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Renal transplantation has developed into the best treatment for end-stage renal disease, but severe cases can
even lead to loss of renal allograft function due to rejection and complications caused by surgical procedures.
If a series of postoperative complications can be reduced or even avoided, the quality of life of recipients will
be significantly improved. Acute rejection in a transplanted kidney is one of the main complications after renal
transplantation. Early detection and diagnosis will significantly help the prognosis of transplanted kidney pa-
tients. As a seminal morphological and hemodynamic examination method, ultrasound can monitor the tissue
structure and arteriovenous blood flow of the transplanted kidney, providing information on the transplanted
kidney’s gross shape and blood perfusion. Ultrasound is a commonly used detection method after renal trans-
plantation. At present, two-dimensional ultrasound, color Doppler ultrasound, three-dimensional ultrasound,
and contrast-enhanced ultrasound have been applied in the monitoring of complications after renal transplan-
tation. Contrast-enhanced ultrasound, as a non-invasive, radiation-free, and easy to perform examination tech-
nique, can qualitatively and quantitatively evaluate the microcirculatory blood perfusion of the transplanted
kidney. It can reflect the function of the transplanted kidney more objectively and sensitively. In recent years,
contrast-enhanced ultrasound has attracted attention as a new technology that can quantitatively monitor
the transplanted kidney’s microcirculation perfusion. A large number of studies have shown that contrast-en-
hanced ultrasound has unique advantages in monitoring acute rejection after renal transplantation compared
with other imaging methods, providing a reliable basis for clinical intervention. This article reviews the current
status of and recent research on contrast-enhanced ultrasound in acute rejection after renal transplantation.
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Background

Allogeneic transplantation is an effective means to treat end-
stage renal disease. Clinical practice has proved that complica-
tions after transplantation, especially the diagnosis and treat-
ment of acute rejection (AR), have an important impact on
patients’ survival and transplanted kidneys [1]. With the appli-
cation of powerful immunosuppressive agents, the typical clin-
ical manifestations of acute rejection are rare. The manifesta-
tions are mild, such as increased blood pressure and decreased
urine output or renal function, making clinical diagnosis diffi-
cult [2]. Delayed graft function (DGF) is mainly caused by AR
and acute tubular necrosis, and the clinical manifestations of
AR and acute tubular necrosis are similar [3]. Hence, how to
accurately and quickly differentiate between AR and acute tu-
bular necrosis has also become an important topic in clinical
research. Ultrasound is a non-invasive examination that can
provide information on the morphology and blood perfusion of
the transplanted kidney and indirectly reflects the transplant-
ed kidney’s status, so it has become the most commonly used
monitoring method after kidney transplantation [4]. B-mode

Table 1. Results from the review of studies.

Sample size (n=)

Study
design

RI (meanxSD)
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ultrasound and color Doppler ultrasound are still routine di-
agnostic methods and are the main monitoring methods for
kidney transplant recipients [5]. Color Doppler ultrasound is
the most commonly used method for determining resistance
index (RI). Although RI helps to detect acute renal insufficien-
cy, it is still unable to differentiate the causes of renal insuffi-
ciency, including AR, chronic allograft dysfunction (CAD), and
graft renal artery stenosis (TRAS) [6]. Contrast-enhanced ul-
trasound (CEUS) technology has been widely used in clinical
practice [7]. The present article mainly reviews the current sta-
tus of and recent research on CEUS in acute rejection after re-
nal transplantation. Table 1 presents the results from our re-
view of studies.

Pathological Classification and Manifestations
of AR After Renal Transplantation

According to the Banff 2007 Classification of Renal Allograft
Pathology, AR after kidney transplantation is divided into
cell-mediated and antibody-mediated AR [8]. Among them,

TIP (mean:SD)  Mathod of

examination

Geographic
region

Drudi 0.77+ 0.67+
[14] 2014 Case-control 79 79 012 0.05 - - CDUS German
;T:]“k“lm’ 2015 Observational 14 2 0506 08 - - CDUS  Kazakhstan
Lebkowska . 0.72+
[17] 2009 Observational - 18 0.20 CEUS Poland
Seiler . 0.69+
[18] 2012 Observational - 87 0.07 - - - CDUS German
Zhu 0.75+ 0.66+
201 - 1 " n - - hi
[21] 010 Case-control 5 30 0.100 0.06 3DUS China
Wang 9.13% 6.26+ .
[28] 2011 Case-control 41 58 264 1.44 CEUS China
Liang 30.08+ 24.75% .
[29] 2012 Case-control 12 19 10.81 736 CEUS China
Zhang 20.58+ 19.63+ .
2014 - 12 - - E h
30] 0 Case-control 6 267 347 CEUS China
Jin 0.76
[31] 2015 Case-control 24 23 - - (0.63, - CEUS China
0.89)*
Zhang .
[33] 2012 Case-control 20 10 0.81 0.65 - - CEUS China
Benozzi 0.73+ 0.72+ 19.75+ 14+
[34] 2009 Case-control 25 4 0.08 0.06 11.29 5.78 CEUS Italy

* AUCROC (95% Cl) of ATTPm-c; T1 — AR group; T2 — Well-functioning allografts group; CDUS — color Doppler ultrasound; 3DUS — three-
dimension ultrasound; CEUS — contrast-enhanced ultrasound.
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cell-mediated AR is mainly manifested as a large degree of in-
flammatory cell infiltration, which can be divided into 5 levels:
grades IA, 1B, lIA, 11B, and IlI. Antibody-mediated AR is mainly
manifested as positive for CD4, positive anti-donor antibody
in the circulation, and morphological evidence of acute tis-
sue damage, which can be divided into grades I, Il, and Il [8].
Microscopic changes can alter the gross morphology and blood
perfusion of the transplanted kidney, which is the basis for the
ultrasound assessment of transplant function [9].

B-mode Ultrasound

B-mode ultrasound has a specific value in discovering the re-
jection reaction by observing the transplanted kidney’s mor-
phology. It can monitor the morphology, size (volume, aggre-
gate system size, and cortical thickness), internal structure,
and perinephric condition of the transplanted kidney. When
AR occurs after renal transplantation, the kidney appears full,
the volume is enlarged, the renal parenchymal wall is thick,
the echo is reduced, and the kidney contour is not smooth; in
severe cases, the renal parenchymal echo is not uniformly dis-
tributed, and the renal pyramid is enlarged with edema [10].
B-mode ultrasound can detect borderline lesions and subclin-
ical acute rejection through parenchymal swelling [11]. When
AR after renal transplantation occurs, there are no obvious
clinical symptoms or changes in the hemodynamic transplant
index, indicating that the renal pyramidal veins are swollen,
which reached a sensitivity of 96.2% [12]. However, B-mode
ultrasound has difficulty distinguishing AR from acute tubular
necrosis and other complications, lacking diagnostic specificity
[13]. Therefore, more sensitive indicators need to be discovered.

Color Doppler Ultrasound

Color Doppler ultrasound can observe the blood perfusion in
the kidney. When acute rejection occurs, the blood flow dis-
tribution in the kidney is asymmetrical, the arcuate arteries
have almost no blood flow signals, and the interlobular arter-
ies show intermittent flashing [14]. In terms of pulsed Doppler,
the venous blood flow speed significantly increases during the
AR period after renal transplantation for venous blood perfu-
sion, resulting in a higher peak velocity during the diastolic
period and an “arterial-like” pulsation phenomenon. The spec-
trum morphology of artery blood flow is abnormal during the
AR period after renal transplantation for artery blood perfu-
sion [15]. The systolic frequency spectrum rises sharply, show-
ing a high sharp wave shape; the diastolic phase drops rapidly,
the frequency harmonic is low and flat, and the blood flow is
interrupted or disappears in some cases [15]. The above man-
ifestations have a specific significance in the diagnosis of AR
after kidney transplantation. The resistance index (RI) value
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has been an important research topic, and its utility in the ul-
trasound diagnosis of kidney transplantation is still controver-
sial. In early research [16], it was believed that the increase
in Rl value had diagnostic significance for AR, but later stud-
ies found that the RI value was a non-specific indicator and
was affected by a series of factors in the long-term progno-
sis of kidney transplant patients [17,18]. It can be considered
that the utility of Rl is limited in the diagnosis and differen-
tial diagnosis of AR and the differential diagnosis of different
types of rejection.

Three-dimensional Ultrasound

The calculated volume of three-dimensional ultrasound is not
affected by the geometry and position of the organ. It can mea-
sure the organ’s size more accurately, which makes it a good
supplement to two-dimensional ultrasound. The combination
of three-dimensional color power angiography (3D-CPA) and
three-dimensional vascular volume imaging can evaluate kidney
transplantation’s blood perfusion [19]. Wei et al [20] found that
the three-dimensional reconstruction of the kidney volume in
patients with AR was significantly larger than that in the nor-
mal group, and the results were similar to the comparison of
the kidney volume before and after AR, suggesting that rejec-
tion is related to the increase in kidney volume. Zhu et al [21]
reported that the sensitivity and specificity of vascularization
flow index (VFI) in diagnosing AR after renal transplantation
are 70.0% and 93.3%, vascularization index (VI) has 73.3% and
80.0%, flow index (FI) has 83.3% and 60.0%, mean gray val-
ue (MG) has 76.7% and 66.7%, Rl has 60.0% and 73.3%, and
pulsatility index (PI) has 66.7% and 53.3%, respectively. With
VFI £18.78% as the critical value, prediction of AR has a pos-
itive predictive value of 60.8% and a negative predictive val-
ue of 93.4%. However, the parameter values of different path-
ological types of acute rejection have not been obtained yet.

Contrast-enhanced Ultrasound (CEUS)

CEUS can detect the blood flow of microcirculation perfusion of
tissues and organs, improving the effectiveness of ultrasound
diagnosis and may be a significant predictor of early AR after
renal transplantation [22]. At present, the most widely used
contrast agent is SonoVue (Bracco, Milan, Italy) [23]. SonoVue
microbubbles do not pass through the capillary wall, and over-
flow into the interstitial space. Its hemodynamic changes are
similar to red blood cells, with good stability. As a blood pool
imaging agent, SonoVue microbubbles can reflect tissue mi-
crocirculation blood perfusion changes in real time. Unlike CT
and MRI contrast agents, SonoVue microbubbles have no liv-
er and kidney toxicity and are not metabolized by the kidneys,
being excreted through breathing [24]. According to reports,
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the incidence of life-threatening adverse reactions in use of
SonoVue microbubbles is only 0.001% [25]. The adverse reac-
tions include headache and discomfort at the injection site, such
as burning sensation, congestion, and paresthesia. SonoVue
is mainly contraindicated in patients with right-to-left shunts,
patients with severe pulmonary hypertension (pulmonary ar-
tery pressure 90 mmHg), uncontrolled systemic hypertension,
adult respiratory distress syndrome, and cardiovascular dis-
ease. However, the safety and effectiveness of SonoVue have
not been established in pregnant and lactating women, chil-
dren, and adolescents [24]. As a rich blood supply organ, the
kidney accounts for about 1/4 of the systemic blood flow, and
the cortex and medulla of the kidney account for about 95% of
the total kidney blood flow. Therefore, in most studies, the re-
nal cortex and medulla are regarded as regions of interest [26].
After acquiring the contrast image for about 2 minutes, the
image analysis software is used to analyze the dynamic image
generated by the contrast image and to generate the time-in-
tensity curve (TIC) of the region of interest in the cortex and
medulla of the kidney. Multiple quantitative indicators, such
as rise time (RT), time to peak (TTP), mean transit time (MTT),
peak intensity (PI), and area under the ROC curve (AUC) were
obtained [27]. Comparing the differences in these indicators
between different groups can assist in the differential diag-
nosis of kidney transplant complications.

Wang et al [28] established that the contrast agent entered the
kidney through the iliac artery. It presented “pulsatile” perfu-
sion consistent with the heartbeat when AR after renal trans-
plantation occurred. The distribution of the contrast agent was
uneven, showing a stagnant area of contrast agent. The filling
of SonoVue microbubbles in the renal cortex and medulla in
the AR group was sparser than that of the normal renal func-
tion group, and the kidney contour showed a slightly “burr-
like change”. The envelope of the TIC curve was rough, with
apparent upward and downward fluctuations. The TIC curve
slowly rose and fell, the peak of the curve became dull, and
the second peak of the curve became lower. The curve’s span
increased and even became flat and disappeared, showing a
“single-peak” change. In contrast-enhanced ultrasound param-
eters, the perfusion time and emptying time were longer than
those in the normal renal function group, and the RT and TTP
of the cortex and medulla were also longer. Liang et al [29]
analyzed the time-intensity curve of contrast-enhanced ultra-
sound in patients with acute renal transplant rejection and
found that the absolute time to peak (ATTP) of the AR group
was prolonged, and the rate of contrast agent velocity increased
slowed. Compared with the normal renal function group, the
contrast agent’s distribution was uneven in the AR group. The
peak of the time-intensity curve was rounded, and the slope of
the ascending branch increased, which has specific utility for
the early diagnosis of AR after renal transplantation.
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Zhang et al [30] analyzed the TIC parameters of 6 patients in
the normal renal function group, 12 patients in the AR group,
and 13 patients in the chronic rejection (CR) group after kidney
transplantation. The experimental results showed that the AUC
of the AR group and the CR group was lower than that in the
normal renal function group (P<0.01), and Pl in the normal re-
nal function group was significantly higher than that in the AR
group (P<0.01). Grzelak et al [26] performed a CEUS examina-
tion on 35 patients with early graft function (EGF) and 28 pa-
tients with delayed graft function (DGF). According to the re-
sults of pathological puncture, DGF patients were divided into
the AR group and acute tubular necrosis (ATN) group. The re-
sults showed that compared with the EGF group, the contrast
medium perfusion time in the DGF group was significantly de-
layed (P<0.001), and the time for the contrast agent to reach
the renal cortex and medulla of the AR group was substantial-
ly longer than that of the ATN group (P< 0.001).

Jin et al [31] performed a CEUS examination on 57 patients with
kidney transplantation, including 24 patients in the normal re-
nal function group, 23 patients with AR, and 10 patients with
ATN confirmed by pathological biopsy. CEUS results showed
that some of the AR group TIC time parameters were signifi-
cantly longer than those in the normal renal function and ATN
groups. The ROC curve was conducted to determine ARTm-c
(the difference in RT between renal medulla and cortex) and
ATTPm-c (the difference in TTP between the renal medulla and
cortex), achieving the highest accuracy of the diagnosis of AR.
The AUC values were 0.756 and 0.756, respectively. AR after
kidney transplantation can cause diffuse inflammation and fi-
brinoid necrosis of small blood vessels in various parts of the
transplanted kidney, stenosis or occlusion of the vessel lumen,
and increase the perfusion resistance of the transplanted re-
nal artery [32], which can decrease the microcirculation per-
fusion of the transplanted kidney and extend the perfusion
time. Zhang et al [33] found that CEUS can dynamically de-
tect the changes of microcirculation perfusion when AR after
kidney transplantation occurs. The AUC of the AR after kid-
ney transplantation group was significantly different from the
normal renal function group. Benoni et al [34] conducted con-
ventional ultrasound and contrast-enhanced ultrasound exam-
inations on 39 patients after kidney transplantation, and the
results showed that when the ratio-regional blood volume in
the contrast-enhanced ultrasound parameters was less than
0.81, the ratio-mean transit time was less than 0.87, and the
TTP was less than 18.5, the positive predictive value and neg-
ative predictive value were both significant.

In addition to ordinary angiography, intercellular adhesion
molecule-1 (ICAM-1) and T cells (mostly targeted ultrasound
contrast-enhanced T cells) are becoming another new type of
imaging method for monitoring AR after kidney transplanta-
tion [35]. Normal renal tubular and vascular endothelial cells
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express only a small amount of ICAM-1 and no T cell infiltra-
tion. When AR occurs, the expression of ICAM-1 in the kid-
ney increases significantly, and there is a large amount of T
cell infiltration. A specific anti-ICAM-1 or T cell antibody is at-
tached to the surface of the contrast agent. If AR occurs af-
ter kidney transplantation, the contrast agent can specifical-
ly bind to ICAM-1 or T cells for targeted positioning [36,37].
Grabner et al [23] investigated the suitability and feasibility of
CEUS by using microbubbles targeted to CD3(+), CD4(+), and
CD8(+) T cells in different rat models of renal disease, and
the rats were divided into an AR group, an ATN group, a drug
toxicity reaction group, and a contralateral orthotopic kidney
group as a control group without transplantation. All the rats
underwent targeted CEUS examination. The experimental re-
sults showed that T cell infiltration can be detected as soon
as 2 days after transplantation. The AR group’s renal contrast
signal was significantly stronger than that of the ATN group,
drug toxicity reaction group, and contralateral orthotopic kid-
ney group. The intensity of the contrast signal can also reflect
the degree of AR. The higher the degree of AR, the stronger
the contrast signal, which is confirmed by histopathology and
immunohistochemistry. However, this experiment also had cer-
tain limitations. T cell infiltration cannot be observed in AR. For
example, the ureteral infection can also have T cell infiltration,
and targeted ultrasound contrast experiments are currently
only used in animal experiments [23]. The specificity and safe-
ty of AR in routine clinical monitoring are not yet established.

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

€929729-5

REVIEW PAPER

Kidney transplantation is the terminal treatment for renal fail-
ure, and its functional status is crucial to the patient. Among
the complications after kidney transplantation, acute rejec-
tion is still one of the main reasons for the poor short-term
survival rate of patients [38]. Traditional two-dimensional ul-
trasound can observe the general morphological characteris-
tics of transplantation, and color Doppler ultrasound can mon-
itor the transplanted kidney’s intrarenal blood perfusion and
measure blood flow parameters [39]. However, these 2 meth-
ods lack specificity and have limited value in the diagnosis of
AR. Three-dimensional ultrasound measurements of the trans-
planted volume are more accurate than two-dimensional ul-
trasound and can obtain relevant blood vessel volume param-
eters, which provide a semi-quantitative index [20]. CEUS is
highly sensitive to blood perfusion. By observing images and
comparing various parameter values though CEUS, the oc-
currence of AR can be found sooner. It has the advantages of
being real-time and non-invasive, strong reproducibility, and
non-nephrotoxicity of the contrast agent, which have gradu-
ally led to increased clinical application [40]. However, recent
research on CEUS has mostly consisted of small-sample stud-
ies, case reports, or animal studies of kidney transplantation.
In addition, TIC parameters and the standards of normal and
abnormal values need to be further improved by expanding
the sample size. Since the evaluation parameters are still in
the preliminary stage in the differential diagnosis of compli-
cations, as a diagnostic tool, CEUS lacks sufficient specificity,
and currently cannot replace the criterion standards for detec-
tion of AR after kidney transplantation, such as renal biopsy
and CTA examination. With the advancement of instruments
and the improvement of clinical diagnostic techniques, it is
believed that CEUS can become the main diagnostic method
for AR after kidney transplantation in the future.
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