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Abstract: Kidney transplantation is the preferred treatment for patients with end-stage renal disease. Despite ef-
fective immunosuppressants, acute allograft rejections pose a major threat to graft survival. In early stages, acute 
rejections are still potentially reversible, and early detection is crucial to initiate the necessary treatment options 
and to prevent further graft dysfunction or even loss of the complete graft. Currently, invasive core needle biopsy 
is the reference standard to diagnose acute rejection. However, biopsies carry the risk of graft injuries and cannot 
be immediately performed on patients receiving anticoagulation drugs. Therefore, non-invasive assessment of the 
whole organ for specific and rapid detection of acute allograft rejection is desirable. We herein provide a review sum-
marizing current imaging-based approaches for non-invasive diagnosis of acute renal allograft rejection. 
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Introduction

Kidney transplantation (KTx) is the treatment of 
choice for patients with end-stage renal dise- 
ase [1, 2]. Despite modern immunosuppressive 
regimens offering good patient and graft sur-
vival rates, acute rejection (AR) in form of acute 
cellular as well as acute antibody-mediated re- 
jection (AMR) remains a problem after KTx by 
still decreasing patient and graft survival rates 
on occurrence [3, 4]. 

To limit the damage resulting from AR, early de- 
tection and treatment of AR is essential. At pr- 
esent, renal allograft biopsy remains the “gold-
standard” for diagnosis of AR. Although an ul- 
trasound-guided core needle biopsy of renal 
allografts (with indication) is relatively safe, due 
to its invasive nature, a biopsy potentially bears 
complications for the patient as the procedure 
itself may cause graft bleeding or result in the 
development of arteriovenous fistulae. Further, 

an interobserver variability and sampling errors 
limit its benefit [5, 6]. Therefore, a non-invasive 
assessment to detect AR is desired. Urinary 
and plasma biomarkers of acute and chronic 
renal AR have been extensively studied. Many 
studies either lack the essential controls or we- 
re unable to demonstrate sufficient sensitivity 
or specificity of the marker, when compared to 
crucial differential diagnoses such as acute tu- 
bular necrosis (ATN) or calcineurin-inhibitor to- 
xicity.

Medical imaging techniques have significantly 
improved during the last years offering a high 
level of temporal and spatial resolution by now. 
They are commonly available and are, therefo- 
re, extensively included in patients’ clinical ma- 
nagement. We herein review current imaging-
based state of the art approaches for non-inva-
sive diagnostics of acute renal transplant rejec-
tion. A summarizing overview is provided in Ta- 
ble 1.
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Table 1. Comprehensive Overview of imaging methods
Modality Imaging agent Advantages Disadvantages Ref.
Ultrasound Optional Rapid, bed side, non-invasive, no radiation, 

commonly available, low costs
Operator dependent

    (Color) Doppler i.e. RI None Influence of extra renal factors [5, 8, 9], low 
sensitivity, low specificity [12]

[5, 7-10, 12]

SDI None [7]

    Power Doppler None Analysis of intensity of the signal (in contrast 
to color doppler: analysis of the flow)

Low specificity [13]

    Elastography None Low specificity [14]

SWEI [14]

    AFRI None Low specificity [15, 16]

VISR None AR was not addressed in study [17] [17]

    CEUS Microbubble-based agents Safe, simple. Relatively high sensitivity and 
specificity [18]

Potentially immunogenic antibodies [18]

Targeted microbubbles (i.e. T-lymphocytes) 
[19] 

Preclinical method, antibody-mediated AR not 
addressed

[19, 20]

Targeted microbubbles (i.e. C4d) [21] Preclinical method, limitation in cases of C4d-
negative AMR

[21]

MRI

    DWI MRI None No contrast agents (gadolinium) needed [25] DWI alone not suitable to differentiate the un-
derlying causes of acute allograft dysfunction 

[25, 26]

ADC Calculated parameter; low specificity [5]

DTI Good correlation with renal function [30] [28, 30]

ASL Still under development [5] [5, 41, 42]

    BOLD MR Deoxygenated hemoglobin (endogenous 
agent) [5]

May be useful to differentiate AR from ATN 
[33]

Endogenous contrast agent [5, 31, 33]

    (USPIO)-enhanced dynamic MRI Ultrasmall supermagnetic iron oxide parti-
cle-loaded macrophages (i.e.) [44, 45]

[5, 44, 45]

Iron oxide particles to label T-cells [46] Rat model. Difficult to distinguish between 
live and dead labeled cells [47]

[46, 47]

    CEST GlucoCEST 
[48, 49]

Naturally occurring D-glucose [49] High sensitivity, Detection of treatment 
response [49]

Rat model [48, 49]

    Contrast Enhanced MRI DCE, MRNU Gadolinium-based contrast agents [34] No radiation Risk of gadolinium contrast-induced nephro-
genic systemic fibrosis [38]

[5, 34, 35, 38]

Computed Tomography

    Perfusion CT IV-(radio-) contrast agents (i.e. iodinated 
agents)

Radiation, side effects of IV-contrast-agents [5]

Conventional nuclear imaging

    SPECT Isotopes are (i.e.) 111In, 67Ga, 123I and 99mTc 
[53]

Operator indepency, Availability of non-
nephrotoxic tracers [5]

[5, 29, 53]

Radiolabed white blood cells [55], labled 
mononuclear cells [60]

Possible detection of rejection and discrimi-
nation from ATN [60]

Immunogenicity-related side-effects (allergic 
reactions)

[5, 55, 60]
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Labled antibodies (i.e. CD3) [62] Methods are limited to detect the intra- or 
peri-vascular antigens [5, 65]

[5, 60, 62, 65]

Radiolabeled ligands [66] [66]

Reporter gene-mediated methods, radiola-
beled regulatory T cells [67]

[67]

99mTc-recombinant complement receptor 
2 [68]

Clinical studies are missing [68]

DTPA, MAG3 [69, 70, 73, 74] Detection of AR and discrimination from ATN Specificity for AR is low [69, 70, 73, 74]

Positron emission tomography

PET-CT 18F-Fluordeoxyglucose [78] Detection of AR [79], possible discrimination 
from ATN [81]

Rat model [78-81]

18F-FDG labelled T-cells [81] Positive correlation between the tracer-up-
take in the allograft and the histologic degree 
of rejection [79], possible monitoring of treat-
ment efficacy [79, 83], 100% sensitivity [5]

Production of labled T-cells is time consuming 
[5], low specificity

[5, 79, 81, 83]

AR, acute rejection; ADC, apparent diffusion coefficient; AFRI, acoustic radiation force impulse imaging; AMR, acute antibody-mediated rejection; ASL, arterial spin labeling; ATN, acute tubular necrosis; BOLD, blood-oxygen level-dependent; 
CT, computed tomography; CEST, chemical exchange saturation transfer; CEUS, contrast-enhanced ultrasound; DCE, dynamic contrast enhanced; DTI, diffusion tensor imaging; DTPA, 99mTc-diethylenetriaminepentaacetic acid; DWI, diffusion-
weighted imaging; FDG, F-Fluordeoxyglucose; MAG3, 99mTc-mercaptoacetyltriglycine; MR, magnetic resonance; MRI, magnetic resonance imaging; MRNU, MR nephro-urography; PET, positron emission tomography; PI, pulsatility index; RI, 
resistive index; SDI, serial duplex index; SPECT, single photon emission computed tomography; SWEI, shear-wave-sonoelastography; USPIO, ultrasmall supermagnetic iron oxide.
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Ultrasound

Ultrasonography of renal allografts is a clinical 
standard method applied to manage kidney 
transplanted patients. Ultrasound examination 
can be used to visualize the possible findings of 
AR, such as an enlargement of the transplant 
caused by the swelling and alteration of mor-
phology, loss of corticomedullary differentia-
tion, or changes in echogenicity. Furthermore, 
one can assess renal blood flow using the 
Doppler and Power ultrasound. The introduc-
tion of ultrasound contrast medium (to enhance 
echogenicity) in recent years has led to vast 
improvements in the technique and the devel-
opment of contrast-enhanced ultrasound (CE- 
US). Further techniques such as ultrasound 
elastography have been evaluated in renal 
transplanted patients recently. Overall, ultraso-
nography offers several advantages including 
cost-effectiveness, bed side availability and 
real-time imaging, but has, at the same time (at 
least at present), limitations in sensitivity and 
specificity for the diagnosis of AR. Moreover, it 
has a certain interobserver variability and 
needs to be performed by experienced investi-
gators. We will discuss several ultrasound 
applications proposed for the assessment of 
the renal allograft and AR.

To evaluate the function of the transplant and 
to detect acute transplant dysfunction, the 
assessment of the resistive index (RI), a non-
invasive measure of vascular resistance and 
elastic compliance, was proposed [7]. Unfortu- 
nately, the intrarenal RI is affected by systemic 
parameters including vascular compliance, pul- 
se pressure, heart rate, and rhythm (i.e. atrial 
fibrillation) [8]. To note, a recipient’s age is the 
strongest determinant of high RIs because sys-
temic arteriosclerosis is age-dependent [9]. 
Interestingly, an RI of above 0.8 is even associ-
ated with increased mortality [9, 10]. Besides 
cellular AR, antibody-mediated rejection and 
ATN are associated with a higher RI [9]. The- 
refore, it is not surprising that data regarding 
the impact of the RI on allograft outcomes is 
controversially discussed [9-11]. Sensitivity 
and specificity of the RI to detect AR is low due 
to the aforementioned limitations e.g., Perrella 
et al. found a low sensitivity of 43% and a speci-
ficity of 76% in their study [12]. As an attempt to 
overcome some of these limitations, Meier et 
al. recently proposed the calculation of the so-
called serial duplex index (SDI) by combining 

the cortex-pelvis proportions (CPPs), the RI, 
and the pulsatility index (PI) within one formula: 
(RI ratio X PI ratio)/CPP ratio. By doing so, they 
showed that the SDI could be used to distin-
guish between the ATN and vascular and cellu-
lar AR. However, the SDI was not developed to 
replace histologic examination of the allograft 
but rather to support the indication of trans-
plant biopsy [7].

Shebel et al. proposed the Power Doppler so- 
nography for the detection of transplant rejec-
tion. In contrast to the Color Doppler sonogra-
phy, which provides information on the flow and 
frequency, the Power Doppler analysis provides 
information about the intensity (of the ultra-
sound signal) in the region of interest such as 
the renal cortex. In their study, cortical hypo-
perfusion was found in 93% of cases with AR as 
a constant Doppler sign. The authors suggest-
ed using a certain scoring system to differenti-
ate AR from other pathologies like ATN. How- 
ever, other authors found controversial results 
[13]. 

Ultrasound elastography non-invasively assess-
es the tissue stiffness and its elastic properties 
in response to an impinged force [14]. The au- 
thors state that elastography can differentiate 
stable allograft from acute and chronic allograft 
dysfunction. Several variants of this technique 
have been developed but only a few have been 
applied in the setting of renal transplantation. 
Unfortunately, the approaches lack specificity 
for identification of the underlying diseases.

Acoustic Radiation Force Impulse Imaging (AR- 
FI) examines the elasticity of the tissue and is 
utilized to identify AR. In patients undergoing 
AR, the ARFI-values were elevated by more than 
15% compared to other pathologies like calci-
neurin inhibitor toxicity and ATN [15]. Other 
studies used the AFRI to assess kidney dys-
function, either in native kidneys or in renal 
transplants, but the small study performed by 
Stock et al. was the only one addressing AR 
[16].

Viscoelastic response ultrasound (VISR) was 
used in a pilot in vivo study by Hossain et al. in 
2017. VISR is an ARFI-based method to mea-
sure the viscoelastic properties of a tissue 
(renal transplant). The authors of the study con-
clude that i.e. chronic allograft nephropathy 
can be differentiated from other renal patholo-
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gies like glomerulonephritis. This technique was 
proposed to improve the selectivity of biopsy 
candidates. AR was not addressed in this study 
[17].

To differentiate stable graft function from acute 
dysfunction - for instance like seen in AR-Ghon- 
ge et al. evaluated shear-wave-sonoelastogra-
phy (SWEI). Interstitial fibrosis of the allograft 
increases the parenchymal stiffness values. In 
a group of 60 transplanted patients the authors 
were able to use parenchymal stiffness values 
to differentiate stable allograft function from 
acute dysfunction with 73.68% sensitivity and 
80.65% specificity. The authors consider their 
method as an additional technique for the mon-
itoring of KTx patients [14]. 

CEUS (contrast-enhanced ultrasound) is anoth-
er promising technique recently described by 
others and us to assess AR. Basically an im- 
provement on standard ultrasonography, CEUS’ 
underlying principle is to greatly enhance the 
echogenicity of blood through the application of 
microbubble-based contrast agents. The appli-
cation of these contrast agents is thought to  
be safe and simple. Some authors, like Mueller-
Peltzer et al., demonstrated CEUS to have a 
sensitivity of 85.7% and a specificity of 100%  
in diagnosing AR in comparison to transplant 
biopsy [18]. CEUS can be not only used to 
assess common parameters, such as renal 
blood flow in real-time without affecting the 
renal (allograft) function, but can also be used 
for more advanced imaging methods [16]. As 
information of blood flow changes are rather 

unspecific, we developed CEUS for the detec-
tion of AR by using a microbubble-based con-
trast agent targeted specifically at the T-lym- 
phocytes. During cellular AR, the T cells typi-
cally accumulate within the renal graft, causing 
inflammation, which can be visualized by using 
microbubbles specifically targeted at these 
cells by coupling the contrast agent to T cell-
specific antibodies such as anti-CD3 (Figure 1). 
After application, this leads to an accumulation 
of the contrast agent within the renal graft, 
thus greatly improving the grafts echogenicity 
[19]. Using this approach, we could show that it 
can be applied to specifically detect AR-related 
T-lymphocytes even in the early stages of rejec-
tion; its signal intensity correlates with the 
severity of rejection. This promising preclinical 
method can also be used to differentiate AR 
from ATN and cyclosporine A (CSA) toxicity, as 
ATN and CSA did not lead to an increased signal 
[20]. However, acute antibody-mediated AR has 
not been investigated yet in this setting. This 
idea has been followed by Liao et al. who de- 
tected C4d deposition by CEUS in an in vivo rat 
renal transplantation model but might has a 
limitation in cases of C4d-negative AMR [21]. 
For illustration see Figure 2.

MRI

Different magnetic resonance imaging (MRI)-
based approaches have been tested to non-
invasively assess kidney allograft function. The 
MRI scanner detects signals from the hydrogen 
nuclei based on their magnetic behavior in re- 

Figure 1. Representative ultrasound images of an allogeneically transplanted (aTX) rat kidney (graft) and its native 
control kidney (native) on day four post surgery (POD4). Depicted are examples of transversal images taken before 
(pre-CM) and 15 minutes after (post-CM) tail vein injection of anti-CD3-antibody labeled microbubbles. POD: post-
operative day, CM: contrast media/microbubbles conjugated to anti-CD3 antibody.
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sponse to the radiofrequency impulses in a 
magnetic field. Thereby, different tissue charac-
teristics, including intrinsic MR properties, such 
as the relaxation times T1 and T2, can be distin-
guished [22]. 

Although MRI is considered as a promising 
technique in nephrology, it has not yet been 
established in the routine follow-up of kidney 
transplanted patients [23]. There are functional 
and morphological MRI techniques: Morpho- 

Figure 2. Qualitative and quantitative analysis of C4d deposition in the kidney. Control microbubbles (MBCon) and 
C4d targeted microbubbles (MBC4d) were injected into recipients and targeted ultrasound (US) imaging was ob-
tained via a destructive-replenishment approach. To ensure the clearance of MBs in circulation, the interval be-
tween applications of MBCon and MBC4d was set to 30 min. A-E. Representative targeted US images of the MBcon 
group (n = 20), MBC4d-G0 group (SY grafts 3 d after transplantation; n = 5), MBC4d-G1 group (6 h after transplan-
tation; n = 5), MBC4d-G2 group (1 d after transplantation; n = 5), and MBC4d-G3 group (3 d after transplantation; 
n = 5). F. The normalized intensity differences (NIDs) of different C4d grades (n = 20 in the MBcon group; n = 5 in 
each of other groups). G. Correlation analysis between NID and C4d grades (n = 5/group). H. The integrated optical 
density (IOD) of different C4d grades (n = 5/group). I. The correlation between IOD and C4d grades (n = 5/group). 
*P < 0.05; ***P < 0.001. This image has been taken with permission from the paper [21].
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logical techniques search for changes in tissue 
contrast in the organ, such as the loss of the 
corticomedullary differentiation of the kidney. 
Huang et al. also showed that the comparison 
of T1-values in the renal medulla and the renal 
cortex can be taken as a non-specific imaging 
marker of the declining organ function regard-
less of the underlying cause [24]. Functional 
MRI techniques measure (patho-) physiological 
changes in native or transplanted kidneys, 
such as perfusion, oxygenation, and inflamma-
tion [23]. 

Microstructure

By diffusion-weighted MRI (DWI MRI) the “Bro- 
wnian” motion can be detected. The “Brownian” 
motion is the random movement of water mol-
ecules in tissues. It is influenced by tissue 
structures such as membranes and, thus, ch- 
anges in the morphological tissue conditions. 
The role of DWI MRI for differentiation between 
AR and ATN was discussed recently [25]. Ac- 
cording to Caroli et al. DWI MRI alone is not suit-
able to differentiate the underlying causes of 
acute allograft dysfunction from each other; a 
combination of different diffusion parameters 
such as apparent diffusion coefficient (ADC) or 
fractional anisotropy (FA) might overcome this 
limitation [26]. Using a mouse KTx model Hu- 
eper and colleagues showed that DWI and 
T2-mapping can assess graft inflammation and 
edema formation in the course of i.e. rejection 
or ischemic renal injury [27].

By calculating the so called ADC the extent of 
diffusion of the water molecules can be quanti-
fied [28]. The ADC is influenced by the signal 
decay that is induced by the relative diffusion-
based displacement of water molecules [29]. 
Thereby a decrease in ADC correlates with in- 
creased signal intensity on DWI. The ADC is af- 
fected by the tissue microstructure, which itself 
may be affected by conditions like ATN and 
other pathologies. In their review, Hanssen et 
al. summarized that the ADC is capable of 
detecting renal allograft dysfunction with high 
specificity, but has low specificity for the detec-
tion of AR. Other conditions may also influence 
(lower) this coefficient [5, 30]. In general, the 
diffusion motion is multi-directional and is ca- 
lled “isotropic diffusion” when influencing st- 
ructures are absent. When diffusion motion is 
restricted to a direction, e.g., due to microstruc-

tures, it is called “anisotropic diffusion” [28]. To 
address the issue of anisotropic diffusion prop-
erties, a more sensitive form, termed diffusion 
tensor imaging (DTI), has been applied [30]. DTI 
allows the assessment of the fractional anisot-
ropy (FA) of tissues, thereby considering the 
direction of diffusion [28]. There seems to be a 
good correlation of FA values of the renal 
medulla and the suspected allograft function. 
Interestingly, this correlation was absent for the 
cortex FA values [28].

Oxygenation

The distinction of AR and ATN conditions might 
also be possible via the so-called blood-oxygen 
level-dependent (BOLD) MR. Basically, this me- 
thod uses deoxygenated hemoglobin as the 
endogenous contrast agent:

Levels of deoxyhemoglobin increase in tissues 
with lower oxygen concentration and shorten 
the transverse relaxation time constant T2*. 
The apparent relaxation rate, R2* (= 1/T2*), is 
- inversely - elevated [5]. BOLD MR can serve 
for the assessment of the renal parenchymal 
oxygenation concentration. In kidneys undergo-
ing AR, a significantly lower medullary R2*, cor-
responding to a higher oxygenation, was ob- 
served compared to kidneys with ATN [31, 32]. 
BOLD MRI might be helpful to differentiate AR 
from ATN [33].

Perfusion

Dynamic Contrast Enhanced MRI (DCE MRI) is 
a MRI method to assess vascular processes 
using gadolinium-based contrast agents [34]. 
The contrast agents are free filtered at the 
glomeruli but neither secreted nor reabsorbed 
in the tubules. Due to these characteristics, 
they facilitate the assessment of renal perfu-
sion, glomerular filtration rate (GFR) and tubu-
lar function, all of which have been shown to be 
useful for the discrimination between AR and 
ATN [35]. Further, Kalb et al. described a patient 
who underwent MR Nephro-Urography (MRNU), 
a combination of functional and anatomical 
imaging, to detect antibody-mediated rejection; 
the results were supported by the clinical pre-
sentation and transplant biopsy. The authors 
suggested that the measurement of parenchy-
mal signal changes and perfusion abnormali-
ties can be used to identify patients with AR 
[35]. 
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In contrast to kidneys with normal function, the 
cortical and medullary blood flow of grafts with 
AR is significantly altered. Particularly, the re- 
duced medullary blood flow in grafts with AR 
seems to be typical [36]. An automated DCE 
MRI protocol for evaluation of renal allograft 
rejection was described by Khalifa et al. by 
safely separating grafts with AR from grafts 
without AR [37].

When applying contrast agent-based MRI, one 
has to pay attention to the rare side effect of 
gadolinium contrast-induced nephrogenic sys-
temic fibrosis [38]. Gadolinium-based contrast 
agents can be categorized by their molecular 
structure and stability: ionic linear, nonionic lin-
ear, and macrocyclic chelates. Recent studies 
on the gadolinium deposits in the brain tissue 
questioned the safety of these contrast agents 
[39].

In 2/2018, the Drug commission of the German 
Medical Association informed all clinicians 
(“Rote-Hand Brief”) that gadolinium accumu-
lates in the brain, especially after the applica-
tion of linear gadolinium-based contrast agents. 
Hence, they recommend the avoidance of intra-
venous application of such linear agents in 
other settings than in intra-articular imaging or 
liver MRI [40]. 

Arterial spin labeling (ASL) MRI is an approach 
for assessing organ function, especially for lon-
gitudinal perfusion studies. ASL MRI makes 
use of water protons of the arterial blood as the 
contrast agent [41]. Inflowing blood is selective-
ly labeled by altering its longitudinal magnetiza-
tion to have an opposite magnetization com-
pared to the destination tissue. To determine 
tissue perfusion, the difference between a la- 
beled image (tag) and a non-labeled image 
(control) can be used. ASL MRI has been suc-
cessfully used to assess native and transplant-
ed kidneys. For instance, Hueper et al. investi-
gated kidney allografts in mice in the settings 
of acute and chronic rejection by ASL MRI. 
Impaired perfusion was linked to the extent of 
renal damage [41]. In humans, in congruence 
to these observations, one can find a signifi-
cant lower cortical perfusion in renal grafts 
with an acute decrease in renal function com-
pared to allografts with good long-term function 
and good function in the postoperative period 
[42].

Inflammation

Several studies have utilized nanoparticles to 
detect specific immune cells or immune pro-
teins in the kidney to non-invasively detect 
inflammation (for review see [43]). In the con-
text of renal transplantation, Hauger et al. and 
Chae et al. described the successful usage of 
supermagnetic iron oxide (SPIO) particle-load-
ed macrophages to differentiate between ca- 
uses of allograft dysfunction [44, 45]. Ultrasmall 
supermagnetic iron oxide (USPIO)-enhanced 
dynamic MRI studies were performed on rats. 
USPIO-enhanced MRI showed hypointensity on 
T2*-weighted images in AR. However, the US- 
PIO-particles are not only trapped in macro-
phages that accumulate in the allograft but 
also, as a downside, in other tissues or sites of 
infection or ischemia. In addition, the time 
interval between the application of the contrast 
agent and MRI assessment is quite long [5].

As a technique with possible approach for 
potential clinical translation of the MRI-based 
tracking of non-phagocytic cells, such as T- and 
B-lymphocytes, Liu et al. reported a new syn-
thesized class of MRI contrast agent, IOPC-NH2 
particles (Iron-oxide particles), to label T-cells 
in a rat model of the heart-lung transplant 
rejection [46]. Yet, it has not found its way into 
clinics because one major limitation of tracking 
labeled cells is that it is difficult to distinguish 
between live and dead labeled cells [47]. 

Other cellular and molecular MRI methods are 
based on the chemical exchange saturation 
transfer (CEST) MRI, which is sensitive in de- 
tecting molecules and metabolites without 
using a radio-isotope. Using glucose as a natu-
ral contrast agent and analyzing proton ex- 
changes between the hydroxyl groups of glu-
cose and water, this technique can be used to 
visualize metabolic changes in tissues and was 
first described in a study analyzing glucose 
uptake in tumors. The authors named this tech-
nique glucoCEST [48]. Recently, we demon-
strated that glucoCEST is a feasible approach 
to diagnose AR in an allogenic rat renal trans-
plant model [49]. GlucoCEST MRI was able to 
detect AR with high sensitivity (100%) and 
acceptable specificity (69%) (Figure 3). This 
tool was not only able to diagnose AR but also 
to detect treatment response early during rejec-
tion therapy; this could lead to a rapid adjust-
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ment of the therapeutic regimen. As this prom-
ising technique could have a relevant clinical 
impact on the management of kidney-trans-
planted patients, a patients study needs to be 
undertaken [49]. In addition to the techniques 
described above, several other MR-based me- 
thods have been recently described for renal 
allograft imaging, but not all of them focus cur-
rently on AR.

Magnetic resonance elastography (MRE), at th- 
is time, is not thought to be feasible to detect 
renal allograft rejection. Studies of elastogra-
phy techniques (ultrasonic elastography, MRI) 
have been published, discussing the use of 
elastographic methods to detect organ stiff-
ness in the progress of organ fibrosis rather 
than the processes of acute rejection of solid 
organ transplants [23, 50, 51].

Hemodynamic response imaging (HRI), another 
experimental approach to assess regional vas-
cular reactivity, e.g. renovascular impairment 
due to hemodynamic chances, has not been 
discussed in the field of kidney transplantation 
yet. Milman et al. presented this technique in 
2013. It is a BOLD MRI method, based on dif-
ferences in the signal intensity in T2*-weighted 
images generated in the course of the brief 
exposure to hypercapnia and hypercapnic-
hyperoxia [23, 52]. As hemodynamic changes 
occur in acute allograft rejection, this method 
might be another diagnostic tool, but further 
studies in this research question are needed.

Computed tomography

Computed tomography (CT) is commonly avail-
able and generates X-ray-based images with 
high spatial resolution of the body. A CT can 
assess renal perfusion but needs the adminis-
tration of an intravenous contrast agent. Given 
this, it may be helpful to detect AR and differen-
tiate from ATN. However, as CT-based tech-
niques rely on radiation and IV-contrast agents 
themselves can cause harm, CT has not yet 
been established in the clinical management of 
AR of renal allografts [5].

Conventional nuclear imaging

Conventional nuclear imaging methods are reg-
ularly applied to detect AR based on functional 
rather than morphological information. The ga- 
mma radiation from the deployed radioisotopes 
is directly measured by a crystal-based camera 
system planar or, when rotated around the bo- 
dy, by single photon emission computed tomog-
raphy (SPECT). Commonly used isotopes in con-
ventional nuclear imaging are 111In, 67Ga, 123I 
and mainly 99mTc, the latter offering a wide ap- 
plication spectrum because of its relatively 
simple production, availability, and optimal de- 
cay characteristics [53]. Advantages of nuclear 
imaging include operator independency, high 
intrinsic sensitivity and availability of non-neph-
rotoxic tracers [5]. 

The broad application range in numerous dis-
eases has continuously expanded during the 

Figure 3. In vivo ASL (A) and glucoCEST (B) MRI showing representative ASL and glucoCEST MTRasym maps of an 
allogeneically transplanted rat on day four post surgery. Decreased perfusion and increased glucose accumulation 
is detected especially in the cortex of the allograft on the right side (L) compared to the healthy right contralateral 
kidney on the left side (R).
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last years and pre-existing techniques have 
been optimized. Processes like tissue injury, 
bacterial infections, inflammation, and cell de- 
ath (and other processes) can be detected and 
monitored using nuclear imaging techniques 
[29]. Due to the various pathophysiological pro-
cesses related to renal AR, different markers 
for nuclear imaging have been developed dur-
ing the last decades [29].

Already in 1976, George et al. visualized kidney 
AR using 99mTc-sulfur colloid, which accumu-
lates in areas of fibrin thrombi in acute and 
chronic rejecting allografts [54]. At present, 
tracers used in either static scintigraphic imag-
ing in AR detection or dynamic renal scintigra-
phy are suggested to have similar specificity. Of 
them, some authors propose, 99mTc-sulfur col-
loid might be the only one useful within a rea-
sonable radiation dose. Unfortunately, comput-
er-assisted analysis to compare tracer uptake 
in the region of interest with the uptake in the 
surrounding tissue showed a low sensitivity for 
99mTc-sulfur colloid. Although this tracer is inde-
pendent from the renal function, it does not 
accumulate in kidney allografts of patients 
receiving high-dose heparine or in kidneys with 
AR-associated necrosis. In conclusion, 99mTc-
sulfur colloid-based imaging may not find its 
way into clinical routine [5].

In the case of allograft rejection, leukocyte re- 
cruitment plays an important role, and attempts 
have been made to label different immune cell 
lines ex vivo and in vivo. Common markers used 
for the radiolabeling of white blood cells in 
SPECT are 99mTC-HMPAO or 111In-oxine [55-57]. 
Compared to 18F-FDG, these markers possess 
a higher compound stability and a longer half-
life [58]. An important aspect in the usability of 
markers is the labeling efficiency, labeling sta-
bility, and viability of the labeled cells [5]. The 
accumulation of labeled cells can be affected 
by the background activity in the region of inter-
est [59]. In kidney transplantation, a successful 
approach using 99mTc-HMPAO-labeled mononu-
clear cells was published showing the detection 
of rejection and discrimination from ATN with 
this approach [60].

For in vivo imaging, different 99mTc-, 111In-, or 
123I-labeled antibodies have been developed to 
bind to CD3, CD4, CD25, or CD20 on immune 
cells [61]. Detection of AR in renal allografts 
was successfully shown for 99mTc-OKT3, a mo- 

use monoclonal antibody against the CD3 com-
plex on T cells [62]. The development of a hu- 
manized variant, namely the CD3 antibody 
99mTc-SHNH-visilizumab, led to a significant 
reduction of the side effects by reduction of its 
immunogenicity [63, 64]. Since antibodies do 
not cross the endothelial barrier, such methods 
are limited to detect the intra- or peri-vascular 
antigens [5, 65].

Another approach to detect leukocyte accumu-
lation in inflammation is to use a high-affinity 
radiolabeled ligand that binds to FPR1, a leuko-
cyte receptor involved in chemotaxis and infl- 
ammatory responses of leukocytes. FPR1 expr- 
ession is significantly upregulated during infl- 
ammation and the 99mTc-labeled FPR1 antago-
nist cFLFLFK-NH2 has been shown to bind to 
FPR1 without effecting the physiology and func-
tional response of the cells in the inflammatory 
processes [66].

A reporter gene-mediated method of radiola-
beling regulatory T cells with 99mTc (99mTcO4

-) in 
vitro and in vivo, thereby enabling the precise 
visualization of the cells for as long as they are 
alive was presented by Sharif-Paghaleh et al. 
This labeling approach might become a useful 
tool in the setting of transplantation as well 
[67].

Complement activation is another important 
mechanism in inflammatory conditions besides 
the accumulation of immune cells. Recently, 
Sharif-Paghaleh et al. demonstrated a non-
invasive imaging of complement activation in 
ischemia-reperfusion injury (IRI) in a murine 
cardiac transplantation model using the 99mTc-
recombinant complement receptor 2 (99mTc-
rCR2). As IRI and complement activation per se 
are involved in transplant rejection and comple-
ment inhibitors have been developed as a ther-
apeutic agent, this technique may be a promis-
ing tool to identify tissue damage after trans-
plantation, allow patient risk stratification, and 
monitor therapeutic interventions [68]. How- 
ever, clinical studies are still missing.

Further, nuclear imaging can be routinely used 
for the monitoring of allograft function. While 
static imaging using 99mTc-dimercaptosuccinic 
acid (DMSA) can visualize functional kidney tis-
sue and anatomical abnormalities, dynamic 
imaging using 99mTc-diethylenetriaminepenta-
acetic (DTPA) or 99mTc-mercaptoacetyltriglycine 
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uorid substitution in the gl- 
ucose molecule, for the sci- 
ntigraphic detection of glu-
cose metabolism was des- 
cribed and became the pre-
dominant radionuclide us- 
ed in PET studies [77]. After 
injection, 18F-FDG enters the 
cell via a glucose transport-
er like GLUT1 (Glucose tr- 
ansporter 1) and is phos-
phorylated by hexokinase. 
Contrary to “normal” gluc- 
ose, FDG thereafter cannot 
enter glycolysis and beco- 
mes intracellularly trapped. 
Its signal intensity correl- 
ates with the cell’s meta-
bolic activity. Its whole body 
biodistribution can be ass- 
essed by PET [78].

The detection of glucose-ba- 
sed radionuclides by PET is 
not disease-specific and al- 
ways has to be evaluated in 
the clinical context: For in- 
stance, the uptake of 18F-

(MAG3) additionally allows the detection of AR 
and discrimination from ATN [69-74]. However, 
given the functional information derived from 
these approaches specificity for AR is rather 
low. 

Positron emission tomography 

Positron emission tomography (PET) is an imag-
ing procedure based on the detection of radia-
tion emitted through the electron-positron 
annihilation when positron emitting radionu-
clides are applied [5]: Usually, a radioactive 
tracer is administered intravenously and PET 
then captures the emitted gamma rays by a 
ring-shaped detector system. The benefits of 
nuclear imaging are whole body visualization 
with a high intrinsic sensitivity. Further, PET 
even copes with targets in a very low concen-
tration range but provides a high specificity at 
the same time [61, 75]. It is successfully used 
for the assessment of metabolic processes 
and cellular events, such as apoptosis, and 
enables clinicians to visualize inflammation, 
changes in pH, and infection sites by using dif-
ferent tracers [76]. 

In 1978, the 18F-Fluordeoxyglucose (FDG), a ra- 
dioactive labeled glucose analog with a 18F-fl- 

FDG depends on the presence of glucose trans-
porters and hexokinase activity, which underlie 
an upregulation under certain conditions, such 
as inflammation and tumor proliferation. Thus, 
the indications for the application of PET have 
grown over the last years: I.e. diseases such as 
vasculitis, fever of unknown origin, asthma, cy- 
stic fibrosis, and organ transplantation can be 
assessed [29].

We have established a non-invasive assess-
ment of renal function by 18F-fluoride clearance 
and shown that 18F-FDG PET successfully de- 
tects AR in a rat renal transplant model [79, 
80]. In the allograft setting, PET may be further 
used for the assessment of metabolic activity 
of recruited leucocytes, of renal function, of 
organic hypoxia, and of cell death. An 18F-FDG-
uptake during AR indicates a highly active me- 
tabolism in the graft, which is caused by the 
invading inflammatory cells (Figure 4). 

The finding can be used to discriminate AR from 
other pathological conditions like ATN or drug 
toxicity [81]. Despite these specific signals in 
the renal transplant undergoing AR, the renal 
clearance of 18F-FDG has to be taken into 
account. To avoid false positive 18F-FDG signals 
in the kidney, we suggest the extension of time 

Figure 4. Representative PET-images of dynamic whole-body acquisitions of a 
allogeneically transplanted rat (postoperative day four, (A) after tail vein injec-
tion of 30 MBq 18F-FDG (maximum a posterior projection, 180 min p.i.) and (B) 
after tail vein injection of 30·106 18F-FDG-labeled T cells (maximum-intensity 
projection, 50-70 min p.i.). While the allografts undergoing rejection show dis-
tinct enhancement of 18F-FDG (yellow circles) the native control kidneys without 
rejection do not (green circles).
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appears after the success-
ful treatment of AR sug-
gesting a potential of 18F-
FDG PET for serial monitor-
ing of treatment efficacy 
[79]. Recently, Lovinfosse et 
al. combined PET and CT to 
analyze a cohort of kidney-
transplanted patients with 
suspected AR. A positive co- 
rrelation was found betwe- 
en the tracer-uptake in the 
allograft and the histologic 
degree of rejection (Figure 
5). This method had a 100% 
sensitivity but only a 50% 
specificity; the authors pos-
tulated that this low speci-
ficity in detecting AR may 
be due to the nature of 18F-
FDG [5, 83].

Conclusions

Non-invasive methods for a 
specific diagnosis of AR and 
the monitoring of the allo- 
graft function are of great 
interest. Advances in tech-
nology and tracer develop-
ment have opened up new 
possibilities in this regard. 
Especially, novel combina-
tions of different methods 
and techniques may over-
come the inherent limitat- 
ions of individual techniq- 
ues for the non-invasive di- 
agnosis of AR. Although pr- 
omising, at present most of 
these new technologies are 
still at an experimental st- 
age, have limitations e.g., in 
differentiation of acute an- 
tibody-mediated and cellu-
lar rejection, making them 
very useful research tools 
but not yet ready for routine 
clinical applications. 

between the application of the tracer and the 
PET measurement or to use 18F-FDG labelled 
T-cells [81, 82]. However, producing 18F-FDG 
labelled T-cells in humans might be time con-
suming and effortful [5]. Interestingly, the 18F-
FDG uptake of renal allografts immediately dis-
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