A System for Surgical Planning and Guidance using Image Fusion and Interventional MR by David T. Gering

Submitted to the Department of Electrical Engineering and Computer Science in partial fulfillment of the requirements for the degree of Master of Science in Computer Science and Engineering at the MASSACHUSETTS INSTITUTE OF TECHNOLOGY December 1999 © 1999 David T. Gering. All Rights Reserved.

The author hereby grants to MIT permission to reproduce and to distribute publicly paper and electronic copies of this thesis document in whole or in part.

Author . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Department of Electrical Engineering and Computer Science May 7, 1999 Certified by. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W. Eric L. Grimson Bernard Gordon Professor of Medical Engineering Thesis Supervisor Certified by. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Ron Kikinis Associate Professor of Radiology, Harvard Medical School Thesis Supervisor Accepted by . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Arthur C. Smith Chairman, Departmental Committee on Graduate Students

A System for Surgical Planning and Guidance using Image

Fusion and Interventional MR by David T. Gering

Submitted to the Department of Electrical Engineering and Computer Science on May 7, 1999, in partial fulfillment of the requirements for the degree of Master of Science in Computer Science and Engineering

Abstract

In this thesis, we present a computerized surgical assistant whose core functionality is embodied in a software package we call the 3D Slicer. We describe its system architecture and its novel integration with an interventional Magnetic Resonance (MR) scanner. We discuss the 3D Slicer’s wide range of applications including guiding biopsies and craniotomies in the operating room, offering diagnostic visualization and surgical planning in the clinic, and facilitating research into brain shift and volumetric studies in the lab.

The 3D Slicer uniquely integrates several facets of image-guided medicine into a single environment. It provides capabilities for automatic registration, semi-automatic segmentation, surface model generation, 3D visualization, and quantitative analysis of various medical scans.

We formed the first system to augment intra-operative imaging performed with an open MR scanner with this full array of pre- operative data. The same analysis previously reserved for pre- operative data can now be applied to exploring the anatomical changes as the surgery progresses. Surgical instruments are tracked and used to drive the location of reformatted slices. Real-time scans are visualized as slices in the same 3D view along with the pre-operative slices and surface models. The system has been applied in over 20 neurosurgical cases at Brigham and Women’s Hospital, and continues to be routinely used for 1-2 cases per week.

Thesis Supervisor: W. Eric L. Grimson Title: Bernard Gordon Professor of Medical Engineering

Thesis Supervisor: Ron Kikinis Title: Associate Professor of Radiology, Harvard Medical School

Acknowledgments

This section was the most rewarding portion of my thesis to write. None of this would have been possible without the amazingly strong encouragement I received from so many people at GE Medical Systems in Milwaukee. I begin with a chronological glimpse of those I owe for being here.

I thank Ken Accardi for his support in my development of the patented “cine fix” which first sparked my interest in research. I thank Art Larson and Armin Phoh for their guidance which kindled my desire to pursue a Ph.D. Steve Hushek really fanned the flames with his passion for image-guided surgery. His contagious zeal for the field first led me into GE’s open-magnet program, and then his sharing of his fond (and also stressful) memories of his alma mater led me to choose MIT. I sincerely thank Joe Phelan for being the best mentor one could ask for. I certainly would not have pursued this without his unwavering belief that I could do this, and that GE would benefit. Many managers deserve credit for having the vision to see the synergistic benefits of supporting my work at MIT; Dave Mack, Morry Blumenfeld, Guy Rabbat, Jean-luc Duchmin, Steve Patscot, and especially, Madhavi Nunna, believed in me enough to invest in my education and bridge the gap between academic research and commercial products.

The relationships I’ve formed with the very nice, fun people of the AI Lab are a real blessing. My first contact was a phone call to Joe Smosky, in which he cemented my decision to apply by convincing me that this would be a fun place to be, and that his advisor, Eric Grimson, was outstanding. You were more than right on both counts, Joe, and I thank Eric not only for his great guidance, but his talent for baking delicious desserts. I thank my other advisor at MIT, Sandy Wells, for his devotion to helping with last-minute paper edits, his registration hacking, and his analytical skill in dissecting problems. My fellow grad students are a real joy to be with, and a couple deserve special thanks here. I thank my “boss”, Tina Kapur, for her invaluable insights and enjoyable conversations on everything from classes and this thesis, to lab survival tips and internet stocks. I thank Neil Wiesen for the late nights working problem sets together (but not really together, Professor Horn). Furthermore, I just have to thank Anita Flynn for founding the AI Lab Olympics - the greatest event on earth.

In addition to working at the best engineering school in the world, I have been fortunate to have the privilege of developing and implementing my research clinically at the Surgical Planning Lab at Brigham and Women’s Hospital. I thank my advisor, Ron Kikinis, for somehow managing to simultaneously be both my harshest critic, and most generous supporter. I thank Ferenc Jolesz for his vision for image-guided therapy and the 3D Slicer. I thank Arya Nabavi for teaching me everything I know about surgery, and mostly for transforming those late nights at work into fun and enjoyable memories.

I most gratefully thank the one person who has most supported me through it all. I understand the sacrifices my wife, Heidi, has made to make this possible, and I cannot adequately express the joy I receive from her loving companionship in sharing this experience.

Contents

1 Introduction 12 1.1 Motivations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 1.1.1 Conventional Image-Guided Surgery . . . . . . . . . . . . . . 14 1.1.2 Limitations of Conventional Image-Guided Surgery . . . . . . 15 1.1.3 Augmenting Interventional MRI with the 3D Slicer . . . . . . 15 1.2 Contributions of this Thesis . . . . . . . . . . . . . . . . . . . . . . . 17 1.2.1 Highly Integrated Analysis and Visualization . . . . . . . . . . 17 1.2.2 Integration with interventional MR . . . . . . . . . . . . . . . 17 1.2.3 Medical Reality Modeling Language . . . . . . . . . . . . . . . 18 1.2.4 Freely Available, Open-Source Software . . . . . . . . . . . . . 18 1.3 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 1.3.1 Visualization or Pre-Operative Planning . . . . . . . . . . . . 18 1.3.2 Surgical Guidance . . . . . . . . . . . . . . . . . . . . . . . . . 21 1.3.3 Volumetric Analysis and Studies of Dynamics . . . . . . . . . 24 1.4 Roadmap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2 System Architecture 27 2.1 Related Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 2.1.1 Systems for Analysis and Planning . . . . . . . . . . . . . . . 28 2.1.2 Systems for Surgical Guidance . . . . . . . . . . . . . . . . . . 29 2.2 Evolution of the Architecture . . . . . . . . . . . . . . . . . . . . . . 31 2.3 Processing Pipeline . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 2.3.1 Reformatting . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.3.2 Multiple Volumes . . . . . . . . . . . . . . . . . . . . . . . . . 34 2.3.3 Multiple Volumes on the Same Slice . . . . . . . . . . . . . . . 34 2.3.4 Mapping Scalars to Colors . . . . . . . . . . . . . . . . . . . . 35 2.3.5 Reformatted Slice Location . . . . . . . . . . . . . . . . . . . 37 2.4 Surface Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 2.4.1 Volume Editor . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 2.4.2 Model Generation . . . . . . . . . . . . . . . . . . . . . . . . . 40 2.4.3 Model Visualization . . . . . . . . . . . . . . . . . . . . . . . . 41 2.5 Multi-Model Registration . . . . . . . . . . . . . . . . . . . . . . . . . 43 2.6 Integration with MR-Guided Surgery . . . . . . . . . . . . . . . . . . 43 2.6.1 The Open MR System . . . . . . . . . . . . . . . . . . . . . . 43 2.6.2 Trajectory Assistance . . . . . . . . . . . . . . . . . . . . . . . 46 2.7 Medical Reality Modeling Language . . . . . . . . . . . . . . . . . . . 47 2.7.1 Volume Node . . . . . . . . . . . . . . . . . . . . . . . . . . . 50 2.7.2 Model Node . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50 2.7.3 Transform Node . . . . . . . . . . . . . . . . . . . . . . . . . . 50 2.7.4 Separator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50 2.7.5 URL Node . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 2.7.6 Config Node . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 2.7.7 Color Node . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 2.8 Coordinate Systems and Transforms . . . . . . . . . . . . . . . . . . 51 2.8.1 The RAS Coordinate System . . . . . . . . . . . . . . . . . . 52 2.8.2 The IJK Coordinate System . . . . . . . . . . . . . . . . . . . 52 2.8.3 The XYZ Coordinate System . . . . . . . . . . . . . . . . . . 52 2.8.4 Converting from RAS to IJK . . . . . . . . . . . . . . . . . . 53 2.8.5 Handling Rigid Registration . . . . . . . . . . . . . . . . . . . 53 2.8.6 Computing the Reformat Matrix . . . . . . . . . . . . . . . . 54 2.9 User Interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 2.9.1 Efficiency through Simplicity . . . . . . . . . . . . . . . . . . . 56 2.9.2 Display Windows . . . . . . . . . . . . . . . . . . . . . . . . . 57

2.9.3 Modular Design . . . . . . . . . . . . . . . . . . . . . . . . . . 58 2.9.4 Protecting Against Crashes . . . . . . . . . . . . . . . . . . . 58 2.10 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3 Surgical Planning 59 3.1 Diagnosis from Multiple Scans . . . . . . . . . . . . . . . . . . . . . . 59 3.2 Trajectory Planning . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 3.3 Orthopedic Surgical Planning . . . . . . . . . . . . . . . . . . . . . . 63 3.4 Parametrically-Colored Surface Models . . . . . . . . . . . . . . . . . 63 3.5 Construction and Application of Anatomy Atlases . . . . . . . . . . . 65 3.6 Summary of the 3D Slicer’s Role in Surgical Planning . . . . . . . . . 67

4 Surgical Guidance 69 4.1 Clinical Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 4.2 Image Registration . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70 4.2.1 Merging Pre-operative and Intra-operative Data . . . . . . . . 70 4.2.2 The Challenge of Registration in the Open MR . . . . . . . . 70 4.3 Trajectory Planning . . . . . . . . . . . . . . . . . . . . . . . . . . . 72 4.3.1 Peering Inside before Going Inside . . . . . . . . . . . . . . . . 72 4.3.2 Biopsies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 4.3.3 Cavernomas . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76 4.4 Tissue Identification . . . . . . . . . . . . . . . . . . . . . . . . . . . 77 4.4.1 Vascularization . . . . . . . . . . . . . . . . . . . . . . . . . . 77 4.4.2 Ultrasonic Aspirator . . . . . . . . . . . . . . . . . . . . . . . 77 4.4.3 Functional Areas . . . . . . . . . . . . . . . . . . . . . . . . . 77 4.4.4 Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78 4.4.5 Contrast Agents . . . . . . . . . . . . . . . . . . . . . . . . . . 78 4.4.6 Using the 3D Slicer for Assistance . . . . . . . . . . . . . . . . 78 4.5 Intra-operative Imaging Updates . . . . . . . . . . . . . . . . . . . . 80 4.5.1 Progressive Updates . . . . . . . . . . . . . . . . . . . . . . . 80 4.5.2 Augmenting Intra-operative Images with Pre-operative Images 81

4.5.3 Intra-operative Deformable Registration . . . . . . . . . . . . 82 4.6 Post-resection Validation . . . . . . . . . . . . . . . . . . . . . . . . . 83 4.7 Summary of Clinical Procedure . . . . . . . . . . . . . . . . . . . . . 83 4.8 Proven Validity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85 4.9 Accuracy Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5 3D Analysis 88 5.1 Studying Brain Shift . . . . . . . . . . . . . . . . . . . . . . . . . . . 88 5.1.1 Other Methods for Detecting Brain Shift . . . . . . . . . . . . 89 5.1.2 Results with Our System . . . . . . . . . . . . . . . . . . . . . 91 5.2 Volumetric Measurements . . . . . . . . . . . . . . . . . . . . . . . . 93

6 Conclusion 99

References 100

List of Figures

1-1 The 3D Slicer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 1-2 ENT Surgical Planning . . . . . . . . . . . . . . . . . . . . . . . . . . 19 1-3 Planning with Functional MRI . . . . . . . . . . . . . . . . . . . . . . 21 1-4 Virtual Real-time Imaging . . . . . . . . . . . . . . . . . . . . . . . . 22 1-5 Inside the Open Magnet . . . . . . . . . . . . . . . . . . . . . . . . . 23 1-6 Volumetric Analysis for Women’s Health . . . . . . . . . . . . . . . . 24 1-7 Brain tissue collapses and swells during surgery . . . . . . . . . . . . 25

2-1 Stereotactic Reference Frames . . . . . . . . . . . . . . . . . . . . . . 29 2-2 Laser Registration and Video Overlay . . . . . . . . . . . . . . . . . . 30 2-3 Volume Scan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 2-4 Reformatting relative to the locator . . . . . . . . . . . . . . . . . . . 34 2-5 Multiple layers on each slice . . . . . . . . . . . . . . . . . . . . . . . 36 2-6 Clip slice planes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 2-7 Zoom slices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 2-8 Interactive segmentation . . . . . . . . . . . . . . . . . . . . . . . . . 39 2-9 The volume editing process . . . . . . . . . . . . . . . . . . . . . . . 40 2-10 The surface model generation process . . . . . . . . . . . . . . . . . . 41 2-11 Clipping surface models . . . . . . . . . . . . . . . . . . . . . . . . . 42 2-12 Automatic Registration . . . . . . . . . . . . . . . . . . . . . . . . . . 44 2-13 Diagram of interventional setup . . . . . . . . . . . . . . . . . . . . . 45 2-14 The 3D Slicer’s display in the magnet . . . . . . . . . . . . . . . . . . 46 2-15 Tracked handpiece . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2-16 MRML file diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 2-17 Computing the reformat matrix . . . . . . . . . . . . . . . . . . . . . 54 2-18 Screen shot of User Interface . . . . . . . . . . . . . . . . . . . . . . . 57

3-1 Diagnsosis from multiple scans . . . . . . . . . . . . . . . . . . . . . . 61 3-2 Trajectory planning . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 3-3 Orthopedic surgical planning . . . . . . . . . . . . . . . . . . . . . . . 64 3-4 Parametrically colored surface models . . . . . . . . . . . . . . . . . . 65 3-5 Spine atlas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 3-6 Brain atlas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4-1 Register pre-op to intra-op scans . . . . . . . . . . . . . . . . . . . . 71 4-2 Visualizing both pre-op and intra-op data . . . . . . . . . . . . . . . 72 4-3 Image distortion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 4-4 Trajectory planning with the patient . . . . . . . . . . . . . . . . . . 74 4-5 Altering the surgical tactic . . . . . . . . . . . . . . . . . . . . . . . . 75 4-6 Reformatting images for guidance . . . . . . . . . . . . . . . . . . . . 79 4-7 Tracking the Ultrasonic Aspirator . . . . . . . . . . . . . . . . . . . . 80 4-8 Blending intra-op and pre-op slices . . . . . . . . . . . . . . . . . . . 82 4-9 Intra-operative brain shift . . . . . . . . . . . . . . . . . . . . . . . . 83 4-10 Low resolution reformatting . . . . . . . . . . . . . . . . . . . . . . . 84 4-11 Exploring resection cavity . . . . . . . . . . . . . . . . . . . . . . . . 85 4-12 Accuracy Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5-1 Brain shift with neuronavigation systems . . . . . . . . . . . . . . . . 90 5-2 Brain swelling during craniotomy . . . . . . . . . . . . . . . . . . . . 92 5-3 Midline shift . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93 5-4 Regaining shape following dura closture . . . . . . . . . . . . . . . . . 94 5-5 Visualizing brain shift in 3D . . . . . . . . . . . . . . . . . . . . . . . 95 5-6 Visualizing the female pelvic floor . . . . . . . . . . . . . . . . . . . . 97 5-7 Performing measurements in the Pelvis . . . . . . . . . . . . . . . . . 98

List of Tables

4.1 Neurosurgical Guidance Cases . . . . . . . . . . . . . . . . . . . . . . 86

Chapter 1

Introduction

In this thesis, we present a computerized surgical assistant whose core functionality is embodied in a software package we call the 3D Slicer. We describe the system architecture and its novel integration with an interventional Magnetic Resonance (MR) scanner. We discuss the wide range of applications in which the 3D Slicer is currently being used at the Surgical Planning Lab at Brigham and Women’s Hospital [SPL]. These applications include: guiding biopsies and craniotomies in the operating room, offering diagnostic visualization and surgical planning in the clinic, and facilitating research into brain shift and volumetric studies in the lab. A screen shot of the 3D Slicer is presented in Figure 1-1.

1.1 Motivations

Image-guided surgery seeks to augment the human eye with an enhanced vision of reality. An unassisted surgeon can see the surfaces of exposed tissues, but not internal structures. Image-guided surgery provides X-ray vision of what lies beyond the exposed surfaces, what types of tissue are seen, and what functions the tissues serve. Different types of tissue may be difficult to distinguish with the eye alone, but appear markedly different on certain medical imaging scans. Similarly, tissues that handle critical functions, such as voluntary movements, speech, or vision, appear identical to companion tissue, but can be highlighted by a functional exam.

Figure 1-1: The 3D Slicer features a 3D view where 2D slices are integrated with 3D surface models. The 2D slices are also shown in 2D image windows below the 3D view.

We believe better pre-operative visualization leads to better surgical planning. It allows the surgeon to cut smaller access holes, which leads to quicker patient recoveries and shorter hospital stays. In addition, pre-operative guidance allows the surgeon to select an approach trajectory that more safely invades the tissue. This can reduce the cost of the surgery by minimizing the time the surgeon spends planning in the operating room. To complement pre-operative planning, intra-operative guidance facilitates more complete removal, or resection, of tumor tissue while reducing the chances of harming healthy tissue that surrounds the area under treatment. This suggests an overall improvement in patient outcomes.

1.1.1 Conventional Image-Guided Surgery

An overview of image-guided medicine at some of the leading research institutions can be found at the following sites on the World Wide Web [ETH, MAYO, Montreal, SPL, MGH, JHU, Shadyside, Lueven, UCLA, UCSF, Guys, INRIA, GE, MERL] Conventional image-guided surgery systems present the surgeon with data that was gathered prior to surgery, track surgical instruments within the operating field, and render the tracked devices along with the data.

Data sets are aligned, or registered, with the patient’s position at the time of surgery to allow the surgeon to establish a correspondence between the patient lying on the operating table and the images rendered on a nearby computer screen. Imageguided surgery has progressed from attaching cumbersome reference frames to the patient [Galloway1993], to frameless stereotaxy that integrates registration and tracking [Grimson et al.1998]. Registration of pre-operative imagery to patient position is commonly achieved by attaching fiducial markers to skin or bone [Maciumas et al.1993], with drawbacks in patient comfort and accuracy [Peters et al.1996]. Surface-based registration offers complicated, yet flexible and accurate, alternatives using techniques such as probing points on the skin [Ryan et al.1996], video alignment [Colchester et al.1996], or laser scanning [Grimson et al.1996b].

For more difficult surgeries, the goal is to present the surgeon with not just one diagnostic scan, but all the useful information available. An array of information can be derived from fusing data sets about morphology, cortical function, and metabolic activity. For example, bone is most practically imaged with Computed Tomography (CT), soft tissues are usually best discriminated with T1-weighted and T2-weighted Magnetic Resonance Imaging (MRI), and vasculature can be derived from MR Angiography (MRA). Functional physiologic data is available from transcranial magnetic stimulation (TMS), or functional MRI (fMRI), and is invaluable for executing surgical resection without sacrificing critical brain functions. Metabolic information is scanned using single photon emission computed tomography (SPECT) or positron emission tomography (PET) which distinguishes metabolically active tumor parts from necrotic areas. These varied data sets are acquired in different coordinate systems and need to be registered to a common framework before that framework is in turn registered to the patient.

1.1.2 Limitations of Conventional Image-Guided Surgery

The accuracy provided by both frame-based and frameless stereotaxy decreases as surgery progresses. The positions of anatomical structures change as the brain swells when the skull is opened, cerebrospinal fluid (CSF) egresses, or tumor tissue is removed. Greater dynamics accompany the resection of larger or deeper tumors.

Intra-operative imaging is being developed to address these concerns and also to detect unexpected complications during surgery such as hemorrhage. Interventional imaging is typically performed with X-ray fluoroscopy or ultrasound. Fluoroscopy is often used to guide catheters in cardiac procedures and needle placement in spinal punctures. Ultrasound is most widely used in guiding biopsies in the abdominal cavity, and preliminary experiments have included its use in guiding localization in neurosurgery [Auer1990, Bucholtz et al.1997]. More recently, technological developments have lead to high-resolution, high-contrast 3D interventional imaging, such as interventional CT [Lunsford, Parrish and Albright1984], and MRI [Gronemeyer et al.1995, Schenk et al.1995]. This thesis focuses on computer software for augmenting the functionality of interventional MRI. Compared to the other named interventional imaging modalities, an open MR system provides the advantages of high soft-tissue contrast, a lack of radiation exposure to patient and surgeon, a clear definition of resection boundaries, and continuous access to the operative field [Jolesz1997].

1.1.3 Augmenting Interventional MRI with the 3D Slicer

In order to amplify the benefits of interventional MRI, we propose augmenting the scanning component with computer software that maximizes the interactivity of an image-guided therapy system through focusing on the following five areas:

Image Resolution — Some anatomical structures are difficult to distinguish on interventional MR images, but are clearer on conventional, diagnostic MRI that benefit from a higher magnetic field and longer imaging times.

Imaging Time — For surgical guidance to be interactive, images must be acquired quickly enough to be utilized without disrupting or slowing down the procedure. Fast imaging techniques are being developed [Speilman, Pauly and Metyer1995], but in general, faster imaging brings lower image quality.

Multi-modal Fusion — Functional and metabolic data that is acquired pre-operatively could deliver increased benefit if integrated with intra-operative, anatomical information.

Faster Localization — Interventional MR provides the capability of planning approach trajectories by maneuvering a tracked wand and collecting images at the rate of 6-20 seconds per image. While this is a significant accomplishment, an ideally interactive system needs an update rate of 10 frames per second.

3D Visualization — Interventional images are presently two-dimensional — requiring the surgeon to mentally map the 2D images seen on a computer screen to the 3D operating field.

The 3D Slicer is a software package that addresses the aforementioned areas. Image resolution, imaging time, and localization are improved by performing real-time re-slicing of both pre-operative and intra-operative data sets, and displaying them for simultaneous review. Multi-modal information is incorporated through automatic registration. The 3D Slicer features a computer graphics display that offers the flexibility to see the situation from viewpoints not physically possible. It has the ability to “fly through” virtual data to facilitate the understanding of complex situations, and aid in avoiding damage to healthy tissue.

1.2 Contributions of this Thesis

Aside from the ongoing benefits reaped from its applications, the 3D Slicer itself contributes to the field of image-guided surgery in the following four ways.

1.2.1 Highly Integrated Analysis and Visualization

The 3D Slicer uniquely integrates several facets of image-guided medicine into a single environment. Interleaving the results from the available assortment of image-guided tools can be cumbersome and time-consuming. The 3D Slicer provides an end-to-end solution that bundles different aspects of analysis into a single visualization framework. It allows medical scans containing anatomical or functional data to be automatically registered^1 and semi-automatically segmented^2. 3D computer models of key structures such as skin, brain vessels, tumor, and motor cortex can be generated and visualized in a 3D scene along with reformatted images. Reformatting presents cross-sectional views through medical scan data on slices of any position and orientation. Feedback from clinical users of the 3D Slicer suggest that they most appreciate its ability to help them make navigate a complicated assembly of information.

1.2.2 Integration with interventional MR

The 3D Slicer is the first software system to augment an open-MR scanner with this full array of pre-operative data. The analysis previously reserved for pre-operative data [ANALYZE] can now be applied to exploring anatomical changes that occur as surgery progresses. Surgical instruments are tracked and drive the location of the reformatted slices. Real-time scans are visualized as slices in the same 3D view as the pre-operative slices and graphical models.

1Aligned.

2Segmentation refers to the process of assigning a label to each data point to classify it according to its tissue type.

1.2.3 Medical Reality Modeling Language

We created a novel file format, the Medical Reality Modeling Language (MRML), for conveniently describing 3D scenes composed of a heterogeneous mixture of scanned volumes, 3D surface models, and the coordinate transforms that express the geometric relationships between them. This format specifies where the data is stored, how it relates hierarchically to other data in the 3D scene, and what display attributes are for rendering the data.

1.2.4 Freely Available, Open-Source Software

We have made the 3D Slicer freely available as a tool to clinicians and scientists [SPL]. It has a modular, easily extendable design for other researchers to create new capabilities. We developed the 3D Slicer on top of the OpenGL graphics library [OpenGL] using the Visualization Toolkit (VTK) [Schroeder, Martin and Lorensen1996] for processing, and the Tcl/Tk scripting language [Ousterhout1994] for the user interface. The development of the 3D Slicer required adding many new tools to VTK, some of which have been released to the worldwide community of VTK users.

1.3 Applications

This section briefly introduces three applications for which the 3D Slicer is currently being used at the Surgical Planing Lab (SPL) at Brigham and Women’s Hospital: surgical planning, surgical guidance, and volumetric measurements. Later, we elaborate on each of these applications in individual chapters.

1.3.1 Visualization or Pre-Operative Planning

The 3D Slicer was chiefly designed to serve as an intra-operative companion to neurosurgery in an open magnet, but it has also found routine use outside of the operating room and neurosurgery. Doctors and scientists at the SPL have applied the 3D Slicer for visualization and planning in procedures concerning the spine, the pelvis, the

Figure 1-2: This figure shows the use of the 3D Slicer for ENT surgical planning. A computerized reconstruction of the jaw and neck was integrated from from multiple exams such as MR and CT (used to segment the bone) into a single view. This allows the character of the tumor (green) to be clearly explored.

bladder, the heart, and the throat. Figure 1-2 shows the use of the 3D Slicer for ENT surgical planning.

Prior to surgery, pre-operative data sets (T1- weighted MRI, T2-weighted MRI, MRA, fMRI, CT, PET, or SPECT) are fused with an automatic rigid registration. This merged data representation can be visualized by reformatting up to three slices at once, and rendering them in an interactive 3D graphics environment. Each slice can display multiple volumes blended with adjustable opacities. For example, functional information can be overlaid in color on graylevel, anatomical data. Clinicians appreciate the facility of being able to view available data on a single screen because this makes diagnosis more straightforward.

Volumetric data can be segmented semi-automatically using the 3D Slicer’s collection of editing tools. Effects such as thresholding, connectivity, morphological operations, and free-hand drawing can be applied to the data on a 3D or slice-by-slice basis while being visualized interactively in 3D. The output label maps are converted to 3D surface models using the Marching Cubes triangulation algorithm [Lorensen and Cline1987]. The surface models can then be visualized in the 3D view along with the reformatted slices, and the slices can selectively clip away portions of some models, such as the skin, to reveal other unclipped models beneath, such as a tumor. Distances, angles, surface areas, and volumes of structures can be measured quantitatively.

Figure 1-3 displays a screen shot of the 3D Slicer being used for trajectory-planning for a craniotomy. A key component of neurosurgical planning is plotting an approach trajectory that avoids critical structures such as the blood vessels and the motor cortex. This is vitally important, because tumors can either infiltrate functional tissue or push it aside, and a tumor that intricately invades eloquent cortex can be considered inoperable for the sake of preserving the quality of life rather than longevity. In the case shown in the figure, a functional MRI exam was registered to an anatomical exam. Surface models of the skin and tumor were constructed from the anatomical exam, and models of the motor cortex, and areas for auditory verb generation and visual verb generation were constructed from the fMRI. The same three slices that are visible in the 3D view are displayed as cross-sections the bottom. The volumetric form of the fMRI results are overlaid in color on the grayscale, anatomical images.

This patient had a tumor in Broca’s area on the left side of the brain where 96% of speech is generally processed. A functional MRI exam was administered to ascertain whether the tumor tissue had infiltrated the eloquent cortex. The 3D Slicer’s integrated 3D view clearly demonstrated that the speech activity migrated to the right side, proving the operability of this lesion. It is interesting to note that although the 3D Slicer was only scheduled for use in pre-operative planning for this patient, the surgeon came out of the operating room halfway through the surgery to

Figure 1-3: Surface models of skin, tumor (green), motor cortex (yellow),auditory verb generation (red), and visual verb generation (blue),are integrated with slices.

view the 3D Slicer again.

1.3.2 Surgical Guidance

A fused, pre-operative data set can be used to augment interventional MR imaging, which is limited by a weaker magnetic field (0.5 vs. 1.5 Tesla) and shorter imaging times (to not prolong the operation). A fast volume scan is collected while the patient is being prepped in the operating room to create a second data representation. Then rigid registration using mutual information [Wells III et al.1996] relates

Figure 1-4: The surgical instrument (red) is tracked and 2 orthogonal planes are shown reformatted relative to the instrument tip’s position.

the pre-operative data sets to the coordinate frame of the interventional MR scanner. As a tracked, surgical instrument is moved within the surgical field, it is rendered in the 3D view, and the reformatted slice planes follow its position, sweeping through the volumes as a form of virtual real-time imaging. Figure 1-4 displays the two reformatted image planes generated at the location of the tracked instrument, rendered as a red cylinder. The neurosurgeon observes the 3D graphics display on an LCD panel in the scanner gantry, as shown in Figure 1-5.

Since the positions of anatomical structures change during the course of operation, new slabs of data are acquired several times during surgery for reformatting. The surgeon can then observe changes in the position of anatomy on the intra-operative images, while also benefiting from the higher resolution, higher contrast, and functional information of the pre-operative images. During biopsies and laser ablations,

Figure 1-5: The surgeon stands within the gap of the interventional MR magnet and observes the display output of the 3D-Slicer for cues.

2D images are scanned in real time and rendered in the 3D display so spatial relationships can be clearly seen.

After several clinical trials during development, we have used the Slicer as a navigational tool in more than 20 cases since January 1999. This initial feasibility phase proved the Slicer to be a stable and reliable application. As we use the Slicer on a routine basis, a clinical evaluation of its influence on surgical decision making and resection control is being conducted.

Figure 1-6: 3D models of the female pelvis such as bones (white), bladder/urethra (yellow), vagina (blue), uterus (green), rectum (gray), and the levator ani muscle (pink) can be visualized along with gray-scale images and quantified. The purple line between the two blue markers is measuring the distance of the pubococcygeal line (level of the pelvic floor, and minimum width of the birth canal).

1.3.3 Volumetric Analysis and Studies of Dynamics

The 3D Slicer is used outside of surgery for quantitative studies that require making measurements on source images and 3D models simultaneously. Applications to date include modeling the female pelvic floor, taking quantitative measurements of muscle mass, and conducting orthopedic range of motion studies. Figure 1-6 is derived from a study that relied on the 3D Slicer to quantify the appearance of the normal female pelvic floor to better understand the causes of incontinence.

The open MR presents unprecedented opportunities for scientifically studying the dynamics that accompany intervention. The advantage of the open MR is that the patient is not repositioned between operating and imaging. We are using the 3D Slicer to analyze brain shift in the attempt to reach a level of understanding of the biomechanics of the brain that includes predictive power. Then certain imageguided surgical techniques used in the open MR could be applied to conventional operating rooms. Our findings thus far have revealed quite inhomogeneous distortions of the ventricles and unexpected shifts in the brain’s midline of up to 1.0 cm. These

Figure 1-7: From left to right, after opening of the brain’s protective dura mater, after tumor resection, and after dural closure.

structures were previously believed to be stationary and suitable for use as landmarks during intra-operative imaging. We have also documented large dynamics during dural closure (shown in Figure 1-7) that cannot be detected by most other approaches.

1.4 Roadmap

We present the system architecture in the next chapter, and we explore each application in the three chapters that follow.

Chapter 2: System Architecture — descriptions of related work, the evolution of the architecture, processing of reformatted images, creation of surface models, multi-modal image registration, integration with MR-guided surgery, the Medical Reality Modeling Language, coordinate systems and transforms, and the user interface.

Chapter 3: Surgical Planning — illustrations of the 3D Slicer’s value for aiding diagnosis from multiple scans, trajectory planning, orthopedic surgical planning, visualizing parametrically colored surface models, and constructing and applying anatomy atlases.

Chapter 4: Surgical Guidance — descriptions of operating room protocol beginning with clinical setup and proceeding with descriptions of image registration, trajectory planning, tissue identification, incorporating intra-operative imaging updates, and performing post-resection validation.

Chapter 5: 3D Analysis — descriptions of analyzing intra-operative brain deformations and performing quantitative studies that require making measurements on source images and 3D models simultaneously.

Chapter 6: Conclusion

Chapter 2 System Architecture

This chapter describes the architecture of the system organized into the following sections:

Related Work — comparisons of the 3D Slicer to other systems in the field. Evolution of the Architecture — a look at the phases of development of the system’s architecture and the lessons learned along the way.

Processing Pipeline — a description of the image processing pipeline that produces reformatted slices.

Surface Models — generating and visualizing 3D polygonal models of important structures.

Multi-Model Registration — rigid registration between data sets generated from various imaging modalities (i.e.: MR, CT, SPECT).

Interventional MR-Guided Surgery — the integration of the 3D Slicer with the interventional MR system to form a surgical assistant.

Medical Reality Modeling Language — a novel file format for expressing scenes composed of volumes, surface models, and the coordinate transforms between them.

Coordinate Systems and Transforms — the mathematics behind slicing though multiple data sets simultaneously.

User Interface — a brief description of the user interface.

2.1 Related Work

Image-guided surgery systems strive to achieve one or more of the following:

• Data analysis

• Surgical planning

• Surgical guidance

• Surgical guidance with intra-operative updates

Interleaving the results of several of the currently available systems can be cumbersome and time-consuming — making it impractical for clinical applications. Our system is uniquely valuable in its integration of all of these facets into a single environment. Such cohesion is required for seamless integration of pre-operative and intra-operative data. The same level of analysis previously reserved for pre-operative data can now be applied to exploring the anatomical changes as the intervention progresses.

2.1.1 Systems for Analysis and Planning

Several existing software packages present a more extensive collection of tools for data analysis and planning, but do not support surgical guidance. [ANALYZE] has been developed at the Mayo Clinic since the early 1970’s, and it offers a vast set of tools for 2D and 3D visualization, image processing, registration, segmentation, and quantitative analysis. [MEDx] and [MNI] have followed with a similar scope as ANALYZE, and are not designed provide any surgical guidance.

Figure 2-1: Reference frames were attached to the patient’s skull to establish correspondence between imaging and surgery, which were sometimes several days apart, yet the frame had to remain intact in the interim.

2.1.2 Systems for Surgical Guidance

Several systems have been developed to facilitate surgical guidance, but they feature leaner support for analysis and planning, and they are not designed to incorporate intra-operative updates. These systems provide a means of establishing a correspondence between fused, pre-operative data and the patient as positioned on the operating table. Image guided surgery has progressed from attaching cumbersome reference frames to the patient [Galloway1993] (Figure 2-1), to frameless stereotaxy that integrates registration and tracking [Grimson et al.1998].

Registration of pre-operative imagery to patient position is commonly achieved by attaching fiducial markers to skin or bone [Maciumas et al.1993], with drawbacks in patient comfort and accuracy [Peters et al.1996]. Surface-based registration offers complicated, yet flexible and accurate, alternatives using techniques such as probing

Figure 2-2: LEFT: Topography identified by a laser scanner. RIGHT: Video overlay of pre-operative data.

points on the skin [Ryan et al.1996], video alignment [Colchester et al.1996], or laser scanning [Grimson et al.1996b] (Figure 2-2).

Tracking of surgical instruments has been achieved through a variety of methods. The Radionics System (Burlington, MA) reads angles from encoders on the joints of an articulated arm to compute the position of the tip. Flashpoint (Image-Guided Technology, Boulder, CO) and Optotrak (Northern Digital Inc., Waterloo, Ontario) use multiple cameras to view flashing LEDs on the instrument and triangulate its position. The VISLAN system [Colchester et al.1996] passively extracts a pattern on a wireless instrument from two stereo images. Fastrack (Polhemus, Inc., Colchester, VT) and Flock of Birds (Ascension Technology Corporation, Burlington, VT) utilize electro-magnetic digitizers that alleviate the need for a clear line of site between the instrument and the tracking equipment.

Intra-operative imaging is being performed with X-ray fluoroscopy, CT [Lunsford, Parrish and Albright1984], ultrasound [Bucholtz et al.1997], and MRI [Gronemeyer et al.1995, Schenk et al.1995]. Our system is the first to augment an open-MR scanner with various pre-operative data sets with information on morphology (MR, CT, MR angiography), cortical function (fMRI), and metabolic activity (PET, SPECT) [Alexander et al.1993].

2.2 Evolution of the Architecture

A system for registering pre-operative and intra-operative images for MR-guided therapy has been undergoing development for the last two and a half years. The basic concepts were proven in a clinical trial where each slice could just reformat a single volume [Hata et al.1997] and surface models could be seen, but not constructed. The system was then redesigned from scratch.

We developed the 3D Slicer on top of the OpenGL graphics library using the Visualization Toolkit (VTK) [Schroeder, Martin and Lorensen1996] for processing, and the Tcl/Tk scripting language [Ousterhout1994] for the user interface. VTK provides a set of objects written in C++ that can be chained together to form a data-processing pipeline. Pipelined processing maximizes interactivity because the output of each stage is stored in memory, and any update from user-interface controls triggers a change at a minimal depth into the pipeline.

Although the system was built on VTK and Tcl from the beginning, it has grown to more fully leverage VTK as well as contribute to VTK’s development. We added several classes to VTK by deriving them from existing, documented classes, which results in well-defined inputs and outputs. This is vitally important because other researchers will continue to add to the 3D Slicer’s development as the field grows to meet needs in a variety of specific application areas where researchers at various sites have more expertise. Therefore, extendibility and modularity are key attributes of the design. Consequently, each module was first prototyped to achieve correct functionality, and then rewritten to meet these criteria. During the earlier work of this thesis, the 3D Slicer’s image processing pipelines had an ad hoc implementation utilizing VTK’s 3D graphics pipeline. As VTK developed a separate imaging pipeline more appropriate for the operations we perform on the reformatted slices, the 3D Slicer was completely rewritten to take advantage of, and contribute to, this new architecture.

Appropriately coded VTK classes handle multiple data types, handle data with multiple components per pixel, support multi-threading, and run on multiple platforms. We operate the 3D Slicer on PCs running Windows and Sun workstations running Solaris.

2.3 Processing Pipeline

This section describes the image processing pipeline that generates each reformatted slice. The pipeline begins with extracting a 2D slice through a 3D volume, and proceeds to color the data and merge it with other layers to form a composite slice.

2.3.1 Reformatting

Medical imaging scanners typically output data in the form of 3D arrays of volume elements appropriately called voxels. Each voxel is a scalar value, often an integer, representative of a physical property that the scanner is sensitive to. For example, CT images are a map of X-ray attenuation coefficients produced by sending X-ray beams through the body at all angles and measuring the output radiation on the flip side.

MR imaging exploits the principle that any nucleus with an odd number of protons has a dipole moment and therefore behaves as a miniature magnet. When the body is placed in a magnetic field of 1.5 Tesla (stronger than a automobile salvage-yard magnet), a minute fraction of the hydrogen atoms are reoriented to align with the field. Imaging is performed by momentarily generating a different magnetic field and measuring the radio signal emitted by the dipoles as they relax back to their equilibrium positions. More details can be found in [Westbrook and Kaut1993].

Volume data is stored as a stack of 2D images as displayed in Figure 2-3. The 3D Slicer enables one to better visualize volume data through Multi-Plane Reformatting (MPR). A reformatted image is derived by arbitrarily orienting a plane in 3D space, and assigning values to each 2D pixel of the plane by interpolating the 3D voxels of the volume data intersected by the plane. We reformat up to three slices at once with independent orientations, in real time. Slices can be arbitrarily oblique, or orthogonal. Orthogonal slices can be oriented relative to either the coordinate frame

Figure 2-3: A 3D volume is stored as a set of 2D images.

of the scanner or the tracked pointing device. Figure 2-4 demonstrates these two, different cases. Sliders on the user interface allow the slice locations to be slid along the axis perpendicular to the image plane.

Some radiological applications insist on minimum interpolation, and so we provided additional orientation options that generate orthogonal slices relative to the data itself rather than the coordinate frame it has been registered to. In this case, the sliders on the user interface set the slice position in terms of voxels rather than millimeters.

Figure 2-4: Left: slices oriented relative to the reference coordinate frame. Right: slices oriented relative to the pointing device (orange).

2.3.2 Multiple Volumes

Each reformatted slice may be generated from any of the available data sets. For example, one slice could be reformatted from pre-operative SPGR, a second slice could be reformatted from pre-operative T2- weighted MRI, and a third slice could display the images that are being scanned in real time. Figure 3-1 is an example.

2.3.3 Multiple Volumes on the Same Slice

We extended reformatting to slice through both anatomical and functional volumes of data simultaneously. Each slice is the composite of a background layer, foreground layer, and label layer. The background image is typically gray-scaled anatomical data, and the optional foreground can be colored, functional information. The foreground layer is overlaid on the background layer with an adjustable opacity to form the image that is displayed on the slice. As for the third layer, the output of image segmentation is a labelmap where each voxel is assigned an integer label according to the segmented structure it belongs to. The boundaries of each structure can optionally be drawn in color as the third layer. For example, the segmented tumor is outlined in green in Figure 2-5.

There are different ways of blending images with respective opacity values. We lay down the first image, and then blend in the second as follows:

new = first * (1-opacity) + second * (opacity)

But if the second data set is mostly zeros (as in fMRI), then we are mostly just dimming the first image. Consequently, we have a second mode that leaves the first image’s pixel alone whenever the second image’s pixel has an opacity value of 0.

if (second has per-pixel opacity=0)
    new = first
else
    new = first * (1-opacity) + second * (opacity)

Figure 2-5 describes these techniques pictorially. A vascular scan (phase-contrast MRA) is colored with a Hot Iron palette (range from black to red to yellow to white) and a threshold is applied to remove the noise floor. The uniform blending technique (bottom left image of 2-5) works well for registering images or observing differences in images gathered at different time points. The method of selective overlay (bottom right image of 2-5) is best for displaying the location of small, vitally important features, such as vessels or functional areas.

2.3.4 Mapping Scalars to Colors

Medical scanners (MR, CT) generate single-component, scalar values with a dynamic range that far exceeds the number of shades of gray distinguishable with the human eye. For display on a computer screen, values are transformed into data with four components (red, green, blue, and opacity) through spreading a palette of colors (such as 256 shades of gray) over a window of values centered around a level value.

Figure 2-5: TOP: the outline of the tumor segmentation is drawn in green on an anatomical image on the left, and on a vascular image on the right. BOTTOM: The vascular image is fused with the anatomical image using uniform blending on the left, but selective overlay on the right.

We provide several color palettes in addition to a gray palette to facilitate overlaying one data set in color on another in gray.

We take advantage of the opacity component to implement thresholding. We threshold functional data to hide pixels with insignificant probability of being functional tissue. We threshold anatomical data because the 2D images are texturemapped onto planes in 3D space. The images have black space outside the body and it is undesirable to have plain black planes occluding the view of the rest of the 3D scene. Each color palette has a color at index 0 that is transparent black. All other colors have full opacity. This way, pixels that fail to meet the thresholds can be as-

Figure 2-6: With (left) and without (right) applying a threshold to remove the noise floor of the slices.

signed color #0 and they will be texture-mapped transparently in 3D, but displayed black on a 2D window. Figure 2-6 demonstrates that the view is less occluded when uninteresting values are transparent.

The 3D Slicer can automatically apply this threshold after computing the image histogram, which is a plot of the frequency of each voxel value. The threshold is set to dissect the histogram at the intersection of the probability densities for noise and signal. This occurs at the bottom of the first valley of the histogram. The 3D Slicer also implements automatic window and level by computing the centroid (center of mass) of the histogram, and setting the level to the value of the centroid, and the window to twice this quantity (a fast approximation of the width of the signal’s distribution).

2.3.5 Reformatted Slice Location

Besides using the sliders on the GUI to position reformatted slices, users may simply click on a location to change the center of all slices (the focal point) to that point in 3D space. Figure 2-7 is a screen shot taken after clicking on the center of the tumor. In this case, all slices were set to have sagittal orientations and different zoom factors. Note the rulers with centimeter markings.

Figure 2-7: Viewing segmented structures under various magnifications.

2.4 Surface Models

Reformatted images provide cross-sectional views through soft tissues that are similar to what physician is accustomed to viewing. A surgeon, however, also needs to instantly visualize precisely where a tumor is or is not, or exactly where a winding blood vessel lies in relationship to the scalpel. These spatial relationships become more readily apparent when the structures are extracted, or segmented, from the volume data [Grimson et al.1996a].

The output of this segmentation process is a set of label maps, where each voxel is assigned a value according to its membership in an anatomical structure such as skin, brain, vessel, or tumor. A label map is an intermediate step in creating a surface model, which is a set of joined triangles arranged in 3D space to form a closed surface. A surface model is made from a label map by creating a mesh of triangles that bound all voxels of a common label. The resulting triangle mesh is the 3D graphics equivalent of wrapping a fishnet around a tumor.

2.4.1 Volume Editor

Volumetric data can be semi-automatically segmented using the 3D Slicer’s suite of editing tools. Effects such as thresholding, morphological operations (erosion, dilation) [Serra1982, Brummer et al.1993], island-removal (erasing small groupings of similar pixels), measuring the size of islands, cropping, and free-hand drawing of poly-

Figure 2-8: While a tumor is being interactively edited, it is displayed on both the 2D slices and in the 3D view. The segmented tumor is shown as translucent green overlaid on the original gray-scale data. Opaque green clearly delineates the tumor boundary.

gons, lines, or points can be applied to the data. Each effect can be administered on either a 3D or slice-by-slice basis. We found it very helpful to users to allow the sliceby-slice editing to be administered on either axial, coronal, or sagittal slices merely by clicking on the appropriate slice. Another strength of our system is that effects can be visualized by overlaying the working volume translucently on the original volume and explored in the 3D view, as shown in Figure 2-8.

Each effect may be applied to either the original volume, or a working volume. Multiple editing effects may be applied to the working volume, and when finished, the working volume may be merged with a composite volume to overlay smaller structures

Figure 2-9: The original volume is edited to produce a tumor in the Working volume (left). This working volume is then written over the Composite volume (center) to form a new composite volume (right).

onto larger ones. For example, we segment skin automatically from an MR scan by applying a threshold at the first trough of the histogram (where the noise and signal lobes overlap) and storing the binary output in the working volume. We then remove islands in the working volume, and finish with an erosion and dilation to smooth the edges. This working volume is then copied to the composite volume. Next, segmentation of the brain can be performed in the working volume, and then all non-zero voxels of the working volume can overwrite the composite volume to form a combination of skin and brain. Figure 2-9 illustrates this process.

Through a modular architecture that exploits C++ inheritance, other researchers can easily add new segmentation tools that increase the level of automation, such as [Kapur1999].

2.4.2 Model Generation

The bounding surfaces of the label maps are extracted and represented as a collection of triangles using the Marching Cubes algorithm [Lorensen and Cline1987]. Decimation reduces the number of triangles to a quantity that can be more quickly rendered with little observable loss in detail [Schroeder, Zarge and Lorensen1992]. For example, a typical brain surface is reduced from approximately 500,000 triangles to 150,000. Figure 2-10 illustrates how models originate from label maps.

We found it helpful to have the 3D Slicer call a separate process to generate

Figure 2-10: The label map of a tumor is created by segmenting slices (top). Next, a polygonal surface is created to encompass the segmentation (bottom-left). This surface is smoothed (bottom-right) to remove the digitization artifacts.

the models so that sets of many models could be performed as a batch job in the background while the user continues to use the 3D Slicer for other tasks. Model generation can be run on another machine with more memory and the user is emailed when the job is complete so the models can be viewed in the 3D Slicer. This feature in conjunction with an interface designed to minimize mouse clicks and movement has approximately halved the 3-hour time required to manually segment a neurosurgical case.

2.4.3 Model Visualization

Surface models of key anatomical structures can be visualized in the 3D view along with the reformatted slices. Our surgical colleagues favor viewing skin as a landmark. Therefore, we allow for the slice planes to selectively clip away the skin model to reveal other unclipped models beneath, such as a tumor or physiologically critical structures like blood vessels, as well as the respective image planes. Figure 2-11 demonstrates

Figure 2-11: Reformatted planes clip the surface model of the skin to reveal models beneath.

this technique.

In cases where the tumor is near the eloquent cortex, such as centers of speech or motor processing, functional models are included to illustrate their proximity to tumor tissue. These models display the 3D structure of a detected correlation of functional response. Each model is colored differently (but consistently between cases), and rendered with adjustable opacity (such as the translucent tumor in Figure 2-11). We also support applications that require varying a model’s color along its surface to visualize a property, such as bladder wall thickness, for example.

2.5 Multi-Model Registration

The various volumes being segmented and reformatted in the 3D Slicer are acquired in different coordinate systems and need to be registered to a common framework in order to correctly view all components in a single scene.

The 3D Slicer supports rigid, manual registration by allowing the user to specify which volume to move, and then translate and rotate that data set by clicking and dragging on the images in the 2D windows. The reference volume can be displayed as the background layer of the slices, and the registered volume can be displayed translucently as the foreground layer.

Furthermore, with one button click, the result of manual registration can be used as an initial pose for automatic registration by maximization of mutual information [Viola and Wells III1995, Wells III et al.1996]. This method is of general utility, and other implementations of it have performed well in an NIH-sponsored test [J. West1997]. When registered by mutual information, knowing something from one data set allows predicting something about the corresponding location in the other data set. This method is more robust than conventional correlation techniques that use a mean squared error. For example, when registering T1-weighted MRI to T2- weighted MRI, tissue that appears hypointense in one image can be hyperintense in the other, and therefore, correlation is an incorrect metric.

The registration capability is implemented as a separate process that communicates with the 3D Slicer through the use of MRML files as described later. Figure 2-12 illustrates the automatic registration of two, 34-slice data sets in about one minute.

2.6 Integration with MR-Guided Surgery

2.6.1 The Open MR System

We integrated the 3D Slicer with the interventional MR system (Signa SP, GE Medical Systems, Milwaukee, WI) to form a computerized surgical assistant as envisioned by Jolesz as the operating room of the future [Jolesz1997, Black et al.1997]. A system

Figure 2-12: T1-weighted MR (top row) and T2- weighted MR (second row) are shown overlaid prior to registration (third row) and after (bottom).

diagram is shown in Figure 2-13, and a view of the operating room is given in Figure 2-14.

The location of the imaging plane (the position of the plane’s center, and the orientation of the plane in space) can be specified with an optical tracking system (Image Guided Technologies, Boulder, CO), which we will refer to as the locator or pointer. Light-emitting diodes affixed to the locator are tracked by 3 CCD cameras that are attached to a rail above the operating field. The spatial relationship of the instrument relative to the scanner is reported as both a position and an orientation with an update rate of approximately 10 Hz. The locator is shown in Figure 2-15 with an LED on each prong of the star-shaped handle.

Figure 2-13: We added a workstation that runs the 3D Slicer, reads the position and orientation of the locator, receives real-time images, and displays output to the surgeon

The Signa SP console and Signa SP imaging workstation have a network connection with a TCP/IP interface by which we added a visualization workstation (Ultra 30, Sun Microsystems, Mountain View, CA) running the 3D Slicer. The 3D Slicer connects through a network socket to a server we created on the SP imaging workstation. Whenever the locator’s position or orientation changes, or a new image is scanned, the server sends the new data. The peak transfer rate between the two workstations is presently 10MB/s, which transports a 256x256x16 bit image in 0.72 seconds. The server is concurrent so that when the 3D Slicer opens a connection to it, the server spawns a child process to perform the actual serving, and the parent server is said to sleep. This is important because if the server crashes, the 3D Slicer merely re-connects to the sleeping parent, and the surgery can continue uninterrupted.

Real-time images are incorporated into the 3D Slicer by setting one of the reformatted planes to automatically assume the same orientation in 3D space as the real-time scan. One of the slice’s three layers (background, foreground, or label) can be set to display the real-time image, while the other layers can overlay function information, segmented structures, or high-quality, pre-operative anatomical data.