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Abstract—This paper reports on technology developments I. INTRODUCTION
aimed at improving the state of the art for image-guided min- L. . . o
imally invasive spine procedures. Back pain is a major health ACK pain is the major source of chronic disability in the
problem with serious economic consequences. Minimally invasive United States [1]. Each year, the treatment and loss of

procedures to treat back pain are rapidly growing in popularity work associated with back pain have an economic impact in
due to improvements in technique and the substantially reduced excess of $50 000000000 in the United States alone [2], [3].

trauma to the patient versus open spinal surgery. Image guidance . . . .
is an enabling technology for minimally invasive procedures, but Although open techniques of surgical repair and augmentation

technical problems remain that may limit the wider applicability ~ ©f the spine are widely practiced with good success, the comor-
of these techniques. The paper begins with a discussion of low bidities of open back surgery are serious and well documented.
back pain and the potential shortcomings of open back surgery. First, open back surgery requires extensive soft tissue dissec-
The advantages of minimally invasive procedures are enumerated, tjon. Muscle retraction during surgery has been shown to do

followed by a list of technical problems that must be overcome to .
enable the more widespread dissemination of these techniques.Shortterm damage and to affect long term, degenerative changes

The technical problems include improved intraoperative imaging, L41-[6], which increase the patient's susceptibility to reinjury
fusion of images from multiple modalities, the visualization [7]. Most of the recovery involved in open spinal procedures is
of oblique paths, percutaneous spine tracking, mechanical in- due to the soft tissue dissection and muscle trauma involved [8].
strument guidance, and software architectures for technology Thjs trauma incurred in open spinal surgery necessitates long re-

integration. Technical developments to address some of these .
problems are discussed next. The discussion includes intraopera- covery time and extended loss of work [2], [9]. Recovery from

tive computerized tomography (CT) imaging, magnetic resonance OP€N spinal surgery exposes the patient to prolonged opiate anal-
imaging (MRI)/CT image registration, three-dimensional (3-D) gesia. Pain management researchers agree that such analgesia
visualization, optical localization, and robotics for percutaneous poses a nontrivial risk of initiating, or exacerbating, addiction
instrument placement. Finally, the paper concludes by presenting jn the recovering patient [10], [11].

several representative clinical applications: biopsy, vertebroplasty, . : . .
nerve and facet blocks, and shunt placement. The program pre- Minimally invasive approaches to spine surgery decrease

sented here is a first step to developing the physician-assist systemdiSSue damage associated with open techniques. This has been
of the future, which will incorporate visualization, tracking, and ~ shown to shorten hospital stay, speed recovery, lessen the
robotics to enable the precision placement and manipulation of |ong-term muscle wasting effects of open surgery, and spare
instruments with minimal trauma to the patient. the patient exposure to possibly addicting opiate medication.
Index Terms—interoperative imaging, magnetic resonance Together, these benefits promise to decrease the cost of
imaging (MRI)/computerized tomography (CT) registration, treating spine disease while retaining the effectiveness of open
:jnedica! rot?ogcg, mininljally invasive procedures, spine, three- approaches.
imensional (3-D) visualization. Minimally invasive spine procedures are rapidly growing in
popularity due to improved techniques and decreased trauma to
the patient [12]. Percutaneous spine procedures are a type of
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opments in progress to address these difficulties. The clinical
investigations undertaken to evaluate these advances are ther
briefly described.

Il. TECHNICAL PROBLEMS

While minimally invasive and image-guided techniques have
already been developed in many institutions, some technolog-
ical problems remain unresolved [15], [16]. Some of the prin- [
cipal obstacles to enabling image-guided, minimally invasive e
techniques include the following. jmertd

1) Optimal intraoperative imaging is not widely available: ﬁ
Percutaneous approaches to the spine depend on ade- =
quate imaging of underlying anatomy. Conventionally [  ©T
available fluoroscopic visualization does not provide Workstation z
a three-dimensional (3-D) image for precise targeting %
and path planning. Intraoperative CT allows adequate -
visualization of spinal bone and 3-D image capability. 3l | - 4
2) CT and MRI spine images not concurrently available: e % .
CT and MRI spine images provide different information DICOM Windows NT Workstation
about bone and soft tissue structures, both of which are User Interface Software

useful in planning and execution of diagnosis and treat-
ment. Because CT and MRI images cannot be obtaingg. 1. Robotically assisted biopsy system concept.
concurrent with surgery at a reasonable cost, these im-

ages need to be registered into a single image that cand@res) and nonspinal percutaneous applications as well. As
made available in the operatingroom. e of our first steps in this effort, we are assembling a robotic
3) Oblique paths cannot be visualized: 3-D visualization arjgo sy testbed to serve as a platform for development and inte-
graphical overlay of instruments in 3-D will allow obliqueg ation. The technical developments that comprise the testbed
pgths to a target that crosses several adjacent axial faf)de- 1) a mobile CT scanner; 2) MRI/CT image registra-
slices. . ___tion; 3) 3-D image visualization; 4) position tracking; 5) a small
4) Tracking is limited: Percutaneous spine tracking is N@feele driver” robot; and 6) software integration of the system
available. Tracking of the spine and surgical instrumengg,mponents. These technical developments are intended to ad-
with a graphical overlay on medical images will allowyress the unresolved technical problems discussed in the pre-
path planning and path recording. Percutaneous Spiigjing section. In addition to providing a framework for devel-
tracking would allow precise intraoperative image guidspment, the testbed will be used to compare robotically assisted
ance by correcting for intraprocedural spine movementy;osy to the current manual technique. It will also allow us to
5) Instrument placement slow and inaccurate: mechani¢alestigate software architectures for integrating multiple med-
instrument guidance will assure accurate placement of igy| gevices. A system diagram is shown in Fig. 1. This work is
struments from the skin entry point to the target and ifsart of our collaboration with the Urology Robotics Laboratory
crease the speed of minimally invasive surgery. of the Johns Hopkins Medical Institutions, under the direction
6) A software architecture for the integration of imagingef pan Stoianovici, Ph.D., and the Computer Integrated Sur-
localization, f':md robptlc.lnstrumentatlon does not ?X'Séical Systems and Technology (CISST) Engineering Research
Current surgical navigation systems employ proprietagfenter at Johns Hopkins University, under the direction of Rus-
software interfaces between fixed instrument types. &ell Taylor, Ph.D. In the following sections, we will discuss each
more flexible, component-based software framework fQff the components of the testbed in some detail, and suggest how

integrating technologies is needed. _ they contribute to enabling the next generation of percutaneous
While some of these problems have been solved in speciigine procedures.

domains, there is still a great deal of work to be done. In our
program, we intend to directly address these issues and plamtolntraoperative Mobile CT
leverage the efforts of other researchers wherever possible t

. . Accurate intraoperative visualization of spinal anatomy is a
achieve a comprehensive approach to these problems.

crucial element in enabling the minimally invasive, percuta-
neous spine surgery currently in development [16]. Precision in
spinal procedures is critical because of the proximity to nerve
The long-term goal of our research program is to develop amots and spinal cord. Any minimally invasive approach to the
integrated system to enable the next generation of percutanespisie depends on high-quality imaging to negotiate this complex
spine procedures. The equipment and techniques developedsamaomy when the surgical opening is small. CT images of the
intended to be transferable both to other classes of minimally spine provide more information about vertebral anatomy than
vasive spine intervention (key-hole access and endoscopic proages obtained with currently available intraoperative modal-

Ill. TECHNICAL DEVELOPMENTS
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ities such as fluoroscopy or ultrasound [17]. Intraoperative CT
promises to provide the interventionalist with a means to eval-
uate spinal anatomy, correct surgical path, and assess instrument
placement. The accuracy of tip definition with new-generation
CT machines is within 1 mi[18], [19], which is considered
sufficiently accurate for surgical planning and intraoperative tar-
geting [20].

As an initial step in our research program, we have integrated
a mobile CT scanner (Philips Tomoscan) to provide intraoper-
ative images [21]. The first report of on-demand CT in an op-
erating room setting was by Butlet al. [22], and intraoper-
ative CT has since become available in several medical centers
throughout the United States [23], [24]. At Georgetown, the mo-
bile CT scanner has been used in interventional radiology, radi-
ation medicine, and the operating room for spine tumor resec-
tion [25] and pediatric craniotomies [26]. The major procedures
impacted by the availability of intraoperative CT are in inter-
ventional radiology and in neurosurgery. Since May 1998, the
mobile CT has been used in more than 100 procedures at our
institution. The CT scanner is an FDA-approved device. Since
both the gantry and the table can move during scanning, the
gantry can be used with the CT table (as done in the operating
room) or with another table such as a fluoroscopy table (as done
in the interventional suite).

In neurosurgery, we have used the mobile CT to provide sup-
port for complex open back procedures, particularly the treat-
ment of craniocervical lesions and spinal cord tumors. In such
cases, adequate visualization of the extent of tumor and the com-
plex anatomy has proven instrumental in successfully removing
adequate tumor tissue without incident. Our experience with
neurosurgical spine patients shows that the use of intraopera-
tive CT scanning changed the course of the surgery in six out of
17 cases [25]. CT proved beneficial in facilitating adequate ven-
tral clival and craniocervical decompressions, assisting in more
complete tumor resections, and verifying correct graft and in-
strument placement before surgical closing. We have also used
the mobile CT extensively in neurointerventional radiology for (b)
adequate intraoperative guidance and postoperative assessment
for vertebroplasty, biopsy, and nerve and facet blocks. Our ex-
perience with these procedures is detailed in Section IV, where
we discuss clinical applications.

B. MRI/CT Image Registration

Percutaneous spine interventions require adequate knowl-
edge of tissues in and near the target site of surgery. Currently,
no single imaging technology is sufficient for imaging both
bone and soft tissue adequately [15]. CT is best for visualizing
bone and certain soft tissue structures. It also provides superior
instrument tip visualization, which is critical when navigating
in high risk areas, like the spine [19]. MRI is superior for
imaging soft tissue and particularly in differentiating protruded
discs from surrounding anatomy [17], [27]. It would be, for
most sites, cost prohibitive to utilize MRI in the operating room
except for the most critical procedures. Intraoperative CT is far
less expensive and increases the practicality of intraoperative
visualization. (c)

R_ather thap relylng on intraoperative CT and MRI 'lmagmgjig. 2. Preoperative MRI and intraoperative CT registration (courtesy of
for image guidance, one goal of our research effort is to uti- Arata, Picker International).
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Fig. 3. Axial CT images.

lize registered, preoperative CT/MRIimages. Image registratiofregistering patient and instrument locations to the image. In-
will allow us to fuse CT and MRI imaging data to permit visutraoperative CT scans would then be used to verify instrument
alization of soft and bony structures in a composite image. Thtacement and surgical outcome if deemed appropriate.

offers the physician optimal visual information about the target Image registration for spine images is not currently a solved
anatomy. This fused image data might then be used to genegatablem [30], [31]. There are basic registration programs avail-
3-D renderings of the anatomy to serve as a 3-D map for intrable, but these do not correct for the slight shifting that can
operative surgical navigation [28], [29]. The use of preoperaccur between two different vertebrae upon patient motion or in
tive images for surgical navigation requires the additional stepurse of surgical manipulation. In collaboration with L. Arata
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Fig. 4. 3-D rendering.

of Picker International, we have presented preliminary resufiected to be particularly helpful in planning and implementing

on registration of CT and MRI images and an example regigblique directions for the placement of instruments. As the im-

tered image is shown in Fig. 2 [32]. In the initial stages of oyrortance of minimally invasive surgery increases, it is desirable
program, we are relying on preoperative CT images to provitleat standards for obtaining, displaying, and analyzing 3-D im-
image guidance, with the intention of introducing MRI co-regages will develop, although currently no such standards exist
istration when our technical advances permit. [15].

3-D visualization in spinal surgery will permit the easier
placement of instruments that cross from one imaging slice to
adjacent slices, whether these instruments are needles being

3-D reconstruction of MRI and CT images of the surgicgllaced in vertebra or screws installed across facet joints for
field may provide optimal information for surgical guidance antusion. In spine decompression surgery, it will allow improved
instrument manipulation in minimally invasive surgery. Usingnderstanding of the interconnection and displacement of
properly displayed 3-D images the physician will have adequdieny fragments and should allow improved methods for
information about the relationship of the target abnormality their removal or displacement. Initially, we plan to develop
surrounding structures despite minimal surgical opening. Thichniques for the intraoperative 3-D display of computed
information will permit the physician to determine the best agemography (CT). Later, we plan to develop methods for the
proach to the target tissue and make the most rapid and accuBaf2 display of fused images incorporating preoperative MRI
decision about appropriate treatment. 3-D visualization is exnd intraoperatively obtained CT images.

C. 3-D Visualization
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As an initial study to demonstrate the utility of 3-D recon-
struction, 3-D visualization software was developed to examine
the spread of bone cement after vertebroplasty procedures [33].
This visualization software is part of a larger software package
called the ISIS Center Spine Procedures Imaging and Naviga-
tion Engine (I-SPINE) [34]. The images for study were acquired
by the mobile CT scanner. Offline, these images were then trans-
ferred to a Windows NT personal computer using the digital
image communications in medicine (DICOM) standard. The
I-SPINE software was then used to segment the bone cement
and vertebral body based on histogram windowing (Fig. 3). The
resulting images were rendered in 3-D for viewing by the inter-
ventional radiologist (Fig. 4). At the moment, only preliminary 9>
work has been done, but the interventional radiologist has stated
that the images are useful for visualizing the spread of bone «
ment. Related research has also been done on developing
proved visualization algorithms [35].

Hybrid Polaris (courtesy of Northern Digital, Inc.).

D. Optical Localization and Registration

In order to provide the physician with optimal information
about the surgical field, and to assure maximum accuracy ir
minimally invasive procedure, itis essential to pinpoint the loce
tions of instruments, anatomical structures, and operating roc
landmarks in 3-D space and in relationship to one another. Tl
process is referred to as localization or tracking. Tracking wi
permit matching, or “registration” of the surgical space to imac
space, as represented by preoperative MRl and CT images. R
istration of image and surgical space allows the physician
use the registered image as a reliable 3-D “map” for operati
planning and intraoperative guidance. This use of patient a
instrument registration, while relatively new to spinal applice:
tions, is widely used in neurosurgery. These “frameless stere.
tactic” systems for intercranial localization and targeting ai
widely commercially available and have achieved high levels
of accuracy [36]. Fig. 6. Interventional phantom (CIRS, Norfolk, VA) with dynamic reference

Current techniques of percutaneous spine intervention, &gS¢ (Traxtal Technologies, Bellaire, TX) attached.
plied without instrument and spine tracking registered to image
guidance, risk compromised accuracy for several reasons. Fitstvn, we are investigating both optical and magnetic tracking
individual and adjacent vertebrae have been shown to maygstems for tracking of the spine.
substantially in relationship to one another during surgery dueThe optical tracking system we use (Hybrid Polaris, Northern
to breathing and surgical manipulation. Movement of up igital, Waterloo, Canada) is shown in Fig. 5 and determines the
1.3 mm, peak to peak, has been reported from breathing alopgentation and position of tracked objects relative to a camera
at the lumbar level [37]. Vertebral tracking and image guidanggstem. Objects are tracked by rigidly attaching retroreflective
is considered the standard of care in pedicle screw placemeypiheres or active infrared LEDs (IREDs). The spheres or IREDs
for example, because imaging alone has been shown toda@ be detected by the camera system and used to determine the
insufficiently accurate [38], [39]. Without vertebral trackingocation and orientation of the object. The current version of
and intraoperative image guidance, the interventionalist tise Polaris can track up to three active and three passive tools
required to rely on successive steps of needle placemesitultaneously and is controlled via the serial port of the host
image verification, needle advancement, re-imaging, and so@mputer.
until the target is obtained. This slow approach to the targetBy attaching reflective spheres directly to the CT table, we
increases the likelihood of intraprocedural patient movemeate able to track the CT table and gantry. Similarly, tracking
and instrument shifting due to gravity. Percutaneous spigpheres located on the robot and end effector will enable us to
tracking may help eliminate these sources of inaccuracy agilectly monitor the robot position. This is especially important
provide maximally precise targeting. as a safety feature to verify the robot's own encoders. Finally,

Several classes of tracking technology exist, each with attetynamic reference base tracking (DRB) as shown in Fig. 6 im-
dant strengths and drawbacks. Optical, magnetic, mechanigdnted percutaneously into vertebral bone will allow tracking
and ultrasonic position digitizers are available [40]. At Georg®f spine movement. Intraoperative tracking of spinal anatomy,
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Fig. 7. CAD rendering of robot mount and arm on CT table.

the operative environment, and the robot end effector will allombotic systems, in part because a high degree of precision is
for updated image registration and real-time image-guidanceequired for localization and manipulation within the brain, and
Optical tracking systems in general, and the Hybrid Polarimecause cranial anatomy provides relatively fixed landmarks.
in particular, are characterized by a high degree of accuradedical robotics has since expanded to other clinical applica-
[41]. The major drawback of optical systems is the requiremetibns. Many prototype robotic systems have been developed,
that a “line of sight” between the trackers and the camera fledt presently only a few systems are available commercially
main at all times. This line of sight requirement can be cunj45], [46].
bersome and difficult to maintain in the delicate surgical envi- To the best of the authors’ knowledge, there are no other
ronment, or when intraoperative imaging is required, and magsearch groups specializing in robotics for spine procedures.
reduce the acceptance of image-guided spine surgery amaéwdgseorgetown University Medical Center, we are developing
physicians [42], [43]. In an attempt to compensate for these dé-robot guidance system for percutaneous spine procedures
ficulties, we are currently evaluating a soon-to-be commercially collaboration with the Urology Robotics Laboratory of
available magnetic position digitizer (the Aurora from Northerthe Johns Hopkins Medical Institutions and the Computer
Digital). This tracker represents a new generation of DC malptegrated Surgical Systems and Technology Center of Johns
netic trackers with increased accuracy and stability even in fétepkins University. The system is aimed at increasing the pre-
romagnetic environments [44]. Ongoing research work at ocision and efficiency of instrument placement and manipulation
lab is dedicated to comparing the accuracy and resiliency of tthering percutaneous spine procedures. We believe that this will
magnetic system in comparison to the well-characterized optitedd to better patient outcomes, but this remains to be seen.
system. The tracker’s sensors are small (0.9 mm diameter) an@he robotic device will be based on the RCM-PAKY (Remote
potentially can be embedded into spinal bone, paraspinal tissGenter of Motion/Percutaneous Access of the Kidney) Robot,
or in catheters that can be placed inside the body. Besides Widéch has been developed at Johns Hopkins and applied to per-
small size of the sensors, the other main advantage of magnetitaneous access of the renal collecting system [47]-[49]. The
tracking is that no line of sight need be maintained, which makesbot, schematically represented in Fig. 7, consists of a passive
the tracking of internal anatomy possible. positioning and supporting arm (the GRAY arm), an active re-
mote center of motion orientation mechanism (RCM) and a ra-
diolucent needle driver (PAKY). The device will be mounted
over the CT table using a bridge fixture as shown in Fig. 8.
Robotics were introduced into the surgical arena in the 1980sThe overall system comprises 11 degrees of freedom (DOF).
with the primary purpose of improving precision. Intracranialhe first eight DOF are used for initial positioning of the robot
neurosurgical procedures were the major focus of the fiist close proximity of the skin insertion site and firmly locked

E. Mechanical Guidance
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Fig. 8. Robot mounted on CT table and interventional phantom for testing.

during the operation. The remaining three degrees of freedo,Software Integration
implemented by the RCM robot and PAKY needle driver, are . . . . .
sufficient for orienting and inserting the needle at the desiredTO analyze and manipulate the images used in this project,
target through the preset skin insertion point. The main adv < h’flve dgveloped our own softyvare pac_kagg, called.I—SPINE
tage of this minimal kinematic architecture is the inherent safe IS_S Sp!ne Prqcedure Imaging Nav_lgat|on ) Engine) as
given by the restricted mobility of the mechanical componen escribed in Section Il [34]. I-SPINE is a Windows NT

Moreover, separating the kinematics of orientation from neeci plication, which is based on the Analyze/AVM libraries.

insertion yields decoupled needle motion capabilities, thus fu he software archltecture follows the Mlcrosqft Founda_tlon
ther increasing safety. lasses (MFC) single document, multiple view paradigm.

The needle driver is constructed of acrylic plastic which izh'z lhast a|||0gv|;dNEtht$1 ?eygloEers .to a_dd new dwsuallz?tl%n
radiolucent and easy to manufacture as a sterile disposable gauies to I- at aid physicians in procedures outside

Driver radiolucency is essential to image-guided procedure51t F Spine. These specialized applications have included 3-D

providing unimpeded target visualization. Whereas the driv% uz_;\hzatlon .Of _bone cement for vertebroplasty and uterine
roid embolization.

is sterilized, in clinical use the additional components of th . _
system in close proximity to the operative site are covered with | '€_|-SPINE software currently includes the following
a sterile bag. capabilities:

The robot accommodates joystick control for simple maneu- * DICOM receiver to accept images from mobile CT, fluo-
vers and full computer control for the actual image-guided pro-  roscopy, and DSA units at Georgetown and elsewhere;
cedure. The electronic circuitry will be fully enclosed in the sup- * two-dimensional (2-D) viewing of DICOM images (single
porting bridge of the arm, so that the robot is self-contained and  slices or multiple slices up to 8 8);
only requires a dc power supply. » segmentation function based on volume histogram;

The complete system is currently under development. The ¢ multisurface 3-D visualization for applications such as
new design incorporates a major improvement over the first vertebroplasty;
generations of the RCM robot, the “ball-worm transmission” ¢ registration of DSA images by manual pixel shifting.
recently developed at the Hopkins URobotics Lab [50]. This Components of the operating room of the future will include
transmission fulfills the need for implementing simple and smadbme or all of the elements we have discussed: intraoperative
no-backlash (no play between the input and output shafts) rotaaging, 3-D visualization, image registration, tracking, and
tional transmission for miniature surgical robots. With this adnechanical guidance. The integration of these components
dition the RCM should exhibit superior motion tracking and pahrough software presents some unique challenges. From a
sitioning capabilities. software engineering perspective, the integration task requires
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that an architecture be created that allows components totima of the spine. The main problem with this approach is that
introduced into (and removed from) the environment witthe unaided human operator has limitations in accuracy when
minimal risk. These risk factors constrain the software archiitially lining up the instrument and in staying on course. Ad-
tecture through complex requirements, such as quasireal tiditonally, when the physician lets go of the instrument, it may
performance, fault tolerance, security, and quality of service.tilt out of alignment due to the effects of gravity, particularly
Standards for software interfaces in medicine have been @édien a large gauge trocar is used.
veloped for data transfer (HL7) and image sharing (DICOM). Strategies of image-guidance and computer assisted surgery,
No such standards exist, however, for integration of device cdirst developed for frameless stereotactic brain surgery [51],
trol. We believe that the component-based software engineer[dg], have begun to impact this traditional mode of percuta-
(CBSE) approach developed in the computer science field gagous spine work. However, acceptance of these strategies has
be used to create an architecture for medical device integratlseen somewhat limited by several key remaining obstacles
and control. CBSE is increasingly popular due to the explosite their full implementation in the spine. In the following
growth of the Internet and object-oriented analysis and desigactions we will outline how the introduction of intraopera-
over the past decade. The vision of CBSE includes dynantice CT imaging, 3-D visualization, patient and instrument
components that are described, located, and composed attranking, and robotic assistance can contribute to overcoming
time to produce applications with the specific behavior that thibe obstacles remaining to the implementation of image-guided
user requires. This is a significant departure from the monolithpercutaneous spine intervention. In particular, we will focus
stand alone legacy systems of the past. Component-based swftthe application of these technologies to percutaneous spine
ware systems promise increased reuse, flexibility, and maintaimepsy, vertebroplasty for spine augmentation, and nerve and
ability compared to their legacy counterparts. facet blocks. The extension of these advances to nonspinal
CBSE is currently applied primarily to application domaingercutaneous procedures will be suggested in a technique of
that manipulate purely information products. In order to exter@hterior intrahepatic portal shunt placement (a variation of the
this application to device control and integration, appropriateansjugular TIPS procedure). It is expected that image-guided
levels of real-time performance, fault tolerance, security, atechnologies will also impact minimally invasive approaches
guality of service will need to be achieved. It is our belief, howto spine stabilization, nerve root decompression, and tumor
ever, that the benefits promised by the CBSE approach canrbduction, among others.
applied to the problem of technology integration in surgical en-
vironments. We believe that the results will be a reduced cdt Biopsy
of entry into the field to researchers and vendors alike, openThe goal of our research program is to develop an integrated
platforms for robust integration, and systematic approachessigstem to enable the next generation of percutaneous spine pro-
issues such as fault tolerance and quasi real-time performangedures. As a first step in this effort, we are assembling a robotic
For these reasons, we intend to apply CBSE practices to #igpsy testbed to serve as a platform for technology develop-
integration of the technological developments outlined in thigent and integration. The previously discussed technical de-
review. The mobile CT scanner, robot, tracking, I-SPINE viswelopments that comprise the testbed include: 1) a mobile CT
alization software, and image registration are conceived of &anner; 2) MRI/CT image registration; 3) 3-D image visual-
independent components to be integrated on a CBSE platfoigation; 4) position tracking: 5) a small “needle driver” robot;
Our goal is to provide an infrastructure that is scalable, effand 6) software integration of the system components. In addi-
cient, fault-tolerant, and resilient to change. We hope to creaign to providing a framework for development, the testbed will
an architecture that will allow the physician to choose and ifre used to compare robotically assisted biopsy to the current
tegrate precisely the components required for the procedurerginual technique.
hand. This will allow both the selection and integration of ex- Freehand percutaneous spine biopsy is a frequently per-
isting technologies in the operating room, and the incorporati@érmed alternative to open biopsy. Accuracy of this procedure
of new technologies as they become available. is reported at 85-92% [53], [54]. This level of success dimin-
ishes considerably in inexperienced operators and in biopsy
of precariously placed lesions [54]. Biopsy of the lumbar and
thoracic spine report the highest levels of success and is the
Currently, percutaneous spine procedures are performedrbgst routinely undertaken [55], [56]. Cervical spine biopsy is
freehand passage of instruments (such as a needle or trooaje difficult, with a higher rate of complication and lower re-
from the skin surface to the spine. Based on imaging modalerts of success due to the complexity of surrounding anatomy
ities such as X-ray fluoroscopy and/or computed tomograph$,7]. We believe that robotically assisted image-guided biopsy
the physician identifies the skin entry point and the target, thusll be able to target and sample lesions with 2 fnpnecision,
defining the needle trajectory. The physician then aligns tleceeding the accuracy of the freehand technique [58]. We
instruments by hand and partially inserts it toward the targetxpect the rate of success to be higher for robotic biopsy of
The instrument is then released and the instrument positiorals spinal levels. Because freehand biopsy of the lumbar and
checked with imaging to confirm proper targeting. As requirethoracic spine is already quite successful, we assume that
the physician may adjust the instrument in a free hand manmebotically assisted biopsy will prove most useful in enabling
and then advance further. This process of “advance and checktvical spine biopsy and biopsy of anatomically precarious
is repeated until the instrument is adjacent to the targeted plasions.

IV. CLINICAL APPLICATIONS
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We envision robotic biopsy would be carried out in the foleuring [65]. While still a “new” procedure compared to tra-
lowing manner. ditional, open vertebrectomy, percutaneous vertebroplasty has
1) Mobile CT Scanner and Operator’s Workstatiomhe emerged as a powerful minimally invasive tool for treating bony
mobile CT scanner provides a series of axial images of thpinal disease. Mobility is achieved much sooner post-opera-

patient. Each image is 512 by 512 pixels, and a typical data sgely, and with better residual vertebral stability than with the
consists of from 10 to 100 images. The operator’'s workstati@mpen procedure [64].
provides a graphical user interface to operate the scanner. Th&he current technique of vertebroplasty relies on fluoroscopy
only interface to the outside world is a DICOM interface, wherr intraoperative imaging. At Georgetown, we are using the
the images can be sent over a network to another DICOM aaebile CT as needed to ensure precise needle placement and
pable system. In this testbed, after the scans are acquired, thitgr the procedure to check for extravization. Extravization of
are sent to a Windows NT workstation running our I-SPINPMMA, and embolization into the paravertebral venous plexus,
software. is a rarely reported but serious complication of vertebroplasty
2) 3-D Visualization and Path PlanningAfter CT imaging [66], [67].

of the relevant anatomy is obtained, 3-D reconstruction and vi-
sualization is performed. C. Nerve and Facet Block

3) Patient and Instrument Tracking and Image Registra- percutaneous facet and nerve blocks are another treatment
tion: Using optical and/or magnetic tracking, the patient'godality that relies on minimally invasive techniques. In these
vertebral bone, the CT table, and the biopsy needle are locajgécedures, patients are positioned prone as described above for
in real space. This digital representation of the operative spaggtebroplasty. An 18-to-22 gauge spinal needle is localized to
is then registered to the CT image, providing a 3-D “map” fahe desired facet or dorsal nerve root region with fluoroscopy,
path planning and targeting. Because the patient's movemeaygl an injection of a long acting anesthetic (such as bupivicaine)
are targeted in real time, this map will be continuously updateghd or a steroid (such as celestone) is performed following con-
to reflect the true position of anatomy in image space. firmation of extra-vascular needle tip position. Pain relief may

4) Path Planning: The registered image and operativge obtained from minutes to weeks after injection/ablation; re-
space, as represented by the workstation display, is used by|{&€ or the lack it, may help physicians better evaluate the cause
physician to plan the operative path. The target to be biopsiegisa patient’s back and limb symptoms.
identified. An appropriate path, avoiding sensitive intervening | ow back pain without sciatica is often caused by degener-
structures, is selected. This determines the appropriate siifbn of the facet joints [27]. About 80% of facet syndromes
entry point. Once the path has been planned, path informatigie located in L4/L5 and L5/S1. Surgical neurolysis of facet
in the form of needle orientation and depth of drive are tranfints was introduced in 1971 by Rees [68] and was followed
mitted to the PAKY robot. a few years later by electrocoagulation. Facet joint block with

5) Robot: The robot will hold, automatically orient, andjocal anesthetic or facet joint denervation with 50-96% ethanol
drive the biopsy needle in accordance with the physiciange performed at Georgetown University Medical Canter under
path plan. The robot is controlled by the NT workstation via @traoperative CT guidance. Treatment produces good results
hardware and software interface. in 65—75% of carefully selected patients. Mobile CT is useful

6) Position Verification: A CT image is obtained to verify in facet joint blocks to monitor the positioning of the needle
needle location and determine distance from target. and the spread of ethanol or anesthetic to prevent errors of in-

The testbed is currently under construction and initial triajgction into nerve roots or vessels. The application of the full
are planned using an interventional phantom. image-guidance and robotic assistance paradigm detailed in the
biopsy testbed could further increase the safety and precision of
this procedure.

The introduction of mobile CT and 3-D visualization into Nerve root infiltration for nerve block or neurolysis requires
the interventional suite is impacting the performance of peextreme accuracy to fulfill its diagnostic and treatment purposes.
cutaneous vertebroplasty at Georgetown University Hospitabjection of anesthetic in the wrong location can cause blockade
Percutaneous vertebroplasty involves injecting polymethydf adjacent nerves, muscle, and periosteum, with subsequent
methacrylate (PMMA, or bone cement) into the vertebral bodyain relief causing misidentification of the true cause of pain,
It is currently performed to strengthen vertebral bodies thahd possible later mistaken neurolysis. Worse, injection of local
have been mechanically weakened, or to relieve pain freemesthetic into a vertebral artery can cause convulsions imme-
spinal fractures, both traumatic and pathologic [59], [60fliately [69]. Negative aspiration is not enough to ensure safety
Such weakening can occur in metastatic invasion of the boimethe absence of CT guidance [27]. One survey of freehand
[61], or osteoporotic degeneration [62], [63]. As its long termeedle placement in nerve sheath infiltration showed inaccura-
efficacy and results become known and studied, vertebroplastgs of up to 3 mm, with extensive diffusion of anesthetic [70].
is becoming a first-line treatment for spinal disease [64]. A high degree of precision and small quantity of injected anes-

Most patients experience significant pain relief within 24 tthesia (0.5 cc or less) are desirable to optimize diagnostic utility.
48 hours following the procedure. Exact mechanisms for pa8tudies emphasize the importance of placement as closely as
relief are unclear. Proposed theories include: filling of vertebrpbssible at the affected nerve root. Intraoperative CT guidance
microfractures, reduced intra-body movement, and damageig@onsidered necessary in cases where more than one level is to
nerve root fibers from the exothermic reaction during cemehe treated.

B. Vertebroplasty
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The application of mobile CT, patient and image registra- This novel, anterior percutaneous approach to TIPS creation
tion, and robotic guidance for needle placement will increadas several advantages. First, the risk of capsular puncture and
the accuracy and effectiveness of the procedure. Mobile CT wittraabdominal hemorrhage due to blind puncture is minimized.
ensure that critical structures are avoided and confirm that theere is less trauma to hepatic tissue overall because fewer
target has been obtained before injection. Patient and image nggncture attempts will be required. Finally, radiation exposure
istration with spine tracking will permit preoperative path planto the patient and physician is minimized.
ning and precise targeting. Finally, the use of the robot to orient
apd drive the needle under physician .direction will ensure the V. SUMMARY
highest degree of accuracy and steadiness.

A program plan to advance the state of the artin image-guided
minimally invasive spine procedures has been presented. The
plan includes technology developments and clinical investiga-

TIPS creation is an increasingly important therapy in thiéons. The goal of the program is to give the physician as much
management of portal hypertension [71]. In this proceduri@formation as possible about the underlying anatomy, so the
a shunt is created between a hepatic vein and a portal veirgcedures can be successfully carried out through small inci-
which is structurally supported by a metallic stent. This congions with minimal trauma to the patient.
munication between the portal and systemic venous systemdhis paper described some technology developments to im-
allows reduction of portal pressure and amelioration of th@ove the state of the art in image-guided and minimally inva-
ascites, variceal bleeding, hepatopulmonary syndrome &fide spine procedures. The importance of a strong collaboration
other symptoms associated with portal hypertension [72].  between technical and clinical personnel cannot be overempha-

TIPS creation can be a time consuming and technically chaized. Through teamwork, we believe this technology can im-
lenging procedure. As typically performed, the shunt is creat@gove clinical practice and lead to better patient care.
percutaneously from an internal jugular vein access. The hepatic
vein to be employed is selected by standard catheterization. The
target portal vein can be identified and targeted by several tech- . o
niques including wedged hepatic venography, markers in theThis program was a joint effort of many individuals. In
portal vein, or a combination of these techniques. Most oftegz,:\rtl_cular, the authors would like to thank M. Per?tecost_, M.D.,
however, the portal vein is successfully punctured after sevefdtairman of the Department of Radiology, for his continuous
blind passes with the Colapinto or similar needle. In difficufUPPOrt; R. Taylor, Ph.D., Director of the Computer Integrated
cases, this blind approach can result in fluoroscopic expostergical Systems and Technology (CISST) Engineering Re-
of over an hour to the patient [72] and increases the likeliho§§arch Center at Johns Hopkins, for his collaborative efforts;

D. Transjugular Intrahepatic Portosystemic Shunt (TIPS)

ACKNOWLEDGMENT

of exposure to an errant transcapsular puncture [73], [74]. @nd N. Glossop, Ph.D., President of Traxtal Technologies, for

Our preliminary experience suggests that preoperative ¢4 technical assistance.

imaging can be used to plan and guide a TIPS procedure from an
anterior percutaneous approach [75]. Placement of the shunt via
this anterior approach requires modification of the TIPS proce- 1
dure. Following simultaneous puncture of the target portal and
hepatic veins, a guidewire can be passed from the portal intd2]
the hepatic vein. The wire in the hepatic vein can then be snared
from the internal jugular vein access. A catheter would then be(3]
introduced in a normal anterograde fashion over the guidewird?]
and slowly withdrawn under fluoroscopic guidance until the he-
patic vein lumen is entered (catheter pullback technique). Thes)
wire is then advanced into the hepatic vein, creating a successful
portal to hepatic vein tract. Ballon dilation of the tract and stent (6]
deployment are done in the usual fashion. Successful TIPS cre-
ation using this technigue has been demonstrated @xafivo [71
porcine model [75].

Our proposed version of the TIPS procedure relies on prefg]
and intraoperative CT to plan percutaneous access to the target
veins. Using a 3-D reconstruction of these images, the physiciaqgl
can determine an entry site with unobstructed access to the he-
patic and portal veins. This path information, the preoperative
CT, and the robot-guided instrument will be registered to par g,
tient anatomy using optical tracking technology and intraoper-
ative imaging. The predetermined path plan will be transmitted!1]
to the robot, which can then, under physician control, obtain th?lz]
hepatic and portal targets smoothly, precisely, and quickly.

REFERENCES

J. E. Wipf and R. A. Deyo, “Low back painMed. Clin. North Amey.

vol. 79, pp. 231-246, 1995.

R. A. Deyo, D. Cherkin, D. Conrad, and E. Volinn, “Cost, controversy,
crisis: low back pain and the health of the publigfinu. Rev. Public
Health vol. 12, pp. 141-156, 1991.

R. A. Deyo, “Low-back pain,"Sci. Amer.vol. 279, pp. 48-53, 1998.

Y. Kawaguchi, H. Matsui, and H. Tsuji, “Back muscle injury after poste-
rior lumbar spine surgery. Part 2: Histologic and histochemical analyzes
in humans,”Spine vol. 19, pp. 2598-2602, 1994.

——, “Back muscle injury after posterior lumbar spine surgery. Part
1: Histologic and histochemical analyzes in ratSgine vol. 19, pp.
2590-2597, 1994.

——, “Back muscle injury after posterior lumbar spine surgery. A his-
tologic and enzymatic analysisSpine vol. 21, pp. 941-944, 1996.

R. Gejo, H. Matsui, Y. Kawaguchi, H. Ishihara, and H. Tsuji, “Serial
changes in trunk muscle performance after posterior lumbar surgery,”
Spine vol. 24, pp. 1023-1028, 1999.

H. H. Mathews and B. E. Mathern, “Percutaneous procedures
in the lumbar spine,” inPrinciples and Techniques of Spinal
Surgery Baltimore, MD: Williams and Wilkins, 1998, pp. 731-745.

R. A. Deyo, D. C. Cherkin, J. D. Loeser, S. J. Bigos, and M. A. Ciol,
“Morbidity and mortality in association with operations on the lumbar
spine. The influence of age, diagnosis, and procedukeBone Joint
Surg, vol. 74, pp. 536-543, 1992.

R. K. Portenoy, “Opioid therapy for chronic nonmalignant pain: Clini-
cian’s perspective,J. Law Med. Ethicsvol. 24, pp. 296-309, 1996.
——, “Opioid therapy for chronic nonmalignant pain: A review of the
critical issues,’J. Pain Symptom Manage/ol. 11, pp. 203-217, 1996.

F. J. Papatheofanis, “The impact of minimally invasive surgebgti-
sions Imaging Econvol. 10, pp. 66-68, 1997.



260

IEEE TRANSACTIONS ON INFORMATION TECHNOLOGY IN BIOMEDICINE, VOL. 6, NO. 4, DECEMBER 2002

[13] J.J.Regan, H. Yuan, and G. McCullen, “Minimally invasive approaches[37] N. Glossop and R. Hu, “Assessment of vertebral body motion during

(14]

(15]

(16]

(17]
(18]

(19]

(20]

(21]

[22]

(23]

(24]

(25]

(26]

(27]

(28]

[29]

(30]

[31]

(32]

(33]

(34]

(35]

(36]

to the spine,’Instr. Course Lect.vol. 46, pp. 127-141, 1997.

K. Cleary, M. Freedman, J. Zeng, S. K. Mun, V. Watson, and F.[38]
Henderson, “Developing a program in image-guided, minimally inva-
sive spine procedures,” iBomputer Assisted Radiology and Surgery
(CARS) Amsterdam, The Netherlands: Elsevier, 1999, pp. 736-740.
K. Cleary, J. Anderson, M. Brazaitis, G. Devey, A. DiGioia, M.
Freedman, D. Gronemeyer, C. Lathan, H. Lemke, D. Long, S. K.
Mun, and R. Taylor, “Final report of the technical requirements for
image-guided spine procedures,”mnoc. Comput-Aided Surgvol. 5,
Ellicott City, MD, Apr. 17-20, 1999, 2000, pp. 180-215.

J. L. Duerk, D. Gronemeyer, M. Deli, B. Hum, A. Kinsella, M. Clifford,
and K. Cleary, “Technical requirements for image-guided spinal pro-
cedures: Workshop report on intraprocedural imaging and endoscopy,”
Acad. Radiol.vol. 7, pp. 971-978, 2000.

D. Bates and P. Ruggieri, “lImaging modalities for evaluation of the
spine,”Radiol. Clin. North Amer.vol. 29, pp. 675-690, 1991.

R. M. Seibel, “Image-guided minimally invasive therapgurg. En-
dosc, vol. 11, pp. 154-162, 1997.

D. H. Groenemeyer, R. M. Seibel, A. Melzer, and A. Schmidt, “Image- [43]
guided access techniqueghdosc. Surg. Allied Technplol. 3, pp.
69-75, 1995.

R. D. Bucholz, H. W. Ho, and J. P. Rubin, “Variables affecting the ac-
curacy of stereotactic localization using computerized tomograghy,”
Neurosurg,. vol. 79, pp. 667-673, 1993.

K. Cleary, F. Henderson, J. Rodgers, V. Watson, and M. Freedman, “Inte-
grating a mobile computed tomographic scanner in hospital operations,[45]
in Computer-Aided Radiology and Surgery (CARSAmsterdam, The
Netherlands: Elsevier, 1999, p. 1053.

W. E. Butler, C. M. Piaggio, C. Constantinou, L. Niklason, R. G. Gon- [46]
zalez, G. R. Cosgrove, and N. T. Zervas, “A mobile computed tomo-
graphic scanner with intraoperative and intensive care unit applications,”
Neurosurgeryvol. 42, pp. 1304-1310; discussion 1310-1311, 1998.

N. Haberland, K. Ebmeier, R. Hliscs, J. P. Grunewald, and R. L. Kalff, [47]
Intraoperative CT in Image Guided Surgery of the Spin€leveland,

OH: Philips Medical Systems, 1999.

. S. Choi and E. ErdemMobile CT in a Neurointerventional

Suite Cleveland, OH: Philips Medical Systems, 1999. [48]
B. Hum, F. Feigenbaum, K. Cleary, and F. C. Henderson, “Intraoper-
ative computed tomography for complex craniocervical operations and49]
spinal tumor resectionsNeurosurgeryvol. 47, pp. 374-380; discus-
sion 380-381, 2000.

R. Gwinn, K. Cleary, and M. Medlock, “Use of a portable CT scanner
during resection of subcortical supratentorial astrocytomas of child-
hood,” Pediatr. Neurosurg.vol. 32, pp. 37-43, 2000.

M. Seibel, A. Melzer, J. PlaBmann, A. Schmidt, and C. Sehnert,
“MR-guided minimally invasive therapy of the spine,”limterventional
MRI, R. B. Lufkin, Ed. Philadelphia, PA: Mosby-Year Book, 1999,
pp. 289-295.

F. A. Jolesz and F. Shtern, “The operating room of the futumegs-
tigative Radiologyvol. 27, pp. 326328, 1991.

D. G. Karahalios, P. J. Apostolides, T. R. Geldmacher, and V. K. H.
Sonntag, “Image-guided spinal surger@per. Tech. Neurosurgvol.

1, pp. 104-112, 1998.

D. L. Hill etal, “Accurate frameless registration of MR and CT images
of the head: Applications in planning surgery and radiation therapy,”[53]
Radiology vol. 191, pp. 447-454, 1994.

P. A. van den Elsen, J. B. A. Maintz, E. D. Pol, and M. A. Viergever,
“Image fusion using geometrical features,” in Proc. SPIE Vol. 1808: Vi- [54]
sualization Biom. Comput., 1992.

K. Cleary, M. Freedman, Q. Yao, J. Zeng, and L. Arata, “Registration of

CT and MR images,” presented at the 1998 Annu. Meet. Biomed. Eng[55]
Soc., Cleveland, OH, Oct. 10-13, 1998.

V. Watson, K. Cleary, and D. Lindisch, “Mobile CT assessment of needle[56]
placement and distribution of polymethylmethacrylate (PMMT) during
percutaneous vertebroplasty,”$ti. Exhibit, RSNAChicago, IL, 1999.

J. Choi, K. Cleary, J. Zeng, K. Gary, M. Freedman, V. Watson, D.
Lindisch, and S. K. Mun, “I-SPINE: A software package for advances
in minimally invasive spine procedures,” presented at the SPIE Vol.[58]
3905, 28th AIPR Workshop: 3-D Visualization for Data Exploration
and Decision Making, Washington, DC, Oct. 13-15, 1999.

J. Choi, B. Shin, Y. Shin, and K. Cleary, “Efficient volumetric ray
casting for isosurface renderingComput. Graphicsvol. 24, pp.
661-670, 2000.

R. J. Maciunas, “Overview of interactive image-guided neurosurgery:
Principles, applications, and new techniquesjzanced Neurosurgical
Navigation pp. 15-32, 1999.

(39]

(40]

[41]

[42]

[44]

(50]

(51]

[52]

[57]

[59]

spine surgery,'Spine vol. 22, pp. 903-909, 1997.

J. N. Weinstein, K. F. Spratt, D. Spengler, C. Brick, and S. Reid, “Spinal
pedicle fixation: Reliability and validity of roentgenogram-based as-
sessment and surgical factors on successful screw placement [see com-
ments],”Spine vol. 13, pp. 1012-1018, 1988.

J. G. Heller, G. D. Carlson, J. J. Abitbol, and S. R. Garfin, “Anatomic
comparison of the Roy—Camille and Magerl techniques for screw place-
ment in the lower cervical spineSpine vol. 16, pp. S552-S557, 1991.

K. Meyer, H. L. Applewhite, and F. A. Biocca, “A survey of position
trackers,”Presencevol. 1, pp. 173-199, 1992.

Q. Li, L. Zamorano, Z. Jiang, J. X. Gong, A. Pandya, R. Perez, and F.
Diaz, “Effect of optical digitizer selection on the application accuracy of
a surgical localization system—A quantitative comparison between the
OPTOTRAK and flashpoint tracking system&bmput. Aided Surg.

vol. 4, pp. 314-321, 1999.

W. Birkfellner, F. Watzinger, F. Wanschitz, R. Ewers, and H. Bergmann,
“Calibration of tracking systems in a surgical environmetgEE Trans.
Med. Imag, vol. 17, pp. 737-742, 1998.

W. Birkfellner, F. Watzinger, F. Wanschitz, G. Enislidis, C. Kollmann,
D. Rafolt, R. Nowotny, R. Ewers, and H. Bergmann, “Systematic
distortions in magnetic position digitizersMed. Phys. vol. 25, pp.
2242-2248, 1998.

S. Kirsch, C. Schiling, and P. G. Seiler, “Miniaturized five de-
gree-of-freedom magnetic tracker,” i@omputer Assisted Radiology
and SurgeryTokyo, 1998.

P. Dario, E. Guglielmelli, B. Allotta, and M. C. Carrozza, “Robotics
for medical applications,JEEE Robot. Automat. Magpp. 44-56,
September 1996.

J. Troccaz, M. Peshkin, and B. Davies, “Guiding systems for com-
puter-assisted surgery: Introducing synergistic devices and discussing
the different approachesMed. Image Anal.vol. 2, pp. 101-119,
1998.

A. Bzosteket al, “An automated system for precise percutaneous
access of the renal collecting system,” @/RMed-MRCAS '97J.
Troccaz, E. Grimson, and R. Mosges, Eds. Grenoble, France, 1997,
pp. 299-308.

J. A. Cadeddu, D. Stoianovici, and L. R. Kavoussi, “Robotic surgery in
urology,” Urol. Clin. North Am, vol. 25, pp. 75-85, 1998.

R. H. Taylor, P. Jenson, L. Whitcomb, A. Barnes, R. Kumar,
D. Stoianovici, P. Gupta, Z. Wang, E. deJuan, and L. Kavoussi,
“A steady-hand robotic system for microsurgical augmentation,”
in Medical Image Computing and Computer-Assisted Interven-
tion—MICCAI'99 ser. Lecture Notes in Computer Science, C.
Taylor and A. Colchester, Eds. Cambridge, UK: Springer, 1999,
vol. 1679, pp. 1031-1041.

D. Stoianovici, J. A. Cadeddu, R. D. Demaree, S. A. Basile, R. H. Taylor,
L. Whitcomb, W. N. Sharpe, and L. R. Kavoussi, “A novel mechanical
transmission applied to percutaneous renal acces®fdo. ASME Dy-
namic Syst. Control DivisigrDallas, TX, 1997.

R. J. Maciunas, “Interactive image-guided neurosurgeryNéurosur-
gical Topics American Association of Neurological Surgeons, 1993.

E. Alexander and B. S. Nashold, “A history of neurosurgical naviga-
tion,” in Advanced Neurosurgical Navigatipk. Alexander and R. J.
Macinus, Eds. New York, NY: Thieme, 1999, pp. 3-14.

W. A. Murphy, J. M. Destouet, and L. A. Gilula, “Percutaneous skeletal
biopsy 1981: A procedure for radiologists—Results, review, and recom-
mendations,’Radiology vol. 139, pp. 545-549, 1981.

C. S. Ng, J. R. Salisbury, A. J. Darby, and P. Gishen, “Radiologically
guided bone biopsy: Results of 502 biopsieSdrdiovasc. Intervent.
Radiol, vol. 21, pp. 122-128, 1998.

S. V. Kattapuram, J. S. Khurana, and D. I. Rosenthal, “Percutaneous
needle biopsy of the spineSpine vol. 17, pp. 561-564, 1992.

J. D. Laredo and M. Bard, “Thoracic spine: Percutaneous trephine
biopsy,” Radiology vol. 160, pp. 485—-489, 1986.

S. V. Kattapuram and D. I. Rosenthal, “Percutaneous biopsy of the cer-
vical spine using CT guidanceAJR Am. J. Roentgenpliol. 149, pp.
539-541, 1987.

G. Onik, E. R. Cosman, T. H. Wells, Jr., H. I. Goldberg, A. A. Moss,
P. Costello, R. A. Kane, W. |. Hoddick, and B. Demas, “CT-guided as-
pirations for the body: Comparison of hand guidance with stereotaxis,”
Radiology vol. 166, pp. 389-394, 1988.

C. Depriester, H. Deramond, P. Toussaint, H. Jhaveri, and P. Galibert,
“Percutaneous vertebroplasty: Indications, technique, and compli-
cations,” in Interventional Neuroradiology, Strategies and Practical
Techniqueslst ed, J. Connors and J. Wojak, Eds. Philadelphia, PA:
Saunders, 1999, pp. 346-357.



CLEARY et al: TECHNOLOGY IMPROVEMENTS FOR IMAGE-GUIDED AND MINIMALLY INVASIVE SPINE PROCEDURES

(60]

[61]

(62]

(63]

(64]

(65]

H. Deramond, C. Depriester, P. Galibert, and D. Le Gars, “Percut
neous vertebroplasty with polymethylmethacrylate. Technique, indic
tions, and results,Radiol. Clin. North Amey.vol. 36, pp. 533-546,
1998.

A. Weill, J. Chiras, J. M. Simon, M. Rose, T. Sola-Martinez, and E g}
Enkaoua, “Spinal metastases: Indications for and results of percutane §
injection of acrylic surgical cementRadiology vol. 199, pp. 241-247,
1996.

M. P. Bostrom and J. M. Lane, “Future directions. Augmentation of o¢
teoporotic vertebral bodies3pine vol. 22, pp. 385-42S, 1997.

B. Cortet, A. Cotten, N. Boutry, R. M. Flipo, B. Duquesnoy, P. Chastanet,
and B. Delcambre, “Percutaneous vertebroplasty in the treatment of os-
teoporotic vertebral compression fractures: An open prospective study,”
J. Rheumato).vol. 26, pp. 2222-2228, 1999.

A. Cotten, N. Boutry, B. Cortet, R. Assaker, X. Demondion, D. Leblon
P. Chastanet, B. Duquesnoy, and H. Deramond, “Percutaneous verte
plasty: State of the artRadiographicsvol. 18, pp. 311-320; discussion
320-323, 1998.

H. Deramond, N. T. Wright, and S. M. Belkoff, “Temperature elevatio
caused by bone cement polymerization during vertebroplaBiytie
vol. 25, pp. 17S-21S, 1999.

261

Mark Clifford received the M.S. degree in phys-
iology from Georgetown University, Washington,
DC. He is a third-year medical student at Georgetown
University Medical Center and a part-time Research
Associate at the ISIS Center in the Department of
Radiology.

Dan Stoianovicireceived the M.S. degree from the
University of Craiova, Romania, in 1990 and the
Ph.D. degree from Southern Methodist University,
Dallas, TX, in 1996, both in mechanical engineering.
His specialty is surgical robotics, in particular
robot design. In 1996, he joined the research group
at the Johns Hopkins School of Medicine, Baltimore,
MD, where he is Assistant Professor of Urology

[66] P. Galibert, H. Deramond, P. Rosat, and D. Le Gars, “[Preliminary no| and Director of the URobotics Program. He has a
on the treatment of vertebral angioma by percutaneous acrylic verteb ‘ joint appointment in the Mechanical Engineering
plasty],” Neurochirurgie vol. 33, pp. 166-168, 1987. Department at the Johns Hopkins University,
[67] B. Padovani, O. Kasriel, P. Brunner, and P. Peretti-Viton, “Pulmonamaltimore, where he teaches computer-aided design. His research is focused
embolism caused by acrylic cement: A rare complication of percutan the design and manufacturing of surgical robotics: surgical instrumentation
neous vertebroplastyAJNR Am. J. Neuroradiglvol. 20, pp. 375-377, and devices, image-guided robots, and remote surgery systems.
1999.
[68] W. S. Rees, “Multiple bilateral subcutaneous rhizoysis of segmental

(69]

[70]

[71]

[72]

nerves in the treatment of intervertebral disc syndrordeh. Gen.
Prac, vol. 26, p. 126, 1971.

J. Ariani, J. Parmley, and A. Ochsner, “Facilities and complications afti
attempts at stellate ganglior§urgery vol. 32, p. 615, 1952.

W. H. Castro, D. Gronemeyer, J. Jerosch, R. Seibel, G. Lorenz, D. B
telstahl, K. Ohlbrecht, and K. H. Gohlke, “How reliable is lumbar nerve
root sheath infiltration?,Eur. Spine J.vol. 3, pp. 255-257, 1994.
J. P. Ong, M. Sands, and Z. M. Younossi, “Transjugular intrahepat
portosystemic shunts (TIPS): A decade latér,Clin. Gastroentero).
vol. 30, pp. 14-28, 1999.

P. M. Radosevich, J. M. LaBerge, and R. L. Gordon, “Current status a
future possibilities of transjugular intrahepatic portosystemic shunts in

Matthew Freedmanreceived the M.D. degree from
the State University of New York, Downstate Medical
Center, in 1967.

He spent three years in the U.S. Public Health
Service, Seattle, WA. He completed his residency in
Diagnostic Radiology at the University of Rochester
in 1973. He previously was part of the Radiology
Faculty at George Washington University, the Johns
Hopkins and the University of Maryland. He is
currently an Associate Professor of Radiology at
Georgetown University Medical Center specializing

the management of portal hypertensioWorld J. Surg. vol. 18, pp. N breast imaging and chest imaging. His research interest is in computer
785-789, 1994. interactions in imaging in patient care. He is a member of the Lombardi

[73] P. S. Kamath and M. A. McKusick, “Transjugular intrahepatic por&ancer Center. He is Clinical Director of the Imaging Science and Information

[74]

[75]

tosystemic shunts (TIPS)Baillieres Clin. Gastroenterglvol. 11, pp. Systems (ISIS) Center.
327-349, 1997.

J. M. LaBerge, E. J. Ring, R. L. Gordon, J. R. Lake, M. M. Doherty, K
A. Somberg, J. P. Roberts, and N. L. Ascher, “Creation of transjugul=ar
intrahepatic portosystemic shunts with the wallstent endoprosthesis: f
sults in 100 patients,Radiology vol. 187, pp. 413-420, 1993.

E. B. Levy, F. Banovac, D. J. Lindisch, S. Onda, and M. Clifford, “TIPS
Feasibility of a single puncture percutaneous anterior abdominal ¢
cess,” in RSNA Sci. Program, 2000.

Kevin Cleary (M’'83) received the Ph.D. degree
in mechanical engineering from the University of
Texas, Austin, in 1990.

He was an NSF Postdoctoral Researcher at th
Mechanical Engineering Laboratory, Tsukuba,,
Japan. He worked in the robotics field at NASA
Goddard Space Flight Center and for a Departmer!
of Defense contractor before joining Georgetown ir
1996. He is currently a Research Associate Profess
in the Department of Radiology at Georgetow
University Medical Center. He is part of the Imaging

Seong K. Munreceived the Ph.D. degree in physics
from the State University of New York, Albany, and
did postdoctoral work at the University of Colorado
Medical Center.

He is the Director of the Imaging Science and
Information Systems (ISIS) Center and a Professor
in the Department of Radiology. The ISIS Center
is a multidisciplinary research group of about 30
faculty and staff with expertise in medical imaging,
telemedicine, chronic disease management, security,
and image-guided procedures.

Vance Watson received the medical degree from
the University of Maryland School of Medicine and
did his Radiology Residency at Duke University,
Durham, NC.

He is the Director of Neuro Interventional and
Endovascular Therapy at Georgetown University
Hospital/MedStar Health, Washington, DC. He
is also an Assistant Professor of Radiology and

Science and Information Systems (ISIS) Center and the Principal Investiga
for an Army-funded project on technology improvements in minimally invasivy, i
procedures. His research interests are in image-guided interventions, me ical
robotics, and 3-D visualization.

Neurosurgery. He is the clinical lead on our project
in medical robotics for minimally invasive spine
procedures. He also completed a three-year Interven-
tional Neuroradiology Fellowship at the University of California, Los Angeles.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


