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Abstract

Kidney transplantation has developed into a widespread procedure to treat end stage renal failure, with transplantation results
improving over the years. Postoperative complications have decreased over the past decades, but are still an important cause
of morbidity and mortality. Early accurate diagnosis and treatment is the key to prevent renal allograft impairment or even
graft loss. Ideally, a diagnostic tool should be able to detect post-transplant renal dysfunction, differentiate between the dif-
ferent causes and monitor renal function during and after therapeutic interventions. Non-invasive imaging modalities for
diagnostic purposes show promising results. Magnetic resonance imaging (MRI) techniques have a number of advantages,
such as the lack of ionizing radiation and the possibility to obtain relevant tissue information without contrast, reducing the
risk of contrast-induced nephrotoxicity. However, most techniques still lack the specificity to distinguish different types of
parenchymal diseases. Despite some promising outcomes, MRI is still barely used in the post-transplantation diagnostic
process. The aim of this review is to survey the current literature on the relevance and clinical applicability of diagnostic

MRI modalities for the detection of various types of complications after kidney transplantation.

Keywords Magnetic resonance imaging - Kidney transplantation - Complications - Renal allograft

Introduction

Since the first successful attempt in 1954, kidney trans-
plantation has developed into a widespread procedure to
treat end stage renal failure, with transplantation results
improving over the years. One-year graft survival rates are
89-96.9%, depending on the type of donation procedure,
organ preservation, ethnicity and geographical differences
[1-4]. Postoperative complications have decreased over the
past decades, but are still an important cause of morbidity
and mortality [5]. Early accurate diagnosis and treatment is
the key to prevent renal allograft impairment or even graft
loss.

The etiology of complications and graft dysfunction
can be subdivided into nephrological (renal) causes, pre-
renal vascular origin and post-renal urological disorders.
Parenchymal abnormalities such as acute or chronic rejec-
tion, acute tubular necrosis or medication toxicity require
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an invasive diagnostic needle biopsy as the gold standard.
However, biopsies come with corresponding risks of compli-
cations such as bleeding or infection, with complication rates
of up to 9% [6-9]. Biopsy procedures could be delayed by
relative contraindications, such as the use of anticoagulation
therapy, high blood pressure or urinary infection. Another
limitation of invasive needle biopsies is the risk of biopsy
sampling error and inter-observer variations in biopsy inter-
pretation [10].

Since the first MRI evaluations of transplanted renal
grafts in the beginning of the 80s, MR techniques have
improved considerably. Despite the promising outcomes,
MRI is still barely used in the post-transplantation diagnos-
tic process. The aim of this review is to survey the current
literature on the relevance and clinical applicability of diag-
nostic MRI modalities for the detection of various types of
complications after kidney transplantation.
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Nephrological complications
Acute rejection and acute tubular necrosis
Background

Acute rejection (AR) and acute tubular necrosis (ATN) are
the most common causes of kidney allograft dysfunction
and can even occur at the same time [11]. The current gold
standard for diagnosing AR and ATN is histopathological
evaluation by needle biopsy.

Renal allograft rejection may emerge from minutes
(hyperacute), weeks (acute), months (late acute) to years
(chronic) after transplantation and the occurrence, timing
and number of acute rejection episodes are associated with
an increased risk of graft loss [12—14]. Consecutive epi-
sodes of AR could lead to chronic allograft damage with
decreased graft survival [13]. During an episode of AR,
glomerular hypofiltration occurs due to a reduced cortical
and medullary blood flow [15-17]. AR manifests itself as
a sterile inflammatory process, with different intensities
of tubilitis, glomerulitis and endarteritis. Microthrombi,
hemorrhage, vascular necrosis and infarction could be pre-
sent in severe cases. Chronic rejection is characterized by
diffuse glomerulopathy, peritubular capillaropathy, tubular
atrophy and interstitial fibrosis [18]. ATN is a common
cause of delayed graft function (DGF) in deceased-donor
kidney transplantation and is related to ischemia reper-
fusion injury and long preservation time [19, 20]. It is
characterized by a compromised blood flow resulting in
the death of tubular cells located in the renal cortex, which
leads to a disturbed balance in the regulation of sodium,
electrolytes and water [21]. Given the pathophysiological
processes of rejection and ATN, MRI biomarkers related

Fig. 1 Morphological MRIs
(a), maps for total ADC (b),
perfusion-free diffusion ADC
(c), Fp (d) in acute humoral
rejection (confirmed by
histology). For comparison,
corresponding MRIs (e-h) of
a well-functioning kidney with
a normal histological section.
Adopted from Eisenberger et al.
(27]
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to perfusion and diffusion are of interest in the diagnostic
process.

Diffusion biomarkers

Diffusion weighted imaging (DWI) is a technique used to
evaluate the relative levels of restriction that protons in
water molecules experience to diffuse to surrounding tis-
sue. The behavior of water molecule diffusion in tissues
can be quantitatively assessed using the apparent diffusion
coefficient (ADC) value. ADC represents the average tis-
sue diffusion in any direction and consequently depends on
the renal architecture, microvascular perfusion and tubular
flow. Diffusion tensor imaging (DTI) provides additional
data on the direction of the movement. This is quantified by
the fractional anisotropy (FA) and represents the degree of
directed diffusion. In healthy volunteers, average ADC levels
are significantly higher in the cortex than in the medulla, due
to a dominant blood flow distribution towards the renal cor-
tex. Cortical FA values are lower compared to the medullar
ones, which could be explained by the medullary anisotropic
organization of the collecting ducts and tubules directed
towards the renal pelvis [22, 23].

Only few studies have tried to distinguish the etiology of
renal impairment after transplantation. It was demonstrated
that odds of AR depended significantly on ADC with certain
b values and it was suggested that ADC provides improved
detection of AR than lab values alone [24]. ADC values in
a different study were significantly decreased during rejec-
tion in both the cortex and medulla and increased again
during recovery, with a positive correlation between the
degree of rejection and the reduction in ADC [25]. Another
study showed that AR and ATN both presented lower ADC
values, but the pattern of ATN was described as a typical
mosaic resembling tiger skin [26]. A study by Eisenberger
et al. determined total ADC, perfusion fraction (Fp), and

cl
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perfusion-free diffusion in transplanted patients (Fig. 1).
In recipients with AR and ATN, Fp values were strongly
reduced to less than 12% in the cortex and medulla and Fp
values correlated with creatinine clearance [27]. Rheinhe-
imer et al. used the intravoxel incoherent motion (IVIM)
technique to calculate diffusion parameters. They found sig-
nificantly lower ADC, Fp and diffusion coefficient in allo-
grafts with longer ischemia times, but diffusion rates were
not significantly lower among patients with AR or ATN [28].

Graft inflammation and edema formation was studied
in isogenic and allogenic kidney transplantation in mice
with DWI and T2 relaxation time, the latter reflecting tissue
water content. Progressive restriction of diffusion occurred
in allogenic grafts, whereas no differences were observed in
isogenic kidney transplantation. T2 times in the renal cortex
were increased in both groups. This could imply that func-
tional imaging can differentiate between acute rejection and
classical edema due to ischemic injury [29].

The use of DWI and DTT in renal grafts is mainly experi-
mental and studies lack uniform protocols. Despite the dis-
similarities, lower values of ADC are consequently linked
to allograft dysfunction compared to healthy renal grafts.
Diffusion restriction may be caused by deterioration of renal
perfusion, tubular damage, cell infiltration and renal fibro-
sis [30, 31]. Because of the complicated and co-existing
pathophysiological types of injury, differentiation between
AR and ATN by MRI diffusion techniques seems yet to be
out of range for daily clinical practice. Multi-center studies
with larger sample sizes, or studies combined with other
functional MRI modalities validating the value of DWI for
the detection of complications after kidney transplantation
could change this technique into a stronger diagnostic tool.

Oxygenation-related biomarkers

Blood oxygen level-dependent (BOLD) MRI can depict
changes in blood oxygenation by calculation of the param-
eter R2* (1/T2*). Fluctuations in oxygen availability have an
effect on the amount of deoxygenated hemoglobin (deoxy-
Hb), which is paramagnetic. Increased concentrations of
deoxy-Hb cause a reduced T2* signal and consequently
higher R2* values. This means that higher R2* levels are
associated with an increased level of deoxy-Hb, hence a
decreased oxygen bioavailability for the tissue. Under nor-
mal physiological conditions, the renal cortex is more abun-
dantly supplied by oxygen than the medulla [32].

Several studies have demonstrated the change in tis-
sue oxygen bioavailability during allograft dysfunction
(Table 1). Some results show a significantly lower R2* value
in both cortex and medulla in patients suffering from AR
compared to patients with normal renal function [33-35],
while others only observed significant lower values in the
medulla [36-38]. This decrease in R2* implies an increased

tissue oxygen bioavailability during an episode of rejection.
Sadowski et al. showed that allografts with biopsy proven
AR had significantly decreased medullary R2* values and
decreased renal perfusion (Fig. 2). The medullary increase
of oxygen bioavailability despite the finding of a reduced
blood flow suggest a decline of oxygen consumption. This
could be explained by a decrease in filtration and tubular
reabsorption during AR [36].

Grafts affected by ATN show a broad range of R2* val-
ues in both medulla and cortex and with conflicting results
when comparing to normal allografts [33, 35-38]. A pos-
sible explanation for these notable results is the different
clinical stages of ATN during the examination of BOLD
imaging after the surgery. Further insights into the tissue
oxygen bioavailability during ATN could be obtained by a
longitudinal time lapse study during the chronological stages
of ATN.

BOLD MRI has repeatedly been shown to be able to dis-
tinguish AR from normal functioning allografts by detecting
lower medullary R2* levels, but has yet insufficient diagnos-
tic value to distinguish AR from ATN.

Contrast-enhanced MRI

Dynamic contrast-enhanced (DCE) MRI [also known as MR
renography (MRR)] depends on the administration of gado-
linium-based contrast. Wentland et al. concluded that medul-
lary perfusion was significantly reduced in renal grafts with
AR compared to allografts with a normal function and those
with ATN. Cortical perfusion values were only significantly
lower in grafts with AR compared to normal functioning
ones, but not to those with ATN. Nevertheless, the groups
still had excessive overlap, so defining diagnostic thresholds
was not possible [39]. The study by Preidler et al. revealed a
delayed passage of the contrast agent in the cortex, medulla
and renal pelvis in patients with histologically proven AR.
Among patients with ATN, only the passage in the renal
pelvis was prolonged [40]. An association between chronic
allograft nephropathy (calculated by a damage index score)
and reduced DCE renal perfusion was observed, but without
referral to the underlying cause of the graft dysfunction [41].

Yamamoto et al. assessed the ability of MR renography
to identify the responsible cause of acute allograft dysfunc-
tion. Mean transit time (MTT) was calculated for the vas-
cular compartment (MTT,), tubular compartment (MTT),
collecting system (MTT) and whole kidney (MTTy). GFR
and MTTy showed significant differences between normal
functioning grafts and kidneys suffering from acute dysfunc-
tion. Patients with AR had MTT,  significantly higher than
patients with normal renal function or with ATN. Since AR
expresses as an arteritis and glomerulitis, nephron function
and vascular transit time are increased. MT T was signifi-
cantly higher in the ATN group than in the normal function
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Table 1 Blood oxygen level-dependent (BOLD) MRI studies

Author Xiao [34]° Han [35]° Sadowski [36]° Djamali [38]° Liu [37] Park [33]

N

Control 72 82 5 5 35 10

AR 21 21 13 10 14

ATN - 7 5 5 7

Moment scan (days post-transplant)

Control 17.04+5.02 17.79+5.17 50+43 40.4+35 12.7+6.4 <92

AR 51.33+62.35 51.33+62.35 68 +34 59.5+32 31.1+44.5 <92

ATN - 9.86+5.55 44 +38 29+25.5 12.0+5.3 <92

R2%* in control (1/s)

Cortex 14.51+2.40 13.35+2.31 12.6 12.6 18.4+4.4 GE 8 GE 16
14.6+2.4 154+1.5

Medulla 17.93+2.84 16.66+2.82 243 243+2.3 23.8+5.0 29.7+3.0 269+2.8

R2*in AR (1/s)

Cortex 11.30+1.38 12.02+1.72 12.7 13.1 16.6+2.1 104+2.4 13.4+1.7

Medulla 12.68 +1.05 14.02 +2.68 16.2 16.6+2.1 182+1.5 19.4+2.4 21.4+3.3

R2%*in ATN (1/s)

Cortex - 15.25+1.03 13.6 14.1 17.7+3.7 10.7+3.2 13.5+1.3

Medulla - 19.47+1.62 19.8 209+1.8 25.8+5.0 20.6+4.3 21.6+4.1

R2*in AR"

Cortex ! l ns ns ns l l

Medulla ! l l l ! ! l

R2%in ATN!

Cortex - 1 ns ns ns l l

Medulla - 1 l l ns l l

GE gradient echo, AR acute rejection, ATN acute tubular necrosis, — not measured, | significantly lower than control group, 1 significantly higher

than control group, ns not significant compared to control group

Significant differences compared to control group, p <0.05

®Probably used partly the same patient group (as described in methods)
“Probably used partly the same patient group (as described in methods)

group or AR group. This could be explained by the pathol-
ogy of ATN in which tubular function is relatively more
affected [17] (Fig. 3).

Renal perfusion measured by DCE has demonstrated
adequate capacity to differentiate between AR and ATN.
Flow reduction in AR might be more prominent due to a
higher level of vasoactive injury and inflammatory changes
compared to the (reversible) pathophysiological changes
in ATN [39]. Despite the diagnostic advantages of DCE, a
very strong association was found between the exposure of
gadolinium-containing contrast agents and the development
of nephrogenic systemic fibrosis and the use of (certain types
of) this contrast agent is contra-indicated in some patients
with a reduced glomerular filtration rate (GFR) [42, 43].

T1 mapping

T1 relaxation time represents how fast the nuclear spin
magnetization turns back to its state of equilibrium after a

@ Springer

radio frequency pulse. T1 mapping is a method in which T1
relaxation times per voxel are outlined to discriminate the
composition of tissue. In healthy volunteers, T1 levels are
higher in the medulla than in the cortex, resulting in a physi-
ologically corticomedullary differentiation (CMD) [44].

In a mouse model of induced ischemia, prolongation
of T1 relaxation time was positively correlated with the
degree of inflammation, causing capillary leakage and cel-
lular and interstitial edema [45]. Peperhove et al. showed in
a human study significantly increased T1 relaxation times
in the renal cortex, and to a lesser extent in the medulla,
after kidney transplantation compared to healthy volunteers.
Because of the anatomical disparity in increase of T1 relaxa-
tion times, the CMD decreased with higher stages of renal
function impairment [46]. MRI studies performed in the
1980s showed reduced CMD during AR, but ATN and AR
could not be distinguished from each other [47-53]. Another
reported application of T1 is the assessment of fibrosis in
kidney allograft recipients, with a demonstrated moderate
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Fig.2 Color R2* maps a, b, ¢ of transplanted kidneys with normal
function, ATN and AR. R2* maps and perfusion maps d, e, f are of
the same kidney, however, at slightly different slice locations. In AR
kidneys, there are more blue areas corresponding to lower R2* val-
ues, particularly in the region of the medulla (open white arrow in C)
when compared to kidneys with normal function (solid white arrow
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Fig.3 Scatterplot of MTT,x and MTTy distribution in AR and
ATN. AR tends to position higher MTT, x and lower MTTx. ATN
tends to position lower MTT, x and higher MTT . In the subjects of
this study, MTT,x of 9.0% (dotted line) allowed 100% reliable dis-
tinction between AR and ATN. Adopted from Yamamoto et al. [17]

Acute Rejection
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350
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50

in a) and ATN (in b). On perfusion color maps, there are darker blue
and black areas, corresponding to areas of lower perfusion in the
medulla of transplanted kidneys with acute rejection (solid white
arrow) (f), when compared to kidneys with normal function (d) and
ATN (e). Adopted from Sadowski et al. [36]

correlation between AT1 values and the degree of fibrosis
[31]. T1 mapping is able to detect loss of CMD due to tissue
injury, but has limited clinical use since the etiology of the
injury still could be very diverse.

Other MRI techniques

An example of how to visualize renal metabolism is the use
of phosphorus magnetic resonance spectroscopy (*'P MRS),
by detecting metabolites that participate in energy and mem-
brane metabolism. Vyhnanovska et al. [54] demonstrated
that *'P MRS was capable of distinguishing AR and ATN
early after transplantation by relative concentrations of phos-
phorus metabolites. Another recent study in a rat model by
Kentrup et al. [55] was able to visualize an increased glucose
metabolism (by the use of the GlucoCEST method) related
to acute rejection. It was also speculated that this method
might be able to detect treatment response of immunosup-
pressive regimens.

@ Springer
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Ultrasmall paramagnetic iron oxide (USPIO) particles-
enhanced MR imaging is another experimental technique,
in which intravenous administered particles are targeted by
macrophages and monocytes. In a murine model, USPIO-
enhanced MRI was able to detect macrophage infiltration
in allografts with chronic inflammatory damage [56]. The
location of the maximal signal change could be indicative
for the type of nephropathy, with an enhanced cortical signal
in anti-glomerular basement membrane glomerulonephritis,
medullar signal in ischemia reperfusion and diffuse signal
in acute and chronic rejection [57-59]. In a small human
study, a typical pattern was seen in ATN with a prominent
medullar signal drop [60].

Magnetization transfer imaging (MTI) is a technique that
evaluates the macromolecule content in tissue and recent
animal studies have tested the applicability to detect renal
fibrosis. Radio frequent pulses are applied to the bound
pool (bound water and macromolecules) and this energy is
then partially transferred to the free water pool. Previous
and subsequent imaging of the free water pool can quan-
tify the shifting energy, also known as MT effect. Murine
models showed a correlation between the magnetization
transfer ratio and fibrotic changes and the ability to moni-
tor progression of renal fibrosis [61-63]. A swine model
demonstrated the insensitivity of MTI for decrease in renal
perfusion, strengthening the reliability of MTI for assessing
renal fibrosis [64].

MR elastography (MRE) measures tissue stiffness by
inducing externally applied mechanical vibrations to the tar-
get organ, causing the so-called shear waves. Fibrosis typi-
cally stiffens the tissue, resulting in longer wavelengths. A
case report describes the use of MRE in a kidney transplant
recipient with concurrent documentation of stiffness and
fibrosis progression over time [65]. Kidney stiffness meas-
ured by MRE is greater in renal allografts with a higher his-
tological degree of fibrosis [66, 67]. A negative correlation
was found between renal stiffness and both baseline eGFR
and eGFR change over time [67]. Despite these studies with
a small number of included patients, MRE seems a potential
tool to estimate allograft fibrosis.

Renal function after transplantation
Background

Delayed graft function (DGF) is a common complication
after kidney transplantation. Various definitions are used,
but the majority in literature refers to the need of dialysis in
the Ist week post-transplantation. Early allograft dysfunc-
tion is associated with impaired long-term allograft func-
tion and graft survival [68], hence early identification of
these patients is necessary. DGF serves as an umbrella term
of renal impairment shortly after transplantation, without
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referring to the actual cause of dysfunction. After the exclu-
sion of AR, acute vascular or urological complications as
primary causes of graft impairment, DGF is usually a conse-
quence of ATN induced by ischemia and reperfusion injury
[69].

Multiple studies aimed to research functional MRI in the
assessment of renal function after kidney transplantation
with variables like (estimated) GFR, serum creatinine (clear-
ance) or DGF, without differentiating between the under-
lying complications. Despite the scientific value of these
studies, clinical use is yet very limited since these imaging
modalities usually do not predict nor newly detect impaired
renal function, which already has been diagnosed by existing
and affordable blood and urine tests.

Diffusion biomarkers

Diffusion tensor imaging (DTI) was used to compare trans-
plant recipients with impaired and normal allograft function.
Mean ADC and fractional anisotropy (FA) of the cortex and
medulla was significantly higher in the group with normal
to moderate eGFR (> 30 ml/min/1.73 m2). FA was signifi-
cantly lower in patients whose renal function did not recover
after 6 months, while ADC did not differ significantly. This
might indicate that DTI is more sensitive than DWI for eval-
uating long-term outcomes [70]. A different study confirms
the correlation between mean FA in the medulla and eGFR
in patients with allograft dysfunction and found signifi-
cantly lower medullary ADC and FA in patients with DGF.
Reduced values of FA could be explained by changes in
the renal microstructure, reduced tubular flow and impaired
microvascular perfusion [30, 71].

Correlation between eGFR and ADC is confirmed in sev-
eral studies [30, 70, 72-76], but not found in others [27, 71].
This discrepancy could be caused by the small number of
included cases in some studies. Quantitative comparison of
diffusion parameters between studies is complicated due to
different time intervals between transplantation and imaging
(ranging from days to years) and technical differences in the
MRI protocols.

Oxygenation biomarkers

With the use of BOLD imaging, Slawinska et al.
found higher cortical R2* values in patients with an
eGFR >40 ml/min/1.73 m2 compared to recipients with
an eGFR <40 ml/min/1.73 m2, but R2* was not useful
in the prediction of DGF [77]. Thoeny et al. compared
patients with a stable allograft function with healthy indi-
viduals who all underwent DWI and BOLD MRI. Sig-
nificant lower medullary and slightly lower cortical R2*
values were found in the transplanted patients. No correla-
tion was found between serum creatinine and R2* values.
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Diffusion parameters did show a correlation with eGFR
and denoted higher serum creatinine levels accompanied
by lower cortical ADC and micro perfusion [74]. Dja-
mali et al. assessed intrarenal oxygenation by BOLD MRI
in patients with chronic allograft nephropathy (CAN).
Mean R2* levels in cortex and medulla were significantly
reduced in CAN compared with healthy volunteers [78].
Given the existing literature, renal cortical R2* levels have
no diagnostic value in the detection of early graft dysfunc-
tion. Medullary changes in oxygen bioavailability are more
promising, but larger studies are required.

Susceptibility weighted imaging (SWI) is also known
as BOLD venographic imaging. Sun et al. assessed renal
allografts with the presence of abnormal signal intensity
lesions (ASILs). Approximately half of the patients with
DGEF had low-intensity ASILs, primarily at the corticome-
dullary junction of transplanted kidneys on SWI. Half of
the group with DGF and the entire non-DGF group had no
ASILs at all. The sensitivity of SWI in diagnosing DGF
was 47.1%, but the diagnostic specificity and positive pre-
dictive value were both 100% [79].

Perfusion biomarkers

Arterial spin labeling (ASL) is a technique for measuring
perfusion using water protons as an endogenous tracer.
ASL perfusion markers were significantly higher in trans-
plant recipients with normal to moderate renal function
(eGFR > 30 ml/min/1.73 m2) compared to impaired eGFR
[80]. Another study showed that patients suffering from
DGEF had significantly lower perfusion rates compared to
sufficient allograft function. Renal perfusion showed a sig-
nificant correlation with eGFR and was predictive of DGF
and the need for dialysis [80, 81]. Renal flow measured
by ASL is an interesting tool to evaluate renal function
after transplantation, but the clinical use seems yet very
limited. To our knowledge, no studies regarding ASL have
been performed in the search for the underlying causes of
renal dysfunction.

Other MRI techniques

In a cohort of living kidney donors, MRI renal volumetry
correlated with eGFR postdonation and predicted eGFR
until 3 years after nephrectomy in the donor [82]. In line
with this result, another study could predict postoperative
renal volume and renal function after a (partial) nephrec-
tomy, using 3-D image reconstruction [83]. The concept
of renal volume in the prediction of renal function could
be an interesting biomarker in allograft recipients.

Infectious complications
Background

Urinary tract infection (UTI) after kidney is often clinically
asymptomatic as a consequence of immunosuppression, but
might evolve to acute pyelonephritis (APN) despite antimi-
crobial prophylaxis. Post-transplantation infectious diseases
could lead to graft dysfunction [84]. The diagnosis of APN
is usually clinically made, but the gold standard is contrast-
enhanced computed tomography (CT), however, contrast-
induced nephropathy is a hazard that should be taken into
account. Functional MRI without exogenous contrast might
be an alternative and deserves further validation for this spe-
cific scenario.

Diffusion biomarkers

Faletti et al. aimed to confirm the clinical suspicion of APN
after kidney transplantation with DWI. First qualitative
analysis was performed, in which APN foci manifest by a
combination of low-intensity signal on T1-weighted, high-
intensity signal on T2-weighted images and higher DWI val-
ues. Areas without any signal abnormalities were considered
to be healthy renal tissue. In the acute phase, ADC difference
was significant between affected and unaffected tissue and
showed excellent discriminatory ability [85]. Other studies
confirm the ability of DWI and DTI to detect renal infection
in kidneys and diffusion parameters could play an impor-
tant role in monitoring treatment effectiveness [85-88]. DWI
combined with chemokine receptor CXCR4 targeted posi-
tron emission tomography (PET) was able to detect allograft
infection, lower UTI and non-urologic infections elsewhere,
by the identification of leukocyte infiltration [89].

Vascular complications

Short-term vascular complications after kidney transplanta-
tion, such as artery kinking and thrombosis, are an important
cause of hypoperfusion and (partial) ischemia with a risk of
early graft loss. Long-term vascular complications include
stenosis and aneurysms, resulting in acute hypertension and
could eventually lead to graft dysfunction. The incidence of
vascular complications ranges from 4.2 to 12.4% [90-93].
When postoperative vascular complications are suspected
based on Doppler US findings, the diagnostic gold standard
is digital subtraction angiography (DSA). However, DSA
is not favorable in patients with impaired kidney function,
since the intravenously administrated iodinated contrast
agent has nephrotoxic effects [94].

An alternative imaging technique to evaluate the renal
vascularization is magnetic resonance angiography (MRA).
In contrast-enhanced MRA (CE-MRA), an intravenous bolus
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of a gadolinium-based contrast agent is used. Non-contrast-
enhanced MRA (NCE-MRA) is mainly based on the flow
characteristics, which is accompanied by some technical
challenges, but has the benefit of being non-invasive. Despite
the suspicion that gadolinium-based contrast agents could be
less nephrotoxic than the iodinated used in DSA [95-97],
the use of gadolinium is associated with serious side effects
as earlier described. Recently, the use of ferumoxytol as a
contrast agent is suggested as a less harmful alternative.
This iron-based contrast agent has been used off-label in
patients with chronic kidney disease and iron deficiency ane-
mia. Although the incidence of hypersensitivity reactions is
low, some cases of severe side effects after administration
of ferumoxytol have been reported [98, 99]. Compared to
DSA and US, the results of ferumoxytol-enhanced MRA are
interesting with a high sensitivity and accuracy in detecting
vascular complications [100—102]. To our knowledge, the
comparison of ferumoxytol with common gadolinium-based
contrast agents for MRA in renal transplants has not yet been
described.

Short-term vascular complications

In acute complications, such as arterial and venous throm-
bosis and artery kinking, the use of MRA is not extensively
described. Arterial and venous thrombosis is reported in
0.6-2% and 0.3-1.1% of renal transplantations, respectively
[91-93]. Sadej et al. presented a case report about the sup-
portive value of MR venography to US findings. Although
they could not distinguish between venous stenosis and
thrombosis, they observed a renal vein filling defect with
MRA and were able to depict the defect in the vascular sys-
tem of the kidney [103]. When the donor transplant artery
is excessively long, artery kinking can occur, resulting in a
turbulent blood flow. Several cases of artery kinking suc-
cessfully depicted with MRA are described [104, 105].

Long-term vascular complications

The most often described medium- to long-term vascular
complication is transplant renal artery stenosis (TRAS).
The reported incidence of TRAS ranges from 0.3 to 12.4%,
depending on the definition, the diagnostic method used,
the length of the cold ischemia time and donor character-
istics such as age and donor type [90, 93, 106—109]. After
US, DSA is the second-line diagnostic tool and the gold
standard in diagnosing TRAS. The outcomes in detecting
stenosis by MRA appear to be comparable with DSA and US
[110]. Compared to DSA, NCE-MRA displays a sensitivity
up to 100%, a specificity ranging from 85.7 to 90% and an
accuracy of 91-96.6% [104, 105, 111, 112]. Studies using
CE-MRA report a comparable sensitivity and specificity
[113-117]. It is difficult to distinguish between the results
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of the CE and NCE-MRA studies, due to the low number of
inclusions and technical improvement of MRA techniques
over the years.

A study of Liu et al. compared NCE-MRA technique with
the standard gadolinium-based CE-MRA in detecting TRAS
(n=2) and image quality, suggesting comparable outcomes
[111]. Johnson et al. suggests a combination of CE-MRA
and NCE-MRA resulting in 100% specificity and 100%
sensitivity (n=11) compared with DSA and surgery obser-
vations [117]. Despite the high sensitivity and specificity,
there are several studies that observe an overestimation of
the severity of TRAS detected with MRA [100, 105, 118].
One possible explanation is that phase-contrast MRA tech-
niques can result in the overestimation of vessel stenosis,
since the signal can be affected by intravoxel dephasing in
areas of turbulence, resulting in signal loss [119]. Another
limitation of MRA is the artifacts caused by ferromagnetic
surgical clips, which can easily be confused with arterial
stenosis and can lead to false-positive diagnosis. Therefore,
patients with these surgical clips are less suitable for the
assessment of TRAS with MRA [120, 121].

With an incidence of 0.1-0.3%, (pseudo)aneurysms are
rare long-term complications after kidney transplantation
[91, 93]. It was demonstrated that NCE-MRA seems limited
in detecting large aneurysms, but combined with axial MRI
it was able to detect all aneurysms [122]. However, only
limited cases have been described.

Given the low number of vascular complications after
kidney transplantation, studies assessing a specific compli-
cation with MRA consist of small groups which makes it
difficult to obtain statistical significance. Nevertheless, all
studies acquired MRA images of high quality suggesting that
the renal transplant vessels are properly depicted and hence
the technique creates possibilities for diagnosing a broad
range of vascular complications after kidney transplantation.
General limitations of MRA potentially include high cost,
long examination time and the lack of portability. Addition-
ally, it provides no option for direct intervention within the
same examination, which DSA does offer.

Urological complications
Background

Urological complications constitute a heterogeneous group
which cause significant morbidity and negatively impact
graft survival. The incidence of urological complications
ranges between 3.4 and 11.2% [123]. Routine diagnostic
techniques include (Doppler) ultrasound (US) and contrast-
enhanced CT, but comprehensive MRI techniques (such as
MR urography (MRU), gadolinium-enhanced MRA, and
MR renography) could also serve as a useful diagnostic aid.
MRU can be divided into static-fluid MRU and excretory
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MRU. The first technique images the urinary tract as a static
column of fluid and is mainly used to evaluate dilatation or
obstruction. The second requires intravenous administration
of gadolinium-based contrast and visualizes the distribution
and excretion of the contrast [124].

Urinary obstruction and hydronephrosis

Postoperative edema at the ureteric anastomosis can lead
to a mild reversible hydronephrosis, but should be inves-
tigated once renal function declines. Suspicion of ureteral
obstruction is usually evaluated with US in clinical prac-
tice. Obstruction usually involves the distal ureter near the
vesico-ureteral junction and incidence rates up to 10% have
been reported [125]. Stenosis and ureteric ischemia are
mainly accountable, but obstruction might also be second-
ary to rejection or external compression from a fluid collec-
tion [126].

Static MRU is highly sensitive in the diagnosis of urinary
obstruction, localizing the site and evaluating the degree of
dilatation. However, it is less eligible to define the cause of
obstruction [127, 128]. Blondin et al. compared static-fluid
(T2-)MRU to contrast-enhanced (CE-)MRU in patients with
renal transplant failure and hydronephrosis detected by US
(Fig. 4). Subjective image quality was significantly better
in CE-MRU, however, no difference in diagnostic accuracy
was found [129]. In a porcine model with induced urinary
tract obstruction, MRU was superior to excretory urogra-
phy and US in depicting the complete urinary tract [130].
MRU is a promising tool to differentiate between transient

hydronephrosis and an actual harmful obstruction, because
of its abilities to fully visualize the entire course of the
ureter.

Perigraft collections (lymfocoele, urinomas,
hematomas, abscesses)

The consequences of fluid collections around the renal allo-
graft depend on the size, location and type of collection.
They have an incidence rate of 14% [125]. Urinomas usually
arise after urinary leakage from the vesico-ureteral anasto-
mosis and develop early after transplantation. Lymphoceles
usually have a later onset, approximately 1-2 months after
surgery, and are characteristically located medially or infe-
rior of the lower pole [126].

Fluid collections collectively have a high signal inten-
sity on MRU, but their composition induces subtle differ-
ences. After administration of gadolinium, abscesses usually
display thickened walls. Hematomas demonstrate a higher
signal on T1-weighted sequences compared to lymfocoeles
and urinomas.

With the use of gadolinium-based contrast, urinomas
can be differentiated and the site of urinary leakage can be
exactly identified [126, 131]. Delayed scans with CE-MR
T1 sequences are likewise able to demonstrate extravasation
of contrast and seem useful in identifying urinomas [131].
DWI might be of potential interest in detecting infectious
collections, since ADC values of abscesses and infectious
fluids were decreased compared to non-infected fluid col-
lections [132, 133].

H-SP  VB33G

Fig.4 CE-MRU (a) and T2-MRU (b). Urinary tract dilatation is visible on both sequences. The bladder is rarely filled with contrast agent, there-
fore the distal ureteral stenosis and the bladder can be more clearly seen on T2-MRU. Adopted from Blondin et al. [129]
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Conclusion

Despite the sparing use of MRI techniques in the diagnostic
process of complications after kidney transplantation, evi-
dence of its beneficial use is growing. Advantages of MRI
are the non-invasive approach, quickly available results
and the possibility to monitor renal structure and function
by a single test with the possibility of a multi-parametric
approach. Disadvantages include the relatively high cost,
time-consuming data analysis and—most importantly—the
lack of standard protocols and validation. Most of the expe-
rience currently exists with anatomical MRI tools to detect
vascular and urological complications and these techniques
have already been used in clinical practice. Functional MRI
to diagnose nephrological complications such as AR, ATN
and post-transplantation infection still remains in an experi-
mental phase. When comparing the average appearance of
renal grafts affected by such complications with multiple
healthy kidneys, complication-specific patterns can some-
times be distinguished. However, discrimination between
different etiologies of renal dysfunction remains a challenge
for individual cases. Larger validating studies will be nec-
essary before functional MRI techniques can realistically
match or surpass diagnostic accuracy of current standard
modalities.
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