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Abstract

Mixed reality is a blend of the physical and virtual worlds that includes both

real and computer-generated objects. The use of this ground-breaking technology

has the power to significantly change how surgical procedures can be performed,

providing virtual dimensions in exchange for a real impact in the next-generation

operating rooms. The overlay of holographic informative content (patient-specific

anatomy, images, clinical data) in a non-occlusive way over the surgical field can

optimize treatment delivery and safety, with the end goal of improving patient out-

comes and quality of care. Patient-specific 3D models generated from preoperative

images (e.g., CT, MRI) are superimposed on the real views of the surgical field to

provide surgeons with improved visualizations of the anatomical structures and/or

to assist and guide them throughout the procedure. The view of MR anatomical

structures can be supplemented with different kinds of data such as pre-procedural-

raw images, clinical data, and real-time acquired information, easily accessible by

the surgeon using only gaze, gesture, and vocal commands. Besides the possibility

to have a high-fidelity representation of the operative field, which cannot be ac-

cessed by direct vision in most of image-guided-procedures, a Mixed Reality (MR)

environment can also include navigation support capable of displaying not only a

virtual model of the anatomical target but also virtual models of surgical instru-

ments and catheters, whose position and orientation with respect to the target

is precisely acquired at all times – flawlessly – during the procedure, so to allow

for real-time automated registration and visualization of the virtual instruments

within the virtual anatomy. In the next future this will represent a disruptive in-

novation in the field of endovascular procedure potentially allowing the avoidance

of fluoroscopic images, empowering the capability of interventionalists while doing

these complex procedures. This is potentially doable considering the increasing
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sources of Three-Dimensional (3D) information available in interventional proce-

dures today, such as intraoperative devices capable of gathering data about their

shape and position via device tracking technologies like optical tracking, electro-

magnetic sensing, and fiber-optic sensing. However, when significant deformations

arise as a result of instrument-tissue contact, anatomical models created from pre-

operative imaging do not always accurately reflect the dynamic conditions of the

real anatomy. In this scenario, real-time simulations could pave the way to a new

frontier of holographic dynamic visualization and procedural awareness. A model

able to account for the deformations arising from both surgical manipulations and

physiological movements can indeed be used to facilitate intra-operative naviga-

tion giving a more realistic representation of the organs inside the patient abruptly

reducing the exposure to damaging radiations in all phases of the procedure.

All these considerations need to coexist in an ideal MR system, where no perceivable

difference between the user’s natural experience of the world and his augmented

experience through the MR interface should exist. For this goal, the conditions to

be satisfied are twofold: an accurate spatial registration between real-world scenes

and computer-generated content and real-time interaction between the MR scene

and real patient data. This dissertation presents the work towards overcoming the

aforementioned technical and clinical challenges to apply MR-based approaches

for image-guided surgery, particularly tailoring two main clinical fields, namely

neurosurgery and endovascular treatments.
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2 Chapter 1. Introduction

1.1 eXtended Reality (XR)

eXtended Reality (XR) is an emerging umbrella term that includes all immersive
technologies, such as Virtual Reality (VR), Augmented Reality (AR), and MR,
which is experiencing a fast, unprecedented growth over the past decade both in
industry and academia. Despite they have all advanced and rede�ned human-
machine interactions, similarities and di�erences between various types of XR ex-
ist. To clarify the di�erence, in 1994 Milgram et al. [1] proposed the concept
of the "Reality-Virtuality Continuum" and de�ned AR, MR and VR based on
whether the surrounding environment is principally real or virtual (Figure 1.1).
VR completely immerses the user in an arti�cial, digitally created world by means
of devices characterized by the ability to create a sense of presence by blocking
out the physical world and replacing it with a fully immersive digital experience.
AR on the other hand, overlays digital content in the real world through digital
screens, enhancing reality with superimposed information. MR, being one of the
most recent innovations around XR, bridges the gap between the virtual and the
augmented world by blending the digital content into the physical space, unlocking
natural and intuitive 3D human, computer, and environmental interactions. This
new reality is based on advancements in computer vision, graphical processing,
display technologies, and input systems, going beyond displays to include environ-
mental understanding through spatial mapping and human understanding through
hand-tracking, eye-tracking, speech, and location input in both physical and virtual
spaces.

The two primary categories of devices that provide immersive experiences are:

ˆ Holographic, MR devices are characterized by the device's ability to display

Figure 1.1: Graphical representation of the "Reality-Virtuality Continuum" concept
expressed by Milgram et al. [1]
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digital objects together with the real world. This category can be further sub-
divided in Optical See-Through (OST) and Video See-Through (VST) HMD.
OST displays use special transparent lenses that allow direct visualization of
the external environment, while VST displays use a video feed to indirectly
view the external environment.

ˆ Immersive VR devices are characterized by full-coverage headsets that com-
pletely block out the surroundings, and re
ect, through LCD or OLED panels
inside the lenses, a computer-generated virtual environment.

With the growing availability, graphical quality and overall technological advance-
ment of these devices, MR and VR are increasingly performing vital roles in
medicine, becoming part of the immersive technology vision for healthcare. Intu-
itively, one of the key bene�ts of MR over VR is the ability to visualize and interact
with digital objects while maintaining views of the natural world. Providing rel-
evant depth cues, MR reduces VR related sickness, also known as cybersickness,
resulting from discrepancies between the visual and vestibular senses. Cybersick-
ness can still occur with MR, but is less frequent and milder compared with VR
[6]. By preserving the direct line of sight of holographic content in the real world
and allowing direct interaction with it, this technology �ts perfectly into a range
of clinical situations where the augmented view and analysis of patient-speci�c 3D
models can change the way in which patient's management occurs. All surgical
treatments that depend on the visualization of clinical images to comprehend the
anatomy that needs to be treated and to perform the surgery itself may be in-
teresting candidates for the utilization and advantages that this technology may
provide.
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1.2 Image Guided Surgery

Figure 1.2: Signi�cant technological advancements that have shaped and advanced IGS
from the 16th century to the present.

From the invention of the microscope to the use of MRIs, major breakthroughs
in imaging technology have helped scienti�c researchers and medical professionals
all over the world see inside the human body in greater detail and with greater
clarity. Medical Imaging has played an increasingly signi�cant role in surgery over
the last 50 years as a key tool for decision making during any disease management.
In this scenario, IGS has revolutionized how surgeries itself are performed, incor-
porating pre-operative imaging or real-time imaging during the procedure to help
physicians precisely guide surgical tools to treatment targets. IGS can be viewed
as a component of the larger �eld of Computer Integrated Surgery (CIS) that is
constantly developing as a promising technological innovation, driven by its poten-
tial to improve surgical safety and accuracy, visualizing anatomical landmarks and
subsurface structures, primarily when doing Minimally Invasive Surgery (MIS).
IGS has indeed become a recognized standard of care in managing disorders in-
cluding intracranial, intracardiac, endovascular, biopsies and many other clinical
procedures [7].
Pre-operative image acquisition is typically the �rst step in an IGS procedure, after
which a planning phase based on image visualization and 3D segmentation is per-
formed. In the intra-operative phase, the anatomical model as well as the surgical
plan must be combined with the actual patient throughout the registration step. In
this step, the use of tracking systems capable of recognizing the position of speci�c
instruments in space is required. After this preliminary registration operation, the
surgeon can view the preoperative images on a Two-Dimensional (2D) screen to
determine where the tracked instrument is situated in relation to the patient. In
Figure 1.3 a schematic representation of the typical work
ow involved in a IGS is
shown.

The tracking system is therefore an essential component of any intra-operative
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