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ABSTRACT

This thesis proposes methods and procedures t@iprdfy introduce patient 3D models in
the daily clinical practice for diagnosis and treant of abdominal diseases. The objective of
the work consists in providing and visualizing qitative geometrical and topological
information on the anatomy of interest, and to dgyesystems that allow to improve
radiology and surgery.

The 3D visualization drastically simplifies theampretation process of medical images and
provides benefits both in diagnosing and in sutgatanning phases. Further advantages can
be introduced registering virtual pre-operativeomiation (3D models) with real intra-
operative information (patient and surgical instemts). The surgeon can use mixed-reality
systems that allow him/her to see covered strusturefore reaching them, surgical
navigators for see the scene (anatomy and instisnhé&om different point of view and
smart mechatronics devices, which, knowing the amgt assist him/her in an active way.
All these aspects are useful in terms of safetficiehcy and financial resources for the
physicians, for the patient and for the sanitastey too.

The entire process, from volumetric radiologicalagas acquisition up to the use of 3D
anatomical models inside the surgical room, has lstedied and specific applications have
been developed.

A segmentation procedure has been designed takittg account acquisition protocols
commonly used in radiological departments, and fawaoe tool, that allows to obtain
efficient 3D models, have been implemented an@dest

The alignment problem has been investigated exaiitiie various sources of errors during
the image acquisition, in the radiological deparimend during to the execution of the
intervention. A rigid body registration procedurengatible with the surgical environment
has been defined and implemented. The procedurebbas integrated in a surgical
navigation system and is useful as starting initggistration for more accurate alignment

methods based on deformable approaches.



Monoscopic and stereoscopic 3D localization machkisen routines, using the laparoscopic
and/or generic cameras images, have been implethemtebtain intra-operative information
that can be used to model abdominal deformationghér, the use of this information for
fusion and registration purposes allows to enhaheepotentialities of computer assisted
surgery. In particular a precise alignment betwegtual and real anatomies for mixed-
reality purposes, and the development of trackes-fravigation systems, has been obtained
elaborating video images and providing an anall/ackptation of the virtual camera to the
real camera.

Clinical tests, demonstrating the usability of freposed solutions, are reported. Test results
and appreciation of radiologists and surgeonshéproposed prototypes, encourage their

integration in the daily clinical practice and fréudevelopments.
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PART 1: INTRODUCTION






1.0 CONTEXT OF THE THESIS

1.1 CURRENT CLINICAL USE OF RADIOLOGICAL IMAGES

Hospital-based care is a complex therapeutic enmiemt with many different
compartmental and interconnected activities of tagious departments with its own
protocols, teams and goals. All the major publistieth on hospital-based morbidity indicate
in communication between the various departmentiaritie interpretation of device data
information one of the prime setting for these rajsh [1] [2]. In radiology, recent
developments in CT and MRI equipment and the intetidn of new contrast medium allow
the acquisition of volumetric datasets, relatives human anatomy, functionality and
pathology, with high degree of detail. This amoohtinformation is difficult to interpret
because generally an exam is composed by many gheeseh with hundreds of images, and
its interpretation requires the knowledge of hove tbontrast media flows inside the
anatomical structures and the 3D interpretatiothefanatomies described by the volumetric
dataset. Radiologists build a “mental model” of #pecific anatomy using their anatomical
knowledge and examining in general slice by slioe volumetric dataset. Furthermore the
detailed information contained in a volumetric dataare partially lost passing from the
radiological department to the surgical room. Taggeon usually plans the intervention just
interpreting the information provided by the radigist, consisting in the diagnosis coupled

with only few 2D images selected from the voluntettataset.

1.2 FROM RADIOLOGICAL IMAGES TO PATIENT SPECIFIC 3D MO DELS

The new surgical scenario, based on the “compusisted” model, allows reducing these
troubles. There are possibilities and requests fphwysicians for the visualization of 3D
datasets with virtual models that would simplifye theading of exams and remove errors
from their interpretation, offering great benefits the phase of diagnosis and surgical
planning. Moreover surgical simulators, that toddlpw the surgeon to perform routinely

tasks just on a standard anatomy, could be imprevigd the possibility to work with the
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specific model of each patient. In this way thegson could try the more difficult tasks of
each intervention in a virtual environment that giames the real surgical scenario, choosing
the best surgical strategy in advan€eurthermore, the integration of anatomical virtual
models with traditionally and robotic/mechatronevites in the surgical room will result in
fundamental changes in therapeutic strategies ppobaches. In fact image guided surgery,
robotics, bioengineering, augmented-reality, artdlligent surgical tools are contributing to
evolve the surgical procedures from a "traditiormalidel, based only on the surgeons' skill,
to the "computer assisted" model, where surgeorts machines work together in a
synergistic way. The surgeon can use systemsp#ranits him to see covered structures
before reaching them, he can see the surgical fe@atomy and instruments) from different
point of view using surgical navigators, he cae ugelligent instruments that assist him
removing tremor, correcting his movements or dogjetitive tasks like ligatures[3] [4]. All
these aspects will be useful in terms of safetficiehcy and financial resources for the
physicians, for the patient and the sanitary system

There are many acronyms that include, totally ortigly, the previous concepts: CIST
(Computer Integrated Surgery and Therapy), CAMI r{ater Assisted Medical
Interventions), IGS (Image Guided Surgery), IGRmMdbe Guided Radio Therapy), CAD
(Computer Aided Diagnosis), CAS (Computer Assigd@id Surgery), and many others. In
this work it is used CAS when the system or theceph is mainly addressed for surgical
assistance, while it is used CAD when the focukesdiagnosis.

The dissertation is mainly focused on the geneamatind the use of patient specific 3D
models in the clinical practice, especially regagdmini-invasive abdominal interventions,
but deals also issues that could be useful for CAS applications for other anatomical
districts.

In the next paragraphs are shown some examplestehiml applications using patient
specific 3D models that are addressed in this sheerk: 3D anatomy visualization, surgical
navigation, smart mechatronics surgical tools atxkdireality. However the issues treated
in this work could be useful for others types oplagations. For example, the development of
biomechanics or physiologic models, that requihesgeometric knowledge of the organ to

simulate and its positioning inside the surgicaimo



1.2.1 3D anatomy visualization

3D visualization offers benefits for all clinicalegartments that are involved with
radiological images visualization. In order to sgpate the potentialities of the 3D

visualization consider Fig. 1.

Fig. 1 (left) Traditionally 2D visualization in a CT slicaf a splenic artery indicated with the arrowsgt(t)

Corresponding 3D model.

In case similar to this one, also a radiologisttclng only the 2D images slice by slice, has
difficulties in the interpretation of the 3D repeesation of the anatomy. Furthermore this
type of visualization allows to view and interadgttwcomplete models, like the one in Fig. 2.

Using these models it is possible to rotate andretiee scene, to turn on/off the image of the
various organs or to change transparencies, t@msspto light producing shadows, ect. It
allows to subjects, not familiar with the visuatia of medical imaging, to understand the
topological and geometric significance, and sinmgdifthe interpretation work to radiologists,

and in general, to physicians.
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Fig. 2 Patient specific 3D model generated from a CT ddtas

1.2.2 Surgical navigation and smart mechatronics surgicatools

Other typologies of CAS and CAD systems can betbaligning the pre-operative
information relative to a patient (obtained by near radiological devices) to the intra-
operative information in the surgical room, conasgin the real patient and traditionally and
supplementary devices.

In the next figure is shown the potentialities ofgcal navigation, where the surgeon can see
a virtual scene, with virtual surgical instrumentsd virtual patient aligned with the real

instruments and patient.



Fig. 3 EndoCAS Laparoscopic Navigator at work. The lapaop& surgeon work using the traditional real
endoscopic images. In addiction he/she can seanadditional monitor the virtual scene (up-rightjth the
surgical instruments that are moving respect tovttigal patient.

Surgical navigation enhances surgeon’s perception:
It allows to understand the relation between th&riments and covered
anatomical structures.
It allows to view the scene from different pointvaéw.
It allow to remove all parts not important for tbarrent task from the virtual
scene enhancing the understanding.
Using pre-operative information as guide allowdlse development of smart mechatronis
systems that, “knowing” the anatomy, can assisvelgtthe surgeon during the intervention.
The image-guided concept is adopted in IGRT with th-positioning of the patient [5]
respect to the planning image, for the positiorohgeedles to perform biopsies, like in the

example in Fig. 4 and in [6] [7], in orthopaedicslan dental implantology.
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Fig. 4 Experimental setup for robotic image guided biogsiEndoCAS.

Current robots used in laparoscopic (e.g. the daciVburgical system) are master-slave
teleoperation devices with no automation besidesiar filtering. These robots, jointly to
the use of patient specific 3D models, could assessurgeon with advanced functionalities.
In an early future, functionality like reducing tngments velocity, when the surgeon is
working close to vital parts, up to (eventuallypdk the instruments, to avoid dangerous
contacts, could became reality.



1.2.3 Mixed-reality

The last example of functionality regards the muxiof the real and the virtual scene

obtaining a mixed-reality. An example of this copicis shown in the next figure.

Fig. 5Mixed-reality in the operative room.

This functionality introduces many advantages facletask where the physician have to
interact with the patient (palpation, introductioof biopsy needle, catheterization,
intervention, etc.).

Similar concepts are called augmented-reality, wheral scene is added by some details
given from the virtual information, and augmenteduality, when the most important
information is virtual and only a minor part is kel our case virtual and real information
can be considered with the same degree of impatanderms of physics dimension and in

terms of value for physician work, so it is betetalk in general terms of mixed-reality [8].
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1.3 ADVANTAGES

How shown and partially explained in the previoasagraphs, the CAD and CAS concept
introduce many advantages for the clinician. Todaynputer aided solutions have been
developed and used for specific diseases in fearviantions. Their use for the abdominal
district is limited to virtual colonoscopy, somepés of radiostherapy and few others
examples. The advantages that a massive use ehpapecific 3D models would introduce
for the diagnosis and the treatment of abdomirsdates are shown below.

Radiologists could benefit of patient anatomy 3Busilization, obtaining a simplification for
the interpretation and reducing the diagnosticrerrdhe same models could increase the
communication between the radiologist and the samgéetween the radiologist and the
general doctor and also between the physician aadatient. In general 3D visualization
allows the exchanging of medical information betwéigures with different anatomical and
radiological knowledge degree. Furthermore 3D nmedgroduce new fine training aids for
the study of the anatomy and for a better undedgtgnof diagnostic and therapeutic
strategies. Regarding training, a new generatiopatient specific surgical simulators could
support the young and also expert surgeon. Thegysurgeon could try many surgical tasks
on various real anatomies, with clear advantaggsect to work with a fixed standard model
like in current simulators. The expert surgeon, hotkoduced in 1.2, could try in advance
the simulation for a specific real intervention.eTtievelopment of patient specific surgical
simulators requires, over than the generation efttecific 3D models, additional work from
computer scientists. However they could be redéwm years. While, 3D visualization of the
patient’s anatomy, in the planning phase and dutivg intervention, could offer to the
surgeon a better understanding of the anatomicaking structure, just tomorrow. Surgical
navigation, robotics and mixed-reality could algzi@ase the time required for interventions
and surgical errors. The invasiveness of the ietgien could be reduced too. In fact, the
definition of the optimal access port and the Jigasion of covered structures could limit
the damages to healthy tissues. Finally, 3D pateodels could be useful for the entire
patient clinical workflow, up to control visits aftthe intervention. When the physician have
to verify the status of a known disease insidepidgent body, the first step is to localize the
position of the disease, that could be facilitateohg virtual navigation aids. An example of

a system for this purpose using US can be fourfd]in
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All the advantages offered by CAS and CAD technieledeads to a significant improvement
of quality in surgical/healthcare services contiitbg to the social welfare and safeguarding
citizens’ wealth. The most important aspects foee fhatient, for the doctor and for the
sanitary system are:

. the reduction of the intervention invasivenedsvesd the patient to return
quickly to his/her normal life;

. the reduction of morbidity and mortality thanks the decrease of faults
caused by erroneous cutting of indistinguishabtal\vanatomical elements.
This aspect is particularly important in minimalilgvasive surgery (MIS)
where the surgeon operates under perceptual andr mohstraints due to
visual and tactile limitations [10] [11];

. the improvement of the precision of the diagnalsat allows to reduce costs
due to ineffective therapies and costs for legakea required from damaged
patients.

| reported advantages of the CAS and CAD paradigity n general terms. Specific

advantages depend on the particular applicatiooted that potential applications, with the
correlated advantages, can be found in each dis&aor where the diagnostic or surgical
procedures are difficult and depends on the gegnaetd on the topology of the anatomy.
New useful applications can be found talking wititidrs that work every day for a specific
problem. Some times the solution is proposed byQAS/CAD expert, while in other cases
it is directly the doctor that find the potentiglibf the computer aided approach for his/her
work. In each cases, after the definition of thevrepproach for a specific problem, the
doctor endorse the development of the just deflbA&/CAD system, which in some cases

become real.

1.4 TROUBLES FOR CAS/CAD SYSTEMS INTRODUCTION IN THE DA ILY
CLINICAL PRACTICE

Even though the new computer aided clinical scenarexplored by more than one decade
and many prototypes have been built, a massive@ngdl CAS and CAD technologies is
quite far from to be real and there are some temilbthat have to be overcome for their

introduction in the daily clinical practice. Theme shown now the main concepts for
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building CAS/CAD systems [12], coupled with somesideration regarding their use in the

abdominal district and their integration in thelgaiinical practice.

1.4.1 3D models generation

Commercial radiological software suites offer inngel 3D reconstruction tools. For

example maximum intensity projections (MIP) is coomy used in diagnosis. It consists in
the 2D projection of a portion of the acquired vokiand allow, positioning the projection
plane and the volume limits, to represent in alsir&P image many 3D information. It is

useful especially for representing the vasculaopain a limited volume. In case of large
volumes the information will be lost, due to thegpetimposition of the various structures. For
those cases, the radiologist can visualize theesasing direct 3D volume rendering tools.

They allow to rotate and zoom the virtual scenevalg the user to work with a realistic and

natural visualization support (Fig. 6).

AN e d |
Fig. 6 Volume rendering example (left) from a CT dataseh().

This type of visualization is very useful and simpb use. It requires mapping each intensity
value of the dataset to a colour and to an opaatyes. The user can choose standard
transfer functions, or he/her can define a pamicwdne using ramps, piecewise linear
functions or arbitrary tables. Standard transfercfion windows are pre-designed for the
visualization of the various anatomical structutéswever for some particular cases, direct
volume rendering do not allow to represent coryettie 3D information. For example the

volume rendering image of Fig. 6(left) do not shttwve aneurysm around the abdominal

artery visible in Fig. 6 (right), because the lbawear the wall of the vessel is coagulated,
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consequently it is not contrasted, and so it isumble using the standard transfer function
for arteries. Unfortunately trying to include ihet window the values of the coagulated
blood, many others voxels, with the same intensityl, be rendered and the scene will be
indistinguishable. Furthermore, since direct volureedering is based on the intensity and
not on the nature of the voxels, they do not altowiurn on/off models of the various organs
in the scene or to change their transparencies, ithgponse to light, in order to produce
verisimilar shadows and reflects, and finally thég not allow the simulation of the

interaction of real or virtual surgical instrumemtgh the anatomy. All these functionalities

require the segmentation of the dataset for thephwogical characterization of each

anatomical structure, which, thanks to the estabtisalgorithms based on marching cubes

[13], allows 3D surface model building (Fig. 7)hi¥ type of visualization is also faster than

direct volume rendering, so real time renderingassible also with large volumes.

Fig. 7 Modeling of anatomical structures: (a) CT datasiees(b) Segmentation and Labeling, (c) 3D surface
models extracted from segmented and labeled images.

Automated and accurate segmentation is one ofttbly ‘grail” of CAD and CAS [14]. Even
if there are many works in the literature for gethgrurpose segmentation [15] [16], real

applications are limited for some specific anat@hstructures.
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Some companies and research institutes proposenatitosegmentation software products
that provide good results on non abdominal anatansictuctures. Regarding abdomen, some
new research works propose good results for somverl@abdominal structures [13] and
some promising works [14] [15] propose to segmdrtha others. But unfortunately, today,
automatic segmentation tools for the abdominaltgadt not guarantee enough results for
each organ in terms of precision and accuracy.

Semiautomatic segmentation tools, usable in theceli practice, can be found for the liver
[17] [18] and for the colon (virtual colonoscopy).

The segmentation solution for the other abdomingdies, that guarantee enough accuracy, is
the application of general purpose suites basea awilection of segmentation tools that the
user can use freely. These suites are difficults® from medical users because they require
an optimal mathematic knowledge of the various @lgms and experience in their usage. In
fact, these suites require that the user set aflotathematical parameters for each method
and define the right sequence of methods to applthe original image data. For this reason
their use requires that the radiologist, who “knomisat to do” and is able to validate the
result, is assisted by a technician, who “knows hovdo” and is able to use that kind of
software. This solution is not applicable in thenichl scenario for economics reasons. It

requires the work of two professionists for somgsda

1.4.2 Localization

Localization allows real-time tracking of positiaand orientation of moving (or fixed)

objects (such as surgical tools, robotic arms, jpaient), permitting to realize interactive
navigation systems that augments the informatiorttfe surgeon, using virtual instruments
and mixed-reality views, and enhances his/her pmdoce, using smart mechatronics
surgical tools, during the intervention. Variousdbizers, with optic or magnetic technology

(principally), are available in the market.
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Fig. 8EndoCAS Navigator in the surgical room. Surgicatinments are tracked by an optical localizer.

Localization of traditionally tools and instrument®quires their sensorization and
calibration. Sensors have to be designed and posdi in order to guaranty their
functionality and safety (expecially regarding #terilization). The calibration procedure has
to be done to determine the relation between theaseand the tool silhouette. These two
tasks can be difficult for prototype developinggder example US calibration [19]), but
would be very simple if sensors are integrated@ntools.

In general commercial localizers require frequetiyibrations, can have a large footprint
and can be expensive (up to 80k However they offer the localization accuracy essary
for many CAS and CAD applications. Their integratia the surgical rooms has to be taken
into account, at least by reference hospitals,rafise the introduction and the testing of new
computer aided systems will be drastically limited.

On the other hand we can think to applications thatt require the use of an external
localization system. Some times the same problambeasolved with or without the use of
an external tracker. For example, in detal inplEgy, some companies localize the drill and
the patient for the assistance in drill position{ngspect to the planned trajectory on the CT
images). Others company propose custom-made steogwhphic surgical guides, based on
the simulated implant, that provide highly accurdidling template that fits perfectly on the
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mouth and ensures safe and predictability, so awpithe needs of trackers. The second

solution is the most diffused for its simplicitycathe minor cost.

1.4.3 Patient registration

Mixing virtual pre-operative information (extractédm the medical dataset) with real intra-
operative information (consisting in the patientnkelf), requires the registration step: the
alignment of the virtual anatomy to the real ondiisTtask requires to determine the
geometrical transformation of correspondent poiaten in two different reference frames
and in two different time instants. In fact, presogtive information are given in the reference
frame of the radiological device and are acquireahes days before the intervention, while
the intra-operative information are given in thé&erence frame of surgical room (defined by
means of a tracking system) and are acquired dthimgntervention.

Many works have been proposed [20], but for movemeri the abdominal and torso

structures, real CAS applications are limited todm(ortopedics) and head (neuro surgery).
Registration could be simplified and eventuallypgled using volumetric intra-operative

imaging, but unfortunately the surgical room hasgeneral no radiological volumetric

devices.

1.4.4 Mixed-reality implementation

The fusion of real world elements (grabbed by meainsameras) with virtual synthetic
elements in a single view requires, in order to rooherently the real with the virtual
information, at first the localization of image so& and real objects with the correlated
problematic described in 1.4.2. Further, the ptoj@cmodel of the virtual camera (in general
implemented in a scene graph library), has to lagti the real camera. These problems can
be solved today using image vision routines, bquires particular attentions regarding their
use with traditionally surgical cameras like lagaapes. Often it is necessary that the
surgeon do not change the camera configurationgxample in term of zoom or focus,
during the intervention. These limitations, coupledh the depth perception limitations

using single camera view, reduce the applicatidmsixed-reality in the clinical practice.



2.0 CONTRIBUTION OF THE THESIS

2.1.1 Work approach and the EndoCAS Center

The work was done at EndoCAS center in the Cisaredkpital of Pisa (Italy). One of the
main activity of the center is the developmentighkiech systems designed to overcome the
current limits of surgery and radiology. EndoCAS$rgaut simultaneously basic and applied
research. Starting from real clinical problems adefining the technical-functional
specifications for an "ideal" system that can sdhlem, the center faces the basic research
issues to find the solution necessary to devel@psystem. In the opposite direction, the
results of basic research at the state of therapashed into the design of new CAS systems
in order to improve the current surgical proceduteseduce their invasiveness, or to allow
new interventional procedures.

Following this approach, the thesis work deals titeatment of abdominal organs, using
patient specific 3D models, taking deeply into asdothe usability of the solutions in the
daily clinical practice and using an interdisciplip working method. The solutions proposed
take attention to the specific problem to solve amdhe anatomical structures involved
considering all the available technologies (lookiagead to the early future), and the
possibility to integrate them in the current patieorkflow in order to find the more simple
solution to the problem.

2.1.2 EndoCAS Navigator

Many of the proposed solutions were integrated asdd in the EndoCAS Navigator
platform. In other cases EndoCAS Navigator was uagedesting environment because,
integrating several aspects of CAD and CAS intoaaluhar open architecture, allows rapid
developing of new functionalities. The dissertatioften refers to EndoCAS Navigator

platform and its components.
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Fig. 9 Functional scheme of the computer assistance syfdth and scheme of the integrated EndoCAS
Navigator system showing: the hardware and softwaneponents, the architecture and the intercomnatinic

(right).

From a functional point of view, the specifics betplatform are illustrated in Fig. 9 (left).
The scheme highlights the communication betweenntiaén functional modules of the
system and the interaction between system, surgadnpatient. The platform consists of
three main functional modules: the surgical todls main processing unit, and the
human/machine interface. The surgical tools modidmprises the instruments used to
perform the interventions. Tools are classifie@ itraditional tools and programmable tools.
Tools commonly used in surgical practice and maddgesurgeon in a traditional way fall
in the first category. These tools, used for imgdiaparoscopes, ultrasound probes, etc.) and
intervention (scalpel, forceps, cauterizer, diiippsy needle, etc.), are passive, for what
concerns movement control, and work under direchuah control of the surgeon. In
contrast, programmable tools category encompassése.a intelligent tools (such as
mechatronic and robotic tools), provided with sess@and programmable actuation
capabilities.

The main processing unit (MPU) processes and iategrpreoperative data with intra-
operative data concerning the surgical environmantd the internal status of the
programmable tools. Integrated data (provided leyData Fusion and Registration module)
are processed by the Cognitive Unit and returnedhto surgeon in form of sensorial
enhancement by means of the Human/Machine Intefidb#). The HMI is composed by
two modules that can function independently: theudl User Interface (VUI) and the Haptic

User Interface (HUI). The status of both interfaisegpdated in real-time.
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The surgeon interacts with the programmable tdmieugh the HMI. The Cognitive Unit,
integrating commands given on the HMI with the mfation provided by the MPU,
provides for visual safe guidance and monitoringg#gious situations that may occur during
navigation (i.e.contact, proximity etc.) and acts an intelligent and active filter to the
programmable tools commands given by the surgedmbiting or re-interpreting the most
critical ones. The synergy between system and earge achieved by means of the
Cognitive Unit which by implementing a closed lodg@tween surgeon’s commands,
programmable tools and MPU, enhances overall pedace.

EndoCAS Navigator is based on the described funatiapproach, and enables the selection
of the appropriate components for specific applicet The system can be used for pre-
operative visualization, diagnosis and plannintraitoperative passive and active guidance.
Furthermore, the system integrates components thathit is capable of adaptation for a
variety of application domains. The integrated eysis illustrated in Fig. 9 (right), which
highlights the hardware and software componentdfagidintercommunication.

The availability of virtual models of all relevastements in the surgical scene is a pre-
requisite for the construction of the Virtual Emonment. Medical images of the patient are
acquired preoperatively (Image Acquisition). Suefamodels are created by a modelling
process (described in chapter 3 of this thesigrier to build realistic geometrical virtual
models of the anatomical organs and structuresuydirAnatomy) involved in the intended
operation. Virtual models of the surgical tools rfMal Tools) and of all devices that will
interact with the patient are generated using cdermided design programs.

During the intervention, in order to place the edes correctly in the surgical scene, real-
time information about their spatial position amovyided by the localizer. The different
reference frames, in which spatial coordinatesdmscribed, need to be co-registered and
aligned with the virtual representations of thetamaes (registration, described in chapter
4).The geometrical description of the surgical scisrenhanced by information derived from
intraoperative imaging devices (Laparoscope, US) data collected by different types of
sensors. All these data sets are integrated irgovittual environment by a Data Fusion
process. Both optical (Optotrak Certus®, NorthBigital Inc.) and electromagnetic (NDI
Aurora®, Northern Digital Inc.) localization deviEéave been integrated in the platform
respectively for external-body and internal-bodyalization. A software module, on the top
of API of the localizers, that provides a uniqueiface to configuration and management
functions, and allows the use of both in the sampplieation, has been developed and

integrated. The module also implements methodsdbbration of localization sensors with
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respect to tools shape and functionalities. Spe@focedures have been implemented for
automatic dynamic calibration of sensors mountedthen surgical tools, and for manual
calibration based on the digitalization of referermoints on the tools. Other calibration
procedures concern the robot-localizer calibratiand intra-operative imaging devices
calibration (such us laparoscopic camera and UBg)rd he control loop implemented in the
core of the MPU (Cognitive Unit) monitors the vatuenvironment and is responsible for
determining the feedback actions associated tsttie of the virtual environment.

Virtual environments are created integrating in saene view both extracted surfaces and
original volumetric datasets (orthogonal sliced)e WVisualization module (developed using
the open source framework OpenSG [25]) allows fisaalization of virtual environments,
modification of the virtual scene settings (tramspay, slice position, organs to be
visualized), virtual navigation inside the patiéytmoving the viewpoint by means of a 6D
mouse, and perception of stereoscopic images bysmefaa Head Mounted Display (HMD).
Also mixed-reality functionalities have been intgd. The module implements two main
functions: the video acquisition and streaming fiomcthat manages the image capture from
a generic local or remote video source, and thengikunction that synthesizes the hybrid
image using video frames and virtual 3D models jtdra5 of this thesis).

In the platform has been integrated an industoealot (Samsung FARA AT2) to provide
active surgical assistance and accurate positiodimgng intervention [27]. The robot
reference system has been calibrated with the plefference system (given by the optical
localization system) so that the robot can be maledg planned trajectories in closed loop
with the surgical navigator. An automatic iteratoadibration method has been implemented.
It is based on the Lie algebra [28], to be perfatraethe beginning of surgical intervention
and every time the relative position between thieotdbase and the localization system
changes. Since the usage of the robotic arm igeldnio only few steps of the surgical
intervention, a mechanism, based on a 6DoF foraesose (Mini45, ATI Industrial
Automation, Inc.) mounted on the end-effector o€ ttobotic arm and an admittance
controller allow the surgeon to move the robotaird out from the surgical scenario, or to a

precise position) just by exerting force at itdalipart.
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2.1.3 Roadmap

The chapter 3 of the work gives a method for the 3D segmentatbrsome abdominal
structures, for which exhaustive studies have eenbyet proposed. The obtained procedure
was designed and tested on 20 cases given by sta@¥a exams and it is focused on
abdominal aorta, vena cava, portal vein, splenim,veplenic aorta, ureters, kidneys,
pancreas, spleen and bones. The design process ségmentation tool was guided from the
objective of building a fast sequence of operatiansterms of manual operations and in
terms of computational time, in order to reducettital segmentation time and to allow its
use by radiologists during the diagnosis work.

The chapter 4 regards the registration problem of the abdominalitg for CAS
interventions. The work examines the various categoof errors through anatomical
considerations and results of experiments madeyifatmoratory and in others works. The
experiments were made studying the motion durirgthing of the abdominal wall and the
inaccuracies introduced by different decubit, usamyoptical localizer, and the motion of
internal organs, using CT, MRI and US. It is repdrsome suggestions for the preliminary
rigid body registration to use directly in the Sued room or to use as starting point for more
accurate deformable approaches.

The work descript in thehapter 5.0starts from the consideration that working withthe
use of volumetric intra-operative imaging, we emgeu a lack of information for the
modelling of all abdominal deformations, necessiaya complete non rigid registration
task. A large amount of intra-operative informatamuld be acquired with the elaboration of
laparoroscopic images. Therefore they were evaluatenoscopic and stereoscopic 3D
information extraction approaches, using laparosam cameras in general. It allowed also
to introduce other potentialities for the CAS sa@maFirst, regarding mixed-reality, the
projection model of the virtual camera has beenyénally adapted to the model of the real
camera, obtaining a perfect alignment of the virtiew to the real view. Second, they have
been developed solutions that do not require theofisn external localization system, where

camera position is auto-localized in the sceneceting the images.
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3.0 ABDOMINAL CAVITY SEGMENTATION

This chapter descripts a segmentation approachMDICT (multi detector computed
tomography) post-contrastographic images on thee bafs anatomical, empirical and
functional consideration concerning the timing ohtast distribution. It is based on the use
of the optimal phase for the segmentation of edmtominal structure and on an optimal
removal sequence that, starting with easy strustuadlows to identify objects hard to
segment. Radiologists, using a software tool adeeloped, based on region growing,
following the proposed extraction sequence canmgeaend validated 3D models for bones,
ureters, kidneys, pancreas, spleen, arterial, lpgptanic-mesenteric and cava vessels in
about 30 minutes of work.

This part of the thesis has been done with thealbohation of the radiologist Carla Cappelli,
a PhD student of the course “Tecnologie della salwalutazione e gestione delle
innovazioni nel settore biomedicale” offered by \sity of Pisa, as me.

The work is supported by the “Cassa di RisparmiBiga” Foundation.

3.1 INTRODUCTION

Segmentation process discriminates the anatomtoattsres (organs, vessels, etc...) and
assigns each voxel of the radiological volumetn@age to the relative virtual object (the
assigning process would be called “labelling”, lday the term “segmentation” includes
implicitly this process too). Knowing voxel dimeaoss it is consequently possible to
describe geometrically each segmented region.

The service offered by automatic and semi-autonsaggmentation algorithms are analogous
to the mental work made by radiologists readingataset. In fact the radiologist has to
recognize voxels, related to the various anatonstaictures, often watching slice by slide
2D images, visualizing the relative 3D represeatatinly in his mind.

Like described in the introduction the segmentatidna dataset introduces many useful

functionalities. Thanks to the established algonghbased on marching cubes [13], the 3D
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surface model of the organs of a patient can bg leaift, starting from a segmented dataset,
obtaining the advantage of a fast rendering, eafje@n traditionally graphics card that are
optimized for working with polygonal mesh surfac€&surthermore, since these models are
based on the nature of each voxel (and not omtieasity), they allow to turn on/off models
of the various organs in the scene, or to changie ttansparencies, their response to light (in
order to produce verisimilar shadows and reflec&)d they allow to recognize the
interaction of surgical instruments with the anagorfinally, segmentation, characterizing
morphologically each structure, allows developiagignt specific surgical simulators, which
the surgeon can try preventively the various irdational techniques, and allows their
quickly physics realization using rapid prototypirigchnologies (useful especially in

orthopaedics, dental implantology and plastic siyfge

3.2 STATE OF THE ART

Even if there are many works in the literature deneral purpose segmentation [15] [16],
real applicable solutions for the abdominal distaie limited.

In fact some companies and research institutesoge@utomatic segmentation software
products that provide good results only on specifan abdominal, anatomical structures. In
general algorithms used by them are based on Hasishold or region growing techniques
[21] [22], active contours [23] [24] and anatomical atl25]. For example Materialise
(www.materialise.com) offers good results with Masion bone structures using basic
techniques, while Cerefy (www.cerefy.com) offersngoproducts for cerebral images using
its brain atlas. Regarding abdomen, some new mas&arks propose good results for some
lower abdomen structures [26] using deformable nspdehile some promising works [27]
[28] propose to segment abdominal organs usinggiititic atlas. But unfortunately, for the
abdominal cavity, automatic segmentation algoritldosnot guarantee enough results for
each organ in terms of precision and in terms ofiexy.

About semi-automatic software, there are some wiivkshe segmentation of the liver and
for the colon (for virtual colonoscopy). For exdmphe system developed at ICG (Graz
University) [17] allows the radiologist to refinde liver parenchyma using augmented-

reality tools after a rough automatic extractiorevi$ (www.mevis.de) offers a service for
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hepatic surgery too, where a team of radiologisessusemi-automatic algorithms [29] for
building 3D models from datasets sent by customers.

Until now, the segmentation solution for the othatslominal organs, applicable in the
clinical scenario, was been to apply general pwpssites based on a collection of
segmentation tools that the user can use freddg @inalyze by Mayo Research, Amira by
Mercury Computer Systems or Osirys by Universityspital of Geneva). These suites are
difficult to use from medical users, because theyuire an optimal mathematic knowledge
of the various algorithms and experience in the@ge. In fact, these suites need that the user
set a lot of mathematical parameters for each ndetinud define the right sequence of
methods to apply on the original image data. F@ teason their use requires that the
radiologist, who “knows what to do” and is able vtalidate results, is assisted by a

technician, who “knows how to do” and is able te tisat kind of software.

3.3 APPROACH

Modern MDCT scanners allow obtaining quickly actenreolumetric images of the patient in
several distinct phases after the injection of ¢batrast medium (arterial, venous, delayed
phases, etc). The use of multiple phases is ussfchuse different anatomical structures
enhance in different and typical times after thjeation of the contrast medium (for example
arteries enhance about 25 seconds after the mjgctConsequently radiologists, applying
consolidated protocols, employ frequently multi-phadIDCT datasets, because they offer
additional information respect to un-enhanced (Daseges.

Formalizing actions and mental processes done dhplagists, during the observation and
analysis of medical images, it has been designddraplemented an efficient segmentation
procedure that allows the creation of 3D modelsledominal anatomies in a simple and
rapid way.

The procedure uses more than one post contrastognalpases, as radiologists in their work,
because it is simpler to extract each organ froe ghase where they are better visible.
Another idea, derived from radiologist mental restounction, is to treat initially structures
that are easy to segment (i.e. clearly identifiainiehe images), and to remove them from the

dataset. This approach is similar to that one use@ach of us when we discover a new
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environment in our life. First we search referepoets basing on our experience and then,
basing on these known references, we try to disaoe® objects, paths, levels and so on.
Using this method, the treatment of structuresaliff to segment is simplified like proved in

[28] [30]. An example of the benefits offered frdhis technique based on the extraction of

pre segmented structures is reported in Fig. 10 .

Fig. 10(a) CT slice of an arterial phase: lumbar arteriesching the spine and having the same densitidco
compromise the segmentation, in fact the 3D mofigi® artery obtained directly from the datasetiicjudes
the spine. (b) Removing pre-segmented bones frendataset allows to correctly segment arterial divas (d).

These concepts are applied for multi organ segrtientasing the pipeline and the software

tool described in next section.
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3.4 ENDOCAS SEGMENTATION PIPELINE

Starting with the previous ideas and from expersndone in the elaboration of MDCT
datasets using general purpose segmentation taofsinctional pipeline, through close
collaboration between engineers and radiologists,deen developed.

The experiences done suggest to apply, for ea@npayspecific segmentation sequence that

consists of the actions reported in Tab 1.

) Bounding box selection, to reduce computationaétiifhis action can be manual but
a
however it could be very simple and fast.

Removing pre-extracted structures from the datésetke advantages like that shown

in figure Fig. 10. Pre-extracted structures cawlitated in order to take advantageg in

b)
cases of non perfect organs alignment betweenréliftephases. This action could pe

completely automatic.

Anisotropic filtering (optional), to enhance imageality (specially required for obese

patients).This action could be completely automatic

d) | Tuning and running the segmentation algorithm.

Filtering and hole filling, to enhance the quality the result in terms of mesh

smoothing and complexity. This action could be ctatghy automatic.

Tab 1 General actions of the EndoCAS segmentation pipelin

Today there are no fully automatic algorithms usaibl actiond for the segmentation of
abdominal structures. In fact full automatic apfes based on anatomical atlas cannot be
applied due to natural anatomical variants andht riecessity to work with anatomies
modified by interventions and other techniques,edasn topology free approaches, work
only with few organs [31].

So for actiond of Tab 1 we can adopt only semi automatic teamsg where the user set
input parameters, run the segmentation, watch dkeltrand modify input parameter up to
obtain a correct result.

An important aspect during this steering paramegisssess is the possibility to watch the 3D

model obtained with the actual setting. This is enaseful than watching only “coloured
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slices” (like in almost all general purpose segragoh tools), because the radiologist can
validate immediately on the basis of his/her anatamknowledge the topology of the
segmented structure and he/she can correct queckiyneous results steering the parameters
of the segmentation algorithm [32]. For this reasbha segmentation pipeline has been
implemented as a tool for the open source softWikeSNAP 1.5.0 by Cognita Corporation
(www.itksnap.org)which allows 3D models building, by means of niémg cubes meshing,

and their visualising easily and rapidly.

3.4.1 Software implementation

The segmentation pipeline has been developedad fot the software ITK-SNAP, which is
based on ITK and VTK libraries, offers many inpatiaoutput file formats, standard manual
segmentation tools and a semi-automatic snake itiilgor An approach based on region
growing has been preferred with respect to the esraald in general to the big family of
segmentation techniques based on active contoecaube of some practical motivations:
application of active contours methods generallyunees high mathematical
background and the setting of non-intuitive pararset
active contour methods have no objective stopraitso, the result, also with
the same starting parameters, depends on therstiami given by the user;
the total segmentation time would be too long (tuthe computational time
required by the evolution of the contour), andratéive tuning of parameters
could be difficult.
Region growing algorithms, starting from a seedelpgrow to new voxels (or pixel in 2D
case) if they satisfied a defined homogeneity fiemctRegion growing with homogeneity
function that take into account the intensity oé theighbourhood voxels (neighborhood
connected region growing) [33] offer another adaget This algorithm includes the current
voxel in the object to extract, if all its neighbbbaods, depending on the chose radius, have

intensity in the threshold interval (Fig. 11).
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Fig. 11 2D Neighborhood connected region growing exam{ipper-left) Original gray-level image. (upper-
right) Threshold binarized image. (low) Differemsult changing the radius. Turquoise region coantgirels
four-connected with the seed. In fact for reachanigiue pixel there are others 4 pixels to croseduRing the
radius other neighbour pixels are included, up @avenly border, which contain zero-connected pixgtste

that the use of the radius allows to avoid the amside the red points.

Neighborhood connected region growing allows avajdérroneous growing trough small
vessels or channels created by devices artefaatgdim adjacent, but distinct, anatomical
structures. For example in Fig. 11 we can obserae using a radius of 4 pixels (turquoise
area) we can avoid to include the adjacent splenéry (inside the red points) and so we can
obtain the correct segmentation of the splenic.vein

The tuning of parameters of this algorithm requiredt to set a seed point, two thresholds

and a radius. The computational time is lower thetive contours so the iterative adjustment
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of parameters is very fast: if the region growssaié the frontier of the structure to segment,
the user can reduce threshold interval or incréd@seadius and repeat the segmentation.

Fig. 12 shows that using neighborhood connecteidmegrowing, passing from a radius of 0
(left) to a radius of 1 (center), a kidney can lgcidminated without including renal vein.
Using this algorithm the volume of the extractedeob will be thinner than the real

(depending on the radius), but this error can epsmsated by means of an dilatation of the

volume (Fig. 12 right).

Fig. 12 Result of the segmentation of a kidney from theowsnphase, using the same threshold interval,
changing the radius and the expansion factor. Jlreflius=0, dilatation=0. (Center) radius=1, ditiata=0.
(Right) radius=1, dilatation=1.

Region growing has a stop criteria: “no more voteladd that satisfy the homogeneity
function”. It allows to select standard parameterth the certainty to obtain the correct
result, without the necessity to stop grow up recise instant, at least for some structures
easy to segment, like bones (while for others sires the parameters have to be adjusted
case by case).

On the previous consideration EndoCAS Segment&ipaline has been developed as a tool
integrated in ITK-SNAP that it is composed of sosteps. An example of the pipeline

initialization, that enclose, b andc actions of Tab 1, is shown in Fig. 13 :
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Fig. 13 Initialization of EndoCAS segmentation pipelinelirK-SNAP. The user selects the working volume,
choose the dilatation factor for removing (lumbaine and ureteres in this case) and select or magé
anisotropic filtering. The user can also resampke image, which can be useful to reduce the cortipos

time.

The user can choose to use anisotropic filterig [33] on the selected region, in order to
increase the image quality (especially requireddopatients).

The pipeline, after the initialization, proceedsha8 steps that allow to segment the selected
region @ action of Tab 1). In Fig. 14 it is shown the apation of these 3 steps for the
segmentation of the abdominal aorta in the regelacted in the previous figure. After the
setting of the threshold interval (Fig. 14-a) ahe placement of a seed voxel (Fig. 14-b), it is
shown the result of the segmentation with 2 difiéradiuses and expansion factors (Fig. 14-
c and Fig. 14-d). Note that the use of the radiis, previously described, allow to avoid
erroneous growing in the left renal vein and in kidneys (compare Fig. 14-c with Fig. 14-
d).
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Fig. 14Working with EndoCAS segmentation pipeline. (a)pfSte selection of threshold interval (with sliders
seeing in real time the obtained binarized imagé¢hin 3 cross section windows (it is shown only #xéal
section). (b) Step 2: insertion of one or more séadhe binarized image (white for pixels insitie threshold
and blue for pixels outside). (c) Step 3: runnifighe segmentation with 2D and 3D result. (d) Stepesult

using different radius and expansion factor.

For this abdominal aorta segmentation, like showrFig. 15, it is better reducing the
threshold interval that increasing the radius.dct increasing the lower threshold we obtain,
with radius=0, much parts of the aorta sub-vesgmmpare Fig. 15-b with Fig. 14-d). In
general this approach (reducing the threshold vatdvefore to try to use the radius) offers
best results, because the use of the radius ddesllaow to include small vessels or small

pieces of organs.
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Fig. 15 Change of the threshold interval in EndoCAS segatenmt pipeline. (a) Increasing of the lower
threshold respect to the previous figure. (b) 3Ddetmbtained with the new threshold interval andius = 0
(c) Principal ITK-SNAP window with the just extract abdominal aorta joined to ureters and the spine

(previously segmented ).

Filtering (first part of the actiom in Tab 1) is offered directly by ITK-SNAP duringe
generation of 3D models. The user can set parasmeter gaussian smoothing that is applied
on the segmented dataset before the generatiorheofstirface. ITK-SNAP has also
decimation and smoothing filtering to apply to theface generated.

Hole filling (second part of the actianin Tab 1) is offered to the user in step 3 of EDAS
segmentation pipeline, where the user, after tgensatation, can apply the filling algorithm
pressing a button. This algorithm applies a regjmowing on the segmented binary dataset,
with a seed positioned outside of the structure irderest, and after it takes the
complementary of the result. Note that this algniremoves all holes, so it has not to apply
if the anatomy to extract has real internal holes.

In order to compensate variations of the patietupseduring the acquisition of the multi-
phase datasets, 3 buttons have been introducetKhEINAP for manual rigid registration
(only translations) under visual control, that alldo align each phase to the current
segmented image.

Summary of all steps of the pipeline are reponteBig. 16.
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Fig. 16 Schematic representation of the steps of EndoCA8iertation tool integrated in ITK-SNAP.

3.5 OPTIMAL SEGMENTATION SEQUENCE

As previously introduced, the difficult for the segntation of an object is reduced removing
pre-segmented objects, and the sequence of oljecéstion play a fundamental role.
An optimal segmentation sequence has been definettheo basis of anatomical, empirical

and functional consideration concerning the timafgcontrast distribution. This sequence
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can be used with MDCT datasets commonly used fgrdistic purposes. This segmentation
sequence requires an urographic phase for theesggtion of ureters, while, for others
structures, arterial, venous and basal phase=narggh. Obviously the availability of more
phases can simplify and speed up the segmentataedgure. The table in Fig. 17 shows the

optimal segmentation sequence that is motivatealbel

Fig. 17 Optimal segmentation sequence. At first, it is selectedogpgmal phase for the segmentation of the
current anatomy and the corresponding volumetriagen is loaded for the segmentation. After the

segmentation the just extracted object is addeshaatically to the others.

Bones

The segmentation of spinal column and ribs is uséither than for their visualization (or
other scopes), also for simplifying the extractiminthe other structures. For example (as
previously described) abdominal aorta is connetdesbinal column by lumbar arteries and
in some cases uterers are very close to the ribshes segmentation of bones and their

removing simplifies the extraction of these stroesu(Fig. 18 right).
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Bones are the structures with the biggest intemsigyCT exam, so they can be segmented at
the beginning. If a basal phase is present, sgiolainn and ribs can be segmented from it,
using just connected region growing (radius=0) with anisotropic filtering. For spine
segmentation is needed in general only one sedts @entre. In order to obtain a surface
with better quality, hole filling has to be applie@ften the basal phase have the biggest
thickness of the exam, so, if it is required a itkiamodel of bones, they can be segmented
from a contrasted phase but taking into accourtdfian it is necessary the use of the radius
(of the neighbourhood connected region growing).

Obviously if in the exam some ribs are not conndatéth the spine, due to the volume
selected from the radiological technician, likeFig. 18 left, a seed for each non connected

rib is necessary.

Fig. 18 —(left) Spine segmented from the basal phase: iesseey to insert a seed for each isolated parts.
(Right) Bad ureter segmentation from urographicsghaometimes the basin is very close to urinasiesy, so,

without its removing, a seed positioned in theemetan grow up to the spine.

Ureteres

Ureteres can be extracted from the urographic phaseg just connected region growing
(radius = 0) without anisotropic filtering. If arrater is not full of urine a seed for each
visible segment is needed. Furthermore in few ctisesreteres can touch the basin (see Fig.

18 right); in that case removing of bones is resglir

Spleen
The segmentation of the spleen is generally easy frenous phase (Fig. 19 left). Here it's
less contrasted than the vessels and more comtriste the structures very close to it. It is

preferable to extract the spleen before the kidimeause it simplify the discrimination of
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them. The segmentation require smoothing with d@rope filtering, neighbourhood
connected region growing (in general radius=1 vaxsufficient) and holes filling. Note that

the lower and the upper threshold has to be versecl

Kidneys

The segmentation of kidneys is very easy from theous phase if it is fine contrasted. In

this case is enough anisotropic filtering, justreected region growing and eventually holes

filling (Fig. 19 right).

If the acquisition of the venous phase is too ptenea the interface between the kidney

parenchyma with its vein is difficult. In this cate user can try to use the arterial phase. In
fact the contrast flows at first in the artery eafthat in the kidneys and then in the veins. So
the extraction of kidneys is possible also fromdhierial phase, but the discrimination of the

interface, between kidney and artery, often reguine use of the radius.

Fig. 19 - (Left) Segmentation of the spleen from venous phaseg radius = 1. (Right) Segmentation of a

kidney from venous phase without using of the radiu

Arterial vessels
The segmentation of the aorta with all sub-vesselsid be difficult, but thanks to the
removing of the other structures can be performsdagu connected region growing and holes

filling. The anisotropic filtering is required ihé image is noisy, due to an erroneous contrast
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timing or in presence of obese patients. Some timepecially if the arterial phase is
delayed, the discrimination of the interface aremyans requires the use of the radius for

their discrimination.

Splenic, mesenteric and portal vein

In this case the segmentation can be done usirgptaopic filtering and neighbourhood
connected region growing from venous phase (in ggmadius=1 is enough). Some times it
is necessary more than one seed in order to exteats of the vessels, which can be isolated
due to the using the radius.

If it is present a pancreatic phase (or a portakphthe work can be simplified. The contrast
medium flows before in the portal vein system aftdran the cava vein. Therefore, splenic,
mesenteric and portal vein segmentation can beli§iedpusing pancreatic phase, because
their discrimination whit the cava vein (difficuilh some cases using the venous phase) is

more simple.

Cava vein

Cava vein can be extracted from venous phase waimptropic filtering and using the

radius. Unfortunately cava vein is not recognizainiehe track inside the liver, so box

selection has to be used in order to avoid liveepehyma and vessels. The inclusion of liver
segmentation in the sequence would simplify cavia segmentation. It has been tested

segmenting the liver like shown in Fig. 22.

Pancreas
The segmentation of the pancreas is not easy ie pbase. Its segmentation requires great
attention and experience by the user. Howevehgifuser is trained, anisotropic filtering and

neighbourhood connected threshold with radius #o2vain general, to extract the pancreas.
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Fig. 20- (left) Pancreas segmentation from arterial phasig the radius. (right) Complete model of thesa

patient.

The last 3 anatomies of the segmentation sequeadéemost difficult, however, if the user
is trained, and the images have enough qualityexitraction can be done repeating 3/4 times
the segmentation whit different parameters (foheagect).

Finally a note on the dilatation factor for the segmented structures (automatically
removed from the current image), which dependshemtisalignment between the phases of

the dataset (low with aligned phases, high withatipihed phases).

3.6 IMAGES ACQUISITION PROTOCOL OPTIMIZATIONS

The segmentation procedure requires that artg@@alcreatic and venous phases are acquired
with slice thickness at least of 2.50 mm (1.25 necommended). Otherwise all small vessels
will be not reconstructed (“followed”) by the regiggrowing algorithm. Regarding basal
phase, used only for bones extraction, can beslith thickness up to 5.00-10.00 mm (if the

quality of the mesh for bones is not important).
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Even if the segmentation procedure proposed cak with all images used for traditionally
diagnostic purposes, with enough thickness, sontien@ations on the acquisition protocol
can simplify the segmentation work.

First of all, the CT technician, in order to optineanpathize the structures involved by the
specific phase, have to take a great deal of aitewin the acquisition instants and on the
contrast injection. For example, it is better tordm enhance organs in the arterial phase,
because it extremely simplifies the automatic disicration of arteries near parenchyma of
organs. | noted that, in traditionally protocolkjstaspect some times is not empathized,
because probably, the radiologist, basing on hiséxperience and intelligence, can not
exchange vessels for organs, like automatic alygostsometimes do.

Further voxel positions have to be stable in thgous phases as more as possible. It allows
guaranteeing spatial relation by anatomical stmestuand amplifies the effect of the
subtraction mechanism (that simplifies the segniemtp In case of misalignment, the
images of the various phases can be pre-registbutd{ requires additional work. So it is
better to ensure a comfortable position for theepaticompatible with the exam to perform)
using cushions and immobilization devices, in oftdeavoid movements, and it is important
to inform him/her to stay more stable, as more @ssible, not only during the acquisitions,
but during all the examination.

A supplementary source of movements for organiseteathing. For this reason abdominal
images are in general acquired with the patierdpnea. In order to guarantee the same
position of the organs in each phase, the diaphrpgsition (that moves organs) can be
controlled using breathing monitors or triggerswhHs proved that using a simple monitor
device, like the one shown in Fig. 21 (developedtiy author), we can guarantee the

stability of the position of organs at fixed poinffsthe breathing cycle.
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Fig. 21 Simple two steps breathing monitor mounted on af@ma. Two magnetic switches (in the transparent
box) are mounted at different distances from aroa&a (white), on an elastic adaptable belt to finumnd the
thorax, which turn on/off the red and the blue héghission leds in function of the thorax expansion.

The sensor is based on two magnetic switches, radwttdifferent distance from a calamite,
on an elastic adaptable belt to fix around the&hkoifwo coloured high emission leds turn
on/off, in function of the thorax expansion. It Haeen proved, using an US, that training a
patient to inhalate up to turn on only one led (bhee one in the specific case), and stay in
apnea, we can control the cranio-caudal positidddifeys with an accuracy of 6-7 mm. The
useful of this sensor has also been verified inabeuisition of some MDCT contrasted
images. The acquisitions have been started whel(trdieed) patients turn on the first led
(the second one designate a too big inhalatiomjastbeen obtained good organs alignment,
S0, as consequence, the segmentation work wassimapte, thanks to an useful subtraction
mechanism on the various phases. These resultsnd¢mrate the useful of breathing monitors
for segmentation using the proposed procedurangbge future, it would be very functional
to use monitors appositely designed for MDCT scesifmetal free and with a continuous
thorax expansion measurement). Regarding breathilggers, they could command
automatically the acquisition, like in the work [3%llowing a perfect alignment in free
breathing, so obtaining stable images with not eoafive patients too. In this case a

complete scansion of a patient requires the adoprisof some consequential portions of
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volume at the same instant of the breathing cytls.preferable to start the acquisition at the
end of the exhalation phase, because the diaphragrains stable for a little of time (see
Fig. 29 on the next chapter). The number of volyoeions depends on the scanner velocity
(direct correlate to the number of detectors). Wniwately there are no scanners today so fast
to acquire an abdomen using only one volume durieg breathing. For this reason the use
of breathing triggers, which would allow free blaag, is difficult in case of contrast agent
injection because, in this case, a rapid and “owe’'tiacquisition is required, so no trigger
commands can be waited.

Finally the segmentation sequence has to be adjusteinction of the acquisition procedure
used in the radiological department, and on theosmtiohl structures targets of the
segmentation work. For example pancreas segmemtaéio be extremely simplified if the
patient drinks water and receives buscopan befogeekam. It allows to guarantee the
discrimination (in general difficult to obtain) weten pancreas and colon. The colon will be
full of water and stable (no spasms), so with amensity very different respect to the

pancreas.

3.7 THE SEGMENTATION SOLUTION AT WORK

The whole segmentation procedure is based on tigabm®rhood connected region growing
algorithm that, appropriately parameterized for specific anatomy and combined with the
optimal segmentation sequence, allows optimal setatien results in spite of simplicity
and usability. This basic algorithm, integratedtlie EndoCAS segmentation pipeline, is
efficient for clinical purposes, in terms of usitlil computational time and quality of the
result. Instead to follow the trend to automate plately the segmentation process (a very
important challenge for future CAD/CAS systems, amaged by international
competitions), where the physician watches the lresnly when the segmentation is
terminated, this segmentation solution offers asyeand simple method, where the
radiologist guides the segmentation process usiisghdr experience and anatomical
knowledge. Interactive visualization of the 3D amaical model, obtained with current
settings, can be used by radiologists for a fiméniy of segmentation parameters, allowing to

build 3D models, usable in the clinical practiceay.
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In addiction all 3D anatomical models have to bkdeded before their clinical using. In the
EndoCAS segmentation pipeline the validation is enag the radiologist directly at the
workstation, during the segmentation, steering ghecedure up to obtain the desiderated
result. Regarding validation is also evident thatdiologist that see the growing of each
virtual anatomies, one by one, take implicitly mat&ention to the global result, respect to a
radiologist that has to validate a segmentationedby an automatic algorithm, sliding
entirely a “coloured” volume superimposed to gregle images.

Obviously the proposed segmentation approach canbeoused with datasets acquired
without finalized protocols, for example with eléed slice thickness, too poor quality or non
contrasted images, but the intention is to workhwiinages that came from normal
radiological practice, where it obtain good results

The segmentation solution proposed allows a radisioto generate and to validate 3D
models of bones, ureters, kidneys, pancreas, spétarial, portal-splenic-mesenteric and
cava veins in about 30 minutes of work. It has btested that a new user, after some hours
of training, can use the software proficiently. 3Dodels have been generated for the
planning of some interventions and in the EndoCA&itator for a laparoscopic distal
pancreatectomy performed in the Cisanello Hospitathe future, the automation of some
manual activities could reduce the total segmearaime up to 15 minutes, so a radiologist

could build 3D models of each patient, during tregdosis of each exam.

3.8 ADDITIONAL FUNCTIONALLITIES DEVELOPED FOR THE
SEGMENTATION SOFTWARE

ITK-SNAP software has been integrated, over thath whe EndoCAS segmentation
pipeline, with additional functionalities. Firsty iorder to work with multi-phase datasets,
containing images with different dimensions, inmerof volume acquired and in terms of
voxels resolution (a very frequent situation in timical scenario), the image loader has
been modified. ITK-SNAP stores segmentation dataralumetric images with a format
equivalent to the format of gray scale radiologicahges (Dicom, VTK, etc.) containing
voxel and volume information. If the dimension bétimage that contain the segmentation is
not equal to the dimension of the gray scale im#ge modified image loader performs an
alignment and an adaptation in order to obtain-anibrocal correspondence between vovels
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of the segmentation image and voxels of the grayesinage. It allows to segment some
objects from a phase and after that to change liasepusing the previous segmentation
image, without manual work for image adaptation.

The others functionalities are described in thet hes paragraphs.

3.8.1 Object volume calculator

This tool has been developed in answer to a sutgeeguirement: volume evaluation for
anatomical regions. These measurements are impdotatne estimation of the extension of

diseases or for the evaluation of remaining fumatidies after tissue removal (see Fig. 22).

1768cnt

Fig. 22 (Left) The volume calculator integrated in the ITK-SNARoak to evaluate the volume of each
segmented region. The image is given from a resg,da the planning phase before a right epatecterhgre
the surgeon cut the liver (using the virtual cutteol) and evaluated the volume of the remainingrli

(Right) Surgeons at work during the epatectomy.

Having voxel dimensions, the implementation hasnbeemple. The number of voxels
contained in a region are multiplied for the voluaie voxel. Obviously the real volume and
the virtual volume are identical only if the segiadion is perfect, otherwise their difference

follows the percentage of the wrong segmented areas
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3.8.2 Drilling guide for dental implantology

As reported in the thesis introduction, drillingides are useful in dental implantology for
surgeon assistance in drill positioning. Watchirdge tcomputer assisted implantology
workflow, the author seen that ITK-SNAP softwarddad with few modifications, could be
used for this purpose.

In general, drilling guides are composed of a plastodel that fits on the mouth with
encapsulated cylindrical metal bushes for drilloigidance. A first mask model has been
realized segmenting the volume around the teetig$hee mouth mucosa of a CT real image.
The model (exported in STL format) has been redlizging a stereolitographic printer and
tried in the patient mouth. Subsequently to fittregults, validated positively by a surgeon, a
tool for cylinder positioning has been integratad TK-SNAP. Like shown in Fig. 23 the
surgeon can chose the plant axes, setting two 3iispm the volume, after that he/her can
choose internal radius (in function of the buskixanside), external radius and the length.

Fig. 23 Dental implantology tool(left) Dental plant axes positioning on the CT ireagnd cylinder drilling
guide dimensions setting. (Right) Rendering ofgbegical guide with the hole for the metal bush.






4.0 ABDOMINAL CAVITY REGISTRATION

The purpose of this chapter is the evaluation afresources that influence the registration of
pre-operative information to the real patient, #mel discussion of a methodology to employ,
in order to reduce inaccuracies and allow the éhiotion of computer guided surgery for the
abdominal district. It is reported some suggestionghe preliminary rigid body registration

to use directly in the surgical room or to use t@astiig point for more accurate deformable

approaches.

4.1 CONCISE STATE OF THE ART

One of the not completely resolved key functiorws, huilding CAS systems [14], is the
robust registration of the virtual pre-operativeormation (acquired by means of radiological
devices) with real intra-operative information (stting of the patient on the surgical table).
This task requires to determine the geometricalsfi@mation of correspondent points taken
in two different reference frames and in two diéier time instants. In fact, pre-operative
information is given in the reference frame of tadiological device and it is acquired some
days before the intervention, while the intra-ogigea information is referenced to a
reference frame of the surgical room (in generdindd by means of a tracking system)
during the intervention.

Many approach deriving from general purpose imaiggd rand non-rigid registration
methods [36] are adopted for medical images [20addiction to these analytic works, many
computational intelligence methods were proposef]. [Bll these works solve a general
problem of registration between two dataset comgams different positioning of the
patient, device aberration and in some cases agatbifts [38]. Rigid registration is used for
many CAS applications, and various analytic andeexrpental accuracy evaluation works
have been developed, but for the complexity of dy@amics of abdominal and torso
structures, these applications are limited to b@meshead. Non rigid registration algorithms,
like for example [39], can offer good results, boeir using for CAS applications would

require dense and volumetric intra-operative infation (like open CT or MRI).
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For the abdomen, like for all deformable structuregistration could be eventually skipped
using intra-operative imaging [40]. A list of intoperative registration free
devices/applications can be found in [41]. Thegpre@aches are intrinsically very precise
concerning voxel localization, but, unfortunatefyeir visual quality is limited by the poor
definition of intra-operative radiological scannemsmpared with the quality of pre-operative
scanners and also this methods intrinsically regairvolumetric imaging device in the
surgical room, that in general is not present.

As shown in [42] trajectory of target points colid predicted, during breathing motion, at
given respiratory states. Also recent works [4B]][propose dynamic motion models that
reproduce the entire trajectory during the breahdgcle. In these works are compensated
physiological movements due to breathing, but ey still fail for movements generated by
other physiological effects or different decubitloé patient on the surgical bed.

For a complete dynamic registration that compensditephysiological parameters and
different decubit of the patient in the surgicadmorelative to that one assumed by the patient
in the radiological department, we would have ahaestive biomechanical model of the
anatomy like those, foretold in [45], tried in [46d encouraged by the EU [47] .

We can note that all non rigid techniques, statidynamic, require a preliminary coarse
(less possible) registration to use as startingtgor more accurate deformable approaches
[20] [48]. Today, rigid-body registration is theigune approach used for this initial alignment
owing to the amount of works published that evaddats mathematical properties and for
the existence of optimal solutions for the probldétaen if there are some studies about the
accuracy of rigid-body registration for cranial aegtra cranial targets [49], there are no
apposite works for the estimation of errors withstllype of registration on specific

abdominal structures.

4.2 THE ABDOME REGISTRATION PROBLEM

There are many parameters that influence the kat&dn of targets in the surgical room
using their position acquired with radiological @ms before the intervention [50]. Like
previously described, for some structures, like dsrtheir position depends only by the
steady pose initially assumed by the patient ondingical bed, but for other non rigid

objects, like the heart, the lungs and the abdomheir, position change dynamically.
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In this chapteird; identifies the position of the centre of mass geaeric voxel acquired

in the radiological department by means a scanntr g reference frame. s¥i(t) is the
trajectory of the point corresponding to the cewofemass of the same voxel in the surgical
room, during the intervention, relative to a refexe frame (generally a tracking system)
mounted in the surgical room (see Fig. 24). Thenoph for surgery would be to know

exactly where is eac¥sr(t) in each instant time, with extreme precision. la thst of the
chapter \75ri(t) identifies the estimation of S¥(t), in the reference frame of the surgical

room.

Fig. 24 Voxel baricenteiVrd; statically acquired in the radiological departm@etft), has to be remap on the

moving corresponding sri(t)(right)l.

A similar problem is solved every day by radiothpests. The difference is that they have to
localize only a restricted target area and notrativeeanatomical district, like in general for
CAS, and also they have all reference frames inptaening room (normally a CT with a
positioning system based on laser crosses) medcinoalibrated with all reference frames

in the bunker room (normally a proton acceleratorpositioning system based on laser

1| would like to thank the unknown author of the riyranatomy depicted in the figure
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crosses, and an eventually a 2D imaging devicethdhcase they do not have to register the
patient, but to reposition him/her in order to cledplaser crosses with reference markers on

the skin of patient skin.

4.2.1 Factors that influence the registration

At first a change in bed position, in terms of asgrelative to the floor, determines a
movement (fall down) of internal organs. Also theage of the bed has to be taken into
account because it introduces a deformation: futtie (obvious) case of bendable bed, also
concave beds (like some used with CT and MRI deyigetroduce a deformation on the
abdominal cavity. Furthermore the abdominal caigtglelimited by the basin (a rigid object)
and by the thoracic case (a semi rigid object)tls® relative positioning of these anatomical
structures, depending by the patient decubit, amfbes the location of the contained
anatomies. The configuration assumed by the lingdbs change the position of abdominal
structures too.

After that we have to take into account errorsodtriced by the radiological device and in all
post processing phases (like segmentation, for plgmAlso the use of particular
radiological devices or particular surgical techi@g imposes some requirements on the
patient that, as reflect, introduce errors in tbealization of pre-operative targets. For
example, during some abdominal interventions, am @frthe patient lies along his/her torso,
so it would be advantageous to acquire the paitietitis position, but CT scansion of hands,
close to the abdomen, introduces artifacts in itige, so hands are (generally) positioned in
the rear of the head, so introducing a variatiothm patient setup. Furthermore, generally,
the scansion with CT devices requires that theepaithhales a quantity of oxygen in order to
stay in apnea during the acquisition, with the psg of acquiring as more as possible a
steady volume. The effect of a great inhalationothtices a fall down in the diaphragm and
also in the organs in contact with the diaphragselft This fact is used every day by
radiologists in US acquisition, to better exposgaois during examination, which know that
organs can be moved up to 6-8 cm (tried in the, labing breathing. This effect has been
also evaluated on a 65 years old woman, alignimgspime on a CT dataset acquired during
normal breathing to a CT dataset acquired durifglation apnea. The result in Fig. 25
shows that kidneys have been moved up to 27 mniewe displacement of the spleen has

been evaluated up to 40 mm.
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Fig. 25 The spine of a patient, acquired during normalathiieg, is aligned to a dataset (segmented and

coloured) acquired during inhalation apnea. Itlsarevaluated the displacement of spleen and kidneys

Also normal breathing introduces a displacement arakformation (especially) on upper
abdominal organs. The diaphragm has a maximum sxcuduring normal breathing of
about +7 mm [51] around its median position, socassequence, the structures in direct
contact with it would have a similar excursion aedormation. The experiment described in
the next paragraph shown that the abdominal sutiasea maximum excursion of +7.5 mm
during normal breathing. The other internal orgaassive elements enclosed between the
diaphragm and the abdominal wallould not move (probably) more than them.

Another important class of movements is causedhbygastroenteric system. Filling level
and spasmodic movements of the stomach and thstimgedetermine a displacement for
structures in the neighbour of them. These errmgarticularly relevant on intra peritoneal

structures. See Fig 26 for an example.
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Fig 26 3D model reconstructed from real data acquired feoratient with the stomach full of water. The
stomach (pink-transparent) touches the spleendtyi@nd lies on splenic vessels. If the stomachldvbe

empty, the spleen would be more inside and more up.

The beating of the heart introduces troubles nd¢ oncardio surgery but also in vascular
surgery, where the rhythmic changes of the bloedsrre introduces visible deformations on
arterial walls. The effect of the insufflationslaparoscopy can be considered a variation in
the abdominal pressure. Its effect on the abdonviradll is reported on [52]. In general all
physiological parameters (Young-Modul of each dtriiges, blood pressure, muscle
contractions, position and velocity of elements,..ef can be a source of movement that
would have to be taken into account.

Finally, another class of dissimilarities appearewhduring the intervention, the surgeon
modify the topology of the real anatomy. In thisedhe pre-operative information will not
be completely consistent with the real anatomy #rel virtual model would have to be
adjusted. An example of adaptation of the virtuztamy is shown in Fig. 22 (up). In this
case the adaptation has been pre determinateebgurgeon (using virtual cutting plane).
However this (useful and interesting) problem witit threaded and considerate in this

thesis.
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4.2.2 Decoupling the problem

On the base of the previous consideration and gaikito account practical physicians needs
we can try to formalize the problem grouping fasttinat influence the registration. The
following considerations allow to write the problemsymbolic terms that can simplify the

reading.

bc() is the bed configuration in terms of angles re&atio the floor, shape and covering

material,dec()the decubit of the patient on the bed apgd() all physiological parameters.
The goal is the estimation in the surgical roomtlué trajectories of all pointS?sri(t),

corresponding to the center of mass of each V@rg&l(acquired in the pre-operative phase),
in order to predict their real position:

Vst (t) @/st (bdlt), ded(t). pp(t)) (1)
3D radiological devices acquire voxels “frozen” riinén particular instants and often there
are delays in the acquisition of the various voxslan image. For example MDCT acquires
some slices (depending on the number of detectdri)e same time, and after it acquires
another portion of volume, and so on. In generalcae consider that the barycentre of a
generic voxel is acquired at timg and depends doc(t), dec(f) and pp(t) of the patient at
the acquisition time. If we do not care on artefantroduced by the radiological device and

eventually reconstruction algorithms, we can write:

vrd © Vrd (bp(}), dec(t),pp(t) @)

We have to estimate a7$ri (t) using the pre-operative information containedllnv/rd, (and

eventually other sources of information), resperti) :

"£i Ver(f) = F(Vrd,..vrd,,...)| Vst (f) @vst(bp(f),dedt), pp(f)) 3)
From (3) we can write a weaker condition:
“Eij \Nsri (£)- Vsr, (t‘)H @vsr (f) - vsr () )

that means that the configurations, in terms dadises, between real and estimated points as
to be the similar as more as possible. Relat{dgh remains valid applying rigid
transformations. As consequence the problem can tieeory decomposed: for each instant
we can calculate a rigid transformation, for thigrahent of the two reference frams é&nd

rd), followed by an adaptation of the pre-operativimimation to the real configuration (in
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terms of relative distances like {(8)), to calculate instantaneously for each elemerthef
patient.

This approach is used in every non rigid registratnethod [20] [48], independently by the
motivations proposed here, because it is the meseanable, with the only difference that
they align two static cloud points, while (8) a static point cloud, corresponding to the pre-
operative information \{rd; points), has to be aligned with a “moving” poicibud
corresponding to the intra-operative informatioroyng Vsri(t) points).

The order of the two operations, rigid transforimatand configuration adaptation, could be
in theory exchanged, but, as follow motivated, (fh@re reasonable) classical order, used in
non rigid registration, has to be preferred alsp tfee solution of a dynamic non rigid
registration.

It is obvious that we can not describe points ttajges \&ri(t) using only the static values of
all Vrd;. Others intra-operative information are necessisigny intra-operative information
could be acquired using radiological volumetricides (with eventually high refresh rate).
This information would describe the trajectoriesnodiny points of the patient body during
the intervention. The trajectories of the points aguired by the intra-operative radiological
device could be estimated (using interpolation,drample). But almost all surgical rooms
has no volumetric radiological devices (like opeRIMr similar). However the acquisition
of some intra operative information, like that aicgd by means a tracking system on the
subject skin, can offer important conditions foorbiechanical/physiological models similar
to [43] [44] that demonstrate the possibility toegict point positions during breathing.
Further we could build models that take into actanthers physiological parameters and
eventually decubit of the patient and bed arrangert@o. In other words measuring only
part of the intra operative information, we couktimate the others modelling movements,
deformations, etc. This estimation could be enhdrthging the intervention, depending on
the precision and on the type of intra-operatifermation available. For example, when the
surgeon discover new decipherable anatomical larkBnavith localized instruments, with
human eye, or better, directly by machine visigogathms, this information could offer the
position of sameVsr, that could be used as useful new conditions fomieichanical or
motion models. All this information will be repreged in a reference frame of the surgical
room. If we will develop a model, which will compédy simulate a real abdomen in terms of
mechanics relation (writing a differential equatispstem, following FEM methods, for
example), it will be valid independently by the dseference frame. Otherwise using motion

models like [53], for example, that simulate trégeies and not mechanics relations, it has to
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be used the particular reference frame for whiehtthjectories have been defined. In the last
case, problem decoupling, in rigid transformatiod aonfiguration adaptation, in this order,
would be useful in order to obtain the desideragderence frame.

The rigid transformation can be done aligning fidugoints [54] or fiducial surfaces [55]
acquired in the radiological department and in ghegical room, considering the object as
rigid. Deformations of the fiducial structure conspd by elements like points of a cloud or
points characterizing a surface, introduce systen&tors in the registration. In order to
minimize the registration error, at least on fidl@lements, we have to choose each fiducial
point (or fiducial surface) in the proximities ofeady element on the patient and their
configuration has to be replicable, as more asilpl@sdn this case a rigid registration can be
performed at the beginning of the intervention atbuld be repeated only if the bed
configuration, or the patient decubit, will be ched.

A rigid transformation onVrd, can be written, using cartesian coordinates, rmgeof

rotation (matrixR) and translation (vectdn):

Vst (bp(t),dec(t),pp()) = RArd (bp(t),dec(t),pp(p)) + T ©)
After that, the configuration adaptation becomes:
" T Vsi(f) = F(vst (bp(t), dec(t),pp(t))....) ©)

that has to verify4).

This last complex work, very difficult to solve @ety, can be facilitated with practical and
useful artifices. These artifices are used every dg radiotherapists reproducing
meticulously patient’s setting during the treatmastin the planning room. Following their
work, bed positioning and shape, during the actioisiof medical datasets, can be chosen
accordingly to the bed configuration used inside thurgical room for the specific
intervention (taking in mind the requirements of tiadiological device used and the type of
intervention to do). In this case thp registration error source can be significantlyuaesd.
Also replying exactly, during the intervention, tlexact decubit of the patient during
radiological scansion (in order to redudec error component), requires obtaining the same
relative position of the basin and the thoracicecas realignment of these structures needs
additional iterative work in the surgical room imder to find a perfect correspondence
between pre-operative and intra-operative patiesitioning [56]. Further the position of arts
influences the arrangement of abdominal organsianghrticular: arms position influence

especially upper abdomen structures, while legstiposinfluence especially structures
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situated in lower abdomen. In fact radiotherapisisiobilize arms or legs depending on the
zone that they has to tract.

Following all these considerations the model tddydor the simulation of patient's anatomy
movements, will be drastically simplified, removitige bp ad dec component. Furthermore,
like demonstrated by experimental results [57] lfoiit patient moving), the application of
models that predict organ shape motion, contrdbgdome parameters, like the time over
the cardiac cycle, or the displacement of the diagm, can be applicable in the real surgical
scenario with enough precision. A simple examplenofion model is described in 4.4, while
the focus of this thesis is the initial marker lwhsigid registration, described in the next

paragraph.

4.3 RIGID MARKER BASED SOLUTION FOR THE INITIAL REGISTR ATION

Following the previous considerations, it has bestwmdied a usable initial rigid body

registration method and it has been estimatedi¢merror component, in order to know the
order of magnitude of inaccuracies when a perfegignment of the basin with the thoracic
case, using immobilization devices, is skipped.sTéxperiment allowed also estimating the
order of magnitude of the error due to breathing,tlee patient abdominal skin, and to

examine the methods to employ for the rigid regt&n of moving structures (not rigid).

4.3.1 Experiment for registration error estimation on the skin

In order to estimate the influence of the misaligmin of the abdominal surrounding
structures (in particular the basin and the tharaeise) on the registration error, it has been
studied a real case. The trajectories of some markésible by an optical localizator,
attached on the abdominal skin of a 30 years ol mah weight 74 Kg and stature 182 cm,
have been acquired and studied.

Performing the experiment with a slim subject akowto use a simple marker based
registration approach, since points on the skirewery steady especially in the proximity of
promising bones. Otherwise we would have to usagingadevices, like US, to detect the

reference internal rigid structures (bones) andged with a surface registration [58].
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Basing on anatomical and technical consideratigssudsed by physicians and engineers, 18
wired infra red markers have been posed on speaifatomical points on the skin of the
subject (Fig. 27). During the experiment, the “pati has been repositioned many times on
the surgical bed in supine position trying to refuce roughly the same positioning between
thorax and basin, correcting visible erroneousyrest Subject’'s markers have been acquired
with an optic localizer (Optotrak Certus) at eaepasitioning for 1 minute. During the
acquisition period the subject breathed normallpnithe analysis of the acquired data it
resulted that the abdominal surface of the sulljasta maximum excursiorglative to the
median point of each marker, of £7.5 mm. This reagrees with [49]. Furthermore the 3
markers signed with a cross in Fig. 27 (the antesigperior iliac spine and the upper
sternum) were resulted quite steady during bregtimation: 2.5 mm for the marker on upper
sternum, while the others were very steady (< 1 nthgse results are due to anatomical

positions of these markers that result marginaifijuenced by breathing motion.

Fig. 27 Marker configuration on patient skin for movemewéleation (points), and the markers, more stable
during breathing (crosses), chosen for registration
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Since registration errors prediction using an ey approach, like in [59], cannot be
adopted due to the non rigid nature of the abdoraaneuristic approach has been used,
using some points as fiducials (for the registrgtiand the others as potential targets (for
error evaluation). In the next paragraphs restltkis evaluation, which provide the order of
magnitude of errors introduced when a perfect gealg procedure is not employed, are
reported.

Since the application of CAS systems has to maith tie real clinical scenario, which in
general uses its procedures studied for “not coer@itled surgery”, markers have been also
acquired in semi-lateral decubit. The evaluatiothefse data furnish the order of magnitude
for the registration error if we try to apply CA8stems for interventions with semi lateral
decubit (frequently used for abdominal intervergiorwhere pre-operative images are

acquired, without considering CAS needs, in thditianally supine position.
4.3.2 Rigid-body registration algorithms

Using just a rigid approach we drastically approaien the solution, removing thé)
adaptation:

Vsr, = RA/rd, (bp(t ), dec(t),pp( ) +T ™
It allows to adjust only the change of referencsteay: from the radiological device to the

surgical room reference frame.

With this type of registration at each instant vedna registration error on each voixel
Ver (t) =Vsr, - Vsi (t) = R¥rd, (bp(t ), dec(t),pp(t ) + T - Vst (bo(t), dedt), pp(t)) 8)

Now it is discussed the registration algorithm te dor the determination d® and T,
necessary for the evaluation of registration errors the patient skin, and in CAS
applications, in general.

Matrix R and vectofT of the equatior{7) can be calculated, choosing in particular instants
values of the marker trajectories from the expenimand applying a marker based
registration. In the next paragraphs will be shdww these two points cloud can be chosen.
At the moment the fiducial pointsrd; can be considered as instantaneously acquireckin th
radiological department, arkr; as instantaneously acquired in the surgical room.

R andT have to be chosen in order to:
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Fsr; = RxFrd, +T‘ "j Fsr @sr, 9)
Fiducial localization error (FLE) errors on the aization of Frd; and Fsr;, and the
deformation of structures to register (like in @ase), determine that an optimal solution,

that remap perfectly alfrd; on the relativeFsr is impossible. We have a residual error on
each fiducial:

Fer, = Fsr, - Ifsrj 10
so the solution of the registration problem is anigue, consequently we can not write the
problem as an invertible system of equations. Hawveve can find an optimal solution in
function of the metric used for defining the gohtle problem.
If we consider each marker as unit of mass, weatign the baricenter and principal inertia
axes of the two point cloud, using PCA (Principain@onent Analysis) decomposition like
in [49].
A method, based on least square fitting [54], istireely used since the mathematical
properties of the square norm, which allow the degoaosition of the problem for finding
translation and rotation [60]. Further it allows analytic solution to the optimization
problem, beyond that it is the optimal solution wh&LE is gaussian. See the appendix A for
a review of the least square solution using SVDodgmosition, and appendix B for an
exercise of the author that demonstrate, in caseodfLE, that SVD and PCA approaches
offer (obviously) the same result.
Even if least square fitting offers an optimal $i@n in case of normal distributed FLE, it is
deficient in case of non normal errors, in preseofceutlier and when we have to control
matching error on individual points (real casesrfon rigid objects). For example using the 3
fiducial points we often have visible different pimal errors on the various markers and this
is unexpected by the surgeon that would prefee& when the marker configuration allows
it, @ more natural equal distribution of the ervanen he moves the surgical instruments

around fiducial markers (see last column of Tab. 2)

Fra;: x,y,z Fsr:xy,z Fer, L2/Linf
(mm) (mm) (mm)
-488.5, 74.6, -1549.6 -470.6, 2.1, -1578.4 2.7/2.9
-488.2, -153.0, -1557.2 -465.4, -220.8, -158D.9 /3%
-230.5, -44.8, -1895.0| -207.5, -112.9, -1924.0 29/

Tab. 2 Registration erroFer; from real datdrd; andFsr; optimizing least square norrag) and infinite norm

(Linf)
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So registration matrixes have been calculated ugiasgt square fitting using SVD [54], in
order to compare results with other works that camiynuse this approach, and also using a
sub optimal solution that optimize the error imisrof infinite norm [61], in order to obtain
the same displacement on each fiducial and eveéytt@lincrease the margin of security

during interventions.

4.3.3 Registration error estimation

Various possible methods to use for the accuraaluation, when we have to align
deformable and moving structures (like in the ekpent with markers on the skin of the
patient) using a rigid approach, are now examined.

The estimation of the error introduced by differelecubit, by means of the evaluation of
data acquired with the optical localizer, has bgemformed registering data of each
repositioning of the subject to data of an acqoisiselected as reference (as it would be the
patient in the radiological department). It reqgsif® chose: markers to use as fiducials,
particular values during their trajectories (seg. 29) to use as points for the registration
algorithm, the method for calculating the registmat matrix, and finally a way for
guantifying the misalignment between registered imgwlata, of each repositioning, in
respect to reference points (on the acquisitioacsetl as reference). About the registration
algorithm,R andT are computed, like described in 4.3.2, using n@remd norm-inf fitting.

The others choices require various consideratidolbsv discussed.

4.3.3.1Markers to use as fiducials

In a first step all markers have been considerddcfal markers, in order to estimate
accurately thalecerror component. We have to take into accountith#ite surgical room
the acquisition of fiducial points could be diffitwsing active markers (Fig. 28 left) and a
less invasive sterile digitalizer (like the one Rig. 28 right) would be preferable by the
medical staff because it do not introduce change$e surgical scenario. As counter part
the use of a digitizer requires additional work fbe surgeon and generates errors in the
acquisition of not steady points during breathiegpgcially on not slim patients), so the error
considering only the 3 more stable points (corradpay to crosses on Fig. 27) has been also

evaluated.
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Fig. 28 (left) Wired markers on patient skin for the acquisitidntrajectories of points. (right) Cutaneous
digitizer for Optotrack Certus developed for thedBEAS Navigator. The plexiglass base (with a refeeeon
its surface) allows the acquisition reducing errdug to falling down in the skin like in standangeh like”
digitizer.

4.3.3.2Values to use for the registration

The registration matrix, for the estimation of #reor introduced by different decubit, can be
calculated using as point cloud the instantaneasitipns of the fiducial markers in any

instant of the breathing cycle, or in their measifion (like in [62]).

Since values of the experiment can be used for ewvaluation due to breathing, we can
choose values of the trajectories in two significaays. The first one takes into account real
conditions in the radiological scenario, where asitjons, using breathing trigger, are done
in the exhalation phase (due to the relative stglmf this point during the breathing cycle).

For this reason the instant times, were the madkethe umbilicus reach the minimum

distance from the bed, have been calculated (RBig.After that, the mean of positions during
these instants (of each fiducial marker) has besuraed as fiducial poirferd;, for the

acquisition chosen as reference, and-ag, for the others repositioning of the subject.
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Fig. 29 Vertical displacement of the marker on the umbdiemd the two values used for the registration.



64 — ABDOMINAL CAVITY REGISTRATION

In the second case it has been considered the mediat, the middle of the extremely
values reached by each marker. This approach intenmhinimize the registration error
during breathing.

4.3.3.3Various usable registration error definitions

Using the previous consideration mafyand T couples, to use as i{r), have been
calculated.

How shown in(8) the registration error on targets depends on thleevassumed as
acquisition timet; for each target voxeVrd, in the radiological department, and on the
movement of the targetésr(t) during the intervention.

All 18 acquired markers are considered potentiedets, and various error definitions are
used as following defined:

mean the error is calculated directly on the 18 poiats andFsr;, used for the registration,
without considering specific values of the trajeiets. For each patient repositioning the least
square error (TRE in [59]) was calculated and feéd by a mean on all results. This error
definition is a sort of mean for all target erromshere the breathing component is
compensated.

maximum is calculated directly on the 18 poirfesi; and Fsr;, used for the registration,
without considering specific values of the trajeies. For each patient repositioning it was
calculated the maximum of dfer; defined in(10). Finally it was calculated the maximum on
all partial values. This error definition can benswlered an upper limit for the registration
error of points that are not influenced by breaghin

Dynamic is calculated as the maximum value of the trajgcerrorVer(t) (defined in(8)) of

all targets and for all repositioning of the patief the same type (supine or semi-lateral
decubit). This error definition provide an uppemili for inaccuracies in presence of
breathing.

4.3.4 Rigid registration evaluation

Using various approaches, like previously describedjistration errors of the subject,
repositioned many times on the surgical bed inrsugosition, have been calculated. The

results are shown in Tab. 3.
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Fiducial Fiducial Mean error | Maximum error | Dynamic error
Markers Values L2/Linf (mm) L2/Linf (mm) L2/Linf (mm)
All median 2.3/2.6 5.1/4.2 9.7/10.8

3 MS median 3.0/3.1 6.3/6.1 11.3/11.3
All minimun 2.2/12.5 5.1/4.1 16.9/17.6

3 MS minimun 2.9/3.1 6.1/6.1 17.9/17.9

Tab. 3 Registration error obtained without perfect reatigamt, correcting only visible misalignments, oriems

breathing subject in supine position optimizingagunorm K2) and infinite norm I(inf)

At first we can see that using all markers as fiadlsove obtain anaximumerror <=5.1 mm,
that can be considered an upper limit for the tegfion error of steady points during
breathing. Although when we do not control dire¢kig errors on all targets, using only the 3
most stable markers, this error increases jusbup3 mm. Also results agheanerror (that
offer a sort of mean error on steady structuresfesu the use of the 3 most stable markers as
fiducial, obtaining in this case an accuracy vepse to the one found using all markers. In
both casesneanand maximumerror, compensating breathing effect, provide ahger of
magnitude of the misalignment due to not perfeatigpment of the basin with the thoracic
case. We can see that this source of error resolt®o great, so in many CAS applications
(depending on the accuracy required) the perfetieqtarealignment, using immobilization
devices, can be skipped.

Obviously, reproducing the same experiment, withranfat patients, the error will result
higher due to movements of fiducial markers. Bugspmably, the error caused by the not
prefect alignment between basin and thorax willapproximately similar. So, using intra
operative imaging for finding internal steady masker surfaces, we can expect that the
error will have the same order of magnitude ompatlents (fat or thin).
Analyzingdynamicerror, we can see that using the median valudislagial trajectories for

R andT calculation, the dynamic error could be signifitameduced as supposed (respect to
the use of minimum values). But this result cancbesidered (today) only a theoretical
optimal goal. In fact radiological devices offeleglthe market have at least breathing trigger
in the exhalation phase (there are some technichpgactical problems to solve in order to
offer triggers in other instants). How shown thgis&ation error depends on the acquisition
instant chosen for the acquisition of the radiatagidataset. This result has to be taken

especially into account using radiological scanness provided of any breathing trigger
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device. Like shown in 4.2.1 using the inhalatiomeg we can introduce an error up to 6-8
cm.

If we have to apply CAS aids for interventions wsimi lateral decubit, where pre-operative
images have been acquired in the traditionally reeiiosition, we will have errors with an

order of magnitude like shown in Tab. 4.

Fiducial | Fiducial Mean error | Maximum error | Dynamic error
Markers | Values | L2/Linf (mm) L2/Linf (mm) L2/Linf (mm)

3 MS minimun 17.3/16.5 39.4/37.7 40.1/38.5

All minimun 14.6/14.9 24.7/21.6 25.4/22.6

Tab. 4 Registration error evaluation between points aeguon the subject in semi-lateral decubit registéoe

points acquired in a reference supine position.

In this case, even optimizing the maximum errorin@sinfinite norm), we will obtain
accuracies probably not enough for computer aidegesy systems.

Regarding the use of the registration algorithnt tdimizes the infinite norm, we can see in
Tab. 3 that its accuracy (without great deformat)as comparable to the one obtained using
least square norm. However infinite norm algoritbem offer more natural results for the
surgeon, which will see the same error on all fidumarkers (note that if the deformation of
fiducial configuration is too big, the algorithnmying to reduce the error on points that have

the maximum displacement, can not offer the samo en each marker).

4.3.5 Arrigid registration procedure compatible with the clinical scenario

On the base of these results, a practical regmtrarocedure, for not obese patients, can be:

1. application of visible spherical markers (radio qga for CT) on the sternum,
as high as possible (where the breathing compasédaiver), and on anterior
superior iliac spines;

2. acquisition of the preoperative dataset reducihga@dsible sources of errors,
and calculating all fiducial pointsrd; as marker baricenter.

3. patient positioning, in the surgical room, as mase possible like in the
radiological department, and acquisition (usinggatider like the one in Fig.

28 right) of the point&sr; corresponding to markers position;
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4. registration with square or infinite norm algorithrBEndoCAS navigator
integrates both.

4.3.6 Application of the rigid registration procedure on a real case

The procedure has been tested on a real case ¢lPetform a laparoscopic distal
pancreatectomy. The maximum registration errorhen3 fiducials was 7.3 mm, which was
3.3 mm in the experiment using active marker atdcbn the skin. This increment is
consequence of the FLE obtained in the real clirscanario, using radio opaque spherical
markers (in the radiological department) and thggtider (in the surgical room), instead of
active markers on the skin like in the ideal scenaf the experiment. This consideration has
to be considered in the evaluation of the globalite The registration error on the target (a
tumor in the pancreas) was estimated in about Atamimportant to notice that the pancreas
is a quite floating anatomical structure so 2 cm lsa assumed as an estimation of the worst
case error. Taking into account the error on fidlscand that the physiological movement
can not be controlled, this result is coherent witbults of the experiment with the optical
localizer.

In conclusion registration of the abdomen usinggal rapproach, even if it is not adequate
for automatic robotic intervention, where a higkeleof accuracy is required, is considered
adequate by surgeons for the development of irgeaaiive navigation systems. Furthermore

it can offer a good starting point forore accurate deformable approaches.

4.3.7 Error estimation inside the abdomen

The rigid registration method described in 4.3.4 lh@en proposed on the base of data
acquired on the patient’'s skin and having only fexernal data from the intervention
performed.

Like introduced previously, US is an optimal methddr acquiring internal points. It allows
to acquire intra-operative and intra-body inforraatiwith a simple (and cheap) device.
Further the continuously advances of US devicesease every day the possibilities of its
using.

The acquisition of 3D information using 2D US remsi a tracking system and a sensor

(calibrated with the US image plane) mounted on phebe. Using the US module of
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EndoCAS Navigator, comprising tracker interface aodtines for probe calibration, some
experiments have been performed in order to estithat registration error on internal targets
using the rigid methods described in 4.3.5.

At first 3 subjects has been scanned in orderrd fioints to use as anatomical internal
targets (in the exhalation phase). In all casearget is chosen in correspondence of the
bifurcation of the iliac arteries (lower abdomemhis repere can be acquired position the
probe in coronal position and finding the plane wehke circular sections of the iliac arteries
touching together on the abdominal aorta. The tgsgats have been manually selected on
the US plane. Others target points have been chosenin the spleen, and one in the liver
(upper abdomen), on the base of the anatomy of @atmjkct (points simple to recognize).
After that patient’s skin has been signed on theoiBits used for the registration and the
patient has been re-positioned and acquired mamstion a surgical bed. The points on the
skin, acquired with the digitizer, have been usedte registration, while the chosen internal
points, acquired with the US, have been used agttgyoints for the registration error
estimation.

In all cases the error has been lower than 8 mns. rélsult, considering the difficulties in US
localization (image noise and pressure on the ptobknd the target), validate the rigid
registration error obtained on the skin in the ¢ati@n phase (see cell 4-4 on Tab. 3).

It offer also an important accuracy estimation rodtfor CAS applications.

4.4 AN EXAMPLE OF MOVING MODEL: PULSING ARTERY

As descript in 4.2.2 motion models can be usefal asable for movements simulation for
registration purposes. A simple approach to thélpra can be performed modifying the
primitives of the surfaces generated from the dadical dataset. For demonstration an
application that simulates the pulsation movementabdominal arteries surface, has been
developed on the top of EndoCAS Navigator platfofine movement is simulated moving
the vertex of the triangular mesh (generated aertap the previous chapter), as done in
many applications, for example in talking head dation [63] [64]. For the pulsing effect
simulation, each vertex is moved along its normidation (automatically calculated by the
OpenSG routines used in the navigator), by a véalaetion of the time (using a function
composed with positive parts of sinusoids, that ienglly simulate the pulsation effect).
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Even if the solution proposed as no physical refetip, the result has been appreciated by
surgeons that seen a first verisimilar movemenedbam real data. The pulse simulation
significantly enhance the visualization respedh®red coloured meshes commonly used for
the arteries. This simple application can alsonberfaced with a pulsimeter, in order to offer
a pulsation synchronous with the patient heartadigm this way the surgeon will increase
the perception of model correspondence with thityeand probably he/her will take more

attention when he/her move instruments close ageri






5.0 ENHANCING CAS POTENTIALITIES ELABORATING CAMERA IMA  GES

The work reported in this chapter derives from saroasiderations of the previous one,
regarding the registration of the abdomen. Theysmabf the registration problem show that
working without the use of volumetric intra-opevatimaging, we encounter experienced a
lack of information for the modelling of all abdomai deformations, necessary for a
complete non rigid registration task. A large antooiinternal intra-operative information
can be acquired with the elaboration of laparoscapiages. Furthermore, this information
could be useful for the refinement of the initigid registration, which is especially useful
for obese patients, where marker mobility can camypse the alignment accuracy.

For these reasons, monoscopic and stereoscopinf8bniation extraction approaches, using
laparoscope and cameras in general, have beenogedelThey also allowed to introduce

new potentialities for the CAS scenario, using rdixeality, described in this chapter.

5.1 BACKGROUND

All machine vision algorithms that elaborate 3Dommation require to know the type of
camera used and its internal model in terms otnagctories, from the world to the camera
sensor. Line scan and telecentric camera typeasae for particular industrial applications,
while for all visualization purposes, including &apscopy, the perspective projective camera
is the only used, because it offers the most simiit@ages in respect to human vision.
Regarding the sensor, two technologies are predmtiinapplied: CCD (Charge Coupled
Device) and CMOS (Complementary Metal Oxide Sendcmitor). In each case unitary
elements (pixels) are disposed on a regular grith(fixed resolution). These technologies
differ only in the acquisition frame rate and theality which can be obtained in case of
moving objects. Therefore, they do not influence plarameterization of the internal model,
which depends just on the pixels arrangement abhdmthe pixel technology.

The following dissertation is independent of thaspective cameras used, which can be

modeled as pinhole, as shown in the next paragraph.
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5.1.1 The pinhole camera model

Each camera, composed of a projective optics agddasensor, can be represented by the

following model:

Fig. 30 Schematic representation of the pinhole camera mtidegeneric poinPc is ideally projected on the
image sensor of the camera (the plane with o@jrthrough the projection cent&c: (where the origin of the

camera reference frame is fixed).

The perspective projection matrix Mp, mapping aeg@n3D point Pc = [x, v, z, 1] in the
camera reference system, to the corresponding 2@ Bp = [u, v, 1] in the image reference
system (fixed on the center of the CCD), i.e.:

P, =M R, (11)

is defined starting from the internal camera patansef, C,, C,) as follows:

-f 0 Cx O
M,= 0 -f Cy O (12)
0O 0 1 0

wheref is the focal distance andC4 C,) are the coordinates of the projection of Geon

the image reference frame (with originQx).
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The pixelization process is defined by the pixehensionsd, andd, and the image sensor
dimensions D, and Dy. These internal parameters of the camera allowcaavert
measurements done on the image (in pixels) inmessurements (in millimeters) and vice-
versa.

The last internal camera parameters parameteriee mbdel of the radial distortion,
introduced by common lens, by means of which tlogepted poin®,is deviated orPy.

All internal camera parameters can be determined italibration phase acquiring some
images of a knowing object in different positionghwfixed camera configuration (in terms
of diaphragm and camera focus) and using calibrataitines like [14]. A new calibration,
which takes just few minutes, is required whenaidrer the optic zoom or the diaphragm

opening is changed.

5.1.2 The mixed-reality concept

Mixed-reality allows the user to see “augmentedgesd, crated mixing virtual pre-operative
information obtained processing radiological imag€3 or MRI) with real patient live

images, like shown in Fig. 31, real or grabbed l®ans of cameras, in a natural way [65].

Fig. 31 The mixed-reality concept.

Since preoperative information, in the form of 3@duls, are virtually projected onto real

images in the corresponding position, the uselti@asensation to see-through the patient. It
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introduces many advantages for each task whereltlgsician have to interact with the
patient (palpation, introduction of needles or eths, intervention, etc.).

In order to mix coherently the virtual informatiovith the real information, each virtual
camera (part of the rendering mechanism) has todelled identical to the corresponding

real camera, and the virtual images has to beedigo the real ones (Fig. 32).

Fig. 32 Mixed-reality and see-through. Real images, gralibecheans of a camera, are added with additional
virtual information. If the virtual information iebtained from the real world (in our case usingdialogical

scanner), the virtual projection offers a see-thhovisualization.

The mixing of the real images and the virtual remdgcan be done using hardware video
mixer or using the real images in the scene gragbraground or background [12].
Monoscopic mixed-reality enhances physician undedihg but has some visual limitations
especially regarding depth perception [66]. Depéincpption can be drastically increased
using head mounted stereoscopic see-through deff@éghat allow to appreciate object
depth dislocation, like in the natural binoculaewi HMD has also the advantage to allow
the physician to see the scene in a natural way, avpoint of view aligned with eyes, and,
through helmet localization, offers the possibititychange the point of view just moving the
head. For mixed-reality implementation, the videme-through approach, based on the
acquisition of real images by means of external erasy is preferable to the optic see-
through approach that projects virtual informatmwnsemi transparent glasses. This is due to

the fact that tracking of eye movements (which hosnase for small gaze changing or to
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anticipate head movement), strictly required forticgd see-through approach, is very
difficult to be performed with sufficient precisidf8] [69]. On the contrary, head tracking,
required for video see-through approach, can bemmeed with high precision using external

localizer based on different technologies [70] [71]

5.1.3 3D localization using cameras

3D localization using cameras is used for many iagpbns. Several computer vision
libraries[72] offers many tools for this purpose.

Using a single camera, we can localize objects Wwitbwn geometry [73] as in the case of
EasyOn by SeacO0Zwww.seac02.it) The localization accuracy is enough for many
applications, but requires knowing in advance tineethisions and the texture of a rigid object
in the scene. Interesting monoscopic solutions lmeen applied using laparoscopic images:
localizing organs using artificial markers [74]cosering the position of needle [75] and the
pose of surgical instruments [76].

Epipolar geometry [77], using two or more camegdisws to detect the 3D position of each
conjugate points, identifiable in the images. Iistareoscopic configuration, knowing the
internal camera parameters, for each marker posRip in the image plane, the relative
projection line in the 3D world, defined as theelinpassing through the camera center of
projectionO, and lying on the poinP,, is determined. These steps, performed both an lef
and right images, identify respectively two projectlines|, andl,. Knowing the relative
pose of the right camera to the left camera (es@dby a roto-traslation mati,), the 3D
position of each marker is then defined as thesetdion point betwednandl,. Sincel, and

I, do not intersect (due to pixelization process aotsenin marker identification) the 3D
marker position is approximated with the positidrihe closest point to both projection lines.
For stereoscopic localization, the external parameatontained in the matri,, that can be
determined acquiring a knowing object with fixedmeaas configuration (in terms of
vergence and in terms of optic camera settings)regaired, in addition to the internal
parameters of each camera.

An interesting localization approach is proposed %8} localizing the laparoscope. In this
case the stereoscopic localization is performedguai single (moving) camera. A localizer

offers the displacement of the point of view amtmg different images. If the surgical scene
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does not change quickly (as in a real scenario) lmee all ingredients for stereoscopic

localization.

5.2 MIXED-REALITY USING LAPAROSCOPE AND HMD

5.2.1 System setup

Monoscopic and stereoscopic mixed-reality viewsehlagen developed and integrated in the
EndoCAS Navigator system. The virtual objects usethe additional views are generated
from real radiological data as described in Chapte

The monoscopic implementation has been developed tise laparoscope as image source
(coupled with a frame grabber) and a monitor fer ¥isualization. The stereoscopic system
is implemented using a custom made stereoscopanvige-through head mounted display
(HMD) (Fig. 33). The helmet comprises an HMD (nMis®&X by NVIS Inc.,
www.nvisinc.com) with two internal SXGA LCD monitgrand two colour USB SXGA
cameras (IDS uEye UI-1646LE)ith 1/3” CCD and 9 mm focal length optic. Fodahgth is
chosen to respect the distances perceptual retat@ameras are attached to the HMD by
means of a mechanical support that allows to adiestameras vergence in order to assure

stereo perception at every distance from the fatobgect.

Fig. 33The mechanical support mounting the cameras: prmafleft) and CAD drawings (right).
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As written previously, in order to implement mixeshlity we need to provide a virtual
model of the real cameras and its movements. Iih ease (laparoscope and HMD), the
cameras are localized using the Optotrack Cerackér integrated in the system, by means
of frames equipped with infrared led, and the neatient is registered acquiring fiducial
points on the skin using a digitizer as descrilmed.8.4.

The mixed-reality mechanism, developed on the tbgthe EndoCAS Navigator, uses the
software framework OpenSG 1(8ww.opensg.orgfor scene graph implementation and
management. In the scene graph, live images, giaiypeneans of real cameras, are used as
background in the viewports that render the virscane.

The mixed-reality mechanism is implemented projgctioherently the virtual objects on the
viewports and, hence, superimposing virtual imagegshe live images of the background.
The mixed-reality mechanism requires the definitadra virtual camera model that exactly
reproduces the real one, and the alignment of dind virtually reconstructed images by
means of patient and camera localization.

In the next paragraphs the modeling of the virtaaheras and the camera calibration method

used for the sensorized frames are discussed.
5.2.2 Virtual cameras modeling

The real internal camera parameters, determinddavitalibration process offered by Halcon
libraries, have been used to model virtual camelrhs. virtual cameras have been modelled

as off-center perspective cameras using scene tjtaphes OpenSG.

The technical implementation requires the definitid the vertical field of view angle (see
Fig. 30). Starting from the focal lengttand the projectionGy, C,) of the camera reference

frame originO; on the image plane, the anglés determined by the equation:

C D
a = arctan Ty + arctan % (13)

The horizontal field of view is set automaticallp the base of the sensor resolution and
dimensions.

The implementation of the off-center perspectivees in OpenSG requires the change of
the reference system and normalization of the ptigje of theO. on the image reference

frame. This is done by means of the equations:
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C,=—2x—* C,=-—2—2 (14)

The misalignment between real and virtual projectidue to radial distortion have been
removed compensating the deformation on the reakca images. This step is necessary to
obtain exact alignment and realistic mixed-real@presentation especially with cameras
having great distortions (as in our case). Radiwtbrtion correction has been implemented
with OpenSG, adjusting directly the background a€lre camera. The original version of
OpenSaG (in the 1.8 release) does not allows taecbimages directly, but it simulates radial
distortion mapping the image as texture on a tudatgd background plate, where triangle
vertexes are moved respect to a regular grid. Reguid deformation function, implemented
in OpenSG for radial distortion, is the polynonfiahction used in [79]. The radial distortion
model used by Halcon is totally different from tRgpenSG model, and is given by the

equation:

P, = 2 _
1+,1- 2P0

wherek is the radial distortion factor. Starting frdidb) it is possible to recover analytically

P -0 +0O (15)

the non distortedP, point for each distorteBy point:

ST S

(16)

The equation(16) can not be analytically translated in a polynoniiaiction, so it is not
compatible with the model implemented in OpenSG.&othe top of OpenSG structures, |
implemented a function for grid deformation based the equation(16), obtaining the
correction of the radial distortion of the live iges grabbed by cameras. This solution is very
simple and fast since OpenSG uses GPU (graphicatepsing unit) to perform

computations.

5.2.3 Frame/camera calibration

To reproduce coherently the real movements of #maetas in the virtual environment, a
calibration method, that solves the geometricalbfgmm described in Fig. 34, has been
implemented. The calibration matriXd), representing the relative position of the camera

viewpoint with respect to the sensorized frame, lbesn computed using a calibration grid



79

sensorized with infrared leds. The transformatidisand T2 are given by the localization
system, while the transformatidr8 is determined using a computer vision method A3}
allows to localize, in the camera reference frambjects with known geometry (the
sensorized calibration grid).

The alignment error between the real image andviteal image has been evaluated
positioning the calibration grid (160 mm x 160 mpeypendicular to the laparoscope point of
view and at a distance of 150 mm. The camera dintew has been determined using the
T1Tc transformation whilél'3 has been determined using the infrared leds semsotke
grid. Under this experimental condition the maximdisplacement between the 4 corners of
the grid in the real image and the correspondenttpmn the superimposed virtual image
(see Fig. 34 right) has been estimated in aboutni2 m

Fig. 34 Camera calibration process: (left) the calibratioatrix Tc is calculated by solving the equation nimat
represented graphically in the figure, where T1 @Rdare acquired with the localizer and T3 is cotagu
acquiring with the camera an object with a predeteed reference frame and known features posit{tires
IRED sensorized calibration grid); (right) caliboat result: mixed-reality laparoscopic view of tbalibration

grid (semitransparent virtual grid in green).

5.3 TRACKER-FREE STEREOSCOPIC VIDEO SEE-THROUGH

In the mixed-reality views, described in the presigparagraph, the camera localization is
performed by means of an external tracker. As tepom the introduction, an external

localization systems offers high precision, buttloa other hand, their use introduces a lot of
problems concerning system setup, large footpndtreeeds of frequent calibrations. Further,

the high cost of commercial trackers limits thefuifon of mixed-reality technologies on a
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large scale.
For these reasons a tracker free version of thecgeopic video see-through has been
developed. The movements of the head of the uskttenalignment of virtual patient are

done using machine vision methods applied on pdilise images (Fig. 35).

Fig. 35Tracker-free version of mixed-reality HMD

Also in this case, 3 or more radio opaque markeseHho be attached on the patient’s skin
before the acquisition of the medical dataset (MPCand their position (pre-operative
fiducial markers positionF; ... F) has to be identified on the medical images duthe
segmentation phase. While real-time segmentatidr@alization of intra-operative fiducial
coloured markers on the live images are performethéans of machine stereoscopic vision
routines using the Halcon 7.1 software library deped by MVTech (www.mvtech.com).
The alignment is obtained by applying a rigid régison [54] for each new intra-operative

markers position onto pre-operative fiducial maskgosition.
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5.3.1 Fiducial markers localization and registration

The alignment (superimposition) of the virtual vebwith the real world is made updating in
real-time the roto-translation matricé4, and M, that describe the geometrical relation
between the cameras reference frame (i.e. the hebference frame) and the scene graph

reference frame (i.e. the medical dataset referéaoee) (see Fig. 36 ).

Fig. 36 Geometric transformation involved in the helmet.

MatricesM, andM; are defined registering the position of fiduciamers segmented on the
medical dataset, determined preoperatively andngiwemedical dataset reference frame, to
their real position, measured in real time usirgyesiscopic vision routines on pair of live
images (left and right camera image). Atrtificial nkers consisting in about 1 cm diameter
felt balls coloured with different uniform coloufied, green and blue) are used. Felt material
allows to sensibly reducing reflection artefactfeguent trouble for machine vision.

The real-time tracking of markers involves a segia@im process, performed on the grabbed
images, consisting in two steps: colour segmentatial circular shape recognition.

Colour segmentation is performed using the HSV asgntation, in order to reduce the
segmentation errors due to the artefacts introdingethe change of the illumination level,
using a thresholding on the HS values for each erdB80]. Preset H and S thresholds values
for each colour are defined after a training phamegd can be interactively adjusted.
Transformation of the images from the RGB camertwospace to the HSV space is

performed using a look-up table in order to spegdhe frame rate [81]. After thresholding,
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the circularity shape facto€SF is computed for each connected region of the colou
segmented image. The circularity shape factorefsdd as follow:
A
Dya P

where A is the area of the region armd.x the maximum distance from pixels to region

CSF=

17)

barycenter (note that for a circular connectedaedCSF = 1).

Fiducial marker is then chosen as the biggest negmving anCSF> 0.5. This empirical
method identifies fiducial markers on the imagenplavith very low computational time. It
was evaluated that the target identification failsless than 2% of cases. This results is
sufficient for our purposes since the registratisncomputed a lot of time in a second.
Obviously the method definitely fails if large ailar objects, having the same colour of
markers is inserted in the scene, but this sitnatian be simply avoided in a real clinical
scenario.

After marker segmentation, on the image plane,cimlumarkers are localized in the 3D
space applying stereoscopic vision routines. Eifsll the marker position is identified on
the image plane with a single pixel consisting e tbarycenter of the corresponding
segmented region. Like descript in 5.1.3, knowihg internal camera parameters and the
relative pose of the right camera to the left canfet,), the 3D position of each marker can
be found, in the reference frame of the left can{ésa example) obtaining the poinks;.
Having the two points clouds composed respectibglyiducial markers in the radiological
scanner reference frankgand fiducial markers in the reference frame ofléfiecamerarc;

M, is chosen in order to align as good as possildb eauple of fiducials:

MF CF," i (18)
using the established registration algorithm [5&ijd M, is obtained applying the fixed
geometric relatioM,, between cameras:

M, =M, M, (29)
The evaluation of the fiducial registration err&RE) allows to individuate fault conditions
in fiducial markers segmentation. In fact high wswf FRE can be due just to an error in the
stereoscopic localization of markers.
To reduce computational time required for markegnsentation, and to obtain Zps the
new marker position in the images can be searahedsub-image square region centered in

previous marker position and having an area prapmat to FRE. When a localization error
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occurs (a too large FRE) the entire image has fordeessed one more time.

5.3.2 Performance evaluation

System evaluation was performed on a trunk phanfomlaparoscopy by Sawbones
(www.sawbones.comRadio opaque fiducial markers have been attacimethe phantom:
one on the sternum and two on positions correspgndi iliac spines. The phantom has been
scanned with CT and surfaces of fiducial marker (egistration) and of anatomical
structures (for mixed-reality visualization) haveelb extracted. Barycenters of segmented
markers are used as fiduciéds while the correspondinc; are obtained localizing with the
stereoscopic routines felt balls attached in threesponding positions.

The quality of the superimposition of the virtuab#omies to the real scene depends from the
accuracy in localizing fiducial markers on the camséimages sensors and from the cameras
configuration. Error in localizing markers on ingagensor has been estimated ;= £3
pixel. The major component of the localization edae to camera configuration is measured

along thez axis, and is defined analytically by the distaresolution formula [72]:

Dz = Dd (20)

whereb is the distance between camerasgpresents the working distandes the focal
length and dis given by p*pixel dimension
In the system, where=70 mm (anthropometric value)f = 9mm d=x11 m,one obtaing

z = #4.4mm at a working distance=500 mm This error is principally due to the short
distance between the cameras respect to the wodistance. Even if the distance resolution
error is numerically significant, in mixed-realitysualization it is perceived as a negligible
alignment error from the user. Further in our lab, experienced that the use of more precise
localization systems does not introduce significargualization improvement that are
perceived as substantial from the user.
Results of the measurements and a consideratidhdagvaluation of the tracker-free system
compared with using commercial localizers are regzbin the following paragraphs.
In 5.2.3 it is shown that we can obtain very pre@Bgnment localizing a camera with a very

precise localizer (Optotrack Certus by NDI, thedgstandard in commercial localizers) and
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sensorizing both the camera and the real objectlfarated grid representing conceptually
the patient). The precision obtained under thesalidonditions significantly decreases in a
real clinical scenario for two main reasons. Fafsall, the patient is not rigid and secondly
localizable fiducial markers cannot be fixed stbadin the patient. The last condition
requires human actions for the re-positioning aalzable markers on the patient, or the
acquisition of fiducial markers position by mearfs ao digitizer. For these reasons the
accuracy of the tracker-free system has been cadpaith the one obtainable using
commercial localizers taking into account not jtiet precision of the localization system,
but also the whole registration procedure requicedlign the real and virtual world. For this
purpose the fiducials registration error FRE hanbevaluated.

In the tracker-free system the marker localizatfmerformed by stereoscopic vision routines,
does not require user intervention (automatic segaten). To determine FRE the helmet
has been placed in several positions of the typicaikspace and at each position performed
localization and registration with preoperative keas positions (given in the CT reference
frame) have been performed. Registrations with B BRLO mm (value which guarantee the
success of marker segmentation and determined iealpirwatching debug crosses placed
in correspondence of the estimated positions on d¢ghe@bbed images), have been
automatically removed from the FRE evaluation set.

To determine FRE in using commercial localizergpe®ple digitized for 10 times, using
different localization systems (FASTRAK Polhemu®)IMurora, NDI Optotrak Certus), the
3 fiducial markers consisting in signs on the pbemtRegistering markers position acquired
by the subjects, with markers positions given i @T reference frame, thHeRE evaluation
for each localization systems has been obtained.

The mean values of FRE and standard deviationeepmted in Tab. 5.

Localizer Mean FRE Std FRE

Our system 3.47 1.78

FASTRAK Polhemus 3.00 0.41
NDI Aurora 2.72 0.62

NDI Optotrak Certus 2.01 0.54

Tab. 5 Fiducial Registration Error obtained with the bintzs system and with commercial localizers.

Regarding the refresh rate, the system is not @btiarantee an enough refresh rate of 25

fps using the entire image for the localizationotder to guarantee a mean 25 fps the zone to
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segment for each marker has been reduced to a b@d0x200 pixel, centered on the
previous position when FRE was enough (<10 mm)sTdox dimension allows to find
markers in case of typical head movements anduh#aer of frames with wrong localization
remain the same that using the entire image: ab#uin an ambulatory room with artificial
illumination.

Results demonstrate that using binocular cameralifation we introduce an FRE bigger
than that one of a commercial localizer. But weehall the advantages of working without a
localizer, as described in the introduction. Fumha&re, the work presented is only a
demonstration of the potentiality of this approdachthe problem, and there are some
improvements on which we can work in the futureivetr by the encouraging results
obtained with this simple first system.

Regarding localization precision it is known thggreo cameras localization can reach sub
millimetric accuracy depending on the precisiorcofjugate points determination [82] [83].
In the work just described conjugate points aremeined segmenting not uniform felt balls,
that guarantee to avoid reflections, and so to himwe wrong segmentations, but the
determination of their baricenters is not accurateiseful next step would be the study of
materials and shapes for marker fabrication in iotdeeliminate reflection artifacts and to

achieve sub-pixel segmentation accuracy.

5.4 LAPAROSCOPE AUTO LOCALIZATION

This paragraph proposes another solution that allewoiding the use of an external
localization system. In laparoscopic interventiomise position and orientation of the
endoscopic camera can be determined with respextréberence frame fixed to the access
ports configuration. Knowing the distances betwaesertion points, the localization of the
endoscopic camera is determined just using infaonabffered by laparoscopic video
images.

The proposed solution allows to provide a cheapteatker-free implementation for a class
of computer assisted surgical systems that doatptire extremely accurate localization. For
example, offering 3D pre-operative model visualmatwith automatic point of view
selection and remote assistance using virtual &bjec the laparoscopic monitor. The first

assist method concern the viewing of “3D maps”,egated from pre-operative radiological
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images (like shown in the chapter 3.0 ), wherestfection of a viewpoint similar to that one
of the laparoscope does not require manual work. Viewpoint is adjusted every time that
the real camera is moved. This application requliedocalization of the camera respect to a
reference frame fixed to the patient. Remote amsist can be offered by an expert surgeon
moving virtual objects on the laparoscopic monidany remote assistance approaches have
been proposed, using videoconference or 2D signthe@nmages. In this case, 3D virtual
objects can be added on the screen, as they weuid thhe real scene (respecting distances
and angles) increasing visual perception and conwation respect to the simple 2D
overlay. For this application it is necessary tmwWnthe relation between real and virtual
world.

In both cases a localization accuracy as elevatetbr mixed-reality visualization or surgical
navigation purposes is not required. Consequengyome can think to localize the camera
respect to the scene, like in 5.3, elaborating canmmages. Though the insertion of
structured artificial markers directly in the abdam(simple to recognize by machine vision
routines) would provide a simple solution to thelpem, it is not reasonably acceptable for a
real surgical scenario. To overcome this constriatrequired information is recovered by
artificial objects intrinsically present in lapacepic images: surgical instruments. They can
not be used as a steady reference frame, becasentive in the scene, but passing through

quite steady points, like access ports in the ald@nwall, the problem can be solved.

Fig. 37 Typical instruments configuration used in lapaopc camera in the middle and two surgical

instruments on the sides. The 3 access ports casdukas reference frame.
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Any triple of not aligned points, like the accesstp in a typical laparoscopic instruments
configuration (Fig. 37), allows to define an ortbogl reference frame, which can be used as
reference frame for the localization of the camera.

During laparoscopic interventions, camera movemanégsminor in respect to instruments
movements. The cameraman (human or robotic) pllbeekparoscope in a fixed position to
allow the surgeon to view the scene for the curtask. The surgeon performs the task using
instruments and after that asks the cameramen t@ itiee camera in a new position, for a
new surgical task or for exploration purposes. &fae the laparoscope can be considered
steady in a time interval, and instruments pos#tioan be referred to a reference frame fixed
on the camera [84] [85]. Insertion point of an instent could be calculated determining its
3D pose in various images and computing shaft axessection [86] using the least square
approach. Surgical instruments 3D pose determinatising monoscopic camera, is a
difficult task. However it can be calculated addmegognizable markers on instruments [86]
or taking into consideration instruments of cyliedi shape, by means of colored strips [87]
or elaborating directly instruments projections][8&he first two solutions require to modify
surgical instruments while the third one to workthweylindrical shapes (a situation not
always true, for example with opened scissorsryg case three instruments in the scene
(for defining a reference frame) would be requiradhile in nearly every laparoscopic
interventions only two instruments are used. THetsm proposed determines three insertion
points (one camera and two instruments) without tleed to compute 3D surgical
instruments poses.

Fig. 38Image composed by 3 frames of a laparoscopic wd#dofixed camera and a moving instrument. The
projections of instrument axis, represented witlelines, are constrained to pass through a pepresenting

the projection (on the image plane) of the insarpoint (on the abdominal wall).
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The projections of instrument axis on the imagee@léprojection lines), which can be simply
determinate using HSV color space and Hough tramsfi87], are constrained to pass
through the projection of the insertion point oe tmage plane [84] (Fig. 38). The insertion
point projection on the image plane can be caledlais the barycentre of the intersection of
couples of projection lines, for each instrument.allows (after camera calibration) to

determine the direction of the insertion pointhe tamera reference frame (Fig. 39).

Insertion
point
Surgical
instrument
Camera
optic

Fig. 39 The projections of instrument axis (blue linespwailto calculate the projection of a generic ingerti
point on the image plarfe which allows to determinate the direction of tleetor T representing the insertion

point in the camera reference frame fixeddn

Therefore versor§:I and 'I:r, representing respectively the direction of the dad the right

instrument insertion point, can be determinatece Wdarsor'I:C, representing the direction of
the camera insertion point, lies on the Z axeshefdamera reference frame (using 0 degree

optic). The geometrical relation betwe'efn, 'I:r and Tlcan be represented in the following

figure:
. Left
insertion
Camer: point
insertion

d2

point

—————— &
Right

insertion

-point

Fig. 40Geometric relations involved in the insertion psinbnfiguration.
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and in formula as:

>

II _lc
1T -

II-I:I - err =d2

>

d1
=d, (21)
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wherelg, | andl; represent the distances of the insertion poit® fihe camera origin, which
have to be chosen in order to guaranty the distabetveen access poRs, D, andD3. The

tetrahedral configuration allows to determine usadty I, || andl, and consequently, having
'I:C, 'I:, and'l:r , to localize the access ports respect to the @faed vice versa).

System evaluation was performed on a trunk phanfomlaparoscopy by Sawbones

(www.sawbones.com). The localization accuracy ddpemn the instruments configuration

and on their movements. Its mean value has beenatst, in typical conditions, alonﬁ,

'I:| and 'I:, , inabout 1 cm, and evaluated by surgeons enfarghe specific application.



PART 3: RESULTS AND CONCLUSIONS






6.0 RESULTS

Patient specific 3D models have been generatedised by physicians for radiological exam
visualization and surgical planning in some intetiens performed at Cisanello Hospital in
Pisa. A liver model generated for a patient witlklatskin tumor has been used for the
surgical planning, the evaluation of the remainlivgr functionalities (correlated to the
volume removed), and as map in the surgical roomngua right epatectomy. Complete
navigation functionalities have been clinicallytesl tracking surgical instruments by means
of a localizer, during a laparoscopic distal paateetomy. Experiences in the surgical room
shown that the 3D reconstruction of the anatomgtalictures is a remarkable aid for
preoperative surgical planning, providing the sorgea complete knowledge about the
patient anatomy. The surgeon orientation duringrntervention is enhanced by virtual views
that allow to see the surgical scenario from varigi@wpoints. The navigation system is also
interesting for educational purposes. In fact, shisl can benefit from additional views
giving an interpretation of laparoscopic images amtlerstanding the phases of the
intervention in the surgical room. The integratadrthe navigation system in the OR has not
caused discomfort to the surgical staff, and irgatdon duration has not been affected by the
initial setup (about 2 minutes of overload time doecorrect repositioning and patient
registration).

Regarding registration of the virtual to real amayo the various categories of sources of
error have been investigated. Experiments for tedien error evaluation on external and
internal targets have been performed. A rigid baatyistration to use directly in the surgical
room has been designed and tested. The registrationracy obtained using rigid body
approaches allows to develop a whole class of Cy8ems for the treatment of the
abdominal district where high accuracy is not diaal aspects (such as passive systems
providing image guidance), further the developgitirbody registration method can be used
as starting point for more accurate registratiosebleon elastic and deformable approaches.
Surgeons evaluated that the mixed-reality is vesgful in approaching the target of the
intervention providing the same benefits of a GBIScar drivers. The projection model of
the virtual camera has been analytically adaptetidaeal one, and calibration routines, for

point of view localization, respect to a sensorizenne, have been developed, obtaining a
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perfect alignment between real and virtual viewe Tdlignment accuracy can decrease in
surgical scenario, because very little movementsameras (sensor, optic and sensorized
frame) can cause misalignments between real atubliscene. Images elaboration allowed
to develop useful solutions that do not require tise of an external localization system,

where camera position is auto-localized in the sadaborating video images.



7.0 CONCLUSION

Results provided by clinical experimentation andidaaion of the developed prototypes
highlight the relevance of patient specific 3D misdend define their role in the enhancement
of the social welfare and in the patients’ heattfeguarding.

The work described in this thesis demonstratespghaént specific 3D models of abdominal
organs can be obtained processing medical dataseused for diagnostic, planning and
surgical purposes. Their generation can be performm&ng the proposed segmentation
procedure, coupled with the developed software. téakure advances, in terms of new
organs to segment and in terms of total segmentéatioe reduction, can be done extending
the consideration applied in the current versiothefsegmentation procedure.

The integration of systems based on 3D modelsarsthigical room or in the ambulatory for
the treatment of disease in daily clinical practiomposes the consideration of some
requirements. Surgery of the future, based on coenpaided interventions, requires the
integration of localization systems in surgical m® This should be done permanently in
order to avoid logistics problems and expensivesdéoof time in devices arrangement and
system setup before the beginning of the surgicadguure. On the other hand we can avoid
to use an external localization system, in functadinclinical requirements, like in the
proposed tracker-free stereoscopic see-through ianthe laparoscope auto-localization
method. Another relevant issue is the integratidn sensors, providing information
concerning the surgical tools and the patient, actdiators, providing controllable actions,
inside a next generation of surgical instrumentaséid on mechatronics and robotics
principles). Even if, the registration error obtdnwith the current rigid registration method
is not enough for the execution of robotic intemi@m tasks, there are other applications, as
the mixed-reality for diagnostic and navigationgmses, where it guaranty enough precision.
Further the potential applications can be increaseducing the source of errors of the
registration, as described, and acquiring intraraipee information, elaborating camera
images, as shown.

The actuation of the clinical scenario of the fetubased on information and robotic
technologies) requires the integration in the radjical departments and in the operative

rooms of CAD/CAS professional figures having higlkhnical background (engineering and
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IT) and high competences in medical and surgicatgaures. The definition of their role in
clinical workflows can enhance drastically the @usiand exploitation of preoperative,
intraoperative and postoperative medical infornmgtidor diagnosis, communication
(between radiological and therapeutic departmeptahning and surgical execution, training
and simulation purposes, and consequently can atloev development of new useful

therapeutic strategies in line with the runninchteadogical development.



APPENDIX A: SVD REGISTRATION

If we have two point cloudpi={x; yi z}' and p'i={xi yi z}", i=1,2,...nto register, we can
considem; andp’; as 3x1 column matrixes, which can be related by:

P, =Rp +T+N,
whereR is a 3x3 rotation matrix T a translation vector and noise. Least square solution

means to minimize:
N 2
S§*= |p-(Rp +T)|
i=1

As demonstrated in [60] this problem can be deadiplecause, if the least square solution

to (22) is R andT, the barycentre ofp} and {Ii P’ +'I:} coincide. A demonstration can be

the following. Let:
P = Iipi +T
we can rewrite the optimization problem as: fipith that minimize
N 2
st= |-
i=1
subject to the rigid constrain:

“p Y- P Hz :Hpi - Py “2" |

Using the lagrangian multipliers we can write thésv problem in the compact form:
N 1 " 2 N N q " " 2 2)
F:_ ”pi'pi” +_ _ /ij |pi'pj|| '”pi'pj"
i=1 i=1 j=1

In order to minimize F we can differentiate resgect” ; obtaining:

j—: =0=2(x - )+ J_:1/”. 2(xi" - x])
Summering over allwe obtain:
N . i N . N )
J-xl=o " l=

Similarly for they andz components, so if we calculate the barycentrgs ¢f”’;andp’; :

TP L
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we obtain:
p'=p'=Rp+T
So, the matrixR can be found solving the following problem:
G =p-P
q'i = p'i - p'
N 2
min S* = |- Rq
i=1

Espanding 2, how in [54] we obtain:

N

$’= (q-Rq)'(q- Rq)

i=1

N
(o'q +q'R'Rg - ¢'Rq - q'R'q)

i=1

N
(g'q +9/q - 20'Rq)

i=1
Therefore, minimizing ? is equivalent to maximize:

N D
F= (d4'Rg)

i=1

N
=Trace (Rqq')

i=1

:Trace(RH)

N
where H= (q9)

i=1

H can be decomposed using the singular value deesitign (SVD) as:

H =UsSV'
Where U and V are 3X3 orthonormal matrixes and & X3 diagonal matrix containing
singular values.

ChoosingR:VUt we maximizeF, because:

TraceRH ) =TraceyU 'USV ' ) =Tracdysv ')
and if we apply any other rotati@ to R:
TraceBRH ) =TracdBVSV ' ) =Tracd(BV )sV ' | =Trace/ 'BVS)
Now, using the column vectorgaf V and the diagonal valued S

TracdBRH)=  {/Bv;s )= (sv/Bv,)
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for each i, following the Schwarz inequality:

s,Vi(Bv,)£s, \/(vitvi )V/B'Bv;) =s,v]v,
wheresViv; is each diagonal value ¥fSV, and so, any other additional rotati®ran not

increase the valug (to maximize).

Note that choosingi =VU"' we obtain an orthogonal matrix, but can not béaarormal,
having a determinant =-1. This situation depends tl@ noise and points coplanar
configurations, but however we can invert the sigrthe third column ofV obtaining a
rotation.

Finally'f can be set, following the demonstration on probffmoupling, as:

T =p-Rp
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APPENDIX B: PCA REGISTRATION

After the alignment of the barycentres of the poitioudspi={x; y; z}' and p’i={x. Vi z}",
as shown in the previous appendix:

Q=P -p

q;=p'-p
we can align the inertial axis of the new iso-banjice points clouds composed with gll
and g';. Considering eacly, and q’; as a unitary material point we can calculate the
corresponding inertia matrixandl’.

From wikipedia:

“For a rigid object olN point masseny, the inertia matrix is given by:

Its components are defined as

Where:

i, jequal 1, 2, or 3 for X, y, and z, respectively
rc is the vector to the mass k from the point abokhictv the tensor is

calculated, and j is the Kronecker delta

| can be expressed using the covariance matag follow:
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Q=[a, .. g,
Qt=lg . q
C=QxQ’
C'=QR"
100
=0 1 OtracgC)-C
0 01

|'=
perhaps ifC is diagonal the inertial matrikxwill be diagonal (principal inertial axes aligned
with the reference frame), andGf is diagonal’ will be diagonal.
C andC’ can be decomposed using principal component aagRE€A) decomposition:
C=UxSU’
CI = U ')SI*J 1T
whereSandS’ are diagonal and U and U’ are orthogonal matrixes.
Working with the definition ofC we obtain:
C=QxQ'
C=UxSU’
U'™>CxJ =S
UTHQXQ ) =U" QXU Q)" =S
SoU' is the rotation that align the axes of the poiitaid contained i with the axes of
the reference frame. Following the same considerati’ " is the rotation that align the axes
of the points cloud contained @' with the axes of the reference frame.
Definitely the principal inertial axes of the paintloud contained i®Q can be aligned with

the principal inertial axes of the points cloud tadned inQ’ using the rotation matriR as

following defined:
R={UT)* T =uUT

We can demonstrate that in case of no noise onPR@t and SVD registrations methods
offer (obviously) the same result, allow to estientite exact rotation matrik

Using the PCA method we have to calculate:
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QQ' =U xS’
QQT=USY"
R=U'U"
Considering no noise:
QQ' =uUxsUT
QQ"=RQRQ" =RQQR" =(RU)SU'R")
R=U'U" =RUU" =R
Using SVD method we have to calculate:
QQ" =uUsV!
R=VU"
Considering no noise and remembering the PCA deositipn ofQQ":
QQ"=Q(RQ" =QQ'R" =USU'R" =US(UTR") =US(RU)"
R=RUU" =R
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