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bstract

bjective:  The aim of this study is to investigate the relation between renal indexes and functional MRI in a population of kidney transplant
ecipients who underwent MR with diffusion-weighted imaging (DWI) and diffusion tensor imaging (DTI) of the transplanted graft.

ethod:  Study population included 40 patients with single kidney transplant. The patients were divided into 3 groups, on the basis of creatinine
learance (CrCl) values calculated using Cockcroft-Gault formula: group A, including patients with normal renal function (CrCl ≥  60 mL/min);
roup B, which refers to patients with moderate renal impairment (CrCl > 30 but <60 mL/min); and, finally, group C, which means severe renal
eterioration (CrCl ≤  30 mL/min). All patients were investigated with a 1.5 Tesla MRI scanner, acquiring DWI and DTI sequences. A Mann–Whitney

 test was adopted to compare apparent diffusion coefficients (ADCs) and fractional anisotropy (FA) measurements between groups. Receiver
perating characteristic (ROC) curves were created for prediction of normal renal function (group A) and renal failure (group C). Pearson correlation
as performed between renal clearance and functional imaging parameter (ADC and FA), obtained for cortical and medullar regions.
esults:  Mann–Whitney U  test revealed a highly significant difference (p  < 0.01) between patients with low CrCl (group C) and normal CrCl

group A) considering both medullar ADC and FA and cortical ADC. Regarding contiguous groups, the difference between group B and C was
ighly significant (p  < 0.01) for medullar ADC and significant (p  < 0.05) for cortical ADC and medullar FA. No difference between these groups
as found considering cortical FA. Analyzing groups A and B, we found a significant difference (p  < 0.05) for medullar both ADC and FA, while
o difference was found for cortical ADC and FA.

Strongest Pearson correlation was found between CrCl and medullar ADC (r  = 0.65). For predicting normal renal function or severe renal
mpairment, highest values of AUC were observed using medullar ADC cut-off values (respectively 0.885 and 0.871); medullar FA showed also
igh accuracy (respectively 0.831 and 0.853).

onclusions:  DWI and DTI are promising tools for non-invasive monitoring of renal function; medullar ADC proved to be the best parameter for

enal function assessment.
 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

http://creativecommons.org/licenses/by-nc-nd/4.0/).

nsor 
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Abbreviations: DWI, diffusion weighted imaging; ADC, apparent diffusion
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tinine clearance; ROI, region of interest; ROC, receiver operating characteristic
urve; AUC, area under the curve.
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.  Introduction

Renal graft function is monitored using clinical parame-
ers – such as serum creatinine, creatinine clearance – and
maging modalities, mainly represented by ultrasound, ecocolor-

oppler and scintigraphy; however, the assessment of renal
isease requires parenchymal biopsy to make a correct diagno-
is, grading also the level of damage. Renal biopsy is an invasive
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rocedure, not free from complications (hemorrhage, infection,
tc.). In a recent study by Franke et al., a not-irrelevant number
f complications (perirenal/retroperitoneal bleeding, hematuria,
rterio-venous fistula) have been found; indeed, the complica-
ion rate was 4.1% [1].

The possibility of investigating renal function is one of the
ost recent goals of functional MRI; namely, this potential-

ty has been gradually increased in importance due to the fact
hat gadolinium enhanced MRI has a non-negligible degree of
ephrotoxicity [2,3].

In the past decade, several articles have pointed out the role
f functional MRI in the evaluation of kidney diseases [4]. DWI
as been used to characterize focal renal lesions [5], and to inves-
igate renal function, either in normal kidneys [6] or renal graft
lso [7].

All renal functions, such as glomerular filtration, tubular reab-
orption and secretion, are based on water transportation [8].
hus, quantification of Brownian motions measured by DWI
ay provide a functional assessment of renal parenchyma. Dif-

usion and perfusion effects are expressed by a numerical value,
amed ADC, which decreases with restriction of diffusion of
ater molecules. ADC is defined as “an average index of how

reely water can move within a voxel (i.e. averaged across all
issue structures and compartments within the voxel) and hence
he term apparent” [9].

However, molecular motility may not be the same in all direc-
ions, leading to a certain anisotropy. It can be due for example
o an obstacle limiting molecular movements or to the anatomic
rientation of the structures of the tissue. DTI is able to evaluate
iffusion anisotropy measuring diffusion of water molecules for
ach single direction of the gradient pulses. DTI allows us to
btain in vivo information about oriented tissues, such as brain
hite matter, muscles and myocardium [10]. Its role has been

mphasized in brain study, particularly in patients with brain
umors to evaluate displacement or interruption of white matter
athways, and in demyelinating disease to detect subtle changes
n myelin fibers integrity [11]. As in brain white matter, also
n renal medulla there is an intrinsic orientation of the struc-
ures because it is assembled in tubuli and ducti with parallel
oarse. Thus, several studies have pointed out that normal renal
rchitecture suggest a different evaluation of diffusion direction
sing DTI, that could be able to evaluate the degree of medullary
nisotropy [12].

The purpose of our study was to evaluate the usefulness of
WI and DTI in assessing allograft dysfunction correlating
DC and FA values with laboratory data; diagnostic accu-

acy of ADC and FA is calculated, in order to investigate
hich is the most useful parameter for the evaluation of renal

unction.

.  Material  and  methods
.1.  Study  population

Patients were enrolled between September 2014 and January
015. This study was approved by our internal ethics committee

-
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nd a written informed consent was obtained from all patients
efore MRI.

Study population included forty patients with single kidney
ransplant (24 males, 16 females) with a mean age of 50.6 years
range, 17–78). 32 of them received transplant from deceased
onor, 8 from living donor. A serum creatinine value was col-
ected no more than 36 h before or after MRI examination.

Patients received a standard immunosuppressive protocol
ith a calcineurin inhibitor (tacrolimus in 27 and cyclosporine

n 13), mycophenolatemofetil and steroids. None of the patients
xperienced an episode of acute rejection during the study
eriod. MRI examinations were performed at a mean post-
ransplant time of 3.8 years (range, 8 days-22.8 years). No
atients were excluded from this study.

Kidney transplantations, clinical management and follow-up
ere performed by the same surgical team. All transplanted
idneys were placed in the right iliac fossa with vascular anas-
omoses to the common or external iliac vessels. The patients
ere divided into 3 groups, on the basis of CrCl values calculated
sing Cockcroft-Gault formula:

 group A, patients with CrCl ≥  60 mL/min;
 group B, patients with CrCl > 30 but <60 mL/min;
 group C, patients with CrCl ≤  30 mL/min.

.2.  MRI  protocol

All examinations were performed using a 1.5 Tesla scanner
SignaHDxt, General Electric). Images were acquired with an
-channels array coil (8 channel body coil), using the lower
onfiguration; sequences were not respiratory-triggered, so that
o “respiratory” belt was used.

Unenhanced T1 and T2-weighted sequences were performed
efore DTI in order to obtain a morphological evaluation of
ransplanted kidneys. Axial sequences were positioned per-
endicularly to the major axis of the kidney (Fig. 1). No
ntravenous hypotonic agent was administrated. Protocol exam-
nation included:

 Axial T2-weighted Fast Recovery Fast Spin Echo
sequence, obtained with a TR = 3200 ms, TE = 110 ms,
thickness = 5 mm, gap interval = 0.5 mm, Number of
Excitations = 4, matrix = 320 ×  224, Field of View = 36–40;

 Coronal T2-weighted Fast Recovery Fast Spin Echo
sequence, obtained with a TR = 3100 ms, TE = 103 ms,
thickness = 3 mm, gap interval = 0.3 mm, Number of Excita-
tions = 4, matrix = 320 ×  224;

 Diffusion-weighted sequences, obtained by Single Shot
Echo Planar Imaging technique, using a b value of
500. Namely, acquisition parameters were the following:
TR = 3000 ms; TE = 40–79 ms; Number of Excitations = 2;
acceleration factor = 2; EPI factor = 80; thickness = 5 mm;
spacing = 1 mm; Field of View = 34–42; matrix = 128 ×  128,

acquisition time = 1 min 42 s.

 DTI was acquired using a “free-breathing” Single Shot Echo
Planar Imaging technique, with diffusion gradient active for
6 directions. Acquisition parameters were: TR = 7500 ms;
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ig. 1. Axial b = 0 (a), ADC map (b) and FA map (c) images of a 52-year old
ifferentiation between cortical and medullar parenchyma.

TE = 86 ms; Number of Excitations = 4; acceleration fac-
tor = 2; EPI factor = 80; thickness = 6 mm; spacing = 1 mm;
Field of View = 34–42 cm; matrix = 128 ×  128, acquisition
time = 3 min 38 s.

.3.  Image  analysis

Morphological evaluation of the transplanted kidney was
erformed using axial and coronal T2-weighted sequences.
e investigated both vascular and non vascular complications

hat may affect transplanted kidneys, such as focal or diffuse
arenchymal signal alterations, perirenal fluid collections, lym-
hoceles, arterial, venous and collecting system abnormalities.
hese conditions, which can occur both in the early postopera-

ive period and in the long-term, must be recognized because
hey influence the transplanted patients’ outcome. ADC and FA
ere calculated by placing a circular ROI both in the cortical

nd in the medulla for each transplanted kidney in three different
evels: upper, middle and lower third. For positioning of cortical
nd medullar ROIs, anatomical T2-weighted acquisitions and

 = 0 images were used.
The ROIs were always placed avoiding all possible inclu-

ions of vessels and focal lesions. A mean score was obtained
or both cortical and medullar ADC values and for both cor-
ical and medullar FA values. Post-processing was performed
sing the General Electric Functool software package (GE
ealthcare®).

.4.  Statistical  analysis

Statistical analysis was performed using Win-Stat Software
nd a MedCalc program (MedCalc version 11.4.4.0, MedCalc
oftware bvba, Mariakerke, Belgium).

Cortical and medullar ADC and FA mean values were com-
ared among the three different groups using the Mann–Whitney

 test; p  < 0.05 was considered statistically significant. Both cor-

ical and medullar ADC and FA were correlated to Cr Clusing
earson linear regression.

Lastly, optimal ADC and FA threshold values for group
embership were determined by ROC analysis, calculating cor-

esponding sensitivities, specificities and diagnostic accuracies.

r

b
0
F

an with good renal function (CrCl = 104 mL/min). FA map shows good visual

.  Results

.1.  Qualitative  analysis

Morphologic imaging showed absence of renal disease in 23
atients. No vascular complications – such as renal artery steno-
is or partial vein thrombosis – were found. MRI demonstrated

 fluid collections and 6 lymphoceles located in renal graft area,
ehind the iliac vessels or near the inguinal region. A renal mass
as found in 1 patient. In 2 patients renal pelvis dilatation was
emonstrated. 3 cases of pyelonephritis were also found.

.2.  Quantitative  analysis

The patients’ distribution into 3 groups, on the basis of CrCl,
as as follow (Table 1): 10 patients in group A (4 males and 6

emales, with a mean age of 51.2 years); 12 patients in group
 (8 males and 4 females, with a mean age of 48.7 years); 18
atients in group C (12 males and 6 females, with a mean age
f 51.6 years).

Comparing mean values of cortical ADC (Fig. 2), we did not
bserve a significant difference (p  = 0.06) between groups A and
, whereas we found a highly significant difference (p < 0.01)

n the comparison between groups A and C, and a statistically
ignificant difference between groups B and C (p  = 0.02).

Comparing mean values of medullar ADC (Fig. 3) we
bserved a significant difference (p  = 0.02) between groups A
nd B; a highly significant difference (p  < 0.01) was reported
etween groups A and C, and between groups B and C.

Comparing mean values of cortical FA (Fig. 4) we did not
bserve a significant difference comparing groups A and B
p = 0.74), groups A and C (p  = 0.63), and groups B and C
p = 0.98).

Comparing mean values of medullar FA (Fig. 5) between
roups A and B, we observed a significant difference (p  = 0.03).
n the comparison between groups A and C, we observed a highly
ignificant difference (p  < 0.01). For medullar FA, the difference
eported between groups B and C, was also significant (p  = 0.02).
Pearson correlation test showed a strong positive correlation
etween CrCl and medullar FA (Fig. 6a), with a coefficient of
.62 while cortical FA showed no correlation with r  value < 0.1.
or ADC values a positive correlation was found between
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Table 1
Study population: CrCl, cortical ADC, medullar ADC, Cortical FA and medullar FA mean values of each patient.

Group A Group B Group C
CrCl ≥60 mL/min CrCl >30 < 60 mL/min CrCl ≤30 mL/min

PT ClCr ADC cort ADC med FA cort FA med PT ClCr ADC cort ADC med FA cort FA med PT ClCr ADC cort ADC med FA cort FA med

2 67 2.31 2.36 0.265 0.233 3 45 1.75 2.17 0.278 0.230 1 17 2.63 2.30 0.213 0.149
4 94 2.57 2.41 0.288 0.347 6 55 2.36 2.09 0.203 0.154 5 21 2.19 2.40 0.264 0.139
7 71 2.39 2.54 0.315 0.231 10 42 2.14 2.36 0.179 0.202 9 4 2.23 1.82 0.203 0.156
8 104 2.56 2.18 0.187 0.311 11 36 2.63 1.93 0.232 0.263 12 15 1.62 1.75 0.245 0.172

13 72 2.19 2.48 0.217 0.340 17 34 2.13 1.90 0.229 0.204 14 7 1.97 1.83 0.319 0.177
15 116 2.90 2.55 0.193 0.267 20 50 2.10 2.16 0.074 0.261 16 28 1.62 1.79 0.280 0.100
19 92 2.48 2.55 0.204 0.262 22 32 1.99 2.03 0.171 0.142 18 30 2.16 2.36 0.224 0.284
27 99 2.26 2.40 0.267 0.197 25 44 2.04 2.61 0.289 0.190 21 26 1.83 1.95 0.176 0.225
31 74 2.20 2.46 0.183 0.474 29 34 2.13 2.30 0.223 0.222 23 18 1.88 2.08 0.238 0.213
34 93 1.89 1.96 0.188 0.213 33 51 2.54 2.39 0.318 0.260 24 10 2.14 1.66 0.201 0.103

36 57 2.36 2.23 0.246 0.328 26 20 1.86 1.92 0.152 0.156
39 52 1.88 2.04 0.151 0.225 28 9 1.96 1.91 0.166 0.118

30 15 1.87 1.79 0.120 0.111
32 11 1.91 1.71 0.193 0.103
35 30 1.80 1.98 0.294 0.191
37 24 1.75 1.94 0.178 0.197
38 29 1.70 1.84 0.202 0.275
40 19 1.50 1.64 0.305 0.190

Abbreviations: PT = patient; CrCl = creatinine clearance; ADC cort = mean cortical ADC; ADC med = mean medullar ADC; FA cort = mean cortical FA; FA med = mean medullar FA.
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Fig. 2. Box-and-whisker plot for cortical ADC values (a–c): considering cortical ADC measurement, we found a significant statistical difference only comparing
groups B and C (b) and groups A and C (c). No difference was observed for cortical ADC measurements between group A and B (a).
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ig. 3. Box-and-whisker plot for medullar ADC measurements (a–c): compar
p = 0.02). Comparing groups B and C (b), the difference was highly significant, w
etween groups A and C (c).

edullar ADC and CrCl, with r  coefficient of 0.66 (Fig. 6b).
 moderate positive correlation was reported between cortical
DC and CrCl, with r  coefficient of 0.57.

ROC analysis for prediction of normal clearance values or

dvanced renal impairment using ADC and FA mean values,
re shown in Figs. 7 and 8 respectively.

a
w
d

ig. 4. Box-and-whisker plot for cortical FA values (a–c): no difference was observe
 (b) and between groups A and C (c).
ean values between groups A and B (a) we observed a significant difference
p < 0.01. Highly significant difference (p < 0.01) was reported in the comparison

In the prediction of renal low clearance values (patients
f group C), using a threshold cortical ADC value
1.97 × 10−3 mm2/s, the ROC curve showed an AUC of 0.814,
 95% Confidence Interval (CI) for the area = 0.660–0.919,
ith sensitivity of 72.2% and specificity of 86.4%; for pre-
iction of normal renal function (group A), using a threshold

d comparing mean values between groups A and B (a), between groups B and
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Fig. 5. Box-and-whisker plot for medullar FA measurements (a–c): comparing mean values between groups A and B (a), we observed a significant difference
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p = 0.03). In comparing groups B and C (b), the difference was also significan
ignificant difference (p < 0.01).

ortical ADC value >2.16 × 10−3 mm2/s, the ROC curve
howed an AUC of 0.832, 95% CI = 0.680–0.931, with sensi-
ivity of 90% and specificity of 76.7%.

In the prediction of renal low clearance values (group C),
sing a threshold medullar ADC value ≤1.98 ×  10−3 mm2/s,
5% CI = 0.727–0.956, the ROC curve showed an AUC of 0.871,
ith sensitivity of 77.8% and specificity of 86.4%. For the pre-
iction of renal normal clearance values (patients of group A)
sing a threshold medullar ADC value >2.3 ×  10−3 mm2/s, 95%
I = 0.744–0.964, the ROC curve showed an AUC of 0.885, with

ensitivity of 80% and specificity of 83.3%.
In the prediction of renal low clearance values

patients of group C) using a threshold cortical FA value
0.178 ×  10−3 mm2/s, 95% CI = 0.363–0.686, the ROC curve

howed an AUC of 0.527, with sensitivity of 27.8% and
pecificity of 86.4%. For prediction of renal normal clearance
alues (patients of group A) using a threshold cortical FA

alue >0.179 ×  10−3 mm2/s, 95% CI = 0.385–0.707, the ROC
urve showed an AUC of 0.550, with sensitivity of 100% and
pecificity of 30%.

t
i
l
p

ig. 6. Scatter diagrams of Pearson correlation between medullar FA and ClCr (a), an
 = 0.62 and r = 0.66).
 0.02). In the comparison between groups A and C (c), we observed a highly

In the prediction of renal low clearance values (patients
f group C) using a threshold medullar FA value
0.197 ×  10−3 mm2/s, 95% CI = 0.679–0.930, the ROC

urve showed an AUC of 0.831, with sensitivity of 77.8%
nd specificity of 81.8%. For prediction of renal normal
learance values (group A), using a threshold medullar FA
alue >0.23 ×  10−3 mm2/s, the ROC curve showed an AUC
f 0.853, 95% CI = 0.706–0.945, with sensitivity of 80% and
pecificity of 80%.

.  Discussion

Several authors have investigated the role of DTI for eval-
ation of normal and injured kidneys. Gurses et al. and Wang
t al. showed the feasibility of renal diffusion tensor imaging
nd repeatability of FA measurements [13,14]. Other authors

ried to correlate DTI parameters measurements to renal function
n patients with chronic kidney diseases [15–17]. In particu-
ar, all these authors agree that decrease of FA values of renal
arenchyma reflects severity of renal damage. Liu et al. found a

d medullar ADC and CrCl (b), both showing a strong correlation (respectively
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Fig. 7. ROC curves in prediction of group A: the ROC curve (a) shows an AUC of 0.871, with a sensitivity of 77.8% and specificity of 86.4% in the prediction of low
creatinine clearance values (group C) using a threshold medullar ADC value ≤1.98 × 10−3 mm2/s. AUC of 0.814 (b), with a sensitivity of 72.2% and specificity of
86.4% was found using a threshold cortical ADC value ≤1.97 × 10−3 mm2/s. The ROC curve (c) shows an AUC of 0.831, with a sensitivity of 77.8% and specificity
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f 81.8% using a threshold medullar FA value ≤0.197 × 10 mm /s. Finally (
eported using a threshold cortical FA value ≤0.178 × 10−3 mm2/s.

ositive correlation between FA and eGFR (estimated glomeru-
ar filtration rate): r = 0.689 for cortex and r  = 0.696 for medulla
15]. Wang et al. demonstrated that cortical and medullar ADC
nd FA values were significantly lower in patients with chronic
idney disease than those of healthy volunteers: these values
howed negative correlation with serum creatinine and blood
rea nitrogen [16]. Gaudiano et al. investigated the role of FA
alues in a wide spectrum of chronic kidney diseases, showing
hat only medullary FA could be a marker of renal structural
ntegrity alterations [17].

In addition, Lu et al. studied early changes of DT parameters

n diabetic nephropathy finding lower mean medullary FA and
DC values among diabetics with relatively intact renal func-

ion (eGFR ≥  60 ml/min/1.73 m2) compared to healthy controls.

a

s

AUC value of 0.527, with a sensitivity of 27.8% and specificity of 86.4%, was

hese findings suggest that medullary both FA and ADC may
dentify early changes in diabetics [18].

Diffusion MRI has been used also to evaluate renal allograft
unction [19–21]. Palmucci et al. evaluated the role of ADC
easurements in transplanted kidney finding an ADC threshold
2.08 × 10−3 mm2/s to predict a normal clearance, although a

ertain overlap between groups [19].
Hueper et al. studied DTI as non-invasive tool for detection of

llograft dysfunctions finding a significant reduction of medullar
A in transplanted kidneys compared to healthy volunteers. They
lso found a strong correlation between mean FA in the medulla

nd eGFR (r  = 0.72) [20].

In a recent work by Lanzman et al. [21], the relation-
hip between FA, ADC and renal function was analyzed.
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Fig. 8. ROC curves in prediction of group C: the ROC curve (a) shows an AUC of 0.885, with a sensitivity of 80% and specificity of 83.3% in the prediction of
normal creatinine clearance values (group A) using a threshold medullar ADC value >2.3 × 10−3 mm2/s. AUC of 0.832 (b), with a sensitivity of 90% and specificity
of 76.7% was found using a threshold cortical ADC value >2.16 × 10−3 mm2/s. The ROC curve (c) shows an AUC of 0.853, with a sensitivity of 80% and specificity
o −3 2
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f 80% using a threshold medullar FA value >0.23 × 10 mm /s. Finally (d), an
sing a threshold cortical FA value >0.179 × 10−3 mm2/s.

hey divided patients into two groups according to
GFR: group A (eGFR > 30 mL/min/1.73 m2) and group B
eGFR ≤ 30 mL/min/1.73 m2). Cortex and medulla ADC val-
es showed higher values in patients of group A, compared with
atients with impaired function [21]. Mean FA values for cortex
nd medulla were significantly higher in group A (0.39 ±  0.06
nd 0.17 ±  0.4), in comparison with group B (0.27 ±  0.05 and
.14 ±  0.03) [21]. There was significant correlation between
GFR and medullary FA, with a r  value of 0.65 (p  < 0.01) [21].

Several theories have been proposed to explain water diffu-
ion reduction in renal diseases.
In cases of renal dysfunction, filtration rate is low and water
ransport processes decrease [22]. All pathogenetic features
f graft rejection, such as inflammation, edema, necrosis and

a
d
c

 value of 0.550, with a sensitivity of 100% and specificity of 30%, was reported

brosis [23], decrease renal water content, perfusion and inter-
titial spaces reducing molecular extracellular free diffusion and
esulting in a decrease of ADC [7].

Namely, in interstitial fibrosis, collagen deposition narrows
paces between tubuli, and water diffusion becomes reduced.
ecent experience by Togao et al. has already confirmed this

act: these researchers stopped ureteral excretion in rats to evalu-
te ADC behavior in renal fibrosis. They found an ADC decrease
elated to an increased number of cells, including fibroblasts,
oncluding that “ADC has the potential to serve as a sensitive
oninvasive biomarker of renal fibrosis” [24]. Also Zhao et al., in
 recent study, correlated pathological fibrosis score with ADC
ecrease in patients with chronic renal diseases, finding a good
orrelation [25].
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In our study, the Mann–Whitney U  test revealed a highly
ignificant difference (p  < 0.01) between patients with low CrCl
group C) and normal CrCl (group A) considering both medullar
DC and FA and cortical ADC. Regarding contiguous groups,
ifference between patients with intermediate creatinine clear-
nce (group B) and patients of group C was highly significant
p < 0.01) for medullar ADC and significant (p  < 0.05) for corti-
al ADC and medullar FA. No difference between these groups
as found considering cortical FA. Analyzing groups A and B,
e found a significant difference (p  < 0.05) for medullar both
DC and FA, while no difference was found for cortical ADC

nd FA.
We found a good correlation between creatinine clearance

nd medullar ADC (r  = 0.65), and between creatinine clearance
nd medullar FA (r  = 0.62). A moderate correlation was observed
etween creatinine clearance and cortical ADC (r  = 0.56), while
ortical FA did show no correlation. In contrast with previous
tudy of Lanzman et al. [21], cortical FA values were not signifi-
antly different in our Mann–Whitney analysis; a certain degree
f overlap was observed, with medians of 0.211 in group A,
.226 in group B and 0.208 in group C. Probably, different repar-
ition of patients could explain this degree of overlap; however,
t has to be noted that cortical FA did not show correlation also
n the previously mentioned study by Lanzman [21].

In both prediction of group C and group A, medullar ADC
evealed the best accuracy, showing an AUC of 0.871, with sen-
itivity of 77.8% and specificity of 86.4%, but also medullar FA
howed a high accuracy.

Limitations of this study were the small number of patients
nrolled, as well as the absence of histopathologic correlation. In
ddition, a higher magnetic field strength would have provided

 better signal-to-noise ratio, higher values of FA and better
mages quality [26–28].

A certain degree of overlap for ADC and FA values among
he three different classes studied represents a limit.

Another limitation is that we used only six encoding direc-
ions: as demonstrated in a study by Chuck et al., a higher
umber of encoding directions results in better image qual-
ty and improved cortico-medullary discrimination, although it
oes not influence FA values. Although the longer acquisition
ime, “the increase in image quality allows for a more pre-
ise data evaluation when placing ROIs for FA measurements”
29].

.  Conclusion

These results emphasized the role of DWI in evaluation of
ransplanted kidney: medullar ADC resulted the best parameter
or renal assessment, distinguishing between patients with good,
oderate or impaired renal function. A medullar ADC value of

.3 may be used as a threshold for predicting a normal clearance
evel. In our study, also medullar FA values good correlated with
enal functionality, although in a slightly lower degree. However,
 certain degree of overlap between ADC and FA values, among
he three different classes, seems to limit use of functional MR
n daily clinical practice.
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