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on MRI
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Purpose: To show that cystic renal lesions that would oth-
erwise meet criteria for simple cysts can demonstrate per-
ceptible walls or increased wall thickness on MRI, some-
times causing these lesions to be “upgraded.” It was
hypothesized that thickening of cyst walls on MRI can be
artifactual, due to data truncation, applied filtering, and
low signal-to-noise ratio (SNR).

Materials and Methods: k-Space data for a 4-cm cyst were
created in a 40-cm field of view (FOV) (512 � 512 matrix).
Additional data sets were created using the central 512 �
256 and 512 � 128 points. Noise was simulated so that the
cyst SNR was approximately 7, 14, and 20, respectively.
Actual wall thickness was set at 0.25 mm, and cyst:wall
signal at 1:4. An inverse two-dimensional (2D) fast Fourier
transform (FFT) yielded simulated images. A Fermi filter
was applied to reduce ringing. Images/projections were
examined for wall thickening. Seven patients with initially
thick-walled cysts on fat-saturated spoiled gradient-echo
(FS-SPGR) images were scanned with increasing resolution
(256 � 128 and 256 � 256; four patients were also scanned
with 512 � 512). Average wall thickness at each resolution
was compared using a two-tailed paired Student’s t-test.

Results: Simulations showed apparent wall thickening at
low resolution, improving with higher resolutions. Low SNR
and application of the Fermi filter made it difficult to iden-
tify ringing as the cause of this thickening. The simulation
results were confirmed on seven patients, whose cyst walls
proved to be artifactually thickened (P � 0.01).

Conclusion: Thickening of cyst walls on MRI can be arti-
factual. Upon encountering thick-walled cystic renal le-
sions, high-resolution images can be acquired to exclude
apparent thickening.
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APPROXIMATELY 5% TO 15% OF RENAL CELL CAR-
CINOMA (RCC) cases present as a predominantly cystic
mass (1–3). Presently, it is not possible to definitively
diagnose some cystic renal masses as malignant or
nonmalignant by imaging criteria; the gold standard
remains pathology. However, medical imaging plays a
key role in the workup of cystic renal masses and cat-
egorization into surgical and nonsurgical lesions. The
Bosniak classification system has been employed since
1986 for the computed tomography (CT) classification
of cystic renal masses (4). With widespread use of body
MRI, there has been interest in the application of the
criteria in the Bosniak system or something similar for
MRI classification of these cystic masses as well (5–9).

One of the criteria for a simple renal cyst in the
Bosniak system is the presence of a thin, imperceptible
wall (10–12). Cysts that have one or two thin, fine cal-
cifications in their walls or septa, wall thickening �1
mm and hyperdense cysts that are �3 cm in diameter,
one-fourth of their walls extending outside the kidney,
and do not show enhancement are placed in Category II
and are felt to be benign, requiring no further surgical
or radiological workup. Cysts that show wall thicken-
ing, nodularity, enhancing walls, multiple internal sep-
tations, thick or irregular calcifications, and hyper-
dense lesions that do not fulfill the criteria for Category
II lesions, are placed in Category III, and are indetermi-
nate lesions. An addition to the original Bosniak system
is Category IIF (F for “follow-up”) (13). These lesions do
not fit well into either Category II or III and may contain
multiple thin septations, or exhibit mild smooth wall
thickening. Classification into Category IIF merits fur-
ther imaging follow-up to ensure that the lesion in
question is indeed benign (14). Wall thickness of as
little as 2 to 3 mm has been reported as important for
the evaluation of these masses (15).
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We have observed that renal lesions that meet criteria
for a simple cyst on other modalities, such as ultra-
sound and CT, sometimes demonstrate increased wall
thickness on MRI. This raises the suspicion for a com-
plicated cyst. The problem is illustrated in Figs. 1 and 2,
where cysts that are simple by CT (Fig. 1a) or ultra-
sound (Fig. 2a) criteria appear thick-walled on MR im-
ages (Figs. 1b and 2b). This observation is confirmed by
a recent study of cystic renal masses, in which in-
creased observed wall thickness on MRI was often a
reason for “upgrading” cystic renal lesions (7).

We propose that the apparent wall thickening seen in
clinical images can sometimes be produced due to the
low resolution employed in standard clinical imaging,
resulting in the characteristic Gibbs ringing, most in-
tense at the borders of the object, i.e., the cyst wall. Low
signal-to-noise ratio (SNR) along with standard data
filtration techniques employed can further mask the
internal ringing in the cyst, leaving only a prominent
cyst wall. This point is illustrated in this study with a
simple simulation, and on cysts imaged at varying res-
olutions to demonstrate that the apparent wall thick-
ening often is, in fact, artifactual.

MATERIALS AND METHODS

Simulated k-space data for a 4-cm cyst were created in
a 40 cm field of view (FOV) image (512 � 512 native

resolution) in MATLAB (The Mathworks, Natick, MA,
USA). Additional k-space data sets were created using
the central 256 � 256 and 256 � 128 points. A noise-
free profile across the low-resolution axis of the 256 �
128 image was obtained. The effect of data truncation
and concomitant Gibbs ringing was observed on a
noise-free projection across the low-resolution axis of
the 256 � 128 image. The effect of superimposed noise
(simulated such that SNR was approximately 20) on the
appearance of the wall was also observed.

Next, the effect of filtration on cyst wall appearance
was studied. Noise was simulated in the three afore-
mentioned images, such that “cyst” SNR was approxi-
mately 7, 14, and 20 for the three images, respectively.
Noise-free images and a 256 � 128 image with SNR �
10 were also created for comparison purposes. Actual
cyst wall thickness was set at 0.25 mm, and the ratio of
cyst water to cyst wall signal was set at 1:4, based on
crude empirical observation. An inverse 2D fast Fourier
transform (FFT) yielded simulated images. A Fermi filter
(radius � one-half of the matrix size, transition width �
10 pixels) was applied to reduce ringing, to simulate the
norm on GE (General Electric Medical Systems, Mil-
waukee, WI, USA) scanners, which were used to acquire
a majority of our clinical images. Images/profiles were
examined for wall thickening. The effect of Gibbs ring-
ing combined with data filtration (i.e., the Fermi filter)
designed to suppress small undulations in the data was
illustrated on noise-free 256 � 256 matrix images and
profiles across them, with and without application of a
Fermi filter. The effect of noise when combined with
filtration on low-resolution images was illustrated on a
256 � 128 filtered image with SNR � 20, as compared
to a identical image but with an SNR � 10. Finally, the
effect of increasing resolution on such images was stud-
ied by comparing the images and profiles from the
512 � 512, 256 � 256, and 256 � 128 data sets.

The clinical portion of this study was approved by the
institutional review board (IRB) at the institution where
this study was conducted. Based on theoretical analy-
sis, a protocol was implemented in which patients who
show cyst wall thickness on the preliminary standard
MRI imaging sequences are scanned at progressively
higher resolutions through the kidneys. This allows
separation of artifactual from true wall thickening. The
cystic lesions studied here were identified prospectively
prior to contrast on a routine MRI liver or renal mass

Figure 1. a: A right renal cyst shows water attenuation and a
thin imperceptible wall by CT (cropped from an enhanced,
nephrographic phase CT image, helical acquisition � 512 �
512, slice thickness � 5 mm, FOV � 50 cm) showing apparent
wall thickening on (b) an axially-reconstructed T1-weighted
3D FS SPGR image (FOV � 36 � 36 cm, 320 � 160 � 40,
effective “slice” thickness � 3 mm, TR/TE � 3.3/1.6 msec, flip
angle [FA] � 12°).

Figure 2. a: A right renal cyst,
anechoic, with no internal flow
and a thin, imperceptible wall
by ultrasound, showing appar-
ent wall thickening on (b) an
axial T1-weighted 2D SPGR
image (FOV � 40 � 30 cm,
512 � 160, slice thickness � 6
mm, TR/TE � 190/1.7 msec,
flip angle [FA] � 70°).
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examination, acquired with an 8-channel phased-array
coil, and sequences consisting minimally of coronal sin-
gle-shot T2-weighted fast spin-echo (FSE), axial fat-
saturated (FS) T2-weighted FSE, axial FS two-dimen-
sional (2D) spoiled gradient-echo (SPGR), and axial or
coronal FS 3D SPGR precontrast and postcontrast.
Seven patients were identified on the scanner as having
thick walls (�3 mm) on one or more of the precontrast
scans, but with no focal nodularity or other character-
istics to suggest malignancy. In each case, this wall
thickening was seen on FS SPGR sequences. Six of the
patients had been scanned on a GE 1.5T Signa scanner,
and one patient had been scanned on a Philips 3.0T
Intera scanner (Philips Medical Systems North Amer-
ica, Bothell, WA, USA). The images depicted in this
study were acquired with: a 2D FS SPGR sequence,
TR/TE � 135 msec/1.3 msec, NEX � 1, slice thick-
ness � 6 mm, and data matrices � 256 � 128 and
256 � 256. FOV varied from 38 to 40 cm2, depending on
the patient. Four patients were able to provide breath-
holds long enough (30–32 seconds, depending on the
patient) for an additional 512 � 512 acquisition. Cyst
wall thickness was measured at each of the three res-
olutions, and the means were compared to each other
via a two-tailed Student’s t-test. A P value of less than
0.01 was considered statistically significant.

RESULTS

Simulation Study

Figure 3 depicts profiles across the simulated idealized
circular object, without (Fig. 3a) and with (Fig. 3b) the
effects of noise, across a 256 � 256 simulated image.
Please note that for all examples shown here, the im-
ages have been cropped to highlight the cyst, and the
entire image is not shown. Figure 4 depicts the effect of
filtration. Simulated 256 � 256 images without (Fig. 4a)
and with Fermi filtration (Fig. 4b) are shown, along with
corresponding profiles across these images (Fig. 4c and

d, respectively). The effect of noise on filtered images is
depicted in Fig. 5, which shows 256 � 128 matrix sim-
ulated cyst images with an SNR � 20 (Fig. 5a) and 10
(Fig. 5b). The corresponding profiles across the low-
resolution direction are shown in Fig. 5c and d, respec-
tively. Finally, the effect of increasing resolution on the
apparent wall thickness can be seen in Fig. 6, which
shows 256 � 256 (Fig. 6a) and 512 � 512 (Fig. 6b)
images across the simulated cyst. The profiles across
these images are shown in Fig. 6c and d, respectively.
These images and profiles can be compared to their
counterparts in Fig. 5a and c, which are the corre-
sponding 256 � 128 low-resolution image and profiles.

Clinical Study

Figures 7 and 8 depict exophytic renal cysts from pa-
tients, acquired at 256 � 128 (Figs. 7a and 8a), 256 �
256 (Figs. 7a and 8b), and 512 � 512 matrices (Figs. 7c
and 8c), and show the effect of resolution and Gibbs
artifact on apparent wall thickness on two patients with
exophytic renal cysts. The FOV is identical for all three
images in each figure. The average wall thicknesses in
the phase-encoding direction for the 256 � 128 (group
1), 256 � 256 (group 2), and 512 � 512 (group 3)
images, were 4.0 � 0.9 mm (N � 7), 2.3 � 0.6 mm (N �
7), and 1.2 � 0.5 mm (N � 4), respectively. The differ-
ence in wall thickness was statistically significant (P �
0.01) for all cases (P � 0.003 for group 1 compared to
group 2; P � 0.007 for group 1 compared to group 3;
and P � 0.001 for group 2 compared to group 3).

DISCUSSION

The effects of data truncation on MR images are a well
known and long understood phenomena (16–19). In
standard Fourier imaging, it is assumed that the ac-
quired MR data are in good approximation, the inverse
Fourier transform of the spin density, or desired image.

Figure 3. Profile across an ideal circular object with (a) data truncated at 256 � 256, but with no noise effects and (b) same
matrix but with noise in the data. The edges are accentuated but the characteristic signal fluctuations of the Gibbs artifact are
more difficult to spot in (b). Horizontal axes are marked as millimeter (mm) distance from the center of the images. Vertical axes
represent signal intensity in arbitrary units.
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This would be true if k-space is perfectly and infinitely
sampled. However, in practice, not all of k-space is
sampled. Typically, for example, a central portion of
k-space (which contains most of the signal energy) is
sampled with a desired density, while the periphery is
assumed to be filled with zeros. The collected data are
thus truncated, representing the complete Fourier data
windowed by a rect function. This has consequences for
the appearance of the image. When there is an abrupt
change in spin density between two adjacent struc-
tures, the result is an oscillating overshoot and under-
shoot in the signal intensity, termed truncation artifact,
and the ringing pattern that is seen in the image is often
called Gibbs ringing. Increasing the number of points N
used to sample a given direction (while keeping the step
size in k-space constant) increases the number of os-
cillations while decreasing their width. For a large
enough N, the oscillations become so close together that
they are essentially not detectable. The value of the
overshoot and undershoot is approximately 9% of the

step-size between the two spin densities. Importantly,
the maximal overshoot and undershoot remain the
same regardless of N, even while the width of the inter-
face between two entities with different signal charac-
teristics decreases with N (16,17).

As expected, apparent thickening of the border of the
simulated phantom cysts is seen in the lower resolution
data sets (Fig. 3a), accentuated in the direction(s) re-
constructed with a smaller number of data points. How-
ever, in the absence of noise, the characteristic undu-
lations due to the Gibbs ringing (16,17) are easy to spot
without the effects of noise, making it clear that this
wall thickening is indeed due to data truncation. The
addition of noise leaves a thick edge due to the large
side lobes of the object, but the undulations are harder
to discern (Fig. 3b). This translates to an apparently
thick wall in the low-resolution direction.

The filtration commonly applied in MRI by most, if not
all vendors, can also confound interpretation. Typically,
a filter such as the Fermi filter demonstrated here (Fig.

Figure 4. Effect of filtration on cyst wall characteristics. Simulated 4-cm cyst in a 40-cm FOV, (a) 256 � 256 image without
filtration, and (b) 256 � 256 image with application of a Fermi filter. No noise has been added to these images. Axes are marked
as millimeter (mm) distance from the center of the image. Profiles across the (c) unfiltered and (d) filtered images show the
accentuation of the wall and the dampening of the intensity of the rings relative to each other, due to filtering. Horizontal axes
are marked as mm distance from the center of the images. Vertical axes represent signal intensity in arbitrary units.
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4), is employed to reduce the effect of ringing in MR
images, serving to dampen the rings in the images.
However, in noisy images, this dampening of the ringing
is made more difficult to discern, further accentuating
the apparently thickened wall (Fig. 5). Thus the combi-
nation of truncation, filtration, and noise can create the
situation in which a simple cyst can have an apparently
thick wall on MR images.

Figures 7 and 8 show the effect of resolution, trunca-
tion artifact, and noise on apparent wall thickness in
two patients with exophytic renal cysts. At lower reso-
lutions, walls of the depicted renal cysts show marked
thickness, particularly in the phase-encode direction at
the lowest resolution. As in-plane resolution increases,
the wall becomes markedly less thickened in appear-
ance, nearly disappearing at the highest resolutions
acquired. This effectively proves that the wall thickness
seen on the typical clinically-acquired, relatively low-
resolution images (Figs. 5a and 6a) is in fact artifactual,
and, as shown by the simulations and experiments,

that this is likely due to a combination of data trunca-
tion, filtration, and SNR considerations. This observa-
tion is quantitatively confirmed, as the observed wall
thickness is significantly decreased as resolution in-
creases. The decrease in apparent thickness is slightly
less than the proportional increase in resolution in each
case. This is probably due to two factors. First, as res-
olution improves, the wall thickness becomes so small
that the measurement is progressively more difficult to
make. This is reflected in the progressively larger error
bar in the measurements (as a percentage of the mea-
sured thickness) in the higher-resolution data sets.
Second, the measured wall thickness approaches the
true wall thickness due to improved resolution, leading
to a less than proportional decrease in the measured
wall thickness.

One weakness in this study is the small number of
patients with renal cysts (N � 4) that were scanned at
the highest resolution (512 � 512 matrix). This is be-
cause long breathhold times are required to obtain

Figure 5. The combined effect of filtering and noise on cyst wall characteristics. Simulated 4-cm cyst in a 40-cm FOV, with a
Fermi filter. (a) 256 � 128 image with SNR simulated as approximately 20, and (b) 256 � 128 image with SNR simulated as
approximately 10. Axes are marked as millimeter (mm) distance from the center of the image. Profiles across the (c) high SNR
and (d) low SNR images show the accentuation of the wall due to filtering and noise. Horizontal axes are marked as mm distance
from the center of the images. Vertical axes represent signal intensity in arbitrary units.
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these images, and not all patients were able to comply
with this request. However, even the comparison be-
tween the 256 � 256 and 256 � 128 data sets is suffi-
cient to illustrate the point of this study, as the differ-

ence between these two groups is statistically
significant. Second, the signal assigned to the wall and
cyst contents in the simulations was based on empirical
observations from clinical images, rather than quanti-

Figure 6. The effect of resolution on apparent cyst wall thickness with filtering and noisy data. Simulated images of a 4-cm cyst
in a 40-cm FOV, with a Fermi filter applied. Noise levels were kept constant, and are the same as in the image in Fig. 5a. The
decrease in SNR is due to increasing resolution. (a) 256 � 256 image with SNR simulated as approximately 14, and (b) 512 �
512 image with SNR simulated as approximately 7. Axes are marked as millimeter (mm) distance from the center of the image.
Profiles across the (c) intermediate-resolution and (d) high-resolution images show the decreasing apparent wall thickness with
improved resolution. Horizontal axes are marked as mm distance from the center of the images. Vertical axes represent signal
intensity in arbitrary units.

Figure 7. Patient with a renal cyst showing artifactual wall
thickening that resolves upon high-resolution imaging. The
above are cropped from 2D FS SPGR data sets, FOV � 38 cm,
flip angle (FA) � 70°, TR/TE � 135 msec/1.3 msec, number of
excitations (NEX) � 1, slice thickness � 6 mm, and matrices of
(a) 256 � 128, (b) 256 � 256, and (c) 512 � 512.

Figure 8. Another patient with a renal cyst showing artifac-
tual wall thickening that resolves upon high-resolution imag-
ing. The above are cropped from 2D FS SPGR data sets, FOV �
38 cm, flip angle (FA) � 70°, TR/TE � 135 msec/1.3 msec,
number of excitations (NEX) � 1, slice thickness � 6 mm, and
matrices of (a) 256 � 128, (b) 256 � 256, and (c) 512 � 512.
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tative relaxation parameter measurements. However,
the purpose of the simulations is to simplify and un-
derstand the various facets of the problem, for which
these simple simulations are more than sufficient.

In the evaluation of renal cystic lesions, our clinical
experience and these results show that Gibbs artifacts
lead to an apparent increase in the lesion wall thick-
ness in the phase-encoding direction (because it is usu-
ally the lower-resolution direction) of an otherwise sim-
ple cyst. This finding has important clinical
implications in the management of cystic renal masses
as unnecessary imaging follow-up may be performed on
simple renal cysts. If a lesion depicting wall thickness
on MR images is encountered, image interpretation
should take into account the direction of wall thicken-
ing. Ideally images at higher resolution should be ob-
tained as this will lead to narrowing of the Gibbs bands
and thus allow differentiation of truly thick walls from
artifactual complexity (as illustrated in Figs. 7 and 8).
Gibbs ringing can be reduced by using a variety of
techniques in addition to filtration, including prior in-
formation-based methods, and data extrapolation
methods (20–24). However, these methods require off-
line signal processing, which is not practical for day-to-
day clinical imaging. Thus the simplest method, i.e.,
obtaining high-resolution images to prove that wall
thickening is artifactual, is also the most preferable.
This method does have a downside in that the poten-
tially confounding lesion must be identified while the
patient is on the scanner, which can be difficult in
many clinical situations.

An argument could be made that an experienced MR
reader will ignore this artifactual wall thickness be-
cause he/she instinctively realizes that the appearance
encountered is not “real,” either due to force of experi-
ence or due to correlation with the numerous other
sequences in the examination, particularly the T2-
weighted imaging. While this argument carries an ele-
ment of truth, it is worth keeping the factors illustrated
in this study in mind while ignoring probable apparent
wall thickness, so that one understands what is being
ignored and why. Moreover, in our experience not all
MR readers (even body/MRI experts) are necessarily
experienced or confident enough that such a conclu-
sion is automatic, and it is hoped that the present study
can help them as well.

The issue of whether or how to adopt the Bosniak CT
criteria for MR is one that has important implications in
the day-to-day management of cystic renal masses. The
Bosniak system has been discussed extensively in the
literature, and will not be reviewed here. However, the
application of this classification system to MRI may
pose limitations that are MRI specific. As this study has
shown, wall thickness, for example, as a criterion for
determining the complexity of a cystic lesion on MR
must be interpreted with caution in the context of the
number of phase-encoding steps of the scan, to avoid
upgrading a simple renal cyst with an imperceptible or
hairline thin wall on ultrasound and CT (Bosniak I or II)
to a complicated cyst (Bosniak IIF, likely benign, but in
need of follow-up imaging). The calcifications in the cyst
wall or septation are easily seen on CT, as opposed to
MRI, though this finding is less important compared to

enhancement (6,7,25). There is one study in the litera-
ture in which an attempt was made to correlate each
individual Bosniak criterion on MRI with malignancy
(9). While the number of subjects and complex cystic
lesions (37 and 55, respectively) included in the study
were relatively small, the researchers found that mural
thickness, nodularity, and enhancement were all cor-
related with malignancy, providing preliminary results
that confirm some of the Bosniak criteria. On the other
hand, in this study, all Category II and III lesions were
benign, and 14 of 32 Category IV lesions were malig-
nant. This differs from the predicted results from the
Bosniak system, which suggest that half (or at least
some) Category III lesions should be malignant, and
almost all Category IV lesions should be cancerous.
However, the small number of cases, along with lack of
separation into Category IIF may serve as limitations of
the study. A future multicenter study with a large num-
ber of patients, in which each individual Bosniak crite-
rion (for MRI) is evaluated against malignancy, along
with the evaluation of the various Bosniak categories as
predictors of malignancy, would be quite useful in both
application of the system and identification of caveats
to MRI.

In conclusion, this work shows that the thickness of
renal cystic lesions can show apparent thickening on
MRI due to a combination of data truncation, filtration,
and SNR effects. The Bosniak criterion of a “thin, im-
perceptible wall” of a simple cyst should therefore be
applied carefully in MRI of renal cystic lesions. Artifac-
tual wall thickening can be easily confirmed on individ-
ual patients by adding sequences to the examination
that include higher-resolution imaging, and this step
can save the patient unnecessary imaging follow-up.
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