Incorporation of a laser range scanner into image-guided liver surgery:
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As image guided surgical procedures become increasingly diverse, there will be more scenarios
where point-based fiducials cannot be accurately localized for registration and rigid body assump-
tions no longer hold. As a result, procedures will rely more frequently on anatomical surfaces for
the basis of image alignment and will require intraoperative geometric data to measure and com-
pensate for tissue deformation in the organ. In this paper we outline methods for which a laser range
scanner may be used to accomplish these tasks intraoperatively. A laser range scanner based on the
optical principle of triangulation acquires a dense set of three-dimensional point data in a very
rapid, noncontact fashion. Phantom studies were performed to test the ability to link range scan data
with traditional modes of image-guided surgery data through localization, registration, and tracking
in physical space. The experiments demonstrate that the scanner is capable of localizing point-based
fiducials to within 0.2 mm and capable of achieving point and surface based registrations with
target registration error of less than 2.0 mm. Tracking points in physical space with the range
scanning system yields an error of £.8.8 mm. Surface deformation studies were performed with

the range scanner in order to determine if this device was capable of acquiring enough information
for compensation algorithms. In the surface deformation studies, the range scanner was able to
detect changes in surface shape due to deformation comparable to those detected by tomographic
image studies. Use of the range scanner has been approved for clinical trials, and an initial intra-
operative range scan experiment is presented. In all of these studies, the primary source of error in
range scan data is deterministically related to the position and orientation of the surface within the
scanner’s field of view. However, this systematic error can be corrected, allowing the range scanner
to provide a rapid, robust method of acquiring anatomical surfaces intraoperativeld0®
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[. INTRODUCTION groups who have implemented iMR into their image-guided
surgical systems, and a sampling of the research can be
Tissue deformation and organ shift are presently one of th@yund in the literaturé="’
largest challenges that image-guided surgery research faceshile iMR does provide a complete set of updated volu-
today. To overcome these obstacles, there have been numesetric data, there are some disadvantages. Currently, it is
ous efforts to incorporate intraoperative data into surgicadifficult, time-consuming, and expensive to install an intra-
navigation as well as to model the deformation using biomeoperative magnetic resonance unit into an operating suite.
chanical principles. The most accurate and complete methodiR scanners(including open magnet configurationand
to account for tissue deformation is to acquire image datdead receiver coils, combined with the limited space gener-
during surgery with intraoperative tomographic imaging. In-ally available in operating rooms, can hinder access to the
traoperative CT was proposeédyut it was found to expose surgical sit¢® Nonferrous surgical instruments, often not of
the patient to excessive amounts of radiation. More recentljthe same quality as standard surgical instruments, must be
intraoperative MRiIMR) imaging has become a candidate to used during procedures close to the madrieinally, there
account for tissue deformation. There have been manwre issues with image quality, whether from low field
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strength magnets or from surgically induced contrast
enhancemen?

Other methods have been proposed to help compensate
for tissue deformation during surgery. Ultrasound is conven-
tionally used to provide real-time information for guidance
during surgical procedures. Currently, most surgeons subjec-
tively analyze data from ultrasound to make their decisions
regarding tissue deformation. However, there is some re-
search concerned with mathematically integrating ultrasound
into image-guided neurosurgery systethg?

Some methods of deformation compensation do not in-
volve any intraoperative imaging. Finite element models
have been used to predict organ deformation that results
from various events that occur during surgery. Since a ma-
jority of image-guided research is based in neurosurgery,
where accuracy is paramount, most surgical-based mode“,@. 1. The RealScan 3-D Laser range scanner mounted to an OR mechani-

. . . cal arm.
studies have been performed with respect to the brain. Some
recent strategies used for modeling the biomechanics of
brain deformation have included biphasic descriptions of the|. METHODS
continuum based on consolidation thebtyThese models
simulate deformation effects from mechanical loading aéo" Laser scanner
well as from interstitial fluid flowt®!” Edwardset al® de- Three-dimensional surfaces were acquired with a com-
veloped a three-component model to account for the interaagnercially available laser range scanr&eal Scan 200C,
tions between bone, cerebrospinal fluid, and brain tissue. 18-D Digital Corporation, Bethel, QT which is displayed in
other cases, finite element modeling is not as concerned witkig. 1. The scanner works on the optical principle of trian-
the underlying biomechanics of the tissue, but rather as agulation. A laser light source is emitted from the scanner,
interpolation method for registratiéhOther models of the which illuminates the surface of interest. Light reflected off
brain that have been proposed use linear efdstimd the surface is received by a CCD camera, which is contained
viscoelasti®’ models. In large part, finite element modeling within the scanner. The depth is calculated based on the re-
has not been used for image-guided surgical updating outsidected light pattern that appears on the CCD and the known
the neurosurgical context. However, computer models are irtfigonometric relationship between the scanner’s camera and
creasingly being used for planning, simulation, and evaluasource. Our range scanner is capable of acquiring a dense
tion applications for a host of surgical pI’OCEdU%b_SZ.S point set of three-dimensional data within 5—20 seconds. It

One novel method of intraoperative data acquisition iscan acquire up to 494 samples per line and as many as 500
laser range scanning. This modality acquires a dense amoulifies per scan. The specifications of the scaithatate that
of surface data, which is represented as a three-dimensionfle average deviation from planarity is 3@@n at 300 mm
point cloud. Unlike most surface acquisition methods used irflepth and 100Qum at 800 mm depth.
an operating room, laser range scanners do not require any
contact with the patient. Preliminary work by Aude¢tieal?®  B. Imaging phantom

has examined laser range scanning for cortical surface track- 5 phantom was constructed for all localization and regis-
ing and brain shift issues. Raabeal >’ illuminated the skin  tration experiments. The phantom, shown in Fig. 2, was de-
surface with a laser and used optical localization systems t8igned to contain a wealth of surface and fiducial point in-
triangulate the depth of the laser spot. Furuskiral** have  formation that could be highly localized in many modalities.
used range scanners to detect ridgelines in liver phantoms fgthe liver model in Fig. 2 was constructed with palyim-
registration purposes. In other phantom studies, Sitl”®  ethy)) siloxane(rubber silicongto represent our test surface.
registered range scanner data with texture mapped video ineflon sphere¢Small Parts Inc., Miami Lakes, Blserved as
formation to MR volumes using the simulated cortical sur-point-based fiducials for our experiments. The spheres were
face vessel patterns. precisely machined to 12.70 mm with a 28 tolerance. To

We present accuracy studies characterizing the ranggbtain fiducial point data from the range scans, centroids of
scanner’s ability to capture organ shape. Registration to tothe sphere were calculated with a geometric fitting of the
mographic image data and optical localization methods techsphere using a least squares method, as proposed by Ahn
niques are implemented to determine the ability for rangeet al>* An example of the results from the sphere fit is
scan data to be used accurately with common image-guideshown in Fig. 3, where the range scan points have been over-
surgery components. Additionally, the range scanner is useldid on top of the sphere obtained using the fitting process.
to observe deformation in an organ phantom. Finally, weAdditionally, the model liver and spheres were placed on a
present some of our initial experiences with the use of thé?lexiglas® base that had been painted black. The black paint
laser range scanner in a clinical setting. absorbs a majority of the laser light illuminating the base,
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nally, the ability to track objects in space as they move
throughout the scanner’s field of view was tested. After each
sphere was acquired from the range scan image, the surface
of each sphere was collected using a probe that was localized
in physical space using an infrared optical came@d-
TOTRAK 3020, Northern Digital, Waterloo, OntajioThe
OPTOTRAK system has an RMS accuracy of 0.1 mm, with
a resolution of 0.01 mr¥ After each sphere was acquired in
the scene, the phantom was manually moved away from the
range scanner. Three sets of sphere data were acquired with
the range scanner and the OPTOTRAK; all three sets were
positioned at varying depths from the range scanner. Dis-
tance measurements were calculated between each fiducial in
_ one data set and its corresponding position when the phan-
tom was placed at a different depth. Distances measured us-
Fic. 2. The imaging phantom consists of a model organ surface as well af1g range scan data were compared to the results achieved

white Teflon balls used as fiducials. To eliminate unwanted data, the base af/ith the OPTOTRAK localization system.
the phantom has been painted black so there will not be enough signal for

the range scanner to calculate depth at that point, making the surface and . .
fiducials easier to identify. D. Registration

—

I
!
!
i
i

A set of experiments was performed to test the ability to

. . . o register range scan data with CT image data using point and
and the reflected light signal is so small that it simulates an ) : . .
S surface based information. The phantom was imaged using a
infinite distance. As a result, no range scan data of the base

acquired, making the phantom liver and the spheres muc scanner(Mx8000—Phillips Medical Systems, Bothell,
a " ng P P /A). While the phantom remained on the imaging gantry
easier to identify.

after volume acquisition, range scan images were taken.
_ o Point-based registrations with the sphere centroids as fidu-
C. Point-based localization cials were achieved using Horn’s quaternion mefficd

To determine the scanner’s accuracy in acquiring spatiaf©lVe the singular value decompositidBVD), as well as a
surface information, three sets of localization experimentgnedification which allows for incorporating a similarity
were performed. The first experiment investigated the scarffansform with an isotropic scaling fact%ﬁ‘r.The use of a
ner’s ability to acquire images of the sphere with respect tecaling factor is explained further in the “Discussion” sec-
the scanner’s field of view. A sphere was placed on a transion- _Surface based_reglstratlons_ were performed using the
lation stage and repeatedly scanned while varying depth. THéerative Closest PointICP) algorithm postulated by Besl
next set of experiments attempted to test the repeatability Gnd McKay?® altered to usek-d dimensional trees to de-
the scanner output. A total of ten range scans were takeffease search timi¢=" Landmarks on the surface phantom
while holding the phantom and range scanner fixed. IdeallyVere used to obtain an initial transformation for the ICP

the centroid of each sphere should remain unchanged. Fineéthod. ICP minimizes the mean surface residual error,
which is the mean distance between each point in the source

dataset and its corresponding closest point in the target
dataset. One point-based landmark, the head of a nylon
screw that secured the liver phantom to the base, was not
P TE used in either registration process. It served as a target for
& ' R AENL error analysis of the registration. For the surface registration
Sl b results, the Teflon balls also served as targets, since they
% RV o were not used to determine the transformation in the surface
A S R s registration process.

- se¥lEy
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| SN One of the foundations of image-guided surgery is the
] T Lo establishment of a registration between image space and
a o physical space. By incorporating a range scanner into the

system, a third coordinate system has been introduced. In

order to interpret geometric data from the laser range scan-

e s A e of the soherefitting alaorithm. The biack dot ner, it is critical that the range scanner can be tracked in
s o g e v e vaRysical space. Tracking i accomplished by defining a co-
this data. If a point is completely visible, then it lies outside the sphereOrdinate system for physical space with the OPTOTRAK op-
surface. Points inside the sphere are partially or completely obscured.  tical localization system. A star-shaped rigid body embedded

b

Medical Physics, Vol. 30, No. 7, July 2003



1674 Cash et al.: Laser range scanning in image-guided liver surgery 1674

® ® ® OPTOTRAK

Camera
OPTOTRAK X
Emitter ‘J—r star
(updated)
~ star—opto OPTO:TRAK
T dixed) Emitter

range-star

/ }X(’pw
R&ng SCaHner }, T

range-opto

ange

Fic. 4. The calibration process used to determine the transformation
(Trange-stat between the range scannet,{,,d and the attached rigid body
(Xsta)- Once this transformation is known, range scanner points can be
transformed into physical space, since the OPTOTRAK is always outputtings,; 5 The calibration phantom with an optical probe and its 3 mm spheri-
the transformation between the two emitteT.opq - cal tip placed in the divot of one of the nine white disks.

with infrared emitting diodegIREDS) was attached to the range scanner position, the calibration transformation matrix
range scanner. This rigid body was calibrated and recognizeBiange-staCan be determined.
by the OPTOTRAK localization system, so that its position To test the calibration process, multiple trials were under-
and orientation could be established in real-time. taken and compared against each other to determine the ac-
The tracking setup is shown in Fig. 4. Points in rangecuracy and repeatability of this protocol. In between each
scanner spaceXpnge are transformed into the physical trial, the range scanner was moved out of the scene contain-
space,Xopto, by determining two intermediate transforma- ing the phantom and then returned approximately back to its
tions. The first transformation is between the range scann@riginal position, in order to mimic the data acquisition pro-
and the star-shaped rigid body attached toTifngestar A~ C€SS during surgery; however, for all trials the calibration
calibration process, described below, is needed to determirghantom was held fixed in relation to the OPTOTRAK co-
this transformation, which remains constant as long as therdinate system. The calibration procedure was performed
star-shaped emitter remains rigidly fixed to range scanner iand a calibration transformation matrik nge-siarWas ob-
the same position. The second transformation is between tHained for each trial. If the calibration transformation matrix
star-shaped rigid body, and the reference emitter that servegas accurate, then new range scan data acquired at a new
as the origin for the OPTOTRAK coordinate system,position in space should ideally result in identical physical
Tstar-opte THis transformation is handled by the OPTOTRAK space locations as those acquired during calibration. For each
system, and it is refreshed at a rate of 40 Hz. set of trials, one was designated as the calibration trial, and
A calibration phantom was designed for the process othe others were designated as test trials. Range scan data
determining the transformatiom,ange.starbetween the star- from the test trials was transformed into physical space using
shaped emitter and the range scanner. The calibration phahq. (1);
tom consisted of nine white disks of radius 9.53 mm located
on nine separate black platforms. At the center of the disk
was a 3 mmhemispherical divot. When placing the 3 mm  The calibration trial was responsible for providing the
ball tip of a tracked surgical probe in the divot, the centroidcalibration transformation matrif;ange-star While Tsiaropto
of the tip will be localized near the center of the white disk. was used from a test trial, since it represents the position of
Figure 5 shows an optically localized probe with its sphericathe range scanner in physical space for that particular trial.
tip located in the divot. The result from this transformation was compared to the ac-
The first step in calibrating the range scanner for trackingual physical space data acquired from the localization sys-
in physical spacéi.e., OPTOTRAK spaceis to establish a tem. Every trial was selected once as the calibration trial so
transformation between range scanner space and physid&@t all the calibration results could be examined.
space Trange-opdy While the range scanner is held at a fixed
position. This transformation is achieved through a point-F Deformation effects on registration
based registration between the centroid of each disk acquired g
from the range scanner, and the nine corresponding divot One important aspect to developing an IGS platform for
locations from the OPTOTRAK probe. Once this transforma-liver surgery is to understand the effects of soft-tissue defor-
tion is known, the position and orientation of the rigid body mation on registration accuracy. Within the neurosurgical
emitter attached to the range scanner is ascertained by quesntext, soft tissue deformations have been show to compro-
rying the OPTOTRAK system, which gives the transforma-mise IGS fidelity’®*° To date, a systematic study of liver
tion Tsiaropto USING Trange-opto@Nd Tsiaropo@t @ given fixed  deformations and their effects on target localization have not

opto— Tstar—opt(;r range-sta}(range- (1)
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been reported. In this study, realistic liver phantoms are used
to estimate the effects of misregistration due to soft tissue
deformation.

The nondeformed surface phantom was placed on the CT
gantry and imaged. This volume represented our preopera-
tive baseline. After imaging, a range scan of the nonde-
formed liver phantom was acquired. Two more sets of CT "
and range scanning were obtained while deforming the phan-
tom surface in two separate areas, resulting in three CT im-
age sets and three range scanner point clouds. A cylindrical
object of height 3.7 cm and radius 7.5 cm was placed under-
neath the organ phantom to cause the deformation. This de-
formation was intended to mimic the physical manipulation
and repositioning of the mobilized liver during a surgical
procedure. In the first scan, the object was under the left
lobe, and in the second, it was located under the junctiom. 6. (Top left) Digital photograph taken of the operating scene from the
between segments Il and 1V, as defined by the Couinaudiewpoint of the range scanne(tpp right range scanner setup in the OR;

segmental anatomy of the liv&.The rest of the organ is and(bottom) laser range scanner output showing a textured point cloud from
. the liver surface.

held in place with a screw, which has been inserted into the
base, allowing a portion of the organ model to deform while
the rest stays relatively fixed. The initial phantom studiespatient’s breath is held while any range data or physical
examined the effects of deformation on an ICP-based rigigpace data using a freehand probe is acquired. An initial
registration algorithm. A registration between nondeformedransformation is achieved using anatomical landmarks, and
and deformed data was calculated. Six mock tumors, conthe surface registrations are performed. The setup of the
structed out of Styrofoam, were inserted into the siliconerange scanner in surgery, along with the video and point
organ model before it solidified. These mock tumors wereputput of the range scanner from this case, is shown in Fig.
spherical in shape with a radius of 11.0 mm. The tumors.
centroids served as targets for this registration. Both tomog-
raphic data and range scan data of the deformed phanton. RESULTS
were used to determine the effectiveness of ICP in this re- o .
gard. A. Localization experiments
It is imperative that the range scanner provides enough Using a translation stage, the depth of the ball in scanner
intraoperative surface data to correctly discern organ deforspace was varied between 300 and 475 mm. This depth range
mation. If the transformation resulting from range scan datahould be similar to the level of access during the surgical
is similar to results using tomographic data, then the rang@rocedure. Figure 7 shows the changes in the parameters of
scanner should be capturing enough surface information fathe sphere resulting from the fit with respect to depth. As the
this task. All range scan data is first transformed into CTdepth of field increases, the radius holds relatively constant
space, so that all data are aligned in the same coordinatg a value 0.2 mm larger than the machined value, while the
system. Two registrations between deformed and nondeesidual fitting error increases.
formed data are performed: one using range scan data and In the repeatability experiments, the phantom was
one using tomographic data. The deformed range scan datagsanned 10 times, and for each scan, the 7 spheres were
transformed into nondeformed space using both of thesextracted and the centroid calculated. From the ten centroid
transformations. Since the same point set was transformesieasurements, a mean centroid position was calculated for
twice, it has generated two new point sets with a one-to-oneach sphere, and the distance error between each individual
correspondence. The distance between corresponding poirgphere measurement and its respective mean centroid posi-
is calculated in order to determine the similarity between thaion was calculated. The resulting mean centroid error over
two transformations. 70 individual sphere measurements was €.0803 mm,
with the maximum mean centroid error being 0.25 mm.
Three sets of data were taken for tracking experiments
with the phantom, designated as near, middle, and far based
Institutional Review BoardIRB) approval has been ob- on their depth from the scanner. The depth range of each
tained at Vanderbilt University for the acquisition of range point cloud was 493.1-691.0 mm for the near set, 654.1—
scan and optical localization data during surgical procedure833.7 mm for the middle set, and 837.1-1035.6 mm for the
on the liver. Once informed consent has been obtained anfdr set. The middle and the far sets are located at distances
the preparation for surgery is underway, the range scannenuch farther away than will be used during surgery. Table |
and star-shaped emitter are mounted to a surgical arm. Thighows the results from the tracking experiment. The mean
surgical arm can be swiveled into the scene so that the ranglistance that each sphere traveled between acquisitions is
scanner is approximately 1 to 2 feet away from the liver. Thevery close in both modalities. Since the phantom was not

G. Intraoperative acquisition
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Fic. 7. The radiudleft graph and the error residudtight graph resulting from the sphere fit as a function of the depth in the scanner’s field of view.

placed on a translation stage, moving the phantom by hand Using the conventional rigid point-based registration tech-
resulted in a slight rotation, causing some spheres to move@que, FRE was 2:21.3 mm. However, when an isotropic
shorter distance than others. This is represented by the stagealing factor was introduced in order to obtain a similarity
dard deviation in the first two columns. The mean differenceransform, the FRE dropped to *D.8 mm. The nylon
between each individual sphere distance is less than 0.5 mgtrew head, securing the silicone organ model to the base,
for the two subset motions, and 0.75 mm for the entire mowas not used in the registration, served as a target in 11 of

tion. the registrations. The resulting TRE from the point-based
registration was 1.F¥0.5 mm for rigid and 1.80.5 mm
B. Registration experiments when scaling was allowed.

The results from point-based and surface-based range 1he closest corresponding metric to FRE for ICP-based
scanner registration experiments on phantoms are shown ftfface registrations is the mean residual error, since both
Table II. Point based registration between CT images of th€€rve as cost functions to be minimized in the registration
phantom and the respective range scans were acquired usiREPCESS. The mean surface residual error is the mean distance
the white Teflon spheres. A total of 17 point-based registrab€tween every point on one surface and its corresponding
tions were performed, using 7 spheres as fiducials in eacflosest point on the other surface. For the six registrations
registration. Fiducial registration errfRE) and target reg- Performed with the organ phantom, the mean residual was
istration error (TRE) as defined by Maurer, Fitzpatrick 0.75-0.07mm using rigid transformations and 0.65
et al*! are used to determine the accuracy of the point-based 0.04 mm when incorporating the similarity isotropic scal-
registrations. These measurements are the root mean squdéitg factor into the ICP algorithm. For the surface-based reg-
(RMS) distances between corresponding landmarks afteistrations, there were two sets of targets. One target was the
implementing the transformation. FRE is calculated fromsame nylon screw head that was used as a target in the point
points (fiducialg that were used in the registration, while registrations. The other set of targets were the Teflon spheres,
TRE uses points independent from the registration processsince they were not used at all during the ICP registration.

TaBLE |. Tracking experiments. The first two columns represent the mean distance that each corresponding ball

moved between trials. The last column presents the difference between the range scanner and OPTOTRAK
distance measurements of corresponding fiducials. The depth range spanned most of the scanner’s working field
of view, with a minimum depth of 493.1 mm and a maximum of 1035.6 mm.

Difference of
corresponding fiducial
distances between range
Mean distance of fiducial movement between sets scanner and OPTOTRAK

Range scan, mm OPTOTRAK, mm (max
Near to middle 154.80.6 154.0-0.4 0.4+0.2 (0.8
Middle to far 220.75.7 220.75.6 0.4+0.3(1.0
Near to far 374.65.4 374.6-:5.2 0.8-0.6 (1.7
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TaBLE Il. Registration results of range scan data to CT datgan phantomand physical space datealibra-

tion phantom. Target sefa represents a nylon screw head on the liver’s surface. Targéb)sstfers to the
peripheral Teflon spheres that were used as fiducials in the point-based registration but were not used in the
surface registration. Target 4e} are points on the calibration phantom not used as fiducials. For each of the 12
trials, there were 126 unique combinations of five fiducials and four targets.

FRE (points/
Registration Residual(surface,
Phantom Scaling method mm TRE, mm
Organ Rigid Point 2.21.3(6.0 (8 1.7-0.5(2.5 n=11
n=119
Organ Similarity Point 1.£0.8(3.5 () 1.8£0.5(2.7 n=11
n=119
Organ Rigid Surface 0.750.07(0.83 (a) 2.0+0.6(2.7) n=6
n=6 (b) 4.1+1.7(8.1) n=42
Organ Similarity Surface 0.650.04(0.70 (@) 2.4+0.5(3.0) n=6
n=6 (b) 3.6+1.7 (7.2 n=42
Calibration Rigid Point 1.0:0.6 (3.9 (c) 1.4+0.7 (4.9
phantom n=7560 n=6048

The resulting TRE’s were 2:00.6 mm for the screw head error. CT tomographic volume contours were acquired for
and 4.1-1.7 mm for the spheres using a rigid transforma-the entire surface, while range scanner data only originated
tion; when using the similarity factor, these values were 2.4rom surface points available to the scanner’s line of sight.
+0.5mm and 3.6 1.7 mm. For the phantom, the range scanner covers approximately
Point-based registrations were also performed on the calP2% of the entire surface area of the phantom.

bration phantom between range scanner space and physical Table IV shows the target registration error of the mock
space as defined by the OPTOTRAK optical localization syssubsurface tumors. The position of the tumors in relation to
tem. This registration serves as the initial step for the calithe liver phantom is shown in Fig. 8. For each deformation,
bration procedure that is discussed in the “Tracking” portionthe first column represents the distances between correspond-
of the Methods and Results sections. There are nine poini§g tumor centroids after the initial alignment used before
extracted from the calibration phantom that are used for agCP. This distance represents shift due to deformation. The
sessing the accuracy of the registration. The nine points argecond column shows the distance between corresponding
separated into 5 fiducials and 4 targets. Every combination i#!mor centroids after performing a registration with ICP be-
used with each data set, resulting in 126 unique combinaween the deformed CT image contours and the nondeformed
tions for every trial. Overall there were 12 registration trialscontours. The third column represents the distance between
with the calibration phantom. The resulting FRE for thesetumor centroids after registering the deformed range scan
experiments was 1:00.6 mm, and the TRE was 1.4 surface with the nondeformed CT surface using the ICP

+0.7 mm. method. Overall, the target error decreased significantly after
the rigid registration, especially for tumors very near the site
C. Tracking experiments of deformation, such as tumor 1 in the first deformation trial

) and tumor 4 in the second trial. Figure 9 shows a nonde-
Atotal of 8 trials were performed to test the robustness ofqrmed and a deformed contour set from a segmented CT

the calibration proc_edure, with five trials being performed iNimage, before and after registration. There are a few cases
one set and three in a second set. The data generated a total
of n=236 points for the first set of triald data points for
each trial and 4 test trigland n= 18 points for the second TasLE lll. Tracking results for the calibration phantom. Each trial served
set of trials(9 pOiI’ltS 2 test tria[)s Table Il shows the results once as the calibration trial, and all other trials in the set were transformed

. X . . . sing this trial’s calibration transformation matrix and compared against the
from the trackmg experiments. Every trial was d_eS|gnatedghysical data obtained from that trial.
once as the calibration trial, and all other trials in the set

were compared to the data acquired in the calibration trial.  Calibration

Overall, points on the phantom were tracked with an error of trial Samples Tracking error, mm
1.4+0.8 mm. 1 36 1.3-0.5(2.4)
2 36 1.0:05(2.3
D. Deformation experiments 3 36 16-1.0(4.3
4 36 1.1-0.6 (2.5
For the deformation experiments, approximately 120,000 5 36 211.03.7
points were acquired from each segmented CT surface, and 3 ig 1-;8-28-2
40,000 points of the liver surface were acquired with the 8 18 1:&0:6(2:2)

range scanner. The number of range scanner points repre- o qral 234 1.408(4.3
sents the sample size for calculations of the surface residuat
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TasLE IV. Target registration results from deformation experiments. Six subsurface mock tumors were used as

targets.
Deformation # 1 Deformation # 2
Surface Surface

Initial Registration  Registration Initial registration  registration

Tumor deformation CT range scan  deformation CT range scan
1 46.83 mm 6.98 mm 3.81 mm 12.89 mm 2.39 mm 2.93 mm
2 33.65 mm 4.92 mm 3.69 mm 8.71 mm 0.74 mm 0.88 mm
3 11.48 mm 7.42 mm 6.43 mm 5.30 mm 0.71 mm 0.60 mm
4 5.96 mm 5.82 mm 6.20 mm 18.12 mm 4.09 mm 3.97 mm
5 3.67 mm 3.08 mm 6.64 mm 5.09 mm 3.65 mm 3.95 mm
6 4.67 mm 6.26 mm 7.74 mm 10.01 mm 3.39 mm 4.61 mm

(Tumors 4, 5, and Bwhere the target error increased, anderror from the surface registration was 172.43 mm, with
this was due to nondeformed areas being misaligned by thge closest point distances ranging from 0.03 mm to 11.62
rigid transformation in order to minimize the closest pointmm. An overlay of the range scanner data onto CT tomog-
metric, as can be seen in Fig. 9, indicated by the white arraphic volume data is shown using two-dimensional slices in
rows. Fig. 10, and a three-dimensional visualization in Fig. 11.

In Table V, it can be seen that before registration, the
mean closest point distance between the deformed and nop-
deformed state is large, up to 50% of the maximum defor—PV' DISCUSSION
mation. The ICP algorithm, whether using range scan data ok. Surface curvature
CT data, decreases this residual error by 65—78%. The two

registrations can be compared by using each of the reSUItIr]gcanner depends on the correct interpretation of the reflected

transformations to bring the range scan point set representir]%ht patterns received by the CCD array. Any deviations that

deformed data into nondeformed space. The mean distanc ; :
: . . arise from the ideal case lead to error and uncertainty of the
between corresponding points after the transformations w

1.83+0.65 mm for the first deformation trial and 180a3epth measurement. A fundamental limit on accuracy is
+.O 71 rﬁm for the second "7 present due to the use of a coherent light source and the

The accuracy of an optical triangulation-based laser range

E. Clinical data

The first range scanner data of a human liver surface used
in a surface registration was acquired from a 68 year old
female patient, who was undergoing standard surgical resec-
tion for a large primary liver tumor in her right lobe, occu-
pying most of Couinaud segments VI and VII, as well as a
portion of Secs. V and VIII. The scanner acquired a total
28,672 points of the exposed organ surface during a 15 sec-
ond scan. This point set represents approximately 25% of the
surface area of the entire liver. The resulting mean residual

Correction

Fic. 9. (Top) Nondeformed CT contoufwhite) and deformed CT contour
(gray) of a phantom surface aligned by a point-based registration, before
ICP. Notice the significant deformation on the right side of the imé&et-

tom) The two CT contours after implementing the ICP registration method.
Fic. 8. Segmented CT surfaces of the liver phantom and subsurface tumorBlow the right surface nhow matches much better, at the expense of a false
The tumors are labeled in accordance with Table IV. rotation that misaligns the left side of the surface.
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TaBLE V. Registration results from deformation studies.

Trial 1: meants.d. (max Trial 2: meants.d. (max
Residual before registration 15674.30 mm(42.08 4.49+4.09 mm(23.23
Residual after scanner registration 37A.35 mm(16.40 1.58+1.22 mm(16.82
Residual after CT registration 3.62.34 mm(14.37) 1.63+1.32 mm(15.87
Mean corresponding point 1.83+0.65 mm(4.11) 1.80+0.71 mm(3.71)

distance(scan and CT

subsequent introduction of speckle noise. As the laser reflectsrs, along with errors arising from discontinuities in shape
off any optically rough surface, the coherence is lost andi.e., corners and of the index of reflectance. Rather than
photons constructively and destructively interfere with eachdeveloping a model to account for all of these errors, the
other*? However, this limit is usually on the order of 38n,  group changed the method of depth calculation based on the
and does not play a significant factor in range scan error. range scan calculation. Most range scanners calculate the

The most significant component of error is deterministicdepth from centroid calculation for each frame received by
and it depends on the position and orientation of the surfacghe CCD and then discard these frames. By saving every
within the scanner’s field of view. The ideal scenario for frgme and analyzing the centroid patterns over time, some of
accurate data acquisition with a range scanner is for the Sufne deterministic error was corrected.

face to b(;:;splanar anq facing normal to the range Scanner. The changes of surface depth and projection angle play a
Fenget al.™ characterized three parameters that defined thigenra| role in the registration error of our studies. Given the
error. The f|'rst parameter was the depth. of the surface in thg,{ that the spheres have a high rate of curvature with re-
scanner’s field of view. As the depth increases and morgne .t (4 the field of view of the laser range scanner, there will

attenuation is present, 'Iocal|zat|on pecomes more dIffICUItbe significant errors in calculating the depth that cause the
The second parameter is the angle in the scanning plane bg

o pher r larger than i | radius. As a result, th
tween the incident laser beam and the surface normal, knowrP ere to appear larger than its actual radius. As a result, the

e . . osition of the fiducial spheres in the range scans appears to
as the incident angle. Many range scanning systems, mclu%e farther away with respect to the centroid of the fiducial
ing the one used in this study, sweep a defocused laser line y P

across the field of view. As a result, the laser will never beconﬁguratlon, as seen in Fig. 12. Thus, an isotropic scaling

completely normal to the surface for the duration of the scan]ia(:tor was employed to account for the "bloom™ effect.

Since this is a property of the laser scanning system, almogllowgver, while_ the scaling_ factor improved the fiducial reg-
all range scanners have been calibrated to account for tH&Uation error, it had very little effect on the target error.
change in incident angle. The third error parameter is the 1€ surface registration methods were able to align the
projection angle, defined as the out-of-plane angle betweeft"faces with a high degree of accuracy, and they were able
the surface normal and the scanning plane. Any changes & gllgn the central target to a comparable accuracy with the
discontinuities in surface shape changes the projection anglBoint-based methods. However, the target registration errors
and results in distortions of the received light pattern. were much higher for the Teflon spheres. These points were
Feng constructed a carefully designed experiment ifP" the periphery of the scene and farther away from the
which a plane attached to a sphere was repeatedly scannégntroid of the organ. Thus, any slight changes in the rotation
The projection ang|e and scan depth was held constant f&{eated a lever arm effect with respect to these targets. The
each scan, and then adjusted by changing the incline of thigplementation of a scaling factor within the ICP algorithm
plane-ball apparatus or the depth of the scanner. Based @iso did not play a very significant role in target accuracy.
these scans, a large amount of the error resulting from the Similarity transformations, which incorporate an isotropic
surface depth and the projection was quantified and modelegcaling factor into a point-based registration, seem desirable
Once the model was created, an iterative scheme was deveiince they will not require a lengthy calibration procedure.
oped to correct for the error arising from these paraméfers. However, the scaling factor loses much of its effectiveness
Curlesset al*® developed a method to account for these erwhen two surfaces with different shape are part of the same

Fic. 10. Range scan data registered to
and overlaid on the preoperative to-

mographic sets. From left to right, the

slices become more superior. The large
primary tumor can be seen in the right

image.
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Fic. 11. CT to range scanner registration of clinical trial data. The dark ©
points indicate that the range scanner points are outside the CT surface an&’_’
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registration. Our fiducial spheres have a high degree of cur-
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vature over a small area and thus the error due to projection " o = . = s T+

angle will be much greater than compared to the more planar Horizontal Scanner Position {(mm)
surface of the liver phantom or the calibration phantom.
Since the scaling factor is optimized for the error associateE'G' 12. Observed “bloom” in the fiducial configuration. Notice how all the
. L . . . scanner fiducials are further away from the centroid than the CT fiducials.
with the spheres, it will not aid the overall registration accu-
racy for the organ surface. As a result, a calibration proce-

dure, not unlike those seen in Refs. 45 or 43 will be ”eede‘écquisition time is held constant. Only 800 points can be
to better account for the systematic error. collected by the freehand probe in the same duration as one
To obtain a better assessment of the accuracy limits remnge scan. 800 random points from the range scan data are
garding registration between the range scanner and other M@ajected to keep the number of points equal. While the range
dalities, results from the calibration phantom should be exgcanner sampling is so robust that no change is noticed in the
amined. From Table II, the FRE and TRE results from theyegistration residual error, there is a significant change in the
rigid registration of the calibration phantom are comparabl&reenand probe results. The surgeon cannot move the probe
to those obtained with a similarity transform of the organfagt enough with the needed accuracy to sample the surface
phantom. The two factors for the decrease in registratioys well as the range scanner. While all the registrations in
error with respect to the phantom are the implementation ofhese tables appeared to result in similar transformations,
planar fiducials and targets as well as the smaller region ofese studies do not include all the variables and sources of
the scanner’s field of view that the calibration phantom oc-grrgor that will be encountered during a real surgical proce-
cupies. In both cases, these changes reduce the amount @fre. The variations to the system could cause the ICP algo-
error caused by the projection angle. rithm to reach a local minimum and result in an improper
Despite these considerations when analyzing the datgygistration. It appears that the range scanner’s dense sam-

from the range scanner, its potential to acquire useful thregsling and rapid acquisition seem better suited to correct for
dimensional information for image-guided surgery is over-these problems.

whelming. In contrast to surface acquisition methods with a
freehand probe, the laser range scanner provides rapid acqui- .
sition, dense sampling, and does not require contact. The’ ICP and deformation

freehand probe, localized by the OPTOTRAK system, ac- Overall, the ICP method significantly diminished target
quires new point data at a rate of 40 Hz. Table VI shows theegistration error due to deformation by distributing this er-
comparison for a surface registration of a phantom where theor across the entire surface through its minimization process
number of range scan and freehand probe points are roughbf the closest point metric. However, it also added error in
equal. The freehand probe takes 6 minutes to the 21-secostme areas where there was very little or no deformation. In
acquisition time of the range scanner, and the error residudig. 9, the bottom image shows that most of the deformation
is twice as large for the freehand probe. In Table VII, theon the right side has been corrected. However, on the left

TaBLE VI. A comparison of surface acquisition using the freehand probe and the range scanner. The range
scanner takes significantly less time to acquire the data and results in smaller error residuals.

Acquisition Initial guess Registration Mean distance, mm
Data type Points time FRE time (max)
Freehand 12870 360 sec 7.15 mm 36 sec (0:90.95(10.95
probe
Range 13054 21 sec 5.02 mm 37 sec 048.42 (4.55
scanner
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TasLE VII. A comparison of surface acquisition using the freehand probe and the range scanner. The number of
scanner points was randomly down-sampled to match the number of points acquired by a freehand probe in 20
seconds. The resulting residual actually improves.

Acquisition Initial guess Registration Mean distance, mm
Data type Points time FRE time (max)
Freehand 797 20 sec 7.15 mm 15 sec 123.22(8.21)
probe
Range 804 21 sec 5.02 mm 13 sec 0:40.40(3.09
scanner

side of the surface, there is some new misalignment from tha large component of error that is dependent on the position
rotation and translation of the rigid registration. It would be and orientation of the target surface within the scanner’s field
at these areas where deformation would be exhibited in thef view. Calibration and correction algorithms are currently
finite element model. Overall, the accuracy obtained in thesbeing examined, but for most of the surgery studies that will
phantom studies is comparable to what will be needed irbe performed, the target surface will lie relatively planar
tumor resection of image-guided liver surgery. In order towithin the ideal region of the scanner’s field of view. The
obtain this level of accuracy in a clinical setting, there is arange scan data is best suited for surface based registration
strong likelihood that the metric used in the ICP algorithmtechniques since it captures entire surfaces with great detail.
will need to be altered, so that false, nonexistent deforma-

tions that can arise from a rigid registration will not be

present. Possible solutions include weighting each close@CKNOWLEDGMENTS

point calculation according to an addition metric. This work was supported in part by the NIH R21 Grant
One of the goals for using range scanner data is to captuQo. CA 91352-01. The authors would like to acknowledge
and correct for deformation during surgery. To be effective,Ting Herron, Nita Collins, and the rest of the CT staff in
the range scanner must accurately acquire shape informganderbilt University’s Department of Radiology for their
tiOI’I that can be Used effeCtively in deformation Compensaaid in acquiring tomographic images of the phantom and the
tion strategies. The ICP algorithm, between deformed angatient. In addition, the authors would like to thank
nondeformed surface data, results in similar transformationgtephanie Cook and Karin Mayes of the Vanderbilt Univer-
whether using tomographic volume data or range scan datajty Hepatic Surgery Nursing Team for their aid and patience
The transformations place the point sets very close, with gjth regards to acquiring intraoperative data. Assistance in
mean distance between the corresponding points of less tha@nstructing the phantoms was provided by John Fellenstein

2.0 mm. and Robert Patchin from the Department of Physics, and Phil
Davis from the School of Engineering. Some segmentation

C. Intraoperative acquisition /surface registration and calculation were performed using Analyze AVW Version

metric 3.1—Biomedical Resource, provided in collaboration with

From the above studies, it has been shown that the posite Mayo Foundation, Rochester, MN. Finally, the authors
tion and orientation of the target surface with in the scanner'gvould like to acknowledge 3-D Digital Corporation for their
field of view plays an important role in the accuracy. In fact, technical support and training regarding their laser range
there has been a definite region that has been consideréganner.
ideal for accurate scanning. This area is located in the centraaEI o mail. d h@vanderbitted

: ’ : H ectronic mail: dave.cas! vanderbilt.edu
portion of the S(,:anner S Tleld of ,VI(?W’ 300-500 mm away. In 1D. J. Engle and L. D. Lunsford, “Brain tumor resection guided by intra-
orde_r to determine the hlghegt limits of accuracy, most of the gperative computed tomography,” J. Neuro-Onebl361—370(1987.
studies were performed in this area. It will also be the loca- 2C. Nimsky, O. Ganslandt, H. Kober, M. Buchfelder, and R. Fahlbusch,
tion where the calibration phantom and the surgical scene ‘Intraoperative magnetic resonance imaging combined with neuronavi-
: : : : - - gation: a new concept,” Neurosurge#y3, 1082—10892009).

will be_z Ipcated. Using th_e callbrat|(_)n phantom and its precise 3p. M. Black, T. Moriarty, E. Alexander IIl, P. Stieg, E. J. Woodard, P. L.
machining, further studies are being performed to employ @ Gieason, C. H. Martin, R. Kikinis, R. B. Schwartz, and F. A. Jolesz,

calibration procedure similar to the one developed by*Xi. “Development and implementation of intraoperative magnetic resonance
imaging and its neurosurgical applications,” Neurosurgéty 831—-842
(1997.
V. CONCLUSION 4T. Kaibara, S. T. Myles, M. A. Lee, and G. R. Sutherland, “Optimizing
; ; i iy epilepsy surgery with intraoperative MR imaging,” Epilep€ia, 425—
The range scanner is an effective tool for acquiring rapid 4292002,

thre_e—dlm(_ansmne_ll location data. It can be used_ effectively t0sg « 'yrjana, 3. P. Katisko, R. O. Ojala, O. Tervonen, H. Schiffbauer, and
register with CT image volumes, using both-point based and J. Koivukangas, “Versatile Intraoperative MRI in neurosurgery and radi-
surface-based methods. It can also be tracked with an optical ology.” Acta Neurochir.144, 271-278(2002.

ot ; ; ; : 5M. Ferrant, A. Nabavi, B. Macg, F. A. Jolesz, R. Kikinis, and S. K.
localization system. Studies with the calibration phantom L eI o JESE ’ .

. . . . Warfield, “Registration of 3-D intraoperative MR images of the brain

show that registration and tracking errors are c0n5|stent!y using a finite-element biomechanical model,” IEEE Trans. Med. Imaging
less than 2 mm. However, there are some concerns regarding20, 1384-13972002.

Medical Physics, Vol. 30, No. 7, July 2003



1682 Cash et al.: Laser range scanning in image-guided liver surgery 1682

7C. R. Wirtz, V. M. Tronnier, M. M. Bonsanto, M. Knauth, A. Staubert, F. 2°G. Szekely, C. Brechbuhler, R. Hutter, A. Rhomberg, N. Ironmonger, and
K. Albert, and S. Kunze, “Image-guided neurosurgery with intraoperative ~ P. Schmid, “Modelling of soft tissue deformation for laparoscopic sur-
MRI: Update of frameless stereotaxy and radicality control,” Stereotact gery simulation,” Med. Image Ana4, 57—66(2000.
Funct Neurosurg68, 39—43(1997). 26M. A. Audette, K. Siddigi, and T. M. Peters, “Level-set surface segmen-
8M. Bernstein, A. R. Al Anazi, W. Kucharczyk, P. Manninen, M. Bron-  tation and fast cortical range image tracking for computing intrasurgical
skill, and M. Henkelman, “Brain tumor surgery with the Toronto open  deformations,” in Ref. 13, pp. 788—797.
magnetic resonance imaging system: Preliminary results for 36 patient$’A. Raabe, R. Krishnan, R. Wolff, E. Hermann, M. Zimmermann, and V.
and analysis of advantages, disadvantages, and future prospects,” Neuro- Seifert, “Laser surface scanning for patient registration in intracranial
surgery46, 900-907(2000. ‘ image-guided surgery,” Neurosurgesy, 797—-801(2002.

°C. R. Wirtz, M. M. Bonsanto, M. Knauth, V. M. Tronnier, F. K. Albert, A. 28N Furushiro, T. Saito, Y. Masutani, and I. Sakuma, “Specification
Staubert, and S. Kunze, “Intraoperative magnetic resonance imaging to method of surface measurement for surgical navigation: Ridgeline based
update interactive navigation in neurosurgery: method and preliminary organ registration,'Medical Image Computing and Computer-Assisted
experience,” Comput. Aided Sur@, 172-179(1997. Intervention Miccai'02, 2002, Vol. 2489, pp. 109-115.

'M. Knauth, N. Aras, C. R. Wirtz, A. Dorfler, T. Engelhom, and K. Sartor, 29Tk Sinha, D. M. Cash, R. J. Weil, R. L. Galloway, and M. I. Miga,

“Surgically induced intracranial contrast enhancement: potential source «coriical surface registration using texture mapped point clouds and mu-
of diagnostic error in intraoperative MR imaging,” Am. J. Neuroradiol. 4] information.” in Ref. 28. 2489 pp. 533-540.

1, 20 1547-15531909. 303D Digital Corporation, “RealScan USB Brochure,” 2001.
R. D. Bucholz, D. D. Yeh, J. Trobaugh, L. L. McDurmont, C. D. Sturm, s1g 3 apn. W, Rauh, and H. J. Warnecke, “Least-squares orthogonal dis-

C. Baumann,_ J‘_M' Henderson, A. Levy, and P. Kessman, “T_he correctipn tances fitting of circle, sphere, ellipse, hyperbola, and parabola,” Pattern
of stereotactic inaccuracy caused by brain shift using an intraoperative Recogn 34, 2283-23032002

ultrasound device,” Cvrmed-Mrcas’97, 1997, Vol. 1205, pp. 459-466. 32 L w . L R )
; Northern Digital Inc., “OPTOTRAK—Technical Specifications,” http://
12 “
R. M. Comeau, A. F. Sadikot, A. Fenster, and T. M. Peters, “Intraopera- www.ndigital.com/optotraktechnical.html, 2002.

::\éirlégizztrj;? |\f/|oe: dgu';(tj]?/ngc; ?ggflgssg(ezosgcl)ﬂ correction in image-guided 33B. K. P. Horn, “Closed-form solution of absolute orientation using unit
13 o ) ’ L ) quaternions,” J. Opt. Soc. And, 629—642(1987).
D. G. Gobbi, R. M. Comeau, and T. M. Peters, “Ultrasound probe track 34p, H. Schmemann and R. M. Carroll, “Fitting one matrix to another

ing for real-time ultrasound/MRI overlay and visualization of brain under choice of a central dilation and a rigid motion,” Psychome®§a
shift,” Medical Image Computing and Computer-Assisted Intervention 245-255(1970 9 n sy

Miccai'99, Proceedings, 1999, Vol. 1679, pp. 920-927. 35 B ) ) N
A, Gronningsaeter, A. Kleven, S. Ommedal, T. E. Aarseth, T. Lie, F. ﬁéé"zl?res' an(li Ntt - XCkFy,\’A Ahmlet?o]ld‘lfozrsgeglzsstgailgg D shepes,

Lindseth, T. Lango, and G. Unsgard, “SonoWand, an ultrasound-based, rans. Fatterm Anal. Mach. Intess, e ( 2.
Z. Y. Zhang, “lterative point matching for registration of free-form

neuronavigation system,” Neurosurgety, 1373-13792000. curves and surfaces,” Int. J. Comput. VI3, 119-152(1994

15M. A. Biot, “General theory of three-dimensional consolidation,” J. 37 : > p - e
Appl. Phys.12, 155—-164(1941). J. H. Friedman, J. L. Bentley, and R. A. Finkel, “An algorithm for finding

16K D. Paulsen, M. I. Miga, F. E. Kennedy, P. J. Hoopes, A. Hartov, and D. best matches in logarithmic expected time,” ACM Trans. Math. Sdgw.
W. Roberts, “A computational model for tracking subsurface tissue de- 38209‘226(;'-977)- ) ]
formation during stereotactic neurosurgery,” IEEE Trans. Biomed. Eng. = A- Nabavi, P. M. Black, D. T. Gering, C. F. Westin, V. Mehta, R. S.
46, 213—225(1999. Pergolizzi, M. Ferrant, S. K. Warfield, N. Hata, R. B. Schwartz, W. M.
M. I. Miga, D. W. Roberts, F. E. Kennedy, L. A. Platenik, A. Hartov, K. Wells, R. Kikinis, and F. A. Jolesz, “Serial intraoperative magnetic reso-
E. Lunn, and K. D. Paulsen, “Modeling of retraction and resection for __hance imaging of brain shift,” Neurosurgedg, 787-797(2001.
intraoperative updating of images,” Neurosurgé§ 75—84(2002). C. Nimsky, O. Ganslandt, S. Cerny, P. Hastreiter, G. Greiner, and R.
18p 3. Edwards, D. L. G. Hill, J. A. Little, and D. J. Hawkes, “Deformation Fahlbusch, “Quantification of, visualization of, and compensation for
for image guided interventions using a three component tissue model,” brain shift using intraoperative magnetic resonance imaging,” Neurosur-
Med. Image Anal, 355—-367(1998. gery 47, 1070-10792000.
A, Hagemann, K. Rohr, H. S. Stiehl, U. Spetzger, and J. M. Gilsbach,4OC- Couinaud,Le Foie: Etudes Anatomiques et Chirurgical@dasson,
“Biomechanical modeling of the human head for physically based, non- _Paris, 195F.
rigid image registration,” IEEE Trans. Med. Imaging8, 875-884  *'C.R.Maurer, Jr, J. M. Fitzpatrick, M. Y. Wang, R. L. Galloway, Jr., R. J.

(1999. Maciunas, and G. S. Allen, “Registration of head volume images using
20K, Miller and K. Chinzei, “Constitutive modelling of brain tissue: ex- ~ implantable fiducial markers,” IEEE Trans. Med. Imagi§, 447-462
periment and theory,” J. Biomeci80, 1115-1121(1997. (1997.

213 Marescaux, J. M. Clement, V. Tassetti, C. Koehl, S. Cotin, Y. Russier, *R. G. Dorsch, G. Hausler, and J. M. Herrmann, “Laser triangulation—
D. Mutter, H. Delingette, and N. Ayache, “Virtual reality applied to he- ~ fundamental uncertainty in distance measurement,” Appl. @@t1306—

patic surgery simulation: the next revolution,” Ann. SUgp8 627—634 1314(1994.
(1998. “3H. Y. Feng, Y. X. Liu, and F. F. Xi, “Analysis of digitizing errors of a
22M. Bro-Nielsen, “Fast finite elements for surgery simulation,” Stud. laser scanning system,” Precision Engineering - J. Inter. Soc. Precision
Health Technol. Inform39, 395-400(1997. Eng. Nanotechnolog®5, 185-191(2001).
2H. Delingette, “Towards realistic soft tissue modeling in medical simu- *F. Xi, Y. Liu, and H. Y. Feng, “Error compensation for three-dimensional
lation,” Proc. IEEE86, 512—523(1998. line laser scanning data,” Int. J. Adv. Manufacturing Techrid, 211—
24M. Chabanas and Y. Payan, “A 3D finite element model of the face for 216 (2002).
simulation in plastic and maxillo-facial surgeryMedical Image Com- 4B, Curless and M. Levoy, “Better optical triangulation through spacetime
puting and Computer-Assisted Interventiddiccai 2000, 2000, Vol. analysis,”|EEE 5th International Conference on Computer VisiBos-
1935, pp. 1068—-1075. ton, MA, 1995, pp. 987-994.

Medical Physics, Vol. 30, No. 7, July 2003



