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Abstract

Background The purpose of the study was to evaluate renal quality and predict posttransplant graft function using
ex vivo sound touch elastography (STE).

Methods In this prospective study, 106 donor kidneys underwent ex vivo STE examination and biopsy from March
2022 to August 2023. The mean stiffness of the superficial cortex (STE.), deep cortex (STEq4o), and medulla (STEqe) was
obtained and synthesized into one index (STE) through the factor analysis method. Additionally, 100 recipients were
followed up for 6 months. A random forest algorithm was employed to explore significant predictive factors
associated with the Remuzzi score and allograft function. The performance of parameters was evaluated by using the
area under the receiver operating characteristic curve (AUC).

Results STE had AUC values of 0.803 for diagnosing low Remuzzi and 0.943 for diagnosing high Remuzzi. Meanwhile,
STE had an AUC of 0.723 for diagnosing moderate to severe ATl. Random forest algorithm identified STE and Remuzzi
score as significant predictors for 6-month renal function. The AUC for STE in predicting postoperative allograft
function was 0.717, which was comparable with that of the Remuzzi score (AUC = 0.756). Nevertheless, the specificity
of STE was significantly higher than that of Remuzzi (0.913 vs 0.652, p < 0.001). Given these promising results, donor
kidneys can be transplanted directly without the need for biopsy when STE < 11.741.

Conclusions The assessment of kidney quality using ex vivo STE demonstrated significant predictive value for the
Remuzzi score and allograft function, which could help avoid unnecessary biopsy.

Critical relevance statement Pre-transplant kidney quality measured with ex vivo STE can be used to assess donor
kidney quality and avoid unnecessary biopsy.
Key Points

* STE has significant value for diagnosing low Remuzzi and high Remuzzi scores.
* STE achieved good performance in predicting posttransplant allograft function.
* Assessment of kidney quality using ex vivo STE could avoid unnecessary biopsies.
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Background

Renal transplantation remains the most cost-effective and
preferable treatment for chronic kidney disease [1], but is
still limited by donor shortage. One possibility for
extending the pool of available kidneys is to consider
expanded criteria donors (ECD) [2], such as elderly
donors. However, transplantation of ECD kidneys is
associated with an increased risk of delayed graft function
(DGE), longer length of stay, and worse allograft function
[3]. Therefore, utilization of marginal kidneys requires
nuanced graft evaluation.

Currently, pre-transplant kidney quality assessment
predominantly relies on renal biopsy and donor char-
acteristics, such as the kidney donor profile index (KDPI).
Remuzzi score for pre-implantation biopsy is considered
the main standard for kidney graft evaluation [4]. However,
as an invasive procedure, renal biopsy is associated with a
series of complications, such as hematomas, arteriovenous
fistula, and transplant loss in extreme cases [5]. Besides,
histological examination is subject to sampling variability
as it provides highly localized information. KDPI served as a
clinical scoring system by providing an estimate of the
posttransplant outcome [6]. But KDPI is constrained by its
poor predictive accuracy and superior predictive models
should be created [7]. Therefore, the development of a non-

invasive and reproducible method for predicting Remuzzi
score and allograft function is imperative.

Medical imaging has a significant role in the evaluation
of functional and morphological information about the
kidney [8]. Recent advancements in magnetic resonance
imaging (MRI) and elastography (MRE) have shown
promising potential in the noninvasive evaluation of post-
transplant renal fibrosis [9]. However, limited accessibility
and expense may hinder its widespread use. Additionally,
stiffness measurements obtained by MRI and MRE can be
affected by renal hemodynamic and structural factors
[10]. US is the most useful imaging modality for evalu-
ating the condition of the kidney. Over the past decade,
the transabdominal application of various noninvasive
ultrasound elastography techniques, has emerged as a
promising method to quantify post-transplant fibrosis
[11-13]. Nevertheless, the utility of elastography in post-
transplant renal fibrosis assessment remains controversial
due to various interfering factors, such as skin allograft
distance [14] and renal perfusion [15].

On the contrary, kidneys are freed from the aforemen-
tioned interfering factors in the ex vivo setting, presenting
an ideal scenario for elastography imaging. To the best of
our knowledge, there have been no reports on the utiliza-
tion of elastography for the assessment of pre-transplant
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kidney quality in an ex vivo setting. Thus, we hypothesize
that ex vivo STE can provide real-time and objective
information about the kidney, which can improve the
accuracy of pre-transplant kidney quality evaluation.

As the latest elastography technique, sound touch
elastography (STE) employs ultra-wideband technology to
generate shear waves, allowing for the scanning of the
entire kidney. STE has demonstrated high stability and
reliability in the evaluation of the thyroid and liver
[16, 17]. Therefore, the purpose of this study was to
investigate the predictive value of ex vivo renal STE
measurements for post-transplant renal function.

Materials and methods

Study design

This prospective study, which enrolled 129 donor
kidneys that had undergone a preimplantation biopsy, was
approved by our institutional ethics committee ([2023]
205). The exclusion criteria for this study included:
(1) specimen contained less than ten glomeruli and two
small blood vessels; (2) diabetic nephropathy; (3) the
presence of lesions larger than 1 cm in the central part of
the kidney; (4) loss to follow-up; and (5) acute rejection
occurring within six months postoperative.

US and STE procedures
The donor's kidneys were transported and preserved
using the traditional static cold technique. Following
surgical reconditioning, the kidneys were immersed in a
tank containing a saline solution mixed with ice. The STE
procedures were performed by two experienced sono-
graphers (F.-s.P. and D.-p.Y.) using a Resona 7 ultrasound
system (Mindray, Shenzhen, China) equipped with a L14-
5U linear array transducer (5-14 MHz). The operators
were blinded to the clinical information. First, a US
examination was performed to evaluate the allograft
morphologic characteristics. When capturing the echo-
genicity of the renal cortex by histogram software
(Mindray, Shenzhen, China), the B-mode ultrasound
settings were standardized, with a dynamic range set to
135, gain adjusted to 80%, and the time gain compensa-
tion curve positioned at the center (Supplementary Fig. 1).
Next, an STE examination was performed (Fig. 1A-C).
Operators gently hold the donor kidney in the hand and
keep it from tilting, without applying additional force. To
avoid any mechanical compression artifact, the probe was
delicately positioned approximately 2 mm above the mid-
point of the kidney. The color box was positioned within
the cortex and medulla, oriented perpendicularly to the
renal capsule to minimize the anisotropy effect. The STE
settings were standardized with an elasticity range set to
0-75 kPa and the color box was sized at 4 cm in width and
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3 cm in height. Following a brief period of immobilization,
the image was frozen and stored. At least five measure-
ments were taken for each kidney, and the entire STE
examination lasted between 10 min and 15 min. All mea-
surements were recorded and used for subsequent analyses.

Image analysis

We determined the size of the ROI of STE based on the
thickness of the cortex and medulla. A region of interest
(ROI) was delineated for the superficial cortex, another
ROI for the deep cortex, and a separate ROI for the
medulla. At each phase, ROIs with a standardized dia-
meter of 3—-7 mm were placed (Fig. 1A—C). The superficial
and deep cortexes were separated due to inherent differ-
ences in their elasticity values within these compartments
[18]. The separation line between the superficial and deep
cortexes was drawn in the middle of the cortex. The mean
values of STE were chosen for data analysis. To assess the
interobserver reproducibility of the STE measurements,
two sonographers independently evaluated 30 randomly
selected donor kidneys.

Kidney histologic assessment

Following the STE examination, a 16-G automatic
biopsy needle (Bard, Tempe, Arizona) was used to
puncture the inferior pole of the kidney. All biopsy
specimens were independently evaluated by two
pathologists, each with over five years of experience.
During the review process, they were blinded to the STE
value. The chronic pathology of the biopsy tissues was
graded according to the Remuzzi scoring system [4, 19],
which considers features such as glomerulosclerosis
(GS), interstitial fibrosis (IF), tubular atrophy (TA), and
arteriosclerosis (AS). The Remuzzi score stratifies the
biopsy into three groups (Fig. 1D—F): low (0-3), mod-
erate (4—6), and high (7-12). Currently, acute tubular
injury (ATI) is scored based on the Banff classification
[20]. The grading of ATI is categorized as follows: mild,
which includes epithelial flattening, tubule dilation,
nuclear dropout, and loss of brush border; moderate,
characterized by focal coagulative type necrosis; and
severe, indicating infarction.

KDPI

The kidney donor risk index (KDRI) is a method devel-
oped to measure the quality of kidney allografts [6]. KDPI
is calculated by first determining the KDRI using various
donor characteristics, including age, race, height, weight,
stroke as the cause of death, donation after cardiovascular
determination of death status, terminal serum creatinine
(SCr), hepatitis C serostatus, and history of hypertension
and diabetes.
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Fig. 1 STE and histologic images for low, moderate, and high Remuzzi scores. A, D STE;. = 9.18 kPa, STE4. = 15.7 kPa, STEqe = 39.28 kPa, Remuzzi
score=0,GS=0,IF=0,TA=0,and AS=0. B, E STE;. = 1748 kPa, STE4. = 23.50 kPa, STE,. = 40.33 kPa, Remuzzi score=1,GS=1,IF=1,TA=1, and
AS=1.C, F STE;. = 23.38 kPa, STEy. =42.38 kPa, STE,e = 4842 kPa, Remuzzi score =9, GS=3,IF=2, TA=2,and AS=2

Follow-up and outcome measurement

All recipients were followed up for 6 months after
transplantation. During the follow-up period, conven-
tional medical treatments were administered in accor-
dance with standard clinical practice, and allograft
function became stabilized. The estimated glomerular
filtration rate (eGFR) was calculated wusing the
Cockroft—Gault formula, which incorporates SCr, age,
gender, and body weight [21, 22].

Statistical analysis

Normally distributed continuous variables were expressed
as means t standard deviations, while non-normally dis-
tributed continuous variables were presented as medians
and interquartile ranges (IQRs). The comparison of STE
values was performed using ANOVA or Pearson x> test.
Correlations between variables were assessed using the
Spearman correlation coefficient. Factor analysis was
employed for dimensionality reduction analysis of colli-
near data [23]. The discriminative ability of variables was
assessed through receiver operating characteristic (ROC)
analysis.

The random forest algorithm was used to determine
important predictive variables. Variables with an area
under the receiver operating characteristic curve (AUC)
exceeding 0.700 were considered to have acceptable dis-
criminative ability and were used to plot ROC curves. Cut-
off values were decided by using the Youden index. Inter-
observer agreement was assessed by using the intraclass
correlation coefficient (ICC). Agreement was classified as
poor (ICC < 0.4), moderate (ICC = 0.40-0.75), or excellent
(ICC>0.75) [24]. All statistical tests were performed by
using R (version 4.3) or SPSS (version 22).

Results

Study population

From March 2022 to August 2023, a total of 129 donor
kidneys that had undergone biopsy at our institution were
prospectively enrolled. Among them, eight kidneys were
not subjected to STE examination due to uncontrollable
factors. Fifteen kidneys were excluded from the study,
including twelve with insufficient specimens, two with
diabetic nephropathy, and one with cysts larger than 1 cm
in the middle pole. Ultimately, 106 donor kidneys were
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Fig. 2 Flowchart of study design

included in the study. The average age of donors was
46.2+10.1 years, and males were dominant (n=91,
85.8%). Following a comprehensive evaluation, six kidneys
were discarded, primarily due to a high Remuzzi score.
Consequently, a total of 100 donor kidneys were trans-
planted. To eliminate the influence of post-transplant
factors on allograft function, five patients lost to follow-up
and three patients experiencing acute rejection within
the first six months were excluded from the study.
Eventually, 92 recipients were included in the analysis for
allograft function (Fig. 2). The enrolled recipients inclu-
ded 52 males and 40 females, with a mean age of
41.8 + 12.1-years-old. Baseline characteristics are pre-
sented in Table 1.

Interobserver agreement for ex vivo STE measurement
All ex vivo STE measurements were conducted success-
fully. There was excellent interobserver agreement in the
STE measurements conducted by two sonographers, with
ICC values of 0.843 (0.722-0.913), 0.904 (0.826—0.948),
and 0.825 (0.692-0.903) for STE, STE4, and STE .,
respectively. The ICC value for cortical echogenicity (CE)
was 0.923 (0.889-0.947) (Supplementary Table 1).

Histopathologic and STE results

Regarding the Remuzzi score, the histopathological find-
ings indicated that 55 kidneys were classified as low, 39 as
moderate, and 12 as high. In the low, moderate, and high
Remuzzi groups, the distribution of STE,. was 13.2 +4.2,
16.8+£2.9, and 23.0+4.6 kPa, respectively (p<0.001)
(Fig. 3A). Similarly, the distribution of STE4. was
21.0+5.5, 26.8+6.3, and 39.5+7.9 kPa, respectively
(p <0.001) (Fig. 3B). Likewise, the distribution of STE . in
the low, moderate, and high Remuzzi groups was
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38.7+38, 40.0+4.5, and 46.6 £3.7 kPa, respectively
(p<0.001) (Fig. 3C). Moreover, the ATI examination
revealed 95 cases with mild, 4 cases with moderate, and 7
cases with severe. Among the mild, moderate, and severe
ATT groups, only STEme showed statistically significant
differences, as determined by one-way ANOVA followed
by post-hoc Tukey’s test (40.4 + 4.4 kPa vs 35.8 + 2.6 kPa
vs 30.8 + 4.8 kPa, p < 0.001) (Supplementary Fig. 2).

Construction of STE using factor analysis

To explore the correlation between variables and Remuzzi
or ATI, we conducted a Spearman correlation analysis.
STEs. (p=10.666, p<0.001), STE4. (p=10.587, p<0.001),
and STE,, (p =0.374, p <0.001) exhibited significant cor-
relations with the Remuzzi score. More details regarding the
correlation between STE and Remuzzi scores are listed
in Table 2. No correlation was observed between STE,,
(p=—0.139, p =0.157) and ATI, while STE,4. (p = —0.250,
p=001) and STE,. (p=—0345 p<0.001) were sig-
nificantly correlated with ATI (Table 2). Furthermore, a
correlation analysis was conducted for all variables, and the
results are shown in Supplementary Fig. 3. We found
a strong correlation among STE,,, STE,., and STE,,, with
the KMO statistic being 0.608, which is greater than
0.5 (p<0.001). To mitigate the impact of collinearity, we
utilized the factor analysis method to extract key features
and amalgamated these three variables into a single variable:
STE =0.152 x STE. + 0.160 x STE4. + 0.138 x STE ... In
the low, moderate, and high Remuzzi groups, STE exhibited
distributions of 10.714+1.770, 12.319+1.823, and
16.244 + 2.259, respectively. While in the mild, moderate,
and severe ATI groups, the distributions of STE were
12.044 + 2.395, 10.591 + 2.285, and 9.928 + 1.882,
respectively.

STE is predictive of the Remuzzi score

According to the random forest algorithm, significant
factors for the Remuzzi score and ATI are shown in
Fig. 4A—C. Factors including STE, KDP]I, age, SCr, BMI,
CE, high blood pressure (HBP), DM, cold ischemia time
(CIT), parenchyma thickness (PT), and gender were
identified as key determinants for low Remuzzi score.
Conversely, only STE and CE were determinant factors
for a high Remuzzi score. As for ATI, kidney width (KW),
BMI and STE were significant predictors.

The diagnostic performance of each variable is listed in
Table 3. Only factors with an AUC value exceeding 0.700
were included in the AUC curve analysis. The ROC curves
depicting the variables for diagnosing the Remuzzi score
and ATI are presented in Fig. 5A-C. The AUC for
detecting low Remuzzi score based on STE was 0.803
(cutoff value, 48.74; sensitivity, 0.569; specificity, 0.945;
PPV, 0.906; NPV, 0.703), while the AUC for KDPI was
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Table 1 Baseline characteristics

Characteristic Total Low Remuzzi, (0-3) Moderate Remuzzi, (4-6) High Remuzzi, (7-12) p value

Donor
Age, (year) 462+101 4314106 503+82" 459+78"" 0.002
Sex, (male/female) 91/15 44/11 36/2 11/2 0.133
BMI, (kg/m?) 245+33 247 +44 249+36 236+22 0466
Donor kidney, (DBD/DCD/living) 94/7/5 46/4/5 35/3/0 13/0/0 0.066
Diabetes, (yes/no) 15/91 2/53 10/28" 3107 0.005
Hypertension, (yes/no) 58/48 21/34 27117 10/3" 0.002
Scr, (umol/L) 373141935 3886+2329 357.7 1380 391.9+133.1 0.722
KDPI 648+205  559+212 744+153" 745+125" <0007
Kidney length, (cm) 105+08 105+08 105+09 104+0.7 0911
Kidney width, (cm) 51+06 51+06 50+06 48+07 0.189

Kidney
IF (0/1/2/3) 40/54/10/2  40/15/0/0 0/36/2/0"" 0/3/8/2"* <0001
TA (0/1/2/3) 41/58/5/2  41/14/0/0 0/37/1/0"# 0/7/4/2"* <0007
GS (0/1/2/3) 29/52/19/6  26/25/4/0 3/26/9/0"# 0/1/6/6"* <0001
AS (0/1/2/3) 41/45/9/11  38/17/0/0 3/26/4/5"* 0/2/5/6"* <0001
ATl (1/2/3) 95/4/7 47/2/6 35/2/1 13/0/0 0.267
Parenchyma thickness, (cm) 193+0.35 199+0.23 197+0.25 190+0.24 0.500
Cold ischemia time, (h) 46+15 45+1.7 46+13 51+16 0448
Warm ischemia time, (min) 0.7+24 08+25 0.7+26 0.7+28 0.553
Cortical echogenicity 386£113 372+108 396+ 76" 472+1047F 0.005
STE,., (kPa) 154454 132+42 168+29"" 230+46"" <0001
STEge, (kPa) 249+91 210455 268+63"" 395+797" <0001
STEme, (kPa) 393+72 387438 400+45" 466+37" <0001

Recipient
Age, (year) 418+121  405+128 426+108 424+81 0.706
Gender, (male/female) 51/41 27/26 20/12 4/3 0.609
BMI, (kg/m?) 209+36 204+27 227+43" 211+39 0015
Dialysis scheme, (no dialysis/hemodialysis/ 5/64/23 3/38/12 2/21/9 0/5/2 0.857
peritoneal dialysis)
Dialysis duration, (year) 23+23 19+23 28+24 20+16 0.260
DGF, (yes/no) 32/60 19/34 10/22 3/4 0.858
6-month, Scr 1567+ 743 1359+ 784 1762+495 2044+1143" 0019

BMI body mass index, DGF delayed graft function, DBD donation after brain death, DCD donation after circulatory death, KDP/ kidney donor profile index, AT/ acute

tubular injury, STE sound touch elastography
“p<0.05 vs low Remuzzi

“p<0.01 vs low Remuzzi

*p <0.05 vs moderate Remuzzi or high Remuzzi
#p<0.01 vs moderate Remuzzi or high Remuzzi

0.752 (cutoff value, 54; sensitivity, 0.941; specificity, 0.491;
PPV, 0.632; NPV, 0.900). For distinguishing high Remuzzi
score, the AUC values were 0.772 for CE (cutoff value:
46.63; sensitivity: 0.667; specificity: 0.840; PPV: 0.348; and
NPV: 0.952) and 0.943 for STE (cutoff value: 56.34; sensi-
tivity: 0.917; specificity: 0.947; PPV: 0.688; and NPV: 0.989),
with a statistically significant difference (p = 0.03). In dif-
ferentiating mild ATI from moderate to severe ATI, the
AUC for STE was 0.723 (cutoff value: 37.18; sensitivity:
0.916; specificity: 0.455; PPV: 0.935; and NPV: 0.385).

STE is predictive of allograft function

During the 6-month follow-up period, 92 patients were
included in the subsequent analysis of allograft function.
According to the classification of eGFR, eGFR =44 is
used as the cutoff threshold [25]. The patients were
referred into two groups: one group with good allograft
function (eGFR>44) and the other group with poor
allograft function (eGFR < 44). Random forest algorithm
identified STE, Remuzzi score, SCr, Age, BMI, KDPI, and
PT as important prognostic factors for 6-month eGFR
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Table 2 Correlation between donor characteristics and
Remuzzi score or ATI

Characteristic Remuzzi score ATI

Spearman r p value Spearmanr p value

Gender —0.200 0.040 —0.049 0617
Age 0332 0001 —-0.118 0.232
Kidney type —0.280 0004 —0.129 0.191
BMI 0.027 0.782 0.247 0.011
Diabetes 0.261 0.007 0.011 0.908
Hypertension 0.366 <0001 —0.038 0.703
Creatinine 0.005 0.963 0.164 0.095
Kidney length 0.073 0479 0.021 0.841
Kidney width —0.032 0.755 0.370 <0.001
Cold ischemia time 0.178 0068 —0.040 0.689
Warm ischemia time ~ —0.274 0004 —0.129 0.191
Cortex thickness —0.010 0917  —0.004 0.969
Parenchyma thickness —0.024 0807 —0.062 0.532
Cortical echogenicity 0376 <0001 —0.123 0213
KDPI 0408 <0001 —0.156 0.115
STEsc 0.666 <0001 —0.139 0.157
STEqc 0.587 <0001 —0250 0.010
STEme 0374 <0001 —0345 <0.001

BMI body mass index, KDPI kidney donor profile index, STE sound touch
elastography, AT/ acute tubular injury

(Fig. 4D). The prognostic performance of factors is sum-
marized in Table 4. Only factors with an AUC value
exceeding 0.700 were included in the subsequent analysis.
Setting the threshold at 11.741, the AUC for STE
was 0.717, with a sensitivity of 0.565, specificity of 0.913,
PPV of 0.867, and NPV of 0.677. For Remuzzi score, when
the threshold was set at 2.5, the AUC was 0.756, with a
specificity of 0.652, sensitivity of 0.804, PPV of 0.698,
and NPV of 0.769 (Fig. 5D). Although there was no sig-
nificant difference in AUC (p = 0.518), the specificity of

STE was significantly higher than that of Remuzzi score
(p <0.001).

Pre-transplant kidney quality evaluation based on STE

To increase the utilization of marginal kidneys and reduce
unnecessary biopsies, Fig. 6 illustrates our new method for
evaluating pre-transplant kidney quality using ex vivo
STE. When STE<11.741, the donor's kidney can be
transplanted without the need for biopsy. Conversely, if
STE exceeds 11.741, a reliable biopsy is unavoidable. Due
to the high specificity of STE, we concluded that it can
effectively select donor kidneys with a favorable prognosis
after transplantation.

Discussion
The Remuzzi score is the main reference for assessing the
quality and prognosis of a kidney graft [4]. Currently,
there is still a lack of non-invasive indicators that can
effectively evaluate pre-transplant kidney quality. In our
study, ex vivo STE emerged as a promising non-invasive
indicator for assessing the Remuzzi score, with an AUC of
0.803 for diagnosing a low Remuzzi score and an AUC of
0.943 for diagnosing a high Remuzzi score. Importantly,
ex vivo STE was employed to non-invasively predict the
6-month eGFR, yielding an AUC value of 0.717 and a
specificity of 0.913. Based on these favorable results, we
put forth a novel evaluation scheme for donor kidneys.
When STE is < 11.741, transplantation can be performed
directly. When STE is greater than 11.741, a renal biopsy
is required to determine whether the kidney should
be transplanted or discarded. By utilizing this new
scheme reasonably, we can significantly reduce the
necessity for biopsies and minimize the wastage of mar-
ginal kidneys.

Currently, the utilization of elastography for ex vivo
assessment of kidney quality is a completely novel
approach. Previous studies primarily focused on
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characteristic variables for high Remuzzi; C importance ranking of characteristic variables for ATl; and D importance ranking of characteristic variables for

allograft function. **p < 0.01; *p < 0.05

conducting in vivo elasticity to assess donor kidney
quality [26]. Although in vivo renal elasticity is more
convenient, it is influenced by various confounding
factors, such as BMI, anisotropy, measurement depth,
transducer force, and so on [26, 27]. Moreover, several
experimental studies have highlighted the significant
impact of kidney perfusion on renal elasticity, with a
contribution rate of up to 73% [15, 28]. In contrast,
the ex vivo kidney was not perfused with blood and
was unobstructed by subcutaneous tissue, allowing
for flexible adjustment of elasticity angles. Therefore,

in vitro measurement of renal elasticity can eliminate
the interference of confounding factors and provide a
more accurate reflection of the structural changes in
donor kidneys. Furthermore, we gently placed the
probe 2 mm above the kidney to prevent probe pressure
so that no probe pressure was applied to the kidney. In
addition, the absence of human factors such as breathing
during ex vivo STE measurements contributed to
excellent ICC in our study. Thus, in vitro measurement
of renal elasticity had methodological feasibility and
innovation.
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Table 3 Diagnostic performance for Remuzzi score and ATI
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Characteristics Threshold AUC Specificity Sensitivity PPV NPV p value
Low Remuzzi
STE 12.589 0.803 (0.719-0.888) 0.945 0.569 0.906 0.703 -
KDPI 54 0.752 (0.659-0.844) 0491 0.941 0.632 0.900 0415
Age 405 0675 (0.573-0.778) 0491 0.882 0616 0818 0.046
BMI 27718 0.507 (0.396-0.619) 0.941 0218 0.800 0527 <0.001
CE 35.66 0.646 (0.539-0.752) 0.509 0.824 0.609 0.757 0.015
HBP 0.500 0.672 (0.582-0.761) 0618 0.725 0.638 0.708 0.037
DM 0.500 0.609 (0.544-0.675) 0.964 0.255 0.867 0582 <0.001
[@]) 3250 0.552 (0.443-0.662) 0.236 0922 0528 0.765 <0.001
Parenchyma thickness 1.875 0.553 (0.442-0.665) 0.510 0.673 0597 0.591 <0.001
Gender 0.500 0.561 (0.496-0.626) 0.922 0.200 0.733 0516 <0.001
High Remuzzi
STE 14.567 0.943 (0.853-1.000) 0.947 0917 0.688 0.989 -
CE 46.63 0.772 (0629-0.916) 0.840 0.667 0348 0.952 0.034
ATI
STE 9.588 0.723 (0.558-0.889) 0455 0916 0.935 0.385 -
KW 535 0.845 (0.709-0.971) 0.821 0.818 0.346 0.975 0.230
BMI 25463 0.790 (0.683-0.897) 0.747 0818 0273 0973 0381

STE sound touch elastography, KDPI kidney donor profile index, BMI body mass index, HBP high blood pressure, DM diabetes mellitus, CIT cold ischemia time, CE
cortical echogenicity, ATl acute tubular injury, PPV positive predictive value, NPV negative predictive value, KW kidney width

p value: compared with STE on AUC

STE had AUC values of 0.803 for diagnosing low
Remuzzi and 0.943 for diagnosing high Remuzzi. Mean-
while, STE had an AUC of 0.723 for diagnosing moderate
to severe ATI This indicates that STE is particularly
effective in reflecting the Remuzzi score, likely due to the
significant weighting of STE,. and STE4. components
within STE. For STE,. and STE,. performed well in the
Remuzzi score classification. In contrast, STE,. demon-
strated an advantage in identifying ATI, reflecting the
renal medulla’s composition primarily consisting of renal
tubules, which are profoundly affected by acute kidney
injury [29].

Compared to the Remuzzi score, ex vivo STE mea-
surement did not show superiority in predicting post-
transplant renal function. However, it exhibited a sig-
nificant advantage in terms of specificity by accurately
identifying a “good” kidney. This advantage can be
attributed to the avoidance of sampling errors that may
occur during renal biopsy procedures. In our study, twelve
cases were excluded from the analysis due to inadequate
renal tissue sampling. Notably, the sampling area for
elastography was significantly larger than that of renal
biopsy. Additionally, we sampled three distinct regions
based on the distribution of elastography images and
employed factor analysis to extract primary features. This
method enabled us to fully utilize the elastography
information from each compartment and enhance the
reliability of the STE measurement.

In the study, we focused on predicting the eGFR at
6 months post-transplant. This time point was chosen
because allograft function tends to stabilize around the
6-month mark. Some kidney allografts may undergo DGF
due to ischemia-reperfusion injury, which can take several
months to recover [30]. Additionally, various factors,
including recipient-related variables and postoperative
complications, can influence post-transplant kidney
function [31]. To assess the impact of donor-related fac-
tors on post-transplant allograft function, we excluded
recipients who experienced complications, particularly
episodes of acute rejection.

The ultimate objective of donor kidney assessment is to
maximize donor utilization while minimizing unnecessary
kidney biopsy [32]. Our proposed scheme for pre-
transplant kidney quality assessment can effectively
achieve this objective. Ex vivo STE measurements had
high specificity for both the Remuzzi score and post-
operative allograft function, indicating a strong capability
to discern “good” kidneys.

Our study had several limitations. First, this was a
single-center study with a relatively small sample size.
Second, due to the absence of a validation group, the
random forest algorithm was only used to select impor-
tant variables rather than modeling. Finally, different
elasticity techniques, such as Acoustic Radiation Force
Impulse [33], may produce varying measurement results.
Therefore, the application of alternative elasticity
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Fig. 5 Predictive performance of STE. A Discrimination between low and moderate to high Remuzzi score; B discrimination between low to moderate
and high Remuzzi score; C discrimination between low and moderate to high ATI; and D discrimination between good and poor allograft function

techniques in ex vivo kidney assessment would require
revalidation.

Conclusion

In conclusion, we suggested that the donor kidney can be
transplanted directly when STE is less than 11.741. This
can help avoid plenty of kidney biopsies, reducing the risk

of bleeding complications. In cases where the STE exceeds
11.741, we recommended using biopsy for further eva-
luation to reduce the discard rate of donor kidneys. Ex
vivo STE measurement shows promise in predicting
postoperative kidney function and has the potential to
reduce unnecessary renal biopsies in the future. Ex vivo
STE may serve as a noninvasive predictor for assessing the
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Table 4 Predictive performance for 6-month allograft function
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Characteristics Threshold AUC Specificity Sensitivity PPV NPV p value p value*
Remuzzi score 2.5 0.756 (0.657-0.855) 0.652 0.804 0.698 0.769 0518 0.004
STE 11.741 0.717 (0.607-0.826) 0913 0.565 0.867 0677 - -
KDPI 72.50 0.665 (0.553-0.777) 0.783 0.543 0714 0632 0460 0.146
Age 37.50 0.649 (0.536-0.762) 0.326 0.957 0.587 0.882 0.315 <0.001
BMI 25.30 0.614 (0.498-0.731) 0.804 0457 0.700 0.597 0.181 <0.001
Parenchyma thickness 2.00 0.565 (0.445-0.684) 0.696 0522 0.632 0.593 0.082 <0.001
SCr 176.0 0.531 (0410-0651) 0.196 1.000 0.554 1.000 0.019 <0.001

STE sound touch elastography, KDPI kidney donor profile index, BMI body mass index, SCr serum creatinine (donor), PPV positive predictive value, NPV negative

predictive value
p value: compared with STE on AUC
* p value: compared with STE on specificity

Donor Kidney
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Fig. 6 Donor kidney assessment scheme based on STE

quality of donor kidneys, which should be validated in
further prospective studies.

Abbreviations

ATI Acute tubular injury

DGF Delayed graft function

eGFR Estimated glomerular filtration rate
ICC Intraclass correlation coefficient
KDPI Kidney donor profile index

SCr Serum creatinine

STE Sound touch elastography

Supplementary information
The online version contains supplementary material available at https://doi.
0rg/10.1186/513244-024-01837-y.

[ ELECTRONIC SUPPLEMENTARY MATERIAL ]

Acknowledgements

We thank Shichong Yang, MD, PhD for assistance with the pathological
analysis. And we thank Ying Wang, PhD for her exceptional advice, support,
and supervision of the statistical analyses.

Author contributions

F-s.P.and D.-p.Y. contributed to data analysis and manuscript writing. M.X. and
Y.W. contributed to data curation and revising the work. G-d.Z. and S-h.Q.
contributed to data acquisition. S-h.Q. contributed to the histopathological
analysis. Y.-1.Z, J.Q, and X-y.X. contributed to interpreting the data and revising
the work. G.H. contributed to the conception, designing, and revising of the
work. Al authors read and approved the final manuscript.

Funding

This research was funded by Clinical high-tech, major, and special technology
projects of Guangzhou [GH 2023P-TS46] and Featured Clinical Technique of
Guangzhou [2023P-TS46].

Data availability
The datasets used for analyses during the current study are available from the
corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
Ethical approval was obtained from the Institutional Review Board of First
Affiliated Hospital of Sun Yat-Sen University ([2023]205).

Consent for publication
All authors and individuals involved in relevant personal data gave consent for
the publication of this work.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Medical Ultrasonics, Institute of Diagnostic and Interventional
Ultrasound, The First Affiliated Hospital of Sun Yat-Sen University, Guangzhou,
China. 2Organ Transplant Center, The First Affiliated Hospital of Sun Yat-Sen
University, Guangzhou, China. *Guangdong Provincial Key Laboratory of Organ
Donation and Transplant Immunology, Guangzhou, China. “Guangdong
Provincial International Cooperation Base of Science and Technology (Organ
Transplantation), Guangzhou, China. “Department of Pathology, The First
Affiliated Hospital of Sun Yat-sen University, Guangzhou, China.

Received: 10 August 2024 Accepted: 29 September 2024
Published online: 11 October 2024

References

1. Tonelli M, Wiebe N, Knoll G et al (2011) Systematic review: kidney
transplantation compared with dialysis in clinically relevant outcomes.
Am J Transplant 11:2093-2109


https://doi.org/10.1186/s13244-024-01837-y
https://doi.org/10.1186/s13244-024-01837-y

Pan et al. Insights into Imaging (2024)15:245

Lentine KL, Smith JM, Miller JM et al (2023) OPTN/SRTR 2021 annual data
report: kidney. Am J Transplant 23:521-5120

Gill JS, Abichandani R, Kausz AT, Pereira BJ (2002) Mortality after kidney
transplant failure: the impact of non-immunologic factors. Kidney Int
62:1875-1883

Remuzzi G, Cravedi P, Perna A et al (2006) Long-term outcome of renal
transplantation from older donors. New Engl J Med 354:343-352
Schwarz A, Gwinner W, Hiss M, Radermacher J, Mengel M, Haller H (2005)
Safety and adequacy of renal transplant protocol biopsies. Am J Trans-
plant 5:1992-1996

Rao PS, Schaubel DE, Guidinger MK et al (2009) A comprehensive risk
quantification score for deceased donor kidneys: the kidney donor risk
index. Transplantation 88:231-236

Parker WF, Thistlethwaite JR Jr, Ross LF (2016) Kidney donor profile index
does not accurately predict the graft survival of pediatric deceased donor
kidneys. Transplantation 100:2471-2478

Sjekavica I, Novosel L, Rupcic M et al (2018) Radiological imaging in renal
transplantation. Acta Clin Croat 57:694-712

Lee CU, Glockner JF, Glaser KJ et al (2012) MR elastography in renal
transplant patients and correlation with renal allograft biopsy: a feasibility
study. Acad Radiol 19:834-841

Jiang K, Ferguson CM, Lerman LO (2019) Noninvasive assessment of renal
fibrosis by magnetic resonance imaging and ultrasound techniques.
Transl Res 209:105-120

Ghonge NP, Mohan M, Kashyap V, Jasuja S (2018) Renal allograft dys-
function: evaluation with shear-wave sonoelastography. Radiology
288:146-152

Lukenda V, Mikolasevic I, Racki S, Jelic I, Stimac D, Orlic L (2014) Transient
elastography: a new noninvasive diagnostic tool for assessment of
chronic allograft nephropathy. Int Urol Nephrol 46:1435-1440

Yang D, Wang Y, Zhuang B et al (2023) Nomogram based on high-
frequency shear wave elastography (SWE) to evaluate chronic changes
after kidney transplantation. Eur Radiol 33:763-773

Yang D, Zhuang B, Zheng Y et al (2023) Shear wave elastography using
high-frequency linear probe for kidney transplant monitoring: a metho-
dological study. Clin Hemorheol Microcirc 84:165-176

Helfenstein C, Gennisson JL, Tanter M, Beillas P (2015) Effects of pressure
on the shear modulus, mass and thickness of the perfused porcine kid-
ney. J Biomech 48:30-37

Zhang W, Wang J, Linghu R et al (2022) Comparison between spleen and
liver stiffness measurements by sound touch elastography for diagnosing
cirrhosis at different aminotransferase levels: a prospective multicenter
study. Eur Radiol 32:4980-4990

Zhang L, Ding Z, Dong F et al (2018) Diagnostic performance of multiple
sound touch elastography for differentiating benign and malignant
thyroid nodules. Front Pharmacol 26:1359

Gennisson JL, Grenier N, Combe C, Tanter M (2012) Supersonic shear
wave elastography of in vivo pig kidney: influence of blood pressure,
urinary pressure and tissue anisotropy. Ultrasound Med Biol 38:1559-1567

Page 12 of 12

19.  Remuzzi G, Grinyo J, Ruggenenti P et al (1999) Early experience with dual
kidney transplantation in adults using expanded donor criteria. Double
kidney transplant group (DKG). J Am Soc Nephrol 10:2591-2598

20. Liapis H, Gaut JP, Klein C et al (2017) Banff histopathological consensus
criteria for preimplantation kidney biopsies. Am J Transplant 17:140-150

21. Cockcroft DW, Gault MH (1976) Prediction of creatinine clearance from
serum creatinine. Nephron 16:31-41

22. Gault MH, Longerich LL, Harnett JD et al (1992) Predicting glomerular
function from adjusted serum creatinine. Nephron 62:249-256

23, Santos RO, Gorgulho BM, Castro MA, Fisberg RM, Marchioni DM, Baltar VT
(2019) Principal component analysis and factor analysis: differences and
similarities in nutritional epidemiology application. Rev Bras Epidemiol
22:2190041

24.  Shrout PE, Fleiss JL (1979) Intraclass correlations: uses in assessing rater
reliability. Psychol Bull 86:420-428

25. Rossing P, Caramori ML, Chan JCN et al (2022) KDIGO 2022 clinical
practice guideline for diabetes management in chronic kidney disease.
Kidney Int 102:51-5127

26. Lee A, Joo DJ, Han WK et al (2021) Renal tissue elasticity by acoustic
radiation force impulse: a prospective study of healthy kidney donors.
Medicine (Baltimore) 100:223561

27.  Syversveen T, Midtvedt K, Berstad AE, Brabrand K, Strom EH, Abildgaard A
(2012) Tissue elasticity estimated by acoustic radiation force impulse
quantification depends on the applied transducer force: an experimental
study in kidney transplant patients. Eur Radiol 22:2130-2137

28. Liu X, Li N, Xu T et al (2017) Effect of renal perfusion and structural
heterogeneity on shear wave elastography of the kidney: an in vivo and
ex vivo study. BMC Nephrol 18:265

29. Ronco C, Bellomo R, Kellum JA (2019) Acute kidney injury. Lancet
394:1949-1964

30. Jadlowiec CC, Hippen B, Gill J et al (2023) Current opinions on DGF
management practices: a survey of the United States and Canada. Clin
Transplant 37:214949

31. Roufosse C, Simmonds N, Clahsen-van Groningen M et al (2018) A 2018
reference guide to the banff classification of renal allograft pathology.
Transplantation 102:1795-1814

32. Querard AH, Le Borgne F, Dion A et al (2018) Propensity score-based
comparison of the graft failure risk between kidney transplant recipients
of standard and expanded criteria donor grafts: toward increasing the
pool of marginal donors. Am J Transplant 18:1151-1157

33, Yang G, JinY,Wu S et al (2016) Prediction of renal allograft acute rejection
using a novel non-invasive model based on acoustic radiation force
impulse. Ultrasound Med Biol 42:2167-2179

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	Prediction of allograft function in pre-transplant kidneys using sound touch elastography (STE): an ex vivo study
	Background
	Materials and methods
	Study design
	US and STE procedures
	Image analysis
	Kidney histologic assessment
	KDPI
	Follow-up and outcome measurement
	Statistical analysis

	Results
	Study population
	Interobserver agreement for ex vivo STE measurement
	Histopathologic and STE results
	Construction of STE using factor analysis
	STE is predictive of the Remuzzi score
	STE is predictive of allograft function
	Pre-transplant kidney quality evaluation based on STE

	Discussion
	Conclusion
	Supplementary information
	Acknowledgements




