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MRI of the kidney—state of the art

Abstract Ultrasound and computed
tomography (CT) are modalities of
first choice in renal imaging. Until
now, magnetic resonance imaging
(MRI) has mainly been used as a
problem-solving technique. MRI has
the advantage of superior soft-tissue
contrast, which provides a powerful
tool in the detection and characteriza-
tion of renal lesions. The MRI features
of common and less common renal

lesions and preoperative assessment.
MR urography technique and appli-
cations are discussed as well as the
role of MRI in the evaluation of
potential kidney donors. Furthermore
the advances in functional MRI of the
kidney are highlighted.
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Introduction

The role of computed tomography (CT) and magnetic
resonance imaging (MRI) in the evaluation of renal
abnormalities is ever increasing. Although multidetector
helical CT has taken the largest leap, MRI can be used in
case of compromised renal function, severe contrast
allergy, or in case radiation exposure is a problem, such
as in children and pregnant women. Furthermore, MRI can
be used as a problem-solving modality when the CT
findings are nondiagnostic. Attempts are being made to use
MRI for imaging of renal function, including perfusion [1,
2], glomerular filtration rate [1, 3, 4] and intrarenal oxygen
measurement [1, 5].

MRI technique

In MRI of the kidneys, fast imaging techniques are
essential because of respiratory motion of the kidneys
[6]. When possible the scan should be performed within
one breath-hold. The patient should get clear instructions
on breath-hold technique. If the patient has difficulty with

lesions are discussed as well as the
evaluation of the spread of malignant

breath-holding, a short period of hyperventilation before
breath-holding may be helpful. The scan should be
performed during expiration because the kidney position
is more constant in expiration than in inspiration. If the
sequence is too long to perform in one breath-hold,
respiratory triggering can be used [6]. Another technique of
respiratory motion control is respiratory gating by use of a
navigator pulse. In this technique the movement of the
diaphragm is monitored by a very fast 1D MRI sequence. If
breath-holding is not possible, signal averaging can be
used, but the quality of the images will be limited. The use
of a phased array body coil is preferable because of the
improved signal-to-noise ratio. To prevent aliasing in
coronal imaging, the patient’s arms should be raised above
the head, or the arms may be supported by cushions,
anterior to the coronal plane through the kidneys.

The imaging protocol for evaluation of the kidney at our
institution on a 1.5-Tesla (T) MRI system consists of the
following sequences:

1. Coronal T2-weighted half Fourier single-shot turbo
spin echo sequence (HASTE) (TR infinite, TE 120 ms,
flip angle 90°, breath-hold), serving as a localizer, but
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also supplying valuable T2-weighted information. The
limitation of this sequence is a relatively low signal-to-
noise ratio.

2. Axial T2-weighted turbo spin echo sequence with fat
suppression (TR 2,000 ms, TE 100 ms, flip angle 90°,
respiratory triggering). This sequence provides for more
detailed T2-weighted information. The T2-weighted
sequence is especially helpful in characterizing cysts and
intraparenchymal abscesses and in evaluating hydrone-
phrosis. Furthermore, the T2-weighted sequence is
helpful in detecting solid lesions.

3. Axial T1-weighted gradient echo sequence, in-phase
and opposed-phase (TR 180 ms, TE 2.3 ms/4.6 ms, flip
angle 90°, breath-hold), preferably as a dual-echo
sequence. Many solid renal lesions are hypointense
compared to the renal parenchyma on T1-weighted
images, but lesions with hemorrhage, lesions with
macroscopic fat, melanin-containing lesions and cysts
with high protein content may show hyperintense
signal [6]. Opposed-phase T1-weighted gradient echo
sequences can be used to prove the presence of small
amounts of fat.

4. Axial T1-weighted gradient echo sequence for dynamic
imaging (TR 130 ms, TE 1.0 ms, flip angle 90°), using
30 ml intravenous gadolinium contrast, immediately
followed by three breath-hold periods with four scan
series per breath-hold. In this way pre-contrast and post-
contrast images in arterial and nephrographic phase are
obtained. Gadolinium-enhanced images are used for
lesion detection and characterization.

5. Coronal 3D fast gradient echo with fat suppression,
obtained immediately after the dynamic series for
delayed contrast-enhanced images (TR 3 ms, TE 2 ms,
flip angle 15°). This sequence can be used for renal
venous anatomy, for the analysis of (tumor) thrombus
and for evaluation of extent of the tumor in the
perinephric fat.

Currently 1- to 1.5-T systems are generally used for
abdominal imaging, but the advent of 3-T MRI systems
brings a twofold increase in the signal-to-noise ratio (SNR).
The increase in SNR can be spent on higher resolution or on
even faster imaging. When combined with parallel imaging
techniques such as sensitivity encoding (SENSE), the speed
of any sequence can be increased by up to a factor of four or
higher. However, although 3-T MRI is promising, only a
limited amount of research has been published on 3-T MR
imaging for renal lesions, and its value has still to be
established [7, 8].

Renal lesions

The main goal in the evaluation of renal lesions is to
differentiate surgical lesions from nonsurgical lesions.
Most simple cysts are easily recognized and don’t need

further analysis. Complicated or multiloculated cysts need
more attention in order to differentiate them from cystic
carcinomas. In most solid renal lesions, neither CT nor
MRI is able to reliably distinguish benign from malignant.
Some solid lesions, however, may be identified as benign
with high confidence, like angiomyolipomas. In general, if
a lesion cannot be characterized as benign or malignant, it
should be considered malignant [9].

Malignant renal lesions
Renal cell carcinomas

Renal cell carcinomas account for 3% of all malignancies
in adults. Almost 50% are detected incidentally. As many
as 85% of suspicious renal lesions are malignant [10].
Features indicating potential malignancy of a renal lesion
are size of the lesion, the presence of calcifications, the
distribution of the calcifications within the lesion, wall
thickness and the presence of septa in case of a cystic lesion
(Fig. 1), inhomogeneity of the lesion, extension of the
tumor beyond Gerota’s fascia, and last but not least,
enhancement after contrast administration. Concerning
calcifications in cystic lesions, recent research suggests
that the importance of these calcifications as a determinant
of malignancy is relatively low [11].

Duchene found in 186 renal tumors that all tumors greater
than 7 cm (n=48) were malignant. About 80% of tumors
smaller than 3 cm were malignant [10]. The differential
diagnosis of solid renal lesions smaller than 7 cm consists of
oncocytoma, angiomyolipoma, hemangioma, leiomyoma,
and focal xanthogranulomatous pyelonephritis. Of these
lesions, only cysts and angiomyolipomas can often be
positively identified as benign lesions.

Generally, MRI is performed only after a renal lesion has
been detected by ultrasound or CT. CT may be followed by
MRI if the enhancement at CT imaging is indeterminate (10—
20 Hounsfield Units) [12] or in case of suspected pseudo-
enhancement. At CT examination, simple cysts may show
pseudo-enhancement after intravenous contrast administra-
tion, which is an increase in attenuation of more than 10
Hounsfield Units, not caused by administered contrast or by
partial volume effect but by technical factors [13].

Assessment of enhancement

The main MRI feature indicating potential malignancy of a
renal tumor is enhancement after intravenous gadolinium
administration, differentiating the lesion from a cyst. How-
ever, enhancement at MRI cannot be measured as easily as
enhancement at CT. The MR signal is not calibrated, in
contrast to density at CT imaging. The MRI signal depends
not only on tissue characteristics, but also on the size of the
patient, the gain setting of the MR system, the pulse sequence
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Fig. 1 Gradient echo images with intravenous gadolinium at
baseline (a), 8 months later (b) and 15 months later (¢). The
complicated cortical cyst (arrow) in the left kidney on image (a) in a
patient with Von Hippel Lindau disease progresses into a frank renal
cell carcinoma with multiple enhancing internal septations (c).
Several simple cysts are visible. Images courtesy of Roy S.
Dwarkasing

and the coils. The presence of enhancement can be assessed
subjectively, by subtraction imaging, and by quantitative
assessment. Subjective assessment of enhancement has been
shown to be accurate in detecting renal cell carcinomas [14].
However, in a cystic lesion with only a small solid
component, subjective assessment may be difficult and
subtraction images may be used to better assess the presence
of enhancement. It is important to realize that renal cell
carcinomas may be hypovascular and therefore may show
less enhancement than the surrounding renal parenchyma
[15]. Also in these hypovascular lesions and in lesions that
are hyperintense on TI1-weighted imaging, subjective
assessment may be difficult, and subtraction images may
be of particular use [16].

Some investigators have studied quantitative assessment
of enhancement by calculating the relative enhancement
defined as the signal intensity increase after contrast
administration compared to the signal intensity before
contrast administration. Ho used relative signal intensity
enhancement to differentiate cysts from malignant lesions.
Using a threshold of 15% relative signal intensity en-
hancement after administration of intravenous gadolinium,
Ho found in 74 patients with renal lesions a sensitivity of
100% and a specificity of 94% in the detection of renal cell
carcinomas [17]. The relative enhancement peak was
maximum between 2 and 4 min after injection of gadolin-
ium contrast. It is worthwhile to note that cysts also showed
a mean enhancement change of up to 5%. This pseudo-
enhancement may be attributed to motion artifacts and
volume averaging [14].

Subtypes of renal cell carcinoma

Several histological subtypes of renal cell carcinoma are
recognized. The most frequent subtype is the conventional
or clear cell carcinoma, which comprises 88% of all renal
cell carcinomas, followed by papillary carcinoma (10%)
and chromophobe carcinoma (2%). Collecting-duct carci-
noma is very rare. The first three subtypes do not differ
significantly in prognosis and show a 5-year survival rate
of 73-88% [18]. Several attempts have been made to
distinguish the subtypes of renal cell carcinoma by imaging
features using CT characteristics [19, 20]. There are only a
few studies using MRI to differentiate the subtypes of renal
cell carcinoma. Outwater et al. described that clear cell
carcinomas may show loss of signal intensity on opposed-
phase images compared to in-phase images, due to
intracellular lipid [21]. This effect is caused by the
presence of fat and water protons in the same voxel,
resulting in cancellation of the signal on the opposed-
phased sequence. The intracellular lipid contributes to the
histological appearance of the clear cell. Because oncocy-
toma and transitional cell carcinoma do not contain diffuse
lipid, the loss of signal on opposed-phase images may
allow differentiation between clear cell carcinoma on the
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one hand and oncocytoma and transitional cell carcinoma
on the other hand. However, this distinction is of little
clinical use. If the tumor does not show signal loss, it can
still be a clear cell carcinoma [21].

Fat-containing renal cell carcinomas

Although rare, it has been claimed that renal cell carcinomas
may contain macroscopic fat. Since intralesional fat has
long been considered diagnostic for angiomyolipoma, these
rare fat-containing renal cell carcinomas may easily be
confused with angiomyolipoma. A few cases of fat-
containing renal lesions, suggestive of angiomyolipoma,
that appeared to be renal cell carcinoma have been reported
[22-27]. With a few exceptions [25, 27], most of the
reported cases also contained intratumoral calcifications
[22-26], which is very rare in angiomyolipoma. Therefore,
the presence of calcification in a lesion with macroscopic fat
should be a warning that the lesion may very well be a
carcinoma [28]. Because the accuracy of MRI in detecting
calcifications is relatively low, it is important always to
assess earlier ultrasound or CT examinations of the patient,
which will likely have been made in most cases.

Less than 5% of renal cell carcinomas are cystic [9]
(Fig. 2). On CT imaging, cystic renal lesions are classified
using the Bosniak classification system [29]. This system
was developed for CT, but recently its use has been
evaluated in MRI by Israel et al. [12]. The CT and MRI
findings in this study were similar in 81% of 69 renal
masses. In the remaining 19% of cases, MRI showed more
septa, increased wall thickness or increased enhancement
compared to CT. This resulted in an upgrade of the Bosniak
classification in seven cases (10%), of which two cases
were upgraded to category 3 and two cases to category 4.
The latter two cases appeared to be malignant at surgery.
One of the cases upgraded to category 3 appeared to be
benign, and the second one showed progression (patient
refused surgery). The authors state that the Bosniak grading
system is appropriate for use in MRI, but acknowledge that
further research is necessary [12].

Staging

There are two staging systems for renal cell carcinoma,
both based on the degree of tumor spread beyond the
kidney. The Robson staging system [30] (Table 1) is still in
use, but it is being replaced by the TNM staging system,
developed by the American Joint Committee on Cancer
(AJCC) [31] (Table 2). The TNM staging system is similar
to the Robson system, but provides a more detailed
description. Staging is usually performed using CT.
Hallscheidt compared the performance of CT and MRI in
the TNM system and found a similar accuracy in the
staging of renal cell carcinoma [32].

Fig. 2 T2-weighted turbo spin echo sequence (a) showing a cystic
multiloculated lesion in the left kidney (arrow) with high signal
intensity content. The pre- and post-gadolinium images (b and c)
show enhancement of the septations. Pathologic examination
showed a cystic renal cell carcinoma
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Table 1 Robson staging system

for renal cell carcinoma [30] Stage Tumor extent

1 Tumor confined to the kidney

11 Tumor extension through the capsule of the kidney in the perirenal fat including
the adrenal gland, no involvement of Gerota’s fascia

la Tumor extension into the renal vein or inferior vena cava

1IIb Involvement of regional lymph node(s)

1llc Involvement of regional lymph node(s) and extension into the renal vein or inferior
vena cava

IVa Tumor extension beyond Gerota’s fascia into adjacent organs

IVb Distant metastasis

Determination of the extent of the tumor into the renal
vein and the inferior vena cava (IVC) (TNM stage T3b and
T3c) is important for the surgical approach. Involvement of
the IVC is reported to occur in 4-10% of renal cell
carcinoma patients [33]. If the tumor extends into the large
veins, the upper level of the tumor thrombus dictates the
surgical approach. If the extension is limited to the renal
vein, it is necessary to know the distance to the IVC, in
order not to dissect the renal vein through the intraluminal
tumor. Extension into the IVC requires cavotomy with
clamping of the IVC and the contralateral renal vein
(Fig. 3). If a tumor thrombus extends above the hepatic
veins, the liver should be mobilized to control the IVC

above the hepatic veins. Extension into the right atrium
generally requires cardiopulmonary bypass during surgery
with hypothermic cardiac arrest [33].

For differentiation between bland thrombus and tumor
thrombus, the use of gadolinium contrast is indicated, since
the enhancement of the thrombus indicates a tumor,
whereas the lack of enhancement indicates a clot [34].
Before the introduction of multidetector CT scanners, MRI
was considered to be superior to CT in the assessment of
intravenous tumor extension, especially at the level of the
intrahepatic IVC. However, multislice helical CT scanners
are nowadays able to generate multiplanar reconstructions
in any direction at high resolution. Recent studies

Table 2 AJCC TNM staging

> Stage  Description
system for renal cell carcinoma
(2002, sixth edition) [31]
X No information on primary tumor available

TO No evidence of primary tumor

Tla Tumor size 4 ¢cm or less, limited to the kidney

T1b Tumor size more than 4 cm but no more than 7 cm, limited to the kidney

T2 Tumor size more than 7 c¢cm, limited to the kidney

T3a Tumor extension into the perinephric fat and/or renal sinus fat or the adrenal gland,
but not beyond Gerota’s fascia

T3b Tumor grossly extends into the renal vein or its segmental (muscle-containing) branches,
or inferior vena cava below the diaphragm

T3c Tumor grossly extends into the inferior vena cava above the diaphragm or invasion
of the IVC wall

T4 Tumor extension beyond Gerota’s fascia

Nx No information on regional lymph nodes available

NO No regional lymph node metastasis

N1 Metastasis in a single regional lymph node

N2 Metastasis in more than one regional lymph node

Mx No information on distant metastases available

MO No distant metastases

M1 Distant metastases




2785

Fig. 3 Tl-weighted gradient echo sequence after intravenous
contrast of a large renal cell carcinoma in the upper pole of the
left kidney with tumor thrombus extending into the IVC up to the
level of the liver

comparing multidetector CT (MDCT) and MRI showed no
difference in accuracy of MDCT and MRI in assessing the
extension of thrombus in the IVC [35, 36].

Invasion of the IVC wall (TNM stage T3c) is important to
detect because in that case the surgeon has to partially resect
and reconstruct the IVC. The accuracy of MRI in IVC wall
invasion has not yet been well documented. One study
reported a sensitivity of 100% and a specificity of 89% in the
detection of IVC wall involvement, however, this study
consisted of only 12 patients and no inclusion criteria were
reported [33]. In this study it was noted that altered signal in
the vessel wall and wall enhancement were nonspecific. The
most reliable sign of IVC wall invasion was tumor signal
both inside and outside the vessel wall [33].

The detection of lymph node metastasis by CT mainly
relies on the size of the lymph nodes. In recent years,
several studies have been published on the use of ultra-
small superparamagnetic iron oxide particles (USPIO) as a
negative contrast agent for the detection of small lymph
node metastasis. The USPIO particles consist of an iron-
oxide core covered with a low-molecular-weight dextran
coating. After intravenous injection, the USPIO particles
accumulate in healthy lymph nodes. The USPIOs are
ingested by macrophages through phagocytosis and cause a
decrease in signal intensity on T2- and T2*-weighted
images. Gradient echo sequences are the most sensitive for
these susceptibility effects. Lymph node metastases dis-
place the macrophages in the lymph node and therefore do
not show the loss in signal intensity seen in normal lymph
nodes. To our knowledge no studies have been published

on the use of USPIOs in renal cell carcinoma. However, a
recent meta-analysis by Will et al. [37] describes the pooled
results of several studies on USPIOs for several types of
metastasis. In these studies, MRI with and without
ferumoxtran, a first-generation USPIO, was compared
with histology. MRI with ferumoxtran significantly
improved the diagnostic precision compared to MRI
without ferumoxtran. It was shown to be both sensitive
and specific, especially in the detection of abdominal and
pelvic metastasis.

MRI in nephron-sparing surgery

In recent years, interest in nephron-sparing surgery has
been growing. At first, partial nephrectomy was mainly
performed in case of a solitary kidney or diminished renal
function, in order to preserve as much function as possible.
Due to improving techniques and to increasing application
of modern imaging modalities, the number of small,
incidentally detected renal tumors is increasing [38]. This
development has encouraged surgeons to use nephron-
sparing surgery also for patients with normal renal
function. The long-term follow-up data suggest that
survival after partial nephrectomy of small renal cell
carcinomas is comparable to total nephrectomy [39]. The
ideal tumor for partial nephrectomy is smaller than 3 cm, is
confined to the parenchyma of the kidney and has a
peripheral location [40]. The presence of a pseudocapsule
around a renal tumor is a sign of lack of perinephric fat
invasion and therefore a favorable sign for partial nephrec-
tomy [38, 41]. A pseudocapsule consists of compressed
renal tissue and fibrous tissue. The sensitivity of CT in
depicting a pseudocapsule is low (10-26%), whereas MRI
shows a moderate to high sensitivity in depicting the
pseudocapsule (54-93%) [41, 42]. On MRI, a pseudocap-
sule presents as a hypointense rim around the tumor on
both T1-weighted and T2-weighted images, but can be best
seen on the T2-weighted images and sometimes on
gadolinium-enhanced GRE images [40].

Transitional cell carcinoma

Transitional cell carcinoma of the kidney is usually
evaluated by intravenous urography, CT and endoscopy.
However, MRI may play a role if CT and endoscopy are not
feasible. CT may not be possible in case of poor renal
function, and in case of ureteral obstruction, contrast
excretion may be too limited to allow tumor detection. The
ureter may not be accessible for endoscopy because of
fibrosis and stricture of the ureter and ureter ostium. This may
especially be the case in patients who have been treated for
bladder cancer. These patients are at particularly increased
risk for upper urinary tract transitional cell carcinoma [43].
Transitional cell carcinoma of the pyelum or ureter will
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Fig. 4 T1-weighted gradient
echo images before (a) and after
(b) gadolinium administration.
A mass in the renal pelvis
(arrow) shows moderate en-
hancement after gadolinium
administration. A transitional
cell carcinoma was suspected,
which was confirmed after
nephrectomy

generally show as an irregular mass projecting in the lumen.
In the collecting system, transitional cell carcinoma is usually
confined to the lumen (Fig. 4), but infiltrative growth into the
renal parenchyma occurs and typically does not distort the
renal contour. Chahal et al. applied MR urography (MRU) in
23 patients with high clinical suspicion of upper tract
transitional carcinoma and hydronephrosis that could not be
explained with other imaging modalities. MRU showed five
renal pelvic transitional cell carcinomas and eight ureteral
transitional cell carcinomas, confirmed by histology. In the
remaining patients, no sign of transitional cell carcinoma was
observed during 1-year follow-up [43]. Although these

Fig. 5 Post-contrast fat-sup-
pressed T1-weighted gradient
echo images, arterial phase (a)
and nephrographic phase (b) of
a central oncocytoma (arrow).
The tumor shows a hypointense
central scar in the arterial phase.
In the nephrographic phase,

the central scar is slightly
hyperintense

results are promising, the number of publications on MRI for
transitional cell carcinoma is limited and more research is
required to determine the value of MRI for the detection of
transitional cell carcinoma.

Benign renal lesions
Oncocytoma

Oncocytomas are benign, most often asymptomatic renal
tumors. They represent 2—12% of renal masses. On MRI,
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oncocytomas show variable low signal intensity on TI-
weighted images (Fig. 5) and heterogeneous high signal
intensity on T2-weighted images. In 33—54% a central scar
with low signal intensity on both T1- and T2-weighted
images is visible. After contrast enhancement a spoke-
wheel-like pattern may be observed [44]. Both a central
scar and spoke-wheel pattern, however, may also be seen in
renal cell carcinomas [38, 45] and are therefore not specific
for oncocytomas. Oncocytomas may show a pseudocap-
sule, consisting of compressed renal parenchyma and
fibrous tissue. One should be aware that a pseudocapsule is
not specific for oncocytoma, since renal cell carcinomas
can also be surrounded by a pseudocapsule. Because the
characteristics of oncocytomas show considerable overlap
with the characteristics of renal cell carcinomas, the
therapy for a suspected oncocytoma is usually surgical

[38].

Fig. 6 T1-weighted gradient
echo image (a), post-contrast
fat-suppressed T1-weighted
gradient echo image (b), and
T2-weighted HASTE (half
Fourier single-shot turbo spin
echo) image of the left kidney
(¢). The hyperintense parts of
the tumor in the lower pole
(black arrow) on the T1-
weighted image show a drop in
signal intensity on the post-
contrast fat-suppressed T1-
weighted image, proving the
presence of fat, while the hy-
pointense parts of the tumor
enhance after gadolinium. The
fatty portions are hyperintense
on the T2-weighted sequence,
but not as high as the cyst (white
arrow) in the midportion of the
kidney. The MRI characteristics
of the tumor in the lower

pole are consistent with
angiomyolipoma

Angiomyolipoma

Angiomyolipomas are benign hamartomatous tumors,
consisting of fat, smooth muscle and blood vessels.
Angiomyolipomas are the only solid renal tumors that
can be positively characterized using MRI [46]. Angio-
myolipomas are identified by demonstrating macroscopic
fat in the lesion (Fig. 6). The ability to differentiate
angiomyolipomas is especially urgent in patients with
tuberous sclerosis, since angiomyolipomas develop in
about 80% of these patients, and at the same time these
patients are at an increased risk of developing renal cell
carcinomas. Macroscopic fat in a renal lesion can be
detected by CT using density measurement and by MRI
using fat-suppression techniques. On the opposed-phase
gradient echo images, macroscopic fat is demonstrated by a
hypointense rim surrounding the fat (India ink artifact)
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[46]. It must be noted that the India ink artifact also occurs
at the interface between tumors that don’t contain fat and
the surrounding perinephric fat, if the tumor extends into
the perinephric fat.

If the amount of intralesional fat is small, the differen-
tiation between angiomyolipoma and renal cell carcinoma
may be difficult (Fig. 7). Kim et al. showed for CT that
homogeneous enhancement and a prolonged enhancement
pattern were significantly more prevalent in angiomyoli-
poma with minimal fat than in renal cell carcinoma [47].
Using both CT findings as a criterion for the differentiation
of angiomyolipoma with minimal fat from renal cell
carcinoma, they found a positive predictive value of 91%
and a negative predictive value of 87%. It is likely that this
is also the case in contrast-enhanced MRI, however this has
not yet been proved.

It has been shown that clear cell carcinomas may show
signal loss on opposed-phase images compared to in-phase
images, due to intracellular lipid [21]. This loss of signal
intensity should be distinguished from the signal loss at the
interface of macroscopic fat and surrounding tissue in
angomyolipomas on opposed-phase images, especially if the
amount of macroscopic fat is small. If in doubt, the in-phase
gradient echo images are often helpful because the fatty
portion of angiomyolipomas will be hyperintense, whereas
renal clear cell carcinomas are generally hypo- or isointense
[6, 46]. Unfortunately, clear cell carcinomas are incidentally
hyperintense on T1-weighted images [48]. In these cases
spectral fat-suppression images should be used to prove the
presence of macroscopic fat in the angiomyolipoma.

Fig. 7 Lesion in the upper pole
of the right kidney in a patient
with tuberous sclerosis (arrow).
The lesion shows low signal
intensity on T2-weighted turbo
spin echo images (a) and inter-
mediate signal intensity on in-
phase T1-weighted gradient
echo images (b). No signal loss
is observed on the out-of-phase
T1-weighted gradient sequence
(¢). The lesion shows moderate
enhancement after intravenous
gadolinium administration (d).
Pathologic examination after
resection of the lesion showed
an angiomyolipoma. In this
unusual case, no macroscopic
fat was detected on MRI

Attention should be paid to the possibility that
carcinomas sometimes contain hemorrhage, causing high
signal intensity on in-phase T1-weighted images. In these
cases, opposed-phase images and spectral fat suppression
will not show a drop in signal intensity.

Xanthogranulomatous pyelonephritis

Xanthogranulomatous pyelonephritis is a rare chronic
pyelonephritis, which may result in severe renal impair-
ment. It is most common in middle-aged women, but it may
also occur in children. Often Proteus or E. coli species are
involved and the pyelonephritis is often accompanied by
calculi, most typically staghorn calculi. It may be
accompanied by calyx obstruction and parenchymal
abscesses. In xanthogranulomatous pyelonephritis, the
affected renal parenchyma is replaced by lipid-laden
macrophages, resulting in the typical yellow-gray appear-
ance of the lesion at macroscopy. It may involve the whole
kidney, or it may be focal. Especially when it is focal,
xanthogranulomatous pyelonephritis may be mistaken for a
renal carcinoma. On T1-weighted images, the solid com-
ponent of the lesion may be isointense or hyperintense,
which can be attributed to the fatty component. On T2-
weighted images, the signal intensity of the solid compo-
nent is isointense to slightly hypointense. The parenchymal
cavities filled with fluid and pus show high signal intensity
on T2-weighted images and low signal intensity in T1-
weighted images, varying according to the protein con-
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centration in the cavity [49, 50]. In xanthogranulomatous
pyelonephritis, the perirenal fascia may be thickened and
show enhancement after gadolinium administration [49].
The absence of hyperintense signal on T2-weighted images
of the solid components may be helpful in the differenti-
ation between xanthogranulomatous pyelonephritis and
renal tumor [50].

MR urography

In MR urography, the pyelocalyceal system and the ureters
are visualized using heavily T2-weighted images or T1-
weighted images with gadolinium contrast. On the heavily
T2-weighted images, the urine in the pyelocalyceal system
and ureters is hyperintense because of its long T2
relaxation time, whereas the surrounding tissue is hypoin-
tense. The HASTE or single-shot fast spin echo (SSFSE) is
very suitable for this purpose; they are very fast with
sufficient in-plane resolution [51]. The thin sections can be
used for detailed evaluation; a maximum intensity projec-
tion is useful for overview of the urinary tract. For T2-
weighted MR urography, it is essential that the urinary tract
is sufficiently filled with urine. Therefore it is often
necessary to use a diuretic if the urinary tract is not dilated
[51]. Hagspiel et al. evaluated whether MRI of the urinary
system of potential renal donors was feasible without
diuretic stimulation or compression and found sufficient
visualization of the urinary collecting system in only 14%
of the rapid acquisition with relaxation enhancement
(RARE) urograms and in 26% of the gadolinium-enhanced
3D fast low-angle shot (FLASH) urograms [52].

In contrast-enhanced MR urography, intravenous gado-
linium can be combined with a T1-weighted 3D gradient
echo sequence. In case the patient is unable to hold his
breath, a fast 3D GRE EPI sequence can be used that offers
the additional advantage of reduced ghost artifacts caused
by ureteral peristalsis [53]. However, the conventional
GRE images provide better high resolution images
compared to the EPI images [53]. In contrast-enhanced
MR urography, the images are acquired in the excretory
phase, typically 5-8 min after intravenous gadolinium
injection [51]. Additional use of a diuretic is advisable to
increase excretion and to dilute the excreted contrast: if the
excreted gadolinium is too concentrated, the T2* effect
may cause signal loss [51]. The accuracy of MR urography
in assessing renal obstruction is similar to CT urography
[54, 55]. MRI has the advantage that it is better able to detect
perirenal edema as a secondary sign of obstruction [54]. In a
study by Sudah et al., gadolinium-enhanced MR urography
showed renal calculi with considerably higher sensitivity
than T2-weighted MR urography [55]. On MR urography, a
calculus appears as a signal void, which is nonspecific: blood
clots, gas, sloughed papilla and tumors may also appear as a
low signal within the bright signal of urine [51]. If a signal
void is not clearly detached from the wall of the pelvis or

ureter, additional T1-weighted and contrast-enhanced imag-
es are necessary to further characterize the lesion.

MRI of potential donor kidneys

Due to the increasing demand for donor kidneys and the
relative shortage of cadaver kidneys, the importance of
living donors is increasing. Nephrectomy is increasingly
performed by laparoscopic surgery to keep the burden for
the donor as low as possible. A thorough pre-operative
evaluation of the donor kidney is essential to keep the risks
as low as possible. Especially for endoscopic nephrectomy,
it is important for the surgeon to be informed about the
arterial and venous vasculature of the kidney, about the
presence of accessory vessels and about abnormal vessel
location, like extrahilar branching and retrocaval position
of vessels. Moreover, the surgeon needs to be informed
about the presence of an abnormal collecting system and
the presence of cysts or tumors [56].

In the imaging protocol, special attention should be
focused on arterial and venous imaging, in addition to
the standard parenchymal imaging. For the arterial MR
angiography, a 3D fast GRE with intravenous gadolin-
ium after timing bolus can be used (TR 4.7 ms, TE
1.4 ms, flip angle 30°), with coronal thin-section
reconstructions. A relatively large flip angle (up to
40°) can be used to minimize background signal around
the high signal of the renal arteries [56]. The venous
angiography sequence should follow the arterial angi-
ography immediately. Due to the excretion of gadolin-
ium by the kidneys, the concentration of gadolinium in
the renal veins is lower than in the renal arteries,
causing lower contrast of the veins compared to the
background. A lower flip angle (15°) can be used to
compensate for the lower gadolinium concentration, at
the expense of more background signal [56]. The 3D
dataset can be used for the reconstruction of thin 2D
sections for detailed evaluation, as well as for maximum
intensity projection (MIP) reconstructions of the vessels
(Fig. 8).

Although the time—of-flight technique can be used to
evaluate renal arteries, it is not recommended for the
detection of accessory renal arteries of small caliber [57]. It
may be used to clarify intraluminal filling defects potentially
caused by flow artifacts on gadolinium-enhanced MR
angiography [6]. Phase contrast imaging can be used for
detection and grading of renal artery stenosis [58, 59] but has
limitations in evaluating potential kidney donors. The
problem of motion artifacts in phase contrast imaging caused
by the long acquisition time can be overcome by using
interleaved gradient echo-planar technique, shortening the
acquisition time from minutes to about 30 s [59]. However, it
is difficult to select the proper velocity encoding gradient [6],
and tortuous venous anatomy and low flow limit the use of
phase contrast MRI in potential kidney donors [56].



2790

Fig. 8 Pre-operative imaging of
potential donor kidneys. a Gra-
dient echo image after intrave-
nous contrast, arterial phase, TR
3 ms, TE 1 ms, slice thickness
2.2 mm, flip angle 27°, coronal.
b Gradient echo image after
intravenous contrast, nephro-
graphic phase, TR 4 ms, TE

1 ms, slice thickness 2.2 mm,
flip angle 15°, coronal. The
lower flip angle in the depiction
of the renal veins was chosen to
compensate for the lower gado-
linium concentration in the renal
veins

Most studies on the accuracy of MR angiography
(MRA) in the evaluation of renal vessels compared to
digital subtraction angiography and CT angiography show
similar or even better results [60—63], although not all studies
confirm these findings [64]. In a recent study on 111 MRA
examinations for donor nephrectomy, nine accessory arteries
were missed, requiring anastomosis in four arteries. Of 14
kidneys with more than one vein, only 4 were identified by
MRA, requiring anastomosis in 1 case [65].

MRI for imaging of renal function

In recent years, progress has been made in the use of MRI for
the evaluation of renal function. Renal disease often causes
impairment of renal function. Measurement of renal function
can be used as an indicator of severity of disease and can
direct therapy. The most simple tests of renal function are
serum creatinine and creatinine clearance. However, these
tests do not provide information about the function of each
individual kidney. This information can be important in case
of a living renal kidney donor, prior to nephrectomy or in
case of renal artery stenosis. Renal scintigraphy provides
information about the function of each kidney, but this test
lacks anatomic detail. CT has the disadvantage of ionizing
radiation and the use of potentially nephrotoxic contrast,
which generally isn’t a problem in healthy kidneys, but may
cause deterioration of renal function in diseased kidneys.
MRI has the potential to combine the functional and
anatomic information about each kidney individually [66].

Perfusion

Measurement of renal perfusion may be a tool to assess the
significance of renal artery stenosis and to assess ischemic
nephropathy, and it may be used in renal transplant
assessment. Several techniques have been studied to measure
renal perfusion [1]. The maximum slope Gd-DTPA technique
uses the maximum slope of the Gd-DTPA enhancement curve
in relation to the maximum Gd-DTPA concentration in the

aorta to calculate renal blood flow. The Gd-DTPA concen-
tration in the aorta can be calculated using pre-contrast and
post-contrast relaxation times measured in the aorta, assum-
ing a linear relationship between gadolinium concentration
and the inverse of the pre- and post-contrast T1 difference.
Calibration of the signal intensity is performed using
phantoms with increasing gadolinium concentration [67].

Furthermore, attempts have been made to assess
renal perfusion by arterial spin labeling. To prevent
leakage of the contrast medium into the extravascular
space, albumin-bound contrast agent is used [68].
However, the different MRI renal perfusion techniques
still need to be validated so more research is needed to
assess the clinical usefulness.

Glomerular filtration rate

The glomerular filtration rate (GFR) is a parameter that is
used to assess renal function. The serum creatinine level is
a rough indicator of the glomerular filtration rate, it is easy
and cheap to obtain, but it provides no information about
each individual kidney. For the measurement of the GFR
by MRI, several techniques have been investigated. The
first technique used MR spectroscopy to measure the T1
relaxation times of urine and serum samples taken at
intervals after intravenous gadolinium administration.
Calculation of the glomerular filtration rate was based on
the linear relationship of 1/T1 to the serial dilution
measurements of the serum and urine samples [69]. This
technique still had the disadvantage of measuring the GFR
of both kidneys together.

Another MR technique assessing each individual kidney
was developed by calculating the extraction fraction (EF)
of Gd-DTPA, which is the difference between renal arterial
and renal venous Gd-DTPA concentration, normalized to the
arterial Gd-DTPA concentration: EF = (Gd“'—Gd""**) /Gd"".
The gadolinium concentrations can be calculated after
measurement of the T1 relaxation time of arterial and venous
blood before and after intravenous gadolinium administration,
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using the formula 1717 = 1/T17* + [Gd]*R, where R is the
relaxivity of gadolinium, and T17" and T1°** are the T1
relaxation times before and after intravenous gadolinium. The
glomerular filtration rate can then be calculated according to
the formula GFR = EF « RBF x (1 — Hct), where RBF is renal
blood flow, which can be measured by phase contrast flow
quantification [3], and Hct is hematocrit [66].

An alternative MRI technique to measure glomerular
filtration rate also uses contrast-enhanced dynamic MRI
and is based on a the time-dependent concentrations of Gd-
DTPA in the cortex and the medulla—a two compartment
model [1]. The different techniques to measure glomerular
filtration rate still need to be validated, and their role in
clinical practice needs to be established.

Diffusion-weighted MRI

In diffusion-weighted MR imaging, the image contrast is
influenced by the Brownian motion of water molecules. The
signal intensity is high if water molecules are restricted in their
motion, which can be caused by cell membranes or, in the
case of free fluid, by high viscosity. The MR signal intensity is
low if water molecules can diffuse freely. Diffusion-weighted
imaging has found its place in neuroradiology, especially for
the early detection of ischemic brain lesions. Diffusion MRI
can also be used for fiber tract mapping in cerebral white
matter, by measuring the directional components of the
diffusion. Because diffusion-weighted images are inher-
ently T2-weighted, the images are influenced by the T2-
shine-through effect. This is the presence of high signal
intensity in restricted water, caused by the T2 effect. To
cope with this effect, the apparent diffusion coefficient
(ADC) may be calculated from two images acquired with
different gradient duration and amplitude (b-values) and
used for ADC mapping.

In renal MR imaging, the role of diffusion MRI is not yet
as clear as in neuro-imaging. Fukuda et al. showed that
diffusion in the kidney is anisotropic, due to the radial
orientation of the tubules in the pyramids and the blood
vessels in the renal cortex [70] (Fig. 9). Diffusion-weighted
MRI has been applied in patients with solid renal masses as
well as in pyelonephritis and renal failure [71, 72]. ADC
mapping showed differences between the lesions and
normal tissue, but more research is needed to know
whether diffusion-weighted MRI can actually help in
characterizing different abnormalities. Diffusion-weighted
imaging has been applied to differentiate between hydro-
nephrosis and pyonephrosis. Chan et al. found in a limited
group of patients that diffusion-weighted imaging showed
a hypointense pyelocalyceal system in hydronephrosis and
a hyperintense pyelocalyceal system in pyonephrosis [73].
The hyperintensity in pyonephrosis is thought to be due to
the high viscosity of the pus, whereas the free-moving
molecules in hydronephrosis cause low signal intensity.
The results of diffusion-weighted MRI in the kidney are

Fig. 9 Diffusion-weighted tensor image of the right kidney on a 3T
system. The renal pyramids show lower signal intensity than the
surrounding parenchyma because of the radial orientation of the
tubules in the pyramids, restricting the Brownian motion of the water
molecules to one direction

still preliminary, and more research should reveal the value
of its clinical application.

Conclusion

The role of MRI in renal imaging is still mainly in
differentiating benign lesions versus malignant lesions in
patients who cannot undergo CT scanning with intravenous
iodinated contrast media, or in cases with nondiagnostic
CT results. MRI and CT show comparable accuracy in
detection and characterization of most renal lesions. MRI
can have additional diagnostic value in the evaluation of
lesions with minimal amounts of fat or with intracellular
fat. Data suggest that MRI has a higher sensitivity in
evaluating complicated cysts, however, the clinical im-
plications still have to be studied. There is evidence to
suggest that MRI has a higher accuracy than CT in the
evaluation of early lymph node spread. MRI is a suitable
tool in the preoperative work-up of potential kidney
donors. Functional MRI of the kidney has not yet found
broad clinical application, but it has great potential.
Through the ongoing development of functional MRI
techniques, we may expect an increasing role for functional
MRI in the management of patients with renal disease.
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