
were performed on a group of 10 patients during a period that
ranged from 3 to 12 yr and estimated total kidney and cyst
volume from each CT sequence. The authors found no signifi-
cant difference between initial kidney volume or rate of kidney
volume change in patients who developed end-stage renal
failure compared with the rest. Instead, the initial relative vol-
ume of cysts over total kidney volume was significantly differ-
ent between the two groups, suggesting a possible predictor of
renal failure.

Different from total kidney volume, measurements of cyst
and parenchyma volumes from medical images can only be
determined empirically. Cyst volume probably is underesti-
mated because of the inability to discern small cysts, and pa-
renchyma may be overestimated because of inclusion of small
cysts that contain contrast and volume averaging errors that are
inherent in using finite imaging resolutions. In this study, we
evaluate contrast-enhanced and contrast-unenhanced regions
of polycystic kidneys from CT acquisitions in addition to the
selective measurements of kidney volume and cyst volume in
an effort to find correlations with changes in renal function. For
this purpose, we take advantage of the data collected during a
recently published study that aimed to evaluate the effect
of somatostatin treatment on patients with advanced-stage
ADPKD (6). In that study, multislice CT imaging and state-of-
the-art image-processing techniques were used to determine
reliably kidney tissue volumes in patients with ADPKD. In
this work, we focus on the results that were obtained during
the placebo phase of that study, with the aim of investigating
the predictive power of structural quantification with respect
to the deterioration of renal function.

Materials and Methods
This report focuses on renal function and kidney volume data that

were measured before and after the placebo phase of a recently pub-
lished study (6). Briefly, 13 patients with advanced-stage ADPKD were
imaged twice 6 mo apart by means of a multislice CT scanner (Picker
CT-Twin; Picker International Inc., Highland Heights, OH). Patients
who were enrolled in the study were 18 yr or older, had clinical and
echographic diagnosis of ADPKD, and presented serum creatinine
levels !3.0 but "1.2 mg/dl ("1.0 mg/dl if female). Exclusion criteria
for the study were concomitant systemic disease, urinary tract disease,
diabetes, abnormal urine analysis suggestive of concomitant glomeru-
lar disease, urinary tract lithiasis, infection or obstruction, and presence
of hemorrhagic or complicated cysts. Patients who were affected by
conditions that could prevent completion of follow-up, interfere with
data collection or interpretation, or interfere with comprehension of the
purpose and risk of the study were not considered eligible for partici-
pation. The reader is referred to Ruggenenti et al. (6) for further details
on the study design.

For CT evaluations, a single breathhold scan (120 kV; 230 mAs; field
of view 43 cm; matrix 512 # 512; collimation 5 mm; pitch 1; increment
3 mm, overlap "50%) was performed 90 s after injection of 170 ml of
nonionic contrast agent (IOPAMIRO; Bracco, Milan, Italy) at a rate of
2.5 ml/s. No episodes of contrast-induced nephropathy were observed.
GFR was measured in each patient before scanning by means of Iohexol
plasma clearance technique, as described previously (7). Once acquired,
images were transferred in DICOM 16-bit format from the clinical
scanner onto PC workstations for subsequent processing. Except where
explicitly stated, all image-processing steps were performed with in-

house software based on the Insight Toolkit version 2.0 (8) and devel-
oped in the C$$ programming language.

Image Processing
Initially, kidneys were outlined manually on all acquired digital images

by a trained radiologist (G.F.) using an interactive image editing software
(GIMP; GNU Image Manipulation Software, www.gimp.org). The opera-
tor was not required to identify kidney boundaries precisely; instead, he
was allowed to place the outline within the region of fat normally sur-
rounding the kidney, which appears as a low-intensity region on CT
images. Only in cases in which fat was absent and the kidney was adjacent
to other organs that presented higher image intensity (e.g., the liver) was
the operator required to identify kidney boundaries carefully. From the
outlined images, binary masks were generated and were used to define
regions of interest on the original DICOM images.

An image enhancement step was performed to reduce the effect of
noise on the acquired images. In particular, we used anisotropic diffu-
sion filtering to smooth high-frequency noise while preserving relevant
features, such as the boundary between cysts and parenchyma. For this
purpose, we used the approach presented by Whitaker and Xue (9)
already implemented within the Insight Toolkit.

Binary masks that were generated from the outlines were applied to
the enhanced images, and image segmentation was applied to the
resulting kidney regions. Toward this end, we used a histogram-based
statistical approach known as Otsu’s thresholding (10). In this method,
the histogram of image intensities is partitioned in a predetermined
number of classes Nc separated by Nc % 1 thresholds. Thresholds are set
so as to maximize the between-class variance, expressed by
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where #i is the voxel probability of belonging to class i, $i is the mean
intensity of class i, and $ is the overall mean image intensity. Originally
available as part of the Insight Toolkit limited to the case Nc ( 2, the
implementation has been generalized to Nc & 2. The new implementa-
tion now is available as part of the Insight Toolkit.

For using Otsu’s method on outlined images, the number of tissue
classes had to be determined a priori on the basis of visual inspection of
the images. For this purpose, we identified fat surrounding kidneys as
the lowest intensity class; cysts as the second lowest, with an intensity
slightly higher of that of water; and renal parenchyma as the highest
intensity class, with an intensity corresponding to that of the contrast
agent. Careful inspection of CT images, however, also evidenced the
consistent presence of large areas of kidney with an intensity higher
than that of cysts but lower than that of contrast agent, as shown in
Figure 1. These regions, which typically appeared at intensities of
approximately 100 HU, were observed throughout the volume of all
patients and did not necessarily correspond to the transition between
cysts and parenchyma. We therefore defined a separate class for these
regions, from now on referred to as the intermediate tissue class.

After the application of Otsu’s method with a number classes equal
to 4, each voxel in the volume was classified as fat, cyst, intermediate,
or parenchyma, as shown in Figure 2. From the segmented images, cyst,
intermediate, and parenchymal volumes were computed by multiply-
ing the voxel count of each class by voxel volume, as determined by the
acquisition protocol.

Validation of the segmentation procedure was performed in two
stages. The first stage had the purpose of assessing the accuracy of cyst
volume determinations and was performed similarly to what was
reported by King et al. (4). Briefly, a phantom was built by placing
ping-pong balls filled with physiologic salt solution (mimicking cysts)
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