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BACKGROUND. Studies of prostate cancer microvessels to date have relied on routine
two-dimensional images from histologic tissue sections, and there have been no previous
reports of three-dimensional (3D) reconstruction and analysis of prostatic microvessels in
benign or malignant specimens. Knowledge about the 3D architecture of microvessels would
be useful for determining the utility and limitations of two-dimensional (2D) measures, as
well as for determining the usefulness of 3D measures to predict pathologic stage and patient
outcome in prostate cancer. However, the ability to study microvessels in 3D must first be
demonstrated.

METHODS. We developed a novel method to visualize and analyze prostate microvessels in
three dimensions from serially-sectioned prostate specimens, including tissue preparation,
reconstruction of serial histologic sections into 3D volumes, extraction of vessels from this
data set, and calculation of geometric characteristics. Eleven regions of benign and cancer
tissue were studied and compared in an effort to validate our methodology.

RESULTS. Microvessels and glandular elements from benign and malignant tissue were
visualized together in three dimensions. In the 3D visualizations, microvessels associated with
cancer were seen to have more arbitrary pathways, increased tortuosity, and a more casual
relationship with glandular elements than microvessels associated with benign tissue. A
quantitative measure, the volume length density, discriminated between benign tissue and
cancer better than simple microvessel density in this exploratory study.

CONCLUSIONS. Microvessels in prostate cancer have a more homogeneous distribution and
greater tortuosity than those in benign tissue. Volume length density of microvessels shows
promise as a 3D marker in prostate cancer. Prostate 37:270-277, 1998.
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INTRODUCTION

Microvessel density is a useful predictive factor for
pathologic staging of prostate cancer [1-3], and may
be useful for determining patient outcome. Knowl-
edge about the spatial and functional relationship of
microvessels in benign tissue and prostate cancer is
limited. Two-dimensional topographic studies of mi-
crovessels in prostate cancer have shown that mi-
crovessel density tends to be greater at the center of
the cancer compared to the periphery, but the variance
is modest [4]. Studies of the area of maximal density,
termed the ““hot spot,” have suggested that sampling
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variation may lead to differences in microvessel den-
sity measured from biopsy specimens [3], but this has
been refuted empirically [5]. We hypothesized that an
understanding of the three-dimensional (3D) charac-
teristics and patterns of microvessels in benign and
malignant prostate tissue may indicate new 3D pre-
dictive measures of pathologic stage and patient out-
come. The 3D spatial variations in microvessel densi-
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ties could also eventually be studied to find the degree
of variation within benign and malignant prostate tis-
sue and reveal whether needle biopsy provides a pre-
cise and representative sample of the tissue.

Three-dimensional reconstruction is the process of
aligning serial histologic sections into a coherent
three-dimensional volume. This method is widely
used to study a variety of histologic tissues, but is
tedious and labor-intensive [6-8]. The most popular
approach involves manual registration of consecutive
images of histologic sections, which are acquired from
a video mixer at the time of evaluation [9]. Such user-
operated approaches are time-consuming and subject
to bias due to user expectations of constant section-to-
section shape relationships [10]. Computer-based
semiautomatic methods eliminate some of these re-
construction errors, but are generally slow, with pro-
cessing rates of about 10 sections per hour [10]. The
large number of sections required for accurate 3D re-
construction of prostate cancer microvessels demands
a fast and automated method. Surface matching pro-
duces fast and accurate alignment of images [11], al-
lowing registration of dissimilar serial sections. How-
ever, methods for surface matching of histologic serial
sections and the resulting algorithms have not been
developed and validated for prostate cancer.

Microvessels tend to vary in direction and orienta-
tion from section to section, a finding referred to as
‘“‘anisotropism.” Anisotropic structures do not lend
themselves to 3D reconstruction from two-dimen-
sional sections [10]. The most common applications of
3D reconstructions have been with neuron cell bodies
[10] and embryologic structures [12], which vary
slightly from section to section. To accurately analyze
microvessels, the method must be able to align aniso-
tropic structures.

In this report, we present a novel method for 3D
reconstruction, visualization, and analysis of mi-
crovessels in prostatic adenocarcinoma [13]. Analysis
of 11 separate tissue foci from one patient demon-
strated the potential of this process for the character-
ization of microvessel patterns in human cancers. We
developed an accurate and rapid method for 3D re-
construction of the architecture of microvessels to fa-
cilitate quantitative study of their characteristics and
patterns.

MATERIALS AND METHODS

We analyzed and visualized the 3D structure of mi-
crovessels from two-dimensional serial sections with
the following steps: 1) preliminary phantom studies;
2) tissue preparations to optimize subsequent segmen-
tation of microvessels and alignment of two-
dimensional serial sections; 3) digital acquisition of

two-dimensional images from histologic slides; 4) seg-
mentation of microvessels; 5) alignment of consecutive
sections based on two-dimensional matching of spa-
tial features (surface matching); and 6) visualization
and analysis of 3D patterns.

Phantom Studies

To test the ability to accurately align and measure
data from vessel-like structures, we constructed a
phantom. The phantom was constructed from glass
rods by the Mayo Clinic glass-blowing facility to simu-
late actual blood vessels. The goal was to obtain cross-
sectional images from the phantoms which simulated
the sectioning process. To produce these cross-
sectional images, the phantom was scanned on a high-
resolution spiral CT scanner. Once the images were
scanned, they were resized to obtain pixel dimensions
similar to those of vessels digitized from histologic
sections. The result was an anisotropic vessel bed that
could be arbitrarily misaligned to allow testing of our
realignment algorithm and measuring process.

Tissue Preparation

Radical prostatectomy specimens with cancer were
handled by whole-mount sectioning, as previously re-
ported [14]. Each prostate was sliced at 4-5-mm inter-
vals to create blocks of similar thickness, as per rou-
tine. Blocks were chosen for study which contained
foci of cancer less than 3 mm in greatest dimension to
ensure complete inclusion of the cancer and its mar-
gins. To ensure uniform section thickness, microtomes
in our laboratory are regularly inspected and cali-
brated as part of our quality control system in surgical
pathology. All sections from the chosen blocks were
prepared and mounted routinely. Damaged sections
that could not be mounted were recorded to account
for their effect on the alignment and analysis of the
microvessels. The small number of missing sections
was not found to detrimental to the overall process.

Serial histologic sections were differentially stained
with antibodies to factor VIll-related antigen using
the avidin-biotin-complex method. The chromagen
used to highlight vessels was 3’-amino-ethyl-
carbazole (AEC), which produced a red reaction prod-
uct. Light hematoxylin was used as counterstain, and
provided little interference with the color contrast of
the blood vessels. Standard controls were used to en-
sure proper staining.

Each block was sectioned completely through at a
thickness of 4 um. Three blocks from one patient were
used, and a total of 11 separate foci was reconstructed,
with a mean number of 87 sections. Six of the 11 re-
constructed volumes contained cancer. The cancer vol-
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umes were acquired from three separate foci of cancer.
Grades varied from Gleason score 4-6.

Digital Acquisition of Slide Images

A slow-scan color CCD camera attached to a Leitz
PLANO microscope was used to acquire digital im-
ages for 3D reconstruction. Magnification was %200,
with a resolution of 1,024 x 774 pixels, and pixel reso-
lution was 1.37 um for a total field of view of 1.402 x
1.060 mm.

Color images were acquired which consisted of red,
green, and blue spectral images. These three-color im-
ages were combined in the display to produce a single
full-color image. Each of the three-color images may
be referred to as a “‘band” of information. Each band
contained different information that was submitted to
multispectral analysis [15] to classify the images into
groups of pixels which represented desired structures,
such as vessels and ‘‘nonvessels.”

Segmentation of Vessels

In multispectral analysis, the three-color bands
were separated, and the pixel values of each were
plotted as a histogram, sometimes referred to as “‘fea-
ture space’ [15]. The value of a pixel in one band was
compared to the value in another band, and tissues of
different colors were located in different regions of the
histogram plot. Using the Analyze™ multispectral
tool, small sample regions of different objects could be
specified, such as the vessels and background tissue.
Classification algorithms separated the images into
different characteristic classes according to the sample
regions chosen. These algorithms assigned each pixel
in an image to different objects, using the sample pix-
els as input. To evaluate the quality of the segmenta-
tion, sample images were segmented with various
multispectral algorithms and compared to the actual
specimens. We employed the K-nearest neighbor al-
gorithm [15], which provided the best vessel segmen-
tation and minimized segmentation errors. Prior to
classification, the images were filtered using aniso-
tropic diffusion [15] to reduce background noise while
preserving edges. It was found that the glandular lu-
mens could be segmented with a simple thresholding
technique.

After final segmentation, the classified images were
manually viewed and edited to correct obvious errors,
which occurred in approximately 5% of sections. The
segmented vessels were occasionally fragmented, and
two-dimensional mathematical morphology [15] was
performed on the segmented vessels to close small
holes in the borders of vessels and to join fragmented
areas.

3D Reconstruction

We undertook 3D reconstruction of the sequential
digitized slices, using a combination of image-
processing filters and an image registration algorithm
in Analyze™. The method of registering sequential
two-dimensional images included four steps: 1) fea-
ture images used to match consecutive sections were
created using a Sobel edge filter in Analyze™, fol-
lowed by simple thresholding, producing an en-
hanced edge image; 2) feature images were processed
using mathematical morphology and connected com-
ponent analysis [15] to eliminate noise and small
structures, retaining only the large prominent features
that could be located consistently from slice to slice; 3)
extracted features were serially matched using a
chamfer-distance surface matching algorithm [11]
found in Analyze™; and 4) the transformation matrix
from the matching process was used to transform the
original image to bring it into alignment.

The first iteration of matching brought the images
to general alignment. A second iteration was per-
formed to closely approximate the vessels in the 3D
reconstruction. In this iteration, the same four-step al-
gorithm outlined above was used, but the feature im-
ages used were the segmented vessels. The surface
matching algorithm was constrained, in this case, to
look for matches in close proximity to the matches
from the first iteration to speed up the process.

Verification of Alignment Accuracy

The accuracy of alignment was judged qualita-
tively because the true alignment was unknown due
to the sectioning process. We used two common meth-
ods [10] to test the accuracy of alignment. In the first,
we panned through each volume and successively re-
moved the top layer, a viewing procedure similar to
use of a movie loop which allows the user to visually
detect any misaligned sections and record the level of
misalignment. Misalignments were detected using
this technique, and manually corrected. The second
method, volume rendering of the objects, consisted of
visual evaluation of the 3D reconstructions. The vol-
umes were visualized using volume renderings of the
reconstructed objects. The quality of the section-to-
section alignment can be determined by the smooth-
ness of the surfaces portrayed in volume rendering.

Analysis of 3D Characteristics and Patterns

Using the segmented microvessels, the volume per-
cent of microvessels in the total sample volumes was
calculated and compared to other measures. For be-
nign tissue, the volume of the entire block was used,
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and, in the cancer blocks, only cancer volume was
used. The microvessel volume percentage was a true
three-dimensional volumetric measure of the percent
of volume of the microvessels. A size threshold of ap-
proximately 23 wm in diameter, as previously recom-
mended [16], was used to count only those structures
which were considered probable microvessels.

Microvessel density was calculated for each vol-
ume. Each cancer was defined by hand-tracing with
Analyze™. The edge of the cancer in each section was
manually traced as closely as possible to determine the
volume by integration of the traced areas. In each two-
dimensional (2D) section, the number of segmented
vessels was counted. The microvessel density was
then calculated as an average over the entire 3D stack
of sections.

From the 3D microvessel data, we measured the
tortuosity and total length of microvessels. To mea-
sure these patterns, the central pathway, or medial
axis, of a vessel had to be determined. The medial axis
of vessels was obtained by morphologic thinning [15].
In this process, a tube-like structure was reduced to a
single voxel-thick connection of continuous points
along the midline of the vessels. For connections of
points, the path lengths, tortuosity, and other geomet-
ric characteristics were calculated.

A process was developed to acquire the medial axis
of the vessels. The steps were: 1) introduction of blank
slices to account for missing or damaged sections; 2)
smoothing of vessels with a closing operation, using
3D mathematical morphology; 3) filling the vessel lu-
mens, using a hole deletion algorithm; 4) resizing the
volume to cubic dimensions of the slice thickness (the
largest dimension); and 5) performing morphologic
thinning on the resized cubic data sets to obtain the
final vessel tree.

To measure tortuosity, the second derivative along
each vessel pathway was calculated. The mean of the
second derivative of all the medial axis points was
obtained and used as a measure of vessel tortuosity.
The second derivative of a path describes the rate of
change in direction along that path. A second method
used to measure tortuosity was to calculate the total
length of vessels in a given volume, a measure that
was referred to as ‘“vessel length density” and that
had units of vessel length per unit of volume.

Image Analysis Program

Software programs for processing and quantifica-
tion of data were developed using the Tcl/Tk script-
ing language and AVW™ (Biomedical Imaging Re-
source, Mayo Foundation, Rochester, MN) program-
ming library. Tcl/Tk is a graphics language for
creating complex window interfaces quickly. The

Fig. 1. Top: Volume rendering of the vessel-like phantom. Bot-
tom: Same phantom, after misalignment and realignment, com-
pares well to the original phantom.

AVW™ library of imaging processing functions [15]
was bound to Tcl/Tk to allow quick construction of
powerful image-processing functions. The tools
needed to process, align, and analyze data for this
research were embodied in two programs called
“PathMatch” and ‘“AnaPath.” These programs fea-
tured useful filtering functions, matching processes,
and analysis features. Image-editing functions and
multispectral analysis were performed by two pro-
grams in Analyze™.

RESULTS
Phantom Studies

The phantom used in this study was deliberately
misaligned and realigned using the 3D reconstruction
techniques which we had developed. By visually com-
paring the phantom before and after misalignment/
realignment, it was apparent that we were able to ad-
equately align the phantom (Fig. 1). The phantom was
also used to validate the path length and tortuosity
measures. Vessel lengths were manually measured
from the phantoms, compared to computed measure-
ments, and found to be consistent.

Alignment

Using the manual viewing method, 760 section-to-
section matches were reviewed, and only 8 mis-
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Fig. 2. Rotation sequence of volume-rendered benign tissue. Each image represents a 90° rotation of a 3D volume. The approximate size
of the volume is 500 x 500 x 300 um. The gland lumens are tan and the vessels are red. The microvessels encircle the glands in a

characteristic pattern.

matches were found that needed realignment. The
matching process rarely failed when there were no
missing or damaged sections; failures usually oc-
curred at these gaps. The failure rate of matching over
gaps was 9.2%, with an overall failure rate of 1.1%.

Volume renderings of the 11 regions were judged
by the smoothness of the surfaces portrayed and were
determined to be of acceptable quality (Figs. 2, 3). Ves-
sels and glandular lumens appeared to be continuous
and in good alignment in all cases. The renderings
compared well with similar images of realigned ob-
jects appearing in recent reports [6,7,10,12].

In our sample, there was a marked visual difference
in the volume renderings of the benign tissue and can-
cer. The lumens of the cancer acini were small and
closely packed. The microvessels in this area were
more numerous than in benign tissue, and appeared
to be of uniform caliber, with extensive branching
throughout. In benign tissue, gland lumens were

larger and the microvessels less numerous. In all cases,
the vessels appeared to encircle lumens, although
there appeared to be less order in the cancer samples.

Microvessel Density Counts

Microvessel densities calculated from this study are
shown in Figure 4. The densities calculated compared
well with those previously published [1-3]. The per-
centages of volume occupied by microvessel were cal-
culated and are shown in Figure 5.

Length and Tortuosity

The results of the tortuosity measures based on the
second derivative of the path are shown in Figure 6;
those based on length density measures are shown in
Figure 7. The tortuosity measures based on the second
derivative did not show differences between mi-
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Fig. 3. Rotation sequence of volume-rendered cancer tissue. Each image represents a 90° rotation of the 3D volume. The approximate
size of the volume is 500 x 500 x 300 um. The gland lumens are tan and the vessels are red. The microvessels are seen to be more
numerous, and they lack specific order of position.
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These results compare well to previously published results. pied by microvessels in tissue.
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Fig. 7. Vessel length densities, which are defined as the total
length of microvessels in a volume. Units of length density: mm
length of vessels/mm?,

crovessels associated with benign and cancerous tis-
sue. The length density measures appeared to separate
the microvessel types more accurately.

DISCUSSION

In this study, we found that microvessels in pros-
tate cancer were more homogeneously distributed
than in benign tissue. In cancer, the microvessels were
uniformly distributed among small acini, and ap-
peared to be more tortuous, though this characteristic
was difficult to quantitate. The microvessels in benign
tissue were densely arranged around the glands.
Among our quantitative measures, the best discrimi-
nator between microvessels in benign tissue and can-
cer was vessel length density, a relative measure of
tortuosity. Other measures, such as the second deriva-
tive along the pathway and simple density counts, did
not separate benign and cancer microvessels as well as
vessel length density.

To create the 3D reconstruction, we developed a

novel method to align microvessels in serial histologic
sections. The method was reproducible and robust,
and has been applied to several tissues, including bil-
iary ducts using varied acquisition techniques (data
not shown). The technique can align approximately
150 slices/hr, which compares favorably to manual
and other semiautomated methods of 3D reconstruc-
tion [6,10].

Though the goal of this research was to study mi-
crovessels, the glandular lumens of benign and malig-
nant tissue were also visualized for the first time in
3D. This will allow future study of two separate tissue
compartments, microvessels and glandular lumens,
both separately and together.

Microvessel density, i.e., the number of microves-
sels in a given area, correlates with the pathologic
stage of prostate cancer [1-3]. In Gleason scores of 5-7,
microvessel density also correlates with cancer pro-
gression [17]. Our measures of microvessel density
compare well to those in previous reports.

In 2D studies, the microvessels associated with
prostate cancer were shorter, with more undulating
vessel walls [18,19], than those observed in benign tis-
sue. Optimized microvessel density, which is calcu-
lated from the microvessel density after discounting
the glandular lumen space, correlated with pathologic
stage when measured from a needle biopsy specimen
[5]. When optimized microvessel density was added
to the Gleason score and serum prostate-specific anti-
gen (PSA) concentration, the predictive value of these
measures increased. These results indicate that tissue
from needle biopsies can be used to measure mi-
crovessel density clinically. However, the variance of
microvessel density within cancer is well-known [4].
Attempting to measure the 3D microvessel bed with a
needle biopsy may produce sampling variation errors.

The current study was limited by the small number
of foci that were reconstructed. Due to the labor-
intensive task of sectioning and digitally acquiring the
data, this report validates our ability to study mi-
crovessels in three dimensions rather than definitively
describing complex 3D measures. Methods are being
developed to process a larger number of cases in a
time-efficient manner. Three-dimensional studies may
help validate the ability of a needle biopsy to ad-
equately assess the nature of microvessels. Limited 3D
views of prostate cancer microvessels may be quickly
produced to reveal more information about the patho-
logic stage of the cancer involved than is available in
current 2D images.

CONCLUSIONS

In conclusion, we developed a novel method for 3D
reconstruction of microvessels. The vessels associated
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with benign tissue and cancer were found to be dif-
ferent; the microvessels associated with cancer were
seen to have more arbitrary pathways, increased tor-
tuosity, and a more casual relationship with glandular
elements than those in benign tissue. To our knowl-
edge, this is the first 3D visualization and study of
microvessels and glandular lumens in benign prostat-
ic tissue and adenocarcinoma.
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