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Abstract We present the concept and prototype of an image-guided robotic system for
accurate and consistent placement of percutaneous needles in soft tissue targets under
CT-guidance. The system is a promising embodiment of the Surgicadl CAD/CAM
paradigm and as such, easily adaptable to other image guidance modalities, like X-ray
fluoroscopy. We also report the first results of pre-clinical experiments on phantoms.

1 Motivation

Our vision isthat by extending human surgeons’ ability to plan and carry out surgical
interventions more accurately and less invasively, Computer Integrated Surgery (CIS)
systems will address a vital need to greatly reduce costs, improve clinical outcomes, and
improve the efficiency of health care delivery. Further, the combination of consistent
execution, patient and task models, and logging of intraoperative and outcome data made
possible by CIS systems will produce the same impact on surgery that has been realized
in industrial CAD/CAM systems. Surgical CAD/CAM systems (Figure 1) transform
preoperative images and other information to the actual patient in the operating room,
assist clinicians in developing an optimized interventional plan, register this preoperative
data to the actual patient in the operating, and then use a variety of appropriate means,
such as robots and image overlay displays, to assist in the accurate execution of the



Figure 1: Information flow in surgical CAD/CAM systems

Preoperative

Intraoperative

planned interventions. Surgicall CAD/CAM systems are analogous to manufacturing
CAD/CAM systems. There are three key concepts:

[ | r—— - - —-—-" - "~ 'i
| Computer- | | | Update Model Update Plan |
| assisted | |
|| planning ) 1| <o |
I | m—p | ’

|
| " S I
| t | | IR |
I Patient-SpecifiC I I g‘ Computer_ I
| Model | | - Assisted
[ | I % Execution :

I
|

Atlas r [

d | Computer-
= D | 4| Assisted l
) | Assessment |
Patient - _-—_____—_—_—— J__~___ I

"Surgical CAD" is analogous to computer-aided design in manufacturing systems.
Preoperatively, medical images, anatomical atlases, and other information are combined
to make a model of an individual patient. The computer then assists the surgeon in
planning and optimizing an appropriate intervention.

"Surgical CAM" is analogous to computer-aided manufacturing, with modifications
to fit the specific requirements of surgery. The data from the preoperative planning step
(images, models, plan geometry, etc.) is all brought into the operating room. Real time
images and other sensor data are used to "register” the preoperative plan to the actual
patient, and the model and the plan are updated throughout the procedure. The actual
surgical procedureis performed by the surgeon with the assistance of the computer, using
appropriate technology for the particular intervention.

"Surgical TQM" is analogous to "total quality management” in manufacturing, and
reflects the important role that the computer can play in reducing surgical errors and in
promoting more consistent and improved outcomes. It is built into the entire process.

Percutaneous therapy, which is inserting thin tubular devices (needles, cannulas,
electrodes, sensory or tissue ablation probes, etc.) into the body through the skin, fits



naturally within our broader paradigm of Surgical CAD/CAM systems. The basic
process involves planning a patient-specific therapy pattern, delivering the therapy
through a series of percutaneous access steps, assessing what was actually done, and
using this feedback to control the therapy procedure. Our goal isto develop systems that
execute this process with robotic assistance under a variety of widely available and
deployable image modalities, including ultrasound, x-ray fluoroscopy, and conventiona
MRI and CT scanners. Initially, we focus on solid organ therapy, in particular the
prostate, but will extend and apply these results to other organ systems, such as the brain,
liver, bones and spine. As these results become available, they will be combined with
image analysis, data fusion, and reconstruction methods developed in paralel research
programs. Typical applications of this enhanced system include vertebroplasty, spine
nerve block injections, and bone biopsies, incorporating novel techniques for
non-straight-line delivery trajectories.

Recent advancesin medical imaging have propelled minimally invasive image-guided
percutaneous biopsy and local therapies into public attention [1,2]. Intra-operative
radiological imaging has become more accurate, faster, affordable, and less toxic to both
patients and surgeons. The objective of the presented work was to meet the ultimate
challenge of these procedures and provide seamless integration of intra-operative CT
imaging with precise, reliable, and affordable aiming and delivery of percutaneous
surgical devices. One could ask why we pursued CT guidance instead of fluoroscopic or
ultrasound navigation? Computed tomography (CT) provides good tissue differentiation
from even a single slice acquisition and has proven to be an excellent image guidance
modality for percutaneous tumor biopsy and drainage [3,4,5] as well as for neurological
pain management [6,7,8,9,10]. We aso believe that every modality is important and
indispensable on its own right. In fact, the system we are presenting lends itself equally
well to CT, MRI, Ultrasound, and fluoroscopic navigations. One of the fundamental
goals of our percutaneous research program at the Johns Hopkins University isto develop
such modular and factorable image-guided robotic surgery systems that, to alarge extent,
are invariant to the imaging modality with which they are deployed.

2 Clinical Significance

The proposed system has potentia use in awide range of percutaneous interventions.
Figure 2 shows the seamless transition from the current phantom setup to applicationsin
abdominal, prostate, and spine procedures. For “flagship application” we selected



CT-guided percutaneous pain management, initially nerve blocks and facet joint
injections in the lumbar spine, as well as prostate cancer therapy.

Figure 2: The robotic system used in the phantom experiment is easily deployable
in prostate, spine, and abdominal treatments

Spinal disorders are undoubtedly the fastest growing musculoskeletal subspecialty,
consuming an estimated $120 billion dollars for direct and indirect costs. The
acceleration in the number of new cases treated annually reflects the aging of our society
as well as the dramatic transformation of the traditiona workplace into offices that
impose extreme stress on the skeletal system, primarily on the spine. Minimally invasive
percutaneous pain management in the spinal region has gained a lot of interest lately.
CT-guided nerve blocks and facet joint injections have proven to be safe and effective
methodsto alleviate severe pain and provide longstanding relief for patients of all age and
sex [7,8,9,10]. From atechnical point of view, dueto therelatively low complexity of the
procedure, nerve blocks and facet joint injections are idedly suitable for robotic
assistance. Typically, these procedures require a single puncture with athin needle across
reasonably superficial soft tissue, and the use of asingle CT image. The workflow of a
manual procedureis practically identical to the steps followed by our robotic system. This
paralelism offers a unique opportunity for gradual transition from a fully manual
procedureto afully robotic intervention. However simple and easy these procedures may
look, thereis agreat need for precise and consistent aiming and delivery of the needle.
Thelongevity of pain relief isthought to be associated with the spatial accuracy of needle
placement. The procedure presents large variability from surgeon to surgeon Longer



times are usually associated with occasional misplacement of the needle, often several
times, before its correct position is confirmed. Misplacements also include over-pushing
the needle, which causes sharp pain to the patient and must be avoided at all cost. Very
importantly, each misplacement of the needle necessitates an extra CT image, each time
exposing the patient to unnecessary toxic radiation.

Adenocarcinoma of the prostate is a significant health problem in the Western
hemisphere. After cardiac diseases and lung cancer, metastatic prostate cancer isthe third
leading cause of death among the American man over fifty years of age. Due to the
evolving screening techniques, more and more cases are diagnosed at early stage, when
the patient can be a candidate for some form of minimally invasive localized therapy,
such as radioactive seed implant, and recently gene therapy or some modality of thermal
ablation. Contemporary biopsy and intraprostatic delivery of therapeutics are primarily
performed under transrectal ultrasound guidance. In many respects, the evolution of
localized prostate therapies can be viewed as an evolution of noninvasive visualization.
If the implanted needles can be accurately monitored and their placement controlled as
they release their payload inside the prostate, then it is theoretically possible to deposit
the therapeutic agent (ionizing radiation, heat, cold, genetic agents, etc.), while
minimizing unwanted treatment of surrounding normal tissue like the urethra. With the
development of spatially accurate real-time 3D hardware and software coupled with
accurate robot-augmented placement, this ideal can be achieved. Our approach to the
problem was to maintain the largely successful transperineal access, while replacing the
manual technique with a robotic needle insertion system, which allows entering needles
in arbitrary angle, anywhere over the entire perineum.

3 Prior Engineering Art

Extensive previous work has been done in biopsy and treatment of intracranial lesions
using invasive stereotactic head-frames during the last two decades [11,12,13,14,15,16,
17,18]. Early experiences with CT-guided robots were also associated with invasive
head-frames [19,20,21].

For procedures that require access to the abdomen or spine, full-body stereotactic
frames were developed [22,23,24,25,26]. Devices like Elektas Stereotactic Body
Frame® or MedTEC's BodyFIX® were designed for fractionated stereotactic
radiotherapy and never took ground in interventional procedures. These devicestypicaly
include some cradle with a mold or vacuum bag that may be difficult to apply for
immobile patients. The cradle and fiducias can also interfere with the treatment site,



leaving insufficient room for the intervention inside the gantry. Economically, they were
especially unpromising for simple procedures like nerve blocks or facet joint injections.

Handheld manual devices [27,28,29,30] provide valuable help, but do not solve the
ultimate problem of the strong coupling between the image space and the surgical device.
The efficacy of these predominantly manual approaches depends primarily on the
surgeon’ s hand-eye coordination and ability to interpret visua feedback.

Masamune et a. presented a coach-mounted isocentric needle insertion manipulator
that acts inside the CT gantry [31]. This system occupies the surface of the coach and
reaches into the field through the far end of the gantry, therefore it is suitable only for
intracranial procedures.

Loser proposed a remote center of motion robotic arm manipulated through visual
servoing under CT-fluoroscopy [32]. Shortcomings of this approach include the need for
CT-fluoroscopy option on the scanner and controlled motion of the CT couch. Neither of
these features is widely available, leaving the system unsuitable for most CT scanners.

A few commercial robotic needleinsertion systems, such as the Neuromate robot from
Integrated Surgical Systems, CA, also exist. Although this robot has been cleared by
FDA for stereotactic needle punctures, it does not lend itself well to in-scanner
applications dueto its relatively large size and heavy built.

Stoianovici et a. developed a compact and dexterous remote center of motion robot
conjunctly with a radiolucent needle driver [33]. The system was used for percutaneous
access to the kidney under joystick control with C-arm fluoroscope. This system has
proven to be an excellent percutaneous robotic aid, but did not provide computerized
remote control, which is necessary for computer-aided path planning and execution.
Patriciu et al. have used the laser light of the CT scanner to register the same robot to the
CT scanner and achieved in-CT needle puncture [35].

Susil et al. [34] proposed a small version of the Brown-Robert-Wells (BRW)
head-frame for single slice based registration of manipulatorsto image spaceinsidea CT
scanner and provided valuable robustness and sensitivity analysis of the image
registration method.

4 Our Approach

The presented system combines the favorable features of Stoianovici’s Susil’swork in
a prototype of a percutaneous CAD/CAM system.



Manua needle punctures typically include the following three decoupled tasks: (1)
touch down with the needle tip on the skin entry point, (2) orient the needle by pivoting
around the skin entry point, (3) insert the needle to the body along a straight trajectory.
Inserting a needle to an arbitrary location requires six independent stages of motion, also
called degrees-of-freedom or DOF. First, three independent Cartesian motions (3-DOF)
are necessary to move the needle tip from its current location to the skin entry point. Then
two independent rotations (2-DOF) are necessary to aim the needle by pivoting around a
fulcrum point at the skin entry point. Finally, one-directional trandation (1-DOF) is
necessary to insert the needle into the body through the skin. This kinematic sequence
can be achieved by the basic robotic system shown in Figure 3.

Figure 3: Basic robotic components assembled for percutaneous needle insertion
(Important note: Before using the system, the tip of the needle must be positioned at
the fulcrum point of the rotational stage. In the picture below the needle and its
guide have not been adjusted to the center of motion.)

Needle guide/driver — 1DOF

Remote Center of Motion
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The robotic components have been developed by primarily Stoianovici, Taylor, and
Whitcomb at the Johns Hopkins University [33,35,36,37]. The system consists of a
3-DOF Cartesian motion stage, a 2-DOF rotational stage, and a 1-DOF needle insertion
stage. The stages are operated sequentially. Only one stage is moving at a time while
motion power is turned off on the two other inactive stages. This scheme prevents
insertion before proper alignment is confirmed and also prevents accidental changing of
the needle path during insertion The stages are kinematically constrained and each stage
is able to perform only one kind of motion. For example, the rotation stage cannot
trandate and the trandational stage cannot rotate. The system aso applies
non-backdrivable transmission that preserves configuration when the robot is deactivated



or in the event of power failure. Over-travel of the stages is aso a concern that is
addressed extensively in the control software and by placing hard-stop blocks on the
hardware. For example, accidental over-travel of the needle can be prevented by placing
asterile clamp on the needle shaft above the driving gear at the maximum insertion depth.
These safety features guarantee that the robotic system performs only the prescribed

Figure 4: Schematic drawing of the prototype system
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motion and each component stays within the set kinematic constraints. These robotic
components have been used in multiple clinical scenarios at the Department of Urology
of the Johns Hopkins University and their engineering characteristics have been
published extensively [35,36,37].

A schematic drawing of the overall configuration of the prototype system is presented
inFigure4. The CT images are transferred across alocal areanetwork (LAN) in DICOM
format to a Pentium-I1 333 MHz personal computer equipped with a 17 flat panel
display. The computer runs a*“simple storage” DICOM server, installed from the public
domain source at http://www.erl.wustl.edu/DICOM [38]. The operator of the scanner
pushes DICOM images from the CT console through the LAN to the DICOM server. The
central computer provides intra-operative image processing, motion planning, remote
actuation, and control of the robotic components. These services are provided by the 3D
Slicer, which is jointly developed with MIT Avrtificial Intelligence Laboratory and the
Surgical Planning Laboratory at the Brigham and Women Hospital [39]. Figure 5 shows
screenshots from the 3D Slicer-based path planning and visualization system. The



surgeon uses an interactive display to execute the intervention step-by-step. Upon
completing each step, the computer waits for confirmation before continuing. The
interactive software completes an intra-operative control loop, thus implementing a
simplified variant of the surgical CAD/CAM paradigm. The central computer enablesthe
gathering of complex intra-operative information. Post-operational processing of these
datais expected to become valuable for outcome analysis, rehabilitation planning, aswell
as for the performance evaluation of the engineered system.

Figure 5: Path planning in the 3D Slicer system
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The actual pre-clinical prototype is shown in Figure 6. Here the robotic system is
mounted on the CT coach. In order to promote encapsulation of robotic components, the
amplifiers and power supplies are built inside the robot mount. Temporarily, the
Cartesian motion stage was replaced by an un-encoded passive mounting arm. The arm
locks and unlocks easily with a handle. We unlock arm, move the robot manually to the
skin entry point, then we lock the arm. The rotational stage is attached to the arm, then
the radiolucent motorized needle insertion device (needle driver) is attached to the
rotational stage. The needle driver isan invention of Stoianovici et. a [33].

The system applies purely image-based registration between the robot and the image
space by mounting a stereotactic frame permanently on the robot’s end-effector. The
device does need calibration and performs and registration and targeting on a single
image dslice, thus promoting lower radiation exposure and a shorter procedure.



The system does not depend on any vendor-specific hardware or software feature and
is deployable on any scanner that has DICOM interface. The combined weight of the

Figure 6: Pre-clinical prototype system
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system is about 15 kg. One reasonably skilled technician can set up and take down the
system in ten minutes. The passive arm, RCM robot, and needle driver fold conveniently
into a carry-on suitcase.

5 Novel End-Effector

Like in any image-guided surgical system, accurate and robust registration between
the surgical instrument and the image space is crucial. In order to achieve fully image-
based registration, rigid body fiducials were applied. Aswe discussed earlier, invasively
attached head-frames and body-frames did not fare well in procedures performed inside a
CT gantry. Susil’s [34] method (attaching a rigid body fiducial pattern to the end-
effector) seemed to be a viable solution. Because CT images are taken in transverse
direction with potential gaps between them, a fiducial pattern combined from straight
rodsisthe most obvious choice. Thesefiducials system, likethe BRW or Leksell frames,
have been used in similar circumstances for decades, and their accuracies and error
characteristics are well documented [15,16,17,18]. Susil et al. in [34] aso proved that the
Z-shape fiducial motifs of the conventiona stereotactic head-frames demonstrate
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favorable error characteristics, accuracy, and reliability in alarge angular range. In our
design (Figure 6), the combined needle driver and fiducia system form arigid body of
known dimensions. In the miniaturized frame, two adjacent Z-shape motifs share a
common fiducia rod, thus there are only seven marks in each CT dlice instead of the
conventional nine marks. This design feature, however, has no effect on the essence and
accuracy of the registration.

The needle injector employs the kinematic principle "Friction Transmission with
Axia Loading,"” invented by Stoianovici [33]. The transmission is uniquely suited for a
miniaturized radio-lucent construction to provide motorized needle actuation. A unique
feature of this device is that it grasps the barrel of the needle instead of its head. This
solution significantly reduces the unsupported length of the needle, which, in turn,
reduces lateral flexure during injection and increases the accuracy of insertion.

The main parts of the needle driver are made of acrylic, which provides sufficient
rigidity while producing negligible artifacts in CT images. The Z-shape markers are
assembled from seven cylinders of 5 mm diameter. The cylinders are filled with X-ray
blocking liquid (HY PAQUE: Nyromed Inc., NJ, U.SA., at 65% concentration), so the
cylinders produce solid marksin CT. The size of the bounding box defined by the central
axes of the fiducial rodsis 60x60x60 mms3.

Friction driving does not allow for predictable depth control due to occasional
slippage. Should the transmission dlip, the needle stops short and is guaranteed not to
overshoot thetarget. For further safety, we can fix a sterilized spring loaded clamp on the
needle at the intended insertion depth. This fixture indicates whether the needle has
slipped and stopped shallow and, very importantly, provides an extra safety measure
against over-driving the needle. Should the needle stop short due to transmission
slippage, we can drive the needle to the correct depth under direct joystick control, using
the needle clamp as a depth indicator.

6 Registration and Targeting

In our approach, one CT diceis necessary and sufficient for the calculation of needle
orientation and insertion depth, assuming that the target and al fiducial rods arevisiblein
the image. Our registration method produces a closed form solution and there is no need
for initial posture estimation or guess. The method isreliable in awide range of rotations,
as Susi| reported previously in [34]. The skin entry point, whichisidentical to the remote
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center of motion remains constant with respect to the stereotactic frame. Because the
fulcrum point of the robot remains constant for the entire lifetime of the robot and
end-effector, the system never needs calibration. Targeting with the robotic device takes
place in the following steps:

1. Identify the marks of the fiducials and target point in the CT image.

2. Ascertain the pixel size of the CT image. (We aso assume that the images are
sufficiently free of distortion, which is true for most current scanners. Therefore, the
registration does not require calibration of the CT scanner.)

3. Calculate the six DOF transformation matrix that will take the target point from
image coordinates to stereotactic frame coordinates.

The geometric description of al three Z-shape motifs, as well as the spatial relation

among the three Z-shape moatifs, are apriori known. When an image planeintersects with

a Z-shape motif, the three rods produce three distinctive marks in the image. In our

miniaturized frame, two neighboring Z-shape motifs share afiducial rod, so there are only

seven marks in each CT dlice, as shown in Figure 7.

Figure 7: Fiducial marks of the stereotactic registration device in a CT image.
(The image was taken with the prostate implant training phantom.)

We use standard image processing steps to obtain the positions of the seven markersin
image pixel coordinates. In the registration, we calculate the position of the mark on the
slanted rod in each Z-shape motifs, then we obtain their locations with respect to the
fiducial frame. The three intersection points with the three slanted rods are guaranteed
not to be collinear and they are aways sufficiently distant from each other and never
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produce a deformed triangle. From here, the process of deriving the Image—>Frame
transformation matrix is reduced to a rigid body registration problem between two
triangles. We look for the 6-DOF transformation matrix, which takes the rigid triangle
from image coordinates to stereotactic frame coordinates. Once the Image—>Frame
transformation is avail able, the targeting algorithm proceeds as summarized below.

1. Apply the Image—> Frame transformation to the target point and obtain the target in
the coordinate space of the stereotactic frame.

2. Calculatethe 2 DOF rotation matrix that will be applied to rotate the needle around its
tip, so that the needleisaligned with thetarget. First we calculate the straight line that
connects the (already transformed) target point and the remote center of motion. This
line represents the desired orientation of the needle. Then, we calculate the two
rotations that take the needle from its current orientation to its desired orientation.

3. Calculate the insertion depth, which is avail able as the distance from the target point
to the remote center of motion (i.e. the tip of the needle).

7 Experiments

We have performed three series of phantom experiments with the presented system
using GE Signa CT scanner at the Division of Interventional Neurology of the Johns
Hopkins University. Standard 17G diamond-head needles were used and 2 mm
implanted steel balls served as targets throughout the experiments (Figure 8).

Figure 8: Phantom experiments with honeydew melon, prostate implant training
phantom, and anthropomorphic phantom




In the first series a honeydew melon represented the patient In the second series a
standard off-the-shelf prostate implant training phantom (Nuclear Associates, NY) was
applied In the third series, actua clinical circumstances were simulated on an
anthropomorphic phantom. A full body plaster cast of a volunteer (one of the authors)
was produced, then a life-size torso with moveable joints was assembled from the cast.
Finally, aprostate training phantom (Nuclear Associates, NY') was inserted into the torso,
in away that the overall size and the lay-out of organs reasonably represented an average
male body.)

8 Reaultsand Discussion

In open air, where there is no needle-tissue interaction, we systematically achieved an
accuracy better than 1 mm, in hitting targets at 5-8 cm from the fulcrum point.

Confirmation images from melon experiment is shown in Figure 9. In the transverse
image (right), the tip of the needle accurately hits the target. In the corresponding
projected scout view (left) a dight bending of the needle can also be observed. The
orientation accuracy was determined to be 0.6°, and the distance between the needle tip
and the target was 1.04 mm. Consistent results were achieved in the ultrasound training
and full-body phantoms.

Figure 9: Confirmation images after needle insertion into the honeydew phantom .
Scout view with target, needle, and robot (L). Image slice with implanted target,
needle tip and end-effector frame (R).
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Our experiments suggest that the primary cause of needle placement error is
needle-tissue interaction. Inhomogeneities in the penetrated body tissues may cause
substantial needle placement error. Ideally, the needle should be perpendicular to theskin
surfacein order to avoid slippage and deflection of the needle. Detailed analysis of these
effects must be studied in further experiments.

Our current needle driver uses friction transmission which is associated with a
maximum exertion force. If the resistance of the tissue is greater than the maximum
transmission force, then the needle will slip and stop short of the target. We experienced
occasional slippage of the needle in the phantom experiments. Worse yet, multiple
insertionsincrease the likelihood of slippage, because fluids can get into the transmission
mechanism during the retraction of the needle. In order to reduce the possibility of
dlippage, we made small incision on the surface of the phantom under the needle tip.
However, incision isnot aviable clinical option when multiple needles are delivered in a
complex pattern. The current needle driver also cannot release its grasp on the needle
while the needle is inside the body, which may be a problem if involuntary movement of
the patient can be anticipated. In an answer to these problems, a novel needle driver with
frictionless transmission and needle-rel ease option has been already devel oped.

Replacing the passive arm with an active 3 DOF Cartesian motion stage is awork in
progress. The skin entry point will be picked from the CT images, and the Cartesian stage
will move the needle to the entry point. This feature is required for delivering multiple
needles in a complex pattern.

Clinical safety is a crucia issue, which, unfortunately, could be addressed only
tangentially in this article. In genera, clinical trial on human subjects cannot be planned
without a detailed safety evaluation of the entire system, including the robot, the
end-effector, and the control software. Thisisamajor work in progress.

9 Conclusion

We have demonstrated the technical feasibility of robotically assisted needle insertion
inside a CT scanner, both in and perpendicular to the transverse image plane.
Experiments with mechanical phantoms indicated that this robotic system may be
suitable for various percutaneous clinical applications. Compared to other known robotic
systems, our system appearsto be smaller, smpler, easier to use, and more cost-effective.
Further experiments are needed to evaluate the accuracy and safety of the system before
applying it on human subjects.
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