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University of Twente

Abstract
Master of Science

Ultrasound-based navigation for surgical removal of liver lesions

by Jasper Namle Smit

Surgical navigation is needed for precise localization of liver lesions and the surrounding struc-
tures, however, conventional navigation is not applicable. While preoperative surgery plans
based on preoperative imaging give detailed information about the patient-specific anatomy,
this is not up-to-date in the intraoperative situation due to flexibility and deformation of the
liver. Therefore, navigation for liver surgery requires real-time fusion of preoperative surgery
plans and MR scans with intraoperative ultrasound. In this thesis, the goal was to determine
the feasibility of ultrasound-based navigation for surgical resection of liver lesions. For that
purpose, the PercuNav co-registration ultrasound system was used.

For this thesis, a deformable multimodal liver phantom was developed to test MR-US co-
registration. Raw data analysis of the used co-registration software was impeded, hence al-
ternative accuracy assessment methods have been developed. With and without deformation,
this resulted in registration errors of 5-10 mm in the -2 and +2 cm areas around the registra-
tion center after point-based registration. Similar registration errors were achieved in ex vivo
environments. In these experiments, three resected liver specimens with multiple lesions were
used. Point-based registration showed good matching of the tumor regions between MR and
US images. Deformation of the specimens due to a lack of blood flow and vessel collapse made
further analysis difficult. Automatic detection of points for co-registration accuracy assessment
was tested to replace manual point selection. The SIFT-based algorithm that was developed,
was not sufficient between these modalities.

Due to logistical limitations, intraoperative introduction of the setup was performed once.
Possible benefits have been demonstrated in the case of vanishing and isoechoic lesions, as
well as restrictive limitations of the current setup. A different transducer, EM field generator,
co-registration method and image interface are preferred. These factors are taken into account
for the development of an in-house system, for which development steps are described.

It is concluded that ultrasound-based navigation by means of electromagnetic tracking is
possible and shows feasibility for its intraoperative introduction during open liver surgery.
Further implementation was impeded by limitations of the used system. It is expected that a
satisfactory accuracy of 5-10 mm in a 4.0x4.0x4.0 cm volume is feasible in the to-be developed
system, just as in the used system during this thesis.





vii

Acknowledgements
During an internship in my second master’s year, my interests for the working field of surgical
oncology increased. The ongoing studies in the NKI-AvL, where medical care and research
form a powerful combination, perfectly match with my interests for medical technology. The
opportunity to work in a multidisciplinary setting as this one, on a challenging project as this
turned out to be, was something that turned my choice for an interesting graduation internship
into an easy decision.

Assessing feasibility of this thesis’ subject turned out to be an interesting task. Logistically,
there have been a lot of challenges and therefore I am happy with the measurements that were
accomplished in the end. I’ve learned a lot not only about several aspects which are involved
in such a project, but also that such a work field is something I would like to proceed with in
the future.

During this year-long internship, I was lucky to have Sasha Ivashchenko and Bas Pouw
as my daily supervisors. Thanks for all the time you had to help me and make this a useful
year for me, especially when things did not go as planned or hoped for. Bas, with your role
as technical physician you’ve taught me a lot on how to act in the multidisciplinary settings.
Sasha, especially your constructive feedback really put me into a lot of thinking and you have
challenged me in so many ways. I thank Koert Kuhlmann for the clinical supervision during
this project, you always had time to discuss project-related subjects but also regarding my
development during this year. I want to thank Theo Ruers as head of the research group,
for always being critical during the research meetings, for taking place as my chairman in
the graduation committee and as replacing clinical supervisor. I want to thank Ferdi van der
Heijden for the fruitful meetings we had. You have challenged me in several ways to become a
more critical and better researcher. Bregje Hessink-Sweep, during the intervisions you always
asked the right questions and let me and the other group members develop to our own needs.
Next to that, I really appreciated the personal conversations we’ve had this year. Additionally,
I look back at our group meetings as nice and meaningful for which I thank Else, Klaske, Lara
and Eline.

Furthermore, I want to thank everyone who has contributed (even if it is just a little bit) to
this fruitful year. Niels, Daan and Gerard, thank you: with you guys graduating at the same
time, the internship became a lot more fun. Also, I want to thank my parents and my sis-
ter Lotte for their unconditional support for not only this graduation year but the past seven
years, my friends for all the distracting fun and laughter, and Lieve for always being there.

Jasper Smit
September 2017





ix

Contents

Abstract v

Acknowledgements vii

1 Introduction 1
1.1 Clinical Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.1 Liver Lesions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.1.2 Options in Diagnostics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.1.3 Treatment Options . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.1.4 Rationale for This Research . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2 Technical Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.2.1 Electromagnetic Navigation Tracking . . . . . . . . . . . . . . . . . . . . . 7
1.2.2 MR-US Registration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.2.3 PercuNav Ultrasound Platform . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.2.4 Registration Accuracy Assessment . . . . . . . . . . . . . . . . . . . . . . . 11
1.2.5 Scale-Invariant Feature Transform . . . . . . . . . . . . . . . . . . . . . . . 11

1.3 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2 Phantom Study 15
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.2.1 Preparation and 3D Printing of Vessels . . . . . . . . . . . . . . . . . . . . 17
2.2.2 Phantom Tumor Development . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2.3 Parenchyma Development . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2.4 Phantom Finalization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2.5 Scan Acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2.6 Experiment Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.2.7 Post-processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.2.8 Statistical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3 Ex vivo experiments 31
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.2.1 Inclusion of Specimens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.2.2 Experiment Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.2.3 Post-processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40



x

4 Towards Clinical Implementation 43
4.1 Intraoperative Introduction of PercuNav . . . . . . . . . . . . . . . . . . . . . . . . 44
4.2 Limitations of Using PercuNav . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.3 Development of an Alternative System . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.3.1 Prospective Steps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.3.2 Development of an Automated MR-US Co-registration Method . . . . . . 50

5 Recommendations 55

6 General Conclusions 59

A Appendix A - Pseudo codes 61
A.1 Post-processing, Matlab pipeline . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
A.2 2.5D RMSE post-processing with SIFT algorithm . . . . . . . . . . . . . . . . . . . 62

B Appendix B - Accepted SIFT Pairs 63

Bibliography 65



xi

List of Figures

1.1 Multiphase MR for liver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 Segmental liver anatomy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Planar Field Generator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.4 Tabletop Field Generator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.5 US-MR Transformation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.6 Vessel-based co-registration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.7 Difference of Gaussians . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.8 SIFT Image Gradients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.1 3D Printed Vessels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2 Phantom Tumor Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.3 Deformable Liver Phantom . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.4 Multimodality of phantom . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.5 Setup phantom measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.6 Ultrasound sweeps on phantom . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.7 Deformed phantom setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.8 Spatial vs. temporal z-direction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.9 Output image after registration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.10 One plane-based registration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.11 Experiment A - plane-based registrations . . . . . . . . . . . . . . . . . . . . . . . 27
2.12 Experiment B - point-based registrations . . . . . . . . . . . . . . . . . . . . . . . . 27
2.13 Experiment C - Registration on deformed phantom . . . . . . . . . . . . . . . . . 28
2.14 Experiment D - Registration errors before and after deformation . . . . . . . . . . 28

3.1 Ex vivo setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.2 Ex vivo post-processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.3 Ex vivo point matches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.4 Ex vivo vessel collapse . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.5 Curved and linear US comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.6 Ex vivo SIFT matches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.7 RMSE results 1, manual and SIFT . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.8 RMSE results 2, manual and SIFT . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.9 MSER example . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.1 Screenshots of intraoperative use . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.2 Isoechoic lesion during in vivo test . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.3 Breathing effects on registration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.4 Patient reference tracker . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.5 Clip-on tool with Cable Tool . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.6 Current liver navigation software . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.7 Alternative intraoperative layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.8 Possible intraoperative layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53





xiii

List of Abbreviations

CLM Colorectal liver metastasis
CT Computed tomography
DOF Degrees of freedom
DoG Difference of Gaussian
EBL Effective blood loss
EM Electromagnetic
EMTS Electromagnetic tracking system
FG Field generator
FDG Fluorodeoxyglucose
FNH Focal nodular hyperplasia
FOV Field of view
FRE Fiducial registration error
HCC Hepatocellular carcinoma
IGLS Image-guided liver surgery
LRE Local registration error
MRI Magnetic resonance imaging
MSER Maximally stable extremal region
MWA Microwave ablation
NDI Northern Digital Inc.
NKI-AvL Netherlands Cancer Institute – Antoni van Leeuwenhoek
PACS Picture archiving and communication system
PET Positron emission tomography
PFG Planar field generator
PLUS Public library for ultrasound
PVA Polyvinyl alcohol
RFA Radio frequent ablation
RMSE Root-mean-square error
RTV Room-temperature-vulcanization
SD Standard deviation
SIFT Scale-invariant feature transform
SCU System control unit
SIU System interface unit
SN Surgical navigation
TPU Thermoplastic polyurethane
TRE Target registration error
TTFG Tabletop field generator
US Ultrasound





1

Chapter 1

Introduction

Summary

Relevant backgrounds on a medical and technical level are described in this chapter. As a
clinical introduction, the current options in diagnostics and treatment options for patients with
liver lesions are briefly discussed. Subsequently, the rationale for this thesis is elucidated. This
brings us to the technical background which consists of several components relevant to the
current treatment options and the research described in this thesis. Lastly, the goals of this
thesis are listed.
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1.1 Clinical Background

Local treatment of focal liver lesions in general, and colorectal metastases in particular, is com-
plex and consists of different possibilities. Usually, a combination of systemic and focal treat-
ment is used as approach. After describing diagnostic methods, the focal treatment options
of liver lesions will be discussed, with a focus on surgical resection. Ultimately, the rationale
behind this research is explained.

1.1.1 Liver Lesions

Focal liver lesions are divided into benign and malignant lesions. Most benign liver lesions,
such as focal nodular hyperplasia (FNH), cysts, hemangiomas, and hamartomas, do not re-
quire treatment after coincidental finding during conventional diagnostics. In the case of liver
adenomas, treatment might be needed if the lesion is of substantial size. In general, liver metas-
tases are asymptomatic and found during diagnostics of a malignancy which has presented in
other ways.

Malignant lesions in the liver can be divided in primary and secondary tumors. Primary
malignant tumors, in the case of cholangiocarcinoma or hepatocellular carcinoma (HCC) in
a non-cirrhotic liver, are often detected in an advanced stage after diagnosis with nonspecific
abdominal complaints. However, the large majority of hepatocellular carcinomas occurs in pa-
tients with liver cirrhosis. Being secondary liver lesions, colorectal liver metastases are consid-
ered the largest group of tumors in the liver. In general, liver metastases are diagnosed during
follow-up of a primary tumor occurring in 30-50% the patients suffering from colorectal cancer
[1–3]. Most common sites of primary malignancy are carcinomas in the gastrointestinal tract
via portal circulation, breast cancer, lung cancer, urogenital cancer or melanoma.

1.1.2 Options in Diagnostics

Diagnostics will be described for malignant liver lesions, since benign liver lesions are mostly
coincidental findings during conventional diagnostics for other purposes. Diagnosis of a liver
lesion consist of a detailed history, physical examination, radiological tests, and pathological
assessment. While ultrasound is often chosen as first diagnostic tool because of being inexpen-
sive, non-invasive and radiation free, contrast-enhanced magnetic resonance imaging (MRI) or
contrast-enhanced computed tomography (CT) is advised to acquire afterwards for additional
and complete assessment of the liver’s anatomy.

For primary liver lesions, ultrasound is often used as first diagnostic tool. When a patient
is clinically suspected with cholangiocarcinoma, an additional MRI or CT should be obtained.
Patients with chronic liver disease, e.g., with cirrhosis as the final stage of liver fibrosis, are at
a risk of development of HCC as a primary tumor. Also, ultrasound is used as first diagnostic
tool here. When an ultrasound shows a lesion of >1 cm, an MRI or triple-phase CT should be
obtained in these patients. Diagnosis of a HCC can be made if the lesion shows enhancement
in the arterial phase with washout in the delayed venous phase, until otherwise proven.

For secondary liver lesions, contrast-enhanced CT is acquired as standard procedure for
diagnosis of a primary tumor, e.g., in the case of a primary colorectal lesion. In general sus-
picion of liver lesions, MRI is additionally used. Next to that, fluorodeoxyglucose positron
emission tomography in combination with CT (FDG-PET-CT), or chest CT can be acquired,
to demonstrate potential extrahepatic tumor activity and therewith indicate a change of treat-
ment. FDG-PET is not considered as a primary diagnostic tool due to limited resolution for
small lesions (<1 cm).

In this institute, protocols of a diagnostic MR scan of a patient with liver lesions are per-
formed with multi-phase MR sequences with a gadolinium-based liver-specific contrast agent
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gadoxetic acid (Gd-EOB-DTPA, Primovist) [4–6]. The multiphase contrast-enhanced mDIXON
sequence for this dynamic MR scan was optimized in the Netherlands Cancer Institute - Antoni
van Leeuwenhoek (NKI-AvL) and is used as a routine diagnostic liver scan for detection of liver
tumors [7]. This sequence consists of five consequent phases that are acquired during the early
stage of contrast’s filtration and one late phase showing the hepatocytes-specific filtration of
the contrast at 20 minutes post injection (p.i.). Scans of the different phases are acquired as fol-
lows: blanco, early arterial, later arterial, portal venous, late venous and 20 minutes p.i., with
each scan acquired in controlled breath-hold in expiration for 12 seconds (Figure 1.1). Espe-
cially in the case of colorectal metastases, MRI is preferred over CT thanks to a better detection
of lesions <10 mm. Next to clear visualization of portal and hepatic veins and small lesions,
large bile ducts and arteries can be detected.

FIGURE 1.1: All phases of the diagnostic multi-phase MR liver scan acquired
with the liver-specific contrast agent used as a routine diagnostic liver scan for
detection of liver tumors. The dynamic frames that are required for
segmentation of the liver, with hepatic vasculature and biliary anatomy are
depicted with gray frames.

1.1.3 Treatment Options

Depending on the exact location and stage of the tumor, there are various options for treatment
plans including surgery, local radio frequency ablation (RFA) or microwave ablation (MWA)
and neoadjuvant therapy.

Neoadjuvant treatment is a powerful instrument that contributes positively to the total sur-
vival of patients with colorectal cancer [8]. It can be used to downstage the patient or convert
patients with non-resectable metastases into resectable ones [9, 10]. A small number of patients
receiving neoadjuvant treatment show complete radiological disappearance hence so-called
“vanishing lesions” [11, 12]. Nonetheless, a large majority of these patients still receive local
treatment.

In the last decade, techniques for local treatment of the disease (RFA and MWA) and mini-
mally invasive surgery are achieving more acceptance [13–16]. These procedures can take place
percutaneously, performed by interventional radiologists. Nevertheless, laparotomy might be
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preferable considering the tactile feedback, organ mobilization, vascular control, parenchy-
mal transection and better accessibility in cases of difficult tumor localization [17, 18]. RFAs
and MWAs can be performed during surgical interventions as well, when multiple lesions are
present and require different approaches.

In general, the most effective treatment of liver lesions is surgical removal and is therefore
preferred as “gold standard”. Thanks to the regenerative ability of the liver, 80% of the liver can
be resected if the remaining parenchyma is optimal, with a sufficient inflow and outflow [19]. It
is important to have insights in the relation between the resectable region and its bile and vessel
structures, in afferent (portal) and efferent (hepatic) vessels. Defined by Couinaud, the bile and
vessel structures divide the liver in eight segments, in a left (segments II, III and IV) and right
lobe (segment V, VI, VII and VIII; Figure 1.2). Segment 1, the caudate lobe, is considered as a
separate entity. One speaks of anatomical resection when a resection is performed according to
the anatomical boundaries of these segments. A non-anatomical resection, or wedge resection,
can be performed if a lesion is situated at the edge of the parenchyma and if vascularization
and gall drainage are not endangered. The decision to perform this type of resection depends
on factors as preoperative chemotherapy, pre-existing liver disease, risk of recurrence and the
tumor burden [20].

FIGURE 1.2: Segmental anatomy according to Couinaud. Image reproduced
from The Radiology Assistant [21].

Blood loss and the extent of liver tissue resection are two large contributing factors to influ-
ence the postoperative outcome from hepatic resection [22]. Shortly, these two factors will be
described.

To limit the effective blood loss (EBL) during surgical resection, different techniques are
available. First of all, anesthetic actions should restrict the blood inflow into the liver by pre-
vention of overfilling of the patient. Additionally, portal triad clamping (or the Pringle ma-
noeuver) limits the inflow, by temporarily applying a clamp on the portal vein and the hepatic
artery. This technique is preferably not performed due to several postoperative complications
[23]. If necessary, different approaches can be chosen for this manoeuver, i.e., continuous and
intermittent (with periods of reperfusion). Another method for reducing blood loss is total
hepatic vascular exclusion, in which temporary occlusion of hepatic vessels limits retrograde
hepatic vein bleeding. However, negative hemodynamic effects and postoperative complica-
tions are hereby induced [24, 25]. A third option to limit EBL, intrahepatic pedicle ligation can
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be performed. This involves ligating the branch that supplies the liver portion that is planned
for resection. Once the required portal pedicle clamped, a vascular stapler is used to transect
this pedicle therewith inhibiting further blood flow for that part of the liver.

After blood flow is restricted in one of the described ways, parenchymal transection can
take place. For this, a variety of suture ligation, bipolar electrocautery, vessel sealing devices
and vascular clips can be used.

Ultrasonic dissection is used to divide liver parenchyma by combining ultrasonic energy
with powerful aspiration, e.g., in this institute with the Cavitron Ultrasonic Surgical Aspira-
tor (CUSA, Tycho Healthcare, Mansfield, MA, USA). Skeletonization is in this way performed,
exposing the blood vessels and biliary structures that subsequently can be divided. For that
purpose, sealing devices can be used. Sealing devices aim at sealing small vessels before divi-
sion, therewith combining parenchymal division with vessel hemostasis. This leads to usability
in non-anatomical or laparoscopic resections. Sealing can take place in forms of bipolar vessel
sealing, saline-linked radiofrequency sealing, water-jet dissection and vascular stapling.

When surgical resection of a lesion is impossible due to positioning, e.g., adjacent to the
vena cava, ablation techniques can be used to locally treat a lesion with curative intents. Ab-
lation minimizes loss of healthy liver parenchyma, and can be useful in patient with minimal
liver function or in cases of bilobar disease [26]. In this institute, RFA and MWA are used in
laparoscopic and open approach. In the case of RFA, radio frequent radiation (in the range of
350-500 KHz) generates heat at the tip of an ablation probe. This heat causes coagulation and
therewith necrosis in a spherical region of 5 cm at maximum. In MWA, local hyperthermia is
created by applying a local EM field (300 MHz – 300Ghz) that causes frictional heating, due to
oscillation of polar molecules.

Other treatment possibilities consist of stereotactic radiotherapy, vascular treatment as trans
arterial chemo embolization and radio embolization. These techniques will not be described
because focusing on surgical options.

1.1.4 Rationale for This Research

Precise localization of the lesions and detailed knowledge of the patient-specific vascular and
biliary structures helps to prepare for complex liver surgeries, it also contributes to success-
ful surgical resections of tumors, with higher preservation of functional liver tissue [27–29].
Thus, in this institute, the surgeon is regularly provided with a detailed three-dimensional
(3D) model of the organ’s anatomy. This 3D model, based on pre-operative contrast-enhanced
computed tomography or magnetic resonance imaging, is reconstructed in a virtual planning
environment. However, applying the preoperatively constructed model into supportive use
during surgery remains a difficult fulfillment.

The liver has a high natural mobility and flexibility, and its shape is significantly affected
by deformation due to mobilization during open surgery [30, 31]. This causes a difficult cor-
relation of the 3D model to the intraoperative situation to the preoperative 3D model which is
based on breath-hold CT or MRI. In open liver surgery, surgeons sometimes spend a lot of time
on exploring to find lesions. This increases total surgery time, leading to potential harm for the
patient along with increased costs. Furthermore, sometimes incorrect ablations are performed
in the case of small or vanished lesions. Hence, surgical navigation in liver resection is needed.

Image-guided navigation surgery aims at providing the surgeon with detailed real-time
information of the surgical site. In the case of oncological procedures, contribution to a nega-
tive tumor resection margin is desired by connecting preoperative anatomical information to
the real-time anatomical situation of the patient during surgery. Surgical navigation (SN) is
already implemented in diverse applications, such as orthopedics, facial surgery and neuro-
surgery [32–36]. However, implementation of SN applicable to highly-deformable organs is
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still scarce. For liver surgery, surgical navigation can take place either solely based on preop-
erative images (e.g., MR and CT) either solely based on real-time intraoperative imaging (e.g.,
US), or, alternatively, based on fusion of images from pre- and intraoperative modalities.

Conventional navigation systems, solely based on preoperative data, are not suitable for
liver surgery due to intraoperative deformation of the organ as a whole. No rigid alignment of
the preoperative planning with the intraoperative situation can be performed when the whole
organ is used for registration.

Real-time image-guided liver surgery (IGLS) is desired since the preoperative situation has
presumably changed or has been influenced by preoperative chemo- or radiation therapy. In-
traoperative 3D ultrasound has been used routinely for tumor localization as a helpful addition
in liver resection [37]. However, the use of solely US for image-guidance can be difficult. Target
lesions may not be visible, or the imager may not be confident that a lesion identified with US
corresponds with the lesion identified with CT or MRI. Furthermore, isoechoic or vanishing
lesions are not visible on US images as well as arteries and bile ducts.

To elaborate the previously described features, the surgeon wants to be able to distinguish
critical anatomical structures such as the bile ducts, main hepatic or portal veins and hepatic
arteries in the area around the lesion. Possible complications after RFA or hepatectomy, which
ideally should be prevented, are adverse arterial bleeding, biloma or bile duct injury due to
the anatomical variation of the biliary system and its limited real-time information [38–40].
Arterial structures can be extracted from multi-phase CT acquisition; however, this requires an
additional CT scan with unwanted radiation exposure. Since biliary anatomy is not visible on
CT scans except for extreme cases of dilated bile ducts, non-ionizing contrast-enhanced MRI is
desired to extract all required anatomical liver information. Arterial and biliary structures can
be distinguished in multi-phase MR liver imaging, resulting in scans with clear localization of
main bile ducts, the correct location and size of small lesions and the location of main arteries
and veins.

When we take all aforementioned challenges into account, it is evident that navigation for
liver surgery requires real-time fusion of preoperative surgery plans (based on MR) with intra-
operative ultrasound. Fusion of these images is already possible to a certain extend when
non-linear soft tissue deformation is not taken into account [41, 42]. While rigid registration of
intraoperative imaging with the preoperative planning data is considered as not feasible due
to non-rigid deformation of the organ as a whole, expected is that with careful and controlled
mobilization a rigid alignment of preoperative data can give satisfactory accuracy for the local
navigation [28].

In this institute, a new era has started with the implementation of surgical navigation on an
electromagnetic (EM) tracking based system. In this institute, this navigation is applied during
pelvic surgery where anatomical structures are assumed as rigid [43, 44]. Further application
of this system is currently being researched in this institute in fields such as colorectal and
head-neck-surgery, from now on as well in liver surgery. Question is if this navigation surgery
is applicable when we take the problems of liver deformation into account. In this institute, we
have the possibilities to use the PercuNav Ultrasound system from Philips for research proper-
ties that is currently available in the department of radiology. PercuNav has image fusion and
navigation capabilities and is currently used for percutaneous liver biopsies and percutaneous
ablation of liver lesions [45]. The aim of this research is to assess the feasibility and the poten-
tial added value of ultrasound-based navigation, with help of PercuNav in particular, for open
liver surgery.
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1.2 Technical Background

Information from preoperative imaging is desired to take into account during surgery. For
that, navigation technology is used for which technological background is provided. Specific
implementation techniques in this institute are described that are useful for ultrasound-guided
navigation during surgery, as well as current options in ultrasound-guided navigation tech-
niques. Subsequently, options for accuracy assessment of image co-registration are outlined.

1.2.1 Electromagnetic Navigation Tracking

For liver surgery, surgical navigation can take place in three different ways, i) solely based on
preoperative images such as MR or CT, ii) solely based on real-time intraoperative imaging
such as US, or, alternatively, iii) based on fusion of images from pre- and intraoperative modal-
ities. Because the first two approaches, fully preoperative or real-time images based systems,
are not suitable for navigation in open liver surgery, our focus will be on the third method.

We focus on combination of preoperative information with the real-time intraoperative situ-
ation. To accomplish this, we need a tracking system that provides a link between preoperative
and intraoperative situation. Tracking can be performed based on optical tracking or electro-
magnetic tracking of a sensor with a known relation to the target area. Tracking of an optical
sensor requires a direct line-of-sight between the operating field and the camera system which
is a problem in cluttered operating theaters. On the other hand, the use of ferromagnetic sur-
gical equipment influences the accuracy and the application of EM tracking [46]. In this work,
we will use the Aurora electromagnetic tracking systems (EMTS; Northern Digital Inc. [NDI],
Waterloo, Ontario, Canada) that are available in this institute. Two types of field generators
will be used for application concerning the liver (Figures 1.3, 1.4). The planar field generator
(PFG) is mounted on a flexible positioning arm. The tabletop field generator (TTFG), which is
suitable for placement underneath the patient for less interference in the surgical field, is slid
inside a Perspex casing positioned underneath the patient’s mattress [47, 48]. Both field gener-
ators generate an electromagnetic field with a pre-determined field of view (FOV; Figures 1.3,
1.4). Within the FOV, multiple EM sensors with five or six degrees of freedom (5DOF/6DOF)
can be tracked. The field generator produces a constant magnetic field. Field sensors have
weak currents passing through them. Currents in the sensors induce electromagnetic induc-
tion when they move inside the EM field. The sensors, in tips of devices or fiducials placed
on the patient, calculate their locations by iteratively measuring the magnetic induction vector
produced from the field generator. In this way, sensor positions are determined in relation to
the field generator [49]. Electrical signals from the sensors are amplified and digitized by a
system interface unit (SIU) and are connected with the host computer of the system through a
system control unit (SCU).

1.2.2 MR-US Registration

For fusion of US and MR data and for EM navigation, it is important to realize that these images
and the EM data each have their own coordinate systems that must be registered.

In the MR scan, the xy-plane is set as the axial transection leaving the z-axis orientated
in the direction from caudal to cranial. The three-dimensional coordinate system of the MR
scan is Cartesian (x, y, z). Herein, any point in three-dimensional space is specified with signed
distances to the point from three mutually perpendicular directed lines, measured in the same
unit of length.

The coordinate system from the EM field generator is Cartesian as well. However, orienta-
tions of the axes and positions of origins are different. Unlike in the MR scan, z-axis of the WFG
is orthogonal to the opening of the generator and is not aligned with the longitudinal axis of the
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FIGURE 1.3: On the left side the planar field generator, with on the right its
characteristic field of view (dimensions in mm) [47].
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FIGURE 1.4: On the left side the table top field generator, with on the right its
characteristic field of view (dimensions in mm) [47].

human body. Transformation between this coordinate system and the MR coordinate system is
linear if expressed in homogeneous coordinates.

In contrast to the EM and MR systems, coordinate systems of 2D ultrasound are given in
cylindrical coordinates (r,θ, z). In 2D US, any point in the scanning plane is defined at a radial
distance r with an angular coordinate θ. Height in the partially cylindrical volume is defined
by z. (Figure 1.5).

Fusion of two modalities is possible when the spatial link is provided with the EM tracking.
The first step in co-registration requires calculation of the transformation matrix between the
systems with rotations and translations, to correctly describe the spatial relation between the
datasets. For this, several methods are available. First of all, a set of registration points can
be defined in the ultrasound images as well as the preoperative imaging volume on common
anatomical structures or fiducials. Calculating the translation and rotation between these sets
of points leads to a transformation matrix. Second, plane-based registration can take place
after assigning a plane from the US image to a plane in the MR volume. The transformation
matrix between these images determines the image registration. While the point-based and
plane-based registrations are performed manually, a third, an automatic co-registration can be
performed based on vessel extraction in both modalities.

Several steps of calculation are necessary to determine a correct co-registration, visualized
in Figure 1.5. One EM sensor is attached at the region of interest as reference, being the patient
reference (5DOF) tracker, while another EM sensor is clipped on and calibrated on the US
probe. Transformation from the US image (US) to the tracked US transducer (PR) is denoted as
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PRTUS. The relation between the tracked probe and the reference is established by continuously
updating the transformation matrix EMTPR. Now, image registration is performed by linking
the preoperative MR volume to the EM field. Ultimately, this transforms a point USp in the
initial ultrasound image to the updated position MRp in the transformed MR volume:

MRp = MRTEM · EMTPR · PRTUS ·US p (1.1)

FIGURE 1.5: Visualization of the different coordinate systems’ orientations. The
planar FG has its Cartesian coordinates (middle), as well as the diagnostic MR
scan (left). On the other hand, the 2D ultrasound probe is orientated with a
cylindrical coordinate system (right).

1.2.3 PercuNav Ultrasound Platform

The EPIQ7 ultrasound platform with PercuNav software (Philips, The Netherlands) allows
clinicians to fuse different diagnostic scans (e.g., CT, MRI, PET/CT) with live ultrasound im-
ages. Prior to the intervention (e.g., percutaneous RFA/MWA), data from one of diagnostic
scans (CT or MRI) is loaded into the PercuNav system via the picture archiving and communi-
cation system (PACS) or directly from the hard drive. Subsequently, co-registration of the diag-
nostic scan with real-time ultrasound should be performed, with several possibilities for (only
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rigid) co-registration. Manually, this can be achieved by landmark or point-based registration,
and by plane-based registration. Point-based registration is performed by assigning a fiducial
on an anatomical structure in an ultrasound image to a fiducial of corresponding anatomy in
the other modality, e.g., the MR volume. After performing this step for several fiducial sets,
co-registration of the two modalities takes place. The second method, plane-based registra-
tion, is achieved by selecting an internal plane in the diagnostic scan that matches the current
ultrasound image.

Next to manual registration, PercuNav supports two methods for automatic co-registration
in abdominal applications: vessel-based and contour-based registration. In this combination,
vessel-based registration is the default method. In the less common cases, where vessel-based
registration is not possible, a fusion of two volumes through co-registration of organ’s surfaces
can be executed automatically.

In automatic vessel-based registration (Figure 1.6), the 3D vessel tree of the liver is automat-
ically extracted from the diagnostic scan. This segmentation is performed based on the central
line extraction of vessel-like (e.g. tubular) structures [50]. After this 3D vessel tree reconstruc-
tion, an ultrasound sweep of the liver is acquired in such a way that some vessels are included
within the field of view. Thereafter, an automatic rigid co-registration between the 3D vessel
trees from the diagnostic scan and the vessel branches visible on the US is performed.

In the case of automatic contour-based registration, the 3D surface of the liver is extracted
from the CT or MR scan. Next, an ultrasound sweep is acquired in such a way that a part of
the diaphragm is visible on the image. At last, a contour-based alignment between the liver
surface from the CT or MRI volume and the ultrasound is performed.

FIGURE 1.6: Auto Registration using a vessel based segmentation of the portal
vasculature in the liver, here combining pre-existing CT with real-time
ultrasound. In the upper right image only US is visible, in the lower left image
only CT. A fusion of CT and US is depicted in the upper left image and a 3D
rendering of the probe location with respect to the human body can be seen in
the lower right image. Image reproduced from [45].
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1.2.4 Registration Accuracy Assessment

Assessment of MR-US co-registration is required to ensure a safe and reliable implementation.
Several aspects can affect the accuracy of the co-registration of images, in different parts of the
registration process. In various parts of this study, reasons for inaccuracy are diverse and de-
pending on the type of the experiment. While qualitative validation of co-registered images
involves subjective evaluation, in this section, quantitative methods for measuring the regis-
tration accuracy are described. For quantitative accuracy assessment, not one “gold standard”
is present in the clinical environments. When a local accuracy is estimated, it is advised to in-
clude reliability bounds since often no reference accuracy is known. A measure of registration
accuracy is more easily applied in controlled phantom studies, where local registration errors
can be quantified with relatively higher certainty than in clinical application [51].

Image registration accuracy is commonly defined by the root mean square error (RMSE) of
the target registration, defined as the mean of the distances between point-correspondences:

RMSE =

√√√√ 1

n

n∑
i=1

(p1,i − p2,i)2 (1.2)

where the average Euclidean distance between two series p1,i and p2,i with sample size n is
calculated.

Many commercial image registration packages and image guided-surgery systems use an
error measure referred to as the RMS error, residual error or fiducial registration error (FRE),
also in commercially available systems used for real-time ultrasound fusion with preoperative
modalities [52].

A commonly used approach as quantitative method for registration accuracy is calcula-
tion of the target registration error (TRE), using two sets of corresponding fiducials in a reg-
istered pair of volumes. In this way, the Euclidean distance between two sets of points after
co-registration is calculated based on points correspondence, therewith providing the user with
information about a registration accuracy of the whole target. In a set of points, not only the
translation error is determined, rotational error is also optional. When it is desired to calculate
a local registration error, fiducial registration error is calculated giving a Euclidean distance of
only one pair of points instead of several, thus being equal to the root-mean-square error in
fiducial alignment between image space and physical space.

1.2.5 Scale-Invariant Feature Transform

Manual selection of fiducials can influence the registration accuracy substantially. Firstly, inter-
observer and intra-observer variability can take place in point selection and result in false
fiducial matches. Secondly, the process of manual selection is time-consuming. These rea-
sons necessitate the use of a more robust (semi-)automatic method in selection of a pair of
anatomical fiducials in ultrasound and its co-registered image set. In the case of multimodal
co-registration, here with MR-US, different types of images are matched. Scale-invariant fea-
ture transform (SIFT) is explored for the validation of co-registration as an alternative to a
registration error value that is returned by a system used for multimodal co-registration. It is
important to note that while we are dealing with a 3D MR and a 3D ultrasound volume, we
will apply SIFT to the 2D slices of these volumes. Therewith, we aim for an approximation
of the locations of detected points in the original 3D volume. This is performed as a 2.5D ap-
proach, with a custom-made algorithm. Further application of the described SIFT algorithm is
explained in Section 3.2.3.
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Lowe’s SIFT algorithm is used to detect and describe local features in images [53]. Using
scale-space theory [54], keypoints invariant to image scaling and rotation are detected and de-
scripted with the assignment of a local gradient orientation. In this way, theoretically, matching
one feature from image A can be correctly matched with high probability to a feature from im-
age B providing a basis for object recognition. The SIFT algorithm is empirically proven to
show good performance, being robust to image rotation, scale, intensity change and resistant
to moderate affine transformation [55]. This principle is used in e.g., the fusion of color im-
ages with fluorescein angiographic images in retinal image registration [56] and multimodal
image registration of T1 and T2 weighted MR scans of the human brain [57]. Regarding this
study, we are interested in the possible applicability of the SIFT algorithm to assess accuracy
of ultrasound-to-MR image registration. The SIFT algorithm is chosen because of its goal to
detect local characteristics in one image and match with corresponding characteristics in an-
other image. In this way, theoretically, an intrinsic fiducial that is automatically detected in an
ultrasound slice could be detected in the co-registered MR slice as well. SIFT is expected to
be useful since co-registered MR data will contain another image resolution, color windowing
and contrast than the ultrasound image. Next to that, when the orientation of an anatomical
fiducial in MR differs from the orientation of that the corresponding fiducial in ultrasound, still
a match can be performed to assess the local registration accuracy.

Before matching of these detected features is possible, the SIFT algorithm is build up in
four steps: scale-space extrema detection, keypoint localization, orientation assignment and
keypoint description.

In the scale-space extrema detection, Difference of Gaussian (DoG) images are created by
applying different sizes of Gaussian G(x, y, σ) blurs to the same image I(x, y).

L(x, y, σ) = G(x, y, σ) ∗ I(x, y) (1.3)

where ∗ is the convolution operation in x- and y-direction. In so-called octaves, a multiplica-
tive factor k is applied to the image in different neighboring scales, where after subtraction with
a k difference a DoG image D(x, y, σ) is produced.

(x, y, σ) = (G(x, y, kσ)−G(x, y, σ)) ∗ I(x, y)
= L(x, y, kσ)− L(x, y, σ)

(1.4)

with L as the smoothed images. When an octave of DoG image is created, the Gaussian
image is resampled with twice the initial value of σ. In this way, for each octave of scale space
the original image is convolved with Gaussians. Subsequently, local extrema detection takes
place in the scale-space. Each pixel from the DoG images is compared with pixels from the
26-connected neighborhood in the current and adjacent scales, therewith determining a local
extremum (Figure 1.7).

As a result of this scale-space extrema detection there is a too high amount of (sometimes
unstable) candidates for keypoints. Therefore, the potential keypoints must be refined. A 3D
quadratic function, using a Taylor expansion approach of the scale-space function, is used to
get true locations of extrema [58]. Detected potential extrema can also be discarded using this
function, e.g., in the case of low contrast responses generated by noise [53]. Additionally, po-
tential keypoints with a strong edge response in one direction are rejected as well. For that, the
ratio of principal curvatures using the Hessian matrix is used to eliminate points that might
belong to an edge. Afterwards, orientation assignment takes place, therewith describing the
keypoint with information based on local image properties which now are invariant to image
rotation. This information consists of the calculated local gradient and its orientation. This is
calculated with help of the gradients calculated around the keypoint (Figure 1.8). Results of the
feature calculation are stored and represented in a 128-dimensional feature vector (descriptor).
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An extracted feature of one image A is compared to extracted features of the other image
B, to find similar regions in two images. To accomplish this, for each descriptor of image A
the matching algorithm will find the closest descriptor from image B, returning a match with
a corresponding Euclidean distance between the locations of these features. Many features
will not have any correct match since they arise from background noise or they don’t have
correspondence to features in the other image.

To be approved as a match, different conditions can be chosen. A global threshold on dis-
tance to the closest feature can be chosen, to exclude too improbable or ambiguous match pairs.
The algorithm by Lowe [53] suggested a method for match rejection. This method matches a
descriptor d1 from image A to a descriptor d2 from image B only if the distance d between these
descriptors multiplied by a specified threshold T is not greater than the distance of d1 to all
other descriptors.

Scale
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Gaussian (DOG)

Gaussian 
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(first
octave)

Scale
(next
octave)

. . .

FIGURE 1.7: For each octave of scale space the original image is convolved with
Gaussians (left column), where after subtraction of these adjacent Gaussian
images results in difference of Gaussians (middle column). Consequently (right
column), local extrema detection takes place by comparing a pixel (marked with
X) from the DoG image to its surrounding pixels in the current and adjacent
scales. Image reproduced from Lowe et al. [53].

FIGURE 1.8: Image gradients are calculated around the keypoint location at each
sample point. The blue overlaid circle indicates the Gaussian window that
weights these sample points. Resulting orientation histograms divided per
subregion show the resulting gradients of that subregion. Image reproduced
from Lowe et al. [53].
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1.3 Objectives

Primary objective

The main goal of this thesis is to determine the feasibility of ultrasound-based navigation for
surgical resection of liver lesions and make the first steps towards clinical implementation.

Secondary objectives

• Assess whether rigid registration for local MR-US fusion leads to sufficient accuracy in
phantoms and on ex vivo samples.

• Adapt the application’s workflow to successfully incorporate US-based navigation into
open liver surgery in a logistically approved and accurate way.

• Develop a completely implemented ultrasound-based navigation routine that can be used
during open surgery of colorectal liver metastases with the use of Philips’ PercuNav sys-
tem.
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Chapter 2

Phantom Study

Summary

Prior to implementation of ultrasound-based navigation into clinical practice of open hepate-
ctomies, it is important to assess the accuracy of registration of intraoperative ultrasound to
diagnostic MR/CT scans. This aspect needs to be accessed in a safe and controlled environ-
ment. The first goal of this work was to construct a multimodal liver phantom that is suitable
for ultrasound, computed tomography, and magnetic resonance imaging. The second goal was
to subject the developed phantom to artificially applied deformation similar to intraoperative
deformation of the liver. The phantom is composed of three mimicked structure types: liver
parenchyma, tumor and vasculature. Co-registration accuracy of real-time ultrasound to CT
and MR images was calculated after plane-based and point-based registration, using Philips
PercuNav registration software. Raw data retrieval from the system was impossible, for this
reason an alternative post-processing method was developed. Distances between fiducial pairs
of both US and CT or MR points were calculated using Euclidean distance computation at lo-
cations distributed around the center of registration. In measurements without deformation,
registration accuracies were measured of 5 to 10 mm in the -2 to +2 cm area around the registra-
tion plane or average of four registration points. When deformation is applied on the phantom
by tilting half of it with a 30° angle, registration accuracy stayed under 10 mm. These accuracies
showed that possibilities of in vivo applications are present, which requires further research. In
some of the experiments, registration accuracies under 5 mm were achieved, which also have
been shown in other studies. Effects of deformation in terms of variation in local registration
errors were not described before, from this research it is advised to keep the region of interest
small to ensure an acceptable registration accuracy.
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2.1 Introduction

Co-registration of magnetic resonance and real-time ultrasound images needs to be tested for
navigation surgery purposes in open liver resections. Immediate implementation is not possi-
ble due to unknown accuracy and patient safety. Ideally, research towards a safe and accurate
development of ultrasound-based navigation should be performed in a controlled and liver-
simulating environment, e.g., on phantoms.

To create a liver-mimicking environment, phantoms must meet several major requirements.
First of all, compatibility with ultrasound, computed tomography and magnetic resonance
imaging is required. This includes the possibility to distinct different tissue-mimicking struc-
tures in the three imaging modalities and, additionally, safety of imaging (e.g., no magnetic
materials in MRI) and a minimal effect of artifacts are essential. The second requirement is
a degree of anatomical similarity. Preferably, a liver phantom consists of components with
liver-like characteristics such as flexibility, tumor-like structures and deformable vessels-like
structures.

In literature, several approaches have been proposed for the development of phantoms with
the aim of mimicking soft tissue. For that, various materials can be used including, but not
limited to: agarose and gelatin compounds, oil gel, room-temperature-vulcanization-silicone
polyvinyl alcohol (RTV-PVA), polysaccharide gels, and flexible plastic [59]. While hydrogels
based on agarose or gelatin are easily fabricated and have multimodal compatibility, they come
with disadvantages such as vulnerability and lack of durability [60]. While degradation over
time is limited in oil-based compounds, application in ultrasound is cumbersome due to a high
density and too low attenuation of ultrasound waves [61]. RTV-silicone for mimicking soft
tissue comes with the advantage of quick fabrication and high durability. However, due to
a relatively high stiffness and long hardening time it is considered as not suitable for a liver-
mimicking compound. PVA-based or polysaccharide compounds are durable over time and
provide flexibility of the compound as a whole. Disadvantageous is that fabrication of PVA-
based phantoms consists of several 12 hour freeze-thaw cycles and precise control of the tem-
perature [62]. On the other hand, polysaccharide gels require precisely controlled gelling time
and the gel-water ratio [63]. Additionally, air bubbles are incorporated in the compound which
is problematic in ultrasound imaging. Flexible types of plastic can be heated and molded into
a desired shape resulting in a firm and flexible phantom. However, during heating unwanted
air bubbles are formed in the compound.

In this work, a multimodal liver-mimicking phantom was developed based on plastisol melt-
ing techniques described by Ungi et al. [64] in combination with the three-dimensional (3D)
printing technique laser sintering. A phantom is fabricated that consists of three mimicked tis-
sue types: hepatic and portal veins, tumors and liver parenchyma. Flexible hepatic and portal
veins are 3D printed via laser sintering of thermoplastic urethane, based on a segmentation of
a CT scan of the liver. For the tumors and the liver parenchyma, plastisol and plasticizer are
heated and shaped in a mold, resulting in a flexible surrounding for the vessels.

Several systems are developed with the intention to percutaneously guide biopsy or abla-
tion needles based on electromagnetic navigation, established by co-registration of live ultra-
sound with previously acquired CT or MR scans [49, 52]. However, in these cases, the liver
is naturally fixated inside the abdomen. It is desired to investigate application in open liver
surgery, hence effects of liver deformation need to be assessed with experiments.

In this chapter, experiments are divided in two parts, i) accuracy measurements with the liver
phantom in a non-deformed setting and ii) accuracy measurements influenced by deformation.
Accuracy measurements with the liver phantom in a non-deformed setting need to be carried
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out to determine the effects of different registration methods on local registration accuracy.
These measurements are fundamental to ascertain the range of an acceptable accuracy when
no deformation takes place as the best-case scenario. Afterwards, the effects of deformation
on the local registration accuracy need to be determined. The objective is to indicate which
settings are required for acceptable registration error and feasible application in circumstances
with liver deformation. Therewith, the boundaries were determined of the region of interest
in which MR-US fusion can safely be used with a satisfactory local registration accuracy. In
literature, tissue registration error (TRE) and root-mean square error (RMSE) are established
methods to quantify reliability for image fusion. However, interests lay in registration accuracy
in relation to the registration area. Therefore, the local registration error (LRE) is introduced.

2.2 Materials and Methods

The compositions of the materials used for mimicking the liver and the used equipment are
described below, divided per structure type. The phantom as a whole is constructed inside
a stainless-steel mold to determine the shape (Figure 2.2c). First, the appropriate vessel struc-
tures are designed for and constructed with laser sintering. Second, several lesions is produced.
Third, the liver parenchyma is produced that facilitates finalization of the phantom and pre-
serves coherence of the whole phantom.

2.2.1 Preparation and 3D Printing of Vessels

To mimic liver vasculature, there is decided to use three-dimensional printing of portal and
hepatic vessels. To do this, vessels of a randomly anonymized scan are segmented using liver
segmentation tools in IntelliSpace Portal software (Philips Healthcare, Best, The Netherlands).
To ensure a non-fragile structure for 3D printing, slightly thin branches are dilated and too thin
distal branches are excluded (Figure 2.1).

FIGURE 2.1: Visualization of the portal (black) and hepatic (white) veins, which
are the structures selected for 3D printing. a) Anterior view, b) superior view.
Main vessels are visible, together with some first and second order branches.

This resulted in two separate vessel structures that are printed by an external party (Materialise
NV, Leuven, Belgium). Three-dimensional printing is performed with laser sintering. To mimic
elastic properties, a rubber-like material is chosen named TPU 92A-1, which is a thermoplastic
urethane [65]. This strong and flexible material has a melting temperature of 160°C. This tem-
perature was required in the further construction of the phantom (Section 2.2.3). The portal
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vasculature was dyed black, and hepatic vasculature was dyed white, to facilitate distinction
between the two different vasculatures inside the phantom.

2.2.2 Phantom Tumor Development

It is desired to mimic the surgical situation of a patient with several colorectal metastases.
Next to that, we want to be able to assess the possibilities of MRI-US fusion when tumors are
located in different anatomical situations. Therefore, it is decided to insert different tumor-like
structures inside the developed phantom. To mimic realistic structural properties, elasticity is
desired to be comparable to the phantom parenchyma. No plastic softener was added in the
tumors’ fabrication process with two goals. Firstly, tumor palpation in the liver phantom is
hereby enabled. Secondly, not using plastic softener leads to a different density i.e. distinction
from its surroundings. Thus, only plastisol is used in combination with a plastic coloring (M-F
Manufacturing Co., Inc. Fort Worth, TX, USA).

The tumors need to be visible on CT and MRI. To that end, a small portion of magnesium
oxide is administered in the fabrication process of the phantom tumors. Subsequently, a bit of
liquid color is added resulting in non-transparent, differently colored tumors (Figure 2.2b).

FIGURE 2.2: a) Mold used for construction of the tumors. b) Two examples of
tumors with different coloring, created using the mold. c) Stainless-steel
gastronomy container in which the phantom was constructed.

Plastisol is a heterogeneous mixture of PVC particles in a liquid plasticizer. Heating the mixture
to 180°C causes mutual dissolution. After pouring it into a mold, cooling results in a set of flex-
ible, plasticized tumors when a temperature lower than 60°C is reached. The phantom tumors
are constructed in a mold (M-F Manufacturing Co., Inc. Fort Worth, TX, USA [Figure 2.2a]),
before development of the parenchyma and finalization of the phantom. The diameter of the
tumors is kept constant at approximately 13 mm.

2.2.3 Parenchyma Development

To mimic liver parenchyma, a flexible material is fabricated to surround the laser sintered ves-
sels and the created phantom tumors. Just as the previously described vessels and tumors,
the simulated parenchyma is desired to have elastic properties comparable to human liver
parenchyma. To assure this, the elasticity and deformability of the phantom are chosen with
help of two surgeons that are involved in this research project. For that, the same type of plas-
tisol is used as in Section 2.2.2.

To increase flexibility of the parenchyma-mimicking compound, plasticizer is added to the
plastisol. In total, 1650 mL of plastisol was mixed with 550 mL of plasticizer what resulted in
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2200 mL liquid that was used for creation of the phantom’s parenchyma. Phantom construction
took place in a fume hood to limit exposure to chlorine gas release during the fabrication pro-
cess. Two heaters with magnetic stirring were used during the preparation of the parenchyma
volume. Heating of the liquid to 180°C was required to assist the progress of sufficient blend-
ing of the two compounds. Additionally, magnetic stirring had the purpose of reducing the
amount of air bubbles in the mixture, since air bubbles induce problematic imaging in all of
our three used imaging modalities.

2.2.4 Phantom Finalization

It was desired to mimic a realistic, however simplified, shape of the liver in the phantom. There-
fore, a mold is chosen that can contain a large volume of liquid. A stainless-steel gastronomy
container was used (Figure 2.2c), that is positioned at a 35° angle and gives the phantom’s char-
acteristic shape. When the temperature of the fluids dropped to 155-160°C, it was poured in
the mold slowly, while simultaneously the vessel structures are submerged in the liquid com-
pound. These structures were held in their desired positions for about 15 minutes. After this
time, the liquid has cooled down and has become rigid enough to maintain the positioning of
the vessel structures. At this moment, the tumors were maneuvered into the compound result-
ing in a permanent fixation inside the parenchyma. The whole setup was kept in this position
for several hours until properly cooled down, resulting in a finalized phantom (Figure 2.3).

FIGURE 2.3: Top and side view on the multimodal liver phantom. The shape of
the phantom mimics the significantly simplified natural shape of the liver. The
transparency of the parenchyma enables visibility of all anatomical structures in
the phantom.

2.2.5 Scan Acquisition

In preparation of the registration experiments, scans were acquired with different modalities.
MR imaging was performed on an Achieva (Philips Medical Systems, Netherlands) 3.0-T sys-
tem with the use of the body coil for transmission and reception of the signal. Standard di-
agnostic T2-weighted mDIXON liver scan protocol was used [66]. This resulted in 3D image
volume with a spatial resolution of 1.0x1.0x1.5 mm voxels, providing suitable details of the
phantom for MR-US fusion purposes (Figure 2.4a). Next, a dedicated helical CT scan (Toshiba,
Acquilion) of the phantom was acquired with the same purposes. The CT scan was acquired
according to the abdominal clinical diagnostics (Figure 2.4b) and reconstructed on a 1.0x1.0x1.0
mm voxel grid.
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Afterwards, The MRI and CT scans are transferred through the picture archiving and commu-
nication system (PACS) to facilitate data selection for fusion at the PercuNav software module.
The software module PercuNav on ultrasound platform EPIQ7 (Philips Healthcare, Best, The
Netherlands), intended for percutaneous guidance of needles based on electromagnetic navi-
gation, establishes fusion of live ultrasound with previously acquired CT or MR scans [67].

FIGURE 2.4: T2-weighted MR scan (a), CT scan (b) and ultrasound image (c). All
scans are depicted at the same axial cross-section, taking into account the fact
that the ultrasound image is acquired with the probe positioned perpendicularly
on the right sloped surface visible in the scans.

2.2.6 Experiment Setup

To facilitate fusion of CT or MR scans with real-time ultrasound data, several preparations were
performed. The experiment setup is performed at the interventional radiology suite. Ferromag-
netic materials in the environment can cause distortions in the susceptibility of electromagnetic
tracking systems (EMTSs). Therefore, interference of these materials is minimized by placing
the phantom on a plastic surface on an imaging table. Next to that, any ferromagnetic object
remains distant from the setup. When the phantom is placed correctly on the imaging table one
electromagnetic (EM) sensor containing two five degrees of freedom (5DOF) sensors is fixated
on the phantom’s surface with a thin metal wire to serve as an additional reference in the EM
field. An electromagnetically tracked sensor is mounted to the ultrasound transducer with a
clip-on bracket [68], hereby facilitating tracking of the transducer inside the EM field.

In the setup of the phantom experiments, different components are compared for assess-
ment of ultimate feasibility in liver surgery. First of all, the applicability of diverse transducer
types is assessed since different transducers have specific properties in terms of depth and field
of view. Therefore, accuracy measurements are performed using the following dedicated trans-
ducers: a 1-5 MHz curved-array transducer and a 5-12 MHz linear-array transducer. Experi-
ments are performed with CT as well as MR scans to assess the possibilities of using different
modalities for image fusion. For accuracy measurements in deformation setting, only the 5-12
MHz linear-array transducer is used in combination with MR scans.

To gain insights in terms of accuracy, possibilities and potential applications of the fusion
software different settings are tested in different experimental circumstances. Regarding reg-
istration methods, three types are appealing for possible application concerning the liver, i.e.,
i) internal plane registration, ii) internal landmark registration, and iii) automatic registration
based on automatic vessel or liver surface extraction. Automatic registration was not success-
fully performed due to non-executable vessel and liver surface extraction in the ultrasound
images of the phantom. Hence, experiments have been performed only with registration based
on internal planes and internal landmarks.
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Experiments are divided in two parts, i) accuracy measurements with the liver phantom in a
non-deformed setting and ii) accuracy measurements influenced by deformation (Figure 2.5).

FIGURE 2.5: Illustration of the possible configuration for measurements. On the
left, after transducer selection, CT or MR data for fusion is selected. Afterwards,
the type of registration is selected. Automatic registration is not performed.
Distinction is made between measurements with (left column) and without
deformation (right column).

FIGURE 2.6: Illustration of the performed ultrasound sweeps. a) After
plane-based registration in the red plane, the ultrasound probe is positioned
perpendicular to the surface, starting at the grey bar and moving to the other
side of the phantom. b) After point-based registration, a measurement is
performed in the same way as for plane-based registration.
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Measurements Without Deformation

Experiment A: Plane-based Registration
First, a 3D ultrasound sweep required for plane registration was performed. Next, a single axial
plane was selected in both 3D ultrasound image and the MR or CT volume. After this, a rigid
registration between two datasets was performed to match real-time and diagnostic images. At
last, manual correction for residual rotational error in plane-based registration was performed.
At this step, registration was finalized and stored, and the phantom was ready was ready for
registration accuracy measurements.

For accuracy measurement, an ultrasound sweep was made from the caudal to the cranial
part of the phantom. This sweep was performed along the site of registration, while attempting
to maintain a constant pace (Figure 2.6). Comparison was made between co-registration with
CT volume and co-registration with MR volume. Accuracy measurements were repeated five
times for co-registration with CT, and three times for co-registration with MR volume.

Experiment B: Global versus Central Point-based Registration
For point-based registration, a 3D ultrasound sweep was performed. Next, multiple reference
points were selected in both 3D ultrasound image and the CT volume. After this, a rigid match
between two datasets was performed to register real-time and diagnostic images. At this step,
registration was finalized and stored, and the phantom was ready for the registration accuracy
measurements. In the selection of registration points, a distinction was made between either
centrally (within 5 cm distance from each other) or globally selected (within 10 cm distance)
selected points. Co-registration was performed only with CT volume, to minimize the influ-
ence of diagnostic scan type on the accuracy of registration with globally and centrally selected
landmarks.

For accuracy measurements, an ultrasound sweep was made from the caudal to the cra-
nial part of the phantom. Just as in experiment A, this sweep is performed along the site of
registration while attempting to maintain a constant pace. The experiment was repeated three
times for globally selected registration points, and three times for centrally selected registration
points.

Measurements With Deformation

Experiment C: Registration on Deformed Phantom
In this experiment, the phantom was deformed by placing a wedge underneath one half of
the phantom with an approximate 30° angle (Figure 2.7). The reference tracker was placed
at the transition between the flat and the tilted part of the phantom surface. Afterwards, co-
registration was performed with MR volume. Thereafter, plane-based registration was com-
pared with point-based registration. For plane-based registration, the central plane, transi-
tional between the flat and the tilted part of the phantom surface, was selected for plane-based
registration. Four registration points within 5 cm of each other, around the described transition
plane, were selected for point-based registration.

Both types of registration were performed in triplicate (Figure 2.6). In each of these mea-
surements, the same registration planes in plane-based registration and the same reference
points in a point-based registration were chosen. Similar to experiment A and B, after each
accepted registration, an accuracy measurement was performed. This was done by making an
ultrasound sweep from the caudal to the cranial part of the phantom, with the transition be-
tween the straight and tilted part of the phantom in the middle. This was done to evaluate if
deformation-related errors in MR to US registration can be diminished by secondary registra-
tion on an already deformed organ.
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Experiment D: Registration Accuracy Before and After Deformation
In this experiment, plane-based and point-based co-registration with MR volume are both used
on the liver phantom. The reference tracker was placed in the same location as the experiment
C, as well as the registration area in the center of the phantom. In contrast with previous exper-
iments, two ultrasound sweeps are performed for accuracy measurements per accepted regis-
tration, i) on the non-deformed liver phantom and ii) after applying a 30° angle on half of the
phantom (Figure 2.7). This was done to assess the severity of registration errors relation to the
deformation, e.g., hereby simulating a registration error due to intraoperative manipulations
of the liver after registration.

FIGURE 2.7: Phantom before deformation (a) and after deformation (b), a 30°
angle is applied in relation to the center of the phantom.

2.2.7 Post-processing

When a registration is performed, it is crucial to assess its accuracy. The possibilities of deter-
mining this accuracy are limited in the software package of PercuNav. Firstly, a Registration Fit
Value, presumably a target registration error (TRE), is returned by the software after the regis-
tration. However, this error value is lacking information: the TRE does not provide us with any
information regarding the distribution of local errors in the volume around the region of reg-
istration. Secondly, there is a strong limitation in analysis of the raw data. Output data of the
fusion is not provided with the pose (position and orientation) of the ultrasound transducer in
relation to the CT or MR volume. In the case of MR, this inhibits an accurate analysis of MR-US
registration. Therefore, an alternative method is developed to analyze local registration errors.
This method is divided in two parts. Firstly, in 3D Slicer, (version 4.6.2, research platform for
analysis and visualization of medical images) fiducials are placed to compare a point in the MR
volume to the corresponding place in the ultrasound image. Afterwards, accuracy is calculated
in MATLAB (version 9, R2017a, The MathWorks, Natick, MA, USA).

DICOM data of the measurements is imported in 3D Slicer. In the case of co-registration
of MR to US, output of one measurement is stored by the registration software in one DICOM
volume in which four screens are visible: the MR slice, the corresponding US image, a 3D
volume rendering and a MR-US fusion image. A fiducial is placed in the MR image, as well
as a fiducial on the corresponding place in the US image. This is performed ten times in the
DICOM volume, resulting a set of ten fiducials for MR volume and a set of ten fiducials for the
US volume. The registration plane is saved as a fiducial in the case of plane-based registration,
the four registration points are saved as four fiducials in the case of point-based registration.

In a three-dimensional Cartesian coordinate system, a point is described as (x, y, z) where
distances can be denoted (e.g., in cm or mm). This is the case in image volumes such as MR or
CT scans. However, image dimensions of a measurement, which are stored in a DICOM file,
are saved in a coordinate system with an x- and y-axis and a temporal dimension on the z-axis
(Figure 2.8). This strongly inhibits an easy 3D RMS error calculation. In this file, (x, y) can easily
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be converted from pixels to centimeters with help of the centimeter-scale of the ultrasound
interface. In contrast, one slice in z-direction is 66 milliseconds. Therefore, rescaling of the
z-axis from a temporal dimension to a spatial dimension is carried out. This is performed with
help of the dimensions of the original MR volume. The most caudal and most cranial point
of a measurement in the DICOM measurement file are specified with fiducials in the original
MR data to determine the exact position in mm. With the z-coordinates of the most caudal
and cranial point, now being spatial instead of temporal, rescaling of the intermediate points
is performed. To enable this rescaling procedure, the assumption is made that the ultrasound
moves with a constant pace.

FIGURE 2.8: On the left, an illustration of the coordinate system with respect to
an MR volume. All axes are spatially oriented. On the right, the output of the
used ultrasound machine is shown with a temporal orientation along the z-axis,
since it is a video recorded as a DICOM file.

2.2.8 Statistical Analysis

Statistical analyses were performed using Matlab (version 9, R2017a, The MathWorks, Natick,
MA, USA). For all measurements, mean and standard deviation were derived as well as 68%
confidence intervals (CI) of the mean. These statistical measures and this exact confidence
interval were chosen due to the limited amount of measurements.

2.3 Results

Results of the accuracy measurements on the liver phantom are divided into two parts: mea-
surements without deformation and measurements with deformation. During post processing,
each measurement took approximately 30 minutes (placement of all fiducials and determining
the rescaling of the z-coordinates). Assessment of registration accuracy is performed by cal-
culating the Euclidean distance between a pair of corresponding fiducials in the ultrasound
image and the CT or MR volume. For that, the resulting DICOM images retrieved from the
PercuNav system are used (Figure 2.9). Euclidean distances are calculated for each of ten pairs
of fiducials, resulting in ten local registration errors per performed ultrasound sweep.

Measurements Without Deformation
As a result of each post-processing of each measurement, Euclidean distances were calculated
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FIGURE 2.9: Resulting image from the DICOM volume after a successful CT-US
registration, consisting of four quadrants: the US image, co-registered CT image,
an overlay image and a 3D rendering are depicted.

and visualized in a 3D plot to assess incorrect fiducial placement. In case of plane-based reg-
istration, local registration errors of each measurement are visualized in proportion to the z-
coordinate of the registration plane (Figure 2.10). In case of point-based registration, these
errors are visualized in relation to the mean z-coordinate of the four registration points.

Experiment A: Plane-based Registration
For plane-based registration, five CT-based measurements were performed resulting in 50 local
errors, while three MR-based measurements resulted in 30 local errors (Figure 2.11). Rescaling
all measurements in relation to the registration plane enabled mutual comparison. Positions of
the local errors for MR-US fusion measurements are less balanced than measurements for CT-
US fusion. Trend lines of the local means in 2 cm regions show an increase of local registration
error when further away from the plane of registration. Statistical comparison between CT-US
and MR-US registration is not possible, however, the magnitude of local registration errors is
comparable at the centers of registration and the -4 to -6 cm area.

Experiment B: Global versus Central Point-based Registration
For point-based registration, a comparison is made between four centrally and four globally
selected points for registration. For each method, 3 times 10 local registration errors are cal-
culated (Figure 2.12). For centrally selected registration points, the maximal distance between
the points was approximately 5 cm. For globally selected registration points, this distance
was roughly doubled to 10 cm. The locations where registration errors were measured were
at maximum in range of the locations of the registration points. The distribution of the error
measurements is unequal, for global point-based registration more than for central point-based
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FIGURE 2.10: One plane-based registration of CT and ultrasound, acquired with
a linear transducer. Local registration errors are visualized between a set of
ultrasound (red) and CT (blue) fiducials in one measurement (left); the
z-coordinate of the registration plane is depicted as a plane in red. The same
errors are shown in proportion to the z-coordinate of the registration plane
(black line, right).

registration. Trend lines with ±1 SD show a relatively constant local registration error for glob-
ally selected registration points in comparison to centrally selected registration points, where
errors tend to decrease when further away from the average registration error.

Measurements with Deformation

Experiment C: Registration on Deformed Phantom
Local registration errors of plane-based and point-based registration on are visualized in Fig-
ure 2.13. In the ±2 cm areas next to the center of registration, high accuracy is achieved in
plane-based registration (2.8 ± 1 mm) as well as in point-based registration (3.0 ± 2 mm). Trend
lines based on the local mean show a decrease of local registration accuracy up to +1 cm when
measuring more than 4 cm away from the center of registration. Corresponding error bars of
these errors tend to increase when further away from the center of registration. While plane-
based as well as point-based registrations both have been performed three times resulting in 30
registration errors each, the distribution of the measurements is not equal per bin but globally
acceptable.

Experiment D: Registration Accuracy Before and After Deformation
The difference in registration errors before and after deformation is visualized in Figure 2.14.
Experiments have been repeated three times for plane-based registration and point-based reg-
istration, both resulting in 30 local registration errors before and 30 after deformation. Distribu-
tion of measurements was acceptable per bin, with the exception that errors are mainly located
at the left from the registration plane.

The local registration errors measured after plane-based registration do not differ from er-
rors before deformation: ±1 SD error bars are comparable in size, as well as the locations of the
local mean per bin.
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As a result of the applied deformation with point-based registration, the mean local registra-
tion error is increased from 3.0 ± 1.5 mm to 6.3 ± 3.5 mm in the ±2 cm region of the average
registration point. In the area of -4 to -6 cm away from the center, the local registration error
increased from 8.2 ± 2.7 mm to 15.8 ± 5.7 mm.

FIGURE 2.11: Experiment A - Plane-based registrations acquired with a linear
transducer resulting in local registration errors of CT-US fusion (left, n=50) and
MR-US fusion (right, n=30). Error bar shows ±1 SD in each 2 cm region next to
the plane of registration (blue). A trend line is drawn through the local mean in
each 2 cm region.

FIGURE 2.12: Experiment B - Point-based registrations acquired with a linear
transducer, comparing centrally to globally selected points for registration. Error
bar shows ±1 SD in each 2 cm region next to the plane of registration (blue). A
trend line is drawn through the local means of each 2 cm region.
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FIGURE 2.13: Experiment C - Comparison of plane-based registration (left) and
point-based registration (right) on a deformed area. Once again, error bar shows
±1 SD in each 2 cm region next to the plane of registration (blue). A trend line is
drawn through the local means of each 2 cm region. Scattered points belong to
the same measurement and registration in one graph.

FIGURE 2.14: Experiment D - Deformation effects on plane-based registration
(left) and point-based registration (right), with measured errors before
deformation (red) and after (blue). Once again, error bar shows ±1 SD in each 2
cm region next to the plane of registration (black). A trend line is drawn through
the local means of each 2 cm region.

2.4 Discussion

Using the proposed materials and techniques, a suitable liver phantom is fabricated that was
in compliance with the requirements of mainly deformation and multimodal imaging. As
regards deformation, the phantom was successfully subjected to deformations after which it
could recondition to its original state with ease. As regards multimodality, distinction between
structures was possible, but not ideal. Firstly, due to a lacking permeability of the 3D-printed
vessels for ultrasound waves resulting in acoustic impedance differences, only the upper bor-
der of the vessel wall is imaged. This inhibited the possibility of vessel extraction for automatic
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co-registration, which absence is a major shortcoming. Secondly, a submillimeter thin layer of
air bubbles during phantom fabrication which can be misleading during co-registration and
post-processing.

Basic knowledge of the options for image registration is required to investigate feasibility
of intraoperative image fusion during liver surgery. In a first step towards implementation, the
Philips PercuNav navigation software is investigated in a phantom environment instead of a
clinical setting, hence the implications of this phantom study are deficient for clinical settings.
Despite obvious differences between phantom environment and clinical environment, some
findings might also apply and serve as an indication for clinical application.

Whereas other investigations use tissue registration error, fiducial registration error or root-
mean-square error [69–72], interests lay in how accuracy is distributed in relation to the regis-
tration area. Therefore, the term of local registration error (LRE) was introduced which was a
useful concept in this research.

The registration method of the used software assumes rigidity of the phantom during co-
registration. In case of non-deformation measurements, results were as expected for the plane-
based registration, though a higher number of measurements might provide a higher reliability.
Local registration errors of less than 5 mm are in accordance with accuracy measurements of
other studies where live ultrasound is co-registered with other modalities in phantoms [73–75].
More than 4 cm away from the center of registration, LREs tend to increase quickly. Based
on this phantom research, we are in agreement that these registration methods are considered
sufficient in case of local application in the registration of real-time US to diagnostic CT or MR
data.

The comparison of centrally and globally selected registration points in the point-based
registration of experiment B is difficult for interpretation. First of all, measurements in the
global point registration are distributed unilateral to the center of registration while for cen-
tral point registration distribution is equally. Next to that, more measurements should have
been performed since a lack of consistency in point selection for accuracy measurement pre-
sumably made results difficult. Nevertheless, errors around 5mm are acceptably low in point-
registration.

Experiment C shows that the LRE remains the same when registration takes place on a de-
formed phantom in the -2 to +2 cm area of the registration center, for both types of registrations.
As seen in experiments A and B, LRE increase when the distance to the registration center is
increased. When measuring more than 4 cm away from the registration center, LREs start to
get larger than 10 mm.

The effects of deformation during experiment D might be larger than depicted in Figure 2.14
due to the relatively unreliable post-processing method. Increased error bars in the areas more
distant from the registration area indicate that registration accuracy becomes unreliable due
to effects of deformation at this distances. However, at the -2 to +2 cm area increases of LREs
mostly lie within an acceptable range of 10 mm. An increase from 3.0 ± 1.5 mm to 6.3 ± 3.5 mm
is noticed in the ±2 cm region for the point-based registration. These results are promising in
relations to further research, when a maximum acceptable registration error of 10 mm is taken
into account.

In the case of translation to in-patient use, it can be said that plane-based registration might
become cumbersome since an identical axial plane on the US image has to be matched to the
preoperative data. However, with this research, this is not substantiated. To limit possibly
harmful effects of this registration method, the ultrasound transducer must be placed only in
the nearby area, i.e., ±2 cm of the reference plane. From the results of the plane-based registra-
tion with deformation, errors are still acceptably low in these regions. However, this method’s
chance of incorrect registration during surgery suggest to prefer the option of point-based reg-
istration with an expected lower chance of this error.
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The impossibility for raw data analysis led to the need of an alternative post-processing method
that become very sensitive to errors. Euclidean distances would have been easier and more
reliable to calculate when raw data is analyzed. When orientation and location of the EM-
tracked transducer are unknown, it is impossible to provide a direct link between coordinates
in the ultrasound and MR volume. While performing the measurements, it was known that
the transducer had to be moved at a slow and linear pace during the ultrasound sweep. Nev-
ertheless, the rescaling in z-axis is a cumbersome assumption and prone for errors. Rescaling
all fiducials’ z-coordinates based on linking the two most outer fiducials to the original MR
volume, assumes linearity in temporal and spatial space between these two fiducials. Next to
that, the assumption that the ultrasound transducer moves with a constant pace is sensitive to
fluctuation and dependent on the user.

Let us illustrate this assumption. The distance between start and end position is divided
by the total duration of the 3D sweep. The ultrasound transducer is moved over the phantom
surface with an approximate constant speed of 2.0 cm/s. With the impression that movement
is at constant speed, for instance a rough fluctuation of 25% of the speed is present, i.e., speed
is within 1.5-2.5 cm/s boundaries. In case of this quite big fluctuation, a deviation in z-axis
registration is estimated as maximally 5 mm. This might be overcome by manually assigning
a z-coordinate to each pair of registration points. Nevertheless, errors in z-direction are not
specifically larger than errors in the x- or y-direction.

Notwithstanding difficulties and assumptions during post-processing, results of this re-
search show room for functionality and applicability with an acceptable accuracy. Even when
a vessel visible in the MR volume is incorrectly superimposed on a vessel in the ultrasound
slice, it might be of functional information in finding a tumor during surgery. For intraopera-
tive image registration with the purpose to act as surgical navigation technology, registration
errors are acceptable in the range of 5 to 10 mm as consensus of surgeons involved in this
project. From that perspective, results based on this phantom study are in compliance with
these expectations. Following these results, simulating just the relatively small deformation of
30°, an acceptable registration error is promising, between -2 to +2 cm from the registration
center and perhaps also within -4 to +4 cm. In these settings and circumstances, acceptable
safety margins lay between -2 to +2 cm along the z-direction of the registered volume. Further
research is necessary in terms of ex vivo and in vivo application, as well as for investigation of
automatic co-registration which was not examined here.

2.5 Conclusion

A deformable liver phantom was constructed and subjected to accuracy measurements after
multimodal image co-registration. In cases with and without deformation, plane-based as well
as point-based registration of US to MR and CT resulted in an acceptable registration accuracy
less than 0.5 mm in the adjacent phantom volume. This research indicates local possibilities for
in vivo liver applications, however, further research is necessary to test the described possibili-
ties.
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Chapter 3

Ex vivo experiments

Summary

Subsequent to experiments in a controlled phantom environment, further investigation of co-
registration of preoperative MR with live ultrasound is performed in an ex vivo setting. The
goal was to perform point-based and plane-based registrations in an ex vivo setting and subse-
quently to assess accuracy of these registrations. Three specimens were obtained after different
hepatectomies, all containing at least one lesion. Preoperative MR scans from these specimens
were used for co-registration with live ultrasound. Deformation was minimized when possible
during these experiments. Several point-based and plane-based registrations were performed.
Raw data retrieval was impossible; hence an alternative post-processing method was devel-
oped. In addition to the methods of the phantom experiments (link), a SIFT-based method was
used to detect features for accuracy assessment. Registration accuracy was high directly at the
lesion borders. High deformation of the specimen in the ultrasound images in comparison to
the preoperative situation was clearly noticeable towards edges of the specimens. Deformation
caused by vessel collapse, blood outflow and extracorporeal displacement of the specimen con-
tributed negatively. Additionally, the SIFT-based method was not applicable as a just accuracy
assessment in these settings. In vivo experiments are required to describe more feasibility for
intraoperative application.
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3.1 Introduction

In the previous chapter the options for co-registration of intraoperative ultrasound with preop-
erative MR scans in a controlled phantom environment were explored, it is necessary to further
investigate options towards eventual intraoperative implementation. For that reason, the fo-
cus of this research is shifted into using co-registration of a preoperative modality with live
ultrasound in an ex vivo liver setting.

Previously performed research on the constructed liver phantom has given us insights in
registration options and restrictions in terms of local registration accuracy. With these observa-
tions, it is desired to see whether results are translatable towards in vivo application. With this
imaging-based navigation as a new technology in oncological liver surgery, ex vivo experiments
on resected liver specimens are desired prior to intraoperative use of MR-US fusion.

Fusion of preoperative imaging with live ultrasound on ex vivo liver specimen has been
performed previously in order to determine feasibility of local ablation [73, 76]. In these stud-
ies, CT scans to co-register the ultrasound to were acquired after resection of the (calf) livers.
However, in the current research, instead of scans after resection we are combining MR scans
before resection with live ultrasound.

In this chapter, we describe the findings concerning co-registration of live ultrasound and
preoperative MR scans in several ex vivo liver specimens after surgical resection, using a fusion
imaging system that can combine live ultrasound with different preoperative modalities based
on previously described and used co-registration methods in case of the phantom studies. The
goal is to perform point-based and plane-based registrations in an ex vivo liver setting and to
assess accuracy of these registrations.

Visual inspection of the performed registrations is not sufficient in terms of qualitative as-
sessment, accordingly a quantitative measure for registration accuracy assessment is required.
As described earlier (Section 1.2.5), manual influences in this accuracy assessment cause a high
sensitivity for errors due to inter-observer and intra-observer variability. Therefore, automatic
feature detection with help of the SIFT algorithm is explored for application in for assessment
of registration accuracy between images from different modalities.

3.2 Materials and Methods

3.2.1 Inclusion of Specimens

For ex vivo experiments, specimens were obtained after different hepatectomies. To enlarge
chances of functional measurements, surgical resections had to result in relatively big parts of
resected human liver, e.g., as is the case in hemi-hepatectomies or segmentectomies. At least
one lesion of radiologically distinguishable size was required to be present in these resected
specimens. An MR scan with an mDIXON scan after 20 minutes needed to be accessible. Con-
cerning these scans, it was necessary that quality was good enough that co-registration was ex-
pected to be feasible, i.e., vessels and lesion(s) can be distinguished from liver parenchyma. All
ex vivo measurements were coordinated with the department of pathology and were performed
within the first two hours after resection of the specimen at the department of radiology.

3.2.2 Experiment Setup

The same ultrasound machine is used for the ex vivo experiments as for the previously per-
formed phantom experiments, i.e., the ultrasound platform EPIQ7 (Philips Healthcare, Best,
The Netherlands). The connection between the preoperative MR scan and the live ultrasound
is established by the software module PercuNav, with help of an Aurora electromagnetic track-
ing system (NDI, Waterloo, Ontario, Canada). The resected liver specimen is positioned in such
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a way that we can perform a registration. Also, deformation is minimized in comparison with
the intraoperative state. For this, no additional positioning tools or support is used. An EM
patient tracker is fixed underneath the liver specimen, providing a reference for the tracked
ultrasound probe (Figure 3.1). The planar electromagnetic field generator is placed and fixed
above the work field. In this way, the reference tracker, the resected liver specimen and the
tracked US transducer are positioned within the field of view of the EMFG. Metal-like objects
are kept away from this field of view to limit any possible distortion of the electromagnetic
field.

In each of the performed experiments, point-based and plane-based registrations were per-
formed upon the resected specimen. Dependent of the permitted time to spend measurements
on the specimens (due to the limited availability), linear and curved transducers were used
to acquire data. Several images and videos were acquired per specimen after registration has
taken place.

3.2.3 Post-processing

Qualitative assessment of registration accuracy by visual inspection is not sufficient, there-
fore accuracy assessment in a quantitative way is necessary. As described during the phantom
study (Section 2.2.7), possibilities of determining this accuracy are limited in the software pack-
age of PercuNav: the Registration Fit Value limits us in analysis of the raw data and causes a
lack of information. Therewith, an accurate analysis of MR-US registration is inhibited. Alter-
native methods are therefore required to analyze local registration errors.

FIGURE 3.1: Overview of the setup of an ex vivo measurement, with elements of
the setup 1) the planar EMFG, 2) the EM reference tracker under the liver
specimen, 3) the EM-tracked US transducer and 4) the ultrasound system.



34 Chapter 3. Ex vivo experiments

Calculation methods for the quantitative registration accuracy assessment took place with dif-
ferent methods. First, the manual calculation took place in the way it was used in the reg-
istration accuracy assessment of the phantom study (Section 1.2.5). This method resulted in
two error measurements; a 2D RMSE without the temporal to spatial z-axis conversion, and
a 3D RMSE with the temporal to spatial z-axis conversion. Opposite to these two methods,
the options for a third method with a semi-automatic intention were explored, based on scale-
invariant feature transform. This third method consists of four steps, i.e., i) slice selection, ii)
feature extraction with SIFT, iii) feature match inspection, and iv) z-coordinate extraction. A
post-processing pipeline for these steps is constructed in Matlab (version 9, R2017a, The Math-
Works, Natick, MA, USA).

As in the manual method, the input is a video constructed as a DICOM file. Just as in
the phantom research, points in each slice are described with x- and y-coordinates and for z
a temporal unit. Each slice from this file is composed of 4 quadrants, namely one quadrant
with an ultrasound slice, one with the co-registered MR slice, one with a fusion overlay of the
previous two and one with a 3D rendering of the US probe with respect to the patient’s body
(Figure 3.2, step 1).

It was desired to extract a fiducial from the ultrasound slice, and correlate it to a correspond-
ing fiducial in the co-registered MR. In case of an imperfect co-registration, the corresponding
fiducial is not in the co-registered MR slice but in that MR slice of adjacent to this slice. To find
the corresponding fiducial in an MR slice different from the co-registered slice, in case of imper-
fect co-registration, an ultrasound slice was compared to multiple slices from the co-registered
MR volume. To facilitate comparison, first, multiple MR and US images were extracted. This
was performed in the region where we are interested in the registration accuracy, for which
upper and lower boundaries are indicated (Appendix B for pseudocode). Each fifteenth ultra-
sound slice is compared with each fifth slice within the selected boundaries (Figure 3.2, step 2).
Cropping of the ultrasound image is performed to limit the area to search for features.

After slice selection, each extracted MR image is sharpened by subtracting a blurred ver-
sion of the image itself. For the blurring, a Gaussian low-pass filter with a sigma of 2 pixels was
used. Subtraction of the blurred version of the image results in edge enhancement of the orig-
inal. Each extracted ultrasound image was applied with square-shaped 2D 5x5 median filter
to reduce remaining speckle noise while preserving the edges [77]. The median filter replaces
each input pixel with an output pixel containing the median value of the 5x5 neighborhood
around the input pixel. These two procedures are performed to bring the two types of images
closer together and attempt to more easily find corresponding SIFT features.

Consequently, feature extraction with SIFT took place to find useful landmarks in the se-
lected US and MR slices. As described in the introduction chapter, the SIFT algorithm is used
to detect and describe local features in images. These features are stored as keypoints with
its location, scale and orientation in radians. Corresponding descriptors are stored in a 128-
dimensional vector.

In the DoG scale space five octaves with three levels per octave are searched for keypoints.
The non-edge selection threshold is set at 10 pixels. A peak threshold and normalization and
descriptor normalization threshold are not further specified. The variance of the Gaussian
window that determines the descriptor support is set at two spatial bins. The descriptor mag-
nification factor is kept at a default setting i.e., three, meaning that the scale of the keypoint is
multiplied by this factor to obtain the width (in pixels) of the spatial bins [78].

Inspection was needed to assess whether a match by the SIFT algorithm is indeed accept-
able as a match (i.e. false positive matches reduction). This results in acceptation of a match
pair only when detection of that match pair is performed by the algorithm and when visual in-
spection after detection assessed this match. A match was accepted as correct if locations of the
features were assigned to the same anatomical fiducial in both US and MR images. Differences



3.3. Results 35

in x- and y-coordinates between two fiducials of a match were calculated without difficulty by
translation of the MR quadrant to US quadrant.

To accomplish the calculation for the 3D registration error, the z-coordinate was added in
the fourth step of the algorithm. The z-coordinate was necessary to be retrieved for the feature
in the MR image and the feature in the US image. For that, the location of the detected keypoint
in MR is retrieved by manually finding the corresponding location in the original MR volume
that was used as input for the co-registration). The z-coordinate of the US fiducial is chosen
by linking the initially co-registered MR slice to the corresponding location in the original MR
volume.

FIGURE 3.2: Schematic overview of the post-processing method. The input
image is positioned in the upper left part, consisting of four quadrants. The
co-registered MR quadrant and ultrasound quadrant are used for the SIFT
algorithm. As an example, in this image a feature is found in an MR slice, as
well as one in an ultrasound slice. With the x- and y-coordinates of these images
already known, the z-coordinate is retrieved from the corresponding location in
the original MR volume.

3.3 Results

For the experiments, three resected specimens were used. The first specimen was collected af-
ter a left hemihepatectomy (consisting of segment II, III and IV) with a solitary colorectal liver
metastasis (CLM) with a maximum diameter of 38 mm in segment IV (Figure 3.3). The sec-
ond specimen was collected after a right hemihepatectomy (consisting of segment V to VIII)
containing a CLM with a maximum diameter of 54 mm on the border of segment of the con-
sisting segments. The third and last specimen was collected after a right posterior hepatectomy
(segment VI and VII), consisting of two CLMs with maximum diameters of 22 and 7 mm.
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During experiments on the first and third specimens, only the linear transducer was used.
Measurements on the second specimen were performed with the curved probe and linear trans-
ducer. Decisions in the use of transducers were made to get experience and insights for both
transducers, the limited time inhibited more use of both transducers as well. A registration er-
ror was ‘successful’ when co-registration of US and MR was assessed as sufficient after visual
inspection by the two or three users during the experiments.

FIGURE 3.3: Points used for co-registration in the first ex vivo, after a left
hemihepatectomy of the segments II, III and IV. Two pairs of matched images
for point-based registration with ultrasound on the left and MR slice on the
right. The white box on the MR slice roughly corresponds with the ultrasound
image on the left. Sizes of the left and right images are not the same since
zooming can take place in the MR slice. Blue (ultrasound) and yellow points
(MR) resemble the co-registered points.

FIGURE 3.4: A screenshot from the co-registered image set (MR left, curved US
right) after point-based registration in the second ex vivo experiment.
Hyperintensities are visible at the right, the location of the resection plane. One
main branch is visible in both the images, which is the right hepatic vein. The
other vessels are not visible in ultrasound due to vessel collapse.
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FIGURE 3.5: Comparison of the curved ultrasound probe with the linear one at
the approximately same location. The lesion is clearly visible in both images,
however, a difference is present in visibility of the branches superior to the
lesion.

FIGURE 3.6: a) Example of a resulting image of SIFT pairs with a manually
accepted match depicted by the white ellipses. b) Example of a resulting image
of SIFT pairs which were accepted by the algorithm’s condition, but not by
manual inspection.

For the use of the 3D RMSE calculation after manual point-matching (Figure 3.7), the same
points are used as in the table on the left that were used for 2D RMSE, but now the z-direction
is included in the RMSE calculation. Results after a point-based registration are compared for
2D and 3D RMSE of the manual matching and 2.5D RMSE of the SIFT matching. Officially,
it is not a 3D SIFT algorithm but 3D positions are approximated with help of the 2D slices,
therefore the 2.5D. Results of a point-based registration in the second ex vivo experiment are
also depicted, when a curved transducer was used (Figure 3.8). For the 2.5D RMSE based on
SIFT features, the RMSE is calculated if a pair of SIFT features was accepted. If that was the
case, the RMSE will be related to the US plane it corresponds to. Further data analysis on these
ex vivo specimens is not performed.
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FIGURE 3.7: Results after a point-based registration, after the first ex vivo
measurement using a linear transducer. The table on the left and the figure in
the middle used the same fiducials for these calculations after manual fiducial
matching, calculation difference lies in whether the z-coordinate is included for
calculation. For the 2.5D SIFT method, calculated RMSEs are shown per
corresponding US slice (right).

FIGURE 3.8: Results after a point-based registration, after the second ex vivo
measurement using a linear transducer. The table on the left and the figure in
the middle used the same fiducials for these calculations after manual matching,
calculation difference lies in whether the z-coordinate is included for
calculation. For the 2.5D SIFT method, calculated RMSEs are shown per
corresponding US slice (right).
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3.4 Discussion

In general, we were able to perform point-based and plane-based registrations during all three
experiments, therewith it was possible to perform measurements during all experiments. Un-
fortunately, several logistical and organizational problems with the ultrasound machine lim-
ited our possibilities to perform experiments on ex vivo specimens, due to restricted flexibility
and availability of the ultrasound system we require. Initially, we aimed to perform ex vivo
measurements on more than three resected specimens. However, in retrospect, this amount
was already satisfactory in terms of determining usefulness of these ex vivo measurements.
The step to move on to in vivo experiments could preferably have been concluded earlier, if
measurements would have been performed in quicker succession.

During some experiments, we encountered difficulties with the registration, primarily re-
lated to the limited clinical ultrasound skills of the people involved in the in the experiments.
Problems were mainly present in orientation of the resected specimen with respect to the pre-
operative situation, or in selection of the appropriate landmarks. The second challenge presum-
ably will be eliminated in more experienced users such as surgeons and radiologists. However,
visual inspection and the 3D RMSE after manual matching still showed good matching around
the tumor if co-registration based on the lesion borders took place. Additionally, orientation
of the probe with respect to the liver surface in the 3D rendering was a helpful tool to visually
examine if co-registration appeared to be correct. In most cases, this was appropriate.

A larger specimen did not contribute to a better experiment, as first was expected due to
an increased volume and therewith number of vessels to co-register to. It is thought that the
volume and its weight contribute to the collapse of vessels and the bigger chance of deforma-
tion of the specimen. The use of the curved ultrasound transducer caused an increase of the
collapse of vessels and negatively contributing manipulation of the specimen’s shape. The dry
surface of the specimen contributed more deformation due to increased compression as well
as a rough and inconsistent movement of the transducer (in particular when the curved probe
was used). Movement of the transducer with a constant pace appeared to be quite difficult.
Since that requirement was present for the RMSE calculation with manual fiducial selection, a
comparison between 2D and 3D RMSE was made. In this way, influence of the z-coordinate
was distinguishable.

Deformation due to the collapse of vessels was noticed in all measurements. Next to col-
lapse due to the weight of the tissue, this can be explained by the lack of perfusion and blood
containment in comparison with the intraoperative situation or the situation during MR scan
acquisition (Figure 3.4). The resected part of the liver is no longer attached to its surroundings
in the abdominal cavity and it has lost its relation to the rest of the organ. This is detrimental to
successful matching since the ultrasound image is likely to look different from the preoperative
MR image.

Though visual inspection might indicate a good co-registration of a preoperative scan and
live ultrasound, ideally a quantification of registration accuracy is desired. A good attribute of
a system would be to provide the user with a measure of registration accuracy of co-registration
of the modalities. In the case of these experiments, the PercuNav system returns a Registration
Fit Value "which is only a guideline to help the user obtain an accurate registration", i.e. the
user must confirm accuracy by assessing the fusion images. While this system is validated in
percutaneous use and such a value would satisfy, this is not the case in open surgery, hence
a quantitative assessment after a performed registration was desired before intraoperative use
can take place. The developed semi-automatic method using SIFT-based feature detection did
not cover the desired accuracy assessment for several reasons.

SIFT has been proven to be useful in applications with different modalities [56, 57, 79]. In
this performed research, the MR images are too different from the US images to find represen-
tative matching pairs. Factors that contribute to this are i) the characteristic ultrasound speckle
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(granular noise) in the ultrasound images and ii) the blurry edges in the MR image due to
magnification of the image. It was attempted to reduce these effects with the described filter-
ing methods. A change was visible when we compare extracted features from images with and
without these filters, though the effects did not contribute enough to make the use of SIFT a
successful method. Different filtering methods such as nonlocal means-based speckle filtering
might contribute to improvements [80]. Settings of the current algorithms produced different
types of features in US and MR, resulting in too local feature description. For that, e.g. Maxi-
mally Stable Extremal Regions (MSER) results in less local detection as a blob detection method
by attaching elliptical frames to regions with co-variant intensities [81]. With this method, it
might be useful to detect elliptical structures such as vessels or tumors in a set of MR and US
images (Figure 3.9).

FIGURE 3.9: Example of MSER-based feature extraction in the ultrasound image
(left) and MR image (right). As visible, circular and elliptical shapes are
extracted with a plus sign depicted as center.

Feature selection was aimed for with the goal of automation of fiducial selection to calculate
registration accuracy. Nevertheless, the used pipeline still required a lot of manual input, e.g.,
in z-coordinate assignment, but more important in supervision of the feature match after the
SIFT algorithm. Another drawback is that the used method, with the slice selection, still is a
2D-2D comparison of features where a pair of corresponding fiducials are almost always in a
set of non-co-registered US and MR images. Translation to 3D application of SIFT (or MSER)
can be considered for 3D accuracy assessment of co-registration [82, 83].

Results from this research, keeping aside the SIFT method, more in vivo research is required.
Further ex vivo measurements will not add in valuable information in these settings, mainly
due to the great difference. Translation of this research into in vivo application is therefore
difficult, since shape of the liver and filling of its vessels is of a great influence in the chance of
a successful (and useful) registration. Though, towards in vivo experiments it is positive that
the lesions present in the resected specimens were successfully matched, with locally a high
accuracy on the borders of these lesions.

3.5 Conclusion

Co-registration of a preoperative MR scan with live ultrasound was applied in an ex vivo set-
ting on human specimens after surgical resection. Though deformation largely influenced the
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shape of the liver in comparison to the preoperative MR situation, these experiments showed
good matching of the lesions in the images. A SIFT-based method was developed in attempt
to quantify the accuracy of co-registration of the two modalities, however, this method is not
applicable in these settings. In vivo experiments are expected to contribute more in terms of
describing feasibility of clinical implementation of MR-US co-registration during surgical re-
section of liver lesions.
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Chapter 4

Towards Clinical Implementation

Summary

In the previous chapter the options for co-registration of intraoperative ultrasound with pre-
operative MR scans in an ex vivo setting were explored, now a first introduction of the used
co-registration setup in the intraoperative setting is performed and discussed. Only from this
one time application, we already witnessed several lacks in the current PercuNav setup. Sev-
eral factors from these experiences are taken into account for the development of an in-house
system. Development of an alternative system has started, to replace a currently used system
as PercuNav in the future. Further steps in this development are being described, as well as
challenges that need to be overcome to foresee problems in e.g. calibration and intraoperative
use.
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4.1 Intraoperative Introduction of PercuNav

It was not possible to investigate the options for in vivo application during surgery in multiple
individuals, due to the previously described logistical problems. The setup as being described
for the phantom and the ex vivo settings has only been tested on one patient during open liver
surgery. This was in the case of a surgical resection, performed on a patient that had a solitary
colorectal liver metastasis in segment VII/VIII. In this patient, only point-based registration
measurements were performed. For the registration, one 3D ultrasound sweep was recorded
with a tracked 1-5MHz curved-array ultrasound transducer. Prior to the sweep, the liver was
totally mobilized. The sweep was acquired during the expiratory part of the breathing cycle,
at the same time, the liver was kept in the same place with a hand of the surgeon. The organ
remained fixated in the same location (i.e., with hand support) during all ultrasound-based
measurements. Four anatomical fiducials were chosen for registration in this sweep, with the
EM location and orientation of the ultrasound transducer being linked. Bifurcations of the
hepatic vasculature were used for fiducials. Subsequently, these fiducials were matched to the
corresponding locations in the MR volume that was selected for co-registration.

A 5DOF patient reference tracker (Figure 4.4) was placed on the exterior side of the abdom-
inal wall, outside the sterile field but within the field of view of the planar field generator. This
is performed as a replacement of a sensor that is directly fixated on the liver. A consequence is
that there is no compensation for the patient’s breathing.

FIGURE 4.1: Two screenshots of intraoperative use of PercuNav, after
point-based co-registration of a preoperative MR scan (left one of a pair) with
live ultrasound (right one of a pair). Though the co-registration was imperfect,
corresponding vessel structures can be recognized in both the US and MR
images. Registration errors were 10.6 ± 5.5 mm and 6.4 ± 2.5 mm for the image
pairs.

Several measurements were performed, resulting in a series of recorded images. Instead of
displaying images with four quadrants as in the previous chapters, only the live US image with
the co-registered MR were shown in accordance with the preferences of the operating surgeon
(Figure 4.1). Whilst using point-based registration, we were able to link the preoperative MR
volume to the live ultrasound images. Visual inspection of these co-registered images was
assessed as reasonably good, based on several factors. First of all, the liver contours matched
in a decent way. With that, orientation of the transducer with respect to the MR volume was
correct. Lastly, main branches in the US matched properly with the co-registered MR slices.
Postoperative accuracy assessment was performed by assessing the MR-US co-registration of
anatomical fiducials, for bifurcations and centers of vessel cross-sections. In the left image of
Figure 4.1 a 2D RMSE of 10.6 ± 5.5 mm was calculated, based on four point pairs of anatomical
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FIGURE 4.2: A captured image of the one in vivo use with the ultrasound (right)
and the co-registered MR image (left). Seven pairs of vessels are numbered, with
in the co-registered MR slice the lesion (L) visible while in this ultrasound image
it is not present. This is an exemplary case of an isoechoic lesion.

fiducials in both MR and US. In the right image of Figure 4.1, the 2D RMSE was 6.4 ± 2.5 mm
(also based on four point pairs). A 3D registration error could not be calculated in these cases.

With this patient being the first registered intraoperative application of the PercuNav dur-
ing liver surgery, potential benefits were illustrated immediately. In ultrasound imaging, a le-
sion may appear as isoechoic, i.e., distinction from the surrounding healthy liver parenchyma
is not possible due to the same echogenicity. This occurs in focal nodular hyperplasia and also
frequently in colorectal liver metastases [84]. This particular patient had an isoechoic CLM, the
surgeons could not distinguish the lesion intraoperatively from the healthy liver parenchyma.
With co-registration of modalities, we could link the location of the CLM visible in MR to the
expected location in US.

In patients who are treated with neoadjuvant chemotherapy, a good response causes a de-
crease in volume of the lesion. This can result in a complete radiological response in some pa-
tients (i.e., “vanishing lesions”). These lesions, when they remain further untreated, can cause
recurrence [85]. This is why we aim to remove the tissue area of where the tumor presented
itself. As one can imagine, this can be cumbersome. Therefore, the combination of live ultra-
sound with a preoperative MR scan might be of additional value. In this case, the location of
the colorectal liver metastasis was in MR is now linked to the intraoperative location where we
could expect any pathological remnant of the lesion (Figure 4.2). If this patient did not have an
isoechoic lesion but a complete radiological response, the MR-US co-registration would have
been a clear benefit as well. Accuracy was assessed by using the centers of the vessel pairs for
RMSE calculation, resulting on a registration error of 14.2 ± 3.7 mm based on the seven used
and visualized pairs. Despite this accuracy, the potential intentions for application of such a
system are illustrated with this case.
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To summarize, we can say that this solitary intraoperative introduction has shown additional
insights to assess its feasibility. The setup was not ideal, e.g., with the use of the patient refer-
ence tracker outside the body. Nevertheless, a decent co-registration was performed between
preoperative MR and intraoperative ultrasound. The potential benefits were demonstrated
immediately in this case of an isoechoic lesion.

4.2 Limitations of Using PercuNav

This in vivo experiment was carried out while using a curved transducer. Since PercuNav is ini-
tially developed for percutaneous use only, a 1-5 MHz curved-array transducer and a 5-12 MHz
linear-array transducer are the only compatible options for intraoperative use. This means that
the intraoperative transducer cannot be used in this setup and is therefore excluded for pos-
sible use, leading to a missed absence of its functionality and its reach. With the compatible
transducers being of a considerable size, ultrasound imaging of the posterior segments or near
the dome of the diaphragm now is not possible even with extensive mobilization of the liver.
Even if a PercuNav-compatible intraoperative transducer was available, being much smaller
than the other compatible transducers, at this moment a clip-on tool for fixation of the EM sen-
sor is not available for such an intraoperative transducer. Next to that, the use of a curved-array
transducer as was used here causes deformation since good image quality requires forcefully
applying the transducer on the liver surface.

During the described intraoperative introduction of the PercuNav setup, an EM reference
sensor (previously described as the patient reference tracker [Figure 4.4]) was placed on the
side of the patient instead of directly on the liver surface. Not only does the liver move during
surgery by mobilization and other movements by the surgeon, it is also susceptible to move-
ment due to the breathing cycles. The need for a sensor on the liver is described with the
following experiment.

For a percutaneous experiment in a healthy volunteer, an mDIXON scan was available (ac-
quired with the same scanning protocols as in the ex vivo experiments). One ultrasound sweep
was performed in which secondary bifurcations of the hepatic and portal veins were used for
co-registration with corresponding fiducials in the MR volume. A 3D ultrasound sweep for co-
registration was acquired during inspiration, so that the liver was available for easier imaging
when the transducer was placed subcostally towards the liver. The match was accepted and
showed a decent registration. Thereafter, while keeping the transducer at the same position
with respect to the volunteer and the EMFG, the volunteer performed a complete breathing cy-
cle. A comparison is made between the recorded image of the inspiratory and expiratory state
of the liver (Figure 4.3). This shows that while the co-registered MR image remains the same,
the ultrasound image changed showing completely different segments of the liver. This exper-
iment showed the effect of breathing on movement of the liver, thereby resulting in change of
ultrasound imaging. In percutaneous interventions, a breath hold can support maintaining a
correct co-registration, however, during surgery a breath hold technique is not appropriate as
patients are sedated and cannot control their breathing. This strongly supports the necessity of
EM sensor placement on the liver surface to track movement of the liver. In this way, we are
not only able to compensate for displacement of the liver with respect to the EM field. Also,
when the sensor is fixated on the liver surface in near vicinity of the volume of interest (VOI),
we are able to partially compensate for local deformation and change in orientation when the
transducer is pushed into liver surface with force.

The reference tracker that was used during phantom and ex vivo experiments was also used
during the one time in vivo application (Figure 4.4). As stated, ideally this sensor is fixated on
the liver surface, however, fixation of the specific sensor is cumbersome due to its considerable
size and impracticality of temporarily fixation to the liver surface.
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FIGURE 4.3: Comparison of inspiratory (left) and expiratory state (right). The
lower left quadrants containing the co-registered MR slice stayed the same,
while the ultrasound imaging has completely changed in the upper right
quadrants.

FIGURE 4.4: Patient reference tracker (left), with a sensor size of 4.5 x 2.3 cm. A
latex probe cover (right) would be used when we would have made more in vivo
introductions.

Automatic co-registration of preoperative MR to live US was desired to test, though it was
not possible to test. The PercuNav software was developed for automatic co-registration of
CT scans to US only, primarily based on vessel tree extraction (Section 1.2.3). Even though
MR scans might contain more anatomical information being useful during surgery, it was not
possible to investigate potential benefits of automatic co-registration of the MR scans as an
input.

When the PercuNav system is used, we are not only limited in terms of compatibility for the
choice of the ultrasound transducers. For this particular system, the only option for connection
to an EMFG is the planar field generator which can be mounted on an adjustable positioning
arm. However, in this institute using a TTFG is preferred above a PFG in liver surgery. This
TTFG can be positioned under the patient mattress, therewith no obstruction is caused for the
surgeon or the surgical work field. Research has shown that accuracy in the use of the TTFG
and the use of different sensors in combination with this field generator is adequate during
surgery [43, 86].

To summarize, we are limited in adjustment of several important settings in a closed system
such as the PercuNav application. The limited choice in ultrasound transducers, intraoperative
sensors and the compatibility with only one type of field generator, impedes direct clinical
application in open liver surgery. Additionally, the automatic vessel-based co-registration is
only capable to fuse preoperative CT with real-time ultrasound, and not preoperative MR with
real-time ultrasound.
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4.3 Development of an Alternative System

The pitfalls of current system lead to set out the options that we have. On the one hand, re-
search could be continued, by maintaining to work with this closed system of Philips in which
alterations of the current setup are limited. Another option is to develop an in-house alter-
native in which a lot of choices can be made to match several demands. The lack of raw data
analysis, the restricted choice in types of ultrasound transducers, as well as the limited choice in
EMFGs types and corresponding sensors altogether caused a change in course to start in-house
development of an alternative system. Qualitative characteristics and practical considerations
for the intraoperative use that the clinical implementation team is used to, contributed to this
decision.

Steps for this development were started during the last half year. First of all, a switch has
been made to another ultrasound system, i.e., BK Flex Focus 500 (BK Medical, Peabody, MA,
USA), to enable more raw data analysis and a broad choice in transducer selection.

The transducer can be tracked by the same EMTS developed by NDI (Northern Digital Inc.,
Waterloo, Canada). This system has received considerable attention in the literature and has
been introduced and further optimized in this institute for several other intraoperative appli-
cations as well [44, 69]. This system is needed to establish a connection between the ultrasound
volume and the MR volume.

Practical development of this workflow is carried out by other researchers of this group. In
this workflow, the link between the ultrasound images needs to be provided by the PlusServer
from the Plus Toolkit [87]. PLUS is a public library for ultrasound. This software is developed
for the readout of the NDI hardware data as well as the readout of the ultrasound image.
Within PlusServer the data for the ultrasound and the EMTS (NDI) were combined into one
data stream.

In-house software in terms of a processing pipeline is being developed. Right now, the first
step is accomplished of establishing the link between the ultrasound and the electromagnetic
field. A PNG image of a captured ultrasound slice is combined to the EM pose of the ultrasound
transducer. Two ways of calibration, i.e., spatial and temporal calibration, are required as a next
step in the process.

Spatial calibration is performed to compute the transformation between a phantom object
coordinate system and the coordinate system of the tracking marker attached to the object. By
following the fCal calibration algorithm in one single application, this can be performed by
point matching using a tracked stylus [88]. For this, we use a calibration phantom to ensure
reproducibility. This method is used in the PLUS project and uses a 3D printed model with
multiple so-called N-fiducials. This phantom is used for pivot calibration, landmark registra-
tion and image calibration [89]. Subsequently, a temporal calibration is needed to determine
the constant unknown temporal offset between data streams that are acquired by the EMTS
and the US transducer. This is crucial, since temporal misalignment would result in spatial
errors when the tracked tools are moving. This part of calibration is included in the named and
used calibration software fCal.

4.3.1 Prospective Steps

A correct and precise calibration is essential. Accuracy of a consequent image co-registration
is depending on a correct calibration of the tracked ultrasound transducer’s pose. Therefore,
tracking of this transducer needs to be executed in a consistent and reliable way. This results
in the need of fixation of the sensor onto the transducer. The fixation must be performed in
such a way that a change in the orientation or the position due to movement of the sensor with
respect to the transducer is prevented. Firstly, this contributes to a repeatable and consistent
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calibration procedure, and secondly, to a preservation of this orientation when the transducer
will be applied for intraoperative use. Transducers with corresponding clip-on tools from e.g.
the PercuNav setup or other systems than the BK ultrasound cannot be used for the application
that is aimed for right now. Adjustments are necessary in terms of designing a new clip-on tool
to mount an EM sensor to the ultrasound transducer.

We need to fixate an EM sensor to a clip-on tool, which will be 3D printed for exact fitting
on the ultrasound transducer. Inspiration for this can be sought in different existing types of
ultrasound clip-on tools. Since the NDI Aurora tracking system is used for as EMTS, chosen is
to use the Aurora 6DOF Cable Tool (Northern Digital Inc., Waterloo, Canada). The tool consists
of a flexible cable with a 6DOF sensor in its tip that can be connected to the SIU (Figure 4.5).
When the tip of this cable tool is glued on the 3D printed clip-on tool, a fixed transformation
matrix of the ultrasound transducer to the EM coordinate system can be established. During
surgery, the Cable Tool is expected to be clearly visible and less fragile than its alternatives.

As an alternative, an EM sensor can also be used which is compatible with the NDI Aurora
system and already has a fixed orientation. This sensor is normally used in combination with
a clip-on tool for the Philips PercuNav application of percutaneous biopsy. The already fixed
orientation of the sensor might be beneficial, though this sensor cannot withstand autoclave
circumstances. Therefore, the combination of a 3D printed clip-on tool with the cable tool is
preferred since after a glued fixation the tool will be sterilized or cleaned for 20 procedures,
before being disposed.

Several choices must be considered before development of the EM sensor and its attachment
to the ultrasound transducer starts. Demands are that the attachment does not affect function-
ality and convenience during surgery. The clip-on tool must not influence the shape of the
ultrasound transducer too much, since the surgeon must be able to hold it with ease and move
it freely during intraoperative assessment of the liver. Therefore, the shape of the clip-on tool
must not protrude too much. Additionally, the clip-on tool must hold the EM sensor in such a
way that it does not damage the cable or the sensor in the tip by excessive bending or twisting.
So, the sensor must be fixated onto the tool, though it may not break. The EM sensor must stay
in a constant position after this fixation. Exactly the same position on the US transducer must
be achieved every time it is attached since a small translational or rotational error will strongly
propagate in the US image.

For the first steps in development, a BK curved-array transducer is used while ultimately,
development of the application will be shifted towards an intraoperative probe. A clip-on tool
has been developed to permanently fixate the 6DOF Cable Tool on a BK curved-array 8830
transducer (Figure 4.5). For development and fine-tuning of the calibration method it suffices
to use a curved-array transducer for abdominal application instead of an intraoperative one.
For now, the clip-on tool has been 3D printed of a simple plastic material. The tool will be
printed in PEEK material when the final step to application in surgery will be performed [90].
This material is suitable for autoclave sterilization, i.e., the PEEK plastic is unaffected when
it is exposed to saturated vapor at a temperature of 134° Celsius. The NDI Cable Tool that is
mounted on this clip-on tool can stand these circumstances as well.

When the Cable Tool has been used 20 times, a new Cable Tool has to be attached to the old clip-
on tool with corresponding costs. It can also be that the clip-on tool needs to be printed again
when the old clip-on tool needs to be replaced, therewith also certain costs are at hand. When
such a tool is used for 20 times, these costs become distributed over 20 used procedures making
it more affordable. However, when a change between ultrasound transducers is necessary, a
new clip-on tool needs to be developed for another type of ultrasound transducer.

Fixation of the Philips patient reference tracker directly on the liver surface is excluded for
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FIGURE 4.5: On the left, the Cable Tool from NDI is shown. The tip consists of
the 6DOF electromagnetic sensor, attached to a 2 meter cable with a connector.
In the middle picture, this Cable Tool is anchored in a 3D-printed clip-on tool,
which is attached to the curved-array 8830 ultrasound transducer from BK
Ultrasound. The right image shows the intraoperative transducer which will be
used during liver surgery, implementation steps will be developed for this
transducer type.

use during surgery due to the size and autoclave incompatibility. During the current liver navi-
gation study, a small 6DOF EM sensor was used. Though this sensor is autoclavable and fixable
on the liver surface, the wire is very fragile and rupture or clamping of this sensor caused sev-
eral failures during surgery. Hence, the Cable Tool is considered as a safe and reliable for liver
tracking as well. Partial compensation of liver deformation caused by the patient’s breathing
or surgical manipulation can be solved by fixation of this sensor in a clip-on tool that can be
glued or stitched to the liver surface.

4.3.2 Development of an Automated MR-US Co-registration Method

Proceeding to the next step of MR-US co-registration can take place when the EM coordinates
and orientation are continuously assigned to the live ultrasound images. For this, we want to
co-register a 3D MR volume to a 3D US volume. First, a 3D ultrasound sweep is necessary.
First, to construct a 3D US dataset, it is important to obtain sufficient angular data sampling
of the liver from the 2D tracked US data. The US volume reconstruction method in PLUS,
adopted from previous work of Gobbi and Peters [91], and Boisvert et al. [92], constructs a 3D
Cartesian volume from a set of 2D US frames that are sweeping across a region. First, the 2D
image slices are inserted into a 3D volume, by placing each pixel of all 2D slices into a volume
voxel. Second, hole filling takes place since the acquired 2D slices may vary in orientation and
spacing. While acquisition of the 2D US slices may vary in orientation and the spacing between
them, the reconstructed 3D US volume has uniform spacing along each axis.

Instead of the manual point-based or plane-based methods, during surgery automatic MR-
US co-registration is preferred. In the case of intermodality registration, there is no simple
relationship between the intensities in the US image and the MR image. In literature, the
use of intramodal similarity measures are described for intermodality co-registration, e.g., re-
mapping intensities of modality A to the intensities of modality B or registration based on
intensity ridges from scale-space derivatives [93]. These methods cannot easily be applied to
the case of MR-US co-registration due to the big differences in image quality and presence of
noise. An important similarity that is used, is the presence of circular and tubular structures in
both MR and US images. Though, there is no single segmentation method that can extract the
vasculature from every medical image modality.
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In 2D US images the vessel extraction can take place by different mathematical methods of
circular or ellipsoid detection [94]. However, preferred is to extract ellipsoid structures in our
reconstructed 3D US volume instead of in 2D slices. To achieve this, a multiscale Hessian-based
vesselness filter developed by Frangi et al. will be used [95]. A Hessian matrix describes the
second-order structure of local intensity variations around each point in the image. Therewith,
the vesselness filter makes a distinction between line-like, blob-like and plate-like structures by
observing the relationships between the eigenvalues of the Hessian matrix in each voxel of the
volume. The vesselness measure that is obtained by this filter is based on all eigenvalues of the
Hessian matrices. This method is already used, e.g. for vessel extraction in MRI images for elec-
troporation which resulted in sufficient detection compared to manual vessel segmentation by
an expert radiologist [96]. As a final step, matching takes place after matching the US extracted
vessel tree to the MR extracted vessel tree. The extracted vessel trees can be co-registered with
the help of their centerlines, as performed by Bauer et al. [97] and Alhonnoro et al. [98]. The
optimal co-registration is accomplished by minimizing the RMSE between centerlines of the
vessels in the US and MR datasets, performed by an iterative algorithm. The additional time
of this automatic registration for intraoperative application needs to be low with respect to
the total surgery time. Initial expectation is that an acceptable registration accuracy is possible
within a 4.0x4.0x4.0 cm volume of liver parenchyma.

Normally, the ultrasound image is continuously shown on ultrasound device while the
surgeon moves the transducer over the liver surface. When co-registration has taken place,
we want to continuously show the co-registered MR image as well. To that end, it is useful to
display both these images on secondary screens that are mounted on the OR ceiling pendants
with the possibility to position as one prefers. The same is done during navigation surgery
procedures of current studies in this institute, where the visual software output is shown on
monitors positioned at the cranial side of the patient (Figure 4.6). The way of displaying the
co-registration must be intuitive for the surgeon the interpret, i.e., the interface must not be too
complex.

In the ongoing navigation surgery studies in this institute, a preoperative MR or CT scan
is co-registered to an intraoperative cone-beam CT scan. Delineations of a 3D segmentation
model based on this preoperative scan are intraoperatively shown, superimposed on the corre-
sponding scan in in-house developed software. With help of EM tracking, the surgeon is pro-
vided with the location of a surgical tool with respect to the location in the scan [44]. During the
intraoperative use of this software, a screen shows an interface consisting of four quadrants: an
axial, sagittal and coronal slice of the co-registered volume, and a fourth quadrant with a 3D
rendering of the tracked surgical tool. The real-time location of the tip of a tracked EM pointer
is visible in the quadrants (Figure 4.6). This current setup of information is already intuitive for
the surgeons who have used it, however, this exact way of representation is advised differently
in the case of US-based navigation. If we would continue with this software in exactly the same
way with US-based navigation, it would be required to use the ultrasound transducer in the
exact axial, coronal or sagittal views to use the preoperative data. This would not only be a dif-
ficult but also inconvenient and restricting way of using the ultrasound transducer. Therefore,
an interface such as the visual output of PercuNav is advised as shown previously throughout
this work. The interface for the surgeon needs to consist of at least the live ultrasound image
and the co-registered MR slice right next to it. For that, the co-registered MR volume needs
to undergo interpolation between slices when the ultrasound transducer is positioned under
different angles (Figure 4.7). Additionally, a fusion image might be of added value, with the
ultrasound image transparently projected on top of the co-registered MR image.

These images must be displayed to the surgeons during surgery. In-house development of
3D segmentation of the liver is expected to contribute to the surgeons by making preoperative
information directly available [99]. The delineations of 3D segmentation models are already
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used during other pelvic, colorectal and liver navigation surgery studies [44, 100]. Superimpo-
sition on the axial, coronal and sagittal slices as in these studies demonstrated additional value,
therefore, superimposition of delineations on top of the co-registered MR scan is expected to
be of additional value. Next to that, the positioning of the ultrasound transducer with respect
to the preoperative model (based on a preoperative scan) gives an indication if the performed
co-registration is successful and makes sense orientation-wise. Therefore, a 3D rendering of
the segmentation model with a rendering of the ultrasound transducer must be possible (Fig-
ure 4.8).

FIGURE 4.6: A screenshot of the current navigation software during tracking of
a liver lesion. After acquisition of the intraoperative cone-beam CT and accepted
registration, a 3D model and its delineations on top of the co-registered MR are
shown. The location and orientation of the surgical tool with respect to the
model are iteratively updated with help of EM tracking. Closest distances to a
delineation can be shown.

To summarize, the transition to development of an in-house built system for co-registration of
MR with US provides us with the freedom to select the appropriate intraoperative ultrasound
transducer together with a newly developed sterilizable clip-on tool with a fixated EM sensor.
An accessory benefit is the possibility to use the tabletop field generator positioned underneath
the patient’s mattress. A robust calibration method contributes to a safe and consistent appli-
cation, after the suitable development of the clip-on tool. When the software is completed for
automatic detection of vasculature in both the MR and US volumes, it is expected that auto-
matic co-registration between the two will become possible. These steps must be tested and
validated before live ultrasound combined with preoperative MR data can be used intraopera-
tively.
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FIGURE 4.7: This image shows an alternative layout of a sketched ideal
intraoperative visualization. In contrast to the previous Figure 4.8, only the live
ultrasound and co-registered MR slice are shown. Delineations from the 3D
model based on the MR segmentation are superimposed on the MR image
(portal veins in magenta, hepatic veins in blue).

FIGURE 4.8: In here, a possible layout of to be adjusted navigation software is
shown. Based on the PercuNav layout, we have an US image, co-registered MR
image, fusion image and 3D rendering. Improvements are the superimposed
delineations and the rendering of the 3D model instead of a rendering of the MR
volume (portal veins in magenta, hepatic veins in blue, biliary ducts in green).
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Chapter 5

Recommendations

Ultimately, the goal of MR-US co-registration is that the preoperative MR image will provide
the surgeon with additional information since the use of solely live ultrasound does not suf-
fice. Other institutes are exploring options for this intraoperative application as well. Beller
et al. developed 3D US-based optoelectronic navigation for intraoperative orientation that re-
sults in parenchyma-preserving liver surgery [27]. This method, using optical tracking, did
not include delineations of 3D models based on preoperative scans and was used with an ab-
dominal (hence not a small intraoperative) probe. Banz et al. described the use of CAS-One
liver navigation system (CASCination AG, Switzerland) for surgical removal of liver metas-
tases [101]. This system also uses manual point-based registration and is currently lacking a
robust quantitative assessment for alignment accuracy of the preoperative and intraoperative
vessel trees [102]. None of these described studies are using an intuitive way of superimposed
delineations. Despite the fact that they are currently further in terms of development and clin-
ical implementation, they use optical tracking while electromagnetic tracking is preferred in
this institute. Next to that, their point-based registration methods are performed manually.
Li and Zhu (Hitachi, Ltd., Research & Development Group, Tokyo, Japan) have developed a
machine-learning-based method to automatically co-register preoperative CT to intraoperative
US [103]. In this way, they were able to co-register these volumes with a RMSE on the anno-
tated branches of 5.8 mm while manual registration by the surgeon was noted as 11.4 mm. The
described studies here show that there are possibilities for the application, though several con-
ditions are different than the setup we aim for.

There are technical challenges to overcome. For now, it is wise to persist the development of
rigid co-registration since clinical validation of non-rigid registration is a very challenging task
in itself. Additionally, this has not been reviewed as fully reliable in literature [104]. Updating
the preoperative 3D model with knowledge of the deformation, after quantification of this by a
3D swipe, might be of additional value. For that, elasticity scans of the liver might be useful as
well. Next to the challenge to overcome deformation issues, Lange et al. encountered problems
with development of a reliable automatic vessel segmentation from US that caused the need to
manually match vessel branches during surgery [29]. A safe and reliable method is essential
before automatic vessel-based registration is possible.

Investigating the possible application of this thesis’ subject was described for purposes in
open surgery. These open procedures are now often preferred as described earlier (Sec. 1.1).
However, in the nearby future, the use of US-based navigation is desired for feasibility study
in laparoscopic liver procedures as well. Research performed by Lange et al. has demonstrated
that several options are available for minimally invasive surgery [105].

For development of the in-house system we can take into account from previous research
that it is realistic to develop and apply such a system for intraoperative use. The other research
groups demonstrated their possibilities, as well as their pitfalls. For the in-house system of this
institute, we have set the same demands, though it will be constructed with other components.
Experience and good results with the navigation software is present in this institute, what can
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be taken into account since the same EMTS will be used as in ongoing studies. With this good
framework as a starting point, we can continue working with the rigid transformations for now.

In this institute, the current study for navigation during liver surgery is performed by using in-
traoperative contrast-enhanced cone beam CT instead of radiation-free ultrasound [100]. Even
though this study shows development and successful applications after approximately 20 per-
formed navigations, there are some unsolved problems and lacks of this current setup. First
of all, we clearly see that the surgical opening of the abdomen and consequently the mobi-
lization by the surgeon, both cause substantial deformation. Therewith, it is more difficult to
co-register the intraoperative scan to the preoperative scan. Second, the intraoperative use of
contrast during cone beam CT did not always effectively contribute to the distinction of ves-
sels, making vessel-based co-registration cumbersome. Other problems (e.g., a limited FOV)
also caused a suboptimal image quality of the cone beam CT. Additionally, with the intraoper-
ative cone beam CT insights of local deformation are not present.

On the contrary, these problems are absent with intraoperative ultrasound. No additional
contrast is required, since all vasculature is clearly visible. All cone beam CT related prob-
lems can be neglected. While the cone beam CT only gives information about the main vas-
culature, thus restricting possibilities during vessel-based matching, intraoperative ultrasound
gives more detailed vasculature information. The use of ultrasound gives direct information
about local deformation, therewith enabling the chance of a more accurate local registration.

Primary endpoint of the current liver navigation study is the accuracy, by comparing the dis-
tances between the border of the lesion and the resection plane measured by the navigation
software with the distance measured by pathology. In multiple cases, the measured distances
did not correlate. The influence of deformation must be bigger than it initially was expected.
Next to that, only information about the location of the tumor can be tracked if the exact lo-
cation of the lesion is already known. This leads to the fact that in these performed surgeries,
the location of the lesion was already recognized, while ideally the location of the lesion is re-
trieved with help of the surrounding anatomy. With US-based navigation, this is expected to
be more feasible and of additional value.

When development of the ultrasound-based navigation system is completed, it is advised to
start extensive accuracy assessments of the automatic MR-US co-registration. This is required
to assure a safe and accurate deployment of such a system during surgery. Bifurcation points
of the vessel centerlines can be extracted from both MR and US and used for RMSE calculation.
The accuracy assessment first must take place in a controlled environment with the developed
multimodal liver phantom from this research. It is advised to repeat, or possibly extend where
necessary, experiments as performed in Chapter 2. With that, it is suitable to measure effects
of simulated deformation on the registration accuracy. Instead of ex vivo experiments, accuracy
assessment must be performed in the intraoperative situation (note, surgeons must not use the
output of the system as guidance before validation has taken place).

Consequently, if accuracy is acceptable, a navigation study must be started to further in-
vestigate the potentially additional value. Instead of the current liver navigation study, it is
expected to be of functional support in the case of finding unpalpable lesions with unknown
exact localization, and additionally also in vanished or isoechoic lesions. The use of this intra-
operative navigation aims for a decrease in the number of inadequate surgical removals or un-
successful ablations. Vanishing liver metastases are an increasing problem in modern medicine
due to the successful neoadjuvant treatment. Therewith, we directly aim for a decrease in re-
currence rates by using this intraoperative US-based navigation techniques. Additionally, the
delineations of bile ducts and arteries (next to the hepatic and portal vasculature) are expected
to contribute in a decrease in complications. Clinically relevant endpoints such as a shorter time
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of surgery, the rate of R0 resections, a decreased recurrence rate or a decrease in complications
can not take place in the first studies and are reserved for later investigation.
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Chapter 6

General Conclusions

This thesis posed the question to determine the feasibility of ultrasound-based navigation for
surgical resection of liver lesions. Surgical navigation is needed for precise localization of liver
lesions and the surrounding structures, however, conventional navigation is not applicable.
Therefore, navigation for liver surgery requires real-time fusion of preoperative surgery plans
(based on MR) with intra-operative ultrasound.

An in-house developed multimodal deformable liver phantom was used for accuracy mea-
surements. Clear insights were obtained, and this has resulted in acceptable registration errors
of less than 0.5 cm after point-based and plane-based registration between -2 and +2 cm from
the registration center. Consequently, these measurements were performed in ex vivo circum-
stances. Despite vessel collapse and blood effusion from the resected specimens, an accurate
co-registration with good matching of preoperative MR with live US was performed directly
around the lesions. For proof of principle, only one intraoperative application was successfully
performed.

Based on all performed experiments, it is concluded that ultrasound-based navigation by means
of electromagnetic tracking is possible and shows feasibility for its intraoperative introduction
during open liver surgery. During this research, the only available option to test the feasibility
was the PercuNav system, in which several shortcomings are demonstrated during all experi-
ments. This has impeded implementation of a complete ultrasound-based navigation routine
at this moment. It is decided is to start the development of an alternative system, for which
development steps have been described. Before intraoperative introduction can take place,
validation of the described components must have been performed. Intraoperative introduc-
tion of an improved system, as it will be developed, is expected to give satisfactory accuracy of
5-10 mm in a 4.0x4.0x4.0 cm volume as is demonstrated with the current setup. In this way, the
use of a rigid transformation of an MR to an US volume is expected to be sufficient and reliable
after careful and controlled mobilization of the liver.
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Appendix A

Appendix A - Pseudo codes

A.1 Post-processing, Matlab pipeline

These steps were performed during the 3D RMSE calculations in the phantom and ex vivo
experiments, after manual selection of useful fiducials.

1. Choose fiducials in US and CT/MR

2. Translate xy-coordinates of CT/MR window to US window

3. Determine the two outer points of the fiducial sets

4. Find z-coordinate of these points in original CT/MR volume

5. Normalize all fiducial z-coordinates between these two z-coordinates

6. Determine cm/pixel scale; rescale fiducials to cm

7. Calculate Euclidean distance between all fiducial pairs
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A.2 2.5D RMSE post-processing with SIFT algorithm

These steps were performed during the 2.5D RMSE calculations in the ex vivo experiments,
after semi-automatic detection of points pairs by an adjusted SIFT algorithm.

1. Load volume V

2. Select lowest and highest boundaries
For US images (USL and USH )
For MR images (MRL and MRH )

3. For m = USL : 15 : USH
Select US slice from volume V
Apply median filter

End

4. For n = MRL : 5 : MRH

Select MR slice from volume V
Select co-registered US slice from volume V
Apply sharpening filter

End

5. Check for matching SIFT pairs between all possible combinations of slices:
For m=USL : 15 : USH

For MRL : 5 : MRH

Calculate SIFT features in both images
If UBCmatch algorithm detects match

Store match
End

End
End

6. Manually check if match is acceptable
If false:

Discard match
If true:

Find z-coordinate in original volume For
Match point in MR
Match point in co-registered MR that corresponds to US

End
End

7. Calculate RMSE
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Appendix B

Appendix B - Accepted SIFT Pairs

FIGURE B.1: Ten pairs of found SIFT features that were accepted by visual
inspection after the SIFT algorithm. The blue line connects the found feature in
the MR slice with the found feature in the US slice.
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