Preface

Cancer detection and treatment have been greatly enhanced by advances in imaging
technology during the last decade. Image-Guided Diagnosis and Treatment of Cancer
aims to describe the past, current, and future applications of imaging in the diagnosis,
staging, treatment, and outcome assessment of cancer of the prostate, central nervous
system, and breast. Given the multitude of advances in image-guided biopsy and treat-
ment, this book aims to be the first of its kind to introduce the field of minimally
invasive image-guided surgery to the medical community.

Earlier detection using screening mammography has decreased breast cancer mor-
tality (Chapter 3). Approaches to breast cancer detection using magnetic resonance
imaging (MRI) are currently under study (Chapter 4). Improved visualization of the
prostate gland first using transrectal ultrasound (Chapters 1 and 6) and later using MRI
(Chapters 2 and 7) has provided the ability to diagnose prostate cancer and perform
minimally invasive delivery of high-dose radiation to the tumor bearing region(s) of
the prostate with minimal toxicity. MRI-guided resection of neoplasms and sites of
functional disordersallowsfor minimally invasive biopsy (Chapter 5) and neurosurgery
(Chapters 8 and 9) with maximum benefits.

Asimaging technology has become increasingly sophisticated, the ability to assess
response to chemotherapy (Chapter 10), map temperature profiles (Chapter 11), and
visualize gene expression in vivo is becoming a reality (Chapter 12). Image-Guided
Diagnosis and Treatment of Cancer outlines the current clinical applications of image
guidance in the detection (Part 1) and treatment (Part 11) of carcinoma of the prostate,
central nervous system, and breast in order to define the future paradigm of genetic-
based imaging and its potential clinical applications (Part 111).

Anthony V. D’Amico, MD, PhD
Jay S. Loeffler, Mp
Jay R. Harris, MD
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Magnetic Resonance-Guided Prostate Biopsy

Clare M. Tempany, mp, and Steven Haker, phD

INTRODUCTION

The goal of acancer detection program is to detect and diagnose cancer at an early,
treatabl e stage. Prostate cancer isroutinely diagnosed by needle biopsy after the detec-
tion of either an abnormal prostate-specific antigen (PSA) level or apal pable nodulein
the gland. The current standard method to obtain the tissue diagnosis is to sample the
prostate gland using transrectal ultrasound (TRUS) imaging guidance. Although this
method is the standard clinical approach, this chapter will describe anovel diagnostic
method using magnetic resonance imaging guidance that is currently being evaluated
in a prospective National Cancer Institute clinical trial.

Prostate Cancer Diagnosis and Treatment

Prostate cancer isthe most common noncutaneous malignancy diagnosed in Ameri-
can men. Itisestimated that approx 189,000 men were diagnosed in 2002 with prostate
cancer (1), although it is also estimated that this figure may be low because of inad-
equate methods of detection. Currently, either TRUS-guided biopsy or sampling dur-
ing transurethral prostatectomy are the two most common methods used to diagnose
prostate cancer. In the presence of high PSA levels, current biopsy methods are signifi-
cantly limited by a false-negative rate estimated to be as high as 15 to 31%. TRUS
biopsies are specifically limited by low sensitivity of 60%, with only 25% positive
predictive value. Studies have shown, moreover, that in more than 20% of cases in
which cancer was suspected, at | east two biopsy sessionswere required to diagnose the
tumor (2,3). The TRUS approach does not target focal lesions in the gland; rather, it
samples the gland in a sextant manner: bilaterally at the base, the midgland, and the
apex. A randomized study of the efficacy of six vstwelve coresin 160 patients showed
no differencein cancer detection, thus suggesting that it isthe location or target that is
actually biopsied, rather than the actual number of samples that matters (4).

Clearly, the difficulty in reaching a definitive diagnosis is not resolved by simply
increasing the number of samples taken.

Many men are faced with a dilemma after they have had anegative transrectal pros-
tate biopsy prompted by an abnormal PSA level. Should the patient and his physician

From: Image-Guided Diagnosis and Treatment of Cancer
Edited by: A. D'Amico, ]J. S. Loeffler, and J. R. Harris © Humana Press Inc., Totowa, NJ

35



36 Tempany and Haker

Fig. 1. Axial T2W image with an endorectal coil at 1.5 T. Lower signal intensity in the left
PZ (black arrow) compared with right (white arrow) indicates a tumor.

have confidence in the results of the original biopsy in the presence of abnormal PSA
levels? In the context of this question, we present anovel biopsy method in such away
that abnormal tissue is depicted in advance of the actual procedure. Then using this
information, atargeted and sampling biopsy can be performed. We hypothesis that by
using magnetic resonance imaging (MRI), the more precise target definition will
improve both the speed and accuracy with which a diagnosis is reached. More timely
diagnosis and treatment, in turn, should be to the benefit of the patient in terms of
prognosis and quality of life.

MRI OF THE PROSTATE

Significant advances have been made in MRI of the prostate gland in the past decade.
It is now clearly established that a combination of T1- and T2-weighted (T1W and
T2W) images in multiple planes provide a comprehensive set of images of the entire
prostate and its substructure, including the central gland and the peripheral zone. MRI
can providefull visualization of the rectum, bladder, seminal vesicles, and neurovascu-
lar bundles (5,6). Thetechnology behind MRI hasimproved significantly, with current
state-of-the-art images acquired with an endorectal coil/phased array coil combination
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Fig. 2. Axial T2W image with an endorectal coil at 1.5 T showing normal prostate substruc-
ture. Specifically, high-signal intensity PZ (black arrows) typical CG heterogeneous signal
BPH (white arrows).

at 1.5 T. The combination of the endorectal and multicoil array has been shown to
provide the most accurate imaging technique for visualizing and staging the patient’s
tumor (7). The T2W images allow clear visualization of the peripheral zone (PZ) of the
prostate, where over 75% of cancers arise. MRI can detect suspicious lesionsin the PZ
of the gland on T2W images. Focal (low-signal) lesions in the PZ are suspicious for
tumor, especially when located posteriorly in the gland. The sensitivity of MRI for the
detection of cancer is relatively high, but the specificity for diagnosis of cancer is not
as high. We and others have previously shown that the detection of tumor foci on MRI
is, in part, afunction of size, with 89% of foci greater than 10 mm and 62% of foci less
than 5 mm being detected (8,9). Because PZ is the most common site of origin of
prostate cancer among the three prostate zones (PZ, central zone [CZ], and transitional
zone[TZ]), localizing and targeting PZ and tumor foci in prostate biopsy may increase
the cancer detection rate. For these reasons and those related to the problems of TRUS,
we, and others have sought alternative biopsy approaches. We can now perform MR-
guided biopsies in an open, interventional MRI unit, which allows for MR-guided
needle placement and sampling of biopsy sites (10-13) (Figs. 1-6).
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Fig. 3. Axial images with endorectal coil at 1.5 T. On the left, a T2W image, on theright, a
T1W image. The same craniocaudial postion is presented.

CURRENT TECHNIQUES TO IMPROVE MR CANCER DETECTION

In an effort to provided greater tumor detection and characterization, there are sev-
eral new noninvasive imaging techniques currently being tested. These include MR
spectroscopy, T2 mapping, diffusion imaging, and intravenous contrast enhancement
with gadolinium.

PROSTATE MR SPECTROSCOPY

Several groups have shown the utility of 1H spectroscopy to detect biochemical
markers in the prostate that can be used to differentiate prostate cancer from normal
tissue or from benign prostatic hyperplasia (BPH) in vivo (14,15). The primary metab-
olite signal from normal tissue and BPH is the citrate resonance at 2.6 ppm. The pri-
mary metabolite signal from prostate cancer is the choline resonance at 3.2 ppm. The
ratio of the areas under these two resonances has proven to be a statistically significant
indicator for the presence or absence of cancer. Other metabolites that can be detected
and quantified with 1H spectroscopy include myo-inositol, creatine, and lipid reso-
nances. Quantification of these resonances and the subsequent formation of various
metabolite ratios should further enhance the likelihood of localizing regions where
prostate cancer will be encountered with MR-guided biopsies.

T2 MAPPING OF THE PROSTATE GLAND

A British group has produced intriguing results that suggest a positive correlation
between the concentration of citrate, as determined by 1H spectroscopy, and the water
T2 value, as mapped with multi-echo imaging methods. Because citrate isthe so-called
good metabolite of the prostate gland, presenting the strongest metabolite signal in
normal tissue and BPH (16-19), a decrease in the citrate signal provides an indirect
indication of potential PC. Thus, if the correlation between citrate concentration and
water T2 values can be independently established, we will improve the spatial resolu-
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Fig. 4. Axial T2W (A, C) T1W (B, D) imageswith an endorectal coil at 1.5 T acquired at the
midgland seminal vesicles levels. Images demonstrate a large extensive tumor arising on the
right side (T), which invades both the capsule and the seminal vesicles (white arrows).

tion with which suspiciousregions of the prostate can beidentified for biopsy. Hence, we
perform high spatial resolution imaging with fast spin echo sequences at multiple effec-
tive echo times to generate quantitative T2 maps of the prostate gland. From these maps,
we will identify regions corresponding to spectroscopically interrogated voxels. Cur-
rently, we are seeking acorrelation between the T2 values of these regions and the metab-
olite ratios obtained from the two dimensional chemical shift imaging studies, which are
currently the best differential indices for prostate cancer vs normal tissue or BPH.

DIFFUSION IMAGING OF THE PROSTATE GLAND

MRI methods for obtaining tissue contrast reflecting water molecular diffusion have
become essential for assessing acute stroke in the brain. More recently, evidence has
been presented that suggests diffusion imaging may also play arolein the early detec-



Fig. 5. Axial T1IW image with pelvic multicoil array, same patient asin Fig. 4. Thisimage
shows an enlarged metastatic lymph node in the right external iliac chain (arrow).

Fig. 6. Axial (left) and coronal (right) T2W images, with an endorectal coil at 1.5 T. Patient
isa56-yr-old man with prostate cancer. This staging MRI shows alarge right-sided tumor (T).
This tumor involves both the PZ and TZ on the right. Both images show extra-capsular exten-
sion of disease (white arrows). Thus, this patient has T3 disease.

40
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tion of brain tumor response to therapy (20). Such successes have encouraged the pur-
suit of diffusion imaging for characterizing pathology in the prostate. However, techni-
cal limitations have largely confined diffusion studies to the brain with only very
limited studies of other organs. Asaresult atechnique that overcomes these limitations
has been devel oped and so opens up the possibility of making meaningful water diffu-
sion studies of the prostate possible. To measure tissue water diffusion or the so-called
apparent diffusion coefficient (ADC), strong, nonimaging gradient pulses are incorpo-
rated that cause a signal reduction related to the overall motion of the water molecules
within animaged pixel. The primary motion of interest for tissue characterization isthe
microscopic diffusive motion, which issensitiveto thelocal environment, for example,
stroke or tumor environments having different ADCs from that of the surrounding nor-
mal tissue. Of course, other artifactual motions may occur during measurement, includ-
ing respiratory, cardiac, and peristaltic, which will aso lead to signal reductions that
confound ADC measurements, particularly outside of the brain. Snapshot echo-planar
imaging techniques are used to overcome these problems by effectively “freezing”
macroscopic motion.

To overcome both the macroscopic motion problem and the inherent limitations of
echo-planar imaging diffusion imaging, a new diffusion imaging technique has been
developed called line scan diffusion imaging. The technical advantages of line scan
diffusion imaging will allow us to make high-quality, high spatial resolution, quantita-
tive diffusion imaging of the prostate (20). This may allow for a meaningful assess-
ment of the prostate tissue ADC parameter as an indicator of cancer and guide for
biopsy localization.

Intravenous Contrast Agents

Recent work suggeststhat by giving intravenous gadolinium T1W images can show
different enhancements patterns between cancer and benign tissue. The intravenous
contrast is given as a rapid bolus, with multiphase acquisitions, before and after the
bolus obtained, using fat suppression. Thisis preliminary work and may along with the
above techniques add further to improve our specificity.

IMAGE-GUIDED PROSTATE INTERVENTIONS

Image-guided therapy has become an important approach for many forms of cancer
treatment. The ability to identify the target ahead of time and deliver the maximum
therapy to the target is the ultimate goal. The three critical components of any
imageguided therapy method are navigation, control, and monitoring of therapy deliv-
ery. Precise navigation requires clear identification of the target. To control the deliv-
ery of treatment, one needs to accurately identify the target and all adjacent tissues
while controlling the intervention or procedure.

Over the past decade, a broad multidisciplinary field of image-guided therapy has
evolved from image-guided neurosurgery. At our institution, the image-guided therapy
program uses advances in imaging, high-performance computing, and highly evolved
new therapy delivery systems to move forward the image-guidance concept into mul-
tiple clinical applications (21,22). Image-guided surgery brings powerful technologies
into the operating room by taking advantage of advancesin computer science and engi-
neering. The simultaneous combination of direct vision and imaging is possible within
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a unique environment of intraoperative MRI, which incorporates both the operating
room and an imaging system. Open configuration MRI systems are currently in usein
several centersin the United States and around the world to guide many types of proce-
dures ranging from diagnostic biopsies of the breast, liver, bone, and other organs to
guiding neurosurgical procedures (11). These systems also guide treatment and fol low-
up treatment effects, in brain and spinal surgery, laser and cryo-ablation of liver tumors
and prostate (23-27) and breast cancer.

We have devel oped acomputerized software environment for interactive multiplanar
three-dimensional (3D) imaging, multimodal visualization, and display. The 3D Slicer
isasoftware program devel oped in-house by Hata and Gering (28). This system allows
for the integration of several facets of image guidance into asingle integrated environ-
ment. It provides capabilities for automatic registration (aligning data sets), semiauto-
matic segmentation (extracting structures such as vessels and tumors from the data),
generation of 3D surface models (for viewing the segmented structures), and 3D visu-
alization and quantitative analysis (measuring distances, angles, surface areas, and vol-
umes) of various medical scans. The 3D Slicer, now in routine clinical use, has been
integrated with the open MRI scanner to augment intraoperative imaging with a full
array of preoperative data. The same analysis previously reserved for preoperative data
can now be applied to exploring the anatomical changes as the surgery or intervention
progresses. The trajectories of the surgical instruments are tracked. By switching the
display mode, the real-time scans are visualized in the same 3D view along with the
preoperative slices and surface models. The utility of this image-guidance system has
been tested for MRI-guided neurosurgery and now under implementation for other
image-guided procedures and for several diagnostic applications.

In prostate cancer, it isimportant to maximize the local treatment effect and to mini-
mize the undesired effects on the normal structures close to the target, thus reducing
complication rate. This is the fundamental principle underlying most modern radiation
treatment programs for prostate cancer. In 1997, we introduced an MR-guided
brachytherapy program for the treatment of localized prostate cancer. We usethe MRI in
place of ultrasound imaging to delineate the prostate gland and most importantly use the
MRI in near-real timeto monitor the treatment delivery and radiation dosimetry (23-27).

The ability to use MR to guide biopsies of prostate lesions only detected on MRl is
a powerful and useful application of this imaging technology. We are currently using
this approach, along with others, in routine clinical practice. A recent pilot study of 33
patients by Perrotti et a. (10) showed that MRI could accurately localize tumor foci,
with an accuracy of 67%, in patients with previous negative biopsy and elevated serum
PSA. They used MRI to identify lesiong/targets (based only on signal and not size) and
then performed TRUS-guided biopsies attempting to directly biopsy the most suspi-
cious MRI-identified lesions. Prospective evaluation of endorectal MRI to detect tu-
mor foci in men with prior negative prostatic biopsy is described in a pilot study.

MRI-GUIDED BIOPSY

The experience we gained from the MR-guided brachytherapy program led us to
believethat by adapting this approach we could perform M R-guided percutaneous pros-
tate biopsies. The brachytherapy procedure demonstrated that it is feasible to place
needlesinto specific targetsin the prostate under intraoperative MRI guidance. Among
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Table 1
MR-Guided Prostate Biopsy Patient Population
Eligibility criteria
« Either an abnormal serum PSA level (>4 ng/mL) or a palpable nodule in the
prostate on digital rectal examination.
« Either previous negative biopsy or no transrectal access for biopsy sampling.
* MRI of the prostate gland, with or without afocal lesion.
* Age>30yr.
* Informed consent.
* No contraindication to MR-induced anesthesia, that is, no risk of silent ischemia.
Exclusion criteria
« Inability to give informed consent.
« Contraindications to MRI cardiac pacemaker, inner ear implants, non-MR-com
patible intracranial aneurysm clips.
« Contraindications to MR-induced anesthesia-epidural or general anesthesia.

the goals of our work isto answer the question of whether improved detection of clini-
cally significant prostate cancers can occur if the biopsy is guided by MRI. As our
brachytherapy program devel oped, it became apparent that this approach had the poten-
tial to allow MR-guided prostate biopsies. Thus, in response to a clinical demand, we
adapted our system to perform MR-guided biopsies. We anticipate that biopsies based
on MRI localization and needl e guidance compared with random sextant sampling will
be more effective in detecting localized prostate cancer.

BIOPSY PATIENT POPULATION

Our patients are al men with abnormal PSA levels (>4 ng/mL; Hybritech method)
from one for the following two groups: 1) Men who have had previous abdomino-
perineal resection (APR) of the rectum who cannot undergo a TRUS-guided biopsy
and 2) Men who have abnormal PSA and have had more than one negative TRUS
biopsy. All patients have a prebiopsy MR exam with either the multicoil-phased array
alone or amulticoil array and endorectal coil, at 1.5 T. These images provide planning
information for the biopsy both for target definition and depiction of the peripheral
zone. We exclude from biopsy patients who have any of the standard exclusion criteria
for MRI, for example, cardiac pacemakers. We also exclude men with significant car-
diac ischemia. All men are evaluated by the anesthesia service, as they do of all men
undergoing M R-guided brachytherapy, for the induction of anesthesiain an MR envi-
ronment. Men with significant cardiac ischemia are excluded because they cannot be
adequately monitored in the intraoperative MRI unit.

After patients have the initial MR exam, the biopsy procedure is discussed with
them and informed consent is obtained (Table 1).

On the day of the procedure, the patient comesto the intraoperative MRI suiteand is
prepared for the biopsy. He is positioned in the lithotomy position, with the side entry
position of the table. The patient receives either a general or spinal anesthesia, as
selected by the anesthesiol ogist, to keep him from pain and discomfort and to immobi-
lize his pelvis and provide a fixed target that will not move during the procedure. The
external MR transmits and receive coil are wrapped around his pelvis, and initial images
confirm a good position.
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The skin of the perineum is prepared and draped after aFoley catheter has been placed
inthe bladder. Then aPlexiglastemplate isfixed up against the patient’ s perineum. If the
rectum is normal, a stiff obturator is placed to allow for clear delineation of the anterior
rectal wall and posterior prostate. Then, the prebiopsy images are obtained.

For biopsy localization, each sextant of the prostate gland can be targeted asthey are
under ultrasound guidance. We image the prostate in the coronal plane and divide the
gland into three areas: apex, base, and midgland. We believe we are able to increase the
likelihood that the samples are taken from the PZ for the following reasons: we havereal -
time MRI guidance and we use the 3D Slicer software, which allows for T2W images
to be displayed in the operating room. Thus allowing for visualization of the PZ/central
gland (CG), asthe needleisinserted. Asthe approach istransperineal, the needles enter
the posterior gland and travel in a vertical trajectory through the PZ, increasing the
probability that all sampleswill be taken from the PZ. The real-time imaging with fast
gradient recalled (FGR) imaging sequences, the 3D Slicer, and the T2W images are be
used to confirm that the samples are being taken from the PZ.

An axial T2W volumetric sequence acquired inthe 0.5 T Sigha SP Magnetic Reso-
nance Therapy (MRT) System (GE Medical Systems, Milwaukee, WI) at the start of
the biopsy procedure is incorporated into the 3D Slicer to provide “virtual” guidance
into the PZ of the prostate (Figs. 7 and 8).

As each real-time FGR image is obtained, this T2W sequence is resampled so as to
match the spatial position of the FGR image. We alternate the display of the real-time
FGR image with the corresponding resampled T2W image to provide the observer with
information on the location of the needle, its position within the PZ, and its relation to
targetsvisible on the T2W image. The 18-gage (MR-compatible€) biopsy guns are placed
into the gland under MR guidance. The real-time imaging sequences are FGRS, which
are rapidly acquired and clearly depict the needle; they can be acquired in the axial,
sagittal, and corona planes. The needle artifact is clearly seen on these FGR images.
Using the 3D Slicer, we can alternate the image on the in-bore monitor. Thus allowing
the radiologist to see both the needle and the prostate substructure simultaneously.

We perform sextant sampling of the gland under MRI guidance in away similar to
TRUS, that is, we target the six locations on the gland. We use 18-gage biopsy guns,
the same size used in routine clinical practice, to take the tissue samples. We sample
the PZ at the apex, base, and midgland bilaterally. All specimens are labeled, sent to
pathology, and handled in the standard clinical fashion (Fig. 9).

INTERVENTIONAL MRI TECHNIQUES

Asdescribed earlier, the current state of the art for imaging the prostate requires 1.5-
T field-strength MR techniques using a combined endorectal and pelvic array coils.
Thisisroutinely performed on all patientsin our brachytherapy program. In the devel-
opment of the MRI-guided brachytherapy program, which uses a 0.5-T filed strength
system, we felt that it was important to ensure that the MR sequences and coils would
provide adequate images of the prostate. Thus, we compared the image quality in a
subset of 20 patients, evaluating each of the studies for ease of identification of the
gland, its substructure, and abnormal foci from the endorectal coil 1.5 T images and the
0.5 T images. Thetotal score of conspicuity of normal structureswas 27.95 for the 1.5
T imagesand 26.5 for the 0.5 T images. The mean signal-to-noiseratios (SNRs) for the
PZwerel1l.1+4.7at1.5Tand10.3+£3.8at 0.5T (p =0.40). However, the contrast-to-
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Fig. 7. General Electric Signa SP 0.5 T system with patient in lithotomy position.

noise ratios of the PZ vsthe CG were significantly different (p = 0.002), being 7.0 + 4.4
for 1.5T and 4.1 +- 2.2 at 0.5 T. In amost all aspectsthe 0.5 T images compared very
favorably withthe 1.5 T images. The only areawhere adifferencewasfound wasin the
identification of focal lesions, in 12 of 20 men suspicious foci wereseenat 1.5 T and
not at 0.5 T (27). Thismay be explained in part by the differencein field strength, SNR,
and theimaging parameters, which are adapted for the lower field strength and the field
of view; the imaging coil used is an external wrap-around coil, not an endorectal coil.

Image Analysis

Multiple biopsy locations are planned from the two image data sets, the 1.5 T data
and the 0.5 T data. The latter, obtained on the day of the biopsy, after induction of
anesthesia. All the 1.5 T MR images and the 0.5 T images are analyzed by the radiol o-
gist for the presence of any focal lesion, defined as any focal area of low T2W signal
intensity in the PZ. Any and al lesions are identified, measured, and localized. These
arethustheimage-based “targets,” and at |east six sextant locations are also identified,
which comprise the list of sites to be sampled.

Also under development isthe ability to integrate 1.5 T imagesinto the 0.5 T image
display system and into the 3D Slicer visualization program to alow for improved



46 Tempany and Haker

Fig. 8. Close-up of patient position, with in-bore monitor showing axial image of the prostate.

target definition. Our goalsin this area are to achieve automated registration and seg-
mentation for intraoperative treatment planning and to provide preoperative image data
in the operating room for navigation to ultimately improve the accuracy and efficiency
of the procedure.

3D VISUALIZATION

The real-time imaging sequences are gradient echo sequences, which are excellent
for delineating the gland, the rectum, the catheter, and bladder but not the internal
zones of the prostate. Therefore, the availability of T2W images provided by the 3D
Slicer iscritical in targeting the PZ during prostate biopsies.
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IMAGE INTEGRATION AND FUSION
Image Registration and Segmentation

In performing prostate image segmentation, we are attempting to provide classifica-
tion of the prostate substructure, which will allow automated definition of the PZ and
CG. It will also allow for accurate definition of the prostate boundary and location of
adjacent structures.

Segmentation

With the aim of integrating preoperative imagesinto the intraoperative image dataset
for navigation, control, and planning, we are working to develop an automated MRI
segmentation program to analyze prostate gland, its boundary, and substructure. This
approach, whichisbased on our preliminary investigations, will use the combined data
from the pre- and intraprocedural MR images and allow the treatment plan to be based
upon the full data set. We follow these steps:

1. Segment the PZ and the CZ/TZ inthe 1.5 T preoperative PD/T2W MR images. This seg-
mentation will also yield the outline of the prostate (i.e., the prostate capsule).

2. Deform the segmenting curvesin accordance with how the prostate deforms as the patient
moves from the supine to the lithotomy position, and

3. Segment the prostate capsule in the 0.5 T intraoperative MR images.

4. Apply rigid registration to match the capsule of the 1.5 T preoperative MR images to the
capsule of the 0.5 T intraoperative MR images.

Once the pre- and intraoperative capsule segmentations are aligned, the PZ and the
CZ/TZ segmentation of the 1.5 T MR images obtained can be overlaid on top of the 0.5
T MR imagesto provide theinformation needed for biopsy, namely, the differentiation
of PZ and CZ/TZ in the procedural room.The important structures to be treated, or
spared, are segmented by the method described above. These structures include the
central and peripheral parts of the prostate, the urethra, and the anterior wall of the
rectum. After this segmentation process, the treatment is designed and the dosimetry
evaluated and refined as necessary. For rigid registration, a cost functional using simi-
larity measures, such as mutual information, can be designed to capture the essence of
agood alignment. By minimizing the cost functional, the two capsules will be aligned.
Alternatively we may use an approach based on volume of overlap. Both of these meth-
ods have been used extensively in our laboratory in other applications.

Preliminary studies have shown that as the body moves from the supine position to
the lithotomy position, the prostate has the tendency to shorten longitudinally, with the
upper half of the prostatetilting slightly forward pivoting about the center of the organ.
The different zones of the prostate are clearly visiblein 1.5 T diagnostic MR images,
and the challenge isto integrate this information into the 0.5 T interventional MR im-
ages obtained intraprocedurally during biopsy, while the patient is in the lithotomy
position. To this end we have investigated methods for segmenting the prostate and
simulating its deformation. Our segmentation approach uses a variant of the curve-
evolution approach, and incorporates models of the intensity characteristics of the tis-
sues. Previouswork in these flows has demonstrated good resultsin segmenting images
that may be differentiated by regions that have different intensity statistics, for ex-
ample, different vegetationsin synthetic aperture radar images (29-31). We have dem-
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onstrated the feasibility and performance of these flow algorithms on preoperative pros-
tate MR images. Curves are superimposed on top of each image slice to show the loca-
tions of the PZ and CG obtained by applying the algorithm. These contours appear to
accurately outline the correct boundaries of the prostate structures. The remaining chal-
lenge is to increase the information content of the 0.5 T intraoperative MR images,
which have two fundamental problems:

1. Inboth 1.5 T and 0.5 T MR images, the prostate gland is textured with weak or diffused

boundaries that make the segmentation process challenging.

2. ltisdifficult to capture the nonrigid deformation of the prostate as the patient moves from
a supine position to a lithotomy position.

REGISTRATION

The goal istheregistration of 1.5 T imagesinto the 0.5 T images, by mapping and
deformation of the images. Much of this work is based on our experience with rigid
and deformable registration in neurosurgery. Initially, a diagnostic staging MRI is
obtained with an endorectal coil, which provides excellent SNR characteristicsin the
region of the prostate.

Registration techniques are useful when the organ or target of interest moves,
changes shape, or has characteristics that vary at different pointsin time. Our experi-
enceinrigid and deformabl e registration is mostly from neurosurgery. Violaand Wells
(80-32) have developed a fully automatic rigid registration method for multimodal
medical image registration. The method is based on aformulation of the mutual infor-
mation between the model and the image. The method is intensity based instead of
feature based, which has the advantage of not requiring presegmentation of the data.
Registration of MR to MR, MR to computed tomography, MR to single-photon emission
computed tomography and positron emission tomography, and video to 3D models has
be en successfully performed on test data sets and has been used in many cases (33).

In deformable registration, Warfield, Dengler, and Robatino (34) implemented
Dengler’s optical flow-based deformable registration in our high-performance com-
puting setting.

This method constructs and minimizes an energy function in which two terms con-
trol goodness-of-matching and elasticity of deformation. The deformation model is a
continuous 3D vector field generalization of a controlled continuity functional. Our
first major application of the technique was to use nonlinear registration for template
driven segmentation. A method to measure spatial and temporal brain deformation from
sequential intraoperative MRI has also been developed. Deformation is estimated with
avolumetric optical flow measurement based on local intensity differences. The method
demonstrated a good capability of intra-operative surface, subsurface and midline shift
measurement.

Therefore, amanual and interactive matching tool may be helpful for matching the
leg-up and leg-down images. Using thistool, we can start the registration from a better
initial guess and thus can expect the more accurate matching in shorter time. Because
of the close proximity and the anterior placement of the obturator relative to the pros-
tate, the prostate also displaces posteriorly. In preliminary experiments, this deforma-
tion model has been based on physical principles associated with the soft tissue
deformation under external force. The external force, in our case, is the obturator. We
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model this external force as a point source located in the rectum having a displacement
forcethat fallsoff at therate of 1/r, with r being the distance from the point source. Under
the influence of this external force, the soft tissue (i.e., the prostate) deforms. However,
as with all soft tissues, the prostate deforms with resistance. The more the prostate de-
forms, the more it resists the change. Thus many steps have been integrated to allow a
detailed and precise registration and segmentation of the prostate imaging data sets.
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SUMMARY

As our imaging techniques improve, the role of image guided interventions has in-
creased. We will need tissue sampling for validation and pathological confirmation of
disease activity. More importantly, we will need new and noninvasive methods to de-
liver therapy with image guidance to precise targets.
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