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Objective. Image-guided prostate biopsy has become routine in medical diagnosis. Although it
improves biopsy outcome, it mostly operates in 2 dimensions, therefore lacking presentation of infor-
mation in the complete 3-dimensional (3D) space. Because prostatic carcinomas are nonuniformly
distributed within the prostate gland, it is crucial to accurately guide the needles toward clinically
important locations within the 3D volume for both diagnosis and treatment. Methods. We reviewed
the uses of 3D image-guided needle procedures in prostate cancer diagnosis and cancer therapy as
well as their advantages, work flow, and future directions. Results. Guided procedures for the prostate
rely on accurate 3D target identification and needle navigation. This 3D approach has potential for bet-
ter disease diagnosis and therapy. Additionally, when fusing together different imaging modalities and
cancer probability maps obtained from a population of interest, physicians can potentially place biop-
sy needles and other interventional devices more accurately and efficiently by better targeting regions
that are likely to host cancerous tissue. Conclusions. With the information from anatomic, metabolic,
functional, biochemical, and biomechanical statuses of different regions of the entire gland, prostate
cancers will be better diagnosed and treated with improved work flow. Key words: diagnosis; multi-
modality image fusion; prostate cancer; 3-dimensional sonography.
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rostate cancer is the most common type of cancer
and the second leading cause of cancer death in
men in the United States.1 It is a very prevalent
disease, as 1 per 6 men in the United States will

have prostate cancer. Like other cancers, prostate cancer
is curable when diagnosed early.2 New cancer statistics
have revealed a continuous decline in prostate cancer
deaths in recent years, suggesting that early detection
and treatment have had a major impact on this disease.3,4

Accurate early diagnosis is crucial in clinical manage-
ment of the disease and consequently patients’ quality of
life and life expectancy. In managing cases of possible
prostate cancer, it is challenging to detect and stage clin-
ically relevant cancer and apply optimal therapy. To
achieve this objective, advanced imaging methods are
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necessary to determine the accurate grade and
stage of the disease.5,6 Advancements in ultra-
sound and other technologies and the potential
benefits of information in full spatiotemporal
dimensions motivated this review.

Screening for prostate cancer is performed by
digital rectal examination and measurement of
the serum prostate-specific antigen (PSA) level.
However, abnormal digital rectal examination
findings and elevated serum PSA levels 
(≥4 ng/mL) are not always indicative of prostate
cancer. The reference standard for diagnosis of
prostate cancer is pathologic confirmation of
the disease from tissue biopsy.7 To minimize
invasiveness, a thin-needle biopsy is usually per-
formed through the rectal wall while guided by
transrectal sonography. The extracted tissue core
is then processed for histologic analysis. The
reading of the stained histopathology slides
determines the presence of cancer, and a
Gleason score is assigned to rate the aggressive-
ness of the cancer.5 However, locations for needle
insertion are determined by physician experi-
ence and are guided by simple 2-dimensional
(2D) images produced by a handheld device. The
2D image informs the physician of the anatomy
of the prostate so that the location and depth of
the biopsy needle can be estimated in the gland.
Consequently, random prostate biopsies are sub-
jected to serious sampling errors. This biopsy
process largely remains manual, and the lack of a
positional tracker makes it inaccurate.

This inaccuracy causes patients physical and
emotional burdens because current prostate
needle biopsies have low specificity,8,9 common-
ly leading to additional biopsies. To improve the
detection rate, many physicians increase the
number of biopsy cores to as many as 45.10 In
these situations, patients face increasing anxiety,
discomfort, risk of rectal bleeding, risk of infec-
tion, and expenses. To alleviate this problem, bet-
ter imaging techniques are needed to obtain and
present the entire spatial information of the
prostate in 3 dimensions.

New technologies that involve 3-dimensional
(3D) image acquisition and computation are being
introduced and gradually accepted in surgery.
Application of these new imaging technologies
enables physicians to have a better knowledge of
the 3D spatial location of the gland and the loca-

tions of tumor sites. Three-dimensional systems
let the operator target areas that are most likely
to have cancer and to rebiopsy or reimage
specific areas, something that is difficult to do
with 2D imaging. Therefore, determination of
the accurate grade and stage of disease can be
improved appreciably compared with tradition-
al 2D guidance.

The aim of this review was to survey the
applications of 3D image-guided intervention-
al procedures for prostate cancer diagnosis and
treatment. Recent advances in locating optimal
regions for detecting prostatic carcinoma include
a cancer probability atlas,11 magnetic resonance
(MR) spectroscopy,12 elastography,13,14 and fusion
of different imaging modalities. Advanced spatial
tracking of images and biopsy needles ensures
precise sampling and targeted therapy of cancer
regions within the prostate gland. These advances
result in substantially improved procedures to
benefit patients with prostate cancer.

Information on 2D and 3D Imaging

Thus far, biopsies have been performed with-
out information regarding the precise locations
of the cores. Currently, physicians rely on con-
ventional 2D sonographic images, which are
generated by a handheld transducer probe. For
example, a side-firing transrectal ultrasound
(TRUS) probe can show either a sagittal or coro-
nal view of the prostate but not both at the same
time. Hence, the physician can only view a thin
slice of the organ at a time (Figure 1A, prostate
phantom), albeit in real time. The user must
mentally integrate the sequences of the 2D
images to form an impression of the 3D anato-
my of the gland based on anatomic landmarks
from the sonographic images. Furthermore,
because the device is handheld without track-
ing, the exact location within the organ is not
known, and finding the same location for reex-
amination is very difficult. Consequently, tar-
geting diagnosed cancer for focal therapy as
well as monitoring for recurrence is difficult.

To overcome this difficulty, 3D prostate image-
guided procedures were investigated initially by
Elliot et al15 and Tong et al,16 who tracked the
positions of conventional ultrasound transducer
probes to produce 3D images by reconstructing
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the 2D images from the probes. Subsequent
studies have been published for improvement
and validation of this procedure.17–21 The
TargetScan system (Envisioneering Medical
Technologies, St Louis, MO) uses computer-
directed needle biopsies based on anatomic
landmarks within the prostate and computer-
ized 3D reconstruction of the gland to identify
small foci of cancer in a highly reproducible
manner.22,23 The device then allows the physician
to insert a proprietary biopsy needle in the tar-
geted area and monitor the accuracy of the nee-
dle position and the specific location of the
tissue sample.

The Artemis system (Eigen LLC, Grass Valley,
CA) provides real-time locations of the ultrasound
probe so that the patient’s prostate and the biopsy
needle are well referenced in situ (Figure 2A).
Unlike a side-firing probe, the end-firing probe
that is held by an arm with 4° of freedom in this
system can be rotated about a fulcrum (anus)
every 3° with a range of 160° so that the entire
prostate is fully traversed (Figure 2B). As the probe
is rotated about its longitudinal axis, a full 3D
image of the prostate is acquired by sequentially
capturing axial images. After the acquisition, 3D
image segmentation is performed so that the
entire surface location is completely known.
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Figure 1. Comparison between 2D and 3D displays of biopsy
procedures. A, Screen capture of sonograms of a prostate
phantom. Only 2 views, transverse (top) and sagittal (bottom),
are visible. B and C, Screen captures from the Eigen Artemis sys-
tem showing a subsequent biopsy procedure. B, Unregistered
previous (green) and current (pink) volumes. C, Registered vol-
umes with previous (white) and current (green) core locations
inside.
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Benefits of having the third dimension include
shape and target traceability over time, 3D target
planning and navigation guidance, accurate vol-
ume calculation, motion compensation, and
improved work flow. With information readily
available in the third dimension, physicians can
more easily view the gland from different angles
and more confidently track procedures using this
interventional device. Figure 1 compares the tra-
ditional 2D and the new 3D image-guided biop-
sy procedures. Figure 1A shows coronal and
sagittal views of a prostate phantom via a manu-
al ultrasound machine. Figure 1, B and C, shows
the 2 accurately segmented 3D models and
planned biopsy locations for a current session
based on input from a previous session. With this
system, the prostate shape and biopsy core loca-
tions are traceable over time. Knowledge of the
spatial 3D location and depth of cores and the
ability to track over time provide important infor-
mation for precise needle placement.

A tissue core obtained from an 18-gauge biopsy
needle on average is 12 mm long with a 0.8-mm
diameter.11 The total core volume in a biopsy ses-
sion is very small compared with the gland vol-

ume (<1%); therefore, the chance of intersecting
the diseased portion of the organ is low for ran-
dom or blind sampling of the prostate. Although
there are known “hot spots” (locations with statis-
tically high probability for prostate cancer), tar-
geting such sites without 3D information, such as
the prostate capsule surface and volume, is inef-
fective. Because of the low signal-to-noise ratio
on sonograms and without a priori information
about the cancer, blind sampling results in low
specificity and sensitivity. Therefore, an accurate
3D display could play a dominant role in guiding
the physician to obtain desired tissue samples
from locations with a high probability of cancer.

An additional advantage of automated 3D com-
putation is improved prostate volume calcula-
tions. Methods for prostate volume estimation
include manual, semiautomatic, and automat-
ic techniques. The traditional method is a cal-
culation via measurements of the length,
width, and height of prostate image slices from
2D images, which have relatively high error
rates.24,25 Segmenting the prostate boundary leads
to a defined space, so volume calculation is more
accurate. Recent advances by Wang et al20 used a
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Figure 2. A, Eigen electromechanical tracker. It has 4° of freedom with a fulcrum for TRUS-guided biopsy. B, With the end-firing ultrasound probe,
there is wide needle coverage of the prostate by rotation of the transducer probe (as indicated by the broad curved arrow at the bottom) with the anus
as a fulcrum. The dashed probe outline shows the TRUS probe at the left extreme position. The biopsy needle is straight so that the range of motion
that it spans makes a cone shape with an angle of 160°.
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semiautomatic discrete dynamic contour method
for segmenting 2D slices from a 3D volume. The
most recent methods were fully automatic using
least squares and a level set.26,27 When compared,
the errors of the volume calculations were 1.0%,
0.8%, and 4.1% for the least squares, level set,
and discrete dynamic contour algorithms,
respectively.28 Therefore, 3D image segmenta-
tion yields much better prostate volume estima-
tion than traditional methods. With more
accurate prostate volume information obtained,
important parameters can be calculated to track
disease progress. These parameters include the
PSA density (PSA level divided by prostate vol-
ume) and its rate of change. The volume can also
be used in nomograms to optimize the number
of biopsies. The accuracy of these metrics is
highly dependent on volume measurement and,
in turn, image segmentation.

Despite the challenges of image acquisition
and processing, the work flow of the needle core
biopsy procedure can be standardized and
improved. Three-dimensional imaging tech-
niques are great tools for increasing the cancer
detection rate by accurately informing the
physician where to sample within the gland.
Therefore, the physician no longer needs to
“guess” where to place the needles. The work
flow of the diagnosis and therapy procedures will
be improved by increased efficiency when 3D
images are systematically processed and ana-
lyzed with a tracking assembly such as that
shown in Figure 2A. Subjective mental formatting
to deduce information in the third dimension
from 2D slices is replaced by simple navigation in
the computer-generated 3D space.

Compared with the 2D methods, the new 3D
method provides a new level of information that
will systematically guide the physician to more
accurately and safely sample the regions of
greatest interest.

Cancer Probability Atlas– and 3D
Atlas–Guided Biopsies

Because the probability of intersecting cancer-
ous tissue with a few needles by chance is low,
physicians attempt to improve the detection rate
by strategizing needle placements and increas-
ing the number of biopsy cores. A study by Paul

et al29 reported an increase of the prostate cancer
detection rate from 32% for 6 cores to 40% for 10
cores, which added 2 median cores on both sides
to their modified sextant biopsy. However, a study
by Naughton et al30 reported that only increasing
the number of cores from 6 to 12 did not lead to
any improvement. Yet, in another study by Chen
et al,31 an 11-core biopsy improved the detection
rate to 85% and 70% for prostates of less than and
greater than 50 g, respectively. In that study,
instead of randomly increasing the cores, the
multisite biopsy included 1 sextant, 1 posterior
midline, 2 transition, and 2 anterior horn cores.
Comparing these studies, it is strongly suggested
that the location is a crucial factor in substantial-
ly improving detection rates. Knowing that the
spatial distribution of cancer within the prostate
is inhomogeneous,31–33 spatially selective han-
dling can improve detection rates considerably
over traditional methods. Opell et al34 developed
a spatial distribution map of cancers in the
prostate: They concluded that the cancers were
more commonly found in the posterior half and
the apical and mid regions of the prostate and
suggested use of the map to develop more
sophisticated biopsy protocols. A more accurate
distribution of the spatial probability can be
determined by examining a series of whole-
mounted radical prostatectomy specimens for
noting cancer locations in the gland. With the
distribution known, the physician can designate
targets within the prostate and then accurately
and consistently sample these targets to diag-
nose clinically important cancers.

Development of such a tumor distribution map
(ie, a cancer atlas of the prostate) involves exam-
ination of whole-mounted radical prostatecto-
my specimens and accurate superimposition of
3D image data (Figure 3).35 Because different
prostates have different 3D shapes, a key prob-
lem in this superimposition is registration or
normalization of the 3D spatial information. The
scanned and reconstructed prostate models
need to be reshaped such that the lesions are
placed in a canonical framework and the corre-
sponding anatomic structures can be compared.
Previously, researchers manually registered 2D
slices36 or classified the models into small, medi-
um, and large groups and reshaped all models
into one of these groups.37 Novel computer algo-
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rithms have been developed11,38 to replace the
manual processes, which are not only time-con-
suming and tedious but also subjective. This new
development uses a systematic, operator-inde-
pendent, and single-framework method to accu-
rately map such probabilities to construct an
atlas (Figure 4). This atlas has parameters con-
sisting of race, age, and serum PSA level such that
a probability map will be generated according to
patient-specific prostate parameters.

After the probability map is registered with and
overlaid onto a patient’s segmented prostate
image, the next step is to select regions for biop-
sy that will best describe the status of the cancer.
Using the map, it is easy to choose the first biop-
sy location by selecting the region with the high-
est probability in the map. However, selecting the
remaining sites is not straightforward because
the subsequent high-probability sites most likely
lie next to the first site. Zhan et al11 described an
algorithm that enables the physician to sequen-

900 J Ultrasound Med 2008; 27:895–905

3D Sonography With Needle Tracking in Prostate Cancer

Figure 3. Three-dimensional reconstruction of prostate models. A, Digitized image of a single slice of a step-sectioned radical prosta-
tectomy specimen. B, Stacked surgical margin contour controls of original slices. C, Surgical margin contour interpolation. D, Three-
dimensional reconstructed prostate model.35
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tially select statistically independent regions to
maximize the chance of finding cancer with K
number of needles. Based on K and the needle
core dimension, a minimization function was
established to calculate the orientation and loca-
tion of the biopsy cores inside the prostate capsule.
This optimization scheme picks uncorrelated can-
cer zones so that a conditional probability is cal-
culated, taking into account the previous needle
positions. With this sequential optimization
method, globally optimal solutions are found for
maximizing the cancer detection rate.

A different type of probability optimization can
be planned on the basis of the Gleason grade
for finding aggressive cancer, that is, cancer
with a Gleason pattern of 4 or 5, instead of
merely detecting whether any carcinoma exists.
Because finding clinically important cancer
leads to more efficient patient treatment, a dif-
ferent yet more difficult goal is to find the extent
and expansion rate of cancer. Although still
based on this statistical atlas, a different biopsy
scheme other than the current standard of care
may be needed for this purpose.

Future Applications

Fusion of Molecular Techniques
Because the sensitivity and specificity of the PSA
test are low for optimum cancer diagnosis, other
molecular diagnostic methods have been sought.
For example, in prostate cancer, prostate volume,
PSA density, PSA velocity, molecular levels (pro-
teomics),39 messenger RNA concentrations,40

and fusion of oncogenes41 can be integrated into

a complex model for improved cancer diagnosis.
Potentially, these indicators could prompt
improved biopsy schemata for ascertaining the
diagnosis. Fusion of aberrant molecular markers
with the reconstructed 3D prostate may provide
cellular- and molecular-level cancer informa-
tion. Integration of these indicators of disease
into the 3D organ model will likely improve diag-
nosis and treatment. 

Fusion of Image Modalities
Although transrectal sonography is the com-
monly used imaging technique to identify
anatomic landmarks of the prostate gland, it
does not provide information regarding tissue
morphologic characteristics for localized or
advanced disease. Computed tomography
(CT), magnetic resonance imaging (MRI), bone
scintigraphy, and positron emission tomogra-
phy (PET) are frequently used to determine the
extent of the cancer.42 When there is gross extra-
capsular extension, lymph node metastasis, and
seminal vesicle invasion, cancer extending into
adjacent regions can be detected with CT.43

Magnetic resonance imaging and MR spectro-
scopic imaging can show the spatial distribution
of metabolites (citrate, creatine, choline, and
polyamines) that are specific to prostate cancer.
Currently, 3D proton MR spectroscopy can map
the entire prostate with a resolution of 0.24 mL.42

With this excellent resolution, it could be a very
useful tool for accurately localizing prostate can-
cer. Another useful imaging technology in cancer
detection is elastography. In elastography, elas-
tograms are images that relate to local strains.

J Ultrasound Med 2008; 27:895–905 901
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Figure 4. Cancer probability map overlaid onto 3D sonograms. A and B, Two different views of the same prostate atlas. Colors rep-
resent the probability of cancer.
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Because these elasticity parameters are not direct-
ly correlated with sonographic parameters, elas-
tography provides new structural information.13,14

In nuclear medicine, Moses et al44 (Lawrence
Berkeley National Laboratory, Berkeley, CA) built a
prototype PET scanner exclusively for prostate
cancer imaging. Each of the above imaging
modalities has different advantages and may
be able to depict cancers more effectively than
sonography. Fusion of them with 3D sonography
may increase the yield over probability mapping
alone. Therefore, physicians can use this syner-
gistic fusion method to help determine appropri-
ate treatment strategies and management plans. 

Tracking of Disease Progression
With the full 3D spatial information mapped, a
fourth dimension can be added to track the
advances or retractions of prostate cancer over
time. Active surveillance, watchful waiting, addi-
tional biopsies, and monitoring of treatment
results can all be easily and systematically imple-
mented because the spatiotemporal dynamics of
the prostate can be tracked.

With 3D image acquisition, tracking of the
ultrasound probe and processing techniques
comparing the progression of the disease can be
relatively easy. Therapies can be offered once the
monitored tumor needs to be treated. Similarly,
the locations of the cores from previous biopsies
can be recorded and saved. For subsequent biop-

sy procedures, the current status of the prostate
can be obtained by imaging, segmentation, and
registration to the older images, and new biopsy
targets can be planned accordingly (Figure 5).
The effectiveness of chemical, radiation, and
other treatments can also be studied by knowing
the precise location of the tumor, facilitating the
ability to return to the initial sites for sampling
and allowing one to follow the Gleason score, core
percentage, and number over time. Therefore, the
aggressiveness of the cancer can be ascertained,
and different treatments can be prescribed
according to different individual cases.

Three-Dimensional Cancer Therapy

Therapies for localized prostate cancer include
surgery, external beam radiotherapy, brachyther-
apy, high-intensity focused ultrasound, and
cryotherapy. The efficacy of all of these treat-
ments, except for surgery, can be improved
considerably on 3D rather than 2D imaging.
Analogous to the planning of biopsy sites, the
locations of the radiation foci, cryotherapy, and
implanted seeds must be optimized to ablate
the prostate gland while sparing adjacent
healthy tissue and the neurovascular bundle.
Fusion of MRI, CT, and transrectal sonography
will provide better knowledge of the disease,
and the treatment burden will be better
defined.
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Figure 5. Simulated tracking targets in repeated biopsy. A, Screen capture from the Eigen software showing sextant biopsies (white,
old; and green, new) in an oblique view. B, Bottom view.
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Several companies in the United States and
Europe have commercialized devices for 3D
guidance. SPOT PRO by Nucletron (Veenendaal,
the Netherlands) is a mobile cart that offers live
planning with 3D needle guidance and real-
time dosimetry updates.45 It has automated
features for contouring, planning, and seed
detection. It also has a needle navigator that
dynamically illuminates needle pathways. It
shows live sagittal and transverse images and
provides visual feedback of the needle’s depth
and direction. VariSeed by Varian Medical
Systems (Palo Alto, CA) is a software application
for planning seed treatment.46 It can be used in
conjunction with hardware for TRUS-guided
transperineal seed implant brachytherapy. 
It contains modules for image acquisition,
patient data management, preplanning and
postplanning, 3D image registration, fusion
with CT data, dose optimization, and nomo-
gram planning for needle positioning. VariSeed
also has different modules for permanent and
temporary seeding plans. Sononav by Medtronic
(Louisville, CO) is an imaging system that corre-
lates preoperative MRI or CT scans to intraoper-
ative sonographic videos to provide real-time
image updates.47 The main applications are
determination of the completeness of tumor
resections and brain shift phenomenon during
neurologic operations. Sononav can automati-
cally reformat preoperative images on the basis
of the current sonograms. It is compatible with
multiple vendors of ultrasound probes. The
companies mentioned above support the con-
clusion that prostate cancer represents an
expanding market, and sonography is a renewed
imaging modality because of its low cost and
noninvasiveness. 

Conclusions

Accurate 3D cancer identification and needle
navigation are paramount in image-guided pro-
cedures for the prostate. This 3D approach has
potential for better disease diagnosis and thera-
py. Additionally, when fusing together different
imaging modalities such as CT, MRI, MR spec-
troscopy, elastography, and PET, physicians can
better identify targets that are likely to host can-
cerous tissue.

As computers continue to advance in power,
full 3D spatial information of the prostate gland
can be obtained within seconds when tracking of
the image acquisition is accomplished. However,
it still may not be enough speed for real-time
intraoperative procedures such as on-the-fly
patient motion correction. Advances in program-
ming with general-purpose graphics processing
units promises more than an order of magnitude
increase in image processing speed. When suc-
cessful, a time dimension can be added to inter-
ventional procedures, rendering them in 4
dimensions (3D space plus time). As the time
dimension is extended and image segmentation
and registration techniques mature, physicians
can accurately track the progress of the disease
and the efficacy of treatments. With information
on the anatomic, metabolic, functional, bio-
chemical, and biomechanical statuses of differ-
ent regions of the entire gland, prostate cancers
will be better diagnosed and treated. The work
flow of diagnosis and treatment procedures will
continue to improve, and cost will continue to
decrease, along with an improved understand-
ing of the spatiotemporal dynamics of this
prevalent disease.
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