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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Background 

There are two types of hepatic cancer. The first type, primary liver cancer is 

commonly referred to as Hepatocellular Carcinoma (HCC). HCC is the seventh most 

prevalent cancer and is third among cancer-related deaths [1]. According to the National 

Cancer Institute, there will be an estimated 28,720 new cases and 20,550 deaths in the 

United States during 2012 from liver and intrahepatic bile duct cancer (more than 80% 

are HCC-originating from hepatocytes). The prevalence has been increasing at ~3% per 

year. The majority of primary liver cancer in the United States is due to alcohol related 

cirrhosis or fatty liver disease associated with obesity. Demographically across the world, 

80% of HCC cases occcur in low resource countries. Hepatitis B & C are high risk 

factors. This is more prevalent overseas than in developed countries like the United States 

due to the availability of the Hepatitis B vaccination. Currently there is no vaccine for 

Hepatitis C. Malnutrition is also a substantial contributor in these areas. There are also 

risks associated with parasitic infection and food contaminated with aflatoxin which 

comes from a variety of mold. With current treatment options, the overall 5-year relative 

survival rate for patients with liver cancer is 14%. Thirty-seven percent of patients are 

diagnosed at an early stage, for which five-year survival is 26%. Survival decreases to 

9% and 3% for patients who are diagnosed at regional and distant stages of disease, 

respectively. [2] 
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The second type of hepatic cancer is metastatic, a disease/cancer from another 

organ that has spread to the liver. This is why metastatic cancers are classified as 

secondary. Colorectal liver metastases are one of the main secondary liver cancers. There 

are 140,000+ estimated new cases of colorectal cancer for 2012 and it is projected that 

approximately 60% develop metastatic liver disease.[2] Metastatic tumors in the liver 

make up approximately three quarters of a treatment center’s malignant tumors with 

approximately 69% of metastases deriving from colorectal carcinoma (CRC) [2, 3]. With 

the rising occurrence within the United States and worldwide, the impact on the 

healthcare system is substantial. The ability to manage and treat the large and growing 

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

 

Treatment 

Liver resection is considered the gold standard for treatment of primary and 

metastatic hepatic cancer and removal of cancerous tumors [4]. To qualify for liver 

resection, a patient must have a limited tumor load and a configuration that can be 

resected with adequate margins, while still maintaining a sufficient functioning volume of 

the liver [5]. However, only a small portion of patients qualify for resection (~10-20%) 

[6]. Due to the complete removal of all cancerous cells in that region, resection has very 

successful 5 year survival rates (44-50% with metastatic colorectal tumors [4]). In terms 

of standard treatment, resection is the only option performed with a curative intent. The 

operative mortality has been shown to be less than 5% with a five to ten day recovery. 

While originally only small tumors were considered for resection, aggressive surgery can 

be performed. Especially for metastatic cancers, multiple simultaneous resections can be 
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considered as a viable therapy (example- colon and liver resection) [4]. Either wedge or 

anatomical segment resections are performed. Wedge resections remove the tumor and a 

surrounding region (2-3 cm). Anatomical resections, segmentectomies, involve the 

removal of one or more segments based on vasculature. 

The next option for many patients is systemic chemotherapy. Like many drugs, 

the chemotherapy is not specific to the tumor cells and therefore damages many healthy 

cells in the process. The median survival rate for patients with hepatic metastases treated 

using chemotherapy is ~18 months (with very low numbers beyond three years) [7]. 

Chemotherapy is not always effective but it has shown to reduce the size of tumors so the 

patient can be considered for resection. Instead of chemotherapy being used with curative 

intent, it can be used to facilitate surgical treatment.  

Although the liver is considered a very robust organ, there are many concerns 

when dealing with treatment. Resection is a complex procedure that involves many 

variables. Some of the main considerations involve vascular control, the distribution of 

tumors in the organ, and sufficient residual liver volume (RLV) which all require a highly 

trained and specialized surgeon and add a high risk to the procedure. The population of 

patients that qualify for resection is also very low.  While aggressive hepatic resection is 

an effective treatment strategy, there is a risk of injury to the liver parenchyma. 

Parenchyma injury can result in impaired regeneration and high risk levels for post-

operative liver failure [8]. For open hepatic resection, the abdominal cavity is opened, 

creating a large incision with the anterior surface of the liver exposed. Understanding and 

utilizing the liver anatomy and geometry play a large role in the success of such complex 
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procedures. Survival rates can double when execution is done well and this is 

substantially dependent on the understanding of anatomical boundaries and tumors.  

Preoperative planning for the procedure (the plan of cuts and portions for removal 

during surgery) can also estimate the RLV. The RLV is a key factor in postoperative 

complications, recovery, and overall survival. The liver is the only organ in the body with 

the capability to regenerate organ volume. While this is beneficial in surgery because 

cancerous tissue can be completely removed without loss of function, a percentage of 

healthy tissue needs to still be present to sustain life and initiate the regeneration process. 

This is dependent on many factors, including the patient’s overall health. Schindl et al. 

demonstrated that dysfunction increases significantly when RLV drops below 26.6% [9]. 

Planning allows for optimization of cancerous tissue removal to minimize recovery time 

and provide the least chance of recurrence and complications. 

 

Image-guided Surgery 

Image-guided surgery (IGS) is surgery that utilizes tracked surgical instruments in 

conjunction with image data (typically taken preoperatively) to guide the procedure, 

giving a surgeon an anatomic relation to the tools. The goal of IGS is to use the 

preoperatively acquired tomographic images interactively in a surgical setting.  The use 

of surgical guidance was first developed for treatment of brain tumors. The concept has 

been expanded to other applications including surgeries of the abdomen, including liver 

surgery.  

Image data, to provide a computational representation of the organ, can be 

acquired through many modalities (traditional computed tomography (CT)/magnetic 
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resonance (MR), MR/CT angiographic data, single proton emission computed 

tomography (SPECT), positron emitted tomography (PET), diffusion MR imaging, 

functional MR, MR elastography, etc.). Computed tomography is the standard used in 

preoperative imaging of liver surgery and therefore is typically utilized in image-guided 

liver surgery (IGLS). This preoperative data is correlated to intraoperative acquired data 

to provide a close to real time representation of an approximate surgical tool location in 

reference to the patient’s image volume. A critical component of IGS is the mathematical 

mapping, or registration, of the intraoperative presentation to the preoperative image data. 

Due to the difficulty of this component and the impact on HCC and metastatic patients, 

there is active research and development in the area of IGLS.  

While IGS is standard care for brain surgeries, the application to abdomen 

surgeries involves similar, but different, challenges. In any IGS system, the main hurdle 

is the development of an accurate registration technique to map the virtual (preoperative) 

image space to physical (intraoperative) space. The rigid external fiducial techniques 

used in brain surgeries can not be applied as an initial registration due to the lack of rigid 

structures in the abdomen. Once the body cavity is open, the morphology of the organ is 

affected by differences in pressure, lack of supporting organs, gravitational effects, and 

surgical positioning. The deformation experienced by the liver varies dramatically from 

that of the preoperative state and therefore needs to be dealt with in an alternate manner.  

Groups are conducting research to address some of the registration issues 

experienced during IGLS such as deformation and respiration [10-13]. There has also 

been recognition of the potential value of intraoperative ultrasound (US). Several groups 

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



6 
 

tumor(s) and posterior side may be easily recognizable in intraoperative US, other 

structures such as distinct vasculature are typically much more difficult to identify. 3D 

reconstruction and automatic segmentation still remain a difficult problem in US 

especially due to the hand held aspect and lack of soft-tissue contrast. While the ideal 

solution would be to have multiple intraoperative imaging scans to provide current state 

information, this is not a feasible solution for most patients and hospitals. Constraints of 

the operating room (OR) environment, including cost, time, and space, and exposure to 

repeat radiation, limit the solutions possible as well as make validation studies 

challenging. 

 

1.2 Related Work 

In previous work [14-16], the image-to-physical space alignment was performed 

using a traditional iterative closest point (ICP) algorithm. This method was problematic 

providing poor initial pose estimation and tissue deformation compensation.  

A salient feature weighted rigid registration was developed to increase the robust 

nature of the system. This method uses important salient features of the liver, specifically 

the falciform ligament, left inferior ridge, right inferior ridge, and round ligament (Figure 

1), to weight the surface registration algorithm more heavily towards those regions during 

registration. This registration method has been referred to as patch iterative closest point 

(PICP). The salient anatomical features are identifiable in both the preoperative image set 

and the intraoperative surface data (either tracked using a stylus or selected off of the 

intraoperative surface data). The implementation of this method does not impose 

significant increases in data computation times; however the choice to use contact or non-
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contact can affect acquisition times. Results showed significant improvement from 

traditional point based and traditional ICP methods and is currently licensed and used by 

Pathfinder Therapeutics Inc. (PTI) in clinical cases. [17, 18] 

 

 

Figure 1: Labeled Salient Features used in Patch Iterative Closest Point Algorithm 

 

In addition to rigid registration, a correction framework is currently under 

investigation to compensate for tissue deformation that occurs during surgery. Three 

methods have been investigated; a shape-atlas approach, a radial spatial filter approach, 

and a surface Laplacian PDE approach. The Laplacian PDE approach presented the 

smallest target registration error (TRE) and required 2-3 solves of a finite element model 

to align the preoperative and intraoperative surfaces while the radial spatial filter method 

required 8-9 solves. The atlas approach is still under investigation but the filter methods 

have been shown to be more robust thus far. Clements et. al. performed a series of 

phantom experiments to quantitatively test the PICP algorithm [17]. Dumpuri et. al. 

utilized the same data set to test the deformation correction mechanism [19].  
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While these results were promising, it is estimated that the deformations in the 

OR are approximately 2-3 times greater. This estimation is based on rigid surface residual 

closest point distances and surgeons’ observations. Figure 2, shows an average clinical 

case set. The signed closest point distance (CPD) spanning -1 to 2 cm is typical. 

However, TRE cannot be determined clinically without intraoperative imaging and 

distinctly identifiable features. Current standards rely on surgeons’ judgment and 

experience. 

 

 

Figure 2: Clinical Liver Case 

 

1.3 Motivation 

The ability to analyze and improve registration/deformation correction by 

utilizing a realistic phantom model that represents the deformation experienced 

intraoperatively is very important with the growing prevalence of hepatic cancer and the 

rising need for surgical options in more challenging cases. 

The purpose of this thesis work is to perform a deformation experiment to study 

the effects of deformation with a more realistic experimental model. Without inserted 

subsurface fiducials (clinically not possible), no true TRE values can be calculated. True 

TRE is the only quantitative, exact measure of the accuracy of any IGS system. An 
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approximation for TRE can be calculated using the fiducial localization error (FLE) and 

distances from the target to principle axes [20]. This is based on the fact that TRE is 

dependent on the fiducials orientation and the location of the target. However, this is not 

really practical given the look of defined fiducials in the case of liver registration. Other 

possibilities include closest point distances (CPDs) to evaluate systems for clinical data. 

This research’s approach is to use a more realistic phantom model with deformation 

similar to observed human cases.  

It should also be noted that previous studies [17, 19] have shown that the more 

data collected intraoperatively increases the accuracy of the registration. Currently the 

model update methods referred to in section 1.2 utilize a flipping of signs in displacement 

on the posterior side of the liver. No posterior information is currently gathered 

intraoperatively, yet the model still requires posterior surface information. If only the 

anterior side of the model deformed, leaving the posterior fixed, the liver volume would 

change volume (increase/decrease depending on direction of deformation). This change 

in liver volume would also occur if the extrapolated deformations from the collected 

intraoperative data (anterior) were approximated on the posterior side. The rationale 

behind this sign-flipped correction is to deform the liver tissue in the same direction as 

the anterior surface based on surgical practices of liver immobilization. While 

approximating the posterior deformation in this manner is reasonable, providing posterior 

intraoperative data (similar to the anterior data currently collected) would undoubtedly 

provide a more accurate model update.  Ultrasound is already currently utilized in hepatic 

surgery to localize blood vessels/tumors and would be a great candidate technology to 

provide this information if incorporated into the guidance system.  



10 
 

CHAPTER 2 

 

METHODOLOGY 

 

2.1 Equipment 

Optical Tracking- Polaris Spectra 

 

 

Figure 3: Polaris Spectra position sensor 

 

Northern Digital Inc. (NDI) produces optical measurement systems that measure 

the 3D positions of either active or passive markers uniquely configured to application-

specific tools in order to determine the tool’s position and orientation in a measurement 

volume. For research purposes, a NDI Polaris Spectra Optical Tracking System was used 

with passive markers. The system was used to calculate the location and orientation of 

surgical tools/equipment in space. NDI optical tracking uses a position sensor (Figure 3) 

to detect infrared emitting or retro-reflective markers. This research utilized retro-

reflective passive marker spheres attached to rigid bodies supplied by NDI to create a 
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unique geometry for the system to recognize (Figure 4). The Polaris Spectra emits 

infrared light (by illuminators), which reflects off the markers, and then calculates the 

position/orientation based on the geometry of the reflection taken from the position 

sensor. 

 

 

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

 

The Polaris Spectra system is a highly sensitive system and will translate small 

environmental vibrations of a rigid body tracker into signal noise. This can be caused by 

proximal human traffic, nearby equipment, rigidity of the mounting system, etc. and is 

most evident in the tracked changes of an immobile object. To compensate for this, a 

reference tracker was used in the work volume.  This is attached to a fixed entity as near 

to the region of interest as possible. A tracked stylus is a common NDI rigid body 

configuration for the passive spheres. This can be seen in Figure 4 (left). The tracked 

stylus (also referred to as pen probe is some literature) has an extended rod and pointed 

tip from the marker configuration. Calibration for the tracked stylus is done using a 

standard sphere fit, provided by NDI. Calibrating other tools where a rigid body is 

attached is dependent on the desired relationship between the rigid body and the tool in 

space.  
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Laser Range Scanner (LRS) 

Laser Range scanning uses triangulation to determine 3D point location in space. 

The laser light emitted from the scanner strikes a surface and is reflected back. The 

reflected light is received by a CCD (charged coupled device). Using the reflected light 

combined with the trigonometric relationship between the laser and the CCD, the 3D 

location can be computed. The current LRS design used in this research (designed by 

PTI) utilizes the same CCD to capture color information and a geometric point cloud 

which provides assistance with segmentation and feature identification. This LRS has 

integrated optical tracking (attached passive spheres in configurations programmed into 

the NDI software). The LRS was calibrated using the method described by Cash et al. 

[15]. This scanner, utilizing tracking, showed a scanning accuracy (Root Mean Square 

(RMS) error) of 0.47mm with standard deviation of 0.40 mm [22].  This technology 

provides sparse intraoperative surface data as a point cloud that can be used for 

registration and model update purposes. 

 

 

Figure 5: Laser Range Scanner with passive tracking attachments 

 



 

Computed Tomography 

A Xoran Technologies XCATÂ ENT computed tomography 

was used in these experiments

deformation. The CT image

 

 

Ultrasound 

A Siemens ACUSON 

experiments. The machine was selected for its research ability, allowing

modify settings, interaction, and external integration 

ultrasound tracking, a NDI rigid body was attached to 

(Figure 7b). The transducer probe was calibrated using 

et al. [24]. This method is based on the relationship between the optically tracked target 

on the transducer and the similarly tracked 

throughout the US beam and mapped to 

13 

Xoran Technologies XCATÂ ENT computed tomography machine 

was used in these experiments to capture the liver phantom shape before and after 

The CT image volumes were acquired at a size of 640x640x355. 

Figure 6: CT Machine [23]  

ACUSON ultrasound machine (Figure 7a) was used in these 

experiments. The machine was selected for its research ability, allowing the user to 

modify settings, interaction, and external integration capabilities. To achieve 3D 

ultrasound tracking, a NDI rigid body was attached to the handle of the US transducer

. The transducer probe was calibrated using the method described by 

This method is based on the relationship between the optically tracked target 

on the transducer and the similarly tracked stylus. Twenty points were collected 

beam and mapped to collected US image coordinates, creating a 

machine (Figure 6) 

to capture the liver phantom shape before and after 

size of 640x640x355.  

 

was used in these 

the user to 

capabilities. To achieve 3D 

the handle of the US transducer 

the method described by Muratore 

This method is based on the relationship between the optically tracked target 

. Twenty points were collected 

, creating a 
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calibration transformation. Frame tracking was developed to allow for tracked 3D US 

reconstruction. Images were taken at a frame rate of 40 frames/second. These frames 

were synchronized with NDI tracking data based on the attached rigid body. The US 

calibration transformation was then used in conjunction with the tracking transforms to 

compute a spatial location of each US image.  

 

US transducer

NDI rigid body��� ���
    

Figure 7: a) Ultrasound Machine, b) US transducer with rigid body attachment 

 

2.2 Phantom Construction & Experimental Set-up 

In this study, a new phantom was designed and manufactured to more realistically 

represent the deformation that occurs during surgery. 

Fabric spheres approximately 1 cm in diameter, representing tumors, were soaked 

in iodine over night to achieve CT contrast. This process also stiffened the material, 

becoming closer to tumor tissue and providing US elastography capability (utilized in 
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other studies). The model tumors were then suspended in the mold using fine thread to 

not interfere with the imaging processes (Figure 8).   

 

 

Figure 8: Artificial tumors suspended in mold before phantom creation 

 

tumor

 

Figure 9: Artificial tumor visible in a) CT slice, b) US image 
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An anthropomorphic model (phantom) was created using 7% weight/volume 

solution of polyvinyl alcohol (Flinn Scientific, Batavia, IL). The solution was heated to 

80°C. 10% by volume of glycerol (Aldrich Chemical CO.) was added and stirred until 

translucent and uniform. The mixture was frozen at -37°C (non-cycling freezer) in a 

plaster mold for 16 hours and thawed to ambient room temperature.  

 

 

Figure 10: a) Anthropomorphic Model Mold, b) Liver Phantom 

 

A set (N=48) of 1 mm glass beads were inserted throughout the phantom to serve 

as subsurface targets for error calculation (Figure 11b). A set (N=10) were also 

distributed on the surface as surface targets (Figure 11d). This phantom model was 

created to allow for multiple imaging modalities (CT, US/US elastography, and LRS) 

including the necessary contrast of edges, tumors, and targets when applicable. A surface 

and subsurface target visible in a CT image slice can be seen in Figure 11a. 
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Figure 11: Surface and Subsurface Targets, a) CT image slice with surface and 
subsurface targets identified, b) all subsurface targets in CT volume, c) magnified view of 
surface targets, d) map of surface target placement 

 

�� �

������

d) 
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A plaster base was constructed to rigidly hold the posterior contours of the liver in 

their natural preoperative state. The anthropomorphic model mold was based on a liver in 

its encapsulated form inside the body. A reverse of the posterior side was constructed to 

maintain that curvature and supports were added to simulate the structure provided by the 

other surrounding organs (Figure 12a). To achieve the deformation that has been 

observed in surgery when the abdomen is opened and the surgeon props the organ with 

surgical gauze, clay platforms were made and inserted into the base (Figure 12b,c). 

Without these platforms, the phantom is in its preoperative, un-deformed state. With the 

platforms, the phantom is in its intraoperative, deformed state.  

 

 

Figure 12: Experiment base, a) Preoperative State, b) & c) Intraoperative State using 
deformation platforms 
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To replicate similar ultrasound contrast to the human body with this model, the 

base needed to be submerged in a water bath. The base and deformation platforms were 

coated in a shellac finish and sealer for water submersion. For future deformation studies, 

especially those utilizing animal or cadaver human organs, surgical cloth will replace the 

platforms if no ultrasound work is desired, to better account for potential gravitational 

compressibility in those regions. Due to the lack of applied compression force during the 

deformation study and the weight of the organ in these regions, the deformation platforms 

represent a reasonable OR scenario while providing an US compatible system.  

Fiducial markers were mounted to the outer edge of the base to establish a ground 

truth registration (Figure 13).  

 

 

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

IGS requires an image volume to correlate in space with the tracked tools. 

Because all major surgeries require preoperative imaging of some form for final 

evaluation and planning purposes before surgery, no additional imaging is usually 

required. Both CT and MR scans have been used in liver surgery and are applicable to 

IGLS but CT imaging is standard.  The finite element (FE) method is a numerical 

approach to approximate solutions of partial differential equations and integral equations. 

In order to utilize differential equations to correct for deformation, a preoperative model 

with initial conditions needs to be created.  

To represent a typical OR environment, a preoperative CT scan of the phantom 

and setup was acquired with the phantom in its un-deformed position (described in 

section 3.2, seen in Figure 14a). This state represents how the organ would have been 

before the abdomen was opened. The scan was performed the same way as in 

conventional liver surgery and IGLS. 

 

 
Figure 14: a) Phantom in Preoperative Pose, b) Preoperative Volume with surface (larger 
blue) and subsurface (smaller white) targets 
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The liver was segmented from the surrounding structures. This was done using a 

semi-automatic method [25, 26]. A 3D surface model was constructed using the marching 

cubes method [27]. The 3D surface model was smoothed, cleaned, and checked for 

connectivity. A RBF surface was then fit using fastRBF methods. A volumetric 

tetrahedral mesh was generated for use with the developed finite element methodology. 

This is commonly referred to as the FE mesh and consists of connected tetrahedrals to 

form a volume. Boundary, element, and node files were generated from the FE mesh. A 

property file was also created with specified values for modulus of elasticity (20 kPa) and 

Poisson’s ratio (0.48). This collective information provides the initial conditions of the 

model and would have been completed prior to surgery. 

 

2.4 Intraoperative Data Acquisition  

The phantom was deformed in the manner seen after the abdomen is open and the 

surgeon positions the organ to access the tumor regions (Figure 15a).  

 

 

Figure 15: a) Phantom in Intraoperative Deformed Pose, b) Intraoperative Volume with 
surface (larger magenta) and subsurface (smaller white) targets 
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A data set consisting of 3D surface information of the deformed liver is needed to 

determine the liver’s intraoperative state. This can be acquired in various manners. The 

standard is with a swabbing technique using a tracked stylus (Figure 16). Another 

alternative is using a laser range scanner- LRS (Pathfinder Therapeutics Inc., Nashville, 

TN), which collects 3D surface data as a point cloud with corresponding 2D texture of 

the scanned object. Conoscopic holography is a new approach to acquire sparse surface 

data similarly to the LRS but using a hand-held device that has the potential to be used in 

minimally invasive surgeries.  

 

 

Figure 16: Tracked Stylus on phantom to perform swabbing of surface, salient features, 
and selection of surface fiducials 
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Two scenarios were compared to represent current OR situations for open cases. 

For the first case, a swab of the anterior surface was done using a tracked stylus     

(Figure 17a). The second case used a sparse laser range scan to acquire the anterior 

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

 

 

Figure 17: a) swabbed surface scan using tracked stylus, b) LRS surface scan 

 

The intraoperatively acquired surface data is registered to the preoperative model 

using landmarks/features. These features were collected in the same manner as the 

swabbed surface. For this experiment, the stylus was also used to collect surface target 

locations (Figure 16).  These surface targets were used in conjunction with their 

analogous CT surface targets to determine if the ground truth registration was produced 

with minimal fiducial localization error. They also were used as an initial point based 

registration (PBR) to initialize correction (see section 3.5). 
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To test the feasibility of ultrasound as a posterior intraoperative imaging data 

acquisition technique, multiple tracked US swabs were taken over the anterior surface.  

 

 

Figure 18: Ultrasound Acquisition 

 

The swabs varied in time to achieve the desired coverage in a phantom region. 

Each US image collected in the swabs was synchronized with NDI tracking data and 

transformed into intraoperative physical space (same as anterior surface data). The 

posterior side of the phantom was manually segmented from the slices and combined into 

a single point cloud as the posterior surface path (Figure 19).  
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Figure 19: Posterior Surface Extraction and Patch Creation 
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2.5 Registration & Model Update 

An initial point based registration was performed as an initial alignment of   

image and physical space. Analogous points distributed across the anterior surface     

were carefully selected on the intraoperative surface data and the RBF derived from the 

preoperative CT volume. These points were selected based on anatomical features, 

grooves, and divots visible on both surfaces. 

 

 

Figure 20: Deformation compensation framework 

  

A modification on the PICP algorithm described in section 1.2 was used in these 

experiments and will be referred to as the rigid registration. A modification on the 

Laplacian PDE approach described in section 1.2 was used in succession to the rigid 
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registration as a non-rigid deformation correction and will be referred to as the model 

update. Figure 20 shows a framework of the IGLS system for deformation correction. 

 The elastic model used for non-rigid deformation correction was updated to 

include posterior data. The data was in the same point cloud, polydata format as the 

acquired anterior data. Similar to the anterior data, the posterior surface was extrapolated 

beyond the acquired data based on the preoperative volume and the designated boundary 

conditions. This surface replaced the sign flipping of the displacements at the 

anterior/posterior edge (see section 1.3). 

 

2.6 Evaluation   

Deformation 

A visual verification of surface matching is always utilized to preliminarily check 

the successfulness of the correction. If multiple steps (rigid/non-rigid) or iterations are 

involved, verification that the surface fit is appearing closer in each step/iteration verifies 

valid inputs. Complicated cases (which include large deformation and high 

misalignment), low levels of intraoperative data, and low robust systems have high 

probability of mis-registration.  

Signed closest point distances (CPD) were calculated between the intraoperative 

surface points and the computational model surface nodes. A 3D colored map of the 

intraoperative data displayed on the model provides a distribution of the CPDs.  

Target registration error was calculated using RMS distances between the 

preoperative and intraoperative targets. After identification of targets in the CT volume, 

correspondence between the two data sets was established. Isolated targets in the 
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intraoperative CT volume were rigidly transformed to physical space using external 

targets measured in both the intraoperative CT and selected with the tracked stylus. This 

transformation was verified using surface targets measured in the same manner. The 

targets localized in physical space underwent any transformation experienced by the 

intraoperative data (rigid registration processes). The isolated preoperative targets were 

subjected to the non-rigid model update(s). The RMS distance was calculated between 

these two data sets at each step.  

Histograms were used to show the quantity of targets with errors in certain ranges. 

Calculations of the statistical spread including, outliers, max, min, median, upper and 

lower quartiles, were calculated and displayed in box plots. The mean and standard 

deviation were also calculated for each data set. To understand TRE in regards to location 

and deformation, the TRE was mapped to the targets. Percent improvements were 

calculated based on the reduction in TRE in comparison to the accepted PBR method. 

Percent improvements were also calculated between process steps to identify the 

individual steps improvement along with the overall effect. 

The actual deformation that occurred was studied including directional 

displacements of target fiducials. This was done to improve further deformation 

correction efforts. An ideal case utilizing the full anterior and posterior surface was used 

to calculate the max improvement and further study how the rigid registration and model 

update effect subsurface targets. 
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Ultrasound 

The model update was evaluated similarly to that of the cases presented above for 

deformation utilizing CPDs and TREs. Simulated US patches were created using surface 

nodes off the intraoperative CT volume. The intraoperative CT volume is considered true 

intraoperative data. Without any deformation caused from transducer compression, this 

volume provided undeformed posterior surface data which allowed for testing of the 

concept on the model with “true” data. Based on the shown potential from the results, 

deformation correction for the US transducer could later be studied. The simulated patch 

also provided a method to analyze various coverage sizes which would be more difficult 

to determine with US. The patch coverage for the cases consisted of 8, 15, 16, 25, and 

36% of posterior surface. These percentages were determined by calculating the number 

of points in the patch compared the total number of posterior nodes on the volume from 

which the patches were derived. All posterior cases were 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 effects of realistic deformation on 

registration and corresponding errors were analyzed. Anterior intraoperative surface data 

was collected using both a tracked stylus and an LRS to represent the measuring tools 

currently used with this modeling system. As described in section 3.6, the surfaces were 

first visually inspected to determine a reasonable fit. A diagram of the surface fit after the 

rigid registration and after the model update can be seen in Figure 21.  

 

 

Figure 21: Surface Fit between LRS & model after a) rigid registration, b) model update 
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 Signed closest point distances were calculated between the intraoperative surface 

and the model after the rigid registration and model update. These values mapped were 

onto the surface of the model (Figure 22).  

 

 

Figure 22: Signed Closest Point Distances between intraoperative fitted surface and 
model after a) rigid registration, b) model update (measured in mm) 

 

 Target registration error was analyzed for both surface and subsurface targets. A 

map of target registration error after the rigid registration and model update were graphed 

onto the targets within the model (Figure 23).  

 

 

Figure 23: Mapped TRE after a) rigid registration, b) model update (measured in mm) 

 

a) b) 

a) b) 
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 Histograms were used to group ranges in TRE to display the trends in the RMS 

distances between the two methods. The histogram of subsurface TRE for the LRS 

surface case can be seen in Figure 24. 

 

 

Figure 24: Histogram of experimental subsurface TRE values for LRS case 

 

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

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

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

deviation and maximum surface and subsurface TRE are displayed in tables 1 and 2 

respectively. Statistical distributions were also graphically 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 (23.3) 11.9 ± 6.9 (23.5) 
Laser Range Scan 9.6 ± 4.6 (19.1) 8.4 ± 5.4 (19.0) 
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Table 2: Subsurface Target TRE 
Subsurface Target TRE - mean ± std (max)  

 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 (19.5) 6.4 ± 3.4 (18.7) 

 

 

a) b) 

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

 

The medians for these data sets were 9.9 mm (rigid registration) and 7.4 mm 

(model update) for the swabbed surface and 7.3 mm (rigid registration) and 5.1 mm 

(model update) for the LRS surface. 

The rigid registration produced a 26% improvement in LRS subsurface TRE from 

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

producing an overall 48% improvement compared to the initial PBR. The swabbed 

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

improvement from initial PBR to the updated model.  
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The relationship between the preoperative and intraoperative CT data sets was 

analyzed. Figure 26 depicts the intraoperative volume superimposed onto the 

preoperative volume with corresponding surface and subsurface targets to depict the 

actual deformation experienced.  

 

 

Figure 26: Superimposed Preoperative & Intraoperative CT volumes of deformation 

 

Glyph vectors were calculated from the preoperative targets to the intraoperative 

targets and are graphically displayed in Figure 27. This was used in analyzing the 

distribution of target registration in regards to actual displacement. These directional 

displacements can be useful in understanding subsurface movement and optimizing the 

registration process. 
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Figure 27: Glyph Vector of Surface & Subsurface Target Displacement (in mm) 

 

  An ideal case was analyzed using the full anterior and posterior side simulated 

from CT scans to establish an approximate maximum improvement rate if all surface data 

was available. This is an expected performance limit with this level of deformation. With 

the initial PBR used in the deformation study, the rigid registration produced a 28% 

improvement and the model update produced a 64% resulting in a 74% improvement 

overall.  

 The same surfaces were used to test the subsurface TRE of using multiple 

iterations to correct for misalignment. The ideal case was used to eliminate any 

registration error caused from insufficient data in certain regions and only test the 

performance of the iterations. Figure 28 shows the rigid registration and model update 

subsurface TRE for the ideal case that was performed in the deformation study. 
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Figure 28: Subsurface Target TRE (ideal case) - Rigid Registration & Model Update 

 

 After completing an additional rigid registration, model update, and final rigid 

registration, the closest point distances were calculate after the rigid registration steps and 

can be seen in Table 3. These trends match those seen in the 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 2.1 ± 1.1 (7.1) 2.2 ± 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 target registration errors for all N=48 

targets over the iterations. Table 4 summarizes their means, standard deviations, and 

maximums. A box plot for the iterations can be seen in Figure 30 for subsurface targets. 
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Figure 29: Subsurface Target TRE (ideal case) - Iterations 

 

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) 2.8 ± 1.4 (6.7) 
+ Rigid 2 5.4  ± 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) 
 

 

Figure 30: Box Plot of Subsurface Target TRE for multiple iterations 
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3.2 Ultrasound Experiment 

 The effect of additional posterior data to the model update was evaluated. TRE 

values are presented after the model update, where the posterior data was incorporated. 

The same LRS surface was used in all ultrasound studies for even comparison.   

 Table 5 and 6 show the surface and subsurface target registration errors for the 

ultrasound trials after the model update. The first row of the each table shows the results 

utilizing only the anterior surface (method for deformation study). The various ultrasound 

trials were compared to this scenario, showing the effect of posterior data on the 

registration error. Five simulated ultrasound patches were studied. The percent of the 

posterior surface for the five cases was 8, 15, 16, 25, and 36%. The trials were labeled in 

ascending order based on percentage with CT US 1 having an 8% coverage and CT US 5 

having a 36% coverage. The posterior regions covered with these patches can be seen in 

Figure 31. The patches created using tracked ultrasound were roughly the same coverage  

as in CT US 2 and 3. Figure 19 shows the coverage for US 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) 
CT US 1 7.3 ± 4.0 (12.4) 
CT US 2 6.9 ± 4.1 (19.1)  
CT US 3 7.5 ± 4.1 (15.0) 
CT US 4 7.2 ± 4.3 (19.1) 
CT US 5 6.5 ± 4.6 (15.8) 
US 1 7.9 ± 4.0 (14.3) 
US 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) - 
CT US 1 5.5 ± 3.3 (15.6) 3.9 ± 1.0 (5.1) 
CT US 2 5.0 ± 3.2 (14.9)  3.1 ± 1.1 (5.1)  
CT US 3 5.3 ± 3.2 (16.7) 3.5 ± 2.0 (6.8) 
CT US 4 5.9 ± 2.9 (16.9) 5.1 ± 1.3 (6.9) 
CT US 5 4.5 ± 3.2 (14.3) 3.2 ± 1.6 (6.8) 
US 1 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 represented for the subsurface target 

registration error for the second tracked ultrasound trial (Figure 32). 
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Figure 32: Box Plot of Subsurface Target TRE using US Patch 

 

 The TRE distribution is shown in Figure 33 after rigid registration and model 

update for the region of interest. The ultrasound posterior surface patch is superimposed 

on the volume to demonstrate the relationship of the region of interest, captured by the 

US imaging, to the subsurface targets.  
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Figure 33: TRE map with ultrasound posterior surface incorporation 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 in Clements et. al and Dumpuri et. al phantom and 

clinical data sets, the rigid registration produces a reasonable fit with a further 

improvement with the model update. The contribution of this data set is its similarity to 

deformation seen in human surgeries. It can be seen in Figure 21a) that the model 

protrudes through the intraoperative surface in the middle and sufficient space remains 

between the surfaces along the ridges. With a rigid transformation and different 

states/positioning, this is inevitable and the main driver for development of non-rigid 

techniques and the model update used here. Yet based on salient feature location, 

curvature, and observations about the deformation, the rigid registration is deemed to 

have performed correctly. The same visual check was performed using the swab data set. 

Although the swabbed surface covered approximately the same region of the organ, the 

LRS point cloud had almost 18 times as many points as the swabbed set. Swabbed 

surface data presents issues because it is a contact method and the stylus can depress the 

tissue or be elevated off the surface during the data collection. LRS is a non-contact 

method with a higher density of points. There can also be large variations in results with 

swabbed data based on how the data is collected.  To represent OR results more 

accurately, a PTI experienced employee or surgeon who has regularly performed these 

swabs should conduct that portion of data collection in future studies. 
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 After model correction, the CPD maps (Figure 22) show a decrease in signed 

closest point distance between the preoperative and intraoperative surfaces which 

coincides with the surface fit observed (Figure 21). 

One of the main concerns in this research is the lack of known correspondence 

between the preoperative image space and the intraoperative physical space. This not 

only applies to subsurface validation and error analysis in human cases but also the 

algorithmic driver of the rigid registration.  

The target registration errors for these experiments provided valuable information 

on how the organ’s deformation below the surface is correlated to the registration 

process. While the results show a significant improvement in surface fit from the rigid 

registration to the model update, the TRE values reveal how a close surface fit does not 

guarantee precise alignment of targets through correction.  

The histogram displayed in Figure 24 is a clear demonstration of shift in higher 

TRE values to lower values. Statistical analyses show a reduction in error and spread 

with the rigid registration and model update. The effect of deformation on TRE is evident 

in the color TRE maps. The distribution appears to be affected by the depth of the targets, 

the thickness of the tissue, and the area of the organ (especially relevant to when there is 

less intraoperative data, but also crucial in how the organ deforms). The superior fixed 

region, near the hepatic vein, performs very well with correction. While some of the high 

deformation regions along the ridges, especially outside the intraoperative acquisition 

range, perform very poorly and even fall as outliers. Understanding how the deformation 

is occurring will help improve how the current methods are applying correction to the 

organ. 
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Though this new material of phantom provides more realistic human conditions 

and versatility in imaging modalities, one of the concerns is the difficultly to distribute 

subsurface targets. In any phantom construction, it is important to distribute targets in 

irregular patterns in order to determine correspondence between preoperative and 

intraoperative measurements. If placement was not a concern, a 3D close grid system 

would be the most useful for analysis. However, the greater the number of points, the 

closer in proximity to each other, the more uniform the pattern, and the more 

deformation/displacement that occurs increases the difficulty in successfully identifying 

correspondence. Future work will involve making different similar phantoms where 

targets are placed at approximately the same depth throughout the phantom. 

To improve understanding of how deformation and correction is affected by 

placement within the organ, a new target placement method should be employed. With 

the difficulty of these new phantoms, multiple phantoms should be produced where each 

phantom has targets at a different depth distributed evenly across. The shape of the organ 

produces a unique shape that allows for that plane of points to be recognizable. By using 

only one plane, if twisting and elevation deformation occurs, the targets maintain patterns 

and won’t get misidentified with other targets nearby. This study produced a pattern that 

guaranteed correspondence but did not provide enough data in all areas for future 

analysis. As seen in Figure 26, the deformation experienced during surgery is quite 

complex in some regions of the organ. Comparative analysis of other phantom studies 

showed the concerns with subsurface targets only submerged at a certain depth. More 

subsurface data could be very beneficial in determining key issues in the correction 

process.   
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The analysis of multiple iterations showed an increase in TRE with multiple rigid 

registrations iterations despite the reduction in CPD. This reiterates that due to lack of 

correspondence, an improved CPD measurement does not guarantee a reduction in error.  

 

4.2 Ultrasound Experiment 

It is clear from the results in this section and previous research done in this field 

that the more information obtainable intraoperatively, the more accurately the guidance 

system can be updated. Along with other benefits of the laser range scanning, the LRS 

has repeatedly performed better than other techniques involving much smaller point sets. 

The introduction of ultrasound data into the system not only provides a greater amount of 

information but provides it about an area where no current data is collected. In all cases, 

the addition of posterior data provided the model with a partial surface that decreased the 

target registration error.  

The simulated CT patches were based on the range of US data collected. The 

larger patches have the appearance of adequate coverage and include the majority of the 

subsurface targets but even the largest patch was only 36% of the posterior surface. Even 

with such small percentages of the posterior side, the mean TRE is still decreased, 

especially in the region of interest. These results show promise in the use of ultrasound 

for posterior collection even with small patch collection, and  transducer compression and 

segmentation errors in surface creation. Because ultrasound is already used in many of 

these procedures for tumor and vessel identification, incorporating it into the workflow is 

extremely feasible. No significant blockage of the posterior side was observed in the 

human ultrasound images/video or in the US images collected during the experiment that 
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would hinder segmentation, especially under regions of interest such as the tumor. As 

seen in Figure 32 of the TRE after application of real US surface data, the model update 

corrected the regions with high TRE values, producing a more uniform and reasonable 

error.  

The resulting CPDs from US data (between the intraoperative CT surface and US 

surface) show a 1-5 mm average deformation which is consist with the deformation 

measured by Miller et al. in an US swabbing experiment [28]. No shift correction for the 

deformation experienced by the organ from the applied US contact was performed in this 

experiment. The simple correction approach would entail an averaging of the 

displacements (based on CPDs) and shifting the posterior segmented slices normally 

towards the transducer by that displacement. Further studies of deformation patterns 

within the organ and application pressure variations would need to be conducted before 

this type of data could be accurately utilized in an OR setting.  

While providing more data to a non-rigid correction shows a significant increase 

in accuracy (even with the deformation caused by contact), there are potential concerns. 

In order for this procedure to be useful in IGLS, the segmentation of the posterior side 

would need to be automatic to semiautomatic. The data presented here was segmented 

manually, however clearly a semiautomatic method would be needed at the very least. 

Preliminary trials (not shown here) have shown the potential for this process based on OR 

US video provided by Dr. William Jarnagin, MD (Memorial Sloan Kettering Cancer 

Center) and tracked US phantom imaging.  
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CHAPTER 5 

 

CONCLUSIONS 

 

 The results from this phantom experiment indicate that deformation experienced 

during surgery has a significant effect on the registration process and can not only affect 

the outer edges of the organ but the region of interest. Even with full surface data, the 

current methods only produce a 74% improvement. The results presented here emphasize 

many of the strengths and weaknesses of the guidance system and IGS in general. 

However, the results also provide the opportunity to focus improvement on those areas to 

strengthen the robustness of the system. Utilizing this new phantom model to represent 

the deformation experienced in the OR in further development of deformation correction 

will be very beneficial in validation and improvements.  

 The use of ultrasound for posterior surface detection showed promise through 

these experiments. With US patches, comparable to the size of 15% coverage (based on 

CT simulated data), the mean TRE for all the targets (including those outside the 

ultrasound patch) reduced by an average of 0.8 mm. In the region of interest, the mean 

TRE was reduced by an average of 4.1 mm without correction for transducer contact. 

Utilizing a correction for the deformation caused by the transducer and continuing the 

work to automate segmentation should make ultrasound a viable improvement to hepatic 

deformation correction. The results suggest that even a small, sparse data set can have a 

significant effect on the model update, reducing the registration error. Despite typical US 

segmentation difficulties, the strong identifiable posterior edge makes this method a 

viable option for a semi-automatic segmentation. While the results are encouraging, there 
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are still many issues with these types of methods and a great deal of further research 

needs to occur before this could be implemented. The ability to use a widely accepted 

tool in hepatic surgery such as ultrasound makes this methodology extremely practical. 

While obstacles remain, the results presented here demonstrate the potential for using 

ultrasound as a posterior surface detection method in deformation correction in image 

guided liver surgery. 
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