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Abstract

Purpose: To assess reliability of diffusion-weighted
magnetic resonance imaging (DW-MRI) in the manage-
ment of acute pyelonephritis (APN) foci in transplanted
kidneys.
Materials and methods: In the 2012–2014 period, 24
kidney-transplanted patients underwent MR screening
for clinical suspicion of APN. Two readers independently
analyzed all images, establishing presence and location of
APN foci. The 22 patients who were positive at the MR
exam constituted the study population. For each patient
the apparent diffusion coefficient (ADC) was measured
in the APN foci and in three sites of the healthy
parenchyma (case–control comparison). The data were
matched to the laboratory measurements for white blood
cell, C-reactive protein, and serum creatinine.
Results: Forty-six APN foci were found in 22/24 patients.
At the acute stage, the difference in ADC between healthy
parenchyma andAPN foci was significant (2.06 ± 0.16 vs.
1.43 ± 0.32 9 10-3 mm2/s; p < 0.0001). The perfor-
mance of ADC as APN indicator was tested by the
receiving operating characteristics (ROC) curve: the area
under curve AUC = 0.99 witnessed an excellent discrim-
inatory ability, with threshold APN/normal parenchyma
1.9 9 10-3 mm2/s. At the 1-month follow-up 43/46 APN
foci were no longer visible, with ADC values significantly
higher than at the acute stage; all laboratory data were
physiological, with WBC significantly reduced from the
acute phase (5.2 ± 1.6 9 109/L vs. 10.6 ± 4.8 9 109/L;
p < 0.0001). The other 3 patients underwent further
therapy and exams, including a third MR.

Conclusions: DW-MRI with ADC measurement seems to
be a reliable tool in diagnosing and monitoring APN foci
in transplanted kidneys, with clinical impact on patient
management.
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Kidneys are the most frequently transplanted organs
since renal transplantation is the preferred method for
treating patients with end-stage renal disease. Post-
transplantation urinary tract infection (UTI) is a source
of morbidity and graft failure [1]. Renal transplant
recipients develop UTIs more frequently than the general
population; in particular, UTIs are more common during
the first months after transplantation, and can predis-
pose the patient to allograft pyelonephritis [1–4]. Early
and specific detection of such medical problems is thus of
utmost importance to warrant the appropriate treatment
to be started on time or the treatment approach modi-
fied, if necessary [3–5].

Imaging of the kidneys in these patients is challenging
because the administration of contrast medium ought to
be limited to patients with normal renal function. Con-
trast-enhanced computed tomography (CT) is the gold
standard for diagnosis and assessment of severity of
acute pyelonephritis (APN) and its complications [6]; it is
however burdened by the well-known risk of contrast
medium-induced nephropathy [7–9] CEUS has been
shown to perform well in the diagnosis of APN for both
native and transplanted kidneys [10, 11], but its use re-
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resonance imaging (MRI) is indicated for patients with
contraindications to iodinated contrast media such as
transplant recipients. Contrast medium administration
for MRI has, however, been associated with nephrogenic
systemic fibrosis in patients with renal function impair-
ment [12, 13].

MR without contrast media, particularly Diffusion-
weighted magnetic resonance imaging (DW-MRI) and
the apparent diffusion coefficient (ADC) value have al-
ready been shown capable to distinguish healthy kidney
functions from pathologic ones in native kidneys [14–17].
In particular one study on the diffusion and microcir-
culation properties of tissues in native kidneys identified
three ADC value brackets corresponding, respectively, to
healthy parenchyma, acute pyelonephritis (APN) foci,
and abscesses, suggesting that ADC maps could be a
reasonable alternative to contrast-enhanced MR imaging
when contrast media are contraindicated [14].

To assess reliability of DW-MRI as an alternative
approach to routine renal MR imaging protocol in the
management of Acute Pyelonephritis for transplanted
kidneys, we resorted to a retrospective study with the
objective of answering to four questions:

i) Is it possible to confirm the clinical suspicion of acute
pyelonephritis in transplanted kidneys with DW-MRI
without the use of contrast media?

ii) Is it possible to derive for transplanted kidneys ref-
erence ADC values for distinguishing between healthy
parenchyma and APN foci?

iii) Is there a relation between ADC values and the
clinical and laboratory data used to advance suspi-
cion of APN or state its progress toward healing?

iv) How do the ADC reference values for transplanted
kidneys compare to those for native kidneys?

Materials and methods

Study population

The kidney transplant center in our institution is cur-
rently following 342 patients who underwent transplant
in the period from January 2012 to December 2014. In
this 3-year period, 50 of these patients were submitted to
MR in our department under request of the clinicians of

the transplant center. The time interval from transplant
to MR spanned between 12 and 509 days.

Twenty-four patients (48%) were sent with suspicion
of APN on the basis of their clinical scenarios: all of
them had at least one of the three main symptoms
(temperature, pain, recent, or present UTI) and abnor-
mally high values of white blood cell (WBC), C-reactive
protein (CRP), and serum creatinine (CSR).

Twenty-two patients were found positive at MR and
they formed our study population, with no exclusion. As
for the two patients negative at MR, the first one con-
tinued the therapy prescribed by the nephrologists’ pro-
tocol, i.e., 14 days of broad-spectrum therapy per os,
until the temperature disappeared. The second patient,
on the basis of the result of the MR examination, was
considered fit to interrupt the ATB therapy preventively
started and thus avoided unnecessary treatment.

The 26/50 patients sent for reasons other than sus-
pected APN or reduced renal function were used only as
an additional control group for ADC in healthy par-
enchyma.

At the moment of the MR examination, all 50 pa-
tients were informed about the possible use of their data
for study purposes, and signed an informed consent
form. The study is a retrospective trial without any
study-related clinical intervention and conforms to the
Helsinki Declaration of 1975 and subsequent modifica-
tions.

MR protocol

The MR examination was performed at 1.5 T (Achieva,
version 2.6, Philips Medical Systems, Eindhoven, The
Netherlands) with body coil phased array (16-channel
Sense XL Torso). The MR protocol with its detailed
sequences and its technical parameters is shown in
Table 1.

The protocol used for all 50 patients, whether they
were sent for APN suspicion or other reasons, was the
same used in the renal evaluation of native kidneys ex-
cept for the dynamic study with contrast media admin-
istration, which could not be performed because of the
low value of glomerular filtration rate (eGFR) of our
transplanted population: eGFR £ 40 mL/min in 49/50

Table 1. MRI acquisition parameters

Sequences (all in breath-hold
except DWI)

Slice thickness (mm) Gap (mm) Voxel size (mm) TE (ms) TR (ms) Flip angle Acquisition plane

SS TSE T2 4 0 1.62 9 2.02 9 4 100 9.23 Axial
GRE dual phase 4.29 0.71 1.57 9 1.98 9 4.29 2.3 op

4.6 ip
172 80 Axial

TSE T2 3.5 0.35 1.6 9 1.83 9 3.5 180 9.14 90 Coronal
TSE FatSat T2 4 1 1.62 9 2.02 9 4 80 5.83 90 Axial
SE-EPI DWI (respiratory trigger)

0, 300, 600 s/mm2
6 0.88 3 9 3 9 6 60 3 Axial

DWI, diffusion-weighted imaging; op, opposed phase; ip, in phase
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(98%) of transplanted patients and £30 mL/min in 42/50
(84%).

Imaging analysis

MR Extended Work Space 2.6.3.2 2009 software (Philips
Medical Systems) was used for imaging interpretation.

Qualitative analysis was based on visual assessment
of the morphologic T1WI, T2WI, and DWI, as com-
pared with the corresponding ADC map. The APN
focus is revealed by a low-intensity signal on T1-
weighted and a high-intensity signal on T2-weighted
images due to interstitial edema and is identified as an
area with higher signal on DWI than in healthy par-
enchyma, as a consequence of reduced diffusivity of
water molecules. The healthy renal parenchyma was
defined as the parenchyma without signal abnormalities
in all sequences. There were no cases of diffuse renal
involvement.

For quantitative analysis, the ADC maps were gen-
erated. Oval regions of interest (ROIs) were manually
drawn as small as possible near the center of each APN
focus for reducing the possibility of signal contamination
caused by the partial volume effect. A freehand-oval ROI
(with diameter of about 1 cm), including the majority of
healthy cortical parenchyma on an axial plane, was
drawn in the upper, middle, and lower pole to better
reproduce the ADC value of the whole renal cortical
parenchyma and reduce the standard deviation. All le-
sions were included, regardless of their size.

Two observers (C.G. and M.G., with 3-year experi-
ence in MR) independently reviewed all images in a
randomized and blinded way, recorded existence and
location of foci and measured the corresponding ADC
values.

Statistical analysis

Continuous variables, reported as mean ± standard
deviation and range (minimum–maximum value) were
analyzed by non-parametric tests. Correlated distribu-
tions were compared with the Wilcoxon test (k = 2
distributions) or Friedman’s test (k > 2); independent
distributions with the Mann–Whitney test (k = 2).

Binary and categorical variables, reported as counts
and percentages, were arranged in contingency
tables and studied with the Chi-square test (with Yates’
correction for 292) or, when appropriate, with Fisher’s
exact test. Statistical significance was set at two-tails
p < 0.05.

The discriminatory ability of the ADC value as
indicator of APN was assessed by the ROC curve. The
area under the curve (AUC) measures the quality of
discrimination: conventionally 0.6 corresponds to poor
and 1 to excellent. The threshold for APN was set at the
ADC value for which two parameters associated with the

ROC curve—harmonic mean HM of specificity and
sensitivity and Cohen’s coefficient k-reached contem-
porarily their maximum.

The relation between two sets of data was explored
with g2 coefficient and Pearson’s linear correlation
coefficient r with its associated regression coefficient.

Results

ADC: acute stage

MR-DWI was positive for 22 of the 24 patients with
suspected APN (92%): their baseline at dismissal after
transplantation is summarized in Table 2. The 22 pa-
tients with confirmed APN were scheduled to undergo a
second follow-up exam after 1 month, at the end of the
clinical treatment prescribed by nephrologists.

The 22 patients found positive for APN had a total of
46 APN foci, so distributed: 11 patients had one, 4 pa-
tients had two, 2 patients had three, 4 patients had four,
and 1 patient had five. The two readers agreed in rec-
ognizing APN foci in 44/46 (96%) of cases: in the other
cases, the final verdict was reached by consensus with a
senior radiologist (R.F). The ADC values measured by
the two readers were in agreement according to both
Wilcoxon’s test for matched data (p = 0.92) and g2

coefficient (0.97).
The analysis was carried out as a case–control com-

parison within the same patient at the same time, the 46
pairs being constituted by the ADC value in each APN
focus (study) and the ADC value in the healthy par-
enchyma (control). The latter was computed as the
average of ADC measured at the upper, middle, and
lower pole of normal renal cortical parenchyma, since
the Friedman test for matched distribution assessed for
each patient the lack of significant differences among the
three measures (p = 0.84).

The analysis of the 46 pairs of ADC measured in this
first exam evidenced that APN foci and healthy par-
enchyma constitute two significantly different popula-
tions, as shown in the first row of Table 3; Fig. 1, top
panel, evidences how the two ADC distributions are
remarkably well separated with only a tiny overlapping
region. The third column of Table 3 shows that the
healthy parenchyma of the 22 patients with confirmed
APN had ADC value similar to the one measured for the

Table 2. Baseline of patients with APN diagnosis at MR exam

N 22
Age 55 ± 13 (30–74) years
Gender (females) 10/22 (45%)
Cold ischemia 17 ± 4 (12–26) h
Complications 9/22 (41%)
White blood cells (WBC) at dismissal 6.8 ± 3.2 (1.9–13) 9 109/L
Creatinine (CRS) at dismissal 2.3 ± 0.6 (1.6–3.9) mg/dL
Hospital stay 25.4 ± 16.3 (3–61) days
Interval transplantation—MR 4.5 ± 5.9 (0.4–16.8) months

CRS, serum creatinine
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26 patients who underwent the MR examinations for
reasons other than suspected APN.

The ROC computed on the basis of the two ADC
distributions is plotted in the middle panel of Fig. 1 and
is striking for its almost perfectly squared shape:
AUC = 0.999 (95% CI 0.995-1.00), corresponding to an
excellent discriminating performance of the ADC indi-
cator. The bottom panel of Fig. 1 clearly shows that the
harmonic mean of sensitivity and specificity (HM) and
Cohen’s coefficient (k) reach their maximum for
ADC = 1.9 9 10-3 mm2/s, thus unanimously identify-
ing this value as the most appropriate threshold, with
sensitivity, specificity, and diagnostic accuracy >95%.
ADC £ 1.9 9 10-3 mm2/s held for all APN foci and for
3/46 healthy parenchyma sites (values between 1.81 and
1.86 9 10-3 mm2/s): the difference is highly significant
(p < 0.0001), with 94% positive predicting value and
100% negative predictive value.

ADC: 1-month follow-up

The qualitative analysis of the 22 patients follow-up ex-
ams evidenced that 43 out of the 46 APN foci (93%)
detected at the first diagnostic exam were no longer vis-
ible. The ADC values measured at the site of the original
foci were significantly higher than the values measured
during the acute stage (1.94 ± 0.15 9 10-3 vs.
1.43 ± 0.32 9 10-3 mm2/s; p < 0.0001), having com-
pletely merged with the ADC value of the healthy par-
enchyma (p = 0.71). The ADC values of the three foci
still visible at the one-month follow-up are shown in
Table 4. Patient 45 was the one with 5 APN foci at the
diagnostic exam, all but one healed at follow-up.

All measurements, including those at the three lin-
gering foci, showed an increase in ADC ranging from 6%
to 326%.

Figure 2 illustrates a typical case of APN.

Relation ADC-WBC

At the acute stage, all patients had the white cell number
and the value of serum creatinine well above physiolog-
ical ranges, with a significant increase from the values at

Table 3. ADC values (910-3 mm2/s) in transplanted kidney

ADC APN foci Healthy parenchyma p

22 patients with APN 1.43 ± 0.32 (0.39–1.82) 2.06 ± 0.16 (1.70–2.37) <0.0001
26 patients without APN n.a.a 1.99 ± 0.12 (1.63–2.21)
p n.a.a 0.12

a Not applicable

Fig. 1. ROC curve procedure to test the discriminating
ability of ADC between APN foci and healthy parenchyma.
Top panel ADC distributions (0.05 9 10-3 mm2/s sampling
interval). Middle panel ROC curve (AUC = 0.999). Bottom
panel Plot of HM (harmonic mean of sensitivity and speci-
ficity) and k (Cohen’s coefficient) as a function of ADC: their
maximum indicates the ADC threshold. (The ADC values
are 9 10-3 mm2/s).
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dismissal reported in Table 2: WBC = 10.6 ±

4.8 9 109/L (p = 0.004) and CRS = 3.38 ± 1.61 mg/
dL (p = 0.005). Also the C-reactive protein (CRP) had
skyrocketed to values several times higher than the
physiological ones (74.5 ± 68.8 mg/L).

At the 1-month follow-up, the WBC, CRS, and CRP
values of all patients had returnedwithin the physiological
range: in particular WBC showed a significant decrease
from the values characterizing the acute phase (from
10.6 ± 4.8 9 109/L to 5.2 ± 1.6 9 109/L; p < 0.0001).

Figure 3 shows the plot of the ADC values (in case of
multiple foci the average ADC) of the 22 patients against
the WBC values, as measured at acute stage and follow-
up; for clarity the 44 values have been grouped in 11
quadruplets represented in the plot by their mean values
and standard deviations (horizontal error bars for WBC
and vertical bars for ADC). The data show a moderate-
to-good linear inverse correlation: Pearson’s linear
coefficient is r = -0.64 with null probability p(r =
0) = 0.03; the regression coefficient D(ADC)/D(WBC) is
-4.5 9 10-14 mm2L/s.

Discussion

Our study investigated and assessed the ability of ADC
measurements in distinguishing APN foci from healthy
parenchyma in transplanted kidneys. In transplanted

kidneys, as well as in native kidneys, inflammatory foci
appear as areas of impeded diffusion of water molecules
with high signal intensity on DWI sequences and low-
intensity signal on the corresponding ADC map. Our
results showed that the 46 inflammatory foci had statis-
tically lower ADC values (1.43 ± 0.32 9 10-3 mm2/s)
than healthy parenchyma, as measured in the 22 patients
with suspected APN (2.06 ± 0.16 9 10-3 mm2/s) and in
the 26 patients without suspected APN (1.99 ± 0.14 9

Fig. 2. A typical case of APN: the top panel refers to the
diagnostic DW-MRI (DWI: b 0, b 300, and b 600 s/mm2; ADC
map) of an APN focus on the left side of the transplanted
kidney. It appears as an area of high signal on the high-b-
value image corresponding to an area of low signal intensity

on the ADC map (arrows). The bottom panel shows the
1-month follow-up DW-MRI: the APN focus is no longer visi-
ble, neither on high-b-value image nor on the ADC map
(arrowheads).

Table 4. ADC values (910-3 mm2/s) of foci visible at 1-month follow-up MR examination

Patient 7 Patient 41 Patient 45

Acute stage 0.43 9 10-3 mm2/s 0.73 9 10-3 mm2/s 1.33 9 10-3 mm2/s
1-Month follow-up ADC variation 0.47 9 10-3 mm2/s + 9% 1.39 9 10-3 mm2/s + 90% 1.57 9 10-3 mm2/s + 18%
3-Months follow-up ADC variation 1.34 9 10-3 mm2/s + 185% Not requested by Nephrologist 2.16 9 10-3 mm2/s + 38%

Fig. 3. Plot of ADC (910-3 mm2/s) as a function of WBC
(9109/L). The full line represents the linear best fit (regression
coefficient -4.5 9 10-14 mm2L/s).
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10-3 mm2/s). The ADC ability to identify APN foci in
transplanted kidneys, as estimated by the ROC curve,
was excellent (95% CI for AUC 0.995–1), determining
ADC < 1.9 9 10-3 mm2/s as the region typical of APN
foci (PPV = 94% and NPV = 100%)

The role of diagnostic imaging in confirming a clinical
suspicion of APN and its impact on treatment decisions
has been reported by several studies [14–19]. In particular
it was also emphasized that imaging is indispensable for
confirming treatment effectiveness during follow-up [20].
DW-MRI with ADC allows functional evaluation of
renal lesions and was proved to be reliable for diagnosing
APN in native kidneys by several authors [14–17]. On the
contrary, there are still relatively few studies in the lit-
erature on the use of DWI in transplanted kidneys, even
if the initial results on its use for the assessment of early
graft deterioration encountered in nearly 30% of renal
allografts seem encouraging [21–24]. In particular, de-
spite the pressing need of these patients for contrast-free
MR imaging, to our knowledge there are no studies in
which the feasibility and reproducibility of DW-MRI in
detection and follow-up of APN in transplanted kidneys
were analyzed.

The comparison between our transplanted kidneys
data and the native kidneys data reported in the litera-
ture requires some caution, since the ADC values depend
on the technical parameters and diffusion gradient used
in the MRI. So for instance, the values for ADC in
healthy parenchyma in native kidneys reported in the
literature range from 1.60 to 2.65 9 10-3 mm2/s (500–
1.300 s/mm2) [14, 15, 21, 23]. The comparison of our
data on transplanted kidneys with the outcome of a
study on native kidneys [14] carried out with a MR
protocol similar to ours (gradient b values 0, 300 and
600 s/mm2) shows an interesting feature: the ADC for
APN foci is very similar for transplanted and native
kidneys (1.43 ± 0.32 9 10-3 vs. 1.46 ± 0.27 9 10-3

mm2/s; p = 0.91), whereas the ADC for healthy par-
enchyma is significantly lower in transplanted kidneys
than in native ones (2.06 ± 0.16 9 10-3 vs. 2.16 ±

0.24 9 10-3mm2/s: p = 0.03). This difference is compat-
ible with the results of Thoeny et al. [21], who reported that
in transplanted kidneys the ADC values were almost
identical in both medulla and cortex, while in native kid-
neys theADCvalueswere significantly higher in the cortex
than in the medulla. The loss of a cortico-medullary dif-
ferentiation, that the authors attribute both to the dener-
vation of the transplanted kidneys and to the effects of
immunosuppressive therapy, could indeed lead to the
lower ADC values found for the parenchyma of trans-
planted kidneys.

At the 1-month follow-up, 19/22 (86%) patients had no
visible foci. Forty-three out of the 46 originally diagnosed
APN foci had by then become undistinguishable from the
surrounding parenchyma, with a significant increase of

their ADC values compared to the values recorded during
the acute stage (1.94 ± 0.15 9 10-3 vs. 1.43 ± 0.32 9

10-3mm2/s; p < 0.0001). The remaining three patients
had one focus that was still visible onDW-MRI, in spite of
the increase in the measured ADC (see Table 4). The pa-
tient with a 90% increase in ADC was considered on the
right track to healing and was not scheduled for a third
MR examination. The two other patients, characterized at
the acute stage byADCvalueswell below 1 9 10-3 mm2/s
and a smaller increase (<20%) at follow-up, underwent a
third MR examination 2 months later, which witnessed
their definite trend toward a positive evolution.

It is indeed interesting to note that our study shows
that the so-called ‘‘clinical recovery’’, defined as the
normalization of inflammatory laboratory data, does not
necessarily correspond to the complete restitutio ad
integrum as far as MR is concerned. At the 1-month
follow-up, all 22 patients had normal laboratory data
with a statistically significant decrease of WBC com-
pared to the acute stage (5.2 ± 1.6 9 109/L vs.
10.6 ± 4.8 9 109/L; p < 0.0001); for three of them
(14%), however, MR still witnessed the lingering of APN
foci. It is not clear why some foci may persist despite
laboratory resolution: a viable hypothesis is the lingering
of edema and fibrosis that reduces the interstitial spaces
hampering molecular diffusion.

It is also intriguing that the percentage amount of
decrease in WBC from the acute stage to recovery
approximately mirrors the corresponding increase in
ADC values observed over the same period (-52% vs.
+44%). The great variability in the WBC values does
not, however, allow determining a sound correlation
between ADC and WBC values.

This study has some limitations. First, it is a retro-
spective review of a limited number of examinations,
even if taken from a basin of 340 possible interested
individuals with transplanted kidneys; luckily for them,
only a small percentage (6%) was stricken by APN.
Furthermore, even if the sample is small, the topic has
not yet been faced and debated in the literature. Second,
the lack of the contrast media and the dynamic study did
not allow us to investigate the possible presence of
complicated APN foci.

In conclusion, we showed that DW-MRI represents
the much needed reference approach for studying APN
in patients with transplanted kidneys. In particular, the
ADC value is a reliable marker, useful not only during
the acute stage to evidence the existence of APN foci
against healthy parenchyma, but also during the first few
months of follow-up to monitor the path to healing in-
duced by the appropriate medical therapy. DW-MRI, in
combination with clinical findings, seems thus to be a
feasible, safe, and rapid method to demonstrate and to
monitor APN, especially when the administration of
contrast media is contraindicated.
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