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Abstract: Calcineurin inhibitors (CNIs) have improved short-term kidney allograft survival but are
nephrotoxic and vasoconstrictive. Vasoconstriction is potentially reversible after switching from CNIs
to belatacept. The kidney allograft shows optimal requirements for dynamic perfusion imaging using
contrast-enhanced ultrasound (CEUS). We performed standardized CEUS in patients after switching
from CNIs to belatacept for clinical indication to study the suitability of CEUS, in order to assess the
effects of CNI cessation on kidney allograft perfusion. Eleven kidney transplant patients were enrolled
from February 2020 until November 2020. Demographic, clinical, and laboratory parameters, as well
as perfusion imaging, were assessed at baseline and 6 months after switching immunosuppression.
Quantification of perfusion imaging on CEUS was performed using a post-processing software tool
on uncompressed DICOM cine loops. After CNI cessation, estimated glomerular filtration rate
increased by 4.8 mL/min/1.73 m2 (16%). Despite good quality of fit and comparable regions of
interest in baseline and follow-up CEUS examinations, quantification of perfusion imaging showed
a slightly improved cortical perfusion without reaching statistical significance after CNI cessation.
This is the first study that systematically investigates the suitability of CEUS to detect changes of
microvascular perfusion in kidney transplant recipients in vivo. No significant differences could be
detected in perfusion measurements before and after CNI cessation.

Keywords: kidney transplantation; calcineurin inhibitors; ultrasonography

1. Introduction

Calcineurin inhibitors (CNIs) have substantially improved short-term graft survival
in kidney transplantation. However, CNIs have unfavorable effects on long-term outcomes
of kidney transplant recipients (KTRs) due to potential nephrotoxicity and cardiovascular
adverse effects [1–5].

CNI nephrotoxicity is a result of both reversible changes and irreversible damage to
all compartments of the kidneys, including glomeruli, arterioles, and tubulo-interstitium.
Acute CNI toxicity is caused by a variety of pathophysiological changes and consequen-
tially leads to several histopathological findings: vasoconstriction of the afferent arterioles
displayed by reduced vessel diameter, toxic effects on tubuli resulting in isometric vac-
uolization of the tubular cytoplasm, and thrombotic microangiopathy [2].

While acute CNI toxicity can cause dramatic impairment of kidney function, especially
in the early post-transplant period, this has little impact on the long-term outcome due to
its reversibility. On the contrary, chronic CNI toxicity plays an important role in chronic
allograft injury and graft failure [6]. The complex mechanisms of injury have been studied
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mostly for cyclosporine but are regarded to be comparable for tacrolimus. In summary, a
combination of CNI-induced hemodynamic changes, and direct toxic effects of CNIs on
tubular epithelial cells, is thought to play a major role in chronic CNI toxicity. Histologically,
arteriolar hyalinosis (nodular hyaline deposits in the media of afferent arterioles), interstitial
fibrosis, and tubular atrophy, as well as glomerular sclerosis, are common features of chronic
CNI toxicity.

Against the background of those shortcomings of CNIs, alternatives have been widely
studied to improve long-term outcomes of KTR. Most recently, belatacept, a fusion protein
linking the human IgG1 Fc fragment to the modified extracellular domain of cytotoxic
T-lymphocyte-associated antigen 4, has shown promising results [7]. Belatacept selectively
inhibits T-cell activation by blocking the CD28–CD80/86 costimulatory pathway. Patients
receiving maintenance immunosuppression with belatacept have higher eGFR and less
de novo anti-human leukocyte antigen (HLA) antibodies, but are more likely to develop
acute T-cell-mediated rejection and rarely develop post-transplant lymphoproliferative
disorders. Even when switching immunosuppression from CNIs to belatacept late after
transplantation, an immediate increase in eGFR has been shown consistently [8,9]. This
suggests that direct vasoconstriction is reversed in patients even in the presence of chronic
CNI toxicity.

B-Mode ultrasound (US) and color-coded duplex ultrasound (CCDS) including mea-
surement of resistance indices (RI) remain the primary imaging modalities in follow-up
(FU) of renal grafts. In general, CCDS depicts the macrovascularization with limitations
on assessment of cortical vascularity due to their small vessels and low arterial flow.
Ultrasound contrast agents (UCA) and dynamic depiction of the renal microvascularity
overcome the physical limitation of CCDS by visualization of both the macro- and the
microvasculature. After intravenous injection, the main branches enhance first, rapidly
followed by the segmental to arcuate and interlobular arteries, and finally complete cortical
enhancement within seconds. Due to its dynamic contrast imaging, contrast-enhanced ul-
trasound (CEUS) is additionally used for identification of early vascular complications and
whole-organ perfusion (such as parenchymal infarction), or inflammatory complications
(such as abscess) with a higher sensitivity by depiction of microvascularization [10,11].

Due to its superficial localization and small movement during breathing, the renal graft
shows optimal requirements for dynamic perfusion imaging in standardized longitudinal
planes using a post-processing tool. In order to study the suitability of CEUS to assess
the effects of CNI cessation on kidney allograft perfusion, we performed standardized
CEUS in patients who underwent the switch from CNIs to belatacept for clinical indication.
Additionally, we compared the suitability of convex and linear probes when performing
standardized CEUS in renal allografts.

2. Methods
2.1. Patient Selection, Switch of Immunosuppression, and Clinical Data

We enrolled eleven patients who underwent the switch of immunosuppressive regi-
men from CNIs to belatacept for clinical indication. Belatacept was administered 5 mg/kg
every 14 days for 8 weeks, and then every 4 weeks thereafter. CNI treatment was tapered
as follows: 100% on day 1, 40–60% on day 15, 20–30% on day 23, and none on day 29 and
beyond.

Donor characteristics evaluated included age, sex, and living versus deceased donation.
Recipient characteristics evaluated included age, sex, cause of chronic kidney failure, type of
dialysis, duration of dialysis, induction immunosuppressive regimen, early graft function,
time since transplantation, cause of switch of immunosuppression, arteriolar hyalinosis
(ah) grade according to Banff 2017 classification in the latest kidney allograft biopsy, and
baseline immunosuppression. Delayed graft function was defined as the need of dialysis
within seven days after transplantation. Recipient serum creatinine, microalbuminuria,
and kidney biopsy results were examined at baseline (day of first measurement) and m6
(day of last measurement).
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2.2. Imaging Protocol

B-mode ultrasound of all renal transplants was performed using a convex array
transducer to assess organ position and standardized longitudinal planes. All convex trans-
ducers employed in study patients were required to be for abdominal use with a frequency
range of 1–6 MHz. CEUS examinations were performed using high-end ultrasound systems
(Aplio i900, Canon Medical Systems Corporation, Tochigi, Japan; Acuson Sequoia, Siemens
Healthineers, Mountain View, CA, USA; GE Logiq E10, GE Healthcare, Chicago, IL, USA)
with state-of-the-art CEUS-specific protocols. A low mechanical index (<0.1) was used to
avoid early microbubble destruction, especially in the near field. A bolus of 1.6 mL of a
second-generation ultrasound contrast agent (SonoVue®, Bracco Imaging, Milan, Italy) was
injected and a cine loop of 60 s was stored to assess inflow and washout. After a time delay
of 10 min, the examination was repeated with a linear array transducer using a penetration
depth of up to 5 cm focused on the superficial renal cortex. A cine loop of 60 s after a
second injection of 1.6 mL SonoVue® was repeated after full washout of the ultrasound
contrast agent of the first scan.

2.3. Perfusion Quantification

Quantification of perfusion imaging on CEUS was performed using the post-processing
software tool VueBox® (Bracco Suisse SA-Software Applications, Geneva, Switzerland)
by using uncompressed DICOM cine loops. After initial software calibration (ultrasound
transducers, image presets, and gain adaption), regions of interest (ROI) were manually
placed in the renal cortex by an experienced radiologist specialized in CEUS. The ROI
was placed in the renal cortex excluding the medullar pyramids (Figure 1). ROI position
did not change during the entire clip. If needed, motion compensation was used to com-
pensate minimal movement during the 60 s cine loop. Quantitative perfusion assessment
included time-related parameters such as rise time (RT), time to peak (TTP), mean transit
time (mTT), and fall time (FT). Intensity parameters were peak-enhancement (PE), wash-in
area under the curve (WiAUC), wash-out area under the curve (WoAUC), wash-in rate
(WiR), wash-out rate (WiR), wash-in–wash-out area under the curve (WiWoAUC), and
wash-in perfusion index (WiPI). All parameters were evaluated on cine loops using both
transducer techniques (both convex and linear transducer). Time intensity parameters were
started by depiction of the first microbubble in the delamination area to avoid potential
differences of inflow time due to potentially impaired cardiac output. Intensity parameters
are linearized signals of brightness of the pixels fitted to a predetermined time interval
resulting in standardized time–intensity curves.
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Figure 1. Post-processing contrast-enhanced ultrasound perfusion analysis: CEUS DICOM loops are 
implemented in the software tool Vuebox® (Bracco Imaging) and analyzed using a demarcation ROI 
(turquoise) and analysis ROI (green). Represented data show a case of convex probe (a) with corre-
sponding color-coded map, (b) peak enhancement, and (c) time–intensity curve analysis. After full 
elimination, the procedure was repeated with a linear probe (d) showing the equal color-coded map, 
(e) peak enhancement, and (f) time–intensity curve analysis. 

2.4. Statistical Analysis 
A dependent t-test was applied to compare after testing for normality using Shapiro–

Wilk’s method. A two-sided significance level of α 0.05 was deemed appropriate to indi-
cate statistical significance. All statistical analyses were performed using the SPSS soft-
ware (IBM Corp. Released 2016. IBM SPSS Statistics for Windows, Version 27.0. Armonk, 
NY, USA: IBM Corp) and “R” version 4.1.1.  

3. Results 
3.1. Patient Characteristics 

Eleven patients were enrolled with the mean age at inclusion being 47 ± 13 years. The 
immunosuppressive regimen was switched 7.8 years after transplantation on average, 
with 8/11 patients receiving tacrolimus and 3/11 patients receiving cyclosporine before 
CNI cessation. All patients except for one, who was on dual antiplatelet therapy, under-
went kidney allograft biopsy before switching to belatacept. Severe arteriolar hyalinosis 
(ah3) as a sign of chronic CNI toxicity was found in 8/11 patients. Additionally, one patient 
showed moderate arteriolar hyalinosis (ah2), one patient showed acute tubular CNI tox-
icity (isometric tubular cell vacuolization) but no chronic vessel changes (ah0), and one 
patient—for whom no biopsy could be obtained—received rescue switch due to marginal 
kidney function. Additional patient characteristics are shown in Table 1. 

Figure 1. Post-processing contrast-enhanced ultrasound perfusion analysis: CEUS DICOM loops
are implemented in the software tool Vuebox® (Bracco Imaging) and analyzed using a demarcation
ROI (turquoise) and analysis ROI (green). Represented data show a case of convex probe (a) with
corresponding color-coded map, (b) peak enhancement, and (c) time–intensity curve analysis. After
full elimination, the procedure was repeated with a linear probe (d) showing the equal color-coded
map, (e) peak enhancement, and (f) time–intensity curve analysis.

2.4. Statistical Analysis

A dependent t-test was applied to compare after testing for normality using Shapiro–
Wilk’s method. A two-sided significance level of α 0.05 was deemed appropriate to indicate
statistical significance. All statistical analyses were performed using the SPSS software
(IBM Corp. Released 2016. IBM SPSS Statistics for Windows, Version 27.0. Armonk, NY,
USA: IBM Corp) and “R” version 4.1.1.

3. Results
3.1. Patient Characteristics

Eleven patients were enrolled with the mean age at inclusion being 47 ± 13 years. The
immunosuppressive regimen was switched 7.8 years after transplantation on average, with
8/11 patients receiving tacrolimus and 3/11 patients receiving cyclosporine before CNI
cessation. All patients except for one, who was on dual antiplatelet therapy, underwent
kidney allograft biopsy before switching to belatacept. Severe arteriolar hyalinosis (ah3)
as a sign of chronic CNI toxicity was found in 8/11 patients. Additionally, one patient
showed moderate arteriolar hyalinosis (ah2), one patient showed acute tubular CNI toxicity
(isometric tubular cell vacuolization) but no chronic vessel changes (ah0), and one patient—
for whom no biopsy could be obtained—received rescue switch due to marginal kidney
function. Additional patient characteristics are shown in Table 1.
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Table 1. Demographics and baseline characteristics of 11 kidney transplant recipients, who underwent switch to belatacept from CNI-based immunosuppressive
regimen due to clinical indication. No.—number; Rec.— recipient; KFRT—kidney failure requiring renal replacement therapy; IgAN—IgA nephropathy; HUS—
hemolytic uremic syndrome; ADPKD—autosomal dominant polycystic kidney disease; HD—hemodialysis; PD—peritoneal dialysis; dec.—deceased; comp.—
compatibility; incomp.—incompatible; CIT—cold ischemia time; IS—immunosuppression; CNI—calcineurin inhibitor; KTx—kidney transplantation; ATN—acute
tubular necrosis; ah—arteriolar hyalinosis according to Banff 2017 classification; caABMR—chronic active antibody mediated rejection; CAD—coronary artery
disease; DM—diabetes mellitus; py—pack years; KDPI—kidney donor profile index; KDRI—kidney donor risk index.

Patient
No.

Rec.
Age (Years)

/Sex
Cause of KFRT

Dialysis
Modality/Year on

Dialysis

Donor Age
Years/Sex

Living vs.
dec. Donor/AB0

Comp.
CIT (min) Induction

Therapy
Baseline IS (Daily

CNI dose)
Time after KTx

(years)
Cause for IS

Switch/Ah grade
CAD/DM/Smoking

Status KDPI/KDRI
Donor Cause of

Death/Comorbid
Conditions

1 34/female IgAN HD/11 49/female Dec. 342 Basiliximab

Tacrolimus,
extended-release

10 mg
+ MPA

+ Steroid

1
ATN due to

chronic
hypotension/ah3

no/no/active (30
py) 38%/0.89

Subarachnoid
hemorrhage/arterial

hypertension

2 34/male IgAN PD/2 33/female Living/AB0 comp. 165 Basiliximab

Tacrolimus,
immediate-release

8 mg
+ MPA

+ Steroid

5 ah3 no/no/active (5
py) 22%/0.75 None/Hypercholesterinemia

3 32/female HUS n/a 43/female Living/AB0 comp. 140 Basiliximab

Tacrolimus,
immediate-release

6 mg
+ MPA

+ Steroid

11 ah3 no/no/never 33%/0.85 None/none

4 57/male DM HD/8 64/male Dec. 543 Basiliximab

Tacrolimus,
extended-release

7 mg
+ MPA

+ Steroid

1
no

biopsy—suspected
CNI toxicity

yes/yes/never 94%/1.73

Intracerebral
hemorrhage/arterial
hypertension, severe

arteriosclerosis

5 32/male IgAN HD/1 47/male Living/AB0 comp. 185 Basiliximab

Tacrolimus,
immediate-release

8 mg
+ MPA

+ Steroid

8 TMA from CNI or
caAMR/ah3 no/no/never 11%/0.66 None/none

6 69/male ADPKD HD/1 61/female Living/AB0
incomp. 170 Rituximab,

Basiliximab

Tacrolimus,
immediate-release

3 mg
+ MPA

+ Steroid

7 ATN from CNI
toxicity/ah3 no/no/never 71%/1.23 None/arterial hypertension

7 53/male Alport PD/1 45/male Dec. 674 Basiliximab
Cyclosporin

200 mg
+ MPA

13 ah2 No/yes/former
(20 py) 30%/0.82 Head trauma/none

8 39/male IgAN n/a 54/female Living/AB0 comp. 170 Basiliximab

Cyclosporin
170 mg
+ MPA

+ low-dose Steroid

10 ah3 no/no/never 63%/1.12 None/Cholecystectomy
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Table 1. Cont.

Patient
No.

Rec.
Age (Years)

/Sex
Cause of KFRT

Dialysis
Modality/Year on

Dialysis

Donor Age
Years/Sex

Living vs.
dec. Donor/AB0

Comp.
CIT (min) Induction

Therapy
Baseline IS (Daily

CNI dose)
Time after KTx

(years)
Cause for IS

Switch/Ah grade
CAD/DM/Smoking

Status KDPI/KDRI
Donor Cause of

Death/Comorbid
Conditions

9 53/male IgAN PD/1 56/female Living/AB0 comp. 123 Basiliximab

Cyclosporin
250 mg
+ MPA

+ low-dose Steroid

16 ah3 no/no/never 44%/0.94 None/urinary tract
infections

10 53/female unknown HD/11 55/female Dec. 520 Basiliximab

Tacrolimus,
slow-release

7 mg
+ MPA

+ Steroid

4 ATN from acute
CNI toxicity/ah0 No/no/never 93%/1.65 Subarachnoid

hemorrhage/HCV infection

11 62/female ADPKD HD/3 52/male Living/AB0
incomp. 168 Basiliximab

Tacrolimus,
immediate-release

2 mg
+ MPA

+ low-dose Steroid

10 ah3 No/yes/former
(50 py) 25%/0.77 APC resistance
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3.2. Renal Function, Albuminuria, and Acute Rejections

All patients had a functioning graft at the end of the study period. eGFR increased
significantly from 24.4 ± 10 mL/min/1.73 m2 at baseline to 29.2 ± 10.3 mL/min/1.73 m2

at the end of the study period (p = 0.045) as shown in Figure 2. Simultaneously, the
average albumin–creatinine ratio changed from 0.57 ± 1.0 to 0.80 ± 1.3 after the switch
to belatacept (p = 0.14), which is due to increased glomerular perfusion pressure after the
reversal of afferent vasoconstriction. No acute rejection episodes were observed during the
observation period.
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3.3. CEUS Results

The quality of fit on the perfusion imaging was high in the convex (baseline 95.6% and
FU 96.6%) and linear transducer (baseline 97.7% and FU 96.6%). Mean ROI size in perfusion
assessment was 9.4 cm2 (baseline) vs. 9.2 cm2 (FU) for CEUS with a convex transducer
and 3.5 vs. 2.6 cm2 for CEUS using a linear transducer. As represented in Table 2, neither
the intensity parameters nor the time-related parameters depict a significant difference
between baseline and FU examination. Although not reaching significant differences,
intensity parameters revealed a slight increase on FU in both convex and linear transducers,
while time-related parameters showed only minor changes with a decrease on the convex
transducer and an increase on the linear transducers. When analyzing patients, whose
eGFR improved (8/11) and those with declining eGFR (3/11) separately, no significant
changes were detected either (data not shown).
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Table 2. Median difference is represented as the percentual change between baseline US (timepoint
m0) and FU (timepoint m6) using convex transducer and linear transducers collected by the same US
protocol. Corresponding p-value is calculated using paired t-test.

Contrast-Enhanced Ultrasound

Convex p-Value Linear p-Value

meanLin +1523.4% 0.187 +50.5% 0.391

PE +1888.2% 0.212 +48.2% 0.614

WiAUC +1743.5% 0.200 +49.5% 0.531

RT (s) −6.1% 0.297 +13.0% 0.727

mTT (s) +48.8% 0.301 +35.0% 0.638

TTP (s) −3.0% 0.317 +8.1% 0.927

WiR +2056.3% 0.201 +63.8% 0.501

WiPI +1876.9% 0.209 +48.3% 0.572

WoAUC +1661.2% 0.173 +44.5% 0.345

WiWoAUC +1680.8% 0.182 +44.4% 0.391

FT (s) −6.3% 0.428 +22.0% 0.655

WoR +2324.6% 0.224 +72.9% 0.913
Abbreviations: meanLin denotes mean linearized intensity signal; PE, peak enhancement; WiAUC, wash-in area
under the curve; RT, rise time; mTT, mean transit time; TTP, time to peak; WiR, wash-in rate; WiPi, wash-in
perfusion index; WoAUC, wash-out area under the curve; WiWoAUC, wash-in/wash-out area under the curve;
FT, fall time; WoR, wash-out rate.

4. Discussion

In this pilot study including eleven kidney transplant patients, standardized CEUS
perfusions analysis did not show a statistically significant change of renal perfusion after
switching immunosuppression from CNIs to belatacept for clinical indication. This is the
first study that systematically investigates the suitability of CEUS to assess microvascu-
lar perfusion changes in KTR in vivo. After CNI cessation, an increased microvascular
perfusion is expected due to the reversal of CNI-induced vasoconstriction of the affer-
ent arterioles. This increase in perfusion is displayed by the average eGFR increase of
4.8 mL/min/1.73 m2 (16%) after CNI cessation, which is comparable to other studies [8,9].

4.1. Perfusion Imaging on CEUS

Over the last decade, the clinical use of CEUS has consistently increased by imple-
mentation in guidelines. While liver imaging represents the major clinical application,
which is denoted by a separate guideline of hepatic imaging, all extrahepatic indications
are implemented within one guideline [11,12]. In renal imaging, CEUS is primary used for
assessment of cystic renal lesions or organ perfusion to depict microvascular changes such
as ischemia (infarction, acute renal cortical necrosis) or major vessel problems [11].

Using newer software tools or post-processing applications, perfusion imaging shows
the possibility of parametric imaging with the assessment of renal perfusion in real time.
Thus, quantitative time-related or intensity-related parameters are presented by time–
intensity curve analysis. CEUS is an established tool in the assessment of focal lesions,
but newer studies have focused on the evaluation of whole-organ perfusion. In a recently
published study, El-Bandar and colleagues demonstrated only a minor correlation of CEUS
parameter and split renal function assessed on preoperative scintigraph evaluation in
living kidney donors [13]. The study results presented an association of signal intensity
parameters on CEUS with kidney function only in normal-weight individuals. The authors
concluded that body mass index (BMI) may be a potential confounder of renal perfusion
quantification.
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Quantification of whole-organ perfusion was also analyzed by Chen and colleagues
to assess the renal function in children with ureteropelvic junction obstruction. The study
group investigated CEUS perfusion imaging in 102 kidneys of 51 children with unilateral
disease. Similar to our study findings, no significant difference in perfusion parameter
and their AUC was detected between the diseased and healthy kidneys [14]. Harrois et al.
denoted short-term changes in renal blood flow assessed by CEUS [15]. Patients with septic
shock on intensive care unit showed decreased renal cortical perfusion represented by
lower perfusion index (PI) and higher mean transit time compared to patients without.
They noted changes within three days depicted by improvement of PI compared to baseline
examination. Notably, they also observed a wide range of PI values in the cohort of patients
with septic shock, which is comparable to our findings by the use of convex transducers.
Schneider et al. investigated potential changes of renal perfusion on CEUS after the increase
in mean arterial pressure due to noradrenaline infusion in critically ill patients. The study
group denoted no changes on perfusion parameter after increase in mean arterial pressure
from baseline (60–65 mmHg) to follow-up (80–85 mmHg) [16]. Similar to our results,
only a minority of perfusion (AUC) parameters showed a minor correlation of glomerular
filtration rate in patients with diabetic kidney damage (r = 0.472, p = 0.01), while time-related
parameters such as time-to-peak did not (r = 0.262, p = 0.177) [17].

In pre-clinical studies, both RI measurements and CEUS perfusion parameters showed
only partially promising results in perfusion changes during hypoxia [18]. In a group of
12 piglets, hypoxia was associated with decreased arteriovenous transit time with signif-
icant changes in cortical perfusion compared to a control group. Cortical and medullar
perfusion were affected differently, showing an increase in medullary time-related perfu-
sion parameters—indicating a reduction in medullary blood flow velocity—and only a
significant decrease in cortical perfusion index, probably because of a reduction in cortical
blood volume. Overall, cortical perfusion showed no statistically significant changes in
time-related parameters observed during hypoxia. On the contrary, Li et al. have demon-
strated a significant increase in time-related parameters (arrival time, time-to-peak, AUC)
in rabbits with ischemia–reperfusion injury as a result of impaired renal cortex blood
perfusion [19].

4.2. Technical Aspects

Data on the evaluation of perfusion imaging using a high-frequency linear transducer
and low-frequency convex transducer are rare. Agreement among three readers regarding
the evaluation of the degree of enhancement, internal homogeneity, and the perfusion
defects in breast lesions varied between fair and substantially better for the evaluation
with linear transducers [20]. The intra-operative use of high-frequency CEUS may depict
additional findings on perfusion pattern and therefore improve the visualization of tumour
lesions in the liver [21]. In our study, perfusion parameters on CEUS using convex transduc-
ers showed a wider range of metric perfusion parameters compared to linear transducers.
This might be a technical bias due to the lower resolution and impaired frames per second.
Although linear transducers show a smaller area of interest, the cortical perfusion may
be more accurate due to a higher frames per second and consecutively improved depic-
tion of blood flow. In contrast, Wang et al. showed improved diagnostic performance in
breast lesions using convex probes by the employment of CEUS in detection of malignant
tumours [22]. Overall, representative study data on a direct comparison in whole-organ
perfusion—especially renal transplant—is currently missing.

Due to an immense wide range of perfusion parameters (especially intensity param-
eters) using the convex probe, the linear probe showed better suitability with smaller
range and more robust data. Although a smaller field of view, wash-in/-out characteristics
may demonstrate improved visualization on the cortical level. In conclusion, for dynamic
assessment of cortical perfusion, the linear probe may be more adequate and should be
used in detailed follow-up studies. While further investigations with larger sample sizes
may detect significant changes for certain CEUS parameters in a comparable experimental
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setup, this pilot study indicates that routine CEUS is not able to detect slight changes in
microvascular perfusion with sufficient accuracy to be transferred to clinical practice in
the near future. Since most patients received late conversion to belatacept in the present
study, arteriolar hyalinosis may be more pronounced and less reversible in comparison
to patients who receive early conversion to belatacept in the first post-transplant year. It
would be interesting to study CEUS in patients with early conversion to belatacept, where
improvement in microvasculature is suspected to be more pronounced.

5. Limitations

The major technical limitation of perfusion analysis was the missing standardization.
Although all ROIs are placed equally, the parametric intensity values are not comparable
between patients. Likewise, the wide spread of values regarding intensity parameters is dif-
ficult to compare in one patient. This may be due to different US parameters, although gain
was not changed and calibrated on perfusion analyses. Thus, in the discussion we focused
on the more robust parametric values assessed by the linear transducer. The smaller scan
field and superficial approach were associated with a smaller range of values. Moreover, the
use of different US machines may influence all values, although post-processing analysis
should allow comparison of different US machines and probes.

A methodological limitation which could be improved in following studies is the
missing assessment of renal microvascular changes by follow-up biopsy. Such follow-up
biopsies could add further evidence that CNI cessation improved microvascular perfusion
besides eGFR improvement. On the other hand, histopathological changes in kidney
allograft biopsies are patchy, and the effect of CNI withdrawal on microvascular diameter
can be expected to be mostly functional and small. Therefore, changes of microvasculature
can be undetectable by routine biopsy, and functional parameters such as eGFR may be
better suited. Lastly, CEUS is not well established in kidney allograft, which limits its
applicability to detect small changes in microvascular perfusion.

Author Contributions: Conceptualization, B.O., K.B. and M.H.L.; data curation, B.O., F.M., A.H.
and M.H.L.; formal analysis, B.O. and M.H.L.; investigation, B.O., F.M., A.H., T.F. and M.H.L.;
methodology, M.H.L.; project administration, B.O. and M.H.L.; resources, T.F. and K.B.; supervision,
K.B. and M.H.L.; visualization, B.O. and M.H.L.; writing—original draft, B.O. and M.H.L.; writing—
review and editing, B.O., F.M., A.H., K.B. and M.H.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of Charité–Universitätsmedizin Berlin (protocol
code EA4/046/20 and date of approval 5 February 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data can be made available on reasonable request to the corresponding
author.

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

References
1. O’Regan, J.A.; Canney, M.; Connaughton, D.M.; O’Kelly, P.; Williams, Y.; Collier, G.; de Freitas, D.G.; O’Seaghdha, C.M.; Conlon,

P.J. Tacrolimus Trough-Level Variability Predicts Long-Term Allograft Survival Following Kidney Transplantation. J. Nephrol.
2015, 29, 269–276. [CrossRef] [PubMed]

2. Naesens, M.; Kuypers, D.R.J.; Sarwal, M. Calcineurin Inhibitor Nephrotoxicity. Clin. J. Am. Soc. Nephrol. 2009, 4, 481–508.
[CrossRef] [PubMed]

3. Ducloux, D.; Motte, G.; Kribs, M.; Abdelfatah, A.B.; Bresson-Vautrin, C.; Rebibou, J.M.; Chalopin, J.M. Hypertension in Renal
Transplantation: Donor and Recipient Risk Factors. Clin. Nephrol. 2002, 57, 409–413. [CrossRef]

4. Mathis, A.S.; Davé, N.; Knipp, G.T.; Friedman, G.S. Drug-Related Dyslipidemia after Renal Transplantation. Am. J. Health Syst.
Pharm. 2004, 61, 565–587. [CrossRef]

http://doi.org/10.1007/s40620-015-0230-0
http://www.ncbi.nlm.nih.gov/pubmed/26374111
http://doi.org/10.2215/CJN.04800908
http://www.ncbi.nlm.nih.gov/pubmed/19218475
http://doi.org/10.5414/CNP57409
http://doi.org/10.1093/ajhp/61.6.565


J. Clin. Med. 2022, 11, 4354 11 of 11

5. Roland, M.; Gatault, P.; Doute, C.; Büchler, M.; Al-Najjar, A.; Barbet, C.; Chatelet, V.; Marlière, J.F.; Nivet, H.; Lebranchu,
Y.; et al. Immunosuppressive Medications, Clinical and Metabolic Parameters in New-Onset Diabetes Mellitus after Kidney
Transplantation. Transpl. Int. 2008, 21, 523–530. [CrossRef]

6. Langewisch, E.; Mannon, R.B. Chronic Allograft Injury. Clin. J. Am. Soc. Nephrol. 2021, 16, 1723–1729. [CrossRef]
7. Budde, K.; Prashar, R.; Haller, H.; Rial, M.C.; Kamar, N.; Agarwal, A.; De Fijter, J.W.; Rostaing, L.; Berger, S.P.; Djamali, A.; et al.

Conversion from Calcineurin Inhibitor to Belatacept-Based Maintenance Immunosuppression in Renal Transplant Recipients: A
Randomized Phase 3b Trial. J. Am. Soc. Nephrol. 2021, 32, 3252–3264. [CrossRef]

8. Schulte, K.; Vollmer, C.; Klasen, V.; Bräsen, J.H.; Püchel, J.; Borzikowsky, C.; Kunzendorf, U.; Feldkamp, T. Late Conversion
from Tacrolimus to a Belatacept-Based Immuno-Suppression Regime in Kidney Transplant Recipients Improves Renal Function,
Acid-Base Derangement and Mineral-Bone Metabolism. J. Nephrol. 2017, 30, 607–615. [CrossRef] [PubMed]

9. Rostaing, L.; Neumayer, H.H.; Reyes-Acevedo, R.; Bresnahan, B.; Florman, S.; Vitko, S.; Heifets, M.; Xing, J.; Thomas, D.; Vincent,
F. Belatacept-versus Cyclosporine-Based Immunosuppression in Renal Transplant Recipients with Pre-Existing Diabetes. Clin. J.
Am. Soc. Nephrol. 2011, 6, 2696–2704. [CrossRef]

10. Como, G.; Da Re, J.; Adani, G.L.; Zuiani, C.; Girometti, R. Role for Contrast-Enhanced Ultrasound in Assessing Complications
after Kidney Transplant. World J. Radiol. 2020, 12, 156–171. [CrossRef]

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

12. Săftoiu, A.; Gilja, O.H.; Sidhu, P.S.; Dietrich, C.F.; Cantisani, V.; Amy, D.; Bachmann-Nielsen, M.; Bob, F.; Bojunga, J.; Brock, M.;
et al. The EFSUMB Guidelines and Recommendations for the Clinical Practice of Elastography in Non-Hepatic Applications:
Update 2018 TT—Die EFSUMB-Leitlinien und Empfehlungen für die klinische Praxis der Elastografie bei nichthepatischen
Anwendungen: Update 20. Ultraschall Med. 2019, 40, 425–453. [PubMed]

13. El-bandar, N.; Lerchbaumer, M.H.; Peters, R.; Maxeiner, A.; Kotsch, K.; Sattler, A.; Miller, K.; Schlomm, T.; Hamm, B.; Budde, K.;
et al. Kidney Perfusion in Contrast-Enhanced Ultrasound (CEUS) Correlates with Renal Function in Living Kidney Donors. J.
Clin. Med. 2022, 11, 791. [CrossRef]

14. Chen, S.; Lin, D.; Liu, P.; Liu, Q.; Li, M.; Han, W.; Wang, X.; Zhang, W.; Song, H.; Li, Z.; et al. Quantitative Assessment of
Renal Perfusion in Children with UPJO by Contrast Enhanced Ultrasound: A Pilot Study. J. Pediatr. Urol. 2022, 18, 75.e1–75.e7.
[CrossRef] [PubMed]

15. Harrois, A.; Grillot, N.; Figueiredo, S.; Duranteau, J. Acute Kidney Injury Is Associated with a Decrease in Cortical Renal Perfusion
during Septic Shock. Crit. Care 2018, 22, 161. [CrossRef] [PubMed]

16. Schneider, A.G.; Goodwin, M.D.; Schelleman, A.; Bailey, M.; Johnson, L.; Bellomo, R. Contrast-Enhanced Ultrasonography to
Evaluate Changes in Renal Cortical Microcirculation Induced by Noradrenaline: A Pilot Study. Crit. Care 2014, 18, 653. [CrossRef]

17. Ma, F.; Cang, Y.; Zhao, B.; Liu, Y.; Wang, C.; Liu, B.; Wu, T.; Song, Y.; Peng, A. Contrast-Enhanced Ultrasound with SonoVue Could
Accurately Assess the Renal Microvascular Perfusion in Diabetic Kidney Damage. Nephrol. Dial. Transpl. 2012, 27, 2891–2898.
[CrossRef]

18. Brabrand, K.; De Lange, C.; Emblem, K.E.; Reinholt, F.P.; Saugstad, O.D.; Stokke, E.S.; Munkeby, B.H. Contrast-Enhanced
Ultrasound Identifies Reduced Overall and Regional Renal Perfusion during Global Hypoxia in Piglets. Investig. Radiol. 2014, 49,
540–546. [CrossRef]

19. Li, M.; Luo, Z.; Chen, X.; Xuan, J.; Ye, F.; Liu, H.; Chen, K. Use of Contrast-Enhanced Ultrasound to Monitor Rabbit Renal
Ischemia-Reperfusion Injury and Correlations between Time-Intensity Curve Parameters and Renal ICAM-1 Expression. Clin.
Hemorheol. Microcirc. 2015, 59, 123–131. [CrossRef]

20. Boca, I.; Ciurea, A.I.; Ciortea, C.A.; Vesa, S, .C.; Dudea, S.M. Comparison of Linear and Convex-Array Transducers in Assessing
the Enhancement Characteristics of Suspicious Breast Lesions at Contrast-Enhanced Ultrasound (CEUS). Diagnostics 2022, 12, 798.
[CrossRef]

21. Jung, E.M.; Ross, C.J.; Rennert, J.; Scherer, M.N.; Farkas, S.; Von Breitenbuch, P.; Schnitzbauer, A.A.; Piso, P.; Lamby, P.; Menzel, C.;
et al. Characterization of Microvascularization of Liver Tumor Lesions with High Resolution Linear Ultrasound and Contrast
Enhanced Ultrasound (CEUS) during Surgery: First Results. Clin. Hemorheol. Microcirc. 2010, 46, 89–99. [CrossRef] [PubMed]

22. Wang, Y.M.; Fan, W.; Zhang, K.; Zhang, L.; Tan, Z.; Ma, R. Comparison of Transducers with Different Frequencies in Breast
Contrast-Enhanced Ultrasound (CEUS) Using SonoVue as Contrast Agent. Br. J. Radiol. 2016, 89, 1063. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1432-2277.2008.00640.x
http://doi.org/10.2215/CJN.15590920
http://doi.org/10.1681/ASN.2021050628
http://doi.org/10.1007/s40620-017-0411-0
http://www.ncbi.nlm.nih.gov/pubmed/28540602
http://doi.org/10.2215/CJN.00270111
http://doi.org/10.4329/wjr.v12.i8.156
http://doi.org/10.1055/a-0586-1107
http://www.ncbi.nlm.nih.gov/pubmed/29510439
http://www.ncbi.nlm.nih.gov/pubmed/31238377
http://doi.org/10.3390/jcm11030791
http://doi.org/10.1016/j.jpurol.2021.11.004
http://www.ncbi.nlm.nih.gov/pubmed/34924295
http://doi.org/10.1186/s13054-018-2067-0
http://www.ncbi.nlm.nih.gov/pubmed/29907130
http://doi.org/10.1186/s13054-014-0653-3
http://doi.org/10.1093/ndt/gfr789
http://doi.org/10.1097/RLI.0000000000000053
http://doi.org/10.3233/CH-131768
http://doi.org/10.3390/diagnostics12040798
http://doi.org/10.3233/CH-2010-1336
http://www.ncbi.nlm.nih.gov/pubmed/21135485
http://doi.org/10.1259/bjr.20151050
http://www.ncbi.nlm.nih.gov/pubmed/27143439

	Introduction 
	Methods 
	Patient Selection, Switch of Immunosuppression, and Clinical Data 
	Imaging Protocol 
	Perfusion Quantification 
	Statistical Analysis 

	Results 
	Patient Characteristics 
	Renal Function, Albuminuria, and Acute Rejections 
	CEUS Results 

	Discussion 
	Perfusion Imaging on CEUS 
	Technical Aspects 

	Limitations 
	References

