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Abstract
Objectives To assess retrospectivelywhether diffusion-weighted
magnetic resonance imaging (DW-MRI) allows physicians to
determine the severity of histopathologic findings in biopsies of
renal allograft patients with deteriorating renal function.
Methods Forty consecutive kidney transplant patients
underwent DW-MRI and biopsy. Patients were assigned to
one group with severe and to another group with normal or
mild histopathologic findings. These two groups were com-
pared based on a qualitative DW-MRI assessment (homo-/
heterogeneity) and the combination of qualitative and
quantitativeDW-MRI parameters (ADC, and intravoxel inco-
herent motion, IVIM, parameters: D, f, D*). Sensitivity, spec-
ificity, and accuracy were determined for each parameter.
Results Biopsy findings were severe in 25 patients and normal
or mild in 15 patients. QualitativeDW-MRI led to a sensitivity
of 44.0% and a specificity of 93.3%. Combined qualitative
and quantitative DW-MRI led to an accuracy of 80% for both
the minimal ADC (ADCmin) and the minimal perfusion

fraction (fmin) with a sensitivity of 84.0% and 92.0% and a
specificity of 73.3% and 60.0%, respectively.
Conclusion Combined qualitative and quantitative DW-MRI
might allow physicians to determine the severity of histopath-
ologic findings in biopsies of a high number of kidney trans-
plant patients.
Key points
• Qualitative DW-MRI is highly specific when predicting the
severity of kidney transplant biopsy.

• Allografts appearing heterogeneous on ADC are associated
with severe histopathologic findings.

• Combining qualitative and quantitative DW-MRI parame-
ters improves the classification’s sensitivity and accuracy.

• Kidney transplant biopsies might be spared by combining
qualitative and quantitative DW-MRI.

Keywords Renal transplant . Diffusion-weightedmagnetic
resonance imaging . Echo-planar imaging . Biopsy .Anatomy
& histology

Abbreviations
DW-MRI Diffusion-weighted MRI
Mild histopathologic
changes

Grade I interstitial fibrosis
and tubular atrophy

Severe histopathologic
changes

Grades II-III interstitial
fibrosis and tubular atrophy
rejection, and other changes
not due to rejection such as
glomerulonephritis, IgA
nephropathy, BK virus
nephropathy, acute tubular
necrosis, and cyclosporine
toxicity

ADC Apparent diffusion coefficient
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IVIM Intravoxel incoherent motion
f Perfusion fraction
D* Pseudo-diffusion coefficient
D True diffusion coefficient
s-Crea Serum creatinine
ROIs Regions of interest
ROC Receiver operating

characteristic

Introduction

Kidney allograft recipients are currently treated, managed, and
monitored according to their overall condition, as well as their
blood and urine laboratory tests. Biopsies of kidney allografts
might be performed when one of the following conditions oc-
curs: unexplained increase in serum creatinine (s-Crea); s-Crea
has not returned to baseline after treatment of acute rejection;
delayed graft function; expected graft function is not achieved
within 1–2 months after transplantation; new onset of protein-
uria or unexplained proteinuria. Although kidney transplant
biopsies are a frequently performed and generally safe proce-
dure, complications still occur. In protocol biopsies, the report-
ed risk of major complications, including substantial bleeding,
macroscopic haematuria with ureteric obstruction, and peritoni-
tis, is approximately 1%. The prevalence of graft loss is report-
ed at 0.03% [1–3], and it is currently unclear whether the ben-
efits of protocol and control biopsies outweigh their harm [4].

Kidney transplant biopsies are evaluated according to the
Banff classification [5]. At our institution, a biopsy result
showing normal or mild histopathologic findings had gener-
ally no direct consequence on the patient’s clinical manage-
ment. On the contrary, higher grade (II-III) interstitial fibrosis
and tubular atrophy, rejection and other changes not due to
rejection (glomerulonephritis, IgA nephropathy, BK virus ne-
phropathy, acute tubular necrosis and cyclosporine toxicity)
often had direct implications on the patient’s clinical manage-
ment. Specifically, the detection of interstitial fibrosis in the
transplant may lead, depending on severity and suspected
cause (e.g. calcineurin inhibitor toxicity or chronic humoral
rejection), to an adaptation of the immunosuppressive therapy.

Colour Doppler ultrasound is the most used imaging pro-
cedure in kidney transplant patients, but has several limita-
tions such as interobserver variability, imaging difficulties in
obese patients, and limited resolution in diffuse parenchymal
pathologies [6]. Although magnetic resonance imaging (MRI)
of transplanted kidneys is not yet part of daily clinical routine,
diffusion-weighted MRI (DW-MRI) without contrast medium
administration has shown promising results in the detection of
microstructural and functional changes of renal allografts be-
fore morphological differences become evident [7–10]. This
noninvasive technique is gaining importance especially for
patients who have renal impairment and for whom the

administration of MR contrast agents has become a matter of
concern in recent years: these patients are at higher risk of
developing nephrogenic systemic fibrosis [11].

In transplanted kidneys, DW-MRI is a feasible and repro-
ducible technique which allows to analyse quantitatively the
displacement of water molecules in the underlying tissue by
computing the apparent diffusion coefficient (ADC) [6].
Further, the intravoxel incoherent motion (IVIM) model al-
lows physicians to measure the perfusion fraction ( f ), the
pseudo-diffusion coefficient (D*), and the true diffusion coef-
ficient (D) [12]. Several studies have reported that microstruc-
tural changes occurring in histopathologic alterations correlate
with changes in ADC, f, and D [6–8].

The purpose of this study is to assess retrospectively
whether the severity of histopathologic findings in kidney
allograft biopsies (based on implications on the patient’s clin-
ical management) can be determined by combining qualitative
(kidney homo-/heterogeneity) and quantitative (ADC, f, D*,
and D) DW-MRI parameters.

Materials and methods

Patients, histopathologic findings, and their classification

The local ethics committee waived the approval requirement for
this retrospective study. A prospective study evaluating the ap-
plied protocol has been performed and published previously [7].
All patients sent for MRI of renal transplants due to deteriorating
renal function were examined according to this protocol.
Although the MRI protocol was initially applied prospectively,
image analysis of those patients undergoing renal biopsy has
been performed retrospectively in the present study. The study
included 40 kidney transplant patients (30 men, 10 women;
mean age at biopsy ± standard deviation (SD), 58.5 ± 13.0 years)
with deteriorating renal function. These patients underwent bi-
opsy of their renal allografts within 10 days before or after MR
imaging. Patient characteristics and histopathologic findings are
summarized in Table 1. Patients were divided into two groups:
the Bnormal or mild histopathologic changes^ group included
patients whose histopathologic findings did not have any conse-
quence on the patients’ clinical management (normal or mild);
the Bsevere histopathologic changes^ group included patients
whose histopathologic findings had implications on the patients’
clinical management (grades II-III interstitial fibrosis and tubular
atrophy, rejection, and other changes not due to rejection such as
glomerulonephritis, IgA nephropathy, BK virus nephropathy,
acute tubular necrosis, and cyclosporine toxicity).

MR imaging

MR imaging was performed on a 1.5-T MR unit (Sonata;
Siemens, Erlangen, Germany) using a six-channel body coil.
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For morphological evaluation, transverse T2-weighted (time of
repetition, TR, 1100 ms; echo time, TE, 114 ms) and transverse
and coronal T1-weighted (TR 4.76 ms, TE 74 ms) images were
acquired. For functional evaluation, coronal multisection echo-
planar DW-MRI was performedwith the following parameters:
12-15 sections (section thickness, 5 mm; intersection gap,
1 mm); field of view, 400 × 400 mm; matrix, 128 × 128; TR,
3200 ms; TE, 71 ms; six signals acquired; bandwidth, 1500 Hz
per pixel; and partial Fourier factor 6/8. The following 10 dif-
fusion gradient b-values were used: 0, 10, 20, 40, 60, 150, 300,
500, 700, and 900 s/mm2. The gradients where applied in three
orthogonal directions and subsequently averaged to reduce the
effects of diffusion anisotropy. A parallel imaging technique
(modified sensitivity encoding) with a reduction factor of two
was applied. Respiratory triggering was used to reduce motion
artefacts. Slice positioning was identical to the one used for the
coronal T1-weighted sequence. The minimum acquisition time
for DW-MRI was 9 min 20 s.

Image analysis

Both the morphological T1- and T2-weighted images and the
functional DW-MR images were evaluated in consensus by

two radiologists (H.C.T., 20 and 13 years of experience with
renal MRI and DW-MRI, respectively; P.S., 1 year of experi-
ence with DW-MRI) who were blinded to the histopathologic
results. Conventional MR images were visually analysed to
detect any morphologic abnormalities including reduced/
absent corticomedullary differentiation and focal lesions.

The DW-MR images were analysed qualitatively and then
quantitatively.

The qualitative image analysis evaluated whether the whole
kidney appeared homogeneous or heterogeneous (i.e. whether
focal changes were visible or not) on high b-value images (b =
900 s/mm2) and on the corresponding ADC maps (Fig. 1).

Quantitative parameters were derived from DW-MR im-
ages by means of a custom ImageJ plugin as previously de-
scribed [7, 13] on a pixel-by-pixel basis using all acquired b-
values. A monoexponential fit was used to compute the ADC
values and a biexponential fit (using the Levenberg-
Marquardt algorithm) was used to determine the values of
the IVIM parameters (D, f, and D*). For every patient with a
homogeneous appearing allograft, ellipsoid regions of interest
(ROIs) of four to six pixels each were placed on a coronal slice
of the ADC map of the transplanted kidney. A total of three
ROIs were placed: one in the upper, one in themiddle, and one
in the lower pole of the kidney. Parameters were averaged
across pixels and subsequently across ROIs. The resulting
values are denoted as ADCmean, Dmean, D*mean, and f-
mean. The lowest parameter values across the three ROIs
are denoted as ADCmin, Dmin, D*min, and fmin.

In patients with heterogeneous appearing allografts only
qualitative image analysis has been performed.

Cortex andmedulla were not considered separately for ROI
positioning because they were indistinguishable on the ADC
maps. Care was taken not to include cystic lesions or the renal
pelvis within the ROIs.

Statistical analysis

In homogeneous appearing kidneys two-sample t-tests were
used to analyse whether ADC and IVIM parameter values
differed between Bsevere histopathologic changes^ and
Bnormal or mild histopathologic changes^.

Patients were classified as having allografts with Bsevere^
or Bnormal and mild histopathologic changes^ based on kid-
ney homo-/heterogeneity alone and on kidney homo-/hetero-
geneity combined with ADC and IVIM parameter values
which were used to refine the classification of patients with
homogeneous appearing kidneys (Fig. 2). Receiver operating
characteristic (ROC) curves were used to assess the sensitiv-
ity, specificity, accuracy, and area under the curve (AUC) of
these binary classifiers.

Two different threshold values for ADC and IVIM param-
eter values were determined: the first set of threshold values,
denoted as t-MaxSum, maximizes the sum of sensitivity and

Table 1 Patient demographics

Age at MR imaging (years) † 55 (24 – 70)

Time between transplantation and MR (days) † 679 (1 – 6799)

Time between biopsy and MR (days) † 1 (-7 – 10)

Mean s-Crea at time of biopsy or MR (μmol/L) † 258 (85 – 832)

Mean s-Crea at time of biopsy or MR in different histopathologic
findings subgroup (μmol/L) †:

Normal or mild histopathologic findings: 225 (85 – 504)

Severe histopathologic findings: 271 (138 – 832)

Histologic diagnosis according to the Banff classification

Normal or mild histopathologic findings:

Normal 1

Interstitial fibrosis and tubular atrophy
grade I (exclusively grade I) §

30 (14)

Severe histopathologic findings:

Antibody mediated rejection 2

Borderline rejection 2

T-cell mediated rejection 6

Interstitial fibrosis and tubular atrophy (grade II/III) 8 (8/0)

Other, consisting of: 18

Glomerulonephritis 1

IgA nephropathy 2

BK virus nephropathy 2

Acute tubular necrosis 3

Cyclosporine toxicity 10

† Values are medians with range in parenthesis. § Sixteen patients with
normal and grade I mild interstitial fibrosis and tubular atrophy had ad-
ditional severe histopathology findings. Note: Some patients had more
than one histologic diagnosis; for details see supplemental material.
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specificity of the classifiers; the second set of threshold values,
denoted as t-MaxSens, maximizes the specificity of the clas-
sifiers when their sensitivity is 100%. The latter threshold
values are of interest because of the high cost associated with
not performing a biopsy that would have had implications on
the patient’s clinical management.

Creatinine levels between the Bsevere histopathologic
changes^ group and the Bnormal or mild histopathologic
changes^ group were compared by a two-sample t-test.

For all statistical tests, a P value of less than .05 was as-
sumed to indicate statistical significance.

Statistical analyses were performed with SPSS, version
12.0 (SPSS, Chicago, IL, USA), and Excel 2010 (Microsoft,
Redmond, WA, USA) software.

Results

Of the 40 patients, 15 were in the Bnormal or mild histopath-
ologic changes^ group, where kidney transplant biopsy

revealed normal (1) or merely mild histopathologic changes
(14). Twenty-five patients were in the Bsevere histopathologic
changes^ group, where histopathologic findings revealed
higher grade (II-III) interstitial fibrosis and tubular atrophy
(eight grade II and zero grade III), rejection [antibody medi-
ated rejection (2), borderline rejection (2), T-cell mediated
rejection (6)] and other changes not due to rejection [glomer-
ulonephritis (1), IgA nephropathy (2), BK virus nephropathy
(2), acute tubular necrosis (3), and cyclosporine toxicity (10)].
Kidneys in the Bsevere histopathologic changes^ group were
often associated with several different findings on histopatho-
logic analysis, details are reported in Table 1.

Morphology on T1- and T2-weighted sequences showed no
differences between the Bsevere histopathologic changes^ and
the Bnormal or mild histopathologic changes^ group. Further,
none of the subcategories of the Banff classification system
were associated with specific morphological image patterns.

An internal quality control of the qualitative image analysis
step indicated, as expected, that the signal intensity variance
within ROIs placed in heterogeneous kidneys was

Fig. 1 Upper row: Patient in the
Bnormal or mild histopathologic
changes^ group with mild
histopathologic changes showing
a homogenous ADC and fmap.
Lower row: Patient in the Bsevere
histopathologic changes^ group
with an acute tubular necrosis and
a BK virus nephropathy showing
a heterogeneous ADC and f map.
On morphologic T1w and T2w
images the kidneys of patients in
the two groups can not be
distinguished

Fig. 2 Algorithm for the
classification of imaged allografts
based on a combined qualitative
and quantitative DW-MRI
analysis. In a first step kidneys are
subdivided into homo- or
heterogeneous depending on their
appearance on high b-value
images and on the corresponding
ADC map. Next, homogenous
kidneys are separated
quantitatively based on the ADC-
value or based on IVIM
parameter values (Dmean,
D*mean, fmean and Dmin,
D*min, fmin)
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considerably higher than in ROIs placed in homogeneous kid-
neys (see supplemental material).

In homogeneous kidneys, the two-sample t-tests did not
indicate that ADC or IVIM parameter values differed signifi-
cantly between the Bsevere histopathologic changes^ group
and the Bnormal or mild histopathologic changes^ group;
however, some evidence suggested a difference in fmin (P =
0.04, see Table 2). Assigning kidneys to the Bsevere histopath-
ologic changes^ or the Bnormal or mild histopathologic
changes^ group based solely on their homo-/heterogeneity
resulted in a sensitivity of 44.0% and a specificity of 93.3%,
with an accuracy of 62.5%.

Quantitative image information (ADC and IVIM parame-
ter values measured in homogenous appearing kidneys) in
combination with qualitative information (homo-/heterogene-
ity of kidneys) yielded the highest accuracy (80.0%) when
homogeneous kidneys were classified according to their
ADCmin and fmin values (sensitivity 84.0% and 92.0%; spec-
ificity 73.3% and 60.0%, respectively, using the t-MaxSum
threshold criterion, see Table 3). Boxplots and corresponding
ROC curves for ADCmin and fmin values are shown in Fig. 3.
Maximisation of sensitivity to 100% was reached by increas-
ing threshold values for ADC and IVIM parameters to the
point where no Bsevere histopathologic changes^ patient
would have been missed for biopsy (t-MaxSens threshold cri-
terion). Using the t-MaxSens criterion the highest specificity
and accuracy values were determined for the fmean and fmin
parameters (specificity of 40.0% and accuracy of 77.5% for
both, see Table 4). Therefore, classification based on fmean or
fmin parameter values would have spared unnecessary biop-
sies to six out of 15 patients. These six patients were the same
when using either fmean or fmin and the two negative patients
who were classified correctly by ADCmean and ADCmin
were among these six patients as well.

A two-sample t-test showed no statistically significant dif-
ference in creatinine levels between the Bsevere histopatho-
logic changes^ group and the Bnormal or mild histopathologic
changes^ group (P = 0.30).

Discussion

The present study shows that DW-MRI allows predicting the
severity of biopsies in renal transplant patients with deterio-
rating renal function. Specifically, patients might be selected
for biopsy based on the combined analysis of qualitative (kid-
ney homo-/heterogeneity) and quantitative (ADC, f, D*, and
D measured in the homogenous subgroup) DW-MR image
analysis. This is an improvement over other non-invasive di-
agnostic approaches that have been suggested to monitor graft
dysfunction (e.g. ultrasound imaging [14]), but where the ob-
served characteristic occurs late or is non-specific.

In accordance with a previously published study [10], kid-
ney transplants with a heterogeneous appearance on ADC
maps were associated with severe histopathologic changes.
The high specificity of transplant classification based on het-
erogeneous appearance might be explained by the way in
which pathological conditions affect kidney transplants: from
the histopathologic analysis of native kidneys it is known that
diseases can affect kidneys focally or in their entirety [15]; the
former possibility might, therefore, result in a heterogeneous
image pattern of the kidney transplant on DW-MRI.
Consequently, we suggest that every heterogeneous appearing
kidney transplant on DW-MRI should undergo biopsy.

However, the sensitivity of classification based on hetero-
geneous appearance is insufficient for heterogeneity to be
used as the sole criterion to determine any severe histopatho-
logic changes in kidney transplant biopsies. Nonetheless,

Table 2 Mean difference of
ADC and IVIM parameter values
in homogeneous kidneys

Mean difference 95% Confidence interval P of t-test

(Bnormal or mild histopathologic
changes^ – Bsevere histopathologic
changes^)

Lower Upper

ADCmean [10-5 mm2/s] 11.2 -4.3 26.7 0.15

D*mean [10-4 mm2/s] -30 -73.5 21.1 0.167

Dmean [10-6 mm2/s] 72.4 -58.2 202.9 0.265

fmean [%] 4.3 -0.2 8.8 0.061

ADCmin [10-5 mm2/s] 12.6 -2.5 27.6 0.098

D*min [10-4 mm2/s] -4.8 -31.9 21.7 0.072

Dmin [10-6 mm2/s] 58.6 -69 186.1 0.354

fmin [%] 4.4 0.2 8.6 0.042

Mean difference of ADC and IVIM parameter values between patients in the Bnormal or mild histopathologic
changes^ and the Bsevere histopathologic changes^ group. Patients in the Bsevere histopathologic changes^ group
showed lower ADC and IVIM parameter values except for D*. A two-sample t-test determined a statistically
significant difference only for fmin.
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antibody-mediated rejection, borderline rejection, and BK vi-
rus nephropathy were detected exclusively in heterogeneous
appearing kidneys.

Including quantitativeDW-MRI parameters in our analysis
increased the sensitivity and accuracy for ADC and all IVIM
parameters (highest accuracy for ADCmin and fmin).
Minimal ROI values discriminate Bsevere histopathologic
changes^ and Bnormal or mild histopathologic changes^ pa-
tients better than mean ROI values. An explanation could be
that in Bsevere histopathologic changes^ patients, minor path-
ologic changes result in diffusion and perfusionmeasurements
that are altered locally, but not on average for the whole trans-
plant. In the model with maximisation of sensitivity, the per-
fusion fraction f was the best discriminator between Bsevere
histopathologic changes^ and Bnormal or mild histopathologic
changes^ patients. These findings are in line with a previous
study in a rat model [16], which showed that f is the most
sensitive IVIM parameter for the detection of renal patholo-
gies, explained by adecrease of f in pathologic kidneys due to
both the reduced capillary vasculature and the narrowed renal
tubules. In addition, as has been shown by kidney transplant
angiograms, perfusion can be altered because of organ rejec-
tion [17]. This study also shows that rejection can be a pre-
dominantly focal process, with regions of the kidneys that are
less or even completely unaffected. The described results are
also consistent with our own experience that kidneys with

heterogeneous appearance on DW-MRI are affected by an
underlying pathology. A biopsy of a kidney transplant allows
examining only a small specimen of the transplant kidney,
whereas on DW-MRI the whole organ can be investigated.
Therefore, it might be speculated that kidney transplant biopsy
alone is not the optimal evaluation tool for the surveillance of
kidney transplant patients. DW-MRI might serve to monitor
renal integrity (together with the course of s-Crea) and as a
guide for taking biopsy samples in case of focal change.

We are aware of only one study that assessed the correla-
tion between ADC maps of kidneys with impaired function
and histologic findings [10]. It was shown that ADC is lower
in transplanted kidneys with impaired function compared to
kidneys with stable function. These results cannot be directly
compared with ours as all our patients had unstable renal
function and underwent biopsy. However, lower ADC values
and a characteristic heterogeneous mosaic pattern on ADC
maps were found to be associated with acute tubular necrosis
[10], while in our study the kidney allograft of one of the three
patients with acute tubular necrosis appeared homogeneous
on DW-MRI. Additionally, our study did not indicate that
heterogeneous appearance on DW-MRI was associated with
a specific pathology of the transplant.

The number of kidney transplant biopsies is reduced in a
non-control biopsy setting (as in our study) compared with a
control biopsy setting, which increases the risk of missing

Table 3 ROC analysis for different DW-MRI criteria when predicting severe histopathologic changes in renal allograft biopsy

DW-MRI criteria for severe
histopathologic changes

Sensitivity (%) Specificity (%) Positive predictive
value (%)

Negative
predictive value (%)

Accuracy (%) Corresponding ROC
cutoff and AUC

Cutoff value ROC AUC

A) Heterogeneous 44.0 (11/25) 93.3 (14/15) 91.7 (11/12) 50.0 (14/28) 62.5 (25/40)

B) Homogeneous with a cutoff value for

ADCmean [10-5 mm2/s] 71.4 (10/14) 71.4 (10/14) 71.4 (10/14) 71.4 (10/14) 71.4 (20/28) 188.8 0.668

D*mean [10-4 mm2/s] 64.3 (9/14) 71.4 (10/14) 69.2 (9/13) 66.7 (10/15) 67.9 (19/28) 332.5 0.694

Dmean [10-6 mm2/s] 71.4 (10/14) 57.1 (8/14) 62.5 (10/16) 66.7 (8/12) 64.3 (18/28) 1850 0.597

fmean [%] 64.3 (9/14) 64.3 (9/14) 64.3 (9/14) 64.3 (9/14) 64.3 (18/28) 16.3 0.709

ADCmin [10-5 mm2/s] 71.4 (10/14) 78.6 (11/14) 76.9 (10/13) 73.3 (11/15) 75.0 (21/28) 179.5 0.691

D*min [10-4 mm2/s] 57.1 (8/14) 78.6 (11/14) 72.7 (8/11) 64.7 (11/17) 67.9 (19/28) 266.5 0.602

Dmin [10-6 mm2/s] 64.3 (9/14) 64.3 (9/14) 64.3 (9/14) 64.3 (9/14) 64.3 (18/28) 1735 0.61

fmin [%] 85.7 (12/14) 64.3 (9/14) 70.6 (12/17) 81.8 (9/11) 75.0 (21/28) 14 0.719

Combination of heterogeneous and homogeneous (A&B)

ADCmean [10-5 mm2/s] 84.0 (21/25) 66.7 (10/15) 80.8 (21/26) 71.4 (10/14) 77.5 (31/40) 188.8 0.668

D*mean [10-4 mm2/s] 80.0 (20/25) 66.7 (10/15) 80.0 (20/25) 66.7 (10/15) 75.0 (30/40) 332.5 0.694

Dmean [10-6 mm2/s] 84.0 (21/25) 53.0 (8/15) 75.0 (21/28) 66.7 (8/12) 72.5 (29/40) 1850 0.597

fmean [%] 80.0 (20/25) 60.0 (9/15) 76.9 (20/26) 64.3 (9/14) 72.5 (29/40) 16.3 0.709

ADCmin [10-5 mm2/s] 84.0 (21/25) 73.3 (11/15) 84.0 (21/25) 73.3 (11/15) 80.0 (32/40) 179.5 0.691

D*min [10-4 mm2/s] 76.0 (19/25) 73.3 (11/15) 82.6 (19/23) 64.7 (11/17) 75.0 (30/40) 266.5 0.602

Dmin [10-6 mm2/s] 80.0 (20/25) 60.0 (9/15) 76.9 (20/26) 64.3 (9/14) 72.5 (29/40) 1735 0.61

fmin [%] 92.0 (23/25) 60.0 (9/15) 79.3 (23/29) 81.8 (9/11) 80.0 (32/40) 14 0.719
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subclinical histological changes [18]. It is not known whether
these subclinical changes might affect the patient’s therapy.
The maximisation of the classifier’s sensitivity to 100% indi-
cated that cutoff values for fmean and fmin in homogeneous
kidneys might be increased while maintaining an acceptable
level of accuracy; this could have been used to avoid biopsies
for six patients included in our study, without failing to per-
form any relevant biopsy.

We acknowledge the following limitations of our study.
The classification of patients into Bsevere histopathologic
changes^ or Bnormal or mild histopathologic changes^ accord-
ing to their histopathologic findings is not an established di-
chotomy. Such classif icat ion was chosen because

histopathologic findings of kidney transplantsmight include
a broad range of pathologies; thus, it would be necessary to
examine an inaccessible number of patients to detect DW-
MRI patterns associated with specific pathologies. For this
reason, in our study we focused on assessing for which pa-
tients thehistopathologic findingshadno implicationonclin-
icalmanagement.

The employed reference standard might be biased since the
biopsied specimens might not reflect the pathology of the
entire kidney. There was a maximal time interval between
MRI and biopsy of 10 days. It is not known how potential
changes in therapy might have altered imaging or biopsy re-
sults; however, the median time interval between MRI and
biopsy was 1 day. A further limitation is the retrospective
design of the study and image analysis. The image analysis
was performed in consensus and we did not assess the inter-
reader variability when assigning kidneys to the homogeneous
or heterogeneous group. In addition, we did not analyse the
parameters’ histogram over the whole kidney, which would
have allowed an objective and purely quantitative classifica-
tion of the patients; nevertheless, in clinical routine qualitative
image analysis can be performed more quickly and easily. The
precise indication criteria for each biopsy could not always be
determined and not all kidney transplant biopsy reports were
redacted according to the Banff classification, partly because
of changes to the classification system during the study period
[19]. The current Banff classification system, which is being
used more and more by pathologists, also includes a quantita-
tive assessment of histology findings. In the future, this may
allow a direct correlation between DW-MRI and the severity
of histopathologic findings.

Furthermore, diffusion in the kidney is highly anisotropic
due to the presence of spatially oriented ducts with tubular
flow. Therefore, it might be difficult to disentangle diffusion
phenomena from vascular flow and consequently to obtain
accurate estimates of diffusion and perfusion-related parame-
ters [20]. Other MR techniques such as diffusion tensor imag-
ing, arterial spin labelling, and blood oxygenation level-

Fig. 3 Transplants with homogeneous appearance on ADC maps can be
classified as Bnormal or mild histopathologic changes^ or Bsevere
histopathologic changes^ by a cutoff value for ADCmin of 179.5 × 10-
5 mm2/s (a) or for fmin of 14.0% (b). Corresponding ROC curves for
ADCmin and fmin are depicted in (c) and (d)

Table 4 Results for 100%
sensitivity DW-MRI criteria for biopsy Sensitivity (%) Specificity (%) Accuracy (%) Corresponding

cutoff value

Heterogeneous or homogeneous with a cutoff value for

ADCmean [10-5 mm2/s] 100.0 (25/25) 13.0 (2/15) 68.0 (27/40) 210

D*mean [10-4 mm2/s] 100.0 (25/25) 0.0 (0/15) 63.0 (25/40) 449

Dmean [10-6 mm2/s] 100.0 (25/25) 7.0 (1/15) 65.0 (26/40) 2070

fmean [%] 100.0 (25/25) 40.0 (6/15) 77.5 (31/40) 20

ADCmin [10-5 mm2/s] 100.0 (25/25) 13.0 (2/15) 67.5 (27/40) 203

D*min [10-4 mm2/s] 100.0 (25/25) 0.0 (0/15) 62.5 (25/40) 326

Dmin [10-6 mm2/s] 100.0 (25/25) 0.0 (0/15) 62.5 (25/40) 1950

fmin [%] 100.0 (25/25) 40.0 (6/15) 77.5 (31/40) 16
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dependent imaging might be promising functional imaging
techniques for assessing structural histological changes in kid-
neys [21–27] and might allow assessing which kidney trans-
plant patients need biopsy or even to forgo biopsies altogether.

In conclusion, the present study demonstrates that a com-
bination of qualitative and quantitative DW-MRI allows
predicting severe histopathologic alterations in a substantial
number of kidney transplant patients without contrast medium
administration. Qualitative DW-MRI alone indicates the ne-
cessity of renal biopsy in heterogeneous renal allografts due to
its high specificity. The low sensitivity based on qualitative
image analysis can be further improved by adding quantitative
analysis of homogeneous appearing kidney transplants.

Further prospective studies in a clinical setting are required to
evaluate whether combined qualitative and quantitative DW-
MRI can be used to predict the severity of histopathologic chang-
es and the need for biopsies; however, in our opinion, functional
MRI has the potential to reduce the amount of biopsies and
perhaps one day even to replace the biopsies that are required
today to diagnose patients with kidney allograft impairment.
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