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Abstract
In this article the current issues of diagnosis and detection of prostate cancer are reviewed. The
limitations for current techniques are highlighted and some possible solutions with MR imaging and
MR-guided biopsy approaches are reviewed. There are several different biopsy approaches under
investigation. These include transperineal open magnet approaches to closed-bore 1.5T transrectal
biopsies. The imaging, image processing, and tracking methods are also discussed. In the arena of
therapy, MR guidance has been used in conjunction with radiation methods, either brachytherapy or
external delivery. The principles of the radiation treatment, the toxicities, and use of images are
outlined. The future role of imaging and image-guided interventions lie with providing a noninvasive
surrogate for cancer surveillance or monitoring treatment response. The shift to minimally invasive
focal therapies has already begun and will be very exciting when MR-guided focused ultrasound
surgery reaches its full potential.
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Prostate Cancer is a very common cancer and is a major public health issue in the world today.
In the US, with an increase of the older age population as the “baby boomers” reach their 50s
and beyond, the number of cases diagnosed per year is expected to more than double by the
year 2015, when over 450,000 new cases of prostate cancer are expected to be diagnosed. This
will place a significant burden on patients, their families, society, and healthcare. The disease-
specific mortality from prostate cancer is low, with ≈4%–8% men dying of prostate cancer.
While earlier diagnoses through more aggressive screening approaches is desirable, it is likely
that many men with low tumor burden are being overtreated today.

Current trends in surgery are led by minimally invasive approaches and the use of image
guidance. As they have rapidly gained popularity in medicine in general, the applications to
the diagnosis and treatment of prostate cancer have similarly gained popularity. Many patients
are seeking improved diagnostic methods and minimally invasive or even noninvasive image-
guided treatment. In the future there will be increasing demands for less invasive diagnostic
methods, monitoring, and surveillance techniques, as well as treatments with lower morbidity
rates that will allow for control of the disease and minimize the treatment toxicities. This is
supported not only by the growth in numbers of patients, but by the current limitations of
diagnosis and therapy of prostate cancer.

*Address reprint requests to: C.T., Department of Radiology, Brigham & Women’s Hospital, 75 Francis St., Boston, MA 02115. E-mail:
E-mail: ctempany@bwh.harvard.edu.
Published online in Wiley InterScience (www.interscience.wiley.com).

NIH Public Access
Author Manuscript
J Magn Reson Imaging. Author manuscript; available in PMC 2009 May 18.

Published in final edited form as:
J Magn Reson Imaging. 2008 February ; 27(2): 356–367. doi:10.1002/jmri.21259.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Prostate cancer is currently diagnosed after the detection of an abnormal serum prostate-
specific antigen (PSA) level and a prostate biopsy. It is most commonly asymptomatic and it
is unusual for patients to present with clinical evidence of prostate cancer. In its advanced
stages, prostate cancer can present with obstructive symptoms, such as difficulties in urination.
The serum PSA is a blood test often done in men as they age, in some circumstances annually
after age 50, and in certain high-risk men earlier, in their 40s. Much has been written about
PSA, its measurement, and what the normalized values actually are. It is now clear that there
are not only age-based normal ranges but also race-based ones (1,2). Although the routine use
of PSA as a screening test is not accepted by all organizations, it is supported by the American
Cancer Society (ACR) and the American Urological Association (AUA). Thus, it is now in
widespread use and clearly provides very significant information for many men and their
doctors today. The major source of serum PSA is from either benign prostatic hyperplasia
(BPH) or prostate adenocarcinoma, with elevations above normal being due to one of the two
diseases. Using various analyses, such as calculation of PSA density (accounting for total gland
volume) it can be possible to predict if the PSA is due to cancer or BPH. As has been shown
more recently by Efstathiou et al (3) the most useful application of PSA is as a serial assessment
with the emphasis being on the rate of change or velocity of the PSA over time. It is also felt
that it is important for men to establish a baseline PSA as early as 40 years of age and this be
used to monitor any changes as the man ages. But in most men a biopsy is performed when
the PSA is elevated above the expected normal range.

ULTRASOUND-GUIDED PROSTATE BIOPSY
Ultrasound (US) has widespread application and use in prostate imaging, being used both
diagnostically and to provide image guidance for the transrectal US (TRUS) biopsy. US
methods use gray scale imaging now occasionally supplemented by either color flow or
Doppler imaging when available or as indicated. Prostate biopsies are done most often by using
TRUS guidance to allow systematic sampling of the gland. However, despite advances in the
imaging techniques and improved lesion detection and specificity with contrast agents, in the
United States prostate US is almost exclusively a tool for biopsy guidance with gray scale
methods and for placement of brachytherapy seeds during cancer treatments (Fig. 1). There
are several different approaches to sampling the prostate gland during TRUS. Most initial
biopsies will involve 6–12 cores removed with equal distributions from base to apex and right
and left sides, supplemented with preferential lateral sampling. This is to ensure a widespread
sampling directly to the peripheral zone, the site of origin of over 70% of prostate cancers. The
procedure is usually performed in a urologist’s office as an outpatient, typically taking less
than 1 hour. The US probe is placed in the rectum, baseline images of the entire gland are
obtained, and it is sampled with needles, 18-gauge biopsy guns, and equal numbers of cores
taken from the right and left sides. It is rare for biopsies with US guidance to actually use
image-based lesions for guiding sampling, most often it is used to visualize the gland and allow
it to undergo systematic biopsies. The detection rate of prostate cancer with TRUS is 20%–
40% in men with clinical suspicion of the disease. There are a significant number of false-
negatives and many men who face repeated biopsies and rising PSA levels. Thus, many
investigators are now working to improve the imaging tools for detection of focal abnormalities
in the prostate that may be cancer. The most frequently investigated modality is magnetic
resonance imaging (MRI), with research into many different MR parameters.

MRI OF THE PROSTATE
MR imaging of the prostate was first introduced in the late 1980s with large field-of-view,
body coil methods at 1.5T (4). MR offered a major advance over the other modalities available,
namely, computed tomography (CT) and US. For the first time it became possible to visualize
the substructure of the prostate, with the peripheral and central zones reliably seen on T2-
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weighted (T2W) images (Fig. 2). Focal areas of pathology were characterized and focal tumors
in the peripheral zone were routinely represented by low signal lesions on T2W images. The
central zone demonstrated the changes of benign prostate hyperplasia with mixed lesions of
high signal (glandular epithelium) and low signal (stromal tissue) (Fig. 3). This ability led to
applications of MRI for prostate cancer diagnosis, staging, and monitoring in drug trials (5–
7).

CT is not routinely used for locoregional cancer staging, as it has poor contrast within the gland
and cannot reliably determine the outer margins of the prostate, particularly at the base (near
the bladder) and the apex, near the external urethral sphincter. Large lesions within the gland
with advanced stages can be detected, especially early after intravenous (IV) contrast injection
(Fig. 4). Smaller focal lesions cannot usually be seen within the gland. During therapy,
however, CT does provide a reliable method for monitoring lymph node and bone metastases
in advanced cases. CT of the abdomen and pelvis with both IV and oral contrast can detect
retroperitoneal nodes. It cannot detect micrometastases (small deposits in a single node) within
a node and relies on changes in nodal shape and size for depiction of metastatic nodes.

The most recent development in lymph node imaging is MRI lymphangiography. This method
utilizes a contrast agent with ultrasmall iron oxide particles administered IV. The agent is taken
up and fills normal lymph nodes and will not be taken up by nodes containing metastatic
deposits. This provides a unique method for detection of small micrometastases within a
normal-sized lymph node. This contrast agent is known as Fermuoxtran or Combidex, and is
routinely used in Europe and has been assessed in clinical trials in the United States (8,9). The
US Food and Drug Administration (FDA), however, has not approved the contrast agent for
full clinical use.

Historical and Current MRI Protocols for Imaging and Staging Prostate Cancer
MRI of the prostate has evolved over the past two decades, starting in the late 1980s. The initial
MRI of the prostate was performed using 1.5T MR magnets with the body coil for both
transmitting and receiving the radiofrequency waves. The original protocols were composed
of multiplanar T2W images supplemented with T1W images of the gland and retroperitoneum.
As there were no surface coils suitable in the early days, all images were acquired with relatively
large fields of view and thicker slices, thus limited in spatial resolution. This was the
cornerstone of early prostate MRI work and was found to have value in depicting the normal
anatomy of the prostate, its substructure, and the adjacent anatomy (7,10–12). Despite these
limitations these methodologies led to increased application of prostate MRI in the clinic. These
images were useful for locoregional staging and assessment of advanced diseases. These have
been assessed in multiple studies as a tool for predicting the pathological stage of prostate
cancer.

As the clinical demands changed to require higher spatial resolution and signal-to noise (SNR),
in particular the demands for greater SNR, led to the introduction of endorectal coil (ecoil)
(11,13). Thus, in the early 1990s most investigators began to evaluate the role of ecoil MRI in
staging men with known prostate cancer (7). Multiple studies were conducted, including both
single and multicenter prospective trials. One of the largest trials was conducted by the
Radiology Diagnostic Oncology Group (RDOG) sponsored by the National Cancer Institute
in the United States. This multicenter clinical trial enrolled men with biopsy-proven prostate
cancer, scheduled, and selected to undergo radical prostatectomy. It consisted of two parts: the
initial one, started in 1988, compared body coil MRI with US and the second in 1990 compared
different ecoil imaging strategies (14). The results of the latter showed that MRI with ecoil was
potentially a very useful examination in the staging evaluation of men with prostate cancer.
The results, however, were variable and dependent on the expertise of the operator/radiologist
interpreting the MR images. As the ecoil was a relatively new approach, this study was
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performed somewhat early as a new technology. There was what appeared to be a “learning-
curve” effect: with experience the radiologist got better and the results improved. Subsequent
studies with decision support systems showed the learning effect (15,16). In the study by Seltzer
et al (16) an overall improvement in receiver operator curves went from 0.60 to 0.80, with the
addition of the computer analysis combined with the radiologist’s interpretation. Getty et al
(15) showed that there was a bigger improvement in staging accuracy when combined with
PSA and Gleason score in the intermediate-risk patients. These latter are the patients most at
need for help in staging as their clinical data and PSA are not definitive.

Since that time the MRI techniques continue to improve. One of the bigger advances was the
introduction of fast spin echo (FSE) techniques, which markedly reduced the T2W sequences
acquisition time, and when combined with the external phased array coils in combination with
the ecoil allowed for major improvements in T2W image of the prostate.

Since these early studies, MRI has become a very popular and routinely used imaging study
for men with prostate cancer. It has widespread applications ranging from cancer detection,
staging, and treatment monitoring. There are now multiple different approaches to imaging the
prostate with MRI and protocols are designed to answer specific questions such as tumor
detection or staging a known cancer. There are many new “tissue enhancing” sequences being
tested. At the same time the MRI technology (hardware and software) continues to evolve. The
newer sequences currently being tested are proton spectroscopy (MRSI), dynamic contrast
enhancement (DCE) (Fig. 5), and more recently diffusion imaging and ADC maps (17–23).
Today many groups are testing these sequences either individually or as a multiparametric
package of sequences.

OVERVIEW OF MR-GUIDED PROSTATE INTERVENTIONS
MR-guided prostate therapeutic interventions were introduced because MRI improved
visualization of the prostate, its substructure, surrounding tissues, and, most important, focal
lesions or cancer. There was an increasing demand for less invasive cancer treatments, which
allowed for reduced morbidity and fewer side effects from conventional therapy such as radical
prostatectomy and radiation therapy. The complications of radical prostatectomy are deep
venous thrombosis, pulmonary embolism, urinary incontinence, and impotence. Radiation
therapy has similar complications, with the addition of gastro-intestinal toxicity, such as rectal
proctitis (24). The rationale of image-guided prostate intervention was thus to use the images
to guide the delivery of treatment accurately, to maximize the treatment to the clinical target
volume and minimize the treatment effects to any normal tissues nearby. Such new therapy
options include cryotherapy (25), focused US therapy, as well as molecular therapies such as
photodynamic therapy (26). For instance, image-guided cryotherapy of prostate has shown
almost no risk of venous thrombosis and pulmonary embolism and a lower rate of urinary
incontinence than radiation therapy (25). The development of the field of MR-guided
interventions began with the introduction of the open configuration MRI device at the Brigham
& Women’s Hospital (Boston, MA) by Ferenc Jolesz (27), in collaboration with General
Electric and investigators at the Brigham & Women’s Hospital in 1993. This MRI unit, known
as the Signa/Sp, was placed in an MRI-compatible operating room, operated at 0.5T field
strength, and was originally designed for neurosurgical procedures. The device was the first
of its kind, allowing for direct access to the patient in the bore of the magnet during open
surgery such as craniotomy. The early applications of MR-guided interventions in
neurosurgery and other clinical areas introduced unique and exciting novel approaches to
complex clinical problems. The applications were extended to liver, kidney, breast, spine, and
ear, nose, throat (ENT) pathologies. Given the open access afforded by the Signa SP, with its
ability to allow lithotomy positioning, the prostate could be both imaged and accessed
percutaneously using the transperineal approach.
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MR-GUIDED PROSTATE CANCER BRACHYTHERAPY
The clinical efficacy of MRI to guide prostate brachytherapy has been demonstrated by Drs.
D’Amico and Tempany et al (28). The initial report in 1998 (29) described the experience in
nine patients who underwent transperineal MRI-guided prostate brachytherapy in the Signa/
SP open-configuration 0.5T MRI scanner. The interventional device comprised an MRI-
compatible perineal template and a rectal obturator that was inserted through the template for
rectal access. A real-time intraoperative MRI sequence was obtained throughout the prostate
gland, on which the dosimetry plan was performed in the procedure room. The patient was
positioned in the lithotomy position and the procedure performed under general anesthesia.
The radiologist, based on the axial T2W image, defined the clinical target volume, or the
peripheral zone. The peripheral zone (PZ) of the prostate gland, anterior rectal wall, and
prostatic urethra, as defined by MR images, were identified and contoured in a surgical
simulation and navigation tool, the 3D Slicer (30), with resultant volumes calculated. These
data were then transferred to the radiation treatment planning software program (31) this allows
the medical physicist and radiation oncologist to review all images, all volumes, and plan the
optimal seed distribution throughout the gland (Fig. 6). Multiple needles were then preloaded
with I-125 sources and placed in the gland under real-time image guidance by fast gradient
echo (FGR) imaging. Each needle placed was imaged and assessed for location by imaging
and repositioned if necessary—if not it was then assessed by the medical physicist for
dosimetric accuracy and if appropriate the seeds were dropped. This iterative process continued
for all planned needles. As the implant progressed it would be apparent if new or extra needles/
seeds would be required. After consultation these were added and then final dosimetry was
assessed in all cases. The patient was admitted for overnight stay in the hospital and following
successful removal of the urinary catheter the next day was discharged. All men returned for
follow-up imaging at 6 weeks with both MR and CT examinations obtained to allow for final
dosimetry calculations.

The implant procedure achieved a successful radiation dose of 160 Gy in 89%–99% (median
94%) of the clinical target volume, while 42%–89% (median 70%) of the volume of the anterior
rectal wall received doses that were below the tolerance.

A different approach was taken by Susil et al (33) and Menard et al (32), who reported the use
of a 1.5T closed-bore scanner for transperineal MR-guided brachytherapy. High-dose radiation
therapy with Iridium-192 sources was used for brachytherapy. Patients were situated in the left
lateral decubitus position to maximize perineal exposure in the 1.5T MRI Scanner bore
(Siemens Sonata, Siemens Medical Systems, Erlangen, Germany). The radiation was delivered
to the prostate via hollow closed-tip catheters, which were inserted through the perineum and
into the prostate gland. They developed a customized needle guiding template attached to a
positioning arm (Siemens Medical Systems) for orienting needles according to the treatment
plan. Following the acquisition of three plane scout images and a 3D steady state free precession
(SSFP) sequence of the template, pubic arch, and prostate gland, fast spin echo axial images
were taken for targeting and verification of catheter positions. An endorectal imaging coil (USA
Instruments, Aurora, OH) on the needle guiding device allowed for high-quality prostate MRI
for planning and needle guidance. Once the catheters had been inserted outside the scanner the
patient was reimaged with FSE images which confirmed needle-placement and axial, coronal,
and sagittal T2W FSE images were acquired for dosimetry planning. After successful catheter
placement, patients were transferred to an oncology treatment room and high-dose radiation
was delivered.

In a report of 10 procedures on five patients (32), the median percentage of volume receiving
100% of prescribed minimal peripheral dose (V(100)) achieved was 94% (mean, 92%; 95%
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confidence interval, 89%–95%). The urethral V (125) ranged from 0%–18% (median, 5%),
and the rectal V (75) ranged from 0%–3.1% (median, 0.3%).

Albert et al (34) later reported that rectal bleeding after MRI-guided prostate brachy-
monotherapy was infrequent and urethral and bladder toxicity was rare, presumably due to the
ability to perform a careful urethral-sparing technique with the MRI-guided approach.
Subsequent reports from the same team indicated that MRI-guided brachytherapy is a safe
alternative to US-guided brachytherapy (35–39).

These two approaches to MRI guidance in prostate cancer treatment have been very
successfully applied and demonstrate an added advantage of including MRI at all steps in the
process, from initial staging through treatment and for posttreatment follow-up. Newer
approaches include using MRI/MRSI in guiding intensity modulated radiation treatments
(IMRT) and will likely lead to an improved ability to deliver higher does to the actual tumor,
while sparing more and more normal tissues. This is expected to lower the toxicity profiles and
improve patient outcomes. Thus, future opportunities will be dependent on improved MRI and
cancer definition.

MR-GUIDED BIOPSY
The introduction of MRI-guided transperineal prostate biopsy was originally made possible
by extending the system and methods used in MRI-guided brachytherapy in the Signa/sp open-
configuration MRI scanner (40–42). It was clear that with the increasing abilities of MR images
to detect focal tumors an MRI-guided biopsy method became essential to allow direct sampling
of these focal lesions. The group at Brigham and Women’s Hospital introduced an MRI-guided
prostate biopsy program in the Signa/Sp system which uses the transperineal approach with
direct real-time image-guided sampling of the prostate and any suspicious lesions.

There is a significant clinical need, with many men having negative biopsy results and rising
PSA levels. In a prospective MR-guided prostate biopsy study our patients were selected for
the procedure when they were suspected of having prostate cancer due to elevation of the PSA
level and had had several negative TRUS biopsies, or were unable to have TRUS biopsies as
they had prior rectal surgery. All men meeting these eligibility criteria were enrolled and had
prebiopsy imaging at 1.5T with ecoil, with multiparametric MRI exams. These included T2W,
T1W images, and gadolinium and MRSI sequences.

After assessment by anesthesia and preadmission testing the patients came to the MRT suite
for the procedure. Patients were placed in the lithotomy position and the procedure was done
under general anesthesia (Fig. 7). The patients were reimaged with T1 and T2W sequences and
with all images available the radiologist defined all suspicious lesions or targets within the
prostate. These were selected for biopsy, as well as either sextant or octant sampling regimes,
as is done conventionally. After all prospective sample locations were defined by the radiologist
the coordinates were transferred to the 3D Slicer to allow for registration to the images and
display of the targets during needle insertion. The needles were guided by fast gradient-recalled
echo and T2W FSE images (Fig. 7). Surgical navigation software (3D Slicer,
www.slicer.org) was adapted to assist in targeting the peripheral zone and tumor (42). 3D Slicer
effectively enables direct T2W visualization of the peripheral zone of the prostate with the
real-time image containing the biopsy needle and visualized in the same frame of reference.
Simulations such as these are made possible by resampling the preloaded 0.5T axial and sagittal
T2W FSE images just minutes prior to needle placement (42). The 3D Slicer is also applied to
postprocessing of intraoperative MRI from prostate therapies. Other features of the 3D Slicer
include automated registration, segmentation, and an interface for manual contouring within
images (Fig. 8).
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The sextant and targeted biopsy of suspected lesions was performed with a perineal template
and an MRI-compatible single action biopsy needle (Single Action Biopsy Device; U.S.
Biopsy, Franklin, IN, or MRI BIO-GUN Automated Biopsy System, EZ-EM, Lake Success,
NY). The 18-gauge needles had a 20 mm throw and trocar tip. For each needle placement a
hole for guiding the biopsy needle toward the target was selected and the physician was notified
about target depth. Each biopsy specimen/core was carefully labeled according to the location
it came from, prior to submission to the Department of Pathology. This allowed for site-specific
pathology to be obtained and ultimately for image/lesion pathological correlation. The program
has successfully performed over 50 biopsy cases to date with results of 30% positive sampling
rates (43). After the successful implementation of MRI-guided biopsy in an open-configuration
scanner, other teams reported MRI-guided biopsy procedures in higher field closed-bore MR
magnets.

The joint team from Johns Hopkins University and the National Institutes of Health
demonstrated the use of a closed-bore scanner system that enabled precise guidance and
monitoring of transrectal prostate interventions with a 1.5T MRI unit. The primary challenge
of creating a closed-bore interventional device was the development of a mechanical needle
guide that could safely and accurately guide the treatment needle to the lesion while the patient
remained inside the closed-bore scanner. The team overcame this challenge by developing a
remotely operated needle guide, an ecoil, and an associated planning and imaging control
method. They designed a customized rectal sheath and needle guide with a remotely operated
endorectal transceiver coil and tracking coils for imaging (Fig. 9). A canine study indicated
that the newly developed system can target lesions under real-time fast GRE with accuracy
less than 2 mm (44). The clinical application of the transrectal device was MR-guided
intraprostatic placement of gold fiducial markers (four procedures) and/or prostate biopsy
(three procedures) to the patient scheduled to receive a standard course of conformal external
beam radiation therapy. The procedures were performed under local anesthesia for on average
76 minutes (maximum 93 minutes, minimum 60 minutes). Needle placement was confirmed
using regular T1-weighted fast spin-echo sequence taking 1 minute, 20 seconds for scanning
(45,46).

The same team from Johns Hopkins University and the National Institutes of Health also
performed transperineal biopsy procedures (33). All procedures were again performed under
local anesthesia. After registration of the perineal grid, biopsy sites were selected, a grid hole
and insertion depth for each site were read from the targeting application, the patient table was
withdrawn from the scanner, and MR-compatible 14-gauge beveled biopsy needles were
inserted (MRI Devices, Waukesha, WI). The patient was then advanced back into the scanner
and, prior to tissue collection, FSE images were acquired to verify placement of the needles.

In another study (47), transrectal prostate biopsy was performed with the patient positioned
prone in a 1.5T closed-bored MRI unit (Magnetom Vision or Magnetom Sonata; Siemens).
Five patients underwent MRI-guided biopsy immediately after diagnostic MRI, and seven
patients underwent MRI-guided biopsy in a second session within 2 weeks after the initial MR
examination. They also developed a customized MRI-compatible device to guide the needle
to a predefined location in the prostate gland. The device consisted of a base plate, an adjustable
arm, and a needle guide filled with contrast material gel that could be visualized at MR imaging.

After the patient was positioned the needle guide was inserted into the rectum and connected
to the arm of the biopsy device. The arm enables the needle guide to be rotated, moved forward
and backward, and adjusted in height. In addition, the insertion angle can be changed by rotating
the needle guide about a point inside the rectum. The needle guide can be rotated and moved
forward and backward from outside the MR unit by means of a telescopic rod. It is thus possible
to direct the needle guide to the desired prostate region with MRI guidance (47). An oblique
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transverse T2W turbo SE sequence was performed before biopsy. The biopsy device was
positioned with imaging guidance by using a half-Fourier rapid acquisition with relaxation
enhancement (RARE) sequence. The sampling was combined targeted and octant biopsy. The
general scheme of systematic octant biopsy was used for orientation, while two samples were
taken at a tumor foci and only one sample was taken from regular nonsuspicious octant sites.
With this approach, Beyersdorff et al (47) sampled a total of 40 sites in 12 patients as suspicious
areas, and the other 56 sites were sampled as part of octant biopsy.

The last clinical report available as of preparation of this article was a study conducted by
Engelhard et al (48), in which transrectal biopsy was performed using a closed-bore 1.5T
scanner. Thirty-seven consecutive men were included. They used the same method as described
above with a needle guide manually fed under MRI control to the location to be punctured
close by the prostate capsule and the direction of the puncture was defined (48). The biopsy
procedure was performed with the patient in the supine position. Prebiopsy imaging using an
ecoil was performed immediately before the biopsy procedure to identify the suspicious lesion.
After the prebiopsy imaging, the ecoil was removed and the biopsy device was inserted into
the patient’s rectum. Needle placement was observed using a TrueFisp sequence and a TSE
sequence was used for confirmation of successful placement of the needle tip in the lesion.

The motivation for using interventional devices is clear: mechanical placement can control the
needle more accurately than manual placement and facilitates access to the patient in the closed-
form scanner. Thus, research institutions are developing mechanical devices to align needles
and other surgical instruments under MRI-guidance. The application of a commercial MRI-
compatible robot in prostate interventions is on the horizon; Zangos et al (49) reported the first
cadaveric study results using a commercial MR-guided assistance system, Innomotion
(Innomedic, Herxheim, Germany), for transgluteal needle placement in the prostate gland. As
higher-tesla close-bore magnets become available for MRI, the strong magnetic field prevents
the use of conventional mechatronics and the confined physical space makes it extremely
challenging to access the patient. Fischer et al have designed a robotic assistant system that
overcomes these difficulties and promises safe and reliable intra-prostatic needle placement
inside closed 3T MRI scanners (81). The robot operates in the space between the patient’s legs
without interference with the patient, MRI scanner components, anesthesia equipment, and
auxiliary equipment present as shown in Figure 8.

In conclusion, MR-guided biopsy and brachytherapy has proven to be a useful alternative or
second approach to US-guided procedures due to the high sensitivity of MRI for detecting
prostate tumors, high spatial resolution, excellent soft-tissue contrast, and multiplanar
volumetric imaging capabilities. Further development of image registration, display, and
needle placement devices will be indispensable for the advancement of more clinical studies.

PROSTATE MR IMAGE REGISTRATION
Image registration is the process whereby different images or image volumes, possibly taken
at different times and using different devices, are brought into anatomical alignment. The
fundamental purpose of registration is to increase the information content of images used by
the physician during therapy by providing unified views of all preoperative MRI with
intraoperative imaging. In this way therapy can be targeted specifically to those locations where
it is likely to be most effective. Registration methods can be applied to MR-guided therapy,
but are applicable to procedures guided by US and CT as well. Thus, MRI may help give
procedural guidance even when the principal imaging modality used during therapy is not MR.
This undoubtedly increases the potential for the use of MR for therapy guidance.

Prostate image registration is difficult because the prostate consists of soft tissue and can
deform, depending on the circumstances surrounding the procedure. It is important to recognize
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that the prostate gland can move considerably during procedures. Prostate location can be
affected by patient position, leg position, and the presence of an ecoil. Hirose et al (50)
conducted a study to evaluate the effect of changes in leg position and the presence or absence
of an ecoil on prostate shape and location. They showed that significant changes in prostate
shape and position relative to surrounding anatomy could occur due to changes in leg position
and the use of an ecoil. In Kim et al (51) the authors conducted a study on expandable and rigid
ecoils used for prostate imaging. They showed that an expandable coil rigid registration was
more difficult, relative to the use of a rigid coil, due to a greater change in prostate shape.
Steenbakker et al’s (52) approach was to evaluate the effect of knee support and shape of the
tabletop on rectum and prostate position. They concluded that the rectum and prostate were
significantly shifted dorsally by the use of a knee support, while the shape of the tabletop did
not influence the rectum or prostate position. Nichol et al (53) used a finite element technique
to determine the degree of prostate deformation due to radiotherapy, transurethral resection of
the prostate (TURP), and bladder and bowel filling.

Registration Methodology
Image registration in general, and when applied to the prostate, can be roughly categorized
according to the method used to assess the quality of image alignment, the type of
transformations that are considered for alignment, and the necessity of landmarks or contours
or image segmentation to guide the registration. The number of approaches to image
registration is vast, and there is currently a great deal of ongoing work in the area. We briefly
review some of the more popular methods, as applied to the prostate.

Finite Element Methods—This method models tissues in a way that accounts for their
materiel properties, such as their compressibility and deformation under stress. In this way
these registration transformations are more general and potentially more realistic than rigid
ones. In Bharatha et al (54) the authors aligned pretreatment 1.5T magnetic resonance images,
taken with an ecoil, with 0.5T intraoperative images taken without an ecoil. The results showed
that the method significantly improved the quality of match as compared to rigid registration
(Fig. 10). In Alterovitz et al (55) the authors registered diagnostic probe-in MR images to
therapeutic probe-out MR images for treatment planning, modeling the prostate, as well as
surrounding tissue. The method allowed for estimation of the parameters that characterize
tissue structures.

Thin-Plate Spline Registration—Thin-plate spline methods of registration are popular
because they are fast and more general than rigid registration. These methods are based on the
direct registration of corresponding landmark points in two image datasets. These landmark
points may be determined either manually or by an automated process. The thin-plate spline
is essentially an interpolation method; it yields a parametric form of a registration
transformation function that sends the landmarks in one image to the corresponding landmarks
in the other, and at the same time smoothly interpolates this formula to all of the other points
in the image. Other authors (56,57) conducted studies on the ability to improve registration
results as compared to rigid registration by using a nearly automated combination of thin-plate
splines and a mutual information measure of image agreement. Similarly, in Venugopal et al
(58) the authors conducted a feasibility study on the use of thin-plate splines to allow the use
of MR spectroscopy during prostate cancer therapy.

Mutual Information-Based Methods—Nearly all image registration algorithms can be
described as the optimization of a function that measures agreement between images. Mutual
information (MI) methods attempt to align images by maximizing an information-theoretic
measure of the degree to which the information content of one image set is contained in or is
explained by the information content of the other. It is a particularly popular method to use
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when aligning imaging from different modalities, such as MR and US, or MR and CT. It can
also be used to align imaging obtained using differing MR parameters, such as T1 and T2
weighting. Effective use of a 3D MI registration method to register MR volumes of the pelvis
and prostate for MR-guided prostate treatment has been reported (59,60). In another study
(61), MI was used in the registration of MR spectroscopy, having the potential to be used in
treatment planning. In Lee et al (62) the authors report on a technique for MI-based automatic
registration of MR and SPECT prostate images.

Segmentation Based on Deformable Models—Some methods of registration require a
segmentation of one or more of the image datasets being registered. Segmentation is a process
whereby individual structures within images are identified. Segmentation can be done
manually or using algorithmic automation. To date, there has been only limited research on
automatic segmentation of prostate MRI. The authors in Pasquier et al (63) used a 3D computer
model of the prostate gland, deforming it so it agreed with T2W and T1W image information.
Statistical tests were performed to demonstrate robustness and agreement to ground truth
obtained by manual segmentation. An automated segmentation algorithm using a model of
prostate shape and variation was reported (64). The method allowed for the simultaneous
identification of other relevant anatomic structures, such as the rectum and internal obturator
muscles, through the creation of a multistructure model. Information-theoretic measures were
used to guide the segmentation.

Applications of Prostate MR Image Registration
One of the great potential benefits of image registration is its ability to incorporate all patient
imaging into a single multimodality dataset. This allows for the utilization of imaging that may
not be available during therapy due to time constraints or the choice of imaging modality that
is used during therapy. In Barnes et al (65) the authors used MR spectroscopy, obtained prior
to biopsy, to guide the placement of a needle during MR-guided biopsy. Image registration
was used to find the target location within intraoperative imaging. Image fusion also allows
for the joint analysis of multiple image types. In Chan et al (66) the authors used line-scan
diffusion, T2-mapping, and T2W imaging in combination with a machine-learning classifier
to determine image locations most likely to contain cancer. In work by another group, fusion
of 1.5T MR imaging with color-Doppler US was performed and showed that in combination
the accuracy of pathological staging could be improved. Ground truth was obtained by
pathological examination following prostatectomy (67).

One simple application of registration of prostate images for therapy is to improve the
estimation and delineation of the glandular capsule. The use of TRUS versus MRI in the
estimation of the prostate volume was compared (68). In that study, a comparison of the prostate
volumes measured with MRI and TRUS was made with surgical specimen volumes. The
authors concluded that MRI is more accurate than TRUS for determining the prostate volume,
but suggested that for reasons of cost, TRUS is typically preferred. In Rahmouni et al (69) the
authors assessed the accuracy of in vivo measures of prostatic volume by MRI and
ultrasonography, using the wet weight of the excised specimen as ground truth, and concluded
that contoured MRI was superior to linear MRI or TRUS in estimating prostate volume.
Analysis of segmentation using TRUS, CT, and MR was performed in Smith et al (70) and
showed that there are systematic differences in the variability of segmentation. Not
surprisingly, MR and TRUS had the smallest variability and closest correspondence.

Registration of MR and MR Spectroscopy to CT—As CT is so commonly used for
radiation planning and guidance it would be useful to integrate MR into these planning systems.
Schreibmann and Xing (71) used a registration method in initial clinical tests to register
preoperative MRI and MR spectroscopic imaging to CT imaging used for radiation therapy
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planning. This promising method used normalized correlation as the measure of image
agreement and incorporated a “narrow band” method to limit the registration to relevant
structures. Normalized correlation is similar to MI in that it is appropriate for differing
modalities, where direct comparison of image intensities is inappropriate. A nonrigid
registration method for aligning preoperative MR spectroscopy, US, and CT for treatment
planning has been described (72). It is based on the alignment of contours delineating the
prostate gland in axial imaging. The method is able to account for deformation due to the use
of an ecoil.

MR-Guided TRUS for Prostate Biopsy—US is commonly used for guiding prostate
biopsies. This would be of major value if we had algorithms to allow accurate registration of
MR to US during a biopsy. Initial work has been shown in Lattouf et al (73) and the authors
reported on MRI-imaging-directed TRUS-guided biopsies. They sought to test whether using
ecoil MRI during TRUS-guided biopsies increases the yield. They found higher cancer yields,
but the difference was not statistically significant. They suggested that better localization of
targets within the MRI and accurate registration methods might improve the result. This work
is now being pursued by several groups, including ours, to allow for accurate real-time
registration of preprocedure MRI to TRUS images.

MR-Guided TRUS for Prostate Brachytherapy—Promising initial work has been done
on the use of MRI during TRUS-guided brachytherapy (Fig. 11). Authors (74,75) have shown
that fusing preoperative MR to intraoperative US can help to prevent underestimation of
prostate volume, especially at the apex and base, with a positive impact on treatment planning.

NEW PROSTATE CANCER TREATMENTS: FOCAL THERAPY
Most current treatments for low-risk localized prostate cancer are global in that they aim to
treat the entire prostate gland, as if it was filled equally with prostate cancer. This approach
has been successful; it may in fact be overly aggressive. There are significant side effects to
all global treatments. The low likelihood of mortality leads many to question the possibilities
of focal therapy. The other clinical population currently under-served are men who are
presenting for salvage therapies after radiation has failed or have bulky disease and may benefit
from a focal ablation such as MR-guided focused US (MRgFUS) surgery prior to radiation.
This is a major paradigm shift which is not universally accepted at this time. However, with
major improvements in focal ablation techniques this approach becomes very compelling.

MRgFUS is a novel and unique approach to thermal ablation. It involves MRI to define, guide,
monitor, and control the energy delivery to a target organ or lesion. It has been in use under
US guidance as high-intensity focused US (HIFUS) for many years. In the prostate, Gelet et
al (76) were the first to evaluate and publish the results of HIFUS transrectal 2.25 MHz device
(Ablatherm) in 14 patients with localized prostate cancer. Early results are very promising
(77). MR guidance offers the unique ability to obtain direct real-time thermometry during the
ablation or surgical procedure (78). The group at Brigham and Women’s Hospital has shown
its value in treatment of diseases of the breast (79) and uterus (80). Currently, research is being
carried out to test the use of MR-guided HIFUS for treatment of prostate cancer.

CONCLUSION
MRI and its unique monitoring and guidance capability has so much to offer in the diagnosis
and therapy of prostate cancer. This disease has such a major impact on patients, their families,
and all aspects of the health-care systems worldwide that it is critical that research and clinical
applications of image-guided therapy continue and become a more widespread reality for all
men.
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Figure 1.
Prostate ultrasound. Axial transrectal ultrasound image of the prostate. Arrows indicate prostate
capsule boundary.

Tempany et al. Page 17

J Magn Reson Imaging. Author manuscript; available in PMC 2009 May 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Normal prostate MRI. Axial T2W (a), and axial T1W (b) image of prostate taken at 1.5T using
an endorectal coil. Central gland (CG, white arrows) in the T2W image shows benign prostate
hyperplasia. Peripheral zone is indicated as PZ (white arrowheads). Air in the rectum (R) is
due to the endorectal coil balloon. Hyperintense region of the right peripheral zone in the T1-
weighted image (black arrow) indicates hemorrhage.
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Figure 3.
Multiplanar prostate MR. Axial (a), coronal (b), and sagittal (c) T2W prostate images taken at
1.5T using an endorectal coil in a patient with prostate cancer. Tumor in right apical region of
the gland (arrows), indicated by low signal, can be seen in all three planes.
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Figure 4.
Advanced prostate cancer. Prostate CT and corresponding MR. a: CT image of the prostate
using early-phase intravenous contrast. b: Corresponding axial T2W MR at 1.5T, obtained
using a body coil but no endorectal coil. White arrows indicate a focal tumor in the left posterior
region of the prostate.
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Figure 5.
MR of the prostate at 3T. Axial MRI of the prostate obtained prior to biopsy at 3T using a body
coil. Prior rectal surgery precluded the use of an endorectal coil. Within T2W image (a), low
signal region (white arrow) indicates a focal lesion in the right mid-gland. T1-weighted image
(b) shows postgadolinium contrast enhancement of the lesion (white arrowhead).
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Figure 6.
MR-based brachytherapy planning. A screen capture of a treatment planning system used for
MR-guided brachytherapy is shown. The large image (b) shows a real-time image with levels
of radiation dose indicated by a color wash. Colors are used to indicate the relation between
delivered dose and either the dose prescribed to the target or dose limits of the surrounding
normal structures. Each structure is assigned a structure specific minimum and maximum dose.
Dose summary graphs (a) show the fraction of each structure receiving below minimum (blue),
between minimum and maximum (yellow), and over maximum (red). Normal structures will
have a minimum dose of 0 and a maximum dose related to their tolerance of radiation. Target
structures will have minimum dose that is the prescription dose and a maximum dose taken as
150% of the prescription. Due to the nature of brachytherapy, any target will have significant
regions above the structure’s maximum dose. The regions of interest are delineated on a
reference set of images taken at the beginning of the procedure. Dose is calculated based on
needle locations as observed on images acquired during the course of the implant procedure.
The planning system enables adaptive treatment planning.
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Figure 7.
MR-guided prostate biopsy. The MRT Signa/SP system (a) setup for MRI-guided prostate
biopsy. Coronal FGR image (b) showing biopsy needle inserted on the left side. 3D Slicer
(c) showing the combination of the needle on FGR image with the T2-weighted image of the
prostate.
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Figure 8.
At top right, the 3D Slicer software platform used for MRI-guided biopsy. The 3D Slicer
provides guidance and navigation during MRI-guided biopsy, allowing for multiplanar views
of image volumes, target selection, and control of the MR scanner imaging plane. Here, T2W
images obtained in the axial plane are shown. The control panel shown is used for slice selection
to ensure that the real-time planar imaging obtained during needle insertion contains the desired
target. On the left, a robotic assistant system for prostate intervention in a 3T closed-bore MRI
scanner. The robot is placed between the patient’s legs and the MRI compatible mechanism
(bottom right). The pneumatic actuator ensures no interference to MR images.
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Figure 9.
Johns Hopkins prostate biopsy manipulator. Picture of the Johns Hopkins manipulator for
prostate biopsy and gold marker placements showing the different components and the needle
tip, showing needle guide and sheath, positioning stage, flexible actuation shafts, and mount.
Reproduced with permission, ©2005 IEEE. Courtesy of A. Krieger.
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Figure 10.
An example of MR to MR finite element based registration for brachytherapy treatment
planning. Intraoperative axial T2-weighted imaging at 0.5T of the prostate (a) is manually
contoured (b) to delineate the glandular boundary. The prostate gland, as seen in preoperative
1.5T T2W axial image obtained with an endorectal coil (c). This is registered to the contoured
capsule to produce an integrated view of preoperative imaging within the intraoperative
imaging space (d). The registration process here is done in three dimensions; all intraoperative
images containing the prostate are manually contoured as a normal part of MRI-guided
brachytherapy treatment planning. Note the significant shape change that occurs. This is due
to a difference in leg position and the use of an endorectal coil during the preoperative scan.
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Figure 11.
MR to ultrasound registration for brachytherapy treatment planning. Similar to the case shown
in Fig. 10, intraoperative axial ultrasound imaging of the prostate (a) is manually contoured
(b) to delineate the glandular boundary. Preoperative 1.5T T2-weighted axial MR imaging
(c), obtained with an endorectal coil, is registered to the contoured capsule to produce an
integrated view of preoperative imaging within the intraoperative imaging space (d).

Tempany et al. Page 27

J Magn Reson Imaging. Author manuscript; available in PMC 2009 May 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


