peak intensity (PI) (25 vs. 30; P<0.001), 
absolute time to peak (ATTP) (10 vs. 9; P=0.004), and time to peak (TTP) (22 vs. 19.5; P=0.026). Multivariate 
analysis revealed that PI [odds ratio (OR) =0.852; 95% confidence interval (CI): 0.737–0.986], peak systolic 
velocity (PSV) of the interlobar artery (OR =0.850; 95% CI: 0.758–0.954), cortical echogenicity (OR =38.429; 
95% CI: 3.695–399.641), and time since transplantation (OR =1.017; 95% CI: 1.006–1.028) were independent 
predictors of whether the glomerulosclerosis rate was >50% and were incorporated into the construction of a 
nomogram. The area under the curve (AUC) of the nomogram in the training and validation groups was 0.914 
(95% CI: 0.840–0.960) and 0.909 (95% CI: 0.781–0.975), respectively, with a bootstrap resampling AUC of 
0.877. The calibration curve and DCA confirmed the diagnostic performance of the nomogram model.
Conclusions: The nomogram, which combined CUS, CEUS, and clinical indicators, exhibited notable 
predictive efficacy for the glomerulosclerosis rate in transplanted kidneys, thereby demonstrating the 
potential to improve clinical decision-making.
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Introduction

End-stage renal disease (ESRD) consists of renal failure 
necessitating kidney replacement therapy. Compared to 
other kidney replacement therapies, kidney transplantation 
has proven effective in improving the survival and health-
related quality of life of patients with ESRD (1-3). The 
development of innovative immunosuppressive agents and 
human leukocyte antigen (HLA) typing technology has 
substantially improved 1-year graft survival rates. However, 
the rate of late graft loss has not shown much decline, 
remaining at 2–5% per year (4,5). Transplant glomerulopathy 
(TG), a pivotal pathological process, has garnered significant 
attention as one of the principal causes of late graft loss (6,7). 
Glomerular sclerosis is a noninflammatory glomerular lesion 
instigated by podocyte injury, which indicates the terminal 
stage of TG and is an irreparable histological change (8).  
Recent investigations have suggested that a greater proportion 
of glomeruli progressing to global or segmental sclerosis 
serves as a vital signal of poor response to treatment and a 
high risk of disease progression or adverse prognosis (9-11).  
Notably, Srivastava et al.’s study showed that patients with 
global a glomerulosclerosis rate >50% have a 6.3-fold 
increased risk of kidney disease progression (12).

Renal biopsy is considered the gold standard for 
evaluating glomerulosclerosis. However, as an invasive 
procedure, biopsy carries the risk of complications such 
as hematuria and arteriovenous fistula, and may be prone 
to sampling errors due to insufficient specimen collection. 
Thus, the development of efficacious noninvasive techniques 
to gauge the glomerulosclerosis rate of transplanted 
kidneys is imperative. These techniques could reduce the 
dependency on biopsies, aid in treatment strategies, and 
facilitate the prediction of patient prognosis and response 
to therapy. Contrast-enhanced ultrasound (CEUS) employs 
nonnephrotoxic ultrasound (US) contrast agents that have 
good safety when administered to kidney recipients (13).  
The microbubbles utilized in CEUS are confined to the 
intravascular space and exhibit rheological properties 
similar to those of red blood cells, enabling the precise 
evaluation of regional blood flow perfusion (14). Moreover, 
CEUS boasts higher temporal and spatial resolution than 
does contrast-enhanced computed tomography (CT) and 
magnetic resonance imaging (MRI) (15). Studies have 
revealed significant associations between CEUS parameters 
and the glomerulosclerosis rate or interstitial fibrosis and 
tubular atrophy (IFTA) in patients with chronic kidney 
disease (CKD) (16,17). However, there has been no 

published research on the use of CEUS to evaluate the 
glomerulosclerosis rate in transplanted kidneys.

Therefore, this study investigated the clinical significance 
of CEUS in assessing the glomerulosclerosis rate in 
renal allografts. A further aim was to develop a model 
based on clinical and ultrasound parameters to predict 
the glomerulosclerosis rate in transplanted kidneys, and 
subsequently, to rigorously validate this model. We present 
this article in accordance with the TRIPOD reporting 
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-23-1514/rc).

Methods

Patients

A retrospective single-center study was conducted on a 
cohort of 165 patients (≥18 years old) who had undergone 
renal biopsy in Jinling Hospital from January 2021 to May 
2023. All patients involved satisfied the indications for 
transplant kidney biopsy as recommended by the Kidney 
Disease: Improving Global Outcomes (KDIGO) clinical 
practice guidelines (18) and underwent both conventional 
ultrasound (CUS) and CEUS examinations within 3 days 
before the biopsy. The exclusion criteria were as follows: (I) 
presence of renal artery thrombosis, renal artery stenosis, 
or arteriovenous fistula; (II) incomplete data; and (III) a 
biopsy specimen with fewer than 10 glomeruli or fewer than  
2 arteries (19). 

The clinical and US image data of 143 kidney recipients 
were collected according to the inclusion and exclusion 
criteria (Figure 1). The study was conducted in accordance 
with the Declaration of Helsinki (as revised in 2013) and 
was approved by the Ethics Committee of Jinling Hospital. 
As a retrospective design was employed, the need to obtain 
written informed consent was waived. Patient demographics, 
including sex, age, body mass index (BMI), time since 
transplantation, estimated glomerular filtration rate (eGFR), 
serum creatinine, urea nitrogen, uric acid, albumin, and 
proteinuria, were collected. The time since transplantation 
was considered to be the months between the end of kidney 
transplant surgery and the most recent kidney biopsy.

CUS and CEUS examinations

US examinations were performed using the Logiq E9 
ultrasound machine (GE HealthCare) with a 2.5- to 6-MHz 
convex array transducer (C1–6). Before the examination, 

https://qims.amegroups.com/article/view/10.21037/qims-23-1514/rc
https://qims.amegroups.com/article/view/10.21037/qims-23-1514/rc
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Eligible participants: kidney recipients who underwent CEUS and biopsy (n=165)

Included participants (n=143)

Training group (n=100)

GS0 group (n=71) GS0 group (n=29)GS1 group (n=29) GS1 group (n=14)

Validation group (n=43)

Excluded (n=22)
•	 Renal artery thrombosis (n=1)
•	 Renal artery stenosis (n=3)
•	 Arteriovenous fistula (n=1)
•	 Incomplete data (n=6)
•	 Biopsy specimens containing <10 glomeruli (n=11)

Figure 1 Flowchart of the study population. In total, 143 of 165 eligible patients were enrolled in this study. CEUS, contrast-enhanced 
ultrasound; GS0, glomerulosclerosis rate ≤50%; GS1, glomerulosclerosis rate >50%.

all machine parameters were set to the default values. All 
US examinations were performed by a radiologist with over 
10 years of experience who was blinded to the patients’ 
clinicopathological and laboratory findings.

All patients underwent US examinations between 10:30 
AM and 11:30 AM. They were instructed to rest for at least 
10 minutes before the scan and were examined in a supine 
position. The patient’s systolic and diastolic blood pressure 
was measured before the US examinations were performed. 
CUS examinations of the renal graft were performed 
with 2D grayscale, color, and spectral Doppler ultrasound 
included. The length, cortical echogenicity, resistance index 
(RI), and peak systolic velocity (PSV) of the allograft were 
measured in the largest longitudinal section of the renal graft. 
Figure 2 shows typical ultrasound images from two patients. 
The classification of cortical echogenicity was based on the 
criteria proposed by Yang et al. (20). Hyperechoic was defined 
as a comparable echogenicity between the renal cortical and 
collecting systems, as shown in Figure 2A. Nonhyperechoicity 
was defined as a cortical echogenicity lower than that of the 
collecting system (Figure 2D). During color and spectral 
Doppler examinations, the sampling volume was kept at  
0.5 mm, and the Doppler angle correction was kept parallel 
to the arteries in the range of 0–60°. 

The largest longitudinal section of the renal graft was 
selected as the reference plane for CEUS following the 

CUS examination. Via the dual-image mode, 2 mL of 
contrast agent (SonoVue, Bracco) was injected through the 
patient’s cubital vein, which was followed by a 5-mL normal 
saline flush delivered at a rate of approximately 2 mL/s (21). 
The contrast procedure was continuously monitored, and 
images were stored in DICOM format (with a storage time 
of more than 2 minutes) for analysis. The mechanical index 
during CEUS was set to 0.10.

CEUS image analysis

Upon completion of CEUS imaging, we used time-intensity 
curve (TIC) analysis software integrated within the US 
machine to analyze the dynamic images obtained. Five 
equally spaced regions of interest (ROIs) measuring 5 mm × 
5 mm were placed in the renal cortex on the proximal skin 
side, and the gamma variate function was selected following 
motion compensation. To obtain the best-fitting TIC, the 
first frame time was adjusted, and the average values of the 
following quantitative parameters were determined: (I) 
arrival time (AT), (II) time to peak (TTP), (III) absolute 
time to peak (ATTP), and (IV) peak intensity (PI) (with 
TTP = AT + ATTP. The details of the TIC are presented 
in Figure 2C,2F. Two radiologists who had more than a 
decade of professional experience and who were blinded 
to the patients’ clinicopathological and laboratory findings 
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Figure 2 Ultrasonographic and histopathology images in patients. A 61-year-old female exhibited a biopsy-confirmed glomerulosclerosis 
rate of 70% at 252 months after kidney transplantation. (A) CUS. (B) PAS staining (original magnification: 200×). (C) TIC drawing details. 
The curve was generally flatter, the slope of the rising branch and PI of the curve were significantly reduced, and the TTP was delayed. In 
the table of values at the bottom, A represents PI, TtoPk is ATTP, and ATm is AT. The CUS (D), PSA staining (original magnification: 
200×) (E), and TIC drawing details (F) of a 49-year-old female 10 days after kidney transplantation who exhibited a biopsy-confirmed 
glomerulosclerosis rate of 0%. The curve was generally steeper. CUS, conventional ultrasound; PAS, periodic acid-Schiff; TIC, time-
intensity curve; PI, peak intensity; TTP, time to peak. ATTP, absolute time to peak; AT, arrival time.
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independently analyzed the TICs of all patients and 
recorded the average value of their respective analyses.

Renal allograft biopsy

A renal allograft biopsy is the medical procedure that 
obtains a small sample of tissue from a transplanted kidney 
for histopathological examination for the purposes of 
assessing the health and function of the transplanted kidney 
and to diagnose any potential issues such as rejection, 
infection, or other complications. All biopsies in this study 
were performed using the percutaneous technique, in 
which a puncture needle was inserted through the skin into 
the transplanted kidney under the guidance of US. Prior 
to renal allograft biopsy, patients routinely underwent 
thromboelastography and coagulation tests. After patients 
signed an informed consent form, a 16 G automatic 
biopsy needle was used to puncture the lower pole of the 
renal allograft, and 1–2 renal tissue specimens measuring  
0.5–1.0 cm in length and 1 mm in diameter were obtained 
for pathological examination. These specimens were 
analyzed by two pathologists with over 5 years of experience. 
The glomerulosclerosis rate was used to divide transplant 
patients into the glomerulosclerosis rate ≤50% group (GS0) 
and glomerulosclerosis rate >50 (GS1) group according to 
the standardized grading proposal for chronic changes in 
renal biopsy specimens published by Sethi et al. (22). The 
glomerulosclerosis rate was calculated by dividing the sum 
of the global and segmental glomerulosclerosis by the total 
number of glomeruli and then multiplying the quotient by 
100%. GS0 corresponded to grades 0–2 (glomerulosclerosis 
rate ≤50%, Figure 2E), and GS1 corresponded to grade 3 
(glomerulosclerosis rate >50%, Figure 2B).

Statistical analysis

Statistical analysis was conducted using SPSS 26.0 (IBM 
Corp., USA), MedCalc 19.5.6 (MedCalc Software), and 
packages in R 4.0.3 (The R Foundation for Statistical 
Computing). Baseline characteristics were compared using 
an independent samples t test or one-way analysis variance 
(ANOVA) for continuous variables conforming to a normal 
distribution and are expressed as the mean ± standard 
deviation (SD). For continuous variables not following a 
normal distribution, the Mann-Whitney test or the Kruskal-
Wallis test was applied, with the results being reported as 
the median (M) and interquartile range (IQR). Categorical 
variables were compared using the chi-squared test or 

Fisher exact test. Pearson correlation analysis was used to 
explore the relationships between the glomerulosclerosis 
rate and clinical and US indicators.

Patients were randomly allocated to a training group or 
a validation group in a 7:3 ratio. Univariate logistic analysis 
was conducted in the training group to identify significant 
variables (P<0.05) for subsequent multivariate analysis. 
Forward stepwise regression was applied in the multivariate 
analysis to identify independent predictors (P<0.05) 
associated with the glomerulosclerosis rate in the training 
group and to construct the nomogram. Receiver operating 
characteristic (ROC) curves were drawn to calculate their 
area under the curve (AUC) and to determine the best 
sensitivity and specificity of the ROC based on the Youden 
index. The DeLong test was employed to compare AUCs 
between the nomogram and independent predictors. 
Interval validation was performed using 1,000 bootstrap 
resamples. The calibration curve was drawn to compare 
the nomogram predictions with actual observations, while 
decision curve analysis (DCA) was used to evaluate the 
usefulness of the nomogram for decision-making. A two-
sided P value <0.05 was considered statistically significant.

Results

Demographics and baseline characteristics

A total of 143 transplanted kidney recipients were included, 
including 106 men (106/143, 74.1%) and 37 women (37/143, 
25.9%), with a median age of 39 (IQR 32–46) years and 
median time since transplantation of 35 (IQR 12–84) months. 
Among the recipient, 78.32% (112/143) received kidneys 
from deceased donors, and 20 recipients experienced delayed 
graft function (DGF) after transplantation. The pathological 
reasons for kidney transplantation were immunoglobin 
A nephropathy (19 patients), polycystic kidney disease 
(4 patients), purpura nephritis (4 patients), hypertensive 
nephropathy (4 patients), diabetic nephropathy (3 patients), 
lupus nephritis (3 patients), membranous nephropathy  
(3 patients), mesangial proliferative glomerulonephritis  
(3 patients), focal segmental glomerulosclerosis (2 patients), 
membranoproliferative glomerulonephritis (1 patient), 
crescentic glomerulonephritis (1 patient), acute kidney 
injury (1 patient), bilateral ureteral obstruction (1 patient), 
and CKD of unknown etiology (94 cases). Among the 94 
recipients with CKD, 8 had abnormal renal function but were 
left untreated, 34 had abnormal renal function acknowledged 
without subsequent biopsy, for which only conservative 
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Table 1 Demographics and baseline characteristics of all groups

Characteristic Total (n=143) Training group (n=100) Validation group (n=43) P value

Clinical index

Age (years) 39 (32, 46) 40 (33, 47) 34 (30, 44) 0.127

Sex (male/female) 106/37 71/29 35/8 0.429

BMI (kg/m²) 22.4 (20.4, 25.1) 22.1 (19.7, 25.0) 22.5 (20.8, 25.2) 0.883

Systolic blood pressure (mmHg) 131.1±14.4 131.5±14.6 130.4±14.2 0.926

Diastolic blood pressure (mmHg) 85.3±10.1 85.0±10.3 85.9±9.7 0.899

Time since transplantation (months) 35 (12, 84) 38 (12, 96) 24 (13, 54) 0.209

eGFR [mL/(min·1.73 m²)] 37 (23, 54) 37 (22, 52) 38 (26, 59) 0.821

Serum creatinine (mg/dL) 2.0 (1.5, 2.9) 2.0 (1.6, 3.1) 2.0 (1.5, 2.7) 0.989

Urea nitrogen (mg/dL) 34.1 (23.6, 50.8) 34.9 (24.5, 49.3) 32.1 (20.3, 52.6) 0.887

Uric acid (mg/dL) 399.5±99.3 405.0±98.1 387.0±102.3 0.611

Albumin (g/L) 38.7 (35.3, 41.9) 38.2 (33.4, 41.8) 39.6 (36.2, 42.2) 0.263

Proteinuria (g/24 h) 0.9 (0.4, 2.2) 1.0 (0.4, 2.7) 0.8 (0.4, 1.8) 0.616

Ultrasound index

Kidney length (cm) 112.5 (106.0, 120.0) 113.5 (105.0, 120.3) 112.5 (106.8, 119.0) 0.994

Cortical echogenicity  
(hyperechoic/nonhyperechoic)

21/122 15/85 6/37 0.987

PSV of interlobar artery (cm/s) 33.2±7.5 31.9±7.2 36.3±7.2 0.006

RI of interlobar artery 0.61 (0.56, 0.65) 0.62 (0.56, 0.65) 0.60 (0.57, 0.63) 0.609

PSV of arcuate artery (cm/s) 22.5±5.5 21.9±5.5 23.8±5.5 0.160

RI of arcuate artery 0.58 (0.54, 0.62) 0.58 (0.55, 0.62) 0.56 (0.52, 0.60) 0.202

AT (s) 11.0 (8.9, 13.0) 11 .0 (9.0, 13.0) 11.0 (8.4, 13.0) 0.939

TTP (s) 20.2 (16.9, 23.8) 20.3 (16.8, 24.9) 20.1 (16.9, 23.1) >0.99

ATTP (s) 9.0 (7.5, 11.0) 9.5 (7.6, 11.0) 8.9 (7.4, 11.0) 0.305

PI (dB) 28.3 (25.0, 31.0) 28.7 (25.0, 31.4) 28.0 (24.0, 30.4) 0.609

Data are presented as the mean ± standard deviation or median (upper and lower quartiles). AT, arrival time; ATTP, absolute time to peak; 
BMI, body mass index; eGFR, estimated glomerular filtration rate; PI, peak intensity; PSV, peak systolic velocity; RI, resistance index; TTP, 
time to peak.

management was selected, and 52 had indications for dialysis 
that were already met at the time of the initial consultation.

Table 1 displays the other baseline characteristics of the 
143 kidney recipients. All recipients underwent renal biopsy, 
which revealed that 100 patients had a glomerulosclerosis rate 
of ≤50% and 43 had a rate of >50%. Detailed information 
on GS0 and GS1 is shown in Table 2. The age, time since 
transplantation, serum creatinine, urea nitrogen, uric acid, 
proteinuria, proportion of cortical hyperechoicity, RI of the 
interlobar artery, TTP and ATTP of GS1 were significantly 

higher than those of GS0. The eGFR, albumin, urine specific 
gravity, PSV of the interlobar artery, PSV of the arcuate artery, 
and PI of GS1 were significantly lower than those of GS0.

Relationship between glomerulosclerosis rate and clinical 
and US indicators

The correlations between the glomerulosclerosis rate and 
clinical and US indicators are shown in Table 3. Except for 
renal length, RI of the arcuate artery, and AT, all the indicators 
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Table 2 Demographics and baseline characteristics of the GS0 and GS1 groups

Characteristic GS0 group (n=100) GS1 group (n=43) t/Z/χ² value P value

Clinical index

Age (years) 37.9±8.9 41.4±9.9 −2.066 0.041

Sex (male/female) 75/25 31/12 0.132 0.716

BMI (kg/m²) 22.2 (19.8, 25.1) 22.2 (20.8, 24.7) −0.004 0.996

Systolic blood pressure (mmHg) 130.4±14.6 132.9±14.1 −0.973 0.332

Diastolic blood pressure (mmHg) 84.5±9.4 87.1±11.5 −1.425 0.156

Time since transplantation (months) 18 (10, 53) 72 (48, 108) −6.152 <0.001

eGFR [mL/(min·1.73 m²)] 41 (28, 59) 28 (17, 46) −3.082 0.002

Serum creatinine (mg/dL) 1.9 (1.5, 2.6) 2.5 (1.8, 3.9) −2.969 0.003

Urea nitrogen (mg/dL) 31.0 (22.7, 50.0) 41.6 (29.2, 52.2) −2.089 0.037

Uric acid (mg/dL) 383.9±99.7 436.0±89.5 −2.953 0.004

Albumin (g/L) 40.5 (37.5, 42.6) 35.5 (32.5, 37.0) −5.391 <0.001

Proteinuria (g/24 h) 0.6 (0.4, 1.3) 2.1 (1.1, 3.7) −5.076 <0.001

Ultrasound index

Kidney length (cm) 112.9±10.4 113.8±12.8 −0.447 0.655

Cortical echogenicity  
(hyperechoic/nonhyperechoic)

2/98 19/24 42.713 <0.001

PSV of interlobar artery (cm/s) 34.7±6.7 29.8±8.0 3.766 <0.001

RI of interlobar artery 0.60 (0.55, 0.64) 0.62 (0.58, 0.66) −1.995 0.046

PSV of arcuate artery (cm/s) 23.5±5.6 20.0±4.5 3.637 <0.001

RI of arcuate artery 0.58 (0.53, 0.61) 0.58 (0.55, 0.63) −0.849 0.396

AT (s) 11.0 (8.6, 13.0) 11.0 (8.9, 14.0) −0.659 0.510

TTP (s) 19.5 (16.1, 23.0) 22.0 (17.5, 26.0) −2.226 0.026

ATTP (s) 9.0 (7.2, 10.9) 10.0 (8.5, 13.0) −2.880 0.004

PI (dB) 30.0 (27.0, 32.0) 25.0 (23.0, 27.9) −5.050 <0.001

Data are presented as the mean ± standard deviation or median (upper and lower quartiles). GS0, glomerulosclerosis rate ≤50%; 
GS1, glomerulosclerosis rate >50%; BMI, body mass index; eGFR, estimated glomerular filtration rate; PSV, peak systolic velocity; RI, 
resistance index; AT, arrival time; TTP, time to peak; ATTP, absolute time to peak; PI, peak intensity.

were significantly correlated with the glomerulosclerosis rate 
(all P values <0.05). 

Independent predictors of glomerulosclerosis rate

The training group comprised 100 cases, including 71 in the 
GS0 group and 29 in the GS1 group, while the validation 
group comprised 43 cases, including 29 in the GS0 group 
and 14 in the GS1 group. 

Following univariate and multivariate logistic analyses 

of various variables in the training group, the independent 
predictors of a glomerulosclerosis rate >50% were found to 
be PI, the PSV of the interlobar artery, cortical echogenicity, 
and time since transplantation (Table 4). Further analysis 
of the diagnostic performance of these four independent 
predictors is presented in Table 5.

Construction and validation of the US model

The independent predictors, including PI, the PSV of 
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Table 3 Relationship between glomerulosclerosis rate and clinical 
and ultrasound index

Characteristic
Correlation 
coefficient

P value

Clinical index

Age (years) 0.257 0.002

Time since transplantation (months) 0.481 <0.001

eGFR [mL/(min·1.73 m²)] −0.254 0.002

Serum creatinine (mg/dL) 0.287 0.001

Urea nitrogen (mg/dL) 0.199 0.017

Uric acid (mg/dL) 0.259 0.002

Proteinuria (g/24 h) 0.287 0.001

Ultrasound index

Kidney length (cm) 0.068 0.418

Cortical echogenicity 0.551 <0.001

PSV of interlobar artery (cm/s) −0.289 <0.001

RI of interlobar artery 0.184 0.028

PSV of arcuate artery (cm/s) −0.307 <0.001

RI of arcuate artery 0.064 0.444

AT (s) 0.111 0.187

TTP (s) 0.214 0.010

ATTP (s) 0.238 0.004

PI (dB) −0.363 <0.001

eGFR, estimated glomerular filtration rate; PSV, peak systolic 
velocity; RI, resistance index; AT, arrival time; TTP, time to peak; 
ATTP, absolute time to peak; PI, peak intensity. 

the interlobar artery, and cortical echogenicity, are all US 
parameters. A predictive US model for a glomerulosclerosis 
rate >50% was established by combining these US 
parameters, and its diagnostic performance was evaluated 
by plotting its ROC curve, as presented in Figure 3 and  
Table 5. 

Construction of the nomogram

To enhance the diagnostic efficacy of our US model, we 
developed a nomogram model to predict whether the 
glomerulosclerosis rate would be >50% based on the four 
independent predictors selected by the multivariate analysis. 
The sum of scores assigned to each variable yielded the 
predicted probability of a glomerulosclerosis rate >50%. 

The details of the nomogram are shown in Figure 4.

Validation of the nomogram

ROC curves were plotted to assess the diagnostic performance 
of the nomogram (Figure 3), the details of which are 
provided in Table 5. The DeLong test showed that the AUC 
of the nomogram was significantly higher than that of PI, 
the PSV of the interlobar artery, cortical echogenicity, and 
time since transplantation (P<0.05). Internal validation 
was performed by 1000 bootstrap resamples in the training 
group, and the AUC was 0.877. The calibration curves 
of the nomogram confirmed the excellent concordance 
between the model predictions and actual observations, 
while the DCA verified the clinical utility of the nomogram 
model (Figure 5).

Discussion

The rate of glomerulosclerosis is a reliable indication of 
the severity of chronic changes, the patient’s response 
to treatment, and the risk of disease progression in 
a transplanted kidney (9,10). Multiple studies have 
substantiated a significant correlation between the 
glomerulosclerosis rate and tubular atrophy/interstitial 
fibrosis (r=0.64–0.74; P<0.05), with intraclass correlation 
coefficients for morphometric measurements of the 
glomerulosclerosis rate even exhibiting greater consistency 
(11,12,23). Thus, the glomerulosclerosis rate serves as 
a potent gauge for the extent of chronicity concerning 
transplanted kidney pathology. In this study, for the first 
time, CEUS was used to assess the glomerulosclerosis rate 
in transplanted kidneys. We constructed and validated a 
nomogram model to predict whether a glomerulosclerosis 
rate >50%. The model demonstrated an AUC of 0.914, a 
sensitivity of 89.7%, and a specificity of 76.1%. To further 
verify the model’s predictive ability, we set up a validation 
group and plotted calibration curves and DCA curves. Our 
results revealed that the PI, the PSV of the interlobar artery, 
cortical echogenicity, and time since transplantation were 
independent predictors of a glomerulosclerosis rate >50%.

As a CEUS intensity parameter, PI represents the 
maximum level of renal cortical blood flow perfusion, which 
is reflected by the highest concentration of contrast agents 
within the ROI during the examination. PI is highly sensitive 
to decreases in renal plasma flow and can well reflect 
changes in the renal cortical microcirculation (24). It is also 
significantly associated with the severity of chronic changes 
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Table 4 Univariate and multivariate analyses of factors associated with glomerulosclerosis

Characteristic
Univariate Multivariate

OR (95% CI) P value OR (95% CI) P value

Clinical index

Age (years) 1.044 (0.995–1.095) 0.077

Sex (male/female) 1.102 (0.422–2.881) 0.842

BMI (kg/m²) 1.018 (0.914–1.133) 0.751

Time since transplantation (months) 1.016 (1.008–1.025) <0.001 1.017 (1.006–1.028) 0.003

eGFR [mL/(min·1.73 m²)] 0.961 (0.935–0.988) 0.004

Serum creatinine (mg/dL) 1.778 (1.209–2.615) 0.003

Urea nitrogen (mg/dL) 1.020 (0.994–1.047) 0.132

Uric acid (mg/dL) 1.005 (1.000–1.010) 0.035

Proteinuria (g/24 h) 1.108 (0.983–1.249) 0.093

Ultrasound index

Kidney length (cm) 1.004 (0.968–1.041) 0.844

Cortical echogenicity (hyperechoic) 28.031 (5.745–136.762) <0.001 38.429 (3.695–399.641) 0.002

PSV of interlobar artery (cm/s) 0.894 (0.833–0.959) 0.002 0.850 (0.758–0.954) 0.006

RI of interlobar artery 1.032 (0.979–1.089) 0.243

PSV of arcuate artery (cm/s) 0.857 (0.776–0.945) 0.002

RI of arcuate artery 0.994 (0.938–1.053) 0.831

AT (s) 1.059 (0.929–1.207) 0.391

TTP (s) 1.069 (0.989–1.156) 0.094

ATTP (s) 1.151 (1.005–1.319) 0.042

PI (dB) 0.795 (0.701–0.902) <0.001 0.852 (0.737–0.986) 0.031

OR, odds ratio; CI, confidence interval; BMI, body mass index; eGFR, estimated glomerular filtration rate; PSV, peak systolic velocity; RI, 
resistance index; AT, arrival time; TTP, time to peak; ATTP, absolute time to peak; PI, peak intensity. 

and is an independent predictor of CKD progression (25). 
Our results demonstrated a significant negative correlation 
between PI and glomerulosclerosis rate (r=–0.363; P<0.001), 
and the AUC for a diagnosing glomerulosclerosis rate >50% 
was 0.757, with sensitivities and specificities of 75.9% and 
70.4%, respectively. Segmental and global glomerulosclerosis 
can lead to capillary luminal obliteration (22), impeding 
the entry of microbubbles into the sclerotic glomerulus and 
consequently reducing renal cortical microbubble perfusion, 
thereby leading to a decreased PI. 

Consistent with our findings, Wang et al.’s study on 
diabetic nephropathy showed that PI decreased with 
increasing severity of glomerular damage and was negatively 
correlated with the glomerulosclerosis rate (r=–0.331; 

P=0.01) (17). However, in Wang et al.’s study, the median PI 
was 2,488 a.u when the glomerulosclerosis rate was >50%, 
whereas the median PI in our study was 25 dB. Therefore, 
while our study arrived at a similar conclusion, discrepancies 
arose due to differences in image intensity displays (arbitrary 
units) among scanners, nonstandardized linearization 
software and curve-fitting algorithms, and a nonstandard 
quantification approach, which renders intensity parameters 
in CEUS unable to be compared across various centers (26). 

Our results indicated there to be a significant positive 
correlation of the glomerulosclerosis rate with the RI of the 
interlobar artery and a negative correlation with the PSV 
of the interlobar artery and of the arcuate artery. Notably, 
the decrease in the PSV of the interlobar artery was an 
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Table 5 Diagnostic performance of the nomogram, including the US model and individual independent predictors

Characteristic Group Specificity Sensitivity AUC (95% CI)

US model Training 0.747 0.897 0.875 (0.794–0.933)

Validation 0.759 0.857 0.882 (0.747–0.960)

Nomogram Training 0.761 0.897 0.914 (0.840–0.960)

Validation 0.862 0.857 0.909 (0.781–0.975)

PI (dB) Training 0.704 0.759 0.757 (0.661–0.838)

Validation 0.690 0.786 0.775 (0.622–0.888)

PSV of interlobar artery (cm/s) Training 0.831 0.483 0.686 (0.586–0.775)

Validation 0.897 0.429 0.676 (0.516–0.811)

Cortical echogenicity (hyperechoic) Training 0.972 0.448 0.710 (0.611–0.796)

Validation 0.966 0.429 0.697 (0.538–0.828)

Time since transplantation (months) Training 0.592 0.966 0.821 (0.732–0.891)

Validation 0.759 0.929 0.842 (0.699–0.935)

AUC, area under the curve; CI, confidence interval; US, ultrasound; PI, peak intensity; PSV, peak systolic velocity. 

Figure 3 ROC curves of the predictive models and independent predictors. ROC curves of the training group (A) and validation group (B) 
for evaluating the diagnostic performance of the nomogram, US model, PI, PSV of the interlobar artery, cortical echogenicity, and time 
since transplantation. The predictive US model comprises three ultrasound parameters: PI, the PSV of the interlobar artery, and cortical 
echogenicity. US, ultrasound; PI, peak intensity; AUC, area under the curve; ROC, receiver operating characteristic; PSV, peak systolic velocity.
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independent predictor of a glomerulosclerosis rate >50%. 
These findings suggest that as the glomerulosclerosis rate 
increases, intrarenal vessel resistance increases and flow 
velocity declines. 

Regarding the time parameters of CEUS, we observed a 
significant positive correlation between the glomerulosclerosis 
rate and TTP and ATTP. This could be because both 
TTP and ATTP encompass the period from the contrast 

agent’s arrival in the transplanted kidney to when the signal 
intensity of the renal cortex reaches PI, reflecting changes 
in intrarenal microcirculation. As the glomerulosclerosis 
rate increased, TTP and ATTP increased, indicating an 
extended intrarenal microcirculation time, which aligned 
with the findings from spectral Doppler US. In contrast, 
AT was not associated with the glomerulosclerosis rate. 
This may be because AT represents the time from contrast 
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Figure 4 Nomogram for predicting a glomerulosclerosis rate in renal allografts of >50%. PI, peak intensity; PSV, peak systolic velocity.

Figure 5 Calibration curves and DCA of the nomogram. The calibration curves of the nomogram for predicting whether the 
glomerulosclerosis rate of the renal allografts was >50% in the (A) training group and (B) validation group. DCA of the nomogram for 
predicting the glomerulosclerosis rate in the (C) training group and (D) validation group. DCA, decision curve analysis.
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agent injection from the cubital vein to its arrival in the 
transplanted kidney, primarily reflecting the patient’s 
systemic circulation time, which is influenced by factors 
such as blood pressure and heart rate and has little to do 
with renal pathological changes.

This study also confirmed that a hyperechoic cortex 
is a reliable predictor of the glomerulosclerosis rate in 
transplanted kidneys. As the glomerulosclerosis rate 
increased, the probability of cortical hyperechoicity grew 
(r=0.551; P<0.001). A parallel correlation was reported 
by Sammy et al. in their study of 207 patients with 
CKD, in which they also noted a connection between 
glomerulosclerosis rate and cortical echogenicity (r=0.3; 
P<0.001) (27). Both cortical hyperechoicity and indistinct 
corticomedullary differentiation are crucial indicators of 
chronic changes, whether in autologous or transplanted 
kidneys (20). These findings could be attributed to the 
deposition of collagen fibers in glomeruli, leading to 
amplified ultrasound reflection and a cortical hyperechoic 
appearance on grayscale imaging. 

We developed a US model based on the PI, the PSV of 
the interlobar artery, and cortical echogenicity. As indicated 
by ROC analysis, this model achieved an impressive AUC 
of 0.875, with a sensitivity of 89.7% and a specificity of 
74.7%. Among these US parameters, PI demonstrated the 
highest AUC and Youden index, thus further confirming 
the preeminence of CEUS.

Our correlation analysis indicated that time since 
transplantation was positively associated with the 
glomerulosclerosis rate (r=0.481; P<0.001) and that it 
was an independent risk factor for a glomerulosclerosis 
rate >50%. One plausible explanation for this is that as 
individuals age, their kidneys undergo a natural aging 
process, leading to a higher incidence of glomerulosclerosis 
even in the absence of apparent clinical comorbidities such 
as hypertension or diabetes, as multiple studies have shown 
(28,29). Vaulet et al. analyzed 3,549 tissue specimens from 
different time points after transplantation and observed 
that the time after transplantation correlated with the 
overall chronicity of the biopsy specimens (30). Denic et al. 
reported that the mean percentage of glomerulosclerosis in 
patients with transplanted kidneys increased from 3.2% at 
implantation to 13.2% at 5 years after surgery (31). Another 
study demonstrated that the proportion of patients with a 
glomerulosclerosis rate >20% increased from 0% to 47% 
10 years after transplantation (32). These studies confirm 
that the sustained influence of immune and nonimmune 
factors (such as hypertension and drug toxicity) results in 

a proclivity for chronic renal pathological changes and an 
increased incidence of glomerulosclerosis.

The significant correlation (P<0.05) between the 
glomerulosclerosis rate and various clinical indicators of 
renal function (eGFR, serum creatinine, uric acid, and 
proteinuria) in our study suggested a strong relationship 
between the severity of renal impairment and the rate of 
glomerulosclerosis. Currently, the noninvasive diagnosis 
of pathological changes mainly relies on eGFR and serum 
creatinine. However, these two indicators are prone to 
significant fluctuations and can be influenced by multiple 
factors, including sex and muscle mass (33). Hyperuricemia 
is a common clinical manifestation in transplanted kidney 
recipients, and several studies have shown that uric acid 
is correlated with renal function and nutritional status. 
However, after confounding factors such as renal function 
were adjusted for, uric acid was no longer an independent 
risk factor for graft loss (34,35), which is consistent with 
our study. Although some studies have concluded that 
proteinuria is an independent predictor of long-term graft 
loss (36,37), we did not find proteinuria to have independent 
predictive value. This could be because the enrolled patients 
had a minimum time since transplantation of only 1 month, 
and early proteinuria after transplantation might be caused 
by underlying autologous kidney disease and may not be 
related to the pathological alterations in the transplanted 
kidney (38).

Our study demonstrated the application value of CEUS 
in evaluating the glomerulosclerosis rate. Unfortunately, 
conventional CEUS imaging is limited in its resolution, 
and the extracted parameters are linked only indirectly to 
modifications in the microcirculation. Based on CEUS, US 
localization microscopy (UML) is a novel technique that 
can generate a super-resolved map of the microvasculature 
at the micrometer scale by locating individual injected 
microbubbles and tracking their displacement with 
subwavelength resolution (39). ULM has been reported 
to be capable of revealing different  renal structures, 
with ULM maps reaching a 2 to 4-times thinner vessel 
diameter than the conventional high-resolution Doppler 
modes. In conjunction with this, ULM is able to provide 
quantitative information on blood velocities in the cortical 
area (40). Moreover, the application of sensing ULM 
(sULM) technology allows for the observation of individual 
glomeruli within transplanted kidneys (41). Therefore, we 
believe that inclusion of ULM in subsequent research can 
improve our results.

Our study has certain limitations that must be accounted 
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for. (I) We employed a single-center, retrospective study 
design with a small sample, and the diagnostic model was 
not externally validated. (II) Although kidney biopsy is 
considered the gold standard, it is limited by sampling 
error, as is the measurement of CEUS parameters. (III) 
During the process of constructing the nomogram, there 
was an excessive reliance on statistical outcomes, resulting 
in the omission of certain clinically significant indicators, 
particularly those of renal function. (IV) Our study focused 
only on the glomerulosclerosis rate, whereas the pathologic 
changes in transplanted kidneys are complex and varied, 
and other pathological changes should be included in 
future studies. (V) Finally, patients with unfavorable US or 
laboratory findings were excluded from the study because 
they did not undergo renal biopsy.

Conclusions

Our nomogram, comprising CUS, CEUS, and clinical 
parameters exhibited sound predictive capability for 
determining whether the glomerulosclerosis rate of the 
renal graft would exceed 50%. The application of this 
model has the potential to reduce the need for repetitive 
biopsies and provide predictive insight into patients’ 
treatment response and graft survival.
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