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a b s t r a c t
We present a robotically assisted prostate brachytherapy system and test results in training phantoms
and Phase-I clinical trials. The system consists of a transrectal ultrasound (TRUS) and a spatially co-registered robot, fully integrated with an FDA-approved commercial treatment planning system. The salient
feature of the system is a small parallel robot afﬁxed to the mounting posts of the template. The robot
replaces the template interchangeably, using the same coordinate system. Established clinical hardware,
workﬂow and calibration remain intact. In all phantom experiments, we recorded the ﬁrst insertion
attempt without adjustment. All clinically relevant locations in the prostate were reached. Non-parallel
needle trajectories were achieved. The pre-insertion transverse and rotational errors (measured with a
Polaris optical tracker relative to the template’s coordinate frame) were 0.25 mm (STD = 0.17 mm) and
0.75° (STD = 0.37°). In phantoms, needle tip placement errors measured in TRUS were 1.04 mm
(STD = 0.50 mm). A Phase-I clinical feasibility and safety trial has been successfully completed with the
system. We encountered needle tip positioning errors of a magnitude greater than 4 mm in only 2 of
179 robotically guided needles, in contrast to manual template guidance where errors of this magnitude
are much more common. Further clinical trials are necessary to determine whether the apparent beneﬁts
of the robotic assistant will lead to improvements in clinical efﬁcacy and outcomes.
Ó 2008 Elsevier B.V. All rights reserved.

1. Introduction and background
Prostate cancer continues to be the second most common cancer in American men, with an estimated 225,000 new cases per
year (Jemal et al., 2006). Low dose rate permanent prostate brachytherapy or shortly brachytherapy in this paper, entails permanent
implantation of radioactive pellets, a.k.a. seeds, into the prostate to
kill the cancer with radiation from inside out. The seeds are the
size of a rice grain. The seeds are implanted at a density of about
1.4–1.6 seeds/cm3 in a complex non-uniform pattern, by needles
inserted across the perineum under transrectal ultrasound (TRUS)
guidance (Wallner et al., 2001). Brachytherapy, in addition to surgical removal of the prostate and external beam radiation therapy,
has emerged as a deﬁnitive treatment option for patients with
early stage prostate cancer; a group representing the majority of
new cases diagnosed nowadays. Brachytherapy is performed for
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at least 45,000 patients in the US every year and the number of
procedures has been steadily rising (Cooperberg et al., 2004).
The long-term disease-free survival after brachytherapy is well
above 90% when performed by leading brachytherapy specialists,
but in the hands of average practitioners in community care settings it has been signiﬁcantly less successful (Wei et al., 2002;
Merrick et al., 2007). Merrick et al. reported from 2833 cases by
57 brachytherapists that over 37% of implants were inadequate,
in terms of incomplete target coverage or excessively high dose
levels, despite the exclusion of each brachytherapist’s initial 20 patients. Quite surprisingly, no trend toward improvement within
the ﬁrst 100 patients per physician was seen. Faulty needle and
source placement often cause insufﬁcient dose to the cancer and/
or inadvertent radiation of the rectum, urethra and bladder. The
former causes failure of treatment, while the latter results in adverse side effects like rectal ulceration, incontinence and dysuria
(painful urination). Increased dose to normal structures is well correlated with increased toxicity after brachytherapy, and despite
the adoption of modern techniques, toxicity remains signiﬁcant;
urinary Grade 2 toxicity of 46% at 6 months and 23% at 12 months
was reported by Zelefsky et al. (2000). Although rectal toxicity is
generally considered to be moderate relative to other radiotherapy
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options, in patients pooled from two randomized trials, rectal
bleeding was reported in P20% of patients, and 12% had some
form of fecal incontinence (Merrick et al., 2003). A comparative cohort analysis of 1014 patients treated with brachytherapy, external
beam, or radical prostatectomy revealed long-term health-related
quality of life scores to be adversely affected in the urinary, bowel,
and sexual domains for brachytherapy patients, and less favorable
than for the other treatments (Wei et al., 2002). Furthermore,
whereas most brachytherapy outcomes are reported with median
follow-up times of 3–4 years (including that of Wei et al., 2002),
Miller et al. (2005) noted that quality of life after brachytherapy
continued to decline over time after four or more years, suggesting
that most reports underestimate the true extent of morbidity.
Clearly these reports underscore the need for advancements and
for the widespread availability of such improvements.
It is universally accepted that increased accuracy in executing a
precise implant plan should lead to good dosimetric outcome. At
the same time, there are numerous technical difﬁculties in the procedure that make precise execution of the implant plan very difﬁcult and often downright impossible. Typical causes include organ
dislocation and deformation, tissue inhomogeneity, seed migration, intraoperative edema, instrumentation and calibration errors,
needle deﬂection, and human errors. A large body of clinical research has been dedicated to these problems. The arsenal of currently known countermeasures was compiled by Wallner et al.
(2001) in a deﬁnitive practical guide to clinical brachytherapy. Still,
despite the strictest control over the intraoperative workﬂow,
many implants fail and outcomes are rather unpredictable, particularly in community practice (Merrick et al., 2007).
In addition to continuing efforts to achieve accurate execution of
a pre-made implant plan, intraoperative planning and dosimetry
optimization have been receiving increasing attention (Zelefsky
et al., 2003; Acher et al., 2006). These approaches, however, demand
localization of the implanted needles and seeds during the procedure (Nag et al., 2001). If needles and seeds are localized in TRUS relative to the anatomy, the dose ﬁeld can be analyzed and the
remainder of the implant plan re-optimized. Needle positions can
be rearranged to avoid overdosing and new seeds added to ﬁll cold
spots. Again, this function critically depends on our ability to track
needles and seeds in real-time ultrasound images. There has been
valuable research in this theme, for example, by the groups of
Rohling and Salcudean (Harmat et al., 2006; Okazawa et al., 2006)
and Fenster (Ding et al., 2006; Wei et al., 2006). Despite encouraging
results and steady progress, clinically robust tracking and localization of the implanted seeds in TRUS is unavailable. One particular
hindrance is that in all current brachytherapy systems, imaging
actions and needle actions are decoupled as the needle and TRUS
probe are both manually manipulated. Concurrent action with the
needle and the TRUS probe requires four hands in the ﬁeld: two
hands to manipulate the needle and seeds and two extra hands to
move the TRUS probe, while trying to predict the motion of the needle. First, there is no room for two people (or four hands) in the sterile
ﬁeld. Second, the process is coordinated by voice command with the
medical physicist sitting at the treatment planning system (TPS)
terminal, several meters away from the actual surgery. This clearly
is a suboptimal scenario that demands deﬁnitive improvement.
Considering the problems mentioned above, a robotic assistant
to manipulate the needle and TRUS probe simultaneously seems to
be a logical alternative. In a fully integrated robotic system, TRUS
and needle are spatially and temporally co-registered. This allows
for optimal positioning of the TRUS probe while the needle is in
motion and the seeds are being released from the needle. Thus,
the near exact position of the needle and seed are a priori known
relative to the TRUS image. In a conﬁned search range we can more
easily ﬁnd their true positions in the TRUS image and update the
effective dose ﬁeld on the ﬂy.

Robotic assistance offers additional advantages over conventional template guidance. The robot allows for continuum needle
placement, while in conventional templates the guide holes are
placed in a rectilinear grid of 5 mm resolution. Bi-directional needle angulation also offers manifold advantages over template guidance where all needles are forced to be parallel. Vertical needle
slanting helps avoid pubic arch interference that happens when
part of the prostate is hidden behind the pubic bone, disqualifying
patients with large prostates (typically >55 cm3) from brachytherapy (Wallner et al., 2001). Lateral angulation can assist in accounting for slight anatomical asymmetries, thereby potentially yielding
more conformal dose. Other potential advantages of robotic assistant systems include improved needle insertion accuracy by reducing needle deﬂection and tissue deformation (Meltsner et al., 2007)
and reduced procedure time. The latter is particularly important in
reducing the likelihood of severe intraoperative edema. Another
potential beneﬁt may be reduced exposure of the operating crew
to toxic dose by handling the sources remotely. To this end,
Patriciu et al. (2007) demonstrated remotely actuated seed
handling and insertion in training phantoms. This system was
designed for use with MRI in a fetal patient position, with no
apparent provision for its adaptation to standard clinical practice
under TRUS guidance in lithotomy position. The costs and complexity of MRI-compatible mechatronics and instrumentation are
also prohibitive. Finally, and perhaps most importantly, existing
semi-automated seed guns like the popular Mick Applicator series
already provide excellent implant speed and radiation safety,
making it hard to justify full automation.
Several robotic systems have been proposed for TRUS-guided
brachytherapy. Yu et al. (2007) proposed to actuate both the needle and the TRUS probe and completely replaced standard clinical
equipment with their own. They tested individual modules of the
prototype in phantoms. Phee et al. (2006) proposed to access the
prostate through a single entry point on the perineum. They eliminated the translational motion of the needle in front of the perineum and used angulation only by 2-DOF remote center of
motion kinematics implemented by goniometric arcs. Their concept resembled one of the earliest medical robots by Harris et al.
(1997) used in transurethral resection of the prostate (TURP) for
benign prostatic hyperplasia. (It is of particular historical note that
this device was the ﬁrst medical robot ever to remove tissue from a
live human patient.) The aforementioned anatomical approach of
Phee et al. (2006) is hampered by major problems. First, insertion
of many needles through a single portal would certainly cause major morbidity, because the needles distributed in a cone would cut
out a large amount of tissue from the perineal wall. Second, the
lack of parallel needle trajectories results in suboptimal dose coverage. Finally, conical needle arrangement either yields an inhomogeneous dose ﬁeld or demands radiation sources of variable
activity, which is suboptimal in either case. In Phee et al. (2006),
a much reduced design with manual actuation was demonstrated
in a limited biopsy study. No complications were reported. They
used a single needle entry portal, which would be clinically inadvisable for brachytherapy where the number of needle passes is
much higher than in biopsy, typically 35 or more versus 6 or 8.
Fenster and colleagues have made major strides toward a more
clinically feasible TRUS-guided robotic prostate brachytherapy system (Wei et al., 2004). They adopted an industrial serial-link robot
for needle manipulation while motorizing a conventional TRUS
probe to produce a smooth sagittal sweep in the rectum. They were
the ﬁrst to demonstrate synchronized needle and imaging action
(in training phantoms) and their results on needle tracking and
seed segmentation were particularly exquisite (Wan et al., 2005).
Despite its many excellent qualiﬁcations, however, to our knowledge this system has not reached human trials. This in part had
to do with the choice of the robot. Generally, it is rather difﬁcult
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to certify industrial serial-link arms for clinical use because their
inherent safety is always drawn into question. Not insigniﬁcantly,
the system needed elaborate calibration before each procedure because the needle manipulator robot and TRUS motion encoder
were not mechanically coupled. Finally, and perhaps most importantly, the robotic assistant was not integrated with an existing
and clinically certiﬁed treatment planning system. This forced
the researchers to develop their own implant planning and optimization system, which is a major clinical engineering project by any
measure. It takes several years to produce a smooth clinical-grade
implant planning system that meets radiation safety standards and
can receive ethics board clearance.
Our own ﬁrst work in the subject was with a 3-DOF robotic device that provided 2-DOF remote center of motion and 1-DOF
insertion, in lithotomy position (Fichtinger et al., 2002). Stereotactic registration between the robot and imager (we applied CT guidance) was exquisitely accurate and robust (Masamune et al., 2001).
Overall, however, the system performed poorly in cadaver trials.
The lack of Cartesian motion made path planning difﬁcult and clinically insufﬁcient in terms of dose coverage. (Actually, our system
suffered from many of the same deﬁciencies as Phee et al. (2006)
must have experienced several years later.) The friction transmission also slipped because fatty ﬂuids accidentally lubricated the
transmission, making needle insertion depth uncertain.
In more recent prior work, we adhered to clinical standards by
using TRUS guidance in full lithotomy position (Fichtinger et al.,
2006). We integrated a robotic assistant with an FDA-approved
commercial TRUS-guided TPS (InterplantÒ, at the time developed
by Burdette Medical Systems, Urbana–Champaign, IL) and thus
demonstrated successful retroﬁtting of an existing conventional
clinical system with a new robotic manipulator. We used a
6-DOF robot mounted on a bridge over the table. It had 3-DOF prismatic motion to move the needle to the insertion point, 2-DOF
remote center of rotation motion to orient the needle, and 1-DOF
translation to enter the needle to a predeﬁned depth. The TRUS
probe had translation and rotation inside the rectum with 2-DOF
optoelectronic encoding, though still not actively moving. From a
historical perspective, this was the ﬁrst integration of a brachytherapy robot system with a complete commercial brachytherapy
system, including the TPS, ultrasound unit, probe holder, stepper,
ﬂoor stand, leg holder, and other attachments. While this was
clearly a promising concept to pursue, the actual robot proved to
be wholly inadequate for the task. The device was heavy, large,
intrusive, and it collided with the C-arm ﬂuoroscope during the
procedure. (In standard practice, a mobile ﬂuoroscope is positioned
over the patient’s abdomen to make qualitative observation of the
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implant several times during the procedure.) Calibration between
the robot and TRUS was complicated and had to be repeated every
time we adjusted the subject on the treatment table. In fact, it required two separate calibrations because there was an unencoded
positioning arm between the Cartesian and rotation stages.
In this manuscript, we present a system freed from many shortcomings of our earlier prototypes. The primary contribution of this
paper is the design and implementation of a small robotic manipulator that is compatible with standard equipment and workﬂow
and fully integrated with an FDA-approved commercial TPS. Previously, we presented an abridged technical outline of this system in
(Fichtinger et al., 2007). In this paper, we provide a much wider review of prior art, a more detailed description of the system, and results from a recent Phase-I clinical trial with a detailed discussion.
We are giving the ﬁrst report of a human trial in robotically assisted prostate brachytherapy.
The structure of the rest of the paper is as follows. In Section 2,
we present the system design and implementation. Section 3 discusses the clinical workﬂow, Section 4 summarizes the results of
phantom tests, Section 5 sums up the results of a pilot clinical trial,
and we conclude the paper with an in-depth discussion of our
ﬁndings.
2. System design and implementation
As reviewed in Section 1, several medical robots have been
proposed previously for prostate brachytherapy. They all strive to
increase the accuracy of needle placement by transforming the
workﬂow into a process one could categorize, after Taylor, as
‘‘Surgical CAD/CAM” (Fichtinger et al., 2002). Unfortunately, these
devices add a great deal of complexity to the procedure and alter
current hardware, calibration, and workﬂow standards. Our
present approach is different in that it adheres to the established
standards of care, while also providing all practical beneﬁts of
robotic assistance.
The system consists of a central computer (laptop) running the
FDA-approved InterplantÒ treatment planning system (TPS) originally developed by Burdette Medical and now manufactured by
Computerized Medical Systems Inc., St. Louis, MO; a TRUS imager
(B&K Medical, 6.5 MHz); an AccuSeed implant stand with digital
probe positioner (also by Computerized Medical Systems); and a
small parallel needle guidance robot, as shown in Fig. 1(left). We
adapted a light weight parallel robot that rests on the mounting
posts of the conventional template, as seen in Fig. 1(right). The robot and the template are interchangeable during the procedure,
as they are mounted in the same location and are calibrated to

Fig. 1. System setup with an anthropomorphic phantom in the operating room (left) and a closer view of the robot from the physician’s perspective (right). Note how the
standard clinical hardware and setup are preserved.
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operate in the same coordinate frame. Thus, the unique feature of
our system is retaining the existing clinical setup, hardware and
workﬂow. In the case of a malfunction or even a slight suspicion
of it, the physician can revert to the conventional template-based
manual procedure without interruption. The robot is controlled
by a standalone computer, thereby preserving the integrity of the
FDA-approved Interplant system. The TRUS unit and the encoded
stepper produce temporally and spatially tagged image streams
for the TPS. In the laboratory experiments reported in this paper,
an anthropomorphic mannequin was positioned supine, with a
standard brachytherapy implant training phantom (CIRS Inc.,
Norfolk, VA) built into its perineum, as shown in close-ups later
in the pictures of Fig. 5.
The robot was originally developed for image-guided needle
biopsy (Kettenbach et al., 2005) and was customized by the manufacturer (PROFACTOR GmbH, Seibersdorf, Austria) to our speciﬁcations. The robot consists of two 2D Cartesian motion stages
arranged in a parallel conﬁguration (Fig. 2). The xy stage provides
planar motion relative to the mounting posts, in the plane that corresponds to the face of the template. The workspace of ±4 cm in
each direction is sufﬁcient to cover the prostate with a generous
margin. The ab stage rides on the xy stage, with a workspace of
±2 cm. The xy and ab stages hold a pair of carbon ﬁber ﬁngers that
are manually locked into place during setup. A passive needle
guide sleeve is attached between the ﬁngers using free-moving ball
joints. We decided against active needle driving. Instead, the robot
functions as a fully encoded stable needle guide, through which the
physician manually inserts the needle into the patient. The physician thus retains full control and natural haptic sensing, while the
needle is being observed in live transverse and sagittal TRUS thus
ensuring exquisite control of the insertion depth relative to the target anatomy shown by live ultrasound. If necessary, the insertion
depth can also be encoded as in Seidl et al. (2006), thus fully eliminating any practical need for active needle driving.
When the ab stage is in motion, the guide sleeve performs 2D
rotation about the ball joint on the ﬁnger attached to the xy stage.
The rotational workspace is a ±20° cone, sufﬁcient to provide the
required features. The length of the needle guide sleeve was originally 70 mm, providing steady support for the needle against
buckling and slipping on the skin. As noted in the Clinical Trial sec-

tion, the longer guide sleeve made it impossible to access the base
of a large prostate; therefore, it was necessary to redesign the ﬁngers to reduce the sleeve length by about 20 mm. Nevertheless,
even when using the shorter sleeve for the ﬁnal three patients,
we experienced less needle deﬂection than a typical brachytherapy
procedure. The guide’s diameter is slightly above 18G to accommodate standard brachytherapy needles without friction and play.
(Note that the sleeve can be made to ﬁt a needle of arbitrary size,
such as a biopsy gun.) The sleeve can be snapped in and out of the
ball joints by hand and can be disposable. Clinically, it is only necessary to sterilize the ﬁngers and the guide sleeve.
The robot weighs 1300 g. Its dimensions in home position are
140  180  65 mm. Although it exerts some torque on the template posts, the load is bilaterally distributed over the stepper base
with a supporting bracket, a precaution that prevents the robot
from bending over the TRUS probe. The bracket is seen in the
close-up images of Fig. 5.
The control system architecture is shown in Fig. 3. Low-level robot control is performed on a DMC-2163 controller board and
AMP-20341 linear power ampliﬁer (Galil Motion Control, Rocklin,
CA, USA), which are connected via Ethernet to the laptop PC that
runs the Robot GUI (Graphical User Interface) and the Interplant
TPS software processes. Communication between these two processes is provided by a socket (UDP) connection. This required a
minor modiﬁcation to the Interplant software to add a ‘‘robot control” menu that invokes a small set of methods, deﬁned in a
dynamically loaded library (DLL), to initialize the robot, query its
position, and move it to a new position. The DLL transmits these requests, via the socket connection, to the Robot GUI, which then invokes the appropriate methods in the Robot Class. Since the Robot
GUI is in a separate process, it can also interact with the user directly; in particular, it updates the robot position/status display
and accepts motion commands from the user.
In the current system, the Robot GUI is used to set the needle
orientation because these two degrees of freedom are not controlled by the Interplant software. It is also used to move the needle guide to positions that do not lie on the 5 mm template grid. As
noted in Fig. 3, most of the custom software created for this project
is written in C++ or Python. There is also a safety loop that compares the primary position sensors (incremental encoders) to the
secondary position sensors (incremental encoders). This is written
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Fig. 2. CAD model of the parallel robot mounted over the TRUS probe on the
mounting posts of the template.
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Fig. 3. The robot control architecture.
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in a Galil-speciﬁc interpreted language and is downloaded to the
controller during initialization.
3. Clinical workﬂow
The calibration of the robot is identical to that of the commercial InterplantÒ brachytherapy system and uses the same software
kit and water tank (Fig. 4.) In essence, we move the needle tip inside the tank in a known trajectory by precise motion of the robot
(serving as ground truth) and we also mark the needle positions in
sagittal and transverse TRUS images. Then by maximizing the similarity between the observations and the ground truth, we obtain a
transformation matrix between the TRUS and robot coordinate
frames. As the robot is reliably repositioned on the TRUS stepper
in the mounting holes originally made for the template, the robot
does not require recalibration before the procedure.
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The clinical workﬂow begins with segmenting the anatomy in
TRUS and creating an implant plan. Bilateral stabilization needles
may also be inserted. For each implant needle, the coordinates of
the desired needle location are sent to the robot. The robot moves
the needle guide onto the entry point over the perineum and orients it to the desired angle. The current Interplant dosimetry package does not support slanted needles, but the robot has this
functionality. The physician inserts the preloaded needle or seed
gun (such as Mick applicator) into the guide sleeve, and enters
the needle into the desired depth while observing its progress in
the live TRUS. The TPS has a near perfect estimate of the expected
location of the needle in TRUS and a visual outline of the planned
needle position is superimposed onto the spatially registered TRUS.
The TPS semi-automatically processes the image to locate the needle and the operator may apply manual correction. The TPS then
can update the dosimetry based upon the inserted needle position.
The physician can make manual correction to the needle before
approving the position and releasing the payload, or the physician
may opt to pull out the needle without releasing the seeds. The
physician will retract the needle and release the seeds only after
correct needle position is conﬁrmed. During the retraction of the
needle, live TRUS images are acquired, wherein shadows of the
seeds appear as they are released from the needle. The TPS processes the image to locate the seeds being dropped and the operator may also apply manual correction. Once the seeds are located,
the computer promptly calculates a full dosimetry, using the seeds
already implanted in their actual delivered locations, combined
with the contribution of the remaining planned seeds. At this time,
the physician can modify the remainder of the implant plan to
compensate for cumulative deviations from the original plan. The
cycle of execution is repeated with the next needle until satisfactory dosimetric coverage is achieved, which is the overall objective
of the procedure.
4. Phantom studies

Fig. 4. Calibration with the Interplant kit. Note that the robot replaces the template
in an otherwise standard calibration process.

We evaluated the prototype system in phantom trials. The robot
ﬁts in the neutral space over the perineum (Fig. 1), without
obstructing the swing space for a C-arm if one is present. (Later in
one clinical case we observed obstruction between the cabling
and C-arm.) The robot executed the designed ranges of motions.
The Cartesian stage safely covered the axial dimensions of the prostate with generous margin. The function of needle angulation was
also tested. Fig. 5(left) depicts sufﬁcient vertical angulation to point
the needle behind the pubic arch while Fig. 5(right) demonstrates

Fig. 5. Insertion of angulated needles. The needle is slanted upward to reach behind the pubic arch (left). Laterally slanted therapy needle in the presence of two stabilizer
needles (right).
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Fig. 7. Accuracy of robotically guided needle insertion relative to target marked in
TRUS.

the Interplant stepper and software. A typical screen shot is shown
in Fig. 8, where the needle appears in the sagittal image as a white
line. The expected seed positions relative to the needle tip are
marked with squares. These squares were then used as initial
search regions for localizing the seeds upon releasing them into
the prostate. The resulting dose display was instantly updated
so the clinician could follow the buildup of therapy dose, relative
to the anatomy. Color-coded isodose lines seen around the needle
are updated as the seeds are captured.
5. Clinical trial
We performed ﬁve robot-assisted brachytherapy procedures in
an IRB-approved pilot clinical study between August 16, 2007 and
November 1, 2007. To our knowledge, to date this has been the
only human trial in robotically assisted prostrate brachytherapy.
The clinical protocol was to perform the procedure using the standard workﬂow, except using the robot-held needle guide instead of
the template. (We also did not use the dynamic dose optimization
option of the TPS, for that function is not directly related to robotic
needle placement.) The typical clinical setup is shown in Fig. 9. For
the ﬁrst three cases, we used an optical tracking system (Polaris,
Northern Digital Inc.) to verify the needle guide position. This
was an optional part of the protocol because the robot already provides redundant position measurement via two encoders on each
axis. Nevertheless, the optical tracking system provided an extra
level of assurance for the ﬁrst three cases, to ensure that the needle
guide is correctly moved to position by the robot relative to the ori-
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vertical and lateral angulation. Note that unlike any previous brachytherapy robot system, the implant needles can be inserted in the
presence of bilateral stabilizer needles commonly used for reducing
prostate motion during needle insertion (Taschereau et al., 2000). In
the case of collision, the distal ﬁnger gently deﬂects the stabilizer
away, without causing tissue injury, while the physician is standing
by to prevent the stabilization needle from being accidentally
caught in the robot ﬁnger.
We measured the accuracy of robotic needle positioning relative to the template. The robot, as mentioned earlier, is registered
to the TRUS and the TPS commands address the robot in template
coordinates. We performed 42 parallel positioning movements (7
rows of 6 columns, spaced 1 cm apart) with the robotic system
and then manually with the template. We measured the positions
of the corresponding template hole and the robotic needle guide
before insertion with a calibrated ballpoint pointer (Traxtal Inc.,
Toronto, ON) tracked by a Polaris tracker (Northern Digital, Waterloo, ON), as seen in Fig. 6(left). The error bars in Fig. 6(middle)
show a mean location error of 0.25 mm (STD = 0.17 mm) which is
less than the stated accuracy of the tracker. We also measured
the accuracy of needle angulation relative to the horizontal axis.
We performed 42 robotic positioning movements (7 rows of 6 columns, spaced 1 cm apart, in random angles between the extremes).
We measured the angle of the guide sleeve by pivoting on both
ends with the calibrated tracker pointer. The error bars shown in
Fig. 6(right) display a mean rotation error of 0.75° (STD = 0.37°),
comparable with the accuracy of tracking.
We also measured the accuracy of robotic needle positioning
followed by needle insertion into the phantom, relative to TRUS.
We inserted 18 parallel needles, marked their locations in TRUS
and measured the location of the guide sleeve with the Polaris.
As shown in Fig. 7, all needles landed close to their goal, with a
mean error of 1.04 mm (STD = 0.50 mm). Locations near the prostate edge show somewhat larger errors attributed to slight needle
deﬂection, which is still generously sufﬁcient for brachytherapy.
Placement accuracy of slanted needles suggested similar results,
but we note that while slanted needles are currently not used in
the dose planner, they are useful for adding individual seeds to
patch up cold spots.
The apparatus allows for natural haptic feedback, but similarly
to current template-based practice, this feeling may be somewhat
compromised by friction forces caused by needle bending and sliding forces. Lateral stabilization needles (Taschereau et al., 2000)
provide some relief, as Podder et al. (2006) also demonstrated in
recent in vivo needle force measurements.
In testing the Interplant’s capability of producing dynamic
dosimetry, standard needles were inserted into a phantom and
the moving needle was captured in live TRUS imaged registered
in 3D via correlation of the digitally-encoded probe position with
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Fig. 6. Comparison of needle guidance between template and robot with Polaris tracker (left). Error bars for the translation (middle) and rotation (right) differences.
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Fig. 8. Dynamic dosimetry screen from Interplant. The needle and seeds are captured in TRUS images as they are being inserted, while the resulting dose display is updated.

Fig. 9. (Left) Clinical case during setup. The TRUS probe and robot are in place before the robot ﬁngers and needle guide sleeve are attached. (Right) Seed implantation with a
Mick applicator.

ginal template coordinate system. We eliminated it for the last two
cases because it was difﬁcult to set up due to its requirement for a
clear line-of-sight to the marker frames attached to the needle
guide and ultrasound stepper. The robot system was successfully
used in all ﬁve cases. In the ﬁrst case, it was necessary to revert
to the template to place seeds at the base of the prostate because
the robot ﬁngers did not allow sufﬁcient depth of needle insertion.
Speciﬁcally, the hub of the Mick needle (20 cm length) was blocked
by the needle guide prior to reaching the prostate base. This problem did not occur in the second case, which was performed immediately after the ﬁrst one, because the patient’s prostate was
relatively small. We subsequently modiﬁed the ﬁngers to allow
an extra 20 mm of needle insertion and this problem did not recur
during the ﬁnal three cases, even though some of the prostates
were larger.
Table 1 indicates the total number of needle insertions performed
with the robot, and as well as the number of times that the needle

guide was adjusted to correct the needle position with respect to
the plan (e.g., to compensate for needle deﬂection) or to make intraoperative modiﬁcations to the plan (e.g., to avoid major vessels or the
pubic arch). In addition to these temporary adjustments, each of
which affects just a single needle, the software also enables adjustment of the robot ‘‘home” position. The ‘‘home adjustment” shifts
the robot coordinate system with respect to the ultrasound image.
This was generally done at the start of each procedure to compensate
for systematic errors that may remain in the system even after the
most careful pre-procedural calibration. In fact, one notable beneﬁt
of the robotic system is the ability to easily recalibrate the ‘‘template”, thereby allowing easy recovery in the occasional situation
where there appears to be a systematic error in needle placement despite pre-clinical calibration. (Usually, there is no need to recalibrate
the robot to TRUS before the procedure and medical physicists periodically recalibrate TRUS-guided implant systems to detect any
mechanical damage or unexpected misalignment.)
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Table 1
Number of needle insertions and adjustments for the ﬁve patients treated

3

Prostate volume (cm )
Total needles inserted
Total planned needles
Inserted by robot
Inserted manually
Adjustments to calibration (home adjust)
Adjustments to correct needle position
>2 mm in X
>2 mm in Y
>4 mm in X
>4 mm in Y
Adjustments to modify plan
>2 mm in X
>2 mm in Y
>4 mm in X
>4 mm in Y

#1

#2

#3

#4

#5

Total

31.1
35
35
30
5
1
0
0
0
0
0
4
0
3
0
1

19.2
33
31
33
0
3
12
5
2
0
0
0
0
0
0
0

28.4
44
41
44
0
2
12
2
3
0
0
9
5
4
3
1

48.2
31
30
31
0
1
12
7
2
1
0
6
3
1
0
0

42.9
41
38
41
0
1
14
6
1
0
0
8
5
2
2
2

184
175
179
5
8
50
20
8
1
0
27
13
10
5
4

The ability to adjust the needle position in small increments
was a key feature of the system. It enabled us to make ﬁne adjustments in needle/seed positioning, which we used at times to
achieve insertion points between the standard template positions.
We found this to be particularly useful toward the end of the procedure if real-time ultrasound dosimetry revealed gaps of dose
where one or two precisely placed seeds were needed. In addition,
we used this feature to correct for deviations in needle position or
to make intraoperative plan modiﬁcations, as shown in Table 1 and
described above.
The process of needle guide adjustment required the medical
physicist to switch between the TPS window and the Robot Control
window. For the ﬁrst three cases, the medical physicist had to
manually enter the desired offsets in text windows. This was time
consuming and therefore the software was modiﬁed prior to the
fourth case to add ‘‘arrow controls” to the graphical user interface.
This change greatly improved the efﬁciency of the procedure. Future improvements will include an input device to enable direct
physician control of the needle guide.
There were some minor issues discovered during the clinical
trial. First, we learned that the robotic arms and needle tube had
the potential to collide with the ultrasound probe if moved across
the center of the prostate along the posterior-most grid row. The
order of needle placement was subsequently modiﬁed to avoid
moving laterally across this area and no further collisions were
encountered. Second, the cables that connected to the top of the
robot interfered with the normal position of the C-arm ﬂuoroscope.
We compensated by introducing a slight gantry tilt of the ﬂuoroscope. This did not affect adversely our ability to obtain the necessary X-ray images during the procedure.
6. Discussion and conclusions
Although our clinical experience is far too small to draw any
statistically valid conclusions as to the impact of the robotic template on dosimetric outcomes or toxicity, we have made several
observations to its value.
Overall, a relatively small fraction of needle positions required
adjustments to be made, and we interpret these adjustments as
being required due to tissue deﬂection of the needle rather than error of robotic positioning. Examination of the direction of the corrective adjustments made (Fig. 10) reveals an overwhelming
pattern of needles requiring correction toward the center of the
prostate. Needles that miss the target location are usually the ones
that are being entered into the periphery of the prostate. When a
peripheral needle reaches the slanted prostate capsule, it may skip
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Fig. 10. Direction and magnitude of corrective adjustments (P3 mm) made to the
needle position for all ﬁve patients. Note the pattern of needles requiring correction
toward the center of the prostate, consistent with a tendency for tissue deﬂection
toward the edges of the prostate.

a little and the prostate may also rotate a bit. The combined result
is an apparent outward deﬂection of the needle. This pattern is
consistent with our clinical experience with manual template
guidance. In contrast to actual needle tip positions, the Polaris
measurements consistently showed the robotic positioning of the
needle guide to be accurate generally to within 1mm. Given that
the Polaris measurements were of the robot arm position instead
of needle position at depth, they are not affected by tissue deﬂection of the needle upon insertion and thus are a more relevant indication of robotic positioning accuracy versus the template.
Actually, we discontinued use of the Polaris after the ﬁrst three
cases due to the effort and room space required for setup and
the complete absence of clinically relevant error in the measurements of 112 consecutive needle insertions.
The robot allowed for ﬁne adjustments in needle/seed positioning, which we used at times to achieve insertion points between
the standard template positions. In addition, the ability to easily
shift the frame of reference of the robotic needle guide avoids a difﬁcult situation encountered in standard procedures where systematic errors in needle placement are often observed despite careful
pre-clinical calibration. In such cases, we could easily compensate
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for the apparent bias by moving the frame of reference by a few
millimeters. This function is not easily possible with standard templates, where the physicist must manually override the results of
system calibration, which is not advisable practice from an operational safety perspective. (It may actually constitute as unspeciﬁed
use of an FDA-approved product, unless the TPS manual speciﬁcally allows for such override.)
It also attests to the general safety of our system that the robotic
assistance in patient #1 (when the base of his large prostate could
not be reached) could be aborted in a matter of minutes and the
procedure was concluded with manual template guidance, without
noticeable interruption of the workﬂow. This was made possible by
the conscious design decision to maintain a common frame of reference for the robot and the conventional manual template.
It is of particular note that we encountered only a few positioning errors of a magnitude greater than 4 mm, in 2 of 179 needles
inserted with the robot, in contrast to our experience with a traditional template guidance where errors of this magnitude are much
more common. This could be due to the greater length of the needle guidance tube as compared to the depth of a standard template,
allowing for less needle bending outside the tissues. This, if conﬁrmed by follow-up studies, can have a positive impact on clinical
outcome. First, needle adjustments increase the number of needle
passes and tissue trauma, with resultant exacerbation of urinary
symptoms (Eapen et al., 2004; Brammer et al., 2007). Hence fewer
adjustments should contribute to a mitigation of severe urinary
side effects. Second, reducing the number of needle re-insertions
and adjustments should lessen the probability of severe edema.
Despite all precautions and strict control of the workﬂow, intraoperative edemas still cause signiﬁcant dosimetric uncertainties,
which is an issue under intense clinical investigation by several
luminaries of prostate brachytherapy. After faulty source placement, edema is arguably the second most signiﬁcant cause of failure in localized prostate therapies (Yamada et al., 2003). Generally
speaking, cancerous tissues receive proportionally less dosage as
more edematic ﬂuid accumulates in the prostate. Our recent intraoperative data reveal that edema occurs immediately after needle
placement begins and continues to evolve during the procedure
(Jain et al., 2007). Edema typically subsides after 2–4 weeks, however by then much of the dose is already delivered due to the short
half-life of the isotopes (Pd103 = 17 days, I125 = 60 days). Although
edema results in a 30% increase in prostate size when evaluated
at Day 1 post-implantation, the degree of edema varies substantially from patient to patient with no apparent predictive factors
for its magnitude or effects on implant dosimetry (Tanaka et al.,
2007). It is therefore absolutely imperative that the probability of
edema be reduced, by reducing the number of needle passes and
adjustments, and also by shortening the duration of the implant
procedure.
The last line in Table 1 shows procedure time, from the ﬁrst
to the last needle, as recorded in the TPS. The average implant
time was 1:02 h, which corresponds to an average of about
1:42 min per needle, including TRUS and ﬂuoroscopy conﬁrmation. In the ﬁrst patient, we lost 16 min because the Mick applicator fell on the ﬂoor and had to be re-sterilized, plus the robot
had to be dismounted before the last ﬁve needles as we mentioned earlier. Not counting the lost 16 min, the average procedure and needle times were 0:59 h and 1:37 min, respectively.
The use of the robotic assistant did not slow down the procedure, which must be considered as a very positive result for a
pilot clinical trial. We further note that motorized source loading
and automated needle insertion could not make our procedure
much faster, because we already use a semi-automatic Mick
200-TPV applicator gun.
In addition to the observed beneﬁts described above, robotic
needle positioning offers potential for more conformal treatment
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planning due to the capability for ﬁner adjustments in needle
positioning, as well as the potential for reduced number of needles required for a given volume. Again, conﬁrmation and/or
measurement of the magnitude of these effects require further
investigation. The current robotic system also supports many
types of sources and needles. For example, Fig. 5 shows a solo
needle loaded with loose seeds and Fig. 9(right) shows a Mick
200-TPV applicator gun. The robotic assistant can be used with
both pre-planned and intraoperative dosimetry techniques
(Wallner et al., 2001). The device can also function in the presence of stabilizer needles inserted in the prostate before inserting therapy needles, as seen in Fig. 5(right). This feature makes
the system potentially usable with real-time inverse dosimetry
planning, where a plurality of needles are inserted prior to optimizing the seed loading plan based on actual needle positions
(Acher et al., 2006). To utilize inverse optimization, however,
software modiﬁcations in the TPS will be necessary. Future plans
also include testing of the angulation function of the robotic
template, which we did not perform in this study; this function
also requires modiﬁcation to the TPS, which is currently underway. Here, we must acknowledge the beneﬁts of having access
to the internals of a commercial TPS. This capability allows us
to meet clinical needs on the ﬂy, as they arise during the research process, while remaining in the comfort zone of a familiar, well-tested, clinically certiﬁed system. This clearly is a
unique advantage to our research program.
Further development of the robotic assistant includes motorizing the TRUS base which already performs optical encoding of the
stepper, making such a process relatively straightforward. Note
that the current system is functional without such motorization
of the TRUS probe, though it requires some degree of manual
adjustment during needle insertion and seed release, which from
the dosimetric point of view is an issue of convenience. A fully integrated digitally-encoded system allows for synchronized imaging
and image-based needle/seed tracking, thus opening the way for
online dosimetry and instantaneous implant optimization. Work
continues to implement advanced automated needle and seed
localization techniques, along the lines of excellent prior work by
Fenster and his colleagues (Ding et al., 2006; Wei et al., 2006).
We also plan modiﬁcations of the robot control interface to allow
the physician to control the robot rather than communicating verbally with the physicist sitting aside the ﬁeld of action. Software
prediction and avoidance of collisions with the ultrasound probe
will be a must from the perspective of operation safety.
As we explained in Section 2, in the current embodiment we
opted against active needle driving. We felt that motorized needle
insertion would cause the loss of natural haptic sensing, increase
the complexity of hardware and invoke a range of extra safety
measures. Although these negative factors today outweigh potential beneﬁts, the balance might tip in the future. Phantom tests
with robotic ‘‘drilling” promise reduced needle deﬂection and
deformation/dislocation of the target tissue (Meltsner et al.,
2007). Several groups are experimenting with needle steering.
Okamura’s group (Webster et al., 2006; Kallem and Cowan, 2007)
and Riviere’s group (Engh et al., 2006) reported on successful steering of super-elastic beveled needles in soft tissues, by controlled
simultaneous spinning and advancing of the needle. They achieved
complex insertion trajectories in gel phantoms. Less intricate paths
are sufﬁcient for prostate implants, which they could possibly
achieve with more rigid needles suitable for transperineal penetration. DiMaio and Salcudean (2005) and Glozman and Shoham
(2006) were successful in steering ﬂexible needles in gel phantoms
by manipulating the base of the needle driver. Salcudean’s group
(Okazawa et al., 2005) reported on a hand-held device to steer relatively rigid needles by using telescopic shape memory alloy cannulas. This approach is particularly promising for prostate implants

544

G. Fichtinger et al. / Medical Image Analysis 12 (2008) 535–545

to achieve slight trajectory corrections upon penetrating the perineal wall and the prostate capsule. With our robotic system, needle
steering may be achieved by changing the angle of the needle
guide during insertion. Several groups, including Alterovitz et al.
(2005) and Goksel et al. (2006), are developing predictive biomechanical models for intraprostatic needle placement. It is safe to
predict that predictive models will be coupled with active needle
steering in the near future. Clearly, there has been a wealth of
exciting research underway that will undoubtedly shape the role
of robotic assistance in prostate brachytherapy.
In conclusion, our early experience with the robotic assistant
system has been positive. The system provided needle placement
accuracy superior to that of conventional templates while offering
much greater ﬂexibility, owing to its biaxial needle angulation and
continuum Cartesian needle spacing. These features were achieved
without causing interference with established clinical hardware,
workﬂow, or calibration standards. This is especially important
as commercial potential and clinical viability in contemporary
medicine are inseparable issues. Although these beneﬁts appeared
to be clearly demonstrated in our limited clinical trial, it is necessary to conﬁrm them in larger and statistically more signiﬁcant
studies.
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