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Abstract

Prostate cancer is the second leading cause of cancer-related death among American men.
Biopsy for prostate cancer is a procedure known as transrectal ultrasound-guided needle
biopsy. Because of the low resolution of ultrasound, the urologist cannot usually distin-
guish between cancerous and healthy tissue. For this reason, most biopsies follow standard
protocols based on long-term experience of physicians. Recent studies indicate that these
protocols have a significant rate of false negative diagnoses. In this research we use real
prostate specimens removed by prostatectomy to develop a 3-D distribution map of cancer
in the prostate, and use this to develop optimized biopsy procedures. The new procedures
have the potential to increase the rate of early detection of prostate cancer, and thus decrease
the rate of mortality.

1. Introduction

Prostate cancer is the most diagnosed form of cancer, other than skin cancer, in the United
States. It is the second leading cause of cancer-related death among men, exceeded only
by lung cancer. The American Cancer Society estimates that about 180,400 new cases of
prostate cancer will be diagnosed in 2000, and that approximately 32,000 men will die of the
disease. Prostate cancer is therefore a serious public health concern.

Early screening for prostate cancer is usually done by digital rectal examination, and by
measurement of the level of the patient’s prostate specific antigen (PSA) - a protein made
by prostate cells. Patients with prostate cancer often have elevated levels of PSA. However
elevated PSA levels may be indications of other conditions, such as prostatic hyperplasia
(noncancerous prostate enlargement) and prostatitis (inflamation of the prostate), and some
healthy men naturally have elevated levels of PSA. Men with high PSA results are advised
to have a biopsy to determine whether indeed they have cancer.

The biopsy procedure for prostate cancer is known as transrectal ultrasound-guided
(TRUS) needle biopsy. Using ultrasound guidance the urologist inserts a needle through
the wall of the rectum into the prostate, and removes a cylinder of tissue. The number of
needle samples may vary between three or four, to as many as eighteen. The number of
needles to be used and their location in the prostate is termed the biopsy protocol.

TRUS guided needle biopsy, is, as its name suggests, an ncomfortable procedure. Con-
sequently, a patient’s first biopsy usually involves a small number of needle samples. Due
to the low resolution of ultrasound, the urologist cannot usually distinguish normal prostate
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tissue from cancerous tissue during the biopsy. For this reason, a number of standard biopsy
protocols have been developed, to assist the urologist in performing the biopsy.

The biopsy protocol most commonly used is the systematic sextant biopsy [Hodge et al.
1989]. Recent studies [ Bankhead 1997, Rabbani et al., 1998] have shown, however, that this
strategy has an unacceptable level of false negative diagnoses (about 20%), and that many
patients who have a negative initial biopsy are found to have cancer in repeat biopsies. The
article by O'Dowd, et al. [O’Dowd 2000] concludes that the initial biopsy strategy needs to
be improved and/or expanded to increase the overall cancer detection rate.

Recent clinical studies have investigated new protocols that have improved detection
rates. Eskew et al. [1997] investigated a 5-region biopsy protocol in which additional lateral
and midline biopsies were added systematically to the traditional sextant biopsy. On a
study group of 48 patients with cancer, the protocol was superior to the sextant method in
detecting cancer. In a test on 121 cancer patients, Chang et al. [1997] found that adding 4
lateral peripheral biopsies to the sextant method increased the number of detected cancers
from 99 to 116. Bauer, Zeng et al. [1999] have also showed that biopsy protocols that add
laterally placed needles to the traditional sextant are superior to the sextant method.

The goal of our research is to develop optimized biopsy protocols. For a specified number
of needles, an optimal protocol is one that maximizes the probability of detection of cancer
in a patient. A major component of our effort is the development of a statistical distribution
map of cancer in the prostate.

The map is constructed from cancerous prostates that were removed via prostatectomy.
Each of the prostates is first reconstructed into a 3-D computerized model that accurately
represent the anatomy of the prostate, and the distribution of cancer within it. Next, each
model is divided into zones based on clinical conventions, and the presence of cancer in each
zone is calculated. From this the 3-D distribution map of tumor location is developed. Two
hundred and eighty one prostates have been reconstructed and analyzed thus far.

The paper is organized as follows. Section 2 gives a brief discussion of the 3-D computer
reconstruction of prostate specimens, and Section 3 describes how the cancer distribution
map is created. Section 4 presents the optimization models that define the optimal protocols,
followed by a discussion of the optimal biopsy protocols in Section 5. Conclusions are given
in Section 6.

2. 3-D Computer Reconstruction of Prostate Specimens
The reconstruction of the prostates involved several steps. Each prostate was sectioned in
4pm sections at 2.25mm intervals, and each slice was digitized with a scanning resolution of
1500 dots per inch. Each digitized image was segmented by a single pathologist to identify
the key pathological structures, including surgical margins, capsule, urethra, seminal vesicle,
and the tumor. The contours of each structure were identified on each slice, and then stacked
up. Interpolation between pairs of contours was performed using a 3-D elastic contour model.
The 3-D model of each structure in the prostate was finalized by tiling triangular patches
onto the interpolated contours, using a deformable surface-spine model, that employs a
second-order partial differential equation to control the deformation of the surface. The
reconstruction technique is described in detail in [Zeng et al.,1998a]. The successive steps of
the reconstruction are illustrated in Figure 1.

The computer reconstructions have also been used [Zeng et al, 1998b] in the development



Figure 1: Figure 1: 3-D reconstruction of prostate models: (a) Digitized image of a single
slice of a sectioned prostate(b) Stacked surgical margin contour controls of original slices.
(c) Surgical margin contour interpolation (d) Final 3-D reconstructed prostate model.

of a 3-D visualization system for simulation of prostate biopsies. This system enables a
surgeon to conduct a virtual needle biopsy. The physician can use a simulated ultrasound
probe, get the simulated ultrasound images both in axial and longitudinal directions, position
and fire a needle and obtain feedback from each action.

3. Constructing a 3-D Distribution Map of Prostate Cancer

Because of the low resolution of ultrasound, it is not possible for the physician to pinpoint
the position of the biopsy needles to a very high degree of accuracy. For this reason, we
have divided the prostate into small zones that are still large enough to be identifiable by
the physician.

We have thus divided the prostate into a grid of 48 zones, which is likely the the upper
limit on the number of zones that can still be accessible by the urologist. The grid has three
transverse layers along the (patient’s) vertical axis, starting from the base at the lower end,
through the mid to the apex at the upper end. Each such layer is divided into four coronal
layers from the rear to the front, denoted by posterior 1 (pl), posterior 2 (p2), anterior 1
(al), and anterior 2 (a2). Finally the layers are divided from left to right into four sagittal
layers, denoted by left lateral (1), left mid (Im), right mid (rm) and right lateral (rl). The
48-zone grid is shown in Figure 2.

In order to investigate the cancer distribution of each zone, the occurence of cancer was
calculated in each of the zones for all 281 patients. A zone is considered positive for a given
patient, if it contains any part of a tumor. A special-purpose algorithm was devised [Zeng
et al. 2000] to automate the calculation of the distribution map effectively.

A bar chart depicting the cancer distribution in each of the transverse layers is given
in Figure 3. The proportion of patients who were found to have cancer in a given zone is
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Figure 2: 48-zone grid superimposed over prostate. Grid is slightly exaggerated in size for
clarity. Features shown include the urethra, the seminal vesicle, and a tumor in the left
posterior apex and mid zones.

presented later, in Table 1. The data shows that cancer is most prevalent in the mid and
apex zones, and less prevalent in the base layer. Similarly it is more prevalent in the posterior
than in the anterior. There is no substantial difference in tumor distribution between the
left and right sides of the tumor.

A key feature of the mapping is that it is invariant to prostate size. Although larger
prostates will have larger-sized zones, each zone in different prostate models will have the
same spatial meaning.

4. The optimization models
The goal of our research is to determine the zones to be biopsied that maximize the prob-
ability of detection of cancer. Diagnosis of cancer will occur if at least one of the needle
biopsies is positive (cancerous).

In general the presence of cancer in neighboring zones are statistically dependent events.
For this reason, an approach that attempts to calculate the probability that cancer will
be present in at least one of j biopsied zones, by calculating the joint probabilities of the
relevant underlying events is not likely to be fruitful. A simpler approach is to compute the
proportion (or equivalently, the number) of patients whose cancer is indeed detected by the
biopsy.

To this end, define the m x n matrix A by

. 1 if patient ¢ has cancer in zone j
e 0 otherwise,

where m is the number of prostate models in the study (m = 281) and n is the number of
zones in the 3-D map (n=48). Let

o 1 if a biopsy is taken in zone j
771 0 otherwise.
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Figure 3: Distribution map of cancer by zone, in base, mid, and apex. Moving from left to
right, each block of 4 bars represents zones pl, p2, al, and a2 respectively, and the bars in
each block represent zones 1l, Im, rm, and rl respectively

Then the minimum number of zones to be biopsied that would guarantee cancer detection
for the entire data set is the solution to the set covering problem

n
minimize Z:cj
j=1

= 1
subject to Az >1 (1)
T S {O, 1}

It is also possible to determine the biopsy protocol that provides the maximum rate of
tumor detection for a given number of needles. Define
~_ ] 1 if test detects cancer in patient 1
Y'=1 0 otherwise.

Then the maximum number of patients in the data set whose tumor would be detected by
a k-zone biopsy can be found by solving the integer program

n

maximize Z Y
i=1

subject to Az >y
Z.’L‘j =k
j=1
zj,y; € {0,1}

Note that the i-th element of Az gives the number of zones in which cancer is detected for
patient ¢ . If this number is zero, then the inequality Az > y forces y; to be zero. If the
number is one or more, the inequality permits y; to be either 0 or 1, but since the objective
is to maximize the sum of the y variables, the optimal solution will have y; = 1.

Two other sets of constraints were incorporated into the models, in some of the runs.
The first, imposes left-right symmetry on the biopsied zones (x; = z, for every pair of zones
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Posterior Only Posterior + Rear Anterior

Number of Biopsies | No. of Patients | Percentage | No. of Patients | Percentage
6 271 96.4% 272 96.8%
8 274 97.5% 280 99.6%
10 275 97.7% 281 100%

Table 1: Number of patients diagnosed by optimal protocol with 6, 8, and 10 needles.

that have left-right symmetry). Physicians prefer left-right symmetry because it simplifies
the biopsy procedure, thereby reducing the possibility of probing the wrong zone. Another
set of constraints restricts the biopsy to the posterior of the prostate. The reason is that
anterior biopsies are more difficult to perform, and more uncomfortable for the patient. We
have investigated both protocols restricted to the rear half (posterior) of the prostate and
the rear three-fourths (the posterior, plus the rear half of the anterior).

5. Optimal Biopsy Protocols
We used the software package ILOG CPlex 6.5 to solve the relevant integer programs. In all
cases CPlex solved the problems within seconds, on a variety of platforms.

In solving the set covering problem (1) we found that the minimum number of needle
biopsies required to guarantee detection of cancer in all 281 patients is 8. Imposing the left-
right symmetry restrictions increases the number of needles required to 10. 10 needles would
still cover all patients when the biopsies are restricted to the rear three-fourths. However it
is not possible to detect all cancers just by probing the posterior of the prostate. Indeed, in
6 of the 281 patients the cancer was restricted to the anterior of the prostate.

We next determined the maximum number of patients in the data set whose tumor would
be detected by a 6-, 8-, and 10-zone (symmetric) biopsy. The results are summarized in Table
1. The corresponding optimal biopsy protocols, however, are not, in every case unique. For
example there are two optimal 10-zone protocols in the posterior, both detecting cancer
in 275 patients. To assist us further in selecting the protocol, we determined among the
optimal solutions the one that maximizes the average number of cancerous zones detected
per patient. (We elaborate more on the rationale for this below.) Let K be the maximum
number of patients diagnosed in a k-biopsy (for example, K = 275 in the case mentioned
above). Let e denote an m-vector of ones. Then the (scaled) objective is to maximize

el Az,

subject to the constraints of (2) with the additional constraint e’y = K. Let s = ATe be
the vector whose components give the number of patients in the data set with cancer in each
of the zones. Then the objective is to maximize s’ .

The resulting optimal protocols for biopsies in the rear half, and the rear three fourths
are shown in Tables 2 and 3 respectively. In both cases the optima are unique. In both cases
also, the 6-needle protocol is a subset of the 8-needle-protocol, which in turn is a subset of
the 10-needle protocol. Tables 2 and 3 also show the proportion of patients who had cancer
in each zone.

The final determination whether to use 6, 8, or 10 needles in the biopsy, and whether to

biopsy the rear anterior are beyond the scope of this work. Clearly, the greater the number



lla2 Ima2 | rma2 rla2 lla2 Ima2 | rma2 rla2 11a2 Ima2 rma?2 rla2
14.9% | 18.5% | 19.2% | 13.2% 26.0% | 32.0% | 30.2% | 22.1% 15.7% | 29.2% | 29.9% | 17.4%

llal Imal | rmal rlal llal Imal | rmal rlal llal Imal | rmal rlal
27.8% | 26.6% | 27.8% | 31.7% 45.2% | 43.8% | 42.4% | 46.3% 40.9% | 50.9% | 50.2% | 42.0%

1Ip2 Imp2 | rmp2 rlp2 1Ip2 Imp2 | rmp2 rlp2 1Ip2 Imp2 | rmp2 rlp2
43.1% | 39.1% | 37.4% | 41.7% 59.8% | 61.2% | 61.6% | 56.7% 49.5% | 62.6% | 64.8% | 55.2%

Kok Kok Kok Kok k * Kk Kok *

lip1 Impl | rmpl ripl llp1 Impl | rmpl ripl lip1 Impl | rmpl rlpl
38.4% | 37.0% | 34.5% | 32.7% 56.6% | 64.1% | 60.5% | 56.9% 40.2% | 56.2% | 56.9% | 44.2%

*% *%
Base Mid Apex

Table 2: Optimal biopsy protocols for 6, 8, and 10 needles, with biopsies restricted to the
posterior of the prostate. *** denotes zones that are part of the 6-biopsy protocol; ** denotes
the additional zones that are part of the 8-biopsy protocol; * denotes the additional zones

that are part of the 10-biopsy protocol

lla2 lma2 | rma2 rla2 lla2 Ima2 | rma2 rla2 lla2 Ilma2 | rma2 rla2
14.9% | 18.5% | 19.2% | 13.2% 26.0% | 32.0% | 30.2% | 22.1% 15.7% | 29.2% | 29.9% | 17.4%

lal Ilmal | rmal rlal llal Imal | rmal rlal llal Ilmal | rmal rlal
27.8% | 26.6% | 27.8% | 31.7% 45.2% | 43.8% | 42.4% | 46.3% 40.9% | 50.9% | 50.2% | 42.0%

Hkk *%k * *

1Ip2 Imp2 | rmp2 rlp2 1Ip2 Imp2 | rmp2 rlp2 1Ip2 Imp2 | rmp2 rlp2
43.1% | 39.1% | 37.4% | 41.7% 59.8% | 61.2% | 61.6% | 58.7% 49.5% | 62.6% | 64.8% | 55.2%

k% 3k koK kokok

lip1 lmpl | rmpl ripl lip1l Impl | rmpl rlpl lip1 Ilmpl | rmpl ripl
38.4% | 37.0% | 34.5% | 32.7% 56.6% | 64.1% | 60.5% | 56.9% 40.2% | 56.2% | 56.9% | 44.2%

Kk *okok
Base Mid Apex

Table 3: Optimal Biopsy Protocols for 6, 8, and 10 needles, with biopsies restricted to the
**% denotes zones that are part of the 6-biopsy
protocol; ** denotes the additional zones that are part of the 8-biopsy protocol; * denotes
the additional zones that are part of the 10-biopsy protocol

posterior plus the rear of the anterior.




of needles, the higher the rate of detection of cancer. But transrectal ultrasound guided
needle biopsy of the prostate is a minimally invasive procedure. It is relatively safe, but like
all surgical procedures it does carry a small risk for potential morbidity.

With regards to our results, the question remains, what is the statistical validity of the
estimated detection rates shown in Table 1. If indeed it were the case, that a needle probe
taken in a cancerous zone is always positive, then the confidence intervals for our estimates
would be quite narrow. For example, the sample standard deviation for an 8-needle biopsy
is (in percentages) 0.86 for posterior only biopsies and 0.36 for three fourths biopsies.

Unfortunately it is possible that a biopsy in a cancerous zone will be negative. Indeed,
in creating the map, for a given patient a given zone was deemed cancerous even if it had a
small cancerous part.

Estimating the probability that the needle biopsy core will be positive given that the zone
is cancerous is a complex problem. It is difficult because cancerous cells are not distributed
randomly within a zone; furthermore, because of the contiguous nature of core, the cells
biopsied are not statistically independent. If we assume however, that this probability is
equal for all zones, then for each patient the best strategy would maximize number of can-
cerous zones covered. It is for this reason, that we have chosen among the multiple optimal
solutions to (2) the one that maximizes the average number of cancerous zones detected per
patient.

6. Conclusions

In the past, prostate cancer biopsy protocols were based on long term experiences of the
physicians, and were evaluated by their empirical detection rate. We believe that our work is
the first to develop a 3-D statistical distribution map of prostate cancer based on real prostate
specimens, and the first to use this map to optimize prostate cancer biopsy protocols. We
have proposed biopsy protocols that could potentially improve significantly the detection
rate of prostate cancer.

We are currently conducting a more comprehensive study of biopsy protocols, based on
the patients age, race (prostate cancer has a higher prevalence among African Americans) and
PSA level. In parallel, we are utilizing the cancer distribution map and the optimized biopsy
protocols to develop an image-guided in vivo online system that will assist the urologist in
the biopsy.
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