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Abstract—This paper presents a magnetic resonance imaging (MRI)-based virtual cystoscopy system, which extracts the
bladder wall from T1-weighted MR images where the wall is
enhanced while the urine and surrounding fat tissues are suppressed by a fully non-invasive imaging procedure. The system analyzes the extracted wall and detects abnormal features
automatically. Test results are encouraging by FROC (free
response receiver operating characteristic) merit.
Keywords—Virtual cystoscopy, bladder wall segmentation,
T1-weighted magnetic resonance imaging, non-invasive procedure, computer aided detection.

I. INTRODUCTION
Bladder cancer becomes the fifth leading cause of cancer-related deaths in the United States, primarily in older
men with a 3:1 ratio of men to women, due to its rapid increase (as high as 36% within a decade) [1-5]. There were
50,000 bladder carcinoma and 11,000 deaths reported in
1995 [1, 2] and over 56,000 bladder carcinoma and more
than 12,000 deaths reported in 2002 [3]. The estimated
numbers of diagnosed new cases increased to over 68,500
and deaths increased to over 14,000 in 2008 [4, 5]. The
lifetime probability of developing the cancer is over 3% and
the probability of dying from the cancer is approximately or
slightly less than 1% as estimated a decade ago [6, 7]. The
probabilities would be higher now by the estimation [4, 5].
Approximately 75% of the cancers were localized disease, 19% were regional metastases, 3% distant metastases,
and remaining were others [1-4, 8]. Pathologically, more
than 90% of the bladder cancer cases occur as pure transitional cell carcinoma. The remaining less than 10% are
divided between squamous cell carcinomas (5% to 7%),
adenocarcinomas (1% to 2 %), and sarcomas (1% to 2%) [9,
10]. Approximately 70% of the transitional cell carcinomas
are superficial or papillary tumors. The remaining 30% are
invasive [6, 7].
Since most bladder cancers are originated in the epithelial cells (e.g., uroepithelial cells) and treatable if diagnosed
prior to metastasis and managed appropriately, therefore
early detection is crucial to prevent the disease and reduce
the death rate.

In addition to the need of early detection, an appropriate
follow-up procedure is also crucial to prevent the disease
and reduce the death rate. This is due to the fact that bladder tumor is difficult to manage because of its high recurrence rate after resection (as high as 80%) [1-5]. Therefore,
it is essential to detect bladder abnormalities in a noninvasive and convenience manner, especially for follow-ups
of resection.
Early asymptomatic bladder cancer may be associated
with occult bleeding (microscopic hematuria) or the presence
of dysplastic cells in the urine. Urine dipsticks or standard
urinalysis, which detect peroxidase activity of hemoglobin
and can be performed at home, provide a quick, safe, and
inexpensive test for hematuria with a high sensitivity of
approximately 90%. However, it has a very poor specificity,
as low as 65% [11-13], because other causes can lead microscopic hematuria, such as benign prostatic hypertrophy,
exercise, renal cysts, urethral trauma, menstrual bleeding,
bladder stones, dysplasia, and asymptomatic infection. Furthermore, it can not provide accurate location and information on the tumor staging [14]. Evaluation of asymptomatic
microscopic hematuria is very complicated and costly [11].
Other highly sensitive methods for detection of high-grade
urothelial malignancy, in addition to the urine dipsticks, include urine cytology [15, 16], fluorescence in situ hybridization (FISH) [17, 18], and bladder tumor antigen (BTA) [19].
However, they share the same limitations as urine dipsticks in
providing the location and staging of the tumor.
Among the minimal or non-invasive tests with accurate
location, such as ultrasound, X-ray angiography, computed
tomography (CT), etc, intravenous pyelography (IVP) is the
standard radiological test used in the evaluation of a patient
with hematuria. During IVP, a dye called contrast material
is injected into a vein in the arm. A series of X-ray pictures
is then taken at timed intervals. An IVP can show the size,
shape, and position of the urinary tract, and it can evaluate
the collecting system inside the kidneys. However, IVP
carries the risk of allergic reaction, nephrotoxicity, and
radiation exposure. Despite its utility, IVP does not demonstrate small bladder tumors and fiberoptic cystoscopy must
be performed to evaluate the urinary bladder.
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Fiberoptic cystoscopy, a mandatory part of the evaluation
of a patient with hematuria for bladder abnormalities, is
more accurate, because most tumors (more than 90%) appear as small growths arising from the inner surface of the
bladder wall in forms of polypoid, sessile, or abnormal
plaques. This method is performed, when the patient is
placed in a lithotomy position, by inserting an endoscope
through the urethra into the bladder. It was reported with a
sensitivity of approximately 87% and specificity of around
95% [2, 7]. However, it is invasive, time-consuming, expensive, and uncomfortable, with a risk of 5% to 10% rate
of urinary track infection (and a higher rate of bleeding)
following the invasive procedure. Due to the low specificity of standard urinalysis/IVP and the difficulty of fiberoptic
cystoscopy, the finding of bladder cancer is usually at a
very late stage, resulting in a high morbidity and mortality,
as well as a high cost of patient management.
Recent advances in medical imaging technologies make
virtual cystoscopy (VCys) a potential alternative [20-23].
By constructing a three-dimensional (3D) virtual bladder
model, the VCys mimics the navigation environment of
fiberoptic cystoscopy and detects bladder lesion candidates
for urologists’ further inspection to decide if cystoscopic
intervention is necessary.
Most previous VCys work [20-28] are based on computed tomography (CT) technology, due to its high spatial
resolution, fast acquisition speed, and wide availability.
However, the sensitivity of CT imaging to soft tissues (including the urine) prohibits itself from providing good contrast in bladder wall [25, 26]. This limitation is partly mitigated by the injection of contrast medium (e.g., the urine
may be either tagged by intravenous injection or empted
with replacement of air through a catheter) [24, 25, 27, 28].
Unfortunately, not only is this procedure invasive and uncomfortable, but also the CT imaging delivers excessive Xray exposure to the patients, both of which considerably
decrease the patients’ compliance. To avoid these obstacles, magnetic resonance imaging (MRI) turns out to be an
alternative, considering its structural, functional and pathological information for diagnosing and staging the tumor
growth. Besides, it uses endogenous rather than exogenetic
contrast medium to alter the image intensity of bladder wall
against its surroundings (urine inside and fat outside) towards a fully non-invasive procedure [29, 30]. Since hydrogen in water (or urine) has longer transverse relaxation
time leading to higher intensity value in the T2-weighted
MR images, many previous MRI-based VCys or MR cystography researches focused on T2-weighted imaging [31-33],
where urine is used as endogenous contrast medium to enhance the contrast between bladder lumen and wall. Preliminary results showed that there is no statistically significant difference between MR and CT cystography for
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detection of tumors (sensitivity of 88.9% for tumors less
than 10 mm and 100% for tumors equal or greater than 10
mm) [31-33]. Therefore, MR cystography may be a better
choice for bladder evaluation.
This work presents a MRI cystography system which extracts the bladder wall from a T1-weighted volume image of
the bladder, analyzes the image texture of the extracted
wall, and detects the patches where abnormalities are highly
likely present for reviewers’ assessment, i.e., a computeraided detection (CAD) of abnormalities.

II. METHODS
As reported [8-10], bladder carcinoma invades gradually
from the mucosa into the wall muscles. Depending upon
the degrees of penetration, bladder carcinoma is categorized
into different stages. It is hoped that the transition at different stages can be reflected by image geometry and intensity
features in the bladder wall [29, 30]. So far, geometrical
analysis on the wall remains the primary tool (with some
additional available intensity texture information) for locating bladder lesions by some irregular shape and contrast
patterns at a late stage [24, 32, 33]. At early stages, flat
and/or small tumors less than 5 mm are difficult to be detected and, therefore, deserved more attention [24, 32, 33].
Conventional quantitative measurements on the bladder
wall, like curvedness and shape index, vary significantly
from voxel to voxel [34]. In contrast, for a small bump
protruding out of the bladder wall, the measurement of its
thickness as the distance between the inner and outer borders tends to be a good indicator of the occurrence of abnormalities [24, 27-30]. Towards that end, the issue of
accurately delineating the bladder wall inner and outer borders arises [34-36].
In order to minimize the partial volume effect (PVE) between the urine and bladder wall, T1 weighted images were
acquired as the primary information for the detection purpose, where the signal of urine is suppressed and the PVE
goes from the wall into the lumen and has less impact on the
wall as compared to T2 weighted images, where the signal
of urine is enhanced and the PVE goes from the lumen into
the wall and would bury small pathological changes on the
mucosa. Two T1 scans were acquired after the patient voiding the bladder and taking a cup of water. One scan was at
the middle stage of half-filled bladder and the other was at
the final stage of fully-filled bladder.
Both T1-weighted images were acquired by a Philips 1.5T
Edge whole-body scanner with body coil as the transceiver
includes. The image acquisition protocol includes, as an example, 3DFFE-SPIR CLEAR pulse sequence, 1.5mm slice
thickness, 10o flip angle, 448x448 image size with TR
=4.6666ms and TE =2.2766ms. Other T1-weighted pulse
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III. RESULTS
The presented MRI cystography system was tested on ten
MR patient bladder scans with two tumors greater than 10
mm, one of 4 mm, and two less than 3 mm. The FROC
(free response receiver operating characteristic) curve for
the automatic CAD of the tumors is shown in Fig. 3. The
false positive rate of detecting tumors equal or greater than
4 mm is acceptable. The detection sensitivity reaches
100 % with less than 35 false positives per patient scan.
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sequences and scanning parameters can be explored to find an
optimal protocol. Each of the T1 volume image was segmented
by a hybrid method which searches an inner border of the
bladder by level-set strategy starting from a group of voxels
with lowest intensity in the image. From the inner border, an
enlarged version was obtained by the same level-set strategy
with a different energy function [37]. Figure 1(a) is a 2D presentation. The obtained wall was then dilated for a sufficient
large layer, which was further quantified by a PV segmentation
algorithm [38]. Each voxel inside the dilated layer after the PV
segmentation contains the percentages of three tissue types:
urine, wall and mixture of fat/muscle (outside the wall). Those
voxels with small wall percentages of less than 5% were ignored and the remaining voxels represent the bladder wall.
Two examples of dilated layers are shown in Figs. 1(b) and
1(c). An example of extracted bladder is shown in Fig. 1(d).
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Fig. 1 Flowchart from image segmentation to 3D visualization

Fig. 3 FROC study of patient scans

IV. CONCLUSIONS

Fig. 2 Display of 3D object by 2D pictures
To facilitate clinical use, we applied a conformal flattening strategy [39] to deform the 3D object into 2D pictures.
The 3D object was first deformed into a sphere. The deformation was based on the inner surface of the bladder.
Then the sphere was flattened into two disks, each represents a half of the sphere. Figure 2 shows an example of
two disks which were flattened from a sphere deformed
from a patient bladder. The color map reflects the wall
thickness distribution on the inner surface of the bladder.
From green to red shows the thickness change from thin to
thick. Two abnormalities are seen from the left picture. In
addition to the color map of wall thickness, the geometry of
the inner surface can also be displayed by shading and other
computer graphics technologies.

Although early detection of bladder cancer (tumor less
than 3 mm) remains a challenging task by current clinical
MRI scanners with 1.5 mm voxel resolution, the presented
MRI-virtual cystoscopy system has demonstrated the potential for evaluation of tumor recurrence, which would otherwise require the patient to follow-up with fiberoptic cystoscopy every three to six months after tumor resection. Early
detection would be feasible with improvement of MRI spatial resolution and contrast between the wall and its surrounding soft tissues.
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