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Abstract. An image overlay system is presented to assist needle placement in
conventional CT scanners. The device consisting of a flat LCD display and a
half mirror is mounted on the gantry. Looking at the patient through the mirror,
the CT image appears to ke floating inside the patient with correct size and fo-
sition, thereby providing the physician with two-dimensional “X-ray vision” to
guide needle placement procedures. The physician inserts the needle following
the optimal path identified in the CT image that is rendered on the LCD and
thereby reflected in the mirror. The system promises to increase needle place-
ment accuracy and aso to reduce X-ray dose, patient discomfort, and procedur e
time by eliminating faulty insertion attempts. We report cadaver experimentsin
several clinical applicationswith aclinically applicable device.

1. Introduction

Numerous studies have demonstrated the potential efficacy of CT -guided percutane-
ous needlebased therapy and biopsy in a wide variety of medical problems. The
process of needle insertion is relatively straightforward, but there is significant vari-
ability among practitioners, in terms of accuracy and procedure time. Typically, the
CT images are shown on the scanner’s console outside the room, and then physician
must mentally register the images with the anatomy of the actual patient and use
hand-eye coordination to carry out the intervention. To address these problems, a
variety of tracked navigation systems and surgical robots have been investigated; all
resulting in systems that are prohibitively complex and/or expensive for routine clini-
cal use. A variety of virtual reality methods, such as head-mounted displays [1,2],
video projections [3], and wlumetric image overlay [4] have been investigated Un-
fortunately, dl such 3D augmented reality systems, without exception, require elab o-
rate calibration, registration, and spatial tracking of all actors and components; a
rather complex and expensive engineering entourage. In the pursuit of simpler image
overlay systems, our group [5,6] and concurrently Stetten [7,8] have been investigat-
ing 2D image reflection produced in a semitransparent mirror. This technique pro-
vides an optically stable 2D reflection image without auxiliary tracking, requiring
only asimple pre-operative alignment. As the majority of needle placement proce-
dures are executed “inplane” (i.e. when the needle is completely contained a single



CT dlice), giving up 3D rendering for engineering simplicity and low cost is a most
reasonable tradeoff. This paper describes a clinically deployable embodiment of the
Masamune-Stetten concept, optimized for needle placement procedures in conven-
tional CT scanners. In particular, we report new hardware, advanced display software,
and the results of cadaver studies. Approval is being sought to begin human trials.

Mount an CT gantry
2. SystemDesign

A flaa LCD display and a semi-
transparent mirror are mounted on
the gantry of a CT scanner (Figure
1) A CT dlice is acquired and
rendered on the display. The dis-
play is positioned with respect to
the mirror so that the reflection of
the CT image in the mirror coin-
cides with the patient’s body ke
hind the mirror (Figure 2), as was
described in [6]. The overlay is mounted on the gantry, so it tilts with it, if necessary.
In many needle placement procedures, after the entry point is selected with using skin
fiducial markers, three degrees-of-freedom (DOF) motion of the needle needs to be
controlled. The physician uses the overlay image b control the in-plane insertion
angle (I DOF), while holding the needle in the axial plane marked by the gantry’s
laser light (2nd DOF). The insertion depth (f:»"d DOF) is marked on the overlay image.
In our proof-af -concept prototype [6], the overlay image was created in the imaging
plane of the scanner, which allowed for rgid imaging update, but it prohibitively
constrained the workspace. The new device uses the outer laser plane of the scanner.
While this arrangement provides a conveniently large workspace, it aso requires
moving the table between imaging and insertion, which is altogether an aceptable
trade-off.

The procedural workflow is as follows. The pa-
tient is externally marked with |ZI CT Biopsy Strip
(1Z1' Corporation, Baltimore, MD). We acquire a
CT volume of images, with a slice thickness @-
propriate for the given application. The plane of
insertion is identified and the slice of interest is
transferred to the planning and display software
running on a Windows-XP laptop. The entry and
target points are picked in the CT image, a visual
needle guide is displayed, and the scene is pushed
to the overlay display as it will be seen later in the
left panels of Figure 7. The CT table is translated Fig. 2. Needle insertion in phan-
out by the known offset between the slice of inte- tom. The CT image appears to be
est and plane of the overlay. The physician places floating inside the body with cor-
the needle tip at the entry point and lines it up with rect alignment and magnificetion.

Fig. 1. Spina needleinsertion in human cadaver




the visual insertion guide seen in the mirror, while holding the needle in the plane of
the laser (Figure 1.) T he skin fiducials are visible on both the patient and in the over-
lay image and ooincidence between the corresponding marks indicates correct align-
ment. This feature is particularly useful when the target anatomy is prone to motion
due to respiration or mechanical force (This was not found to be alimiting factor in
cadaver studies, however.) Usually, aconfirmation image is acquired after insertion,
aswe show later in Figures 6,7, and 8.

3. Display Software and Registration

In the current embodiment, pre-operative calibra-
tion, insertion planning, ad digplay image genera-
tion are all performed on a standaone Windows
XP laptop camputer. The CT image of interest 4
(containing the target) is transferred from the scan- ¥ .~
ner's distribution server to an ordinary DICOM iy 3. Needle inserion with
receiver client running on the laptop. The laptop gngle stroke with the assistance of
concurrently drives the flat panel LCD display of virtua needle guide
the overlay device, for which the image is flipped
horizontally so that the mirror would flip the image back to normal lateral polarity.
The insertion planning component is kept simple and intuitive, in order to speed up
the process. For the sake of simplicity and speed, we refrain from 3D scenes alto-
gether, which is aso reasonablefor a 2D overlay device. In the interactive display, the
physician can select a sub-image of interest, for which the magnification, display, and
level can be adjusted. The target and entry points are assigned by two mouse-clicks. A
visual needle guide and ruler automatically appear on the screen. The com puter flips
the scene, and after ensuring correct magnification and orientation, pushes the image
tothe overlay display. The length of the virtua needle guide is twice the depth of
insertion The physician holds the needle at the entry point behind the mirror and
adusts the height of the grip to match with the proximal end of the virtual needle
guide This posture allows the physician confidently insert the needle with a single
stroke along to the marked trajectory , without the risk of overdriving (Figure 3.)

Before use, the display, mirror, and scanner must be aligned. The angle of the dis-
play and mirror are fixed with respect to one another and an adjustable arm is used to
set up the display-mirror unit with respect to the CT laser. For the in-plane registra-
tion a phantom made of a 10 mm :
thick acrylic board containing a
st of 5 mm diameer auminum
pegs is mounted in the overlay
plane A CT image of the pegs is
acquired and rendered on the
overlay display as seen in Figure
4. The magnification, inplane
rotation, and translation are
adjusted until each aluminum peg Fig. 4: Cdibration phantom and its CT image




coi ncides with its mark in the CT image.

Calibration has a decisive impact on the system’s performance; thus this step must
be robust to algorithmic and human errors, while still simple and fast. The marks of
the aluminum pegs are auto-segmented in the phantom’s CT image and then the tech-
nician leansover the mirror and selects the pointswhere the pegs appear in the mirror.
From thesewe calculate the inplane translation and rotation and then correct the
overlay image. The combined effects of human and optical errors were analyzed m
synthetic datg with the objective to determine the optimal number, distribution, and
selection order of registration points. We artificially misaligned the two sets of points
(i.e. the pegs and their respective image coordinates) by applying a known transfor-
maion on each pair and adding noise to each data point, as explained in Figure 5a
Let Q and Rbe the corresponding points to register in CT and real space. To simulate
the error induced by the user and the physical property of the semitransparent glass,
we add some “noise” to the position of R, obtaining point P. We register Pto Q
getting a rigid-body transformation T, Using this transformation, we transform R
obtaining S. Therefore, the system error is the distance bet ween points Sand Q. Hu-
man error was simulated by adding a random value (£2pixels) to the position of the
point to be registered. Parallax error from the mirror may induce a significantly large
error. At d=4 mm thickness and a=30° view angle and using the formulas derived in
Figure 5b, the parallax error is about x=128 mm, the effect of which fortunately can
be substantially reduced by alteringthe view point during the calibration process. We
also concluded that iterative re-registration more favorable t han collecting all registra
tion points first and then calculating a single global registraion. This observation was
true across the range of practically relevant amplitudes and distributions of noise and
number of registration points. The best strategy was found to be the following: (1)
Pick a peg near the area of interest in the vicinity of expected target and entry. Let the
computer calculate translation and readjust the overlay image. (2) Pick a peg far out
from the previous one. Let the computer calculate rotation and readjust the overlay
image. (3) Pick a new peg again relativdy close to area of interest to adjust transla-
tion. (4) Pick another peg to adjust rotation, far out and in 90° from the previous one.
(5) Repeat the pair-wise process until sufficient registration is observed between the
phantom and its CT image. It is particularly important to compensate for the parallax
error by altering the viewpoint. The registration error, using four pairs of registration
points and asuming +2 pixel human eror was 1.23 mm (STD=0.31) at 30° view
angle and 0.74 mm (STD=0.21) at perpendicular view @=0°). This performance
appears to be sufficiently acairate for most CT -guided needle placement procedures.

: ( system _ Ngir =1

a =30° Ner=1

Sin B = Mair- SIN @ / Nylass § X
x =d tan

human and
glass
induced error

Fig. 5: Definition of registration error (a) and the calculation of parallax error (b)



4. Experimentsand Results

Body Phantoms: A male body phatom was fabricated by attaching three cm-thick
tissue-equivalent bolus material (Harpell Associates Inc., Oakville, ON, Canada) on
the back of a plastic male torso and placing 1.5 mm diameter metal balls in the bolus
at various depths. This phantom represented a male upper body in prone position,
with hard fat/muscle layer with mechanical targets in the back, spine, and shoulder.
The objectives were to (1) demonstrate accurate needle placement at the pre-marked
targets and (2) assess the ergonomics of the system. Experienced and novice interven-
tionalists each executed four needle insertions with 18G diamond needles. The accu-
racy of needle placement was assessed in post-insertion CT, with 1 mm dlice thick-
ness. The experienced and novice users alike approached the implanted targets within
2 mm, in every attempt. The device had excellent ergonomics: there was no interfer-
ence in the workspace and all targets were conveniently accessible. The ergonomics
of the system was also tested on a commercia interventional phantom (CIRS Nor-
folk, VA) shown in Figure 2, resulting in the same excellent outcome. Also impor-
tantly, the reproduction error of the CT gantry mount was consistently below 2 mm
(which islessthan the width of the | aser), tested in 10 trials.

Cadaver Experiments: The objective of human cadaver experiments was to dem-
onstrate the ability of precise needle placement to various anatomical targets for a
plurality of potential clinical applications. The accuracy of needle placement was
assessed in post-insertion CT. The slice thickness was 1.0-3.0 mm, which was clini-
cally adequate for the procedures in our study.

are demanding procedures primar-
ily because of the sheer volume of cases treated regularly by the neurological pain
management service at our [roe——e——e i

institution. The interventional flellagias

team is under strong pressure to
perform these procedures in
minimum time with clinically
sufficient placement acaracy,
typically about 20 mm. In our
experiments, a cadaver was set
up in prone position for nerve
root and facet joint injections in
the lumbar spine area in the
setup seen in Figure 1 We
performed several needle inser-
tionswith standard 22G beveled Fig. 6: CT of confirmation of needle placement for
needles at the L4 and L5. Con- spinal pain management

trast and therapeutic substances

were not injected. All four spinal nerve block and facet joint needle placements pro-
duced clinically sufficient results. A confirmation CT image is shown in Figure 6,
where the needle tip touches the correct anatomical target. The needle is completely
included in the confirmation image, indicating the physician managed to keep the
needle exactly in the gantry ' s laser plane.




Shoulder and Hip Artlographies are diagnostic procedures frequently applied for
assessment of joint injury. Arthography typically presents a significant scheduling
problem, because first an MRI contrast agent is injected percutaneously into the in-
jured joint under CT or X-ray fluoroscopy guidance and then the patient is brought to
an MRI imaging facility for diagnostic scanning. We will explore the clinical possibil-

ity of joint arthography
with MRl  guidance
done. In the anticipa
tion of a forthcoming
new MRI-compatible
verson of the image
overlay g/stem, we
performed preliminary
cadaver studieswith CT
guidance. In our ex
periments, we fixed a
female cadaver in su-
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pine position and pe-
formed four needle
insertions to the shoul-
der and hip joirt, using
standard 22G beveled
needles. The accuracy
of needle placement
was assessed in intemittent CT and then contrast substance was also injected in two
cases. All four needle placements for joint arthography of the shoulder and hip were
clinically successful, two of those shown in Figure 7. Each needle enters the body in
the selected entry point, proceeds along the marked trgjectory, and touches the se-
lected anatomical target point in the joint space. Contrast material (not shown in the
figures) was very hard to inject into the stiffened joint of the cadaver and it did not
distribute as evenly asin live patients.

Pilot Needle for Bone Biopsy: Bone biopsies are demanding procedures because
the needle must make
contact with the bone in
some predefined angle
that is often very diffi-
cult to achieve freehand.
One must aso avoid
sensitive structures (ike
nerves and blood ves
sels) in the path. As we
amost always operate on
damaged bone, faulty
placement and mis
aignment of the large -
needle or drill may case
structural damage to the

[HED

Fig. 7: Target and confirmation CT for arthography of shoulder
(top) and hip joint (bottom)
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Fig. 8: ConfirmationCT of pilot needle insertion in bone Hopsy



aready weakened bone; in fact, fracture is not an insignificant intra-operative risk.
Many patients have preexisting microfractures, a condition that may develop into a
full fracture if the instrument is accidentally wedged in the fradure line. Altogether,
unassisted freehand planning of the skin entry, trajectory, bone entry, and cortical
target can become exceedingly difficult. In our experiments, we fixed a female ca
daver in supine position and performed four needle insertions to the pelvis, using
standard 22G beveled needles. A 1.0 mm steel ball was implanted percutan eously into
theright lateral wall of the left pelvis, and then this location was targeted from several
directions from different entry points. All four the pilot needle insertions for pelvic
bone biopsy were clinically successful. A confirmation CT is shown in Figure 8.
Unfortunately, the artifact caused by the needles suppresses the signal of the im-
planted metal target, but the needles converge in a confined aea, indicating satisfac-
tory accuracy for bone biopsy. Three of the four needles are completely included in
the image slice, while the fourth one is slightly deflected from the image plane.

5. Discussion

In our previous prototype the image overlay device was mounted in the inner laser
plane of the scanner, the physician’s workspace was often restricted and several tar-
gets were not accessible [6]. Therefore, the unanimous decision of the participating
physicians was to use the outer laser plane of the scanner, even though it required
translation of the CT table between imaging and needle insertion. Needle insertion
was more accurate in phantoms than in human cadavers, for several reasons. First, the
phantom tissue was softer and more homogeneous than human cadavers. Also, in
phantoms we used 18 G diamond tip needles that barely deflected during insertion,
while in the human cadavers we used 22G beveled neadles that had a tendency to
deflect in the hard and inhomogeneous tissues. Less experienced users had difficulty
in holding the needle in the plane of the laser. Although this presently does not seem
to be a clinicaly significant impediment, we consider applying some form of ne-
chanical constraint to aid the physician with hol ding the needle in the laser plane.

Although respiration could not be simulated in the passive phantoms and cadavers,
the 1Z1 Biopsy Strip fiducials placed on the patient around the insertion point are
expected to provide robust real-time indication of any patient motion, in which case
the insertion can be halted till the patient’s body is correctly reregistered. Alterna
tively, the fiducials can be used for reregistration of the patient, the same manner as
the calibration fixture is registered.

We have encountered several minor issues that could prove to be significant as our
efforts are gearing up toward clinical trials. For example, t is inconvenient to have
the planning laptop in the scanner room and its wire connection may also disrupt
normal traffic. (In the clinical device, the laptop will be situated next to the console
and apply wireless communication to the mouse used for calibration. Also, slight
changesin backlight and glare on the display frame have also caused difficulties.)

In summary, al needle placement attempts, to both phantoms and cadavers, were
technically successful and clinically sufficient needle placement accuracy was con-
firmed in post-insertion CT imaging. The workflow process and instrumentation have



not been optimized to yield minimum procedure time and the ergonomics of the sy s-
tem dtill need to improve; these are subjects to current research. Nevertheless, the
current embodiment was found to be sufficiently accurate and safe for initial human
trials in a plurality of needle placement applications, in which the previously de-
scribed cadaver studies are predicative of clinical performance. Presently, IRB a-
proval is being sought to commence human trials while software and hardware re-
finements will cantinue.
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