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Background: Acute kidney injury (AKI) is frequently found in deceased donors; however, few studies 
have reported the use of imaging to detect and identify this phenomenon. The purpose of this study was 
to detect renal microcirculatory perfusion in brain-dead donors using contrast-enhanced ultrasonography 
(CEUS), investigate the value of CEUS in identifying AKI, and analyze the correlation between CEUS and 
preimplantation biopsy results and early post-transplant renal function of grafts.
Methods: This prospective study recruited 94 kidneys from brain-dead donors (AKI =44, non-AKI =50) 
from August 2020 to November 2022. The inclusion criteria were age ≥18 years and brain death. The 
exclusion criteria encompassed donors maintained with extracorporeal membrane oxygenation (ECMO) and 
the presence of irregular kidney anatomy. The mean age of the donors was 45.1±10.4 [standard deviation 
(SD)] years, and the majority were male (86.2%). CEUS was performed prior to organ procurement, and 
time-intensity curves (TICs) were constructed. The time to peak (TTP) and peak intensity (PI) of kidney 
segmental artery (KA), kidney cortex (KC), and kidney medulla (KM) were calculated using TIC analysis.
Results: Arrival time (AT) of KA (P<0.001) and TTP of kidney cortex (TTPKC) (P<0.001) of the non-AKI 
group were significantly shorter than those of the AKI group. The PI of the KA (P=0.003), KM (P=0.005), 
and kidney cortex (PIKC; P<0.001) of the non-AKI group were significantly higher than those of the AKI 
group. Multivariable logistic regression analysis showed that serum creatinine [odds ratio (OR) =1.06; 95% CI: 
1.03–1.1; P<0.001], TTPKC (OR =1.38; 95% CI: 1.03–1.84; P=0.03), and PIKC (OR =0.95; 95% CI: 0.91–1;  
P=0.046) were the independent factors of AKI. The area under the receiver operating characteristic curve 
(AUC) for identifying AKI for TTPKC and PIKC was 0.73 and 0.71, respectively. TTPKC showed a weak 
correlation with interstitial fibrosis (r=0.23; P=0.03), PIKC showed a weak correlation with arterial intimal 
fibrosis ((r=−0.29; P=0.004) and arteriolar hyalinosis (r=−0.27; P=0.008), and PIKC showed the strongest 
correlation with eGFR on postoperative day 7 (r=−0.46; P=0.046) in the donor kidneys with AKI.
Conclusions: CEUS can be used to identify AKI in brain-dead donors. Furthermore, there is a correlation 
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Introduction

Kidney transplantation is the best treatment option for end-
stage renal disease and offers improved quality of life and 
survival of patients compared with dialysis treatment. At 
present, transplantation of organs from deceased donors 
remains the most prevalent form of transplantation, with 
brain-dead individuals being the main source of donations 
(1,2). After brain death, many organs and systems in the 
body undergo a series of dysfunctions and physiological 
changes that can affect the quality and function of donated 
organs (3). Acute kidney injury (AKI) is a syndrome 
characterized by the rapid loss of renal excretory function (4) 
and is frequently found in deceased donors. Although donor 
kidneys with AKI are more likely to undergo delayed graft 
function (5,6), AKI has a limited impact on graft success 
and long-term outcomes, thereby providing a safe and 
acceptable source of organs (7-9).

AKI in living individuals is usually diagnosed by a rapid 
increase in nitrogen metabolism end products (serum 
creatinine), decrease in urine output, or both (4). Thus 
far, few studies have used imaging to detect and identify 
AKI in deceased donors. Scintigraphy, positron-emission 
tomography, and various magnetic resonance imaging–
based techniques offer promise for detecting renal 
perfusion in donors with AKI; however, high radiation 
exposure, nephrotoxicity, inability to perform at bedside, 
and safety concerns during transport and examination 
have limited the widespread use of these techniques 
(10,11). Contrast-enhanced ultrasonography (CEUS) is 
an emerging imaging technique that uses microbubbles 
to enhance tissue perfusion detection at the microvascular 
level. As a noninvasive, radiation-free, and easy-to-
operate examination technique, CEUS is a valuable tool 
for monitoring and predicting acute complications after 
transplantation (12,13). The change of renal perfusion, 
especially at the microvascular level, appears to play a 

key role in the development of AKI (14). CEUS allows 
for the evaluation of renal microcirculation qualitatively 
and quantitatively, which is highly useful for detecting 
the condition change and prognosis of patients with AKI 
(15,16). Reliable pretransplant assessment of organ quality 
is essential, and the renal function of the donor organ can 
affect the short- and long-term outcomes of recipients. 
Considering that CEUS is non-nephrotoxic and repeatable 
at bedside, which avoids medically induced injury to the 
organs of deceased donors, we hypothesized that CEUS can 
accurately assess renal perfusion and function in brain-dead 
donors.

The purpose of  this  s tudy was to detect  renal 
microcirculatory perfusion in brain-dead donors using 
CEUS, to investigate the value of CEUS in identifying 
AKI, and to analyze the correlation between CEUS and 
preimplantation biopsy results of donor kidneys and 
early post-transplant renal function of grafts. We present 
this article in accordance with the STARD reporting 
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-23-207/rc).

Methods

Study design and sample

In this prospective study, kidney donors maintained in 
our organ procurement organization (OPO) from August 
2020 to November 2022 were recruited (Figure 1). The 
inclusion criteria were age ≥18 years and brain death. The 
exclusion criteria encompassed donors maintained with 
extracorporeal membrane oxygenation (ECMO) and the 
presence of irregular kidney anatomy. All donors underwent 
CEUS within 24 hours prior to organ procurement, with 
a total of 100 donor kidneys examined. Six kidneys were 
excluded (four maintained with ECMO, one with renal 
hilar ectropion malformation, and one with image loss). A 

between CEUS-derived parameters and pretransplant biopsy results and early preimplantation renal function 
of grafts.
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total of 94 donor kidneys were finally included in this study. 
The remaining patients were divided into the AKI (n=44) 
and non-AKI (n=50) groups based on the Kidney Disease 
Improving Global Outcome (KDIGO) criteria (4). The 
mean age of the donors was 45.1±10.4 [standard deviation 
(SD)] years, and the majority were male (86.2%).

Ethical considerations

This prospective study was approved by the Ethics 
Committee of Zhongshan City People’s Hospital (No. 
K2019-058) and complied with the Declaration of Helsinki 
(as revised in 2013). The donors’ families were informed 
of the renal biopsy and CEUS procedure and possible risks  
24 hours prior to the examination, and they provided signed 
informed consent. All recipients who received kidney 
donations also provided signed informed consent.

Ultrasound examinations

All donors were examined within 24 hours prior to organ 
procurement. Each donor was placed in a supine position 
for ultrasound examinations, and the examinations were 
performed using a Philips ultrasound machine (EPIQ5, 
Philips, Amsterdam, The Netherlands) and a convex 
transducer C5-1 ultrasound probe. All ultrasound images 
were analyzed independently by two radiologists, each 

with more than 10 years of experience in CEUS (YGX and 
XZL). Routine ultrasound and color Doppler examination 
were performed by same radiologists before CEUS. This 
included renal size, peak systolic velocity, end-diastolic 
velocity, and resistive index (RI) of the kidney artery. The 
primary gain, machine index, focus position, temporal gain 
compensation, and other preset values were kept constant 
while CEUS was being performed. The longitudinal section 
of the kidney was chosen as the fixed section for CEUS. 
After preparation of the contrast agent (SonoVue, Bracco 
Imaging B.V., Milan, Italy), 2.4 mL of the agent was pushed 
through a new cephalic vein, and 5 mL of saline was used 
to flush the tube after each push. Following the injection of 
SonoVue, the donors were disconnected from the ventilator 
(45–60 seconds) to eliminate the impact of breathing, and a 
3-minute video of CEUS imaging was recorded in Digital 
Imaging and Communications in Medicine (DICOM) 
format for subsequent analysis. The whole process was 
assisted by intensive care unit (ICU) doctors and nurses. 
CEUS was first performed on the right kidney and then the 
left kidney with an interval of 30 minutes.

Time-intensity analysis

Time-intensity curve (TIC) analysis was performed using 
an offline personal computer and an image analysis software 
program (ImageJ; National Institutes of Health, Bethesda, 
MD, USA). First, the images saved in DICOM format were 
decompressed into uncompressed Audio Video Interleave 
(AVI) files. Contrast images were viewed frame by frame 
using ImageJ software, and the time of the first echogenic 
microbubble observed in the kidney segmental artery (KA) 
was set as the initial time. A circular region of interest 
(ROI) with a diameter of 5 mm was created within the KA, 
kidney cortex (KC), and kidney medulla (KM). All ROIs 
were drawn at a central location (i.e., the middle third of 
the kidney). Intensity values were measured automatically 
using ImageJ, with each pixel having an intensity value 
between a minimum of 0 and a maximum of 255. After 
the intensity values of each ROI were measured, a TIC 
with a time of 20 seconds was created using Excel software 
(Microsoft, Redmond, WA, USA), starting from the arrival 
of the contrast agent at KA, and the arrival time (AT) was 
recorded. Time to peak (TTP) and peak intensity (PI) were 
evaluated according to TIC (Figure 2). The time interval 
(TI) values between the TTP of KA and KC [TI(KA-KC)], 
KA and KM [TI(KA-KM)], and KC and KM [TI(KC-KM)] 
were then calculated. All TIC parameters were measured 

Pre-procurement CEUS in kidneys from 
brain-dead donors 

(n=100)

Exclude donor kidneys (n=6)
• Maintained with ECMO (n=4)
• Renal hilar ectropion malformation (n=1)
• DICOM image loss (n=1)

Included kidneys in study
(n=94)

AKI group
(n=44)

Non-AKI group
(n=50)

Figure 1 Flowchart of donor kidney selection. CEUS, contrast-
enhanced ultrasonography; ECMO, extracorporeal membrane 
oxygenation; DICOM, Digital Imaging and Communications in 
Medicine; AKI, acute kidney injury.
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2 times for each patient to investigate the intraobserver 
variability. Furthermore, the TIC parameters of all patients 
were successively evaluated by two radiologists for analysis 
of interobserver variability.

Biopsy analysis

Preimplantation biopsy and histological examination 
were performed on all kidneys, and the site of biopsy was 
the upper pole of the kidney. All biopsies were read and 
graded by trained nephropathologists using the Banff 
2017 Preimplantation Kidney Biopsy guidelines, with 
the number of glomeruli, number of globally sclerosed 
glomeruli, percentage of global glomerulosclerosis, and the 
severity of interstitial fibrosis, tubular atrophy, interstitial 
inflammation, arterial intimal fibrosis, arteriolar hyalinosis, 
glomerular thrombi, and acute tubular injury/necrosis 
being reported (17). For grading based on the assessment 
results (none, mild, moderate, severe), a 4-point scale  
(0, 1, 2, 3) was used, with evaluation completed for 
interstitial inflammation; glomerular thrombi; acute tubular 
injury among acute lesions; and tubular atrophy, interstitial 
fibrosis, arterial intimal fibrosis, and arteriolar hyalinosis 
among chronic lesions. The sum of scores for individual 
variables yielded the composite scores, including the 
chronic Banff score (tubular atrophy, interstitial fibrosis, 

arterial intimal fibrosis, and arteriolar hyalinosis), acute 
Banff score (interstitial inflammation, glomerular thrombi, 
and acute tubular injury), and total Banff score.

Renal function assessment

Renal function was assessed using commonly used 
clinical indicators of renal function. Serum creatinine,  
24-hour urine volume, and estimated glomerular filtration 
rate (eGFR) were collected from the hospital’s clinical 
laboratory system and mobile care system for donors and 
transplant recipients, and eGFR was calculated according 
to the Chronic Kidney Disease Epidemiology Collaborative 
(CKD-EPI) equation (18). 

Statistical analysis

Numerical data are expressed as the mean and standard 
deviation or median with 25th–75th percentiles depending 
on the distribution of variables, and Student t-test or 
Mann-Whitney test was used to analyze the differences 
in clinical characteristics and CEUS parameters between 
the AKI and non-AKI groups. Categorical variables are 
expressed as numbers with percentages, and Pearson chi-
squared test or Fisher exact test was used to analyze the 
differences between categorical parameters between the 
AKI and non-AKI groups. Intraobserver and interobserver 
agreement was assessed by calculating intraclass correlation 
coefficients (ICCs). Univariable and multivariable logistic 
regression analyses were conducted to identify factors 
associated with AKI. Pearson or Spearman correlation 
analysis was used to determine the correlation between 
CEUS-derived parameters and preimplantation biopsy 
results and renal function indicators of grafts. Receiver 
operating characteristic (ROC) curves were constructed, 
and the area under the receiver operating characteristic 
curve (AUC) was calculated using the trapezoidal rule. 
Optimal cutoff values for identifying AKI were identified 
from the highest Youden index. The sensitivity, specificity, 
positive predictive value (PPV), and negative predictive 
value (NPV) were calculated using cutoffs obtained from 
the ROC curves. Analysis of variance (ANOVA) was used 
to assess changes in peak intensity of kidney cortex (PIKC) 
and time to peak of kidney cortex (TTPKC) with the stage 
of AKI. A 2-sided P value <0.05 was considered statistically 
significant. Statistical analysis was performed using the R (R 
version 4.1.2, The R Foundation for Statistical Computing) 
language and associated data packages.

Figure 2 Schematic diagram depicting the TIC parameters. TTP, 
time to peak (the duration from the first appearance of contrast 
agent in the kidney segmental artery to the time of peak intensity); 
PI, peak intensity; TI, the time interval between the TTP of the  
2 curves; TIC, time-intensity curve.
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Results

Participants’ baseline demographic and clinical 
characteristics

Donors’ clinical background information, ultrasound 
and TIC parameters, and the final laboratory data before 
procurement are summarized in Table 1 (additional 
information and data are shown in Table S1). Based on 

KDIGO criteria, the proportion of donor kidneys with 
AKI was 46.8%, and kidneys of KDIGO stage I, II, and 
III accounted for 27.3% (n=12), 40.9% (n=18), and 31.8% 
(n=14), respectively. Statistically significant differences 
between the AKI and non-AKI groups were found in the 
clinical data of the donors in terms of mean age, serum 
creatinine, The Kidney Donor Profile Index (KDPI), 
eGFR, uric acid, and urea (P<0.05).

Table 1 Clinical and ultrasound characteristics of donor kidneys

Characteristic Overall (n=94) Non-AKI (n=50) AKI (n=44) P value

Clinical index

AKI stage (1/2/3) 12/18/14 0/0/0 12/18/14 <0.001*

Sex (male/female) 81/13 41/9 40/4 0.34

Mean age (years) 45.1±10.4 43.1±12.5 47.4±6.8 0.041*

BMI (kg/m2) 22.53 (21.23, 24.22) 22.49 (20.81, 23.67) 22.6 (21.9, 27.04) 0.13

KDPI 0.27 (0.15, 0.49) 0.21 (0, 0.37) 0.37 (0.27, 0.51) 0.001*

Serum creatinine (µmol/L) 91.5 (71.25, 169) 75 (66, 88) 170 (140, 247) <0.001*

eGFR (mL/min/1.73 m2) 94.56 (58.02, 129.04) 112.98 (95.17, 136.46) 56.19 (43.22, 76.07) <0.001*

Uric acid (µmol/L) 205 (137, 300.5) 180 (140.25, 242.25) 273 (134, 415) 0.009*

Urea (µmol/L) 7.25 (3.88, 10.91) 4.61 (2.45, 7.32) 10.56 (7.36, 13.97) <0.001*

Total Banff score 2.55±2.76 1.26±1.41 4.02±3.17 <0.001*

Chronic Banff score 1.85±2 0.94±1.13 2.89±2.26 <0.001*

Acute Banff score 0.7±1.04 0.32±0.51 1.14±1.29 <0.001*

US index

RI 0.68±0.11 0.67±0.1 0.68±0.12 0.67

ATKA (seconds) 9.88 (8.40, 13.27) 8.72 (7.92, 10.73) 11.77 (9.43, 16.03) <0.001*

TTPKA (seconds) 8.11 (6.47, 11.32) 7.99 (6.51, 10.26) 8.54 (6.25, 12.19) 0.64

TTPKC (seconds) 7.87 (6.58, 10.1) 6.97 (5.82, 8.67) 8.86 (7.76, 11.18) <0.001*

TTPKM (seconds) 13.7 (10.96, 17.18) 12.88 (10.37, 16.44) 15.32 (11.75, 17.42) 0.08

PIKA 180.42±31.76 189.44±29.3 170.17±31.65 0.003*

PIKC 163.12±38.39 176.8±34.02 147.58±37.48 <0.001*

PIKM 118.23±34.19 127.42±32.16 107.79±33.76 0.005*

TI(KA-KC) (seconds) −0.3 (−1.82, 1.68) −1.21 (−2.16, 0.2) 0.54 (−0.96, 2.41) 0.005*

TI(KA-KM) (seconds) 4.74±4.37 4.32±4.52 5.23±4.2 0.32

TI(KC-KM) (seconds) 4.99±4.19 5.43±4.62 4.48±3.63 0.28

The values represent the mean ± SD, median (25th–75th percentiles), or number of patients. *, statistically significant difference between 
the AKI and non-AKI groups. AKI, acute kidney injury; BMI, body mass index; KDPI, The Kidney Donor Profile Index; eGFR, estimated 
glomerular filtration rate; US, ultrasound; RI, resistive index; AT, arrival time; KA, kidney segmental artery; TTP, time to peak; KC, kidney 
cortex; KM, kidney medulla; PI, peak intensity; TI, time interval; SD, standard deviation.

https://cdn.amegroups.cn/static/public/QIMS-23-207-Supplementary.pdf
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Comparison of CEUS parameters

CEUS parameters were compared between donor kidneys 
with AKI and those without AKI. ATKA (P<0.001), 
TTPKC (P<0.001), and TI (KA-KC) (P=0.005) of the non-
AKI group were significantly shorter than those of the 
AKI group. PIKA (P=0.003), PIKC (P<0.001), and PIKM 
(P=0.005) of the non-AKI group were significantly higher 
than those of the AKI group (Figure 3). No significant 
differences were found in RI between the AKI and Non-
AKI groups. TTPKC and PIKC values in patients with 
different stages of AKI (KDIGO stage 1, 2, or 3) and 
patients without AKI are shown in Figure 4. TTPKC 
(P=0.42) was not significantly lower with increasing stage 
of AKI, but PIKC (P=0.01) was significantly higher with 
increasing stage of AKI. The intraobserver ICC values for 
TTPKC and PIKC were 0.95 [95% confidence interval 
(CI): 0.92–0.97; P<0.001] and 0.98 (95% CI: 0.97–0.98; 
P<0.001), respectively, while the interobserver ICC values 
were 0.92 (95% CI: 0.87–0.95; P<0.001) and 0.95 (95% 
CI: 0.92–0.97; P<0.001), respectively. The ICCs for other 
CEUS parameters are shown in Table S2.

Independent factors associated with AKI

Univariable regression analysis showed that serum 
creatinine [odds ratio (OR) =1.05; 95% CI: 1.03–1.06; 
P<0.001], TTPKC (OR =1.27; 95% CI: 1.09–1.48; 
P=0.002), PIKA (OR =0.98; 95% CI: 0.97–0.99; P=0.005), 

PIKC (OR =0.98; 95% CI: 0.96–0.99; P=0.001), PIKM 
(OR =0.98; 95% CI: 0.97–1; P=0.007), and TI (KA-KC; 
OR =1.25; 95% CI: 1.06–1.46; P=0.007) were risk factors 
associated with AKI. Subsequently, multivariable regression 
analysis showed that serum creatinine (OR =1.06; 95% CI: 
1.03–1.1; P<0.001); TTPKC (OR =1.38; 95% CI: 1.03–1.84; 
P=0.03), and PIKC (OR =0.95; 95% CI: 0.91–1; P=0.046) 
were the independent factors of AKI (Table 2). ROC curves 
were constructed for the three independent factors of 
AKI, and the AUC values for identifying AKI for serum 
creatinine, TTPKC, and PIKC were 0.91, 0.73, and 0.71, 
respectively (Table 3). The most appropriate cutoff value for 
identifying AKI for TTPKC was 7.33, and the sensitivity, 
specificity, NPV, and PPV were 81.8%, 62%, 79.5%, and 
65.5%, respectively. The most appropriate cutoff value for 
identifying AKI for PIKC was 188.52, and the sensitivity, 
specificity, NPV, and PPV were 88.6%, 48%, 82.7%, and 
60%, respectively.

Preimplantation biopsy characteristics

Statistically significant differences between the AKI and 
non-AKI groups were found in pathological characteristics 
of donor kidneys in terms of percentage of global 
glomerulosclerosis, interstitial fibrosis, tubular atrophy, 
interstitial inflammation, arterial intimal fibrosis, arteriolar 
hyalinosis, glomerular thrombi, and acute tubular injury/
necrosis (P<0.05) (pr-implantation biopsy characteristics 

Figure 3 CEUS renal perfusion images. (A) CEUS renal perfusion imaging in a 54-year-old donor with AKI at the TTP of KC showing 
insufficient perfusion of KC (arrow). The green dot indicates focus. (B) CEUS renal perfusion imaging in a 37-year-old patient without 
AKI at TTPKC showing that the KC was more fully perfused (arrow). The yellow circle is the region of interest. CEUS, contrast-enhanced 
ultrasonography; AKI, acute kidney injury; TTP, time to peak; KC, kidney cortex; TTPKC, time to peak of kidney cortex.
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Table 2 Factors associated with AKI in the univariable and multivariable regression models 

Parameter
Univariable analysis Multivariable analysis

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

Serum creatinine† 1.05 (1.03–1.06) <0.001 1.06 (1.03–1.1) <0.001

RI 2.31 (0.05–100.2) 0.66 – –

TTPKA 1.04 (0.93–1.15) 0.52 – –

TTPKC‡ 1.27 (1.09–1.48) 0.002 1.38 (1.03–1.84) 0.03

TTPKM 1.1 (0.99–1.23) 0.08 – –

PIKA† 0.98 (0.97–0.99) 0.005 1.03 (0.98–1.08) 0.21

PIKC‡ 0.98 (0.96–0.99) 0.001 0.95 (0.91–1) 0.046

PIKM† 0.98 (0.97–1) 0.007 0.99 (0.94–1.04) 0.72

TI(KA-KC)† 1.25 (1.06–1.46) 0.007 0.96 (0.67–1.37) 0.83

TI(KA-KM) 1.05 (0.96–1.15) 0.32 – –

TI(KC-KM) 0.95 (0.86–1.04) 0.27 – –
†, significant factor in univariable analysis only; ‡, significant factor in both univariable and multivariable analyses. OR, odd ratio; CI, 
confidence interval; RI, resistive index; TTP, time to peak; KA, kidney segmental artery; KC, kidney cortex; KM, kidney medulla; PI, peak 
intensity; TI, time interval.

Figure 4 Comparison of PIKC and TTPKC in different KDIGO stages. (A) PIKC (P<0.001) of the non-AKI group was significantly higher 
than that of the AKI group. (B) The TTPKC (P<0.001) of the non-AKI group was significantly shorter than that of the AKI group. PIKC 
(P=0.01) increased significantly with increasing stage of AKI, but TTPKC (P=0.42) did not decrease significantly with increasing stage of 
AKI. PIKC, peak intensity of kidney cortex; AKI, acute kidney injury; KDIGO, Kidney Disease Improving Global Outcome; TTPKC, time 
to peak of kidney cortex.

Non-AKI KDIGO I KDIGO II KDIGO III Non-AKI KDIGO I KDIGO II KDIGO III

P
IK

C

TT
P

K
C

, s
ec

300

200

100

0

25

20

15

10

5

0

P<0.001 P<0.001

P=0.01

P=0.03

AKI stage AKI stage

A B



Quantitative Imaging in Medicine and Surgery, Vol 13, No 9 September 2023 6021

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2023;13(9):6014-6025 | https://dx.doi.org/10.21037/qims-23-207

are shown in Table S2). Based on the semiquantitative 
analysis, the total Banff score (mean 4.02±3.17 vs. 1.26±1.41; 
P<0.001), chronic Banff score (2.89±2.26 vs. 0.94±1.13; 
P<0.001), and acute Banff score (1.14±1.29 vs. 0.32±0.51; 
P<0.001) of the AKI group were significantly higher than 
those of the non-AKI group. The correlations of PIKC 
and TTPKC with preimplantation biopsy characteristics 
are shown in Table 4. TTPKC showed weak correlation 
with interstitial fibrosis (r=0.23; P=0.03). PIKC showed 
correlation with the total Banff score (r=−0.21; P=0.04), 

chronic Banff score (r=−0.27; P=0.01), arterial intimal 
fibrosis (r=−0.29, P=0.004), and arteriolar hyalinosis 
(r=−0.27; P=0.008).

Correlation between CEUS and renal function parameters

A total of 92 kidney transplants were completed out of 
94 donor kidneys. Two donor kidneys with AKI were 
discarded due to unsatisfactory biopsy results. All kidney 
transplants were performed by an experienced surgeon. 

Table 4 Correlation of CEUS parameters with preimplantation biopsy characteristics 

Characteristic
Correlation with PIKC Correlation with TTPKC

r P r P

Total Banff score −0.21* 0.04* 0.1 0.35

Chronic Banff score −0.27* 0.01* 0.05 0.63

Acute Banff score 0.02 0.85 0.14 0.19

Percentage of global glomerulosclerosis 0 0.99 0.05 0.66

Interstitial fibrosis −0.12 0.25 0.23* 0.03*

Tubular atrophy −0.06 0.56 0.05 0.61

Interstitial inflammation −0.09 0.40 0.13 0.23

Arterial intimal fibrosis −0.29* 0.004* −0.03 0.74

Arteriolar hyalinosis −0.27* 0.008* 0.07 0.51

Glomerular thrombi −0.02 0.87 0.18 0.09

Acute tubular injury/necrosis 0.08 0.46 0.08 0.46

*, the significant correlations. CEUS, contrast-enhanced ultrasonography; PIKC, peak intensity of kidney cortex; TTPKC, time to peak of 
kidney cortex.

Table 3 ROC outcomes for the accuracy of AKI identification

Parameters Cutoff AUC Sensitivity (%) Specificity (%) PPV (%) NPV (%) P value

Serum creatinine 104 0.91 (0.85, 0.97) 86.4 (76, 97); 
[38/44]

86 (76, 96);  
[43/50]

84.4 (74, 95); 
[38/45]

87.8 (79, 97); 
[43/49]

<0.001

TTPKC 7.33 0.73 (0.63, 0.83) 81.8 (70, 93); 
[36/44]

62 (49, 76);  
[31/50]

65.5 (53, 78); 
[36/55]

79.5 (69, 92); 
[31/39]

<0.001

PIKC 188.52 0.71 (0.61, 0.82) 88.6 (75, 96); 
[39/44]

48 (34, 62);  
[24/50]

60 (47, 72);  
[39/65]

82.8 (64, 93); 
[24/29]

<0.001

TTPKC + PIKC + 
serum creatinine

0.432 0.96 (0.93, 1) 90.9 (82, 99); 
[40/44]

96 (91, 100);  
[48/50]

95.2 (89, 102); 
[40/42]

92.3 (85, 100); 
[48/52]

<0.001

Data in parentheses are 95% CIs, with numbers of patients in square brackets. ROC, receiver operating characteristic; AKI, acute kidney 
injury; AUC, area under the ROC; PPV, positive predictive value; NPV, negative predictive value; TTPKC, time to peak of kidney cortex; 
PIKC, peak intensity of kidney cortex.

https://cdn.amegroups.cn/static/public/QIMS-23-207-Supplementary.pdf
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Table 5 Correlation of CEUS parameters with kidney function

Characteristic
AKI (n=42) Non-AKI (n=50)

Correlation with PIKC Correlation with TTPKC Correlation with PIKC Correlation with TTPKC

Preoperative kidney function

Serum creatinine (µmol/L) r=0.27; P=0.09 r=−0.07; P=0.64 r=0.17; P=0.25 r=−0.14; P=0.35

eGFR (mL/min/1.73 m2) r=−0.06; P=0.78 r=−0.08; P=0.72 r=0.12; P=0.51 r=0.15; P=0.41

Postoperative kidney function

Day 3 urine volume (mL) r=0.04; P=0.78 r=−0.26; P=0.11 r=−0.06; P=0.69 r=−0.06; P=0.67

Day 7 urine volume (mL) r=0.01; P=0.97 r=−0.2; P=0.21 r=0.01; P=0.96 r=0.15; P=0.32

Day 3 serum creatinine (µmol/L) r=0.09; P=0.6 r=−0.09; P=0.58 r=0.14; P=0.35 r=−0.01; P=0.97

Day 7 serum creatinine (µmol/L) r=0.13; P=0.43 r=0.04; P=0.79 r=0.08; P=0.6 r=0.05; P=0.74

Day 30 serum creatinine (µmol/L) r=0.19; P=0.32 r=0.13; P=0.49 r=0.19; P=0.22 r=0.07; P=0.64

Day 90 serum creatinine (µmol/L) r=0.17; P=0.44 r=0.3; P=0.16 r=0.07; P=0.69 r=0.06; P=0.72

Day 7 eGFR (mL/min/1.73 m2) r=−0.46*; P=0.046* r=−0.1; P=0.7 r=0.17; P=0.35 r=0.03; P=0.89

Day 30 eGFR (mL/min/1.73 m2) r=−0.45; P=0.08 r=−0.01; P=0.97 r=−0.2; P=0.3 r=−0.05; P=0.8

Day 90 eGFR (mL/min/1.73 m2) r=−0.03; P=0.91 r=−0.04; P=0.87 r=0.15; P=0.45 r=−0.01; P=0.96

*, the strongest correlations. CEUS, contrast-enhanced ultrasonography; AKI, acute kidney injury; PIKC, peak intensity of kidney cortex; 
TTPKC, time to peak of kidney cortex; eGFR, estimated glomerular filtration rate.

The recipients’ baseline demographic characteristics and 
early post-transplant renal function are shown in Table S3. 
The correlations of TTPKC and PIKC with renal function 
parameters are summarized in Table 5. TTPKC showed 
weak and nonsignificant correlations with serum creatinine, 
24-hour urine volume, and eGFR. PIKC also showed weak 
and nonsignificant correlations with serum creatinine and 
24-hour urine volume. In comparison, PIKC showed the 
strongest correlation with eGFR on postoperative day 7 in 
the AKI group (r=−0.46; P=0.046) but not in the non-AKI 
group. Significant correlations with PIKC were invariably 
negative.

Discussion

In this study, we applied CEUS to detect blood perfusion 
in the kidneys of brain-dead donors. We found that the 
microcirculation blood perfusion of donor kidneys with 
AKI was significantly reduced compared with that of donor 
kidneys without AKI and that the reduced perfusion in the 
KC may be a characteristic manifestation of AKI. CEUS-
derived quantitative parameters (PIKC and TTPKC) 
could be used to identify AKI; furthermore, PIKC and 
TTPKC correlated with preimplantation biopsy findings, 

and PIKC showed the strongest correlation with eGFR on 
postoperative day 7 in the donor kidneys with AKI.

AKI is a common clinical syndrome in the ICU setting 
and occurs in more than 50% of patients (19). Renal 
ischemia caused by impaired renal perfusion is traditionally 
considered one of the most common causative factors 
leading to AKI in acutely ill patients (14). CEUS may be 
the only study tool clinically available for the noninvasive 
quantification and assessment of renal perfusion and intra-
organ blood flow distribution during AKI (10).

AKI is frequently seen in brain-dead donors. Therefore, 
assessing renal perfusion in the donor kidney is critical, but 
to our knowledge, no studies have used CEUS to detect 
and identify AKI in brain-dead donors. In our study, donor 
kidneys with AKI had reduced blood perfusion in all ROIs 
compared with donor kidneys without AKI, and CEUS-
derived quantitative parameters, TTPKC and PIKC, 
were shown to be independent risk factors for AKI. The 
PI reflects the amount of microbubble contrast agent in 
the vascular bed of the kidney, while the TTP reflects the 
enhancement process of the contrast agent in the kidney, 
which truly and directly reflects the perfusion of the contrast 
agent in the kidney and is a sensitive indicator of renal 
perfusion (12). We observed a significant delay in TTP and 

https://cdn.amegroups.cn/static/public/QIMS-23-207-Supplementary.pdf
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a decrease in PI in the cortex of kidneys with AKI compared 
with kidneys without AKI, which may be directly related 
to the impaired cortical microcirculation in the kidney and 
consequently inadequate perfusion. Harrois et al. (20) were 
the first to use CEUS to quantify renal cortical perfusion in 
patients with septic shock and found that reduced cortical 
renal perfusion was associated with the development of 
severe AKI; however, no significant difference was found 
between the intensity parameters of patients without AKI 
and those with severe AKI. An animal study by Cao et al. (16) 
found not only significant differences between mice with 
ischemic AKI and sham mice in renal cortical perfusion but 
also that perfusion decreased with the severity of AKI. In 
our study, by comparing PIKC across AKI stages, we found 
that PIKC increased significantly with the severity of AKI, 
which may be related to our organ maintenance procedures. 
Specifically, when brain-dead donors developed severe AKI 
(persistent elevation of serum creatinine and decrease in 
urine output), we administered hemodialysis to promote 
recovery of renal function. This process generally continued 
until organ procurement, and renal function in kidneys with 
severe AKI might have improved by the time we performed 
bedside CEUS prior to procurement.

We also observed that the sensitivity of TTPKC and 
PIKC for identifying AKI was 81.8% (36 of 44 kidneys) and 
88.6% (39 of 44 kidneys), respectively. Some kidneys with 
AKI not being correctly identified may be related to the 
recovery of renal function. The kidney has a strong ability 
to recover from injury, and AKI is considered a reversible 
process if the cause is corrected (21). Similarly, the 
sensitivity of final serum creatinine before procurement was 
only 86.4% (38 of 44 kidneys) in this study. The diagnosis 
of AKI is based on the changes in serum creatinine and 
urine volume within 7 days (4), whereas our CEUS 
examination is typically performed prior to procurement, 
which may better facilitate the surgeon’s assessment of real-
time renal perfusion and function in donors. In addition, 
these two CEUS-derived parameters are measured in the 
KC and can be obtained simultaneously by TICs, which is 
easier to operate in clinical practice.

Another finding of this study was the correlation 
between CEUS-derived parameters and preimplantation 
biopsy results and early post-transplant renal function in 
grafts from donor kidneys with AKI. Among them, the 
correlation between PIKC and preimplantation biopsy 
was mainly manifest as chronic lesions in the kidney 
microartery. We believe that the main reasons for this 
are the anatomical characteristics of the kidney and the 

properties of the microbubble contrast agent. The arterial 
system of the kidney is rich in blood flow, with the cortex 
taking approximately 90% of the total blood flow to the 
kidney. The microbubble contrast agent used in CEUS is 
entirely intravascular, and it reaches the microvasculature of 
the kidney to allow for the capture of images that quantify 
renal microvascular blood volume and flow, and these 
hemodynamic changes can help to reveal renal function (22). 
When chronic lesions of the renal microvasculature occur, 
the microcirculation in the KC is impaired and CEUS 
shows a decrease in cortical perfusion. Whether there is 
a relationship between CEUS-derived perfusion volume 
and renal function has not been adequately investigated. 
A recent study by El-Bandar et al. (23) which used CEUS 
to quantify perfusion in living donor kidneys suggested, 
for the first time, that signal intensity of CEUS in normal-
weight living donor kidneys may correlate with pre- and 
post-transplant renal function. In our study, PIKC also 
showed the strongest negative correlation with eGFR in 
grafts from donor kidneys with AKI. In contrast, PIKC and 
TTPKC did not show significant correlations with renal 
function in grafts from donor kidneys without AKI. This 
further suggests that reduced perfusion in the KC may be 
a characteristic manifestation of AKI. However, it should 
be noted that intensity parameters are influenced by BMI, 
organ depth, and other factors.

Limitations

This study has several limitations. First, we employed 
single-center design with a small sample size. Larger 
prospective clinical studies or multicenter studies are needed 
to further confirm the findings of this study. Second, CEUS 
is an operator-dependent examination, and measurement 
heterogeneity is a common limitation of all applications 
of CEUS in quantifying renal perfusion. To minimize the 
resulting heterogeneity, all examinations were performed 
the same radiologists and machine. Third, the influence 
of potential biases such as donor maintenance procedures 
cannot be ruled out.

Conclusions

CEUS can be used to identify AKI in brain-dead donors. 
Decreased microcirculation blood perfusion in the KC may 
be a characteristic manifestation of AKI, and CEUS-derived 
parameters (PIKC and TTPKC) might be used to identify 
AKI. Furthermore, there is a correlation between CEUS-
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derived parameters and pretransplant biopsy results and 
early post-transplant renal function of grafts. As the demand 
for kidney transplantation increases, CEUS promises 
to be a routine examination for donor kidney perfusion 
and function assessment, but some uncertainties to this 
approach require further research.
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Supplementary

Table S1 Clinical, ultrasound, and preimplantation biopsy characteristics of the donor kidneys

Characteristic Overall (n=94) Non-AKI (n=50) AKI (n=44) P value

Weight, kg 65.84±9.04 63.3±7.35 68.73±9.95 0.003*

Height, cm 168.34±5.78 166.84±6.42 170.05±4.42 0.007*

Cause of death (%) 0.29

Trauma 34 (36.2) 21 (42.0) 13 (29.5)

Cerebrovascular 54 (57.4) 25 (50.0) 29 (65.9)

Hypoxic ischemic encephalopathy 6 (6.4) 4 (8.0) 2 (4.5)

Hypertension, n (%) 36 (38.3) 14 (28.0) 22 (50.0) 0.048*

Diabetes, n (%) 2 (2.1) 0 (0.0) 2 (4.5) 0.42

Na+, mmol/L 148.5 (144, 158) 150 (146.25, 159) 148 (142.75, 153.75) 0.11

K+, mmol/L 4.01 (3.38, 4.51) 3.89 (3.17, 4.18) 4.41 (3.51, 4.84) 0.002*

Platelet, 109/L 88 (58.25, 129) 108 (83, 154) 59.5 (41, 91) <0.001*

INR 1.25 (1.13, 1.47) 1.19 (1.09, 1.27) 1.36 (1.19, 1.57) <0.001*

Length of stay in ICU, hours 122 (84, 182.75) 136 (89, 229) 119 (82, 177) 0.35

Kidney length, cm 11±0.69 10.98±0.77 11.03±0.6 0.76

Kidney width, cm 5.13±0.63 5±0.6 5.28±0.63 0.06

PSV, cm/s 58.65 (33.33, 89.22) 73.6 (45.6, 96.4) 40.3 (27.7, 65.85) <0.001*

EDV, cm/s 17 (11.67, 22.5) 21.1 (16.3, 28.4) 12.9 (9.64, 18.5) <0.001*

Biopsy characteristics

Percentage of GS 0.05±0.08 0.03±0.05 0.07±0.11 0.005*

Interstitial fibrosis 0.003*

None/mild/moderate/severe 85/3/6/0 50/0/0/0 35/3/6/0

Tubular atrophy <0.001*

None/mild/moderate/severe 55/33/6/0 38/12/0/0 17/21/6/0

Interstitial inflammation 0.007*

None/mild/moderate/severe 83/3/8/0 48/2/0/0 35/1/8/0

Arterial intimal fibrosis 0.006*

None/mild/moderate/severe 49/38/7/0 33/16/1/0 16/22/6/0

Arteriolar hyalinosis <0.001*

None/mild/moderate/severe 44/40/8/2 33/15/0/0 11/23/8/2

Glomerular thrombi 0.03*

None/mild/moderate/severe 88/3/3/0 50/0/0/0 38/3/3/0

Acute tubular injury/necrosis 0.02*

None/mild/moderate/severe 56/38/0/0 36/14/0/0 20/24/0/0

*, statistically significant difference between the AKI and non-AKI groups. The values represent the mean ± SD, median (25th–75th 
percentiles), or number of patients. INR, international normalized ratio; ICU, intensive care unit; PSV, peak systolic velocity; EDV, end-
diastolic velocity; GS, global glomerulosclerosis; AKI, acute kidney injury; SD, standard deviation.
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Table S2 Intraobserver and interobserver agreement of TIC parameters

Parameters
Intraobserver Interobserver

ICC 95% CI P value ICC 95% CI P value

ATKA 0.99 0.95, 0.99 <0.001 0.99 0.99, 0.99 <0.001

PIKA 0.96 0.94, 0.97 <0.001 0.94 0.90, 0.96 <0.001

PIKC 0.98 0.97, 0.98 <0.001 0.95 0.92, 0.97 <0.001

PIKM 0.89 0.78, 0.94 <0.001 0.81 0.70, 0.88 <0.001

TTPKA 0.81 0.70, 0.88 <0.001 0.85 0.76, 0.91 <0.001

TTPKC 0.95 0.92, 0.97 <0.001 0.92 0.87, 0.95 <0.001

TTPKM 0.86 0.78, 0.91 <0.001 0.24 −0.007, 0.46 0.03

TI(KA-KC) 0.78 0.66, 0.86 <0.001 0.77 0.64, 0.86 <0.001

TI(KA-KM) 0.79 0.67, 0.86 <0.001 0.31 0.07, 0.52 0.006

TI(KC-KM) 0.89 0.82, 0.93 <0.001 0.32 0.07, 0.53 0.005

TIC, time-intensity curve; ICC, intra-class correlation coefficient; KA, kidney segmental artery; KC, kidney cortex; KM, kidney medulla; AT, 
arrival time; TTP, time to peak; PI, peak intensity; TI, time interval.

Table S3 Clinical characteristics and early post-transplant renal function in the recipients

Characteristic Overall (n=92) Non-AKI (n=50) AKI (n=42) P value

Mean age, years 44.49±11.4 44.69±12.61 44.25±9.91 0.86

BMI, kg/m2 22.24 (20.31, 24.15) 22.53 (20.46, 24.63) 21.53 (20, 23.69) 0.26

Dialysis, n (%) 0.66

No dialysis 8 (8.7) 4 (8.0) 4 (9.5)

Hemodialysis 54 (58.7) 32 (64) 22 (52.4)

Peritoneal dialysis 30 (32.6) 14 (28) 16 (38.1)

Duration of surgery, minutes 276 (241.5, 310.5) 292.5 (248, 320) 262.5 (240, 292.5) 0.04*

Cold ischemia time, minutes 617.27±232.37 643.48±193.87 585.82±270.74 0.25

Post-transplantation index

DGF, n (%) 26 (28.3) 9 (18) 17 (40.5) 0.03*

Day 3 urine volume, mL 3,395 (2,038.75, 4,347.5) 3,640 (3,132.5, 4,457.5) 2,897.5 (585.5, 3,787.5) 0.003*

Day 7 urine volume, mL 2,880 (2,168.75, 3,626.25) 2,880 (2,500, 3,632.5) 2,900 (1,092.5, 3,547.5) 0.25

Day 3 serum creatinine, µmol/L 524 (332.75, 795.5) 395.5 (276.75, 575.25) 745.5 (474, 945.5) <0.001*

Day 7 serum creatinine, µmol/L 243.5 (162, 526.5) 183.5 (135, 294.75) 422.5 (212.5, 680.75) <0.001*

Day 30 serum creatinine, µmol/L 130 (109.5, 206.25) 122 (102.5, 170.5) 136 (118, 258) 0.15

Day 90 serum creatinine, µmol/L 118 (100, 158) 114.5 (97.75, 144.25) 132 (108.5, 166) 0.12

Day 7 eGFR, mL/min/1.73 m2 38.33 (19.5, 59.89) 41.42 (22.7, 69.54) 32.67 (14.24, 50.98) 0.22

Day 30 eGFR, mL/min/1.73 m2 64.17±28.22 66.19±28.53 60.4±28.15 0.51

Day 90 eGFR, mL/min/1.73 m2 66.66 (53.84, 86.02) 70.76 (57.03, 91.69) 63.6 (48.43, 68.05) 0.13

*, statistically significant difference between the AKI and non-AKI groups. The values represent the mean ± SD, median (25th–75th 
percentiles), or number of patients. BMI, body mass index; DGF, delayed graft function; eGFR, estimated glomerular filtration rate; AKI, 
acute kidney injury; SD, standard deviation.


