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CHAPTER 1

INTRODUCTION

1.1 Background

There are two types of hepatic cancer. The figsé typrimary liver cancer is
commonly referred to as Hepatocellular Carcinom@@j HCC is the seventh most
prevalent cancer and is third among cancer-reldgaths [1]. According to the National
Cancer Institute, there will be an estimated 287@@ cases and 20,550 deaths in the
United States during 2012 from liver and intrahaplaile duct cancer (more than 80%
are HCC-originating from hepatocytes). The prevedemas been increasing at ~3% per
year. The majority of primary liver cancer in theitéd States is due to alcohol related
cirrhosis or fatty liver disease associated witesaty. Demographically across the world,
80% of HCC cases occcur in low resource countHepatitis B & C are high risk
factors. This is more prevalent overseas thanveldped countries like the United States
due to the availability of the Hepatitis B vaccioat Currently there is no vaccine for
Hepatitis C. Malnutrition is also a substantial wdoutor in these areas. There are also
risks associated with parasitic infection and feodtaminated with aflatoxin which
comes from a variety of mold. With current treatingptions, the overall 5-year relative
survival rate for patients with liver cancer is 14Phirty-seven percent of patients are
diagnosed at an early stage, for which five-yeavigal is 26%. Survival decreases to
9% and 3% for patients who are diagnosed at reganhdistant stages of disease,

respectively. [2]



The second type of hepatic cancer is metastatlisease/cancer from another
organ that has spread to the liver. This is whyastetic cancers are classified as
secondary. Colorectal liver metastases are oneeafnain secondary liver cancers. There
are 140,000+ estimated new cases of colorectabcdoc2012 and it is projected that
approximately 60% develop metastatic liver disg¢af&letastatic tumors in the liver
make up approximately three quarters of a treatroemier’'s malignant tumors with
approximately 69% of metastases deriving from @atal carcinoma (CRC) [2, 3]. With
the rising occurrence within the United Stateswaoddwide, the impact on the
healthcare system is substantial. The ability toage and treat the large and growing

numbers associated with primary and metastatic taacer has a large global impact.

Treatment

Liver resection is considered the gold standardreatment of primary and
metastatic hepatic cancer and removal of canceuwngrs [4]. To qualify for liver
resection, a patient must have a limited tumor laad a configuration that can be
resected with adequate margins, while still mamitay a sufficient functioning volume of
the liver [5]. However, only a small portion of atts qualify for resection (~10-20%)
[6]. Due to the complete removal of all canceroel$san that region, resection has very
successful 5 year survival rates (44-50% with mateascolorectal tumors [4]). In terms
of standard treatment, resection is the only opperiormed with a curative intent. The
operative mortality has been shown to be less H8anvith a five to ten day recovery.
While originally only small tumors were consideffed resection, aggressive surgery can

be performed. Especially for metastatic cancerstiphel simultaneous resections can be



considered as a viable therapy (example- colonigedresection) [4]. Either wedge or
anatomical segment resections are performed. Wesgetions remove the tumor and a
surrounding region (2-3 cm). Anatomical resecti@@gmentectomies, involve the
removal of one or more segments based on vasacelatur

The next option for many patients is systemic chiberapy. Like many drugs,
the chemotherapy is not specific to the tumor catld therefore damages many healthy
cells in the process. The median survival ratgédirents with hepatic metastases treated
using chemotherapy is ~18 months (with very low bars beyond three years) [7].
Chemotherapy is not always effective but it hasaghto reduce the size of tumors so the
patient can be considered for resection. Insteatheotherapy being used with curative
intent, it can be used to facilitate surgical tneait.

Although the liver is considered a very robust orghere are many concerns
when dealing with treatment. Resection is a complexedure that involves many
variables. Some of the main considerations invehscular control, the distribution of
tumors in the organ, and sufficient residual livelume (RLV) which all require a highly
trained and specialized surgeon and add a highaitke procedure. The population of
patients that qualify for resection is also veny.loWhile aggressive hepatic resection is
an effective treatment strategy, there is a riskjpiry to the liver parenchyma.
Parenchyma injury can result in impaired regenenagind high risk levels for post-
operative liver failure [8]. For open hepatic rdgat, the abdominal cavity is opened,
creating a large incision with the anterior surfatéhe liver exposed. Understanding and

utilizing the liver anatomy and geometry play aj&role in the success of such complex



procedures. Survival rates can double when exatidgidone well and this is
substantially dependent on the understanding dbamieal boundaries and tumors.
Preoperative planning for the procedure (the pfacuts and portions for removal
during surgery) can also estimate the RLV. The RL¥ key factor in postoperative
complications, recovery, and overall survival. Tiker is the only organ in the body with
the capability to regenerate organ volume. While inbeneficial in surgery because
cancerous tissue can be completely removed witlesatof function, a percentage of
healthy tissue needs to still be present to susitaiand initiate the regeneration process.
This is dependent on many factors, including thteepts overall health. Schingit al.
demonstrated that dysfunction increases signifigaviten RLV drops below 26.6% [9].
Planning allows for optimization of cancerous tsssemoval to minimize recovery time

and provide the least chance of recurrence and locatipns.

Image-guided Surgery

Image-guided surgery (IGS) is surgery that utilizasked surgical instruments in
conjunction with image data (typically taken preiely) to guide the procedure,
giving a surgeon an anatomic relation to the tobte goal of IGS is to use the
preoperatively acquired tomographic images interalstin a surgical setting. The use
of surgical guidance was first developed for treaitrof brain tumors. The concept has
been expanded to other applications including sieg®f the abdomen, including liver
surgery.

Image data, to provide a computational repres@mtati the organ, can be

acquired through many modalities (traditional coteputomography (CT)/magnetic



resonance (MR), MR/CT angiographic data, singléger@mission computed

tomography (SPECT), positron emitted tomographyT(PHiffusion MR imaging,
functional MR, MR elastography, etc.). Computed égnaphy is the standard used in
preoperative imaging of liver surgery and therefergypically utilized in image-guided
liver surgery (IGLS). This preoperative data isretated to intraoperative acquired data
to provide a close to real time representatiomodjaproximate surgical tool location in
reference to the patient’'s image volume. A critmanponent of IGS is the mathematical
mapping, or registration, of the intraoperativesgrgation to the preoperative image data.
Due to the difficulty of this component and the ampon HCC and metastatic patients,
there is active research and development in tree@&reGLS.

While IGS is standard care for brain surgeries aghyaication to abdomen
surgeries involves similar, but different, challesgin any IGS system, the main hurdle
is the development of an accurate registrationrtiecie to map the virtual (preoperative)
image space to physical (intraoperative) space ritiek external fiducial techniques
used in brain surgeries can not be applied asiaal iregistration due to the lack of rigid
structures in the abdomen. Once the body cavibp&n, the morphology of the organ is
affected by differences in pressure, lack of supipgrorgans, gravitational effects, and
surgical positioning. The deformation experiencgdhe liver varies dramatically from
that of the preoperative state and therefore neelds dealt with in an alternate manner.

Groups are conducting research to address some oégistration issues
experienced during IGLS such as deformation angpinagson [10-13]. There has also
been recognition of the potential value of intraapige ultrasound (US). Several groups

are developing techniques to map preoperative inggig intraoperative US. While the



tumor(s) and posterior side may be easily recotpeziaa intraoperative US, other
structures such as distinct vasculature are tylgioalich more difficult to identify. 3D
reconstruction and automatic segmentation stillaiera difficult problem in US
especially due to the hand held aspect and laskfbtissue contrast. While the ideal
solution would be to have multiple intraoperatiweaging scans to provide current state
information, this is not a feasible solution for shpatients and hospitals. Constraints of
the operating room (OR) environment, including ctste, and space, and exposure to
repeat radiation, limit the solutions possible @&l ws make validation studies

challenging.

1.2 Related Work

In previous work [14-16], the image-to-physical spalignment was performed
using a traditional iterative closest point (ICR)aaithm. This method was problematic
providing poor initial pose estimation and tisseéodmation compensation.

A salient feature weighted rigid registration wasveloped to increase the robust
nature of the system. This method uses importdietnsdeatures of the liver, specifically
the falciform ligament, left inferior ridge, righferior ridge, and round ligament (Figure
1), to weight the surface registration algorithmrenbeavily towards those regions during
registration. This registration method has beeerredl to as patch iterative closest point
(PICP). The salient anatomical features are idabtd in both the preoperative image set
and the intraoperative surface data (either tracisgag a stylus or selected off of the
intraoperative surface data). The implementatiothisf method does not impose

significant increases in data computation timesyédaer the choice to use contact or non-



contact can affect acquisition times. Results slabsvgnificant improvement from
traditional point based and traditional ICP methadd is currently licensed and used by

Pathfinder Therapeutics Inc. (PTI) in clinical cagd.7, 18]

Falciform

Left Inferior
Ridge

Round
Ligament

Right Inferior
Ridge

Figure 1: Labeled Salient Features used in Pagchtive Closest Point Algorithm

In addition to rigid registration, a correctionrfrawork is currently under
investigation to compensate for tissue deformattan occurs during surgery. Three
methods have been investigated; a shape-atlasagbpra radial spatial filter approach,
and a surface Laplacian PDE approach. The Lapld&ia approach presented the
smallest target registration error (TRE) and rezpi2-3 solves of a finite element model
to align the preoperative and intraoperative s@s$aghile the radial spatial filter method
required 8-9 solves. The atlas approach is stdlennvestigation but the filter methods
have been shown to be more robust thusGements et. aperformed a series of
phantom experiments to quantitatively test the Pd@@rithm [17].Dumpuri et. al.

utilized the same data set to test the deformatwrection mechanism [19].



While these results were promising, it is estimaked the deformations in the
OR are approximately 2-3 times greater. This estonas based on rigid surface residual
closest point distances and surgeons’ observatiogsre 2, shows an average clinical
case set. The signed closest point distance (Cpddnsng -1 to 2 cm is typical.
However, TRE cannot be determined clinically withmiraoperative imaging and
distinctly identifiable features. Current standarely on surgeons’ judgment and

experience.

Closest Point Distance (mm)
-12.0 -6.00 0.000 6.00

12.0

Figure 2: Clinical Liver Case

1.3 Motivation

The ability to analyze and improve registrationfaafation correction by
utilizing a realistic phantom model that represehésdeformation experienced
intraoperatively is very important with the growipgevalence of hepatic cancer and the
rising need for surgical options in more challegguases.

The purpose of this thesis work is to perform adehtion experiment to study
the effects of deformation with a more realistipesimental model. Without inserted
subsurface fiducials (clinically not possible),tn@e TRE values can be calculated. True

TRE is the only quantitative, exact measure ofat@uracy of any IGS system. An

8



approximation for TRE can be calculated using tthedial localization error (FLE) and
distances from the target to principle axes [20fsTis based on the fact that TRE is
dependent on the fiducials orientation and thetlonaof the target. However, this is not
really practical given the look of defined fidu@ah the case of liver registration. Other
possibilities include closest point distances (CRD®valuate systems for clinical data.
This research’s approach is to use a more reghbicitom model with deformation
similar to observed human cases.

It should also be noted that previous studies 19T have shown that the more
data collected intraoperatively increases the aoyuof the registration. Currently the
model update methods referred to in section 1l2e@ta flipping of signs in displacement
on the posterior side of the liver. No posteridormation is currently gathered
intraoperatively, yet the model still requires @ogir surface information. If only the
anterior side of the model deformed, leaving thst@aor fixed, the liver volume would
change volume (increase/decrease depending onidir@t deformation). This change
in liver volume would also occur if the extrapoldigeformations from the collected
intraoperative data (anterior) were approximatedhenposterior side. The rationale
behind this sign-flipped correction is to deforre ftver tissue in the same direction as
the anterior surface based on surgical practicéigefimmobilization. While
approximating the posterior deformation in this mamis reasonable, providing posterior
intraoperative data (similar to the anterior dateently collected) would undoubtedly
provide a more accurate model update. Ultrasosiadteady currently utilized in hepatic
surgery to localize blood vessels/tumors and wbeld great candidate technology to

provide this information if incorporated into theidance system.



CHAPTER 2

METHODOLOGY

2.1 Equipment

Optical Tracking- Polaris Spectra

Figure 3: Polaris Spectra position sensor

Northern Digital Inc. (NDI) produces optical measment systems that measure
the 3D positions of either active or passive magkariquely configured to application-
specific tools in order to determine the tool’sifioa and orientation in a measurement
volume. For research purposes, a NDI Polaris Sp&ytical Tracking System was used
with passive markers. The system was used to eaécthe location and orientation of
surgical tools/equipment in space. NDI optical kiag uses a position sensor (Figure 3)
to detect infrared emitting or retro-reflective ens. This research utilized retro-

reflective passive marker spheres attached to bigaies supplied by NDI to create a

10



unique geometry for the system to recognize (Figdrdhe Polaris Spectra emits
infrared light (by illuminators), which reflectsfahe markers, and then calculates the
position/orientation based on the geometry of #gilection taken from the position

sensor.

Figure 4: NDI Rigid Bodies with retro-reflective ggmve marker spheres [21]

The Polaris Spectra system is a highly sensitigtesy and will translate small
environmental vibrations of a rigid body tracketoigignal noise. This can be caused by
proximal human traffic, nearby equipment, rigiditithe mounting system, etc. and is
most evident in the tracked changes of an immaihject. To compensate for this, a
reference tracker was used in the work volume.s Thattached to a fixed entity as near
to the region of interest as possible. A trackgtustis a common NDI rigid body
configuration for the passive spheres. This casdan in Figure 4 (left). The tracked
stylus (also referred to as pen probe is someititeg) has an extended rod and pointed
tip from the marker configuration. Calibration tbie tracked stylus is done using a
standard sphere fit, provided by NDI. Calibratirigey tools where a rigid body is
attached is dependent on the desired relationgtypden the rigid body and the tool in

space.

11



Laser Range Scanner (LRS)

Laser Range scanning uses triangulation to deter@inpoint location in space.
The laser light emitted from the scanner strikesrface and is reflected back. The
reflected light is received by a CCD (charged cedplevice). Using the reflected light
combined with the trigonometric relationship betwéee laser and the CCD, the 3D
location can be computed. The current LRS desigd usthis research (designed by
PTI) utilizes the same CCD to capture color infotiotaand a geometric point cloud
which provides assistance with segmentation andrfeadentification. This LRS has
integrated optical tracking (attached passive sggher configurations programmed into
the NDI software). The LRS was calibrated usingrttethod described by Cashal
[15]. This scanner, utilizing tracking, showed arsting accuracy (Root Mean Square
(RMS) error) of 0.47mm with standard deviation gf@mm [22]. This technology
provides sparse intraoperative surface data amagoud that can be used for

registration and model update purposes.

Figure 5: Laser Range Scanner with passive trackitaghments
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Computed Tomography
A Xoran Technologies XCATA ENT computed tomograjmachine(Figure 6)
was used in these experime to capture the liver phantom shape before and

deformation.The CT imag volumes were acquired asaze of 640x640x35¢

Figure 6: CT Machine [23]

Ultrasound

A SiemensACUSONultrasound machine (Figure Aa@as used in thes
experiments. The machine was selected for its relsedility, allowin¢the user tc
modify settings, interaction, and external integracapabilities. To achieve 3
ultrasound tracking, a NDI rigid body was attachethe handle of the US transdu
(Figure 7b) The transducer probe was calibrated uthe method described IMuratore
et al [24]. This method is based on the relationship betweemphically tracked targe
on the transducer and the similarly trac'stylus Twenty points were collecte

throughout the UBeam and mapped collected US image coordinaieseating ¢

13



calibration transformation. Frame tracking was digved to allow for tracked 3D US
reconstruction. Images were taken at a frame fa4@ rames/second. These frames
were synchronized with NDI tracking data basedhendttached rigid body. The US
calibration transformation was then used in conjioncwith the tracking transforms to

compute a spatial location of each US image.

US transducer

NDI rigid body

Figure 7: a) Ultrasound Machine, b) US transduaén igid body attachment

2.2 Phantom Construction & Experimental Set-up
In this study, a new phantom was designed and raatwred to more realistically
represent the deformation that occurs during syrger
Fabric spheres approximately 1 cm in diameter,@sgting tumors, were soaked
in iodine over night to achieve CT contrast. Thiggess also stiffened the material,

becoming closer to tumor tissue and providing USStelgraphy capability (utilized in

14



other studies). The model tumors were then suspkindde mold using fine thread to

not interfere with the imaging processes (Figure 8)

Figure 8: Artificial tumors suspended in mold bef@hantom creation

Figure 9: Artificial tumor visible in a) CT slicé) US image

15



An anthropomorphic model (phantom) was createdguis weight/volume
solution of polyvinyl alcohol (Flinn Scientific, Bavia, IL). The solution was heated to
80°C. 10% by volume of glycerol (Aldrich ChemicaDg was added and stirred until
translucent and uniform. The mixture was frozefB8&fC (non-cycling freezer) in a

plaster mold for 16 hours and thawed to ambientré@mperature.

Figure 10: a) Anthropomorphic Model Mold, b) Livehantom

A set (N=48) of 1 mm glass beads were insertedutfiirout the phantom to serve
as subsurface targets for error calculation (Fiduig). A set (N=10) were also
distributed on the surface as surface targets (€igud). This phantom model was
created to allow for multiple imaging modalitiesT({@JS/US elastography, and LRS)
including the necessary contrast of edges, tunamié targets when applicable. A surface

and subsurface target visible in a CT image slaelze seen in Figure 11a.



Surface
Target

Subsurface

Figure 11: Surface and Subsurface Targets, a) @Ggemnslice with surface and
subsurface targets identified, b) all subsurfacgets in CT volume, ¢) magnified view of
surface targets, d) map of surface target placement
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A plaster base was constructed to rigidly holdgbsterior contours of the liver in
their natural preoperative state. The anthropomonplodel mold was based on a liver in
its encapsulated form inside the body. A reverstheiposterior side was constructed to
maintain that curvature and supports were addesdhalate the structure provided by the
other surrounding organs (Figure 12a). To achibeadeformation that has been
observed in surgery when the abdomen is openetharglirgeon props the organ with
surgical gauze, clay platforms were made and iedento the base (Figure 12b,c).
Without these platforms, the phantom is in its perative, un-deformed state. With the

platforms, the phantom is in its intraoperativdfpd®ed state.

Figure 12: Experiment base, a) Preoperative Stai&,c) Intraoperative State using
deformation platforms

18



To replicate similar ultrasound contrast to the harhody with this model, the
base needed to be submerged in a water bath. Fleeabd deformation platforms were
coated in a shellac finish and sealer for watenserision. For future deformation studies,
especially those utilizing animal or cadaver huroagans, surgical cloth will replace the
platforms if no ultrasound work is desired, to beticcount for potential gravitational
compressibility in those regions. Due to the latkpmgplied compression force during the
deformation study and the weight of the organ eséregions, the deformation platforms
represent a reasonable OR scenario while provaingS compatible system.

Fiducial markers were mounted to the outer edghebase to establish a ground

truth registration (Figure 13).

Figure 13: External Fiducial Markers
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2.3 Preoperative Data Acquisition & Model Constroict

IGS requires an image volume to correlate in spattethe tracked tools.
Because all major surgeries require preoperatiaging of some form for final
evaluation and planning purposes before surgeradddional imaging is usually
required. Both CT and MR scans have been usedansurgery and are applicable to
IGLS but CT imaging is standard. The finite elet@t) method is a numerical
approach to approximate solutions of partial défeéral equations and integral equations.
In order to utilize differential equations to carréor deformation, a preoperative model
with initial conditions needs to be created.

To represent a typical OR environment, a preopex&iT scan of the phantom
and setup was acquired with the phantom in itsefordhed position (described in
section 3.2, seen in Figure 14a). This state reptsow the organ would have been
before the abdomen was opened. The scan was peddha same way as in

conventional liver surgery and IGLS.

Figure 14: a) Phantom in Preoperative Pose, b)derative Volume with surface (larger
blue) and subsurface (smaller white) targets
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The liver was segmented from the surrounding stirest This was done using a
semi-automatic method [25, 26]. A 3D surface maagd constructed using the marching
cubes method [27]. The 3D surface model was smdptheaned, and checked for
connectivity. A RBF surface was then fit using RBF methods. A volumetric
tetrahedral mesh was generated for use with theloleed finite element methodology.
This is commonly referred to as the FE mesh andistsof connected tetrahedrals to
form a volume. Boundary, element, and node fileeevgenerated from the FE mesh. A
property file was also created with specified valter modulus of elasticity (20 kPa) and
Poisson’s ratig¢0.48) This collective information provides the init@nditions of the

model and would have been completed prior to syrger

2.4 Intraoperative Data Acquisition
The phantom was deformed in the manner seen a&talidomen is open and the

surgeon positions the organ to access the tumamnegFigure 15a).

Figure 15: a) Phantom in Intraoperative DeformedeR0) Intraoperative Volume with
surface (larger magenta) and subsurface (smallge)thrgets
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A data set consisting of 3D surface informationhef deformed liver is needed to
determine the liver’s intraoperative state. This ba acquired in various manners. The
standard is with a swabbing technique using a &@dsktylus (Figure 16). Another
alternative is using a laser range scanner- LR&f{iRder Therapeutics Inc., Nashville,
TN), which collects 3D surface data as a point @dlaith corresponding 2D texture of
the scanned object. Conoscopic holography is aappsoach to acquire sparse surface
data similarly to the LRS but using a hand-heldicethat has the potential to be used in

minimally invasive surgeries.

Figure 16: Tracked Stylus on phantom to performidway of surface, salient features,
and selection of surface fiducials
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Two scenarios were compared to represent currergifDRtions for open cases.
For the first case, a swab of the anterior surfeae done using a tracked stylus
(Figure 17a). The second case used a sparse daggr scan to acquire the anterior

surface (Figure 17b). Coverage for both cases wasaked off real case data.

Figure 17: a) swabbed surface scan using trackiassb) LRS surface scan

The intraoperatively acquired surface data is teggsl to the preoperative model
using landmarks/features. These features werectetien the same manner as the
swabbed surface. For this experiment, the stylusalso used to collect surface target
locations (Figure 16). These surface targets wseel in conjunction with their
analogous CT surface targets to determine if tobam truth registration was produced
with minimal fiducial localization error. They alseere used as an initial point based

registration (PBR) to initialize correction (seetsen 3.5).
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To test the feasibility of ultrasound as a postantraoperative imaging data

acquisition technique, multiple tracked US swabsawaken over the anterior surface.

Figure 18: Ultrasound Acquisition

The swabs varied in time to achieve the desire@@ge in a phantom region.
Each US image collected in the swabs was synchedmath NDI tracking data and
transformed into intraoperative physical space ésamanterior surface data). The
posterior side of the phantom was manually segndefnben the slices and combined into

a single point cloud as the posterior surface ffatjure 19).
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Figure 19: Posterior Surface Extraction and Pataatibn
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2.5 Registration & Model Update
An initial point based registration was performadaa initial alignment of
image and physical space. Analogous points digegiacross the anterior surface
were carefully selected on the intraoperative s@fdata and the RBF derived from the
preoperative CT volume. These points were seldzdsdd on anatomical features,

grooves, and divots visible on both surfaces.

-rigid
Model P

—(__~

Figure 20: Deformation compensation framework

A modification on the PICP algorithm described @ctson 1.2 was used in these
experiments and will be referred to as the riggistation. A modification on the

Laplacian PDE approach described in section 1.2usad in succession to the rigid
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registration as a non-rigid deformation correctma will be referred to as the model
update. Figure 20 shows a framework of the IGLS$esydor deformation correction.

The elastic model used for non-rigid deformatiorection was updated to
include posterior data. The data was in the sanmg ploud, polydata format as the
acquired anterior data. Similar to the anterioad#te posterior surface was extrapolated
beyond the acquired data based on the preoperativene and the designated boundary
conditions. This surface replaced the sign flippphighe displacements at the

anterior/posterior edge (see section 1.3).

2.6 Evaluation
Deformation

A visual verification of surface matching is alwaysdized to preliminarily check
the successfulness of the correction. If multipéps (rigid/non-rigid) or iterations are
involved, verification that the surface fit is appi@g closer in each step/iteration verifies
valid inputs. Complicated cases (which include éadgformation and high
misalignment), low levels of intraoperative datag dow robust systems have high
probability of mis-registration.

Signed closest point distances (CPD) were calalila¢étween the intraoperative
surface points and the computational model sunfiackes. A 3D colored map of the
intraoperative data displayed on the model provaldsstribution of the CPDs.

Target registration error was calculated using RMs$ances between the
preoperative and intraoperative targets. After tidieation of targets in the CT volume,

correspondence between the two data sets wasis&blisolated targets in the
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intraoperative CT volume were rigidly transformedhysical space using external
targets measured in both the intraoperative CTsatetted with the tracked stylus. This
transformation was verified using surface targetasared in the same manner. The
targets localized in physical space underwent eansformation experienced by the
intraoperative data (rigid registration process€hlg isolated preoperative targets were
subjected to the non-rigid model update(s). The Rid&nce was calculated between
these two data sets at each step.

Histograms were used to show the quantity of targéth errors in certain ranges.
Calculations of the statistical spread includingtliers, max, min, median, upper and
lower quartiles, were calculated and displayedar plots. The mean and standard
deviation were also calculated for each data seunderstand TRE in regards to location
and deformation, the TRE was mapped to the tarBetsent improvements were
calculated based on the reduction in TRE in comsparto the accepted PBR method.
Percent improvements were also calculated betwesregs steps to identify the
individual steps improvement along with the oveedléct.

The actual deformation that occurred was studiellithing directional
displacements of target fiducials. This was donenarove further deformation
correction efforts. An ideal case utilizing thel faihterior and posterior surface was used
to calculate the max improvement and further stualy the rigid registration and model

update effect subsurface targets.
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Ultrasound

The model update was evaluated similarly to thahefcases presented above for
deformation utilizing CPDs and TREs. Simulated &&pes were created using surface
nodes off the intraoperative CT volume. The interagpive CT volume is considered true
intraoperative data. Without any deformation causewh transducer compression, this
volume provided undeformed posterior surface ddt@mhvallowed for testing of the
concept on the model with “true” data. Based onsti@vn potential from the results,
deformation correction for the US transducer cdatdr be studied. The simulated patch
also provided a method to analyze various covesages which would be more difficult
to determine with US. The patch coverage for tteesa@onsisted of 8, 15, 16, 25, and
36% of posterior surface. These percentages weéeend@ed by calculating the number
of points in the patch compared the total numbegrasterior nodes on the volume from
which the patches were derived. All posterior caser® run with the same anterior LRS

surface for even comparison.
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CHAPTER 3

RESULTS

3.1 Deformation Study
Using the new phantom model and setup, the eftéatsalistic deformation on
registration and corresponding errors were analy&aterior intraoperative surface data
was collected using both a tracked stylus and a8 tdRrepresent the measuring tools
currently used with this modeling system. As ddssdiin section 3.6, the surfaces were
first visually inspected to determine a reasonéhlé diagram of the surface fit after the

rigid registration and after the model update caiséen in Figure 21.

Figure 21: Surface Fit between LRS & model aften@yl registration, b) model update
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Signed closest point distances were calculatesidsst the intraoperative surface
and the model after the rigid registration and nhogeate. These values mapped were

onto the surface of the model (Figure 22).

Figure 22: Signed Closest Point Distances betwateadperative fitted surface and
model after a) rigid registration, b) model updateasured in mm)

Target registration error was analyzed for botlieser and subsurface targets. A
map of target registration error after the rigidisération and model update were graphed

onto the targets within the model (Figure 23).

Figure 23: Mapped TRE after a) rigid registratibpmodel update (measured in mm)
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Histograms were used to group ranges in TRE fgalshe trends in the RMS

distances between the two methods. The histograsulisfurface TRE for the LRS

surface case can be seen in Figure 24.
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Figure 24: Histogram of experimental subsurface WBles for LRS case

With the model update, the targets TRE shift toltlweer TRE ranges. 23% of the

targets have TRE less than 5mm with the rigid teaion. With the computational

algorithm, the subsurface target TRE below 5Smmeased to 60%. The mean, standard

deviation and maximum surface and subsurface TRIHiaplayed in tables 1 and 2

respectively. Statistical distributions were alsagiically displayed utilizing box plots

(Figure 25).

Table 1: Surface Target TRE

Surface Target TRE - mean + std (max)

Rigid Registration

Model Update

Swabbed Surface

11.3 6.7 (23]

)

11.9+6.9 (2

3.5)

Laser Range Scan

9.6 +4.6 (19.1

)

8.4 % 5.4 (14

).0)
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Table 2: Subsurface Target TRE

Subsurface Target TRE - mean * std (max)

Rigid Registration

Model Update

Rigid Registration Model Update

Swabbed Surface 8.0+4.3(25.1 8.0+ 4.2 (23.9)
Laser Range Scan 7.4 +£3.3(19.59) 6.4+ 3.4(18.7)
z 15t T T z 15+ .
E Ll ‘ ‘ 2l T ‘
T 1 1 T

Rigid Registration

a)

Model Update

b)

Figure 25: Box Plots of Subsurface TRE a) swablethse, b) LRS surface

The medians for these data sets were 9.9 mm @egidtration) and 7.4 mm

(model update) for the swabbed surface and 7.3 ngn ¢egistration) and 5.1 mm

(model update) for the LRS surface.

The rigid registration produced a 26% improvemantRS subsurface TRE from

the initial PBR. An addition 30% improvement waiaved by the model update

producing an overall 48% improvement compared ¢éanitial PBR. The swabbed

surface produced a 25 % increase with the rigicstegion and an overall of 27%

improvement from initial PBR to the updated model.
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The relationship between the preoperative andopgeative CT data sets was
analyzed. Figure 26 depicts the intraoperative masuperimposed onto the
preoperative volume with corresponding surfacearburface targets to depict the

actual deformation experienced.

Figure 26: Superimposed Preoperative & IntraopezdliT volumes of deformation

Glyph vectors were calculated from the preoperatvgets to the intraoperative
targets and are graphically displayed in FigureT2iis was used in analyzing the
distribution of target registration in regards tbual displacement. These directional
displacements can be useful in understanding sfat®umovement and optimizing the

registration process.
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Figure 27: Glyph Vector of Surface & SubsurfacegeaDisplacement (in mm)

An ideal case was analyzed using the full antena posterior side simulated
from CT scans to establish an approximate maximmprovement rate if all surface data
was available. This is an expected performance iwith this level of deformation. With
the initial PBR used in the deformation study, fiiged registration produced a 28%
improvement and the model update produced a 64&4tiregsin a 74% improvement
overall.

The same surfaces were used to test the subsUifEE®f using multiple
iterations to correct for misalignment. The ideade was used to eliminate any
registration error caused from insufficient data@ntain regions and only test the
performance of the iterations. Figure 28 showgithid registration and model update

subsurface TRE for the ideal case that was perfdimée deformation study.
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Figure 28: Subsurface Target TRE (ideal case) idRggistration & Model Update

After completing an additional rigid registrationpdel update, and final rigid
registration, the closest point distances wereutaie after the rigid registration steps and
can be seen in Table 3. These trends match thesdrséhe preliminary work of past

studies.

Table 3: CPD - Rigid Registrations for Iterations

CPD - mean = std (max)
Anterior Posterior
Rigid 1 2.8+ 1.3(9.6) 5.1 £3.0(9.6)
+ Rigid 2 21+1.1(7.1) 22+£1.4(7.1)
+ Final Rigid | 1.5+ 0.8 (5.2)| 1.8 +1.1 (5.2)

Figure 29 depicts the surface and subsurface teggegtration errors for all N=48
targets over the iterations. Table 4 summarizes theans, standard deviations, and

maximums. A box plot for the iterations can be sedrigure 30 for subsurface targets.
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Table 4: TRE - Iterations
TRE - mean = std (max)
Surface Subsurface
Rigid 1 9.2+5.1(19.9) 7.3+£3.2(19.6)
+ Model 1 3.3+£1.6(6.2) 28+1.4(6.7)
+ Rigid 2 54 £1.8(8.3) 4.7 + 1.8 (7.6)
+ Model 2 3.5+1.8(7.4) 3.7+ 1.5(8.0)
+ Final Rigid 4.6 £ 2.2 (8.3) 4.3+1.8(6.9)
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3.2 Ultrasound Experiment

The effect of additional posterior data to the elagbdate was evaluated. TRE
values are presented after the model update, whengosterior data was incorporated.
The same LRS surface was used in all ultrasourdiestdior even comparison.

Table 5 and 6 show the surface and subsurfacettaggistration errors for the
ultrasound trials after the model update. The fost of the each table shows the results
utilizing only the anterior surface (method for @ehation study). The various ultrasound
trials were compared to this scenario, showingeffect of posterior data on the
registration error. Five simulated ultrasound pascivere studied. The percent of the
posterior surface for the five cases was 8, 152%6and 36%. The trials were labeled in
ascending order based on percentage with CT USihdian 8% coverage and CT US 5
having a 36% coverage. The posterior regions covwerth these patches can be seen in
Figure 31. The patches created using tracked alireswere roughly the same coverage
as in CT US 2 and 3. Figure 19 shows the coveraigg$ 1. The coverage of US 2 can

be seen over the TRE mapping in Figure 33.

Figure 31: Simulated US surface coverage
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Table 5: Surface Target TRE - US

Surface Target TRE - mean % std (max)

Model Update

Only Anterior

8.4+ 5.4 (19.1)

CTUuS1

7.3 4.0 (12.4)

CTUS?2

6.9+ 4.1 (19.1)

CTUS3

75+ 4.1 (15.0)

CTuUS4

7.2+ 4.3 (19.1)

CTUS5

6.5+ 4.6 (15.8)

Usi

7.9+ 4.0 (14.3)

usS 2

8.2 £ 3.8 (13.6)

Table 6: Subsurface Target TRE - US

Subsurface Target TRE - mean * std (max)

All Targets Interest Region
Only Anterior 6.4 £ 3.4 (18.7) -
CTUS1 5.5+ 3.3 (15.6) 39+1.0(5.1)
CTUS 2 5.0+ 3.2 (14.9) 3.1+£1.1(5.1)
CTUS3 5.3+3.2(16.7) 3.5+ 2.0(6.8)
CTuUuS 4 5.9+ 2.9 (16.9) 5.1+1.3(6.9)
CTUSS5 45+ 3.2 (14.3) 3.2+1.6(6.8)
usil 5.8+ 3.2(17.3) 4.8 +1.3(8.0)
us 2 5.4 + 3.4 (16.3) 3.3+£0.7 (4.4)

The statistical distribution is graphically repeated for the subsurface target

registration error for the second tracked ultrasbuial (Figure 32).
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Figure 32: Box Plot of Subsurface Target TRE usigyPatch

The TRE distribution is shown in Figure 33 aftigid registration and model
update for the region of interest. The ultrasouostgrior surface patch is superimposed
on the volume to demonstrate the relationship efrélgion of interest, captured by the

US imaging, to the subsurface targets.
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Figure 33: TRE map with ultrasound posterior swefaxcorporation in region of interest
a) after rigid registration, b) after model update
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CHAPTER 4

DISCUSSION

4.1 Deformation Study

Similar to the results seen @lements et. aitndDumpuri et. alphantom and
clinical data sets, the rigid registration produaesasonable fit with a further
improvement with the model update. The contributbthis data set is its similarity to
deformation seen in human surgeries. It can be iseleigure 21a) that the model
protrudes through the intraoperative surface imtigdle and sufficient space remains
between the surfaces along the ridges. With a trgiisformation and different
states/positioning, this is inevitable and the nthimer for development of non-rigid
techniques and the model update used here. Yed loasgalient feature location,
curvature, and observations about the deformati@nrigid registration is deemed to
have performed correctly. The same visual checkpea®rmed using the swab data set.
Although the swabbed surface covered approximabelysame region of the organ, the
LRS point cloud had almost 18 times as many paatthe swabbed set. Swabbed
surface data presents issues because it is a tam#ood and the stylus can depress the
tissue or be elevated off the surface during tha dallection. LRS is a non-contact
method with a higher density of points. There dao &e large variations in results with
swabbed data based on how the data is collectedepresent OR results more
accurately, a PTI experienced employee or surgdunhas regularly performed these

swabs should conduct that portion of data collectiofuture studies.
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After model correction, the CPD maps (Figure 28)vg a decrease in signed
closest point distance between the preoperativerdrabperative surfaces which
coincides with the surface fit observed (Figure. 21)

One of the main concerns in this research is ttle dhknown correspondence
between the preoperative image space and the patraiive physical space. This not
only applies to subsurface validation and errotyamgin human cases but also the
algorithmic driver of the rigid registration.

The target registration errors for these experisipnbvided valuable information
on how the organ’s deformation below the surfaamrselated to the registration
process. While the results show a significant inaprment in surface fit from the rigid
registration to the model update, the TRE valugsakhow a close surface fit does not
guarantee precise alignment of targets througrecbon.

The histogram displayed in Figure 24 is a clear alestration of shift in higher
TRE values to lower values. Statistical analysesvsh reduction in error and spread
with the rigid registration and model update. THect of deformation on TRE is evident
in the color TRE maps. The distribution appearsd@ffected by the depth of the targets,
the thickness of the tissue, and the area of thamofespecially relevant to when there is
less intraoperative data, but also crucial in hiegvdrgan deforms). The superior fixed
region, near the hepatic vein, performs very walhworrection. While some of the high
deformation regions along the ridges, especialtgide the intraoperative acquisition
range, perform very poorly and even fall as ouliéinderstanding how the deformation
is occurring will help improve how the current madls are applying correction to the

organ.
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Though this new material of phantom provides mesdistic human conditions
and versatility in imaging modalities, one of tlecerns is the difficultly to distribute
subsurface targets. In any phantom constructias,jimbportant to distribute targets in
irregular patterns in order to determine correspoicd between preoperative and
intraoperative measurements. If placement was gohaern, a 3D close grid system
would be the most useful for analysis. However,greater the number of points, the
closer in proximity to each other, the more unifdima pattern, and the more
deformation/displacement that occurs increaseditfieulty in successfully identifying
correspondence. Future work will involve makingelént similar phantoms where
targets are placed at approximately the same depibighout the phantom.

To improve understanding of how deformation andesdion is affected by
placement within the organ, a new target placemethod should be employed. With
the difficulty of these new phantoms, multiple pteans should be produced where each
phantom has targets at a different depth distribatenly across. The shape of the organ
produces a unique shape that allows for that pddip@ints to be recognizable. By using
only one plane, if twisting and elevation deforroatoccurs, the targets maintain patterns
and won'’t get misidentified with other targets nmwarThis study produced a pattern that
guaranteed correspondence but did not provide éndata in all areas for future
analysis. As seen in Figure 26, the deformatioreagpced during surgery is quite
complex in some regions of the organ. Comparatinayais of other phantom studies
showed the concerns with subsurface targets omlystged at a certain depth. More
subsurface data could be very beneficial in deteimgikey issues in the correction

process.
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The analysis of multiple iterations showed an iaseein TRE with multiple rigid
registrations iterations despite the reduction HDCThis reiterates that due to lack of

correspondence, an improved CPD measurement dogsia@ntee a reduction in error.

4.2 Ultrasound Experiment

It is clear from the results in this section anevious research done in this field
that the more information obtainable intraoperdyivéhe more accurately the guidance
system can be updated. Along with other benefith@laser range scanning, the LRS
has repeatedly performed better than other tecksiqolving much smaller point sets.
The introduction of ultrasound data into the systernonly provides a greater amount of
information but provides it about an area wherewmwoent data is collected. In all cases,
the addition of posterior data provided the modéh & partial surface that decreased the
target registration error.

The simulated CT patches were based on the rangd8 ofata collected. The
larger patches have the appearance of adequateagevaend include the majority of the
subsurface targets but even the largest patch mgs36% of the posterior surface. Even
with such small percentages of the posterior sftemean TRE is still decreased,
especially in the region of interest. These reslitsv promise in the use of ultrasound
for posterior collection even with small patch ection, and transducer compression and
segmentation errors in surface creation. Becausgsalind is already used in many of
these procedures for tumor and vessel identifinatrecorporating it into the workflow is
extremely feasible. No significant blockage of guesterior side was observed in the

human ultrasound images/video or in the US imag#sated during the experiment that
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would hinder segmentation, especially under regadnsterest such as the tumor. As
seen in Figure 32 of the TRE after applicationeafl 1US surface data, the model update
corrected the regions with high TRE values, prodg@ more uniform and reasonable
error.

The resulting CPDs from US data (between the ipieaative CT surface and US
surface) show a 1-5 mm average deformation whiclomsist with the deformation
measured by Milleet al. in an US swabbing experiment [28]. No shift coti@n for the
deformation experienced by the organ from the apdliS contact was performed in this
experiment. The simple correction approach woutdiean averaging of the
displacements (based on CPDs) and shifting theepossegmented slices normally
towards the transducer by that displacement. Fustinglies of deformation patterns
within the organ and application pressure variaiwould need to be conducted before
this type of data could be accurately utilizedmnGR setting.

While providing more data to a non-rigid correctgiows a significant increase
in accuracy (even with the deformation caused lyau), there are potential concerns.
In order for this procedure to be useful in IGLI% segmentation of the posterior side
would need to be automatic to semiautomatic. The pleesented here was segmented
manually, however clearly a semiautomatic methodld/be needed at the very least.
Preliminary trials (not shown here) have showngbtential for this process based on OR
US video provided by Dr. William Jarnagin, MD (Merad Sloan Kettering Cancer

Center) and tracked US phantom imaging.
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CHAPTER 5

CONCLUSIONS

The results from this phantom experiment indi¢hst deformation experienced
during surgery has a significant effect on thestgtion process and can not only affect
the outer edges of the organ but the region ofeste Even with full surface data, the
current methods only produce a 74% improvement.rébelts presented here emphasize
many of the strengths and weaknesses of the guedarstem and IGS in general.
However, the results also provide the opporturatiotus improvement on those areas to
strengthen the robustness of the system. Utilitignew phantom model to represent
the deformation experienced in the OR in furtheretigoment of deformation correction
will be very beneficial in validation and improvents.

The use of ultrasound for posterior surface detecthowed promise through
these experiments. With US patches, comparableetsize of 15% coverage (based on
CT simulated data), the mean TRE for all the tar@etcluding those outside the
ultrasound patch) reduced by an average of 0.8Imthe region of interest, the mean
TRE was reduced by an average of 4.1 mm withouecton for transducer contact.
Utilizing a correction for the deformation causedthe transducer and continuing the
work to automate segmentation should make ultrasawiable improvement to hepatic
deformation correction. The results suggest thahevsmall, sparse data set can have a
significant effect on the model update, reducirgrggistration error. Despite typical US
segmentation difficulties, the strong identifiaplesterior edge makes this method a

viable option for a semi-automatic segmentationilgévine results are encouraging, there
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are still many issues with these types of methodisaagreat deal of further research
needs to occur before this could be implemented.akility to use a widely accepted
tool in hepatic surgery such as ultrasound makissniethodology extremely practical.
While obstacles remain, the results presented dmrenstrate the potential for using
ultrasound as a posterior surface detection mathddformation correction in image

guided liver surgery.
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