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Introduction

Imaging plays a major role in the detection, diagnosis, and
staging of cancer. In fact, many cancers, such as renal cell
carcinoma and breast cancer, are uniquely diagnosed and
staged by standard imaging modalities including computed
tomography (CT) scans or mammography. These imaging
studies when used appropriately have led to early detection,
reduced the lead time in diagnosis and treatment, and ulti-
mately saved many lives. This chapter will outline our
approach to attempting to bring a rational and pragmatic
image-guided approach to the diagnosis and treatment of
prostate cancer. First, we will discuss the use of prostate
magnetic resonance (MR) imaging to detect suspicious foci
and direct sampling under either MRI or combined transrec-
tal ultrasound (TRUS) and MRI guidance. The latter could
resolve a major clinical dilemma by providing combined
pre-biopsy imaging and image-directed targeted sampling of
the gland. Secondly, in treatment protocols, MRI has allowed
the introduction of subtotal gland therapies; for example,
MRI-guided brachytherapy or MRI-guided ablative focal
therapy, such as focused ultrasound (FUS), laser, and
cryotherapy.
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Background on Clinical Issues
of Prostate Cancer

The current workup in the detection of prostate cancer is
relatively primitive and consists of a direct palpation exami-
nation through the rectum, which is inherently subjective,
and a blood test to measure the serum prostate-specific anti-
gen (PSA), the results of which may necessitate a core nee-
dle biopsy. Most experts agree however that with the
widespread use of PSA and biopsy, too many men are over-
staged and overtreated today. The recent NIH-funded
Prostate, Lung, Colorectal, and Ovarian Cancer Screening
Trial showed no difference in prostate cancer death rates
between men screened and those not screened by PSA [1].
As we increasingly recognize that death rates from prostate
cancer are low, the balance between cancer control and pres-
ervation of quality of life becomes even more important. The
European Randomized Study [2] of Screening for Prostate
Cancer compared two groups of men: one was screened with
PSA every 4 years, and the other group was not. In the study,
researchers measured the effects using death from prostate
cancer as the outcome. They concluded that, to save one life,
1,410 men would need to be screened and 48 men treated.
The public health impact of this disease is far-reaching,
extending beyond cost and resource utilization. The sheer
numbers of men with prostate cancer are extraordinary;
according to the American Cancer Society, about 241,740
men are newly diagnosed every year in the USA with about
28,170 men then dying from the disease. Further, 1 man in 6
will be diagnosed with prostate cancer during his lifetime.
As the USA “baby boomers” age, there will be an increase in
prostate cancer diagnosis and the numbers of men presenting
for therapy [3]. Thus the burden of overdiagnosis is very
significant.
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Further confounding factors in treating this prostate cancer
include inequities in terms of access and type of treatment
offered based on socioeconomic and racial disparities.
Interestingly, a recent publication by Barbiere et al. reported
on the socioeconomic differences in the UK it compared the
private sector with National Health Service (NHS) patients
and found that the former have a lower probability of having
advanced disease than the NHS patients with an odds ratio
(OR) of 0.75 (P<0.001), a higher probability of surgery (OR
1.28 P<0.037), and lower radiotherapy use (or 0.75 P<0.001).
The study also found, even after adjusting for private sector
diagnosis, substantial socioeconomic differences exist across
centers in the NHS in stage and treatment patterns [4]. The lay
press covers many of these issues with often conflicting mes-
sages, such as the most recent set of stories about the PSA
screening controversy. For these and other reasons, many men
are reluctant to seek advice as they frequently become con-
fused as information and messages conflict when they deal
with the medical profession regarding treatment options.

Prostate Cancer Diagnosis

A definitive diagnosis of prostate cancer must be made by
histopathological examination of biopsy specimens that are
most commonly obtained via transrectal ultrasound-guided
biopsy performed in the doctor’s office under local anesthesia.
However, numerous studies have shown that TRUS-guided
prostate biopsy misses cancer in at least 20 % of cases [5-9].
The gloomy consequence is that for this reason alone, not
counting other factors, in more than 20 % of cancers, at least
two biopsy sessions are required to achieve a diagnosis. This
represents more than 200,000 repeat biopsy sessions annually
in the USA alone. Current TRUS-guided approaches do not
target a specific lesion within the prostate gland but rather
take typically 12 samples/cores systematically from the gland.
Finding a focal prostate cancer has been compared to “finding
a needle in a haystack™. There are three current approaches to
resolving this dilemma: first, the most common one is
increased sampling, or so-called saturation biopsy (20-80
cores at 5-mm increments across the gland); second, the least
common, is optimized TRUS and the use of an intravenous
microbubble contrast enhancement (CE) agent and Doppler
US [10-12]; and third, what we believe the most exciting, is
the introduction of MR-guided biopsies. There are several
approaches one of which is inbore transperineal targeted sam-
pling approach pioneered by our group and now adopted by
several centers [13-26]. Regrettably, the aforementioned
modern TRUS approaches have not been adopted for several
reasons, one being the lack of FDA clearance of the micro-
bubble agents. A further challenge with the saturation or 3D
mapping biopsies is that they require from 20 to 80 cores and
are, therefore, clearly more invasive and complex than current
standard biopsies given their onerous pathological analyses.
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Prostate Cancer Treatment

The current management goal for clinically localized pros-
tate cancer must be risk-assessed patient-specific treatment
with minimal side effects. In diagnosing and staging prostate
cancer today, imaging plays an increasingly important role.
If a man has prostate cancer, the disease’s overall low mor-
bidity presents a very significant dilemma regarding treat-
ment choice: which type, how it is delivered, and what side
effects may be encountered. Currently, treatment selection is
based primarily upon the clinical stage of the patient’s dis-
ease and his age, comorbidities, serum PSA, and biopsy
Gleason score. Men with so-called “clinically insignificant”
disease with a low Gleason score of <6 and tumor volumes
of <0.5 cc are often “treated” with active surveillance and
those with “clinically significant” localized disease are being
treated aggressively with either surgery or radiation.

Current treatments for localized prostate cancer are either
active surveillance [27] or interventions such as either radi-
cal prostatectomy or whole-gland radiation. Radiation treat-
ments include either brachytherapy or external beam
radiation therapy (EBRT) with intensity-modulated radiation
or 3D conformal external beam radiation. A less common
radiation treatment is proton beam therapy, although there
appears to be little to gain from the application of protons
compared to the photon-based. The side effects and morbidi-
ties of all prostate cancer treatments today remain a very sig-
nificant source of concern for men when choosing how to
manage their disease. Thus, more and more men who meet
the eligibility criteria are choosing to avoid treatment and
select “active surveillance”. MRI has an important role to
play in this group both initially at diagnosis and during sur-
veillance. The initial role is to confirm that the cancer is con-
fined to the gland and, now with multiparametric MRI
(mpMRI) techniques including apparent diffusion coeffi-
cient (ADC), to detect, localize, and characterize the index
lesion. The index lesion is the largest one with the highest
Gleason score. The MRI at time of diagnosis and prior to
treatment selection can provide unique information regard-
ing the tumor size, location, aggression, and stage. In par-
ticular, it can be used to determine appropriateness of the
patients for active surveillance. After a patient has been
deemed eligible for active surveillance with low tumor vol-
ume, intermediate ADC values, and no evidence of T3 dis-
ease, MRI can be used to monitor the disease along with the
serum PSA and serial biopsies.

MR Imaging of Prostate Cancer

Multiple modalities can be used to image the pelvis, and
they include TRUS (Fig. 56.1), CT (Fig. 56.2), and MRI
(Fig. 56.3). Only two of these are of significant value in
prostate imaging, namely, MRI and TRUS. It is generally
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Fig. 56.1 TRUS. Transrectal ultrasound image of the prostate at the
mid-gland level

agreed that MRI is the only modality capable of detecting
and characterizing focal lesions in the prostate gland.
Several recent reviews have outlined the current role of
TRUS and MRI [28]. It is becoming increasingly evident
that MRI is not only capable of sub-gland zonal imaging but
can now detect and characterize focal cancer with increasing
accuracy. The relatively recent introduction of 3 T MR
imaging with an endorectal coil has increased the signal to
noise ratio and spatial resolution of the prostate images
(Fig. 56.4). Current MRI techniques involve multiple
sequences, the so-called mpMRI, is most often referred to as
multiparametric MRI. When multiparametric sequences are
performed at 3 T with an endorectal coil, the tissue charac-
terization capabilities are much improved over prior 1.5 T
techniques. The newer sequences being used in prostate
MRI include dynamic IV contrast-enhanced sequences with
multiphasic imaging and pharmokinetic analyses. Several
software programs, both commercial and research, use vari-
ous modeling techniques to extract tissue perfusion and
detailed enhancement analyses. Perhaps the most exciting
sequence being applied in prostate MRI is the diffusion-
weighted imaging with multiple b values, including long
(>1,000) values. The resulting ADC values have been found
to correlate with Gleason score and they can allow clinical
prognostic assessment similar to the D’ Amico classification
[16] of low intermediate and high risk for extra-glandular
extension.

T1- and T2-Weighted MR Imaging

The techniques of T2-weighted (T2W) MRI is well estab-
lished as an essential sequence, compared with other tech-
niques, as it provides an excellent display of the prostate and
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its substructure anatomy. Focal tumors usually appear as an
area of low signal surrounded by the high signal of the nor-
mal peripheral zone (PZ) (Fig. 56.5). It is sometimes chal-
lenging to detect the carcinoma in the PZ due to several
factors that may mimic malignant foci such as post-biopsy
hemorrhage, benign prostatic hyperplasia (BPH), scars,
fibromuscular tissue, calcifications, prostatitis, and the
effects of radiation treatment. Even more challenging may be
the detection of neoplastic tissue in the central gland where
nodules appear with mixed signal intensities. If there is a
homogeneous lenticular shape with low signal on T2W, a
central gland focal cancer should be suspected (Fig. 56.6).

Due to its limitations, T2W alone does not achieve ade-
quate sensitivity and specificity for detecting prostate cancer.
High-signal areas in T1-weighted (T1W imaging) overlap-
ping with low-signal areas in T2W are often likely to be arti-
facts due to post-biopsy hemorrhage. To avoid this error and
enable better diagnostic accuracy, mpMRI techniques are
now widely used, including diffusion-weighted imaging
(DWI), magnetic resonance spectroscopy imaging (MRSI),
dynamic contrast enhancement (DCE), and its post-processed
maps; all are now part of a state-of-the-art MR imaging pro-
tocol. They can increase the detection of significant prostate
cancer, markedly enabling improved diagnostic capability.
The post-processed values acquired with these new tech-
niques can be validated in several ways. For example, quan-
titatively using color maps that are visually easy to understand
and through objective metrics such as ADC maps and param-
eters from two compartment pharmacokinetic models such
as ktrans (wash in), kep (wash out), maximum slope (for
wash in) and wash out, and Ve (extravascular—extracellular
volume fraction), with several groups studying both
approaches. Such mpMRI combined with traditional T2W
can be used not only to analyze the presence or absence of
prostate carcinoma and for treatment planning, but also to
characterize the histological features of tumors. A study has
shown that mpMRI is correlated to tissue composition for
tumors and benign tissue [29], and it can allow for the dif-
ferentiation between BPH and prostate cancer in the central
gland [30]. The technique of mpMRI can also be used after
local salvage therapy with good accuracy for determining
recurrence [31].

Diffusion-Weighted MR Imaging (DWI)

First described to assess stroke and ischemia in the brain,
DWI measures the water diffusion within tissue. It is well
known that neoplasia, due to its local neoangiogenesis,
usually affects the diffusion capacity of water molecules;
therefore, this technique was translated to prostate imaging
for which it provides the advantages of short acquisition
times and no need for IV contrast medium administration
[32]. DWI sequences are acquired using a range of b values
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Fig.56.2 CT. Multiplanar CT images of pelvis and through the prostate shows the gland boundary but no substructure detail

(500, 1,000, 1,400) to generate ADC maps. More recently,
the higher b values, over 1,000, have shown great promise
for the detection and characterization of focal tumors.
Tumors show a lower ADC value than benign regions, both
in PZ and the central gland, as Fig. 56.7 shows several
studies have demonstrated the significant contribution of
DWI [33-37].

It has been shown that the lower the ADC value, the
higher the Gleason score and the more aggressive the tumor
[38]. The addition of an ADC map to T2W images can
improve the diagnostic performance of MR imaging in pros-
tate cancer detection [39], helping the clinician to distinguish
malignant from benign tissues. The combination of ADC
and T2W can be used to differentiate cell density both in
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Fig. 56.3 MR. (a) Transverse T2W Fast spin echo (FSE) sequence,
image of the prostate at mid-gland level shows the superior signal to
noise provided by 3 T with endorectal coil technique. The images show
the normal high-signal peripheral zone (PZ) and mixed signals of the
focal areas of benign prostatic hyperplasia (BPH) in the center.

cancer and noncancerous tissue and therefore, play an impor-
tant role in the estimation of the Gleason score at 3 T [36].

Dynamic Contrast-Enhanced MR Imaging

Dynamic Contrast-Enhanced MR Imaging (DCE) was intro-
duced to effectively visualize the pharmacokinetics of gado-
linium uptake in tissue as the angiogenesis of tumor differs
from that of benign tissue. DCE acquires data on tissue perfu-
sion characteristics and tumor wash-in and wash-out contrast,
which are variables that rely on the pathophysiologic principle

(b) Sagittal T2W FSE shows the T2W contrast and the posterior gland
surface abutting the anterior rectal wall with endorectal coil. (¢) Coronal
T2W FSE image of a man who has had prior brachytherapy shows the
seeds, focal signal voids, and the normal appearance of the seminal
vesicles superiorly

that tumors display increased angiogenesis and, thus, are
expected to show early and increased enhancement.

DCE images of the prostate are evaluated by means of the
direct raw interpretation of TIW images viewed in picture
archiving and computer storage (PACS) systems in static
and/or cine mode (Fig. 56.8) and after processing from color
maps generated from analysis by a pharmacokinetic model.
The following general kinetic models are usually selected for
processing: ktrans, kep, maximum slope for wash in and
wash out, and Ve (extravascular—extracellular volume frac-
tion). The mean peak values of ktrans (forward value transfer
constant), kep (reverse reflux rate constant between
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Fig. 56.4 Transverse T2W FSE image of the prostate at mid-gland
level shows focal low-signal tumor on the right with normal high-signal
PZ on the left

Fig.56.5 Transverse T2W FSE image at the level of the prostate apex
shows a large focal tumor on the left. Note the close proximity of the
tumor to the left neurovascular bundle (NVB) on the left

extracellular space and plasma), time to peak (TTP), and
maximum slope (MaxS) are currently the parameters of most
common interest. These processed data can be analyzed
either visually (by generating color maps) or quantitatively
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through straight values. Quantitative measurements reflect
some exciting results and can play an even greater role in the
future of prostate care.

Prostate MRI methods may someday substitute for some
of the in vivo assessments done today in histology. Certainly,
by employing quantitative MRI, these images can be used
for tumor monitoring and the assessment of treatment
response. Though the difference in impact is only significant
for evaluating the PZ, quantitative dynamic MRI is more
accurate than T2W imaging for tumor localization of non-
palpable cancer greater than 0.2 cc. Above this volume, cor-
relation between tumor volume measured on dynamic MRI
and that on the specimen is poor [29, 40]. Having said this,
DCE is a proven method to help in localizing tumors within
the prostate.

MR Spectroscopy Imaging

MR Spectroscopy Imaging (MRSI) is another technique
that allows one to noninvasively assess metabolites present
in biological tissue. Given that the use of an MRI body coil
alone does not reach sufficient resolution, the endorectal
coil, once introduced, changed clinical practice for the bet-
ter as it made possible for 3D MRSI of the prostate with
increased sensitivity. Currently, the resolution of MRSI
with 1.5 T scanners is a voxel size of approximately 0.3 cm
[3], while for 3 T, voxels smaller than 0.2 cm [3] are feasi-
ble. The levels of citrate, choline, and creatine have special
interest for the evaluation of prostate cancer, as it is known
that tumors have an elevated level of choline and a decreased
level of citrate. Though it is important to point out that the
graphical analysis of creatine and choline is usually not
separable, the ratio (choline + creatine/citrate) can be used
for the prediction of malignancy. Several studies have tried
to suggest levels of these substances as predictors for pros-
tate cancer. Kumar et al. showed a good prediction for
tumor detection when a cutoff of 1.2 in (citrate/cho-
line + creatine) ratio was used to assess the likelihood of
malignancy in the PZ [41]. However, there is still no agree-
ment among studies about metabolites concentrations as far
as their abilities to suggest cancer. This lack of consensus is
probably due to the differences in technique for data acqui-
sition and interpretation; indeed, no standard has been
reached. Studies have shown specificities of 49-88 % with
accompanying sensitivities of 63-98 %, respectively, for
MRSI. Unfortunately, most of these good results left out
the analysis of the central gland. Due to signal overlapping
from the PZ, MRSI still does not obtain good accuracy
results in the inner regions of the gland. Moreover, a recent
multi-institutional prospective study demonstrated that,
compared to MRI alone, combining MRSI with MRI
reaches the same levels of accuracy for detecting tumors in
the PZ [42].
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Fig.56.6 MR imaging of prostate cancer. (a) Transverse T2W image
shows a larger area of abnormal signal in both the PZ and center gland
on the right. The normal BPH pattern is obliterated by the mass and a
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Fig. 56.7 Diffusion MR imaging of prostate cancer. (a) Transverse
diffusion-weighted image (DWI) with b value of 1,400 shows a large
focal area of high signal in the right gland. This was a Gleason 4+4

Currently Recommended MRI Protocol
for Staging

The current state-of-the-art protocol for prostate MR is to
use the highest field strength available (1.5 T or greater),
T1W, T2W, DWI, and DCE sequences. The exact combina-

rim of normal BPH remains on the left. (b) Pre-biopsy transverse T2W
with a target on the left side. Note the excellent depiction of the PZ and
BPH

adenocarcinoma at pathology. (b) Same patient as (a) apparent diffu-
sion coefficient (ADC) image shows the corresponding large area of
restricted diffusion

tion of sequences for specific clinical scenarios remains to be
defined, but it will certainly rely on the combination with
several different sequences to reach the greatest levels of
accuracy in cancer detection and characterization [38]. More
specifically, based on what has been evaluated to date in
studies, current state-of-the-art MRI techniques for prostate



746

Fig. 56.8 Dynamic contrast enhancement (DCE) MR images. (a)
Transverse TIW fat-suppressed image immediately after the injection of
intravenous gadolinium. This image shows an arterial enhancing lesion in
the left posterior gland. This lesion shows the typical appearance of can-
cer with early “wash in” of contrast. Note the similar enhancement of the

care are ideally performed on 3 T magnets and are based on
the following sequences: T2W fast spin echo in three orthog-
onal orientations, transverse unenhanced T1W, and dynamic
transverse 3D fast spoiled gradient-echo T1W for 90 s after
injection of contrast. This data is then processed by special-
ized software to yield color maps for the DCE series and
ADC maps from generated raw DWI. This protocol has been
satisfactorily used for the last 5 years for prostate cancer
detection, staging, and assessment of radiation therapy at the
Brigham and Women’s Hospital (BWH). Moreover, the pro-
tocol has been recommended as shown by the consensus
reached by 16 European experts at a recent meeting [43].
The overall assessment of stage is based on the determina-
tion of whether the tumor is organ confined (TIW/T2W) or
beyond the prostate (T3/T4). Seminal vesicle invasion (SVI)
and extracapsular extension (ECE) are important factors for
staging disease. For SVI, the accepted criteria are low-signal
intensity in one or both seminal vesicles (usually high signal
in T2W) or disruption or loss of the normal architecture in
the ducts or the glands, whereas the criteria for ECE are
tumor extension into the periprostatic fat tissue, focal capsu-
lar bulge, irregularity, retraction, and rectoprostatic angle
obliteration [44]. ECE initially occurs most commonly at the
5 and 7 o’clock locations in the transverse plane.

Wang et al. showed that MRI has better accuracy for pre-
dicting SVI than clinical variables. Moreover, the endorectal
MRI has shown the most promising results in detecting SVI

C.M.C. Tempany and G. Fichtinger
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two femoral arteries at the same time. (b) Subtraction image. Same patient
as Figure 56.7. Note matching abnormalities. This image is an arterial
phase image with the baseline pre-contrast image subtracted, leaving only
the residual arterial contrast as the only signal in the image. Thus the large
hyperintense mass on the right represents the arterially enhancing tumor

with specificity up to 99 % and sensitivity up to 80 % [32].
For assessing ECE, MRI (T2W) has a reported accuracy of
between 50 and 90 % [44].

Even though MRI techniques including DCE and MRSI
cannot detect precancer lesions, such as prostatic intraepithe-
lial neoplasia, they are good for detecting focal tumor. MRI
is also useful for predicting a tumor’s grade. Treatment
choice, including active surveillance, relies on MRI to assist
in the prediction of a tumor’s behavior; one important aspect
of this is the tumor size and prostate gland volume. MRI is
known to be better than TRUS for assessing prostate gland
volume that is very important for planning and delivering
radiation therapy. For instance, patients must be defined as
having a prostate smaller than 60 cc for them to be deemed
suitable for EBRT or brachytherapy. The criteria for staging
prostate carcinoma not only involves defining ECE and SVI
but also should concomitantly evaluate pelvic lymph nodes
and osseous structures to detect all sites of possible metasta-
ses in a single examination [28].

MRI-Guided Prostate Biopsy

Historically, prostate cancer biopsy and local therapies are
guided with TRUS. Much of the collective experience with
interventional MRI arises from the conventional TRUS tech-
niques, we will review these next.
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Conventional TRUS-Guided Prostate Biopsy

TRUS-guided prostate biopsy is by far the most common and
frequently used intervention in relation to prostate cancer,
given its advantages of relative ease of use, availability, and
low cost. It is the initial diagnostic step in the vast majority
of cases to obtain tissue samples for pathological evaluation
in men suspected of having prostate cancer. TRUS imaging
of the prostate has a long history using gray scale and
Doppler techniques, even though newer inversion pulsed
harmonics and, now in certain select sites, IV microbubble
contrast, and ultrasound elastography are under investiga-
tion. The basic TRUS imaging used to guide transrectal nee-
dle sampling involves a simple visualization of the gland and
subdivision of this gland volume into sextants for systematic
biopsies. The division allows for 6-12 cores to be removed
in an orderly fashion in an attempt to provide uniform gland
sampling. Much debate surrounds the recommended
approach that ranges from numbers of cores to locations. In
general the standard approach is 12 cores with peripheral/
lateral aspects of the gland sampled using an 18-gauge (G)
side-cutting biopsy needle. The TRUS-guided biopsy proce-
dure is typically performed in an outpatient setting. The
patient usually takes prophylactic antibiotics for 1-2 days
prior and after the biopsy. Local anesthesia can be used; it is
injected into the periprostatic nerves. A technologist can per-
form TRUS imaging while the urologist acquires the biopsy
samples, but more commonly, a single physician does both.
Each biopsy sample is labeled, either right or left, and occa-
sionally, more location-specific details are provided. This is,
however, very variable and often leads to difficulty in corre-
lating imaging and pathology findings. Each sample is exam-
ined separately, and a diagnosis is made between benign,
premalignant, prostatic intraepithelia, neoplasia, and adeno-
carcinoma. In the case of adenocarcinoma, a Gleason score
is assigned, depending upon cell types and degrees of dif-
ferentiation. The percentage tumor volume in each sample is
also recorded. The final report also includes the number of
positive samples relative to the total samples harvested.

If one critically assesses TRUS image quality, its overall
accuracy for detection, characterization, and locoregional
staging of prostate cancer then MRI far surpasses TRUS.

Open MRI-Guided Prostate Biopsy

In 1997, the Brigham and Women’s Hospital established the
first direct transperineal prostate biopsy program using 0.5 T
open MRI scanner and validated this approach in over 50
men [45, 46]. To optimize the biopsy yield, the prostate gland
is sampled transperineally, thereby maximizing contact with
the PZ that is statistically the most likely location of potential
cancer and allowing easy access to all parts of the gland,
especially the anterior part. This work established a new
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approach to prostate biopsies, and many prominent research
groups followed suit. The concept was derived from brachy-
therapy. The needles were introduced freehand using the ref-
erence frame of a needle-guidance template commonly used
in brachytherapy with grid of holes spaced 5 mm apart. The
template was registered to a 0.5 T open MRI scanner using an
optical tracking system integrated to the MRI scanner. This
registration achieved geometric correlation between the tem-
plate and patient anatomy, enabling the selection of a hole
that will guide a biopsy needle towards the target determined
from the MRI scans. By using the template for needle guid-
ance, the needle path was restricted due to the fixed direction
of guide holes in the template. In all patients, both targeted
and random sampling biopsies were obtained, to allow for the
evaluation of the efficacy of targeted sampling and maximiz-
ing the diagnostic yield for each patient. To improve needle
guidance, navigation software was created by adding special-
ized modules to 3D Slicer, the powerful open-source visual-
ization and surgical guidance platform [21]. First, target
definition and planning functions were added to 3D Slicer.
These functions were performed by measuring the coordi-
nates of the suspicious tumors foci and selecting a corre-
sponding hole in the template grid to reach the targets. Target
definition was carried out using T2-weighted images after the
patient went under general anesthesia. A key feature of the
system was volumetric data registration that allows for plan-
ning the targets on preoperative high-resolution T2-weighted
images mapped onto intraoperative 0.5 T images. With the
use of the same volumetric mapping method, patterns like
statistical maps or spectroscopic MRI were superimposed on
the intraoperative images. Finally, the reconstructed 3D anat-
omy was blended with all forms of information mentioned
above. Due to significant prostate shape changes occurring
between preoperative high-field endorectal coil imaging (legs
down) and intraoperative 0.5 T imaging (legs up), a deform-
able registration method based on finite element modeling
was developed [47, 48]. The targeting and planning system
outlined above also established the tradition of using 3D
Slicer as the visualization interface of choice in a long line of
experimental image-guided intervention systems.

Efficient and accurate biopsy targeting in the real-time
open-MRI environment demanded methods for needle track-
ing. Needles are visible in MRI due to their susceptibility
artifact. Paramagnetic needles when imaged produce field
distortions that appear as local regions of signal loss and, in
some cases, signal enhancement [49]. The size and location
of the artifact change with the material properties of the nee-
dle, imaging signal, image resolution, and the relative orien-
tation of the needle, BO field and the gradient field. In other
words, the needle is usually not where it appears to be in the
MR image. There is a compromise between imaging speed
and quality that impacts needle localization, accuracy, and
reliability [50]. The susceptibility artifacts produced by
needles in magnets of various field strengths were
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Fig.56.9 (a) Pre-transperineal prostate biopsy setup. (b) This coronal
gradient-echo image shows the patient in the pre-biopsy setup position
with the transperineal template guide positioned between his legs. Two

characterized. Techniques have been proposed for optimiz-
ing the visualization of image artifacts and driving the scan
plane [51]. Recent work reported on the feasibility of map-
ping the spatial displacement of the needle susceptibility
artifact versus the true needle position [52, 53].

A detailed investigation of needle placement accuracy
study concluded that precise and accurate placement of nee-
dle may be best achieved by robotic needle placement [54].

New 3 T magnet bore size at 70 cm diameter now allow
us to perform transperineal 3T MR-guided prostate biopsy.
We at Brigham and Women’s Hospital (BWH) now perform
this regularly at 3 T, with the patient in prone position, under
intravenous conscious sedation (IVCS) (Figs. 56.9 and
56.10). The perineal template is used and manual needle
insertion is performed under MR guidance (Figs. 56.6 and
56.9). We obtain a full multiparametric MR exam several
days to weeks prior to the biopsy procedure. These images
are used to define targets for sampling. The images are
imported into 3D Slicer (Fig. 56.11) and registered to the
procedure images with Z-frame, using the method intro-
duced by Fichtinger et al. [18]. This approach provides the
unique opportunity to obtain site-specific pathological sam-
ples from image abnormalities.

MR Guided Focal Therapy

This unique ability to validate the MR findings along with
the improvements of MR for detection and characterization
of focal disease allows for investigation of image-guided

linear stripes of signal from the Z-frame are seen below the template.
The Z-frame allows registration of the template and patients prostate
gland

focal therapy. Many centers are using the MR and US capa-
bilities to guide High Intensity Focused Ultrasound (HIFU),
cryotherapy, laser or photodynamic therapy. We have com-
pleted preclinical trials in MR-guided FUS surgery
(Fig. 56.12a, b) and demonstrated our ability to induce focal
prostate necrosis. The exciting feature of this approach to
focal therapy is the ability to closely monitor the temperature
change in near real-time with MR thermometry (Fig. 56.2b).
This allows for accurate placement of sonications and imme-
diate feedback of therapeutic result. New clinical trials are
underway which will allow carefully assessment of this
exciting new approach to focal therapy for prostate cancer
have begun and are underway.

MRI-Assisted Prostate Biopsy
with Real-Time TRUS Guidance

To marry the convenience of TRUS with the superior ana-
tomical visualization of MRI in prostate biopsy, fusion of
preoperative high-resolution MRI and intraoperative real-
time TRUS has been proposed [55-57]. This method criti-
cally depends on the assumption of spatially correct
co-registration between intraoperative decubitus ultrasound
and pre-procedural supine MRI in the presence of extreme
tissue motion and deformation, a problem that, at the
moment, does not have a clinically robust solution. A suffi-
ciently accurate and robust solution will undoubtedly turn
up, but this approach will always suffer from the lack of
direct and immediate pathological evidence of whether the
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Fig. 56.10 MR-guided prostate biopsy needle in place. (a) This is an
transverse T2W image with a biopsy needle in place—see small black
void in 9 o’clock position in the right mid-gland. (b) This transverse

registration was indeed correct and the biopsy was executed
as planned in MRI. In contrast to the image fusion-based
approach, in situ MRI-guided biopsy eliminates spatial
uncertainty and doubt from the procedure.

Robotically Assisted MRI-Guided
Prostate Biopsy

Although the use of MR imaging in prostate cancer biopsy
and therapy guidance is highly desirable, physical limita-
tions of conventional closed MRI scanners present signifi-
cant obstacles. Robotic assistance is the only viable option
to execute needle placement inside the long cylindrical bore
of conventional MRI scanners. Compounding the chal-
lenges further, the strong magnetic field excludes the use of
most metals, electronics, and electrodynamic actuation.
Despite or perhaps owing to these challenges, MRI-guided
prostate cancer interventions have been a subject of intense
research. The prostate has appeared to be a kind of anatomi-
cal target that is accessible for minimally invasive needle-
based interventions through either the skin or a body cavity
particularly when there is a well-defined boundary; the
prostate is not entirely rigid but also not exceedingly soft
and when the prostate is not entirely stationary but also not
prohibitively mobile. In short, coincident demand from the
clinical side and supply from engineering side propelled

gradient-echo image “near real time” shows a needle in position in the
right side of the prostate. Note the focal black-signal void. This is more
conspicuous than in (a) but lacks the T2W contrast inside the prostate

medical robotics to be the subject of recent activities in
needle-based prostate cancer interventions. Thus far, how-
ever, very little of those works have reached clinical patient
trials, owing to the formidable difficulties that we will
review shortly.

Technical Challenges Arising from MRI

In addition to previously mentioned challenges, MRI-guided
robotic biopsy involves more difficulties, each of which we
will elaborate on next.

Accuracy

Prostate cancer is a progressive disease, the malignant
potential of which increases with tumor volume. A 0.5 cc
prostate cancer volume has been proposed as the limit of
clinically significant prostate cancer foci, which is a volume
that corresponds to a tumor sphere with a diameter of
9.8 mm. An MRI-guided biopsy system employing a target-
ing accuracy of 5 mm or better could reliably sample clini-
cally significant prostate cancer foci. Although it may seem
like a lenient requirement, it has been notoriously difficult to
meet in a consistent and reliable manner in clinical trials,
which explains why there have been just a very few MRI-
guided robotic intervention systems ever used on actual
patients.
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Fig. 56.11 3D Slicer prostate module. This single screen shot from
the prostate biopsy module in 3D Slicer (www.slicer.org) shows four
images: fop left, transverse T2W image with pre-defined biopsy targets;

Workspace

To have a direct access to the patient during imaging inside
the long and narrow scanner bore, compactness is a major
requirement. The end effector, the part that makes contact
with the patient, is usually designed to be small and slender,
while the actuation, power, and control mechanisms may be
larger as they can be situated outside the bore.

MR Compatibility

For a system to be considered MRI compatible, it must
meet three requirements: (1) safety in the MRI environ-
ment, (2) preservation of image quality, and (3) an ability to
operate unaffected by the scanner’s electric and magnetic
fields [58]. Ferromagnetic materials must be avoided
entirely because they cause image artifacts and distortion
due to field inhomogeneities, and they pose a dangerous
projectile risk. Non-ferromagnetic metals such as alumi-
num, brass, titanium, high strength plastic, and composite
materials are permissible. However, the use of any conduc-
tive materials in the vicinity of the scanner’s isocenter must
be limited because of the potential for induced eddy cur-
rents to locally deform the magnetic field homogeneity.
Electrical systems must be properly shielded and filtered
and designed to limit noise emissions. Care must also be

top right, the Z fame and all template holes registered to the T2W
image; bottom left, a sagittal image showing a target location; and bot-
tom right, Z-frame and template again in alternative orientation

taken to avoid resonance and heating. Reviews of MRI-
compatible robotic systems to date for image-guided inter-
ventions were presented in [59, 60].

Registration Between Robot and MRI

The development of MRI-guided robotic intervention instru-
ments is complicated by the need to track in real-time the
pose (i.e., position and orientation) of these instruments
within the MRI scanner. This, seemingly innocuous issue, is
also a notoriously difficult problem to solve in the operating
room and has great impact on every aspect of the system,
including its accuracy and ease of use. Several approaches
have been tried out in MRI-guided robots and passive
devices.

Joint Encoder Tracking

Here the device’s pose is determined by joint encoders at the
articulated joints [58—62], while the device is precisely cali-
brated with respect to the scanner coordinate system, and it
is rigidly secured to the scanner’s table.

Passive MRI Fiducial Tracking
Here the device’s pose is determined by localizing passive
fiducial markers embedded within the device. For guiding
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Fig.56.12 (a) Two images obtained after MR-guided focused ultra-
sound surgery (FUS) to a small region of the prostate in a preclinical
trial. The images show the well-defined non-perfused region after the
IV gadolinium. (b) Multiple MR thermometry images, from time 1.3—

transperineal needles, Susil et al. used a brachytherapy tem-
plate in which the holes were filled with contrast material
preoperatively localized in standard T1- or T2-weighted
images and then registered to scanner coordinates [23]. In a
transrectal biopsy device, Beyersdorff et al. used a
gadolinium-filled fiducial marker sleeve coaxial with the
biopsy needle [14].

Optical Pose Tracking

Here the device’s pose is determined by an optical track-
ing system calibrated to the scanner coordinate system
[51], an approach that requires line of sight between
the optical tracking cameras and the device, and it also
requires passive optical targets or tethered light-
emitting diodes to be attached to the end effector of the
robot.

751

31.0 s, acquired during the delivery of FUS energy show the local heat-
ing (white area) within the prostate. Thus local heat delivered can be
monitored in real-time during the procedure

Gradient Field Sensing

Here the device’s pose is determined by a tethered 3-axis mag-
netic sensor embedded within the device that senses the scanner
gradient fields. Hushek et al. investigated a commercial tracking
mechanism called EndoScout (Robin Medical Systems,
Baltimore, MD) that is approved for use in an open MRI scan-
ner by the Food and Drug Administration (FDA) [63]. In pres-
ent implementations, the tracking sensors must be placed close
to the MRI magnet’s isocenter and thus may occupy critical
workspace. This approach also requires a precise one-time cali-
bration procedure to be performed over the entire field of inter-
est in each MRI system on which it is installed.

Micro-Tracking Coils
Here the device’s pose is determined by three or more teth-
ered micro-tracking coils that are embedded within the device
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to sense custom-programmed MRI pulse sequences. Micro-
tracking coils, originally reported in [64], were employed by
Krieger et al. to provide exquisitely accurate (0.2 mm) full 6
degree of freedom (DOF) tracking at 20 Hz [65]. Its disad-
vantages are lack of robustness due to the delicate micro-
coils, the need for three (or more) dedicated scanner channels,
and need for custom-programmed tracking sequences that are
not standard on commercial MRI scanners. Presently, the
need for custom-programmed tracking sequences renders this
approach impractical for widespread clinical deployment.

Hybrid Tracking

This approach determines the pose of the intervention device
by combining a one-time initial passive fiducial tracking
with MRI-compatible joint encoding to provide full 6-DOF
instrument tracking throughout an MRI-guided interven-
tional procedure [62].

Target Motion

As MRI scanning is a rather slow process, there is an ample
chance for the prostate to move between imaging and needle
placements. During transrectal needle placement, since the
access route is slow and the action of the needle is fast, the
target tends to dislocate less significantly. The feasibility of
using MRI as an alternative tool for surgical navigation in
prostate biopsy was studied by Hata et al. [21]. Through
patient trials, they proved that T2-weighted interventional
MR imaging with 3D visualization software can be used to
guide needle placement in prostate biopsies. For MRI-guided
target tracking, radio-frequency (RF) signal-based and
image-based methods have been proposed. In RF signal-
based tracking, the subject is scanned using a custom-
designed imaging sequence before and after motion.
Translational motion information is then computationally
derived from the resulting echo of the RF coil. Hata et al.
developed an intraoperative MRI registration algorithm
using projection profile matching of the RF echo [66]. The
main drawbacks of this technique are lack of 3D positional
information and, more importantly, the requirement of access
to the control sequence of the MRI scanner that is only avail-
able through confidential research agreement with the manu-
facturer. A clinically practical solution to the prohibitively
long volume acquisition and registration times and unavail-
ability of custom scanning sequences is to acquire multiple
statically set slices at the scanner’s isocenter and register
those with the MRI volume used for target planning [67].

Access Approaches for MRI-Guided Robotic
Prostate Biopsy Systems

Transrectal Approach
Transrectal access is excellently tolerated by patients; it
requires only local anesthesia and practitioners usually have
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extensive prior experience in transrectal biopsy with ultra-
sound guidance. In exploring the transrectal access with
MRI guidance, Beyersdorff et al. used a transrectal needle
guide in 1.5 T magnets with surface imaging coils with a
prone patient position [14]. Engelhard et al. used a similar
setup with a supine patient position [17].

Krieger et al. at the Johns Hopkins Hospital developed the
first actuated transrectal prostate biopsy device for use inside
the bore of closed high-field MRI scanners and named the
device access to prostate tissue (APT-MRI) where APT stands
for “Access to Prostate” [65]. The patient was positioned in a
prone position with the pelvis slightly elevated. The APT-MRI
provided independent rotation and translation of the needle
guide inside the rectum and insertion of a curved biopsy or
fiducial marker implant needle through the rectum into the
prostate. The end effector also housed a single-loop imaging
coil that was mechanically decoupled from all moving parts of
the device, thus providing high-quality MR images of the tar-
get. The APT-MRI featured three tethered micro-tracking
coils that are embedded within the device to sense custom-
programmed MRI pulse sequences. The micro-tracking coils
provided 6-DOF spatial registration at 0.2 mm accuracy and
20 Hz frequency between the device and the MRI scanner’s
coordinate system. The high tracking update rate, accurate
localization, and slow speed of the device made it possible for
the physician to manually power the actuation cables. In effect,
the physician used visual servo control to navigate the needle
onto a target that was then advanced from outside the bore.
Owing to these design features, the APT-MRI was progressed
from idea to clinical trials in less than 2 years. The APT-MRI
supported a variety of clinical trials to date in prostate biopsies
and fiducial marker insertion [68—70]. The main disadvantages
of the APT-MRI were its need for four dedicated MRI scanner
channels and for custom-programmed tracking sequences that
are not standard on commercial MRI scanners.

To make the APT-MRI portable between average MRI
scanners, Krieger et al. modified the system by replacing the
micro-tracking coils with hybrid tracking using a combination
of passive fiducials and joint encoders [62]. Initially the
robot’s pose was determined by localizing passive fiducial
markers embedded within the device. After an initial pose was
determined with passive markers, electro-optical joint encod-
ers provided the relative position of the device. Krieger et al.
also replaced the custom-made curved needles with standard
MRI-compatible biopsy needles, and they detached the actua-
tion cables. The resulting system, shown in Fig. 56.13a, was
tested in patient trials at different clinical sites [62]. It is of
note that the associated targeting interface, shown in
Fig. 56.13b, is based on the 3D Slicer (www.slicer.org) open-
source medical image visualization and analysis platform.

Transperineal Approach
When the number of needle insertions is greater, such as in
brachytherapy implants, the transperineal approach is preferred
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Fig. 56.13 The APT-MRI transrectal prostate biopsy system devel- ning and monitoring program is based on the 3D Slicer open-source
oped at the Johns Hopkins University by Krieger et al. [62]. (a) The medical image visualization and analysis platform (www.slicer.org).
fully MRI-compatible manually actuated 3-DOF device supports con-  The image is courtesy of Dr. Andras Lasso (Queen’s University,
ventional MRI-compatible biopsy needles. (b) The biopsy target plan-  Canada)

over the transrectal, to avoid excessive physical damage to the As mentioned earlier, MRI-guided transperineal prostate
anterior rectal wall. Patients with large prostates (>50 cc) may intervention was first demonstrated at the Brigham and
be excluded from transperineal procedures due to pubic arch  Women’s Hospital (BWH) with open MRI scanners [45, 46].
interference. This problem, however, has become less of an The BWH group went on to use the MRI-compatible robot
issue nowadays as practitioners are more skilled and as hor- reported in [58] by adapting it to the transperineal needle
mone therapy is used to reduce the volume of the gland priorto  placement demonstrated in phantom studies [S1]. Here, the
intervention [71]. Transperineal procedures are typically per- pose of the robot was determined by an optical tracking sys-
formed with lumbar or full anesthesia and some also advocate tem previously calibrated to the scanner coordinate system.
local anesthesia [71]. As prostate cancer tends to occur in the When open MRI scanners were discontinued, research on
PZ, transperineal needles have a higher likelihood of encoun-  high-field closed MRI scanners intensified. Susil et al. used
tering cancer than transrectal needles. Transperineal needles conventional closed MRI scanners. For needle guidance, they
also require fewer needle sticks to systematically sample the applied a brachytherapy template in which the holes were
gland. At the same time, transperineal needles may bend and filled with contrast material preoperatively localized in stan-
deflect in multiple layers of inhomogeneous tissue. dard T1- or T2-weighted images and then registered to scanner


http://www.slicer.org/

754

coordinates [23]. The BWH and the Johns Hopkins University
groups jointly developed a pneumatically actuated transperi-
neal intervention robot and evaluated it in phantom and patient
compatibility trials [54, 72, 73]. Tadakuma et al. reported ex
vivo studies of a dielectric elastomer-actuated MRI-compatible
robot [74]. Stoianovici et al. reported phantom studies of a
pneumatic robot [75]. Goldenberg et al. reported phantom
studies with a piezo-actuated robotic actuation [76]. Though
each of these works showed innovative technical solutions,
they have not been used clinically.

The first transperineal MRI-guided robotic system ever
used clinically on patients was developed by Van den Bosch
et al., who reported patient studies in marker seed placement
with a hydraulic/pneumatic robot [77]. This device was
manually translated and rotated, resulting in five DOF. The
salient feature of this device is a pneumatically driven tap-
ping device to insert a needle stepwise into the prostate
using a controller unit outside the scanning room. The target
and entry points were defined in high-resolution 3D-balanced
steady-state-free precession (bSSFP) scan made possible
through a T2/T1-weighted contrast. During the needle inser-
tion, fast 2D bSSFP images were generated to track the
needle online and reported, compared to conventional
needle insertion, high needle placement accuracy and sig-
nificant reduction in prostate deformation and needle
deflection.

Transgluteal Approach

As this approach is significantly more invasive than the tran-
srectal and transperineal routes, it should be reserved for
patients with prior history of rectal or genitourinary surgery.
Zangos et al. reported results from 19 patients in prostate
biopsy, with transgluteal access on a 1.5 T closed-bore scan-
ner, using the Innomotion pneumatic MRI-compatible robot
(Innomedic GmbH, Philippsburg-Rheinsheim, Germany)
[78]. The robot was registered to the MRI scanner with
gadolinium-filled passive fiducial markers attached to the
needle guide. They used body surface coils and T1-weighted
gradient-echo fast low-angle shot and T2-weighted true-fast
imaging with steady-state precession sequences for target
planning. The targeting software of the system calculated the
trajectory and then moved the guiding arm to the insertion
point. An MRI-compatible cannula was advanced manually,
and biopsies were performed with the coaxial technique by
using a 15-gauge pencil tip needle. The Innomotion robot is
a generic multipurpose device to support MRI-guided needle
placement. Although the kinematic design of the device is
not suited for transrectal or transperineal access, it served
transgluteal access excellently. Unfortunately, as the
Innomotion device does not have a needle driver, the patient
needed to be moved out of the scanner after imaging for nee-
dle insertion. They recorded an impressive median interven-
tion time of 39 min for sextant biopsy and did not observe
procedure-related complications.

C.M.C. Tempany and G. Fichtinger

Concluding Remarks

Clearly, MRI has a great potential role in increasing specific-
ity of screening for early prostate cancer and in the targeting
of biopsy sites to avoid unnecessary biopsies and predict the
outcome of biopsies. In addition to detection of prostate can-
cer, accurate staging of the disease is also essential for mak-
ing decisions on therapy options. Robotic assistance appears
to be a useful adjunct to MRI in that it allows for the per-
forming of the biopsy and interventions inside the bore under
direct MRI guidance. Although robotic assistant systems
may not emerge as part of the standard care in the future,
they presently have an essential role in MRI imaging
research. In the future we believe that MR imaging will
become an established component of active surveillance pro-
tocols. It will also play an increasing role in treatment guid-
ance, especially with subtotal gland or focal therapies.

Altogether, MRI has undoubtedly a bright and long future
in prostate cancer imaging and intervention, but continued
clinical research still remains to be done until MRI is well
established as part of routine clinical care.
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