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Abstract

Abstract

Positron—-emitting radiotracers are an important part of nuclear medical imaging pro-
cesses. Besides the very famous glucose analog ['®F]JFDG, many not so well known ones
exist, among them the particularly interesting amino acid-based tracers like ['®F]FET. Al-
though peri—operative imaging with positron-emitting radiotracers has become state—of—
the-art in cases of many types of cancer, their capability is not fully exploited in the oper-
ating room yet. In this thesis we explore two intra—operative nuclear imaging modalities
exploiting different aspects of positron radiation towards quality assurance in challenging
surgical treatment scenarios. The first modality frechand PET provides a tomographic im-
age of a volume of interest and aims at minimizing invasiveness by assisting the surgeon
in pinpointing target structures marked with a radiotracer. The second imaging modality
epiphanography generates an image of the radiotracer distribution on a surface of interest
and aims at providing a means for improving the control of tumor resection margins. The
word epiphanography is a compound of the Greek words enpdveia (epiphaneia) for surface
and Cwypagid (ographia) for image, and hence means the image of the surface similar to the
compound téuoc (tomos) for slice/volume and Cwypapid (ographia) for image, meaning the
image of the volume, i.e. tomography. To our knowledge this is the first use of the word
epiphanography in the context of nuclear medical imaging. In this thesis we present our
approach to modeling, developing and calibrating these two novel imaging modalities.
In addition, we present our work towards their clinical integration. In the case of free-
hand PET, we have already acquired the first intra—operative datasets of a patient. We
present this first experience in the operating room together with our phantom studies.
In the case of epiphanography, we present our phantom studies with neurosurgeons to-
wards the integration of this imaging modality into the challenging surgical therapy of

low-grade glioma patients.

Keywords: Intra—operative Imaging, Radio—guided Cancer Surgery, Nuclear Navigation,

Positron Emission Tomography, PET
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Zusammenfassung

Zusammenfassung

Positronen—-emittierende radioaktive Tracer spielen eine wichtige Rolle in der
nuklearmedizinischen Bildgebung von heute. Neben des beriihmten ['®F]FDG,
gibt es zahlreiche andere Tracer. Besonders interessant sind Aminosdure-basierte
Tracer wie zum Beispiel ['8F]FET. Obwohl im nuklearmedizinischen Alltag viele
unterschiedliche Krebsarten durch tomographische Bildgebung mit Positronen—
emittierenden radioaktiven Tracern diagnostiziert werden, nutzt ihr Einsatz im
Operationssaal noch nicht alle Moglichkeiten aus. In dieser Doktorarbeit unter-
suchen wir zwei neue intra—operative nuklearmedizinische Bildgebungsmoda-
lititen, die jeweils auf unterschiedlichen Aspekten der Positronenstrahlung ba-
sieren, zum Zweck der Qualitdtssicherung in anspruchsvollen chirurgischen Be-
handlungsszenarien. Die erste Bildgebungsmodalitat, Freehand PET, bietet dem
Chirurgen Unterstiitzung bei der genauen Lokalisierung radioaktiv—-markierter
Zielkorperstrukturen durch tomographische Bilder eines bestimmten begrenzten
Volumens, um die Invasivitdt zu minimieren. Die zweite Bildgebungsmodalitit,
Epiphanography, bietet dem Chirurgen Unterstiitzung zur besseren Bestimmung
der Tumorenresektionsgrenzen durch ein Bild der radioaktiven Tracerverteilung
auf der Oberfliche des Tumorenbettes. Das Wort Epiphanography besteht aus den
griechischen Wortern fiir Oberfliiche (epiphaneia: empdvewa ) und fiir Bild (ographia:
Loypapld ), und bedeutet somit das Bild der Oberfliche dhnlich zu der Kombinati-
on der Worter fiir Volumen/Schnitt (tomos: téuoc ) und fiir Bild (ographia: {eypo-
@ud ), also das Bild des Volumens, oder Tomographie. Unseres Wissens ist dies die
erste Verwendung des Wortes Epiphanography im Kontext der nuklearmedizini-
schen Bildgebung. In dieser Doktorarbeit stellen wir unseren Ansatz zur Model-
lierung, Entwicklung und Kalibrierung dieser neuartigen Bildgebungsmodalita-
ten vor. Zudem stellen wir unsere Forschungsarbeit in Richtung ihrer klinischen
Integration vor. Im Falle von Freehand PET wurde das System bereits fiir erste
intra—operativen Datensédtze von einem Patienten eingesetzt. Wir stellen diese er-
ste klinische Erfahrung zusammen mit unseren Phantomstudien vor. Im Falle von
Epiphanography stellen wir unsere Phantomstudien mit Neurochirurgen zur In-
tegration dieser Bildgebungsmodalitidt in die anspruchsvolle neurochirurgische
Behandlung von Patienten mit niedrig—gradigen Gliomen vor.
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Part 1.

Medical & Technical Background






CHAPTER 1

Introduction

HE term cancer has in the recent decades gained widespread and increas-
ingly non—specific use in the colloquial of the man on the street. There
is no need to write a lengthy introduction to prove the importance of
this class of diseases, as the term itself sufficiently scares the masses

today. Nevertheless, we find it appropriate to give the (especially non—medical)
reader a very brief introduction about the biological process of cancer, laying em-
phasis on important medical terminology.

When the cellular mechanisms that control cell growth and cell division do not
function properly, i.e. the rate of cell division cannot be regulated, the cells start
dividing beyond control [Guyt 11, Chapter 2]. Such uncontrollably dividing cells
can start forming new tissue masses — neoplasms, or tumors. In addition, they can
start spreading into other tissues, or metastasize, forming metastases. Tumors that
do not invade nearby tissue, nor metastasize are called benign, whereas the ones
that do are called malignant. It is these malignant tumors that are medically clas-
sified as cancerous or under the meanwhile very liberally used term cancer. Cancer
has many types, but typically the cell type that has started a cancer is reflected
when referring to that specific cancer type. For instance glioma is a class of tumors
that originates from the glial cells (more information in section 2.1). The suffix
—oma indicates tumorous growth. Another example is lymphoma, i.e. cancer that
begins in the cells of the immune system (lymph) [NCI 13].

The severity of a cancer in a patient is assessed by staging, based on the extent
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of the tumor (T), whether the cancer has spread to neighboring Iymph nodes (N),
and finally whether it has metastasized (M) to other parts of the body. This is the
foundation of the TNM staging system. Although used for most types of cancer, this
system is not used in e.g. brain and spinal cord tumors, which are staged based on
their cell type and grade (to be defined and discussed in section 2.1.1) [Canc 13].

Treatment options for cancer include, but are not limited to surgery, radiotherapy,
chemotherapy, targeted drug therapy, palliative therapy. Very frequently a combination
of different treatment options is applied. The same cancer type may also require
different treatment in its different stages. Our focus within this thesis is on the
surgical treatment option.

1.1. Competing Goals of Cancer Surgery

HE primary goal of cancer surgery is to remove tumor masses. In addition,
lymph nodes may also be removed for therapeutic and/or staging purposes.
When removing a tumor mass, the resection usually includes additional healthy
tissue around the tumor (or peri—tumoral tissue), called a margin. This serves the
purpose of ensuring that no part of the tumor is missed. Any (even small) non-
resected tumor mass is called residual tumor and may occasionally cause the tumor
to regrow, i.e. to recur. In case of recurrence, the whole surgery might have to be
repeated. Nonetheless, the resection can obviously not be extended indefinitely
due to the associated loss of nearby healthy tissues: the risk of negative side effects
to the health after the surgery (or post—operative morbidity) is an important factor
to consider. This risk can be so high that even some part of the tumor may be
left deliberately. In addition, aesthetic motivations for preserving tissues might
exist. Another factor that makes tumor resection a challenge is the presence of
nearby vital structures like blood vessels and/or nerves. In summary, avoiding
recurrence and minimizing post—-operative morbidity are the two competing goals
of cancer surgery. More detailed information together with two specific classes of
tumors is presented in the main part (specifically see section 5.1 and section 6.1)
of this thesis.
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1.2. Research Objectives of Our Work

UR research work is aimed at extending the spectrum of radio—guidance in
O surgery by exploiting the capabilities of positron—emitting radiotracers for
intra—operative imaging modalities. These radiotracers have become/are becom-
ing state—of-the-art for imaging many different types of cancer. Nonetheless, their
capability is not fully exploited in the operating room (OR), due to the bulky devices
needed for imaging. The aim of this thesis is to introduce two novel intra—operative
(i.e. that can be used during the surgery) imaging modalities that work in conjunc-
tion with positron—emitting radiotracers for providing real-time information and
guidance. The first modality is called epiphanography and is based on the direct
detection of positrons. The second one called freehand PET (fiPET) is a PET-like!
imaging modality, based on the detection of annihilation gamma rays*. Each imag-
ing modality can be utilized separately, although a combination is also possible, if
required.

In this thesis we present the technicalities of these two imaging modalities to-
gether with the feasibility studies for each of the two medical application scenarios
we have considered so far, namely the surgical treatment of glioma and head and
neck cancer.

1.3. Document Organization

HE next chapter of the thesis presents information about glioma, and head
T and neck cancer in some detail. The subsequent chapter introduces the fun-
damental concepts relevant to medical nuclear imaging, especially focusing on
PET. The last chapter of this part gives a brief overview of available or emerging
intra—operative approaches in conjunction with positron—emitting radiotracers.

The second part of the thesis outlines the contributions of our research work: we
dedicate a chapter for each imaging modality. Each chapter begins by elaborating
on the relevance of the respective imaging modality to the corresponding medical
application scenario. A brief overview of the respective system setup follows this.
Then we present our work for calibrating the different components of the respec-
tive imaging modality, and talk about the studies conducted in order to prove the
feasibility of the respective imaging modality. Finally we discuss the main pitfalls

'PET: positron emission tomography
?A detailed discussion on these two types of radiation is provided in section 3.2.1.
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of the system that need to be addressed on the way to the full integration into the
clinical workflow.
We conclude this thesis in the third part by giving an outlook on future work.




CHAPTER 2

Medical Background

HIS chapter gives very brief information about the pathology, treatment,
and state—of-the—-art imaging of two specific types of tumors relevant
to our discussion: glioma of the central nervous system (CNS), and head
and neck squamous cell carcinoma (HNSCC). These constitute the first two

medical application scenarios for our intra—operative imaging modalities. The
reader familiar with the medical aspect of these diseases may skip this whole

chapter.

2.1. Glioma

2.1.1. Pathology & classification

The term glioma refers to one specific class of more than 120 types of brain tumors
that grow from glial cells of the brain [Theo 12]. Glial cells include the following
types [McPh 08]:

* Astrocytes transport nutrients and hold neurons in place
e Oligodendrocytes provide the necessary insulation (myelin) to neurons
* Microglia digest dead neurons and also pathogens

* Ependymal cells line the ventricles and secrete cerebrospinal fluid
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Primary brain tumors® including gliomas do not metastasize to other organs of
the body. This is the reason why they do not fit into the term cancer [Theo 12].
Nonetheless, brain tumors may invade nearby tissues of the brain and usually
manifest themselves with symptoms like headaches, numbness, weakness, per-
sonality changes and confusion, and seizures [McPh 08]. Gliomas are divided into
the following three types:

* Astrocytoma
* Oligodendroglioma
¢ Glioblastoma

The World Health Organization (WHO) classification of brain tumors is differ-
ent than other types of tumors. It involves merely the grade of the tumor, which
refers to the appearance of the tumor cells under the microscope, and which gives
an idea of the aggressiveness of the tumor. There are four grades associated with
gliomas:

1. Grade I — pilocytic astrocytoma occurs mostly in children. This is the least ag-
gressive type, as the cells are slow growing and are almost normal in appear-
ance [Theo 12]. Prognosis, or the predicted outcome in terms of curability, is
very favorable for this type of gliomas.

2. Grade II — low—-grade glioma typically occurs in adults between 20 — 50 years
of age. This type includes astrocytoma, oligodendroglioma, and mixed oligoas-
trocytoma. This is an infiltrative type whose cells grow relatively slowly but
have slightly abnormal appearance. This type can be invasive. In addition,
it can evolve into higher grade.

3. Grade Ill — malignant glioma includes anaplastic astrocytoma, anaplastic oligoden-
droglioma, and anaplastic mixed oligoastrocytoma®. This is a very invasive type
of glioma.

! A primary brain tumor refers to a tumor that has started and developed in the brain. It is also
possible for another tumor in the body to metastasize to the brain.

2 Anaplastic means that the cell exhibits some loss of structural differentiation, or specialization (es-
pecially during embryonic development, cells undergo differentiation —i.e. become different than
the zygote, the first cell after fertilization — towards specific types of cells, e.g. nerve cells, liver
cells, blood cells). Therefore differentiation in this context refers to cell specialization — a well
differentiated cell means a specialized cell. Anaplasia refers to the reversion of some cell type to a
more primitive form [Medi 13].
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4. Grade IV — glioblastoma multiforme (GBM) is the most aggressive form of pri-
mary brain tumor. It tends to spread very quickly and invade other parts of
the brain [McPh 08].

2.1.2. Symptoms & diagnosis

More than 359,000 persons in the United States are estimated to be suffering from
a primary brain or central nervous system tumor. More than 195,000 U.S. Ameri-
cans are annually diagnosed with a brain tumor. Brain tumors are the most com-
mon form of solid tumor affecting children [Brai 12]. Gliomas constitute about
half of all brain tumors [Theo 12]. Symptoms of a glioma are strongly related to
the part of the brain where it occurs. Certain symptoms are quite specific due
to this relation. The most obvious sign of a brain tumor in infants is a rapidly
widening head or bulging crown. Generally speaking, headaches are the most
common symptom [Brai 12]. As the brain is responsible for regulating the vast
number of all types of body functions, symptoms vary from relatively harmless
ones like behavioral and emotional changes to very severe ones like paralysis on
one side of the body or vision loss. First diagnosis is made based on a neurological
exam to check the mental status and memory, cranial nerve function (sight, hear-
ing, smell, tongue and facial movement), muscle strength, coordination, reflexes,
and response to pain. State—of-the-art non-invasive imaging is performed with
magnetic resonance imaging (MRI) and/or X-ray computed tomography (CT). Quite
substantial information can be obtained with these imaging modalities (see fig-
ure 2.1). Nonetheless, in some cases biopsy may be needed to determine the type
of the tumor. Biopsy can be performed as part of a neurosurgical tumor removal
procedure or standalone. In case of a tumor in a deep and critical location, a
stereotactic biopsy is performed by using a stereotactic head frame and a computer for
biopsy needle guidance [Theo 12]. Functional MRI (fMRI) is used for showing the
distance between brain tumors and specific functional areas of the brain. Magnetic
resonance spectroscopy (MRS) can be used for analyzing the chemical make-up of
brain tumors [Brai 12]. Other diagnostic tools used for brain tumors are electroen-
cephalography (EEG), positron emission tomography (PET), ultrasound (US) imaging
and single photon emission computed tomography (SPECT) [Neur 11]. PET is becom-
ing increasingly popular on the one hand due to the introduction of novel radio-
tracers like ['®F]FET, and on the other hand due to its improved sensitivity and
specificity compared to other state—of-the—art imaging technologies in some cases.




2. Medical Background

& Mayfield Clinic

Figure 2.1.: Appearance of brain tumors in MRI. Left: a benign brain tumor.
Right: a malignant brain tumor. Note that the benign tumor has well-
defined borders contrary to the irregular borders of the malignant tu-
mor. Benign tumors are easier to remove surgically due to this, while
the finger-like projections of malignant tumors make them surgically
challenging. Copyright notice: Image reprinted from [Theo 12]. Used with
permission from the Mayfield Clinic.

These advantages of PET over the state—of-the—art neuroimaging modalities like
MRI and CT are going to be covered in detail later in the text (see section 5.1).

2.1.3. Treatment

Treatment options depend on the grade of the tumor. Mere observation of the
progress is an option for grade I tumors and in cases where the tumor is located in
the functional areas of the brain. In other cases where it is possible to remove the
whole tumor without causing function loss, surgical resection is the treatment of
choice. Complete removal can be curative for grade I and II gliomas. Grade I and
I gliomas, where surgery is not an option or where there is (slow) residual tumor
growth, are candidates for radiotherapy. Grade III and IV gliomas are much more
challenging: maximal removal is recommended for tumors in non—functional ar-
eas. Usually post-operative treatment is also needed, which is achieved by radio-
therapy, chemotherapy or a combination of both. Recurrence is also very common
for these two grades. Therefore more aggressive treatment like repeated surgery,
radio- and chemotherapy might be needed. In some cases, radioactive seeds are
surgically implanted into the tumor region for local radiotherapy [Brai 12]. In ad-
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dition, novel chemotherapy drugs, immunotherapy, and vaccines are being clini-
cally investigated as standalone solutions or in combinations [McPh 08]. For more
detailed information, see e.g. [Brai 13]. Symptomatic treatment might also be nec-
essary in cases of severe symptoms like seizures [Brai 12].

2.2. Head & Neck Squamous (Epithelial) Cell Carcinoma

2.2.1. Pathology & classification

The top thin surface of the structures of the head and neck region (throat, larynx
—a.k.a. voice box, nose, sinuses, and mouth, illustrated in figure 2.2) is called the
epithelium and is made up of flat, squamous cells. Most tumors in this region are
caused by an abnormal growth of these cells. These tumors can invade deeper
layers of nearby tissue and can also metastasize to other parts of the body. It is
these malignant tumors that are categorized under the term head and neck squamous
cell carcinoma (HNSCC). HNSCCs are classified by the part of the body where they
start:

* Laryngeal and hypopharyngeal cancers start in the larynx or the hypopharynx
(the lower part of the throat surrounding the larynx).

* Nasal cavity and paranasal sinus cancers start in the nasal cavity (the space just
behind the nose) or paranasal sinuses (the air-filled areas surrounding the
nasal cavity).

* Nasopharyngeal cancers start in the nasopharynx (the air passageway at the
upper part of the throat behind the nose).

* Oral and oropharyngeal cancers start in the oral cavity (mouth and tongue) or
oropharynx (middle part of the throat from the tonsils down to, but excluding
the larynx).

* Salivary gland cancers start in the salivary glands, which produce saliva.
HNSCCs are staged using the TNM staging system:

1. Stage 0 means a carcinoma in situ (Tis), i.e. a cluster of malignant cells that
has not yet invaded the deeper epithelial tissue or spread to other parts of
the body [Medi 13], with no lymph node (LN) involvement (NO), nor distant
metastasis (M0).

11
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(a) Head and neck anatomy. (b) The pharynx.

Figure 2.2.: Overview of the different parts of the head and neck anatomy.
2.2(a) Copyright notice: Image reprinted from [SEERD]. 2.2(b) Copyright
notice: Image reprinted from [SEERa].

2. Stage I is a small tumor (T1), with no LN involvement (NO), nor distant
metastasis (MO0).

3. StageIIA is an invasive tumor (T2), with no LN involvement (NO), nor distant
metastasis (MO0).

4. Stage IIB is a T1 or T2 tumor, with LN involvement (N1), but no distant
metastasis (MO0).
5. Stage Il is either of:
e T1 or T2 tumor, with LN involvement (N1 or N2)
¢ larger tumor (T3), with or without LN involvement (NO, N1, or N2)

yet, with no distant metastasis (MO0).

6. Stage IVA is either any invasive tumor (T4), with either of:
¢ no LN involvement (NO)
¢ same-sided LN involvement (N1), but no distant metastasis (MO0)
or any T type, with significant LN involvement (N2), yet no distant metas-

tasis (MO).

7. Stage IVB is any T type tumor with extensive LN involvement (N3a or N3b),
but no distant metastasis (MO).

12
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Stage Tumor Lymph Node Metastasis
0 Tis NO MO
I T1 NO MO
IIA T2 NO MO
1B T1/T2 N1 MO
I T1/T2 N1/N2 MO
T3 NO/N1/N2 MO
any T N2 MO
IVA T4 NO
T4 N1 MO
any T N2 MO
IVB any T N3a/N3b MO
IvC any T any N M1

Table 2.1.: Stages of HNSCC based on the TNM system.

8. Stage IVC is any T and N type tumor, with distant metastasis (M1).

For an overview of these stages, see table 2.1. In addition to the stage, the grade is
also used for describing an HNSCC:

1. GX means that the grade cannot be evaluated.

2. G1 cells look similar to the typical cells of the healthy tissue (well differenti-
ated).

3. G2 cells are only moderately different than healthy cells.
4. G3 cells do not look like the typical cells (poorly differentiated).

For a more in—depth discussion with graphical illustrations, see [Head 12].

2.2.2. Symptoms & diagnosis

The clinical workflow starts when the patient shows up with complaints in the
head and neck region. These are usually related to a tumor mass that is palpable, i.e.
can be felt with the touch of the hand, by the patient himself. The most common
symptom of HNSCC is a swelling or sore throat that does not heal. However
symptoms can be very specifically related to the site of the tumor. They can vary
from seemingly harmless ones like a foul mouth odor to more severe ones like
loosening of teeth or double vision [SEERb]. The doctor usually examines the
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patient with ultrasound (US) and makes the hypothesis for the treatment based
on this. Very often no other imaging modality is used pre—operatively. However
CT, MR, and/or PET may also be used for imaging head and neck tumors, as well
as any related metastases. Beside the usual blood and/or urine tests for diagnosis,
endoscopy and/or biopsy may be performed [Head 12].

2.2.3. Treatment

Early detection gives a much better prognosis for the patient. Due to the sensi-
tive locations of head and neck tumors, doctors from many disciplines may be
involved in the treatment. Preservation of vital structures like blood vessels and
nerves in the head and neck anatomy, as well as obvious aesthetic motivations are
important considerations in the treatment.

The main treatment options for HNSCC are surgery, radiotherapy, chemother-
apy, targeted therapy and palliative/supportive care. Surgery aims at resecting
the tumor mass with additional peri-tumoral healthy tissue. LN removal, i.e. dis-
section might also be performed during surgery (or standalone), in case of suspi-
cion of nodal involvement and/or metastasis. In addition surgery might include
reconstructive (plastic) surgery in cases where major tissue removal is performed
(like for instance removal of the jaw, tongue). Reconstructive surgery aims at
restoring the appearance and/or lost functionality to the most possible extent.
Surgery might be followed by radio- and/or chemotherapy in case of residual tu-
mor due e.g. to sensitive tumor location. Pre— and post-therapy care are very im-
portant in case of radiotherapy, as radiotherapy may lead to severe post-therapy
morbidity like loss of speech and/or hearing. Targeted therapy involves the use
of e.g. gene-specific drugs to block the growth and spread of cancer cells while
minimizing damage to healthy cells. It can be an option for some sub—classes of
HNSCC where the involvement of a specific gene is known [Head 12].

14



CHAPTER 3

Medical Nuclear Imaging Basics

HIS chapter presents the concepts of medical nuclear imaging in a nut-
shell, from the physiological fundamentals of radiotracers, through the
briefly mentioned physical and mathematical foundations behind im-
age generation, to the final step of visualizing the acquired information

for use by the surgeon and/or nuclear medicine specialist.

3.1. Radiotracers

radiotracer or a radiopharmaceutical is a specific biochemical molecule that is
A associated with a specific physiological pathway in the body and that is la-
beled with a radioactive isotope (or radioisotope in short). An example, as will be
explored in detail in the following subsection, is [1F]Fluoro—2-deoxy—2—-D-glucose
and the physiological pathway it is coupled to is the glucose metabolism. When
administered in a human, a radiotracer allows for imaging the volumetric distri-
bution of (the intensity of) the physiological function it is associated with.! Al-
though radiotracers are used for many different purposes, we focus on their use
for non-invasive imaging in oncology, the branch of medicine that deals with tu-

! According to the tracer principle, a radioactive isotope of an element takes part in (bio-)chemical
reactions, e.g. the body’s physiological pathways, exactly the same way as its non-radioactive
isotopes would do [Wern 04]. In other words, the physiology of a biochemical molecule is the
same regardless of whether its atoms are radioactive or not.
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mors. Although the imaging hardware is interested only in the radioisotope within
the radiotracer molecules, it is imperative to understand the physiology of the uti-
lized radiotracer in order to really comprehend what story an image has to tell
about a patient. We look at the radiotracer physiology at three levels, namely:

a) how it interacts at the biochemical (cellular) level
b) once it enters the body, how it is distributed
¢) what possible complications exist with regard to the imaging process

With direct connection to the physiology, we also give a brief overview about the
radiation dosimetry aspect of radiotracers. Last but not least, we briefly present
how radiotracers are prepared. Following this outline, we confine this very broad
topic to the two radiotracers that are of interest in the scope of this thesis, namely
[*8F IFluoro—2-deoxy—2-D-glucose (['*FIFDG) and O—(2—['8F]Fluoroethyl)-L—tyrosine
(['8FIFET).

3.1.1. [*®*F]Fluoro-2-deoxy-2-D-glucose

[8F]Fluoro-2-deoxy-2-D-glucose is usually abbreviated as ['®F]FDG or simply
as FDG in literature. ["®F]FDG represents more than 95 % of clinical indications in
oncology [Fant 10, Chapter 2, pp 8]. ['®F]FDG is transported into cells by glucose
transporters (which are specific molecules by which glucose is transported into the
cell as well — see [Guyt 11, Chapter 4]). Therefore [FIFDG essentially imitates
glucose (for the molecular structure of ['*®F]FDG see figure 3.1), i.e. it is a glucose
analog. However the way it is processed inside the cell is different than glucose and
it is important to explain this difference in order to understand how [*F]JFDG can
label tumors.

Glucose is the main energy source of the human body. When transported into
the cell, glucose undergoes a biochemical process called glycolysis®, at the end of
which it is decomposed into pyruvate. Pyruvate may later enter the cellular aero-
bic, i.e. using oxygen, respiration, where it is fully oxidized to carbondioxide and
water. Anaerobic respiration is also possible when the oxygen supply of the cell
is low. In any case, glycolysis is the essential first step for making use of the en-
ergy trapped in a glucose molecule, and in glycolysis one of the first steps is the
attachment of phosphate to glucose (see [Kyrk 12]), which is called phosphorilation.

*For a very good interactive animation of glycolysis, see [Kyrk 12].
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(a) Molecular structure of glucose. (b) Molecular structure of [**F]FDG.

Figure 3.1.: Molecular structures of glucose and ['®F]FDG. Note how !8F is at-
tached in 3.1(b). Copyright notice: Both images reprinted from [The 13a].

['8F]FDG on the other hand, cannot be metabolized any further after its phos-
phorilation ([!8FJFDG—-6-phosphate) in the glycolytic pathway. In addition, due to
the insufficient amount of the enzyme glucose—6—phosphatase, the phosphorilation
cannot be reversed. This causes the [®*F][FDG-6-phosphate molecules to accumu-
late within the cells. The elevated glycolysis and glucose transport levels of many
types of tumor cells make this accumulation more pronounced for tumors than
the peri—-tumoral healthy tissues [18FF 05]. This is the underlying physiological
mechanism by which [¥®F]FDG is used for the imaging of many types of tumors®.

After the intra-venous administration of [18F]JFDG in a patient, it is cleared from
the blood circulation and incorporated into tissues very rapidly. The organs with
the largest ['®F]JFDG uptake are the brain (8 %), liver (5 %), heart wall (4 %) and
lungs (3 %). As ['F]FDG is primarily excreted in the urine, the urinary blad-
der has a very high accumulation (24 %) as well (the numbers in parantheses are
the fractional distributions of the original activity) [Vale 08]. This phenomenon
may lead to false negatives due to the high background radiation from these or-
gans in cases where the targeted tumors and/or metastases are close to these or-
gans. This issue is especially pronounced for radio—guided surgeries in conjunc-

*It is an interesting anecdote that historically [**F]FDG was synthesized after 2-Deoxy—D—glucose
(2DG) had been developed with the purpose of inhibiting the utilization of glucose by cancer
cells [18FF 05].
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tion with ['8F]FDG. In addition, muscles [Jack 06] and inflammated tissue [Ishi 02]
are well-known for high ["®F][FDG uptake. The former is the reason why pa-
tients to undergo an [®*F]JFDG-PET examination are asked to lie in a relaxed po-
sition with the least amount of talking possible following the administration of
['8F]FDG. [®F]FDG-PET image acquisition is usually performed at least 60 min
post—injection, due to the fact that ['8F]JFDG uptake into tumors peaks and plateaus
at different points in time, depending on the tumor tissue kinetics. Special cases
may require that ['8FJFDG-PET acquisition be made 90 — 120 min post-injection
[Shan 06].

The average effective dose a patient would get from an ['®F][FDG-PET study is
29 1Sv/M Bq.* ['®F]FDG is usually administered in several hundreds of M Bg, and
the total effective dose is around 7.0 m:Sv per ['8FJFDG-PET examination [Brix 05].
To give the unfamiliar reader a contextual figure of the magnitude of the radiation
dose; a full-body CT scan causes a total effective dose of 18 mSwv [Brix 05]. Ac-
cording to the United States Nuclear Regulatory Commission (NRC), an employee
working in a radiation-related field like nuclear medicine should not receive more
than 50 mSv annually. NRC also states that 4 — 5 Sv received in a very short pe-
riod is expected to cause half of the exposed population to die within 30 days (see
“lethal dose” in [NRC 12a]). In addition, NRC reports that 134 employees fight-
ing the fire right at the Chernobyl power plant in 1986 received doses between
0.7 Sv and 13.4 Sv. 28 of those died from the injuries associated with this expo-
sure [NRC 12b].

Today the radioactive isotope '°F is produced by bombarding enriched 0~
water with protons in a cyclotron or a linear particle accelerator. This nuclear reaction
is denoted by

180 (p’ n) 18F

where p stands for protons and n for neutrons (released by the reaction). ['8F]FDG
is then obtained as the result of a complex chemical reaction depicted in figure 3.2
with high purity and high yield [Fowl 05]. 8F has a half-life> of 109.77 min [Chu 99],
which allows for shipping to satellite clinical centers after production. The half-
life of positron emitters is the primary physical characteristic to be considered in
order to reliably use the radiotracer on patients [Fant 10, Chapter 2, pp 9].

For a recent extensive review of radiopharmaceutical dosimetry, see the work of Eberlein et
al. [Eber 11]
*Explained in section 3.2.1.
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Figure 3.2.: The chemical reaction by which ['®F]FDG is produced.

3.1.2. O-(2-["®F]Fluoroethyl)-L-tyrosine

O—(2—['®F]Fluoroethyl)-L-tyrosine is an amino acid analog. It is usually abbrevi-
ated as ['8F]FET in literature. Tyrosine, whose molecular formula is depicted in fig-
ure 3.3, is a non-essential amino acid®. Tyrosine plays an important role for the
brain as it is a building block for several neurotransmitters’. Tyrosine is also in-
volved in many other proteins serving different purposes in the body [Ehrl 11].
Natural amino acids like tyrosine are transported in high quantities into tumor
cells due to the fact that tumor cells have over—expressed transport systems, and
these amino acids are indeed retained in the cells for incorporation into proteins.
This type of amino acids can serve as an agent for imaging cell proliferation, which
is increased in a cell malignancy like cancer [Jage 01]. On the other hand, O-(2-
['®F]Fluoroethyl)-L-tyrosine is an L—tyrosine analog®, i.e. among the set of syn-
thesized amino acids, which are never incorporated into proteins within the cell;
but which nonetheless are transported at a high rate into the cell [Leun 05]. Other

The body normally makes tyrosine from another amino acid called phenylalanine. The name tyro-
sine involves the Greek word tupl (turf or alternatively tyros) for cheese, and the chemical suffix
—ine. This name was coined in 1846 by the German chemist Baron von Justus Liebig, who first
discovered it, as tyrosine was easily obtained from old cheese [Harp 12].

"Neurotransmitters take part in the communication between nerve cells. Examples of neurotrans-
mitters are epinephrine, norepinephrine, and dopamine.

8The prefix L— indicates that this chemical compound is transported into the cells mainly (70 %)
by the system L transport mechanism. The remaining 30 % of the transport is achieved via the
sodium—dependent system B® [Leun 05].
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Figure 3.3.: Molecular structure of tyrosine and ['®F]FET. Note how 8F is attached.
Copyright notice: Both images reprinted from [The 13al.

than as building blocks of proteins, amino acids are used in many functions within
the cell, such as the activated methyl cycle, the initiation of the translation of ribonucleic
acid (RNA) code. They may even be used as intermediary metabolites for metabolic
fuel. All this knowledge suggests that imaging the rate of amino acid transport
into the cells is more helpful for localizing malignancies than imaging only pro-
tein synthesis. In addition, studies have shown that this mechanism works even
when protein synthesis is inhibited [Jage 01].

Pauleit et al. studied the distribution of ['®F]FET in the human body [Paul 03].
In this study featuring seven patients with different types of brain tumors or un-
specific brain lesions, a peak of radioactivity in the blood and a plateau of constant
radioactivity were observed 1.5 min and 20 min post-injection respectively. Two
whole-body scans were performed for each patient 70 min and 200 min respec-
tively, after intra—venous administration of 400 M Bq ['8F]FET. The brain showed
an uptake of about 2 % of the total activity in both scans. The highest amount
of uptake was observed in the muscles with 39.2 % and 32.6 % mean values in
the early and later scans respectively. The non-brain organs with the largest up-
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Figure 3.4.: The chemical reaction schemes for producing [*8F]FET. For a more
detailed discussion see [Bouv 12].  Copyright notice: Reprinted
from [Bouv 12], with permission from Elsevier.

take following the muscles were the liver (3.1 %, 2.7 %), the lungs (2.3 %, 2.0 %)
and the bone marrow (2.2 %, 2.1 %). Pauleit et al. also report that the effective
dose to a patient from a ['®F][FET-PET study is 16.5 uSv/M Bq. In a typical study
involving 370 M Bq of injected activity, this amounts to 6.1 mSv total effective
dose [Paul 03]. The very problematic issue of unspecific uptake of ['®F]FDG in in-
flammatory tissues exists for labeled amino acids like ['8F]FET as well. However
due to the fact that inflammatory cells have a lower protein metabolism compared
to glucose metabolism, the problem is not so severe as in the case of [1®F]JFDG. For
['®F]FET unspecific uptake is related to ischemic brain areas, infarction, scar tissue,
abscess, sarcoidosis, irradiated areas, hemangiomas, among others [Jage 01]. There are
two commonly used reaction schemes for producing ['®F]FET. Both are depicted
in figure 3.4.

3.2. Radiation in a Nutshell

HIS section gives a brief overview of the scientific and technical fundamentals
T of medical imaging. First we talk about nuclear physics, focusing on gamma
and beta radiation. Secondly we give an overview of the design of hardware ele-
ments used for detecting radiation.
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3. Medical Nuclear Imaging Basics

3.2.1. Radiation fundamentals

An atomic nucleus consists of particles called nucleons. There are two types of

nucleons:
* A proton has one unit of positive fundamental electronic charge.
¢ A neutron has no electronic charge.

Each element in the periodic table is uniquely identified by its proton count, or
atomic number (denoted by Z). The number of neutrons (denoted by N) in atoms
of a specific element may be different. Such different atoms of an element are
called isotopes of that element. An isotope of an element G is denoted by its atomic
number and its mass number A = Z + N in the following manner: ’éG (for instance
I8F or simply F). An atom also has particles of unit negative fundamental elec-
tronic charge each, called electrons. Electrons are not found in the nucleus, but
orbit around it. The atomic number Z is associated with the number of electrons
(of a non—ionized atom), and due to the fact that chemical reactions of an atom
involve, generally speaking, only its outermost electrons, this number determines
the chemical properties of a specific element. In other words, different isotopes of
an element have the same chemical properties [Wern 04].

Each nucleon has a standalone mass denoted by:

¢ the mass of a proton My (i.e. a hydrogen nucleus)
¢ the mass of a neutron M,,

The atomic (nuclear) mass of an element 4G is denoted by M (A, Z). One would
therefore expect:
MAZ)=2Z -Muy+(A—Z2)- M, (3.1)

However in reality the following holds:
M(AZ)< Z -Mg+ (A—2)- M, (3.2)

The difference in mass is related to the energy that holds the nucleons together
(binding energy), based on Einstein’s famous formulation E = mc? of energy (E)
with respect to mass (m) and the speed of light (c) [Eins 05], in the following man-
ner:

Biot = [Z-Myg +(A—2Z)- M, — M(A, Z)] - ¢ (3.3)
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3.2. Radiation in a Nutshell

In principle, the higher the binding energy per nucleon, the more stable the nucleus.

The shell model of the nucleus states that the nucleons, which move in orbits
around one another, may produce different discrete configurations of their geomet-
ric positions with respect to each other. Only some of such configurations are
allowed, meaning that others are not possible. Each such allowed configuration
represents a discrete energy state. Nucleons may re—arrange from one allowed con-
figuration to another, changing the energy level from E,;4 to E,c.,. The difference
between these two AE increases the binding energy, while decreasing the atomic

mass:

AE = Eug— Enew (3.4)
Bnew = Bold +AFE (35)
Mpew = Mog — AE‘/C2 (36)

The optimal configuration such that the overall energy is minimal is called the
ground state. The energy difference AF is released in a number of ways, and this
phenomenon is called radioactive decay. In a given time interval, a constant fraction
of the initially present radioactive atoms undergoes radioactive decay. The tempo-
ral aspect of radioactive decay is characterized by the half-life of a radioactive iso-
tope: half-life is the time required for half of the initially present radioactive atoms
to undergo decay. Activity is defined as the rate of generation of radioactive decay.
It is measured in disintegrations (unitless) per second (i.e. the number of atomic nu-
clei that decay per second). So the unit is a second—inverse (s~!), which - for this
particular case of radiation — is called a Becquerel (Bg) in the SI unit system®. Ra-
dioactive particles have energies on the order of 107! Joules (.J), making a more
convenient energy unit necessary. This is the rationale behind the introduction of
the electron—volt (eV), which is equivalent to 1.602176487 x 1071 J [Levi 04].

There are different types of radioactive decay. We will confine our discussion to
the mode of decay relevant to this thesis, namely positron emission'”. In this type of
radioactive decay, a proton is converted into a neutron in the nucleus. The positive
electric charge of the converted proton is emitted as a positron (3 or e*) from the
nucleus, as well as an elementary sub—atomic particle called a neutrino (v.). This

°Curie (C1) is also an older unit used. 1 Ci is equivalent to 3.7 x 10'° Bq
9The interested reader may consult [Levi 04] and the references provided there for a more detailed
discussion of all types of radioactive decay.
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Figure 3.5.: The spectrum of !8F positron energies. Copyright notice: Courtesy of
Richard B. Firestone [Chu 99].

can be denoted as:
4P = 4D n—p+et +
Z Z-1 bTe Ve

The emitted positron has kinetic energy up to a maximum value, denoted by
Qg+ or simply Q [Levi 04]. Each kinetic energy value in this range has a specific
probability. This probability distribution varies from one isotope to another. '°F
emits positrons with a maximum kinetic energy of 633.5 keV (for the whole energy
spectrum see figure 3.5) [Chu 99].

3.2.1.1. Interactions of positrons

Positrons emitted from isotopes used in diagnostic nuclear imaging undergo two

main types of interactions in matter:
e Inelastic collisions with atomic electrons

o Elastic collisions with atomic nuclei

Inelastic collisions lead to energy transfer from the positron to an electron. The
cumulative effect of many such collisions manifests itself in the positron losing its
whole kinetic energy, and coming to a halt. At or near this halting point in space,
the positron combines with a nearby atomic electron (which is its anti-particle),
and annihilation occurs, i.e. their charges neutralize each other, and their combined
mass energy of 2x 511 keV = 1,022 keV is converted into two (almost) oppositely
directed photons (annihilation gamma rays or simply gamma rays) of 511 keV each!!.

""The annihilating positron and electron are not at rest when annihilating. Therefore due to the
law of conservation of mass—energy and momentum, the angle between the two annihiliation
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Figure 3.6.: 18F positrons’ deflection angles and trajectories. In 3.6(b) note the mul-
tiple angular deflections in some trajectories that lead to a much higher
total deflection than the probability distribution in 3.6(a) would allow.
3.6(a) Copyright notice: Reprinted from [Levi 04], with permission from
Elsevier.  3.6(b) Copyright notice: Reprinted from [Levi 991, courtesy of
Craig S. Levin. © Institute of Physics and Engineering in Medicine. Pub-
lished on behalf of IPEM by 10P Publishing Ltd. All rights reserved.

Elastic collisions, on the other hand, lead to an angular deflection from the incident
direction of the positron. The probability for a small angular deflection (much
less than 5 °) is pronouncedly higher than for one with a large angular deflection
(see figure 3.6(a)). Nevertheless many such collisions have a cascading effect of
a higher total angular deflection. This is visually illustrated in figure 3.6(b). This
figure also visually illustrates that the radial range of '°F positrons is below 2 mm
in water. Cho et al. experimentally determined that the full width at half maximum
(FWHM) and full width at one~tenth maximum (FW(1/10)M) positron ranges of 1°F are
1.02 mm and 1.8 mm respectively in water [Cho 75].

3.2.1.2. Interactions of photons

There are three types of interactions photons undergo in matter:
* Compton scatter

* Photoelectric effect

photons is usually not exactly 180 °, but rather 180 £ 0.23 ° [Rick 92].
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* Pair production

The third one - pair production - is relevant for photons with energies higher than
1,022 keV and is therefore not within the scope of our discussion. In both of the
tirst two, the photon interacts with the atomic electrons. In Compton scattering
the photon transfers some of its energy to the electron and experiences angular
deflection from its incident direction. Compton scattering occurs when the en-
ergy and the momentum of the photon are much larger than the binding energy
and momentum of an electron respectively: the photon cannot transfer all of its
energy to the electron due to the conservation of energy and momentum!?. The
deflection angle that the photon experiences is a function of its incident energy.
This is depicted in figure 3.7. The photoelectric effect occurs when a photon trans-
fers all its energy to a bound electron, thanks to the atom absorbing some of the
recoil momentum'?. In this case the photon disappears and the involved electron
is ejected14 [Levi 04]. The photons of interest to our work have high energy levels
(511 keV), which makes it possible for them to penetrate the whole human body
with some energy loss or even escape the human body without undergoing any
interaction [Hoff 04].

3.2.2. Radiation detection

In this section we briefly talk about how the interactions that radioactive particles
undergo in matter are exploited for their detection. Although many different ma-
terials are used for detection, we confine our discussion to scintillation crystals (or
simply scintillators), which are employed in our instrumentation'®. A scintillator
is a medium that emits the energy deposited by an interacting particle in the form
of light. When an incoming photon interacts with an electron within the lattice
of a scintillation crystal, this electron is excited to a higher energy level. In that
sense the scintillation crystal can be described as a wavelength shifter [Zeng 04]. On
de—excitation, the electron releases this energy difference in the form of ultraviolet
or visible light (i.e. of much lower energy than the original photon), which can
in turn be detected by e.g. a photomultiplier tube (PMT). Scintillators are the most

2Quter shell electrons are stronger candidates for Compton scattering.

BPhotoelectric effect is more probable for inner shell electrons, as these have higher binding energies
than the outer shell electrons.

"For a very good animation of these interactions, see [Harr 04].

>Details of our system setup will be introduced in chapters 5 and 6.
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Figure 3.7.: (a) The remaining energy of a photon plotted as a function of the de-
flection angle after Compton scattering. (b) The relative probabilities
associated with the deflection angle in Compton scattering. The curve
for the annihilation photons from e.g. !8F is dashed in each graph.
Note that the probability for small deflection angles is significantly
higher than larger ones in the case of 511 keV/, i.e. '8F photons. Copy-
right notice: Reprinted from [Levi 04], with permission from Elsevier.

commonly used technology in nuclear medicine due to their advantages (for a de-
tailed discussion see [Levi 04]). Commonly used scintillator materials are Nal(TI)
(sodium iodide), BiyGe301, (BGO), Lu,SiO5(Ce) (LSO). Nal(Tl) is the most commonly
used crystal in nuclear medicine [Zeng 04].

The interaction probability (i.e. the detection probability) of a radioactive par-
ticle in media like scintillators is characterized by the effective atomic number (de-
noted by Z.; or simply by Z), which is analogous to the atomic number Z of an
element 4G. Z.;; is a numeric value that gives a quantitative scale for the prob-
ability of a radioactive particle to interact with that medium and to deposit all its
energy in that medium. It is by this energy depositing mechanism that radiation
is detected. Z. is calculated using the formula:

o wp A 72\ Y

where A; and Z; are respectively the mass number (atomic mass) and atomic num-
ber of the i’ element of the scintillator, and w; is that element’s material-specific
weighting factor, which is the number of atoms of that element within the com-
pound [Wilk 04]. For instance, for Nal(Tl): wy, = 1, and w; = 1. The activa-
tor [Wilk 04], i.e. TI (thallium), is not counted. Similarly for Bi,Ge;O;,: wp; = 4,
wge = 3, and wo = 12. Usually the detection probability for a photon increases
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Figure 3.8.: Photon interaction probabilities in relation to detector Z.. (a) Graph
showing regions where the photoelectric effect (PE), Compton scatter
(C), and pair production (PP) respectively constitute the majority of
the interactions that photons undergo in an absorber with different Z
(Zesy), plotted in the y—axis. The energy levels of photons are plotted
in a logarithmic scale along the x—axis. Note that for the photon ener-
gies relevant to this thesis (0.511 MeV and less), the PP region is of no
interest. (b) The same graph with contour curves of relative percent-
ages (wpg, wc and wpp) of the three types of interaction. Copyright
notice: Reprinted from [Abde 101, with permission from Elsevier.

with higher Z.;;, due to the increase in the probability of the photoelectric ef-
fect taking place, i.e. the photon depositing all its energy at once (see figure 3.8).
Therefore inorganic scintillators like Nal(Tl), which usually have higher Z.;;, are
preferred for photon detection. For direct positron detection, on the other hand, it
is very important that high—energy photons (i.e. annihilation photons) are not de-
tected, due to the obvious reason of causing false positives. Therefore organic scin-
tillators (e.g. plastic scintillators), which usually have lower Z. ¢, are preferred for
positron detection. This also eliminates the need for a bulky shielding [Hoff 04].
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Figure 3.9.: The main components of a PET tomograph. Copyright notice: Image
courtesy of Jens Langner.

3.3. Positron Emission Tomography (PET)

AVING introduced the fundamentals of nuclear physics and how radiation
H is detected, we focus in this section briefly on the physical and mathemat-
ical foundations of positron emission tomography (PET). The PET imaging modality
is designed for imaging the radiotracer distribution in the body of a patient by
detecting positrons implicitly via the detection of the two annihilation photons as-
sociated with a positron in two geometrically opposite detectors, in coincidence'®.
A PET tomograph consists of detectors arranged in a ring (see figure 3.9). Two
events registered simultaneously in a pair of detectors imply that the annihilation
has taken place within a thin cylindrical-shaped geometric region defined by the
positions of these two detectors, called the line of response (LOR) (depicted with the
red—colored detectors and a red line in between within figure 3.9). The radiotracer
distribution within the field of view (FOV) of the PET tomograph is reconstructed
by appropriately modeling the detection process. This involves first of all a math-
ematical representation of the image domain (i.e. the FOV of the tomograph) by
some suitable basis function. Secondly a mathematical equation describing the de-
tection of the coincidences is needed. In the third step, this mathematical equation
is solved. Although there exist different schemes for these three tasks [Read 07],
we confine the mathematical representation of the image domain to uniform vox-
els; the mathematical equation to a linear system; and the solution procedure to
the iterative maximum likelihood expectation maximization (MLEM) algorithm.

%For a very brief animated narration of how PET works, see [CogN 08].
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3.3.1. Mathematical representation of the imaging domain

The image domain is discretized into uniform voxels j, with the (unknown) activ-
ity values represented by c;. Hence the set of activities within the whole domain is
represented by ¢ = {c¢;}. The set of detected coincidence events consists of LORs
i, with the actual measured intensity values represented by m;. The set of these
intensity values is then m = {m;}'”. For each LOR i, the set a; = {a;;} assigns a
weight to each voxel activity c;, based on the physical effects considered and the
geometry of that specific LOR:

m; = Z Q5 Cj (38)
J

In this regard, each a;; can be considered as a probability that an intensity m; has
been measured due to actual positron emission events originating from voxel j,
with the detection occurring within the LOR .

3.3.2. Modeling the detection

The major factors that determine the image quality (and that are to be considered
in modeling how the a;;’s are calculated) in PET imaging are the following;:

* Positron range can be included e.g. by appropriately adjusting the calculating
LORs with a positron-range convolution kernel [Read 07].

* Photon non—colinearity: although anti-parallel directions are assumed for an-
nihilation photons, the angular uncertainty causes a resolution loss of e.g.
1.3 mm in a PET detector ring with a diameter of 60 cm [Lewe 04].

® The detector’s intrinsic spatial resolution: this is quantified by the FWHM of
the position spectrum obtained for a collimated point source in front of the
detector at a fixed distance, called the point—spread function (PSF). For a more
detailed discussion, see [Lewe 04].

* Parallax error is due to the photons that enter the detector crystals at oblique
angles, such that the actual detection happens in a nearby detector. This
leads to an inaccurate LOR calculation (see figure 3.11) [Lewe 04].

7The intensity value m; for an LOR ¢ is actually the average of all measurements for that LOR
within the entire scan.
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Figure 3.10.: The types of coincidences a PET tomograph accepts. Left: true co-
incidence. Middle: random coincidence. Right: scattered coincidence.
Copyright notice: Image reprinted from [Ales 10].

* Scattered and random coincidences: Besides true coincidences, a PET tomograph
also accepts false coincidences resulting from two scattered photons of one
annihilation event (technically called scattered coincidences). The inability to
distinguish between a true and false coincidence leads to wrong LORs. In
addition, two simultaneous photons each of which is from a different anni-
hilation event are also accepted. This is called a random coincidence (see fig-
ure 3.10). Both random and scattered coincidences contribute to a decrease

in the PET image resolution [Lewe 04].

* The uncertainty of the actual annihilation point within the LOR of a coincidence:
this is very commonly referred to as time—of-flight information. With proper
detector hardware, this uncertainty can be integrated into the PET model by
e.g. weighting the a;;’s with an appropriate Gaussian function according to
the estimated position of annihilation [Read 07].

In general, PET imaging also suffers from statistics, due to the fact that the num-
ber of true event (i.e. coincidence) detections is relatively low, e.g. compared to X—
ray computed tomography (CT). PET image quality could theoretically be improved
if the number of detected events could be increased by one or more of the fol-
lowing: i) increasing the patient dose, ii) more efficient scintillators/detectors, iii)
using a wider portion of the annihilation gamma energy spectrum, iv) increasing
the solid angle. For a more detailed discussion see [Lewe 04].

Last, but not least, while photons are traveling in the patient’s body, some of
them get absorbed or scattered such that they do not reach the detector at all. This
leads to attenuation of a portion of the photons, which could otherwise be useful in

improving the image quality (i.e. through improved statistics). Another issue that
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Figure 3.11.: Parallax error in PET coincidence detection: due to an oblique en-
trance angle, the photon interacts not in the first crystal it traverses,
but in the adjacent ones, giving rise to a wrong LOR (red arrow) cal-
culation rather than the correct one (blue arrow).

is introduced by attenuation is that the measured activity (i.e. in the PET image)
is actually lower than in reality. Attenuation in this sense is not uniform through-
out the body due to the differences in human tissues, and has to be corrected for.
Therefore there is need for a map of the patient’s body, incorporating the relative
attenuations of all voxels within the FOV of a PET tomograph. These are called
attenuation coefficients and the process accounting for these inhomogeneities atten-
uation correction. In practice, it is very common to acquire a (mostly) low—dose,
non-diagnostic resolution CT scan of the patient together with the PET acquisi-
tion. CT provides a natural means of attenuation correction (albeit not at the same
energy level: compare the 511 keV annihilation gammas of PET to the 80 keV X-
rays in CT [Wats 04]), as it images the attenuation of ionizing radiation in different
tissues of the body.

After decomposing each LOR based on equation 3.8, all the LORs can in this
fashion be stacked into a linear system:

Ac=m (3.9

where A = {a;} is the system matrix; ¢ = {c;} are the (unknown) activity values
within the voxels; and m = {m;} are the measured coincidence counts. Such a
modeling scheme allows for a flexible integration of the complex physics behind
positron emission [Read 07].
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3.3.3. Solving the linear system (reconstruction)

Maximum likelihood expectation maximization (MLEM) is an iterative approach based
on a statistical model of the underlying process of acquiring data. As such, MLEM
is very suitable for modeling the detection of radiation, which obeys the Poisson
distribution [Lalu 04]. MLEM models each measurement m; as the realization of a
Poisson variable Q; with the mean (expected) value q;. The maximum likelihood (ML)
part of MLEM seeks to maximize — for each measurement i — the conditional prob-
ability Pr (m;|¢;) that the measurement value of m; is obtained, assuming a mean

value of ¢;:
(¢:)™ exp(—a) (3.10)

Pr(milq) =

The expectation maximization (EM) part of MLEM starts from an initial guess ¢!

of the activity values c;, and performs iterations of the form:

s S S 90 (c*)

3.11
J J (96? ( )

where £ is the iteration number, and O represents the objective function to opti-
mize. So the whole second term with the partial derivative of O is the update to
be applied on the current ¢; value ck M is the step size (or the weighting factor of
the update to be applied), commonly chosen such that the whole iteration scheme
translates to:

I
k+1 §
c =
/ Zz 1 alj i=1

For the full derivation of this scheme, as well as a very detailed discussion of other

} (3.12)

algorithms used in reconstruction, see [Read 07].

3.3.4. Visualization

Generated PET images have very valuable information for localizing malignan-
cies. Nonetheless, due to the resolution limitations, the images are usually blurry,
and might have artifacts. There is hence often the need for co-registered anatomic
information in order to correctly interpret a PET image. In practice, as we men-
tioned earlier, mostly at least a low—dose, co-registered CT image accompanies a
PET image. It is very common to overlay the PET image on to the CT image by
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Figure 3.12.: Visualization of a PET, a co-registered CT, and an overlaid PET/CT
image. Transverse slice from a PET/CT scan of a patient with head
and neck cancer. Note that the individual modalities are represented
as gray-scale images, while in the fused image a different colormap
is used for PET data. Data courtesy of the Nuclear Medicine Depart-
ment, Klinikum rechts der Isar, Technische Universitit Miinchen.

alpha-blending, using a variant of the following equation:

Xa = & Xwarm (IPET) + (1 - 04) Xgray (ICT) (313)

where x,, represents the final image intensities and colors obtained by fusing:

¢ the PET image intensities /pgr transformed into the color—space using the

colormap Xwarm

¢ the CT image intensities /o7 transformed into the color-space using the col-

Ormap Xgray

The fusing is done with a weighting factor o that dictates how much of each of
the two images is visible in the image. The rationale behind using the different
colormap functions (gray—scale x4.qy for CT, and a warm—color-based colormap
Xwarm for PET) in the overlaid PET/CT image is to avoid confusion [Wats 04]. An
example can be seen in figure 3.12.
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CHAPTER 4

Intra-operative Imaging Devices & Technologies

OSITRON emission tomography (PET) has gained widespread popular-
ity especially in the last decades in many different clinical and pre—
clinical fields of medical imaging. Nevertheless the bulky equipment
needed for PET and the long data acquisition times make it of limited

use intra—operatively. This is why people started coming up with novel devices
and technologies that allow for making use of positron—emitting radiotracers in
intra—operative settings. In this chapter we turn our attention to these. Our liter-
ature review has revealed very interesting research papers and patents on novel
devices. In the first section, we give an overview of devices and technologies by
which direct detection and imaging of positrons is possible. In the second section,
we focus on devices and technologies for intra—operatively detecting annihilation
gammas from positron—-emitters and later on intra—operative PET systems.

4.1. Direct Positron Detection & Imaging

O the best of our knowledge, we as the Chair for Computer Aided Medical
Procedures (CAMP) are the only research group world-wide that conducts
research on using beta probes in a navigated setup towards intra—operative imag-
ing. The state—of-the—art research on direct positron detection and potential ap-
plications is centered on developing off-the—shelf beta probes and beta cameras (i.e.
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(b) Probe handle. (c) Complete probe sys-
tem.

Figure 4.1.: The intra—operative beta probe system designed and developed by the
Center for Advanced Imaging at West Virginia University at Morgan-
town. Copyright notice: All images courtesy of the Center for Advanced
Imaging at West Virginia University in Morgantown, West Virginia, USA.

planar detectors that provide 2D images instead of a 1D signal, with high annihi-
lation photon rejection capability). In the following two subsections we elaborate
on the state—of-the-art of these two types of detectors respectively.

4.1.1. Intra-operative Beta Probes

The first beta probe we would like to mention here is the one that we use in
our research. The paper describing this beta probe was published about 20 years
ago [Dagh 94]. The innovation in this probe is the use of a ring detector in order to
account for the contamination with the annihilation gammas, thereby giving a net
count of betas detected (we provide detailed information on the construction of
the probe in section 5.2.1.1). It is interesting to note that the literature on small ra-
diation detectors suitable for intra—operative use started emerging in the early 80s.
The reader will find a lot of those early references in the above mentioned paper
of Daghighian et al. In this same paper the authors also report the performance of
the probe in two phantom studies: a simplified brain phantom and an abdominal
cavity phantom. Another very interesting study involving this beta probe (and
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Figure 4.2.: Intra—operative beta probe produced by Silicon Instruments GmbH
(now First Sensor AG), Berlin, Germany, mounted on the step—motor.

also our high—energy probe described in section 6.2.1.1) was conducted on animal
models of some selected types of malignancies including HNSCC. In this study
the authors primarily focused on the correlation between the beta probe readings
and the high—energy probe readings. Their measurements in vivo, ex vivo, as well
as in vitro showed a high correlation between the readings of both types of probe.
Not unexpectedly, they report that the beta probe may be more sensitive than the
high—energy probe, due to the fact that the former could identify smaller tumor
sites compared to the latter [Stro 09].

Another interesting intra—operative probe is the one reported by Raylman in
[Rayl 01]. Figure 4.1 shows images of this intra—operative probe system. This
probe can be operated in two modes: beta—optimized and photon—optimized. As
such it can be utilized for detecting positrons as well as annihilation photons of
e.g. 1F. In his paper, the author after giving a detailed description of the probe
presents his studies for determining the sensitivity of the probe as well as the
selectivity, or the ability to distinguish beta particles from gamma rays. Wherever
applicable, the measurements are repeated for three radionuclides: '®F (positron
emitter), *™Tc (pure gamma emitter) and 'In (decays by emitting gammas after
electron capture'). Raylman et al. have also been working on an endoscopic version
of their beta probe, details of which can be seen in [Nucl 08] under the keyword

IThe electron capture decay mode is not the scope of this thesis. However we would like to refer the
interested reader to [Levi 04] for the details of this type of radioactive decay.
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“Endo Probe”.

A very interesting intra—operative study was conducted by Piert et al. and re-
ported in [Pier 07]. In their study the group used the beta probes manufactured
by Silicon Instruments GmbH (now First Sensor AG), Berlin, Germany, which the
author of this thesis had also used in the research work during his Master’s the-
sis [Ozgu 09a] (see figure 4.2) 2 In this study, Piert et al. included 17 patients with
different types of histologically proven malignancies. In concrete terms, they elab-
orate on the correlation between the radioactivity values they calculated from the
['®F]JFDG-PET images of the patients and the intra—operative findings with the
probes. In addition they report their findings on the technical parameters of the
probes like sensitivity, linearity, and resolution. Last but not least they prepared a
phantom simulating small superficial tumor masses, similar to the one presented
in [Dagh 94], and looked at the performance of the probe in terms of detecting
these.

Bogalhas et al. published an article on a positron probe developed for intra—
operative use in neurosurgery [Boga 09]. This article gives a detailed overview of
the construction of this probe (see [TRIO 09] for an image of the probe). In addition
it presents the evaluation of various technical probe parameters and a phantom
study featuring a simplistic brain phantom simulating a very small post—excision
residual tumor mass in the surgical cavity. In this study the authors also varied the
size of this residual tumor and the tumor-to-background (T/B) ratio according to
values reported for three radiopharmaceuticals used for imaging brain tumors
in literature; namely ['®F]FDG, ['F]FET, and [!8F]Fluoro—[1,2-2H4]choline. We
would like to point out here that the reader will also find a review of existing
image—guided neurosurgery systems in the introduction of the article by Bogalhas
et al. [Boga 09].

4.1.2. Intra—operative Beta Cameras

In our literature review pertaining to beta cameras, we came across an article from
1995 about the development of hand-held imaging probe. The beta camera design
that is presented in this paper is aimed at having a 1 — 2 ¢m? sensitive area with
intrinsic spatial resolution on the order of 1 mm. The authors talk about utilizing

this imaging device in neurosurgery for determining the cleanliness of resection

2The author has two different names, and he published his Master’s thesis with his other name
Coskun Ozgiir.
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Figure 4.3.: MARGINator beta camera by IntraMedical Imaging LLC, Los Angeles,

CA, USA. Copyright notice: Image courtesy of Dr. Farhad Daghighian,
reprinted from [MARG 13].

borders, which is exactly the medical application of focus in this thesis. In this arti-
cle the authors illustrate the design of the beta camera and present a very detailed
analysis of its various technical parameters [MacD 95].

A very recent beta camera has been developed by the manufacturer of our beta
probe, namely IntraMedical Imaging LLC, Los Angeles, CA, USA. This beta cam-
era, depicted in figure 4.3, produces a color image and has a sensitive area of
15 x 15 mm?. The manufacturer reports that with a one-minute acquisition time
the probe is able to detect 4 mg of tumor, and 2 mm spatial resolution. A video fea-
turing a demo of the device is available in [MARG 13]. Although quite innovative,
we believe that this device is still too bulky for intra—operative use especially in
a navigated setup: the large detector head makes it virtually impossible to freely

move the device within the resection cavity.

A fingertip beta imager was presented by Stolin et al. in 2010 [Stol 10]. This is a
finger—size planar imager that can be attached to the finger of the surgeon and
due to its small size can be moved quite freely within the resection cavity. The
authors report a 10 x 10 mm? sensitive area and 2.5 mm intrinsic spatial resolu-
tion. This novel device can be seen in figure 4.4, alongside with images obtained
from phantoms. The first medical application targeted with this very innovative
device is breast cancer excision (lumpectomy). We believe that although not used
as such, this device is a very good candidate for use in a navigated radio—guided
surgery setup. The same research group is also working on positron detectors
tailored towards different aspects of research on plant biology using 'C-labeled
carbondioxide. See for instance [Stol 09] and [Weis 10].
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(a) Internal 4 x 4 detector structure. (b) Imager compared to a finger.
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Figure 4.4.: Fingertip imager developed by the Center for Advanced Imaging at
West Virginia University at Morgantown, and images obtained with
it. Copyright notice: All images courtesy of Center for Advanced Imaging,
West Virginia University.
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Another research group that is working on the development of a beta camera is
the research team of Radiation Monitoring Devices, Inc., (RMD), Watertown, MA,

USA. Their imaging device has a 8 x 8 mm?

imaging area (see figure 4.5), which
thanks to fiber optic tapers can be increased four- and nine—fold (to 16.4 x 16.4 mm?
and 24.6 x 24.6 mm? respectively). In their same paper, Thacker et al. present the
construction of the probe, as well as their calibration experiments [Thac 08]. The
group conducted an interesting set of experiments with a *’Sr point source® and
several layers of chicken skin in order to quantify the attenuation of beta particles
in tissue. In addition they show images of a murine (i.e. grown in mice) tumor
model with ['®F]JFDG. The same group also conducted an in vivo study of their
beta camera on a lingual cancer model in rabbits [Sing 09]. In that paper they
report that their device is capable of detecting very low activity in tumors. In
addition they report low sensitivity to background gamma radiation [Thac 08].
Two earlier papers about this beta camera present the evaluation of the device
using standard clinical phantoms, and based on the operational data obtained on
swine models and in surgery [Shes 06, Shes 07]. Their most recent paper presents
the capabilities of the device on an animal model [Sing 13].

Lauria et al. have developed an intra—operative beta camera based on a silicon
pixel detector with a sensitive area of 14.08 x 14.08 mm? [Laur 07]. The camera is
depicted and illustrated in figure 4.6. The authors conducted experiments with an
['8F]FDG droplet for determining several calibration parameters. Among others,
they report counting linearity in the activity range 37 Bq — 37 kBq. This beta
camera, however, is not capable of distinguishing annihilation photons from beta
particles. Russo et al. provide an extended analysis of the technical parameters of
the same beta camera, as well as an overview of the camera’s performance using
biological samples [Russ 08].

Last but not least, Vu et al. reported on a silicon semiconductor-based beta cam-
era with a 14 x 14 mm? active imaging area [Vu 06, Vu 11]. The latter presents in
detail the construction of the beta camera. The authors mention that the detector is
primarily sensitive to charged particles, making it highly capable of rejecting the
background gamma radiation. In addition, they use the beta camera for imaging
colonies of four melanoma cell lines, the colonies featuring cell populations from
hundreds of cells down to a single cell.

390Gy is an electron—emitter with 546 kel maximum energy (compare to 633.5 keV maximum
energy of "°F).
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Figure 4.5.: RMD intra—-operative imaging beta probe. Copyright notice: 4.5(a) and
4.5(b) reprinted from [Thac 08], © 2008 IEEE. 4.5(c) and 4.5(d) reprinted

from [Sing 09], © 2009 IEEE.

SCSI-3 connector HV connector

Sample
holder

0 1 2 3 4em Detector

Figure 4.6.: The silicon pixel detector-based intra—operative beta camera devel-
oped by Lauria et al. Copyright notice: Image courtesy of Prof. Dr. Adele
Lauria, reprinted from [Laur].

42



4.2. High-energy Gamma Detection & Imaging

4.2. High—energy Gamma Detection & Imaging

ESEARCH groups that work on intra—operative PET-like imaging modalities
R in general use (high—energy) gamma cameras, and not probes. Nonethe-
less, we find it useful to first outline in the next subsection some papers on high-
energy probes in intra—operative settings. Following that we give an overview of
the intra—operative and diagnostic-oriented novel PET-like imaging approaches
respectively in the two subsequent subsections.

4.2.1. Intra—operative High—energy Probes

The paper by Raylman already mentioned above talks about the utility of an
intra—operative probe (see figure 4.1) that can be operated in two modes: beta-
optimized and photon-optimized [Rayl 01]. As such, this probe is capable of
detecting both the positrons and the annihilation gammas of ®F. In the paper
the author reports on the gamma detection sensitivity of the probe in conjunction
with three radionuclides: ®F (positron emitter), ™Tc (pure gamma emitter) and
In (decays by emitting gammas after electron capture — see the footnote in sec-
tion 4.1.1). 'In yielded the highest gamma detection sensitivity, and *™Tc the
lowest.

Next we would like to elaborate on the use cases of our high—-energy probe in
literature, as it is quite rich. The paper by Strong et al. (mentioned in detail above)
reports on the utilization of this probe for localizing malignancies in murine tu-
mor models; however with a focus on the validation of the beta probe [Stro 09].
On the other hand a recent study was performed by Gulec ef al. featuring 40 pa-
tients [Gule 06]. In this study the probe detected all the ['®FJFDG-PET-positive
lesions. In 14 patients it guided the surgeon in finding lesions that were not
detected by surgical exploration. In eight cases, it localized a non—palpable le-
sion. Moreover in two patients, it localized an additional lesion not seen on the
pre—operative images. In another study featuring 12 patients, Kim et al. stud-
ied the intra—operative performance of the high-energy probe in conjunction with
[®F]FDG in malignancies related to the head and neck anatomy [Kim 11]. The
probe was used two to six hours post-injection and the malignancy site was re—
explored if the T/B signal ratio was more than 1.3. This somehow lower ratio
suggests that the T/B contrast in this anatomy is inherently limited, due proba-
bly to the high unspecific uptake of ['®F]JFDG. The authors report that the probe
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could localize all the tumors with a mean T/B ratio of 1.51, and all the T/B ratios
falling in the range 1.17 — 4.03. In addition, using the probe, the authors could
detect additional lymph nodes that were not identified during the pre—operative
US inspection.

Essner et al. studied the performance of a high—energy probe in a study featur-
ing eight patients (six melanoma and two colon carcinoma) who had a total of 17
tumors identified in pre-operative ['®F][FDG-PET images [Essn 01]. The authors
intra—operatively recorded the probe readings on the tumors and peri-tumoral
healthy tissue. The tumors yielded T/B ratios between 1.16 — 7.92. 11 of the 17
tumors yielded a T/B ratio higher than 1.5. The authors report that sub—optimal
T/B ratios occured as a result of the surgery being performed earlier than 30 min
or later than 60 min post—injection.

Gulec et al. report a study for quantifying the performance of another high-
energy probe, featuring 24 patients [Gule 07]. They recorded T/B ratios based on
probe count rates, and the lesion detection success intra—operatively, two to six
hours post-injection of [®F]FDG. The probe could detect all lesions with a T/B
ratio of 1.5 or more. In addition it was useful in localizing non-obvious lesions in
eight patients. Last but not least, the probe was useful in identifying non—palpable
lesions.

A very interesting study targeting biopsy—proven head and neck cancer ma-
lignancies in 36 patients was published by Meller et al. in [Mell 06]. This group
developed their own gamma probe (see figure 4.7), whose details they outline
in their mentioned paper. 21 of these 36 patients showed lymphatic metastases,
while the remaining 15 did not. The authors compared the performance of the
probe in conjunction with ['®F]FDG to the pre-operative US and pre-operative
['8F]FDG-PET inspections. The probe and the US inspections both yielded the
highest sensitivity of 95 %. Specificity was highest for ["8F[FDG-PET with 80 %,
while the probe yielded 60 % and US 40 %. The authors further argue that the sen-
sitivity for the probe investigations could be increased by using different cut-off
criteria, however this would then adversely affect the specificity. ['®FJFDG-PET
and gamma probe performance were comparable in terms of accuracy: 83 % and
81 % respectively.

In a Technical Innovations report, Povoski et al. explain a combined approach
featuring pre-operative ['®FJFDG-PET/CT, intra—operative high-energy probe,
and intra—operative US inspections for localizing tumors and verifying the resec-
tion in a case of melanoma [Povo 08]. In the study they report the probe had
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Figure 4.7.: Positron emission probe developed by Meller et al. A depicts an early
prototype, whereas B is the actual version used in the study reported
in [Mell 06]. Copyright notice: Image reprinted from [Mell 06] with per-
mission from Schattauer GmbH.

the role of localizing post-resection residuals within the tumor bed. After this
initial investigation, the resection was extended and another consequent probe in-
spection was performed, this time showing no residual. In addition, the probe
was used for guiding the surgeon to sites of increased activity as seen in the pre—
operative [\®F[FDG-PET/CT images. Another paper by Hall (the second author of
the above report) et al. outlines their combined approach featuring pre-operative
['®F]JFDG-PET/CT and intra—operative high-energy probe (i.e. no US this time)
inspection for localizing tumors and verifying complete resection in breast can-
cer [Hall 07]. In their study featuring two patients, they used the probe in a similar
manner the above report. Povoski et al. also published a review on the spectrum
of medical application scenarios using gamma probes [Povo 09].

4.2.2. Intra—operative PET Systems

The Center for Advanced Imaging at the West Virginia University is actively con-
ducting research on hardware pertaining to intra—operative PET imaging. The
group presented their work on hand-held PET imagers tailored especially to-
wards breast imaging at the IEEE Medical Imaging Conference (MIC) 2011 [Stol 11].
They have various imaging and non-imaging components, some of which can be
operated in coincidence mode (see figure 4.8 for images of the components). Their
system allows for the detection of coincidences and hence for PET image recon-
struction in the OR. Stolin et al. also developed a dual modality planar PET/optical
scanner for confirming resection margins based on the ex vivo analysis of extracted
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(a) Smaller imaging panel and non-imaging high—energy gamma probe (all images), in
combination with larger imaging panel underneath the bed (left image only).

Round Stick
imaging imaging
probe

robe

(b) Smaller imaging panel and round imaging probe (all images), and stick imaging probe
(left image only).

(¢) Round imaging probe  (d) Two round imaging  (e) Another version of the two
operated in coincidence  probes operated in co-  round imaging probes.
with stick imaging probe.  incidence.

Figure 4.8.: Hand-held imaging and non-imaging detectors developed by the

Center for Advanced Imaging at West Virginia University at Morgan-
town. Copyright notice: All images courtesy of the Center for Advanced
Imaging at West Virginia University in Morgantown, West Virginia, USA.
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(a) The construction of the system. (b) Animage generated by the imager.

Figure 4.9.: The tissue specimen imager developed by the Center for Advanced
Imaging at West Virginia University at Morgantown. Copyright no-
tice: Both images courtesy of the Center for Advanced Imaging at West Vir-
ginia University in Morgantown, West Virginia, USA.

tissue samples [Stol 08]. This system combines a pair of detector heads for PET
imaging and an optical camera for overlaying nuclear information on to the tissue
sample, which serves as an anatomical map for orientation. Images of this pla-
nar PET/optical scanner can be seen in figure 4.9. This system has recently been
patented [Fale 12]. Details can be seen in the patent publication.

Hubh et al. published very interesting research work featuring a Monte Carlo
simulation of an intra—operative PET imaging probe system they were planning to
build [Huh 07]. Their concept is similar to the hand-held PET imagers by Stolin et
al. outlined above. This research group also conducts research on fast reconstruc-
tion algorithms that will enable PET reconstruction within a timeframe suitable for
intra—operative use. They presented one such method in [Huh 08]. The following
year they reported that their method can reconstruct 3D images from simulated
data in just 70 msec, thanks to their implementation on a GPU [Huh 09].

Weinberg et al. presented a method for 3D imaging by using hand-held 2D
gamma cameras [Wein 01]. The group also built their own portable gamma cam-
eras. In 2003, Adler (the senior author of the mentioned publication) et al. filed a
patent application for their technology [Adle 03].

4.2.3. Diagnostic-oriented Novel PET Systems

Another research project of the Center for Advanced Imaging at the West Virginia
University in Morgantown is the high—resolution PET prostate imager. The system
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(a) The conceptual illustrations (left and middle) and the ac-
tual image of the imager.

(b) The circuitry of the insertible trans-rectal detector probe.

Figure 4.10.: The dedicated PET prostate imager system developed by the Cen-
ter for Advanced Imaging at West Virginia University at Morgan-
town, West Virginia, USA. Copyright notice: Both images reprinted
from [Maje 11a], © 2011 IEEE.

consists of two 2D detector blocks placed e.g. close to the patient’s torso and a
spatially co-registered, insertible trans-rectal detector probe (see figure 4.10). As
such it provides coincidence detection and very high resolution reconstruction
of the prostate as well as the surrounding organs. A patent application for this
invention has recently been filed by the group [Maje 10b]. There are also two
papers [Maje 11b, Maje 11a] and a technical report [Maje 10a] about this system.

Another and very recent publication of Stolin, Majewski et al. is on a novel tan-
dem PET imaging system [Stol 13]. This is a high-resolution PET imager. See fig-
ure 4.11, which shows the system along with images obtained with it, capable of
down to 1 mm-resolution.

Similar to the work of Majewski et al. cited above is the ongoing European
Union project “ENDOTOFPET-US” [The 13b]. This is a huge research project un-
dertaken by 12 Europe-wide partners. According to the project website: “The main
clinical objective is to address image—guided diagnosis and minimally invasive surgery
with a miniaturized bimodal endoscopic probe with a millimetre spatial resolution and
a 100 times higher sensitivity than whole~body PET scanners. The aim is to improve
harvesting of tumoural tissue during biopsy by combining the functional biological infor-
mation of radioactive biomarkers with the morphological information obtained from US.”
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(a) Hlustration of the system. (b) Constructed tandem PET im-

ager prototype.

(c) Resolution phantom. (d) Image of the resolution
phantom to the left.

40:1, 5mm 40:1. 3Imm

(e) Image of another resolution
phantom.

Figure 4.11.: High-resolution tandem PET imager developed by the Center for

Advanced Imaging at West Virginia University at Morgantown,
along with phantom images. Copyright notice: All images courtesy
of the Center for Advanced Imaging at West Virginia University in Mor-
gantown, West Virginia, USA.
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(a) System construction. (b) Ilustration of PET vs.
US field—of-view.

single side readout  rotationaxis  PET head fixation optical system light guide

(c) PET-US probe. (d) Details of PET-US probe.

Figure 4.12.: ENDOTOFPET-US system construction and components. Copyright
notice: (All images) Copyright: Gadow/DESY.

The project primarily focuses on pancreatic cancer and prostatic cancer, due to the
fact that both pathologies follow almost asymptomatic development [The 13b].
Various illustrations and an image of the PET-US probe can be seen in figure 4.12.

Turkington et al. published a phantom study on the performance of a prostate
PET imaging system with dual planar detectors [Turk 04]. The phantom featured
different size spheres and all the spheres were filled with 20:1, 10:1 and 5:1 ac-
tivity concentrations with respect to the background, in three different settings
(figure 4.13 shows an image of this phantom as well as the detectors used). The
group obtained the data with the detectors i) in a fixed orientation, ii) orbiting
around the body in limited and iii) in full arcs. They were able to reconstruct the
spheres at 20:1 and 10:1 activity concentrations.

Another, though loosely-related, research work belongs to Judy et al., and is
about using a two-head gamma camera system for improving resolution in breast
scintigraphy [Judy 07]. The group evaluated a commercially available, as well as
a research-based system with a phantom, in order to quantify the resolution as a
function of lesion depth. In a more recent publication, Judy et al. also provided an
analysis of several methods for combining the data from the two gamma cameras
into one image [Judy 10]. This research work was conducted in cooperation with
Majewski and Stolin.
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Figure 4.13.: PET prostate imager developed by Turkington et al. together with the
phantom they used for their study. Copyright notice: Image reprinted
from [Turk 04], © 2004 IEEE.
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CHAPTER D

Intra—operative Epiphanography

HE intra—operative beta probes presented in section 4.1.1 obviously do
not provide images. The beta cameras presented in section 4.1.2 close
this gap as they do provide 2D images, albeit of a region limited by the
sensitive area of the camera. Nevertheless, in many intra—operative

scenarios there is a need for navigational information; that is, the surgeon needs to
know which part of e.g. the tumor bed has a higher radiotracer uptake, in order to
make the decision of extending the resection borders in that part. In this chapter
we introduce our approach to meeting this need, namely the epiphanography imag-
ing modality for intra—operative use. The word epiphanography is a compound of
the Greek words emipdvewa (epiphaneia) for surface and {wypagid (ographia) for im-
age, and hence means the image of the surface similar to the compound téuog (tomos)
for volume/slice and LwypaqLd (ographia) for image, meaning the image of the volume,
i.e. tomography. To our knowledge this is the first use of the word epiphanography
in the context of nuclear medical imaging.

We first present the relevance of epiphanography in the neurosurgical context.
Then we talk about the general design and calibration of our system. Following
that we elaborate on the experiments for evaluating various parameters of the
system. Finally we present our feasibility studies with phantoms and conclude
with a discussion of our results.
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5.1. Medical Relevance

OW-GRADE gliomas (LGG) represent about 30 % of all gliomas. LGGs have an
L annual prevalence of 1 in 100,000 and affect mostly adults between 20 — 50
years of age [Loui 07]. Most LGG lesions can be resected to some extent [Whit 04].
Their survival prognosis is more favorable than other types of gliomas: total re-
mission for LGG is possible, whereas for instance the average survival time for
glioblastoma is 12 months [Dole 12]. The main treatment option in LGGs is sur-
gical resection with a careful consideration of the brain eloquent areas to avoid
neurological deficiencies. Total surgical resection was shown to increase the sur-
vival rate [McGi 08, Ius 12, Orri 12]. Moliterno et al. state that “when possible, ag-
gressive resection of malignant gliomas is the preferred initial step in management. Tu-
mor resection to the maximum extent that is safely possible can decrease tumor burden
and thereby enhance the effects of adjuvant therapies, improve symptoms from mass ef-
fect, reduce the frequency of seizures, and provide tissue for pathological and genomic
studies to better identify and test novel therapy” [Moli 12]. On the other hand “the
likelihood of complications increases with the proximity of the lesion to eloquent cortex.
If it is within 0.5 cm of functionally active and important brain, there is a high risk of
complications” [Whit 04]. Yet, due to their infiltrative nature, residual tumors can
cause an LGG to evolve into a more aggressive high-grade glioma (HGG - grade
III or IV). The competition between these two criteria — extent—of-resection (EOR)
and post-operative morbidity — is a clear indication for an intra—operative method
that allows for detecting post-resection residual tumors and thereby guides the
surgeon in extending the resection accordingly. In addition, the state-of-the-art
techniques MRI and CT were shown to fail to accurately identify the full extent of
brain tumors, as well as microscopic infiltration. This is another indication for an
intra—operative (i.e. real-time) method to be utilized in neurosurgery [Ghol 11].

Although ['®F]JFDG-PET has become the state—of-the-art imaging modality for
the imaging and grading of tumors, it suffers from a low T/B uptake ratio in brain
tumors. This is due to the fact that the brain consumes large amounts of glucose
and therefore the glucose metabolism of a brain tumor does not sufficiently con-
trast to the peri—tumoral healthy tissue. On the other hand, amino acid analogs
like ['8F]FET yield higher T/B ratios in brain tumors. For instance ['8FIFDG (glu-
cose analog) yields 1.7, whereas ['®F]FET (amino acid analog) yields 3.1 [Boga 09].
In addition, ['®F]FET is reported to be useful in surgery planning [Gros 10] and
post—operative detection of malignant residual tumor [Popp 04]. Two other amino
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acid analogs ['8F]FDOPA! and ['!C]MET? yield 2.0 T/B ratio [Bech 03]. This is the
reason why amino acid analogs have much higher specificity in tumor mass de-
lineation [Paul 03, Gros 10], both in LGGs and HGGs [Popp 04]. Another (though
not an amino acid analog) radiotracer used for imaging brain tumors is [18F]12¢,
which yields a very high T/B ratio of 8 [Boga 09]. Based on all these findings, our
hypothesis is that using our system in conjunction with such radiotracers intra—
operatively can help the neurosurgeon to detect post-resection residual tumors
and increase the EOR accordingly. In a concrete neurosurgery scenario, [\®F]JFET
could be injected after the surgical hole in the skull has been opened (i.e. cran-
iotomy), but 30 min before the actual resection of the tumor. This 30 min gap until
the resection would ensure that the radiotracer reaches the optimal T/B uptake
ratio, or the plateau of constant radioactivity (see section 3.1.2) by the time the
neurosurgeon has finished the resection. It is exactly at this point that epiphanog-
raphy would be used for inspecting the tumor cavity.

In a clinical scenario, the residual tumor is due to the neurosurgeon’s limitations
to distinguish between healthy and tumoral tissue, especially with LGGs (where
tumoral tissue is not much different than healthy tissue and LGGs tend to infiltrate
surrounding healthy tissues), except of course, when residual tumor is deliber-
ately left in order to avoid post—operative neurological deficits. Epiphanography
in that respect is a promising approach that could enhance the neurosurgeon’s vi-
sion. Considering the high correlation between the EOR and the overall survival
rate [Orri 12], epiphanography could have a high impact on the neurosurgical
management of especially the infiltrative LGGs, as the objective in the surgical
management of LGGs is to remove as much tumoral tissue as possible to avoid
recurrence or malignant progression, with minimal brain damage and minimal
post-operative function loss.

5.2. Design & System Setup

5.2.1. General system setup

Our system combines a beta probe (NodeSeeker 800, Intra Medical Imaging LLC, Los
Angeles, CA, USA), and an optical tracking system (Polaris Vicra, Northern Digital

! L-3,4-Dihydroxy—6—[ 18R] fluorophenylalanine
2L—[rne’chyl—l1C]Me’chionine
3[18F]Fluoro—[1,2-2H4]choline
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Incorporated, Waterloo, ON, Canada) and is depicted in figure 5.1. The following
two subsections give brief information about these two components.

5.2.1.1. Beta (positron) probe

A beta (or positron) probe is a device that can detect positrons. It follows from the
typically millimetric penetration depths of positrons in tissue, that the positrons
detected by a beta probe must have been emitted from within a few millimeters of
the surface. This is why a beta probe is very sensitive to positron sources at or very
close to the surface, and virtually insensitive to deeper ones. Our beta probe to-
gether with the control unit is depicted in figure 5.1. It features two plastic scintil-
lators: one cylindrical, and one ring—shaped. The two scintillators are concentric,
and the ring detector is shielded with a 1 mm stainless steel layer, which stops
almost all positrons with energies lower than 1.5 MeV. As mentioned in sec-
tion 3.2.2, a plastic scintillator cannot be used for efficiently detecting the 511 keV’
annihilation photons. Yet, annihilation photons still interact with it, thereby caus-
ing false positives, or contamination in the signal. The rationale behind the ring
detector in the NodeSeeker 800 beta probe is to account for this contamination of
the main (cylindrical) detector (see [Dagh 94] for a more detailed discussion).

The beta probe must be calibrated for the detection of the positrons of the spe-
cific isotope to be used ('®F in our case), before it can be utilized. The calibration
consists of three steps:

1. Count acquisition and channel selection A point source containing '®F is put
close to the probe’s sensitive area, and the data acquisition for the twenty
channels of the two detectors is started. The point source is to remain at the
same position for the whole acquisition. Once the acquisition is finished,
a histogram of counted events is obtained for the twenty channels of both
detectors. Then, based on the typical energy spectrum of positrons for the
isotope in question, the first few channels are to be excluded, by selecting

the rest, in order to minimize the detection noise?*.

2. Mutual detector sensitivity estimation The same '8F point source is covered
(e.g. with a coin) such that all the positrons are stopped before reaching the
probe detectors. The purpose of this step is to flood both probe detectors

*The positron energy spectrum is only vaguely discernable from the histogram of counted events
(binned into the twenty channels), so in practice the channel selection is done purely based on
the specifications of the manufacturer.
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(a) The navigated probe system (b) Close up view of the
setup. beta probe.

Figure 5.1.: Navigated beta probe system setup. 5.1(a)) 1) Augmented reality (AR)
visualization. 2) Polaris Vicra optical tracking system. 3) NodeSeeker
800 control unit (beta probe hand-held on the right). 5.1(b)) The beta
probe with an attached tracking target.

with photons, for determining their respective sensitivities to photons. This
step should be performed with care as it is crucial for computing the weight-
ing factor that will be used for subtracting the pure photon signal (registered
by the ring detector) from the photon—contaminated positron signal (regis-
tered by the cylindrical detector) in order to obtain the net positron count.

3. Quality control This step is for a qualitative check of the quality of the per-
formed calibration. A ??Na source is to be used. In this step, the overall
detection sensitivity of the probe is also reported.

5.2.1.2. Optical tracking system

The Polaris Vicra optical tracking system comprises two near infra-red cameras,
with strobe lights close to each (see figure 5.2). The strobe lights illuminate the scene
with near infra—red light, which is reflected by dedicated spheres called fiducials, a
rigid set of which comprises a tracking target (see figure 5.1(b)). Spherical fiducials
are very suitable in particular, due to the fact that the image of a sphere is always a
circle regardless of orientation [Reic 13]. The two cameras are rigidly fixed to each
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(a) declipseSPECT imaging  (b) Tracking volume of NDI Polaris Vi-
system (SurgicEye GmbH, cra.

Munich, Germany), includ-

ing an NDI Polaris Vicra.

Figure 5.2.: A clinically used optical tracking system and its conceptual tracking
volume. In 5.2(a)) part of the black regions around the two tracking
cameras left and right are rings of infra-red strobe lights. 5.2(a)) Copy-
right notice: Image courtesy of Dr. Tobias Reichl. 5.2(b)) Copyright no-
tice: Image courtesy of NDI, reprinted from [Pola 13].

other, and calibrated, i.e. in a known geometric configuration. The tracking system
works in three steps. In the first step, the fiducials, which can be distinguished
very well in the camera images due to their brightness, are segmented. In the
second step, the position of each fiducial is triangulated®. Each tracking target
has a unique geometry consisting of at least three fiducials, by which the target
registration is performed in the third and final step. Lack of symmetry and lack
of collinearity within the geometric shape defined by the fiducial positions within
a tracking target are crucial factors for accurate tracking. For more details on the
principles of tracking, as well as a very good review of state—of-the-art tracking
technologies, see [Reic 13].

In concrete tracking scenarios, there is usually a need for localizing an instru-
ment relative to a scan object (e.g. a patient, or a phantom). Therefore a unique
tracking target is attached to both of these. The tracking system provides in real-
time the transformations w"”dﬂnst(k) e R and w"”dTobj(k) € R™4, denoting
respectively the transformation from the instrument tracking target to the world
(i.e. the coordinates of the tracking system) and from the scan object to the world.
The super—index £ indicates that these transformations are valid only at a point &

°For triangulation, the fiducial must be visible in at least two camera images.
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in time. In addition, the actual point of interest on the instrument or within the
scan object is usually not exactly the tracking target itself, but rather some other
point that is rigidly related to its tracking target. For instance, in figure 5.1(b), the
tip of the probe is of interest rather than the actual position of the tracking target.
Therefore two other (usually rigid) transformations ™5!T};, € R?** (from the in-
strument’s tip to the instrument tracking target) and "'T,;,; € R*** (from the scan
object’s tracking target to the region of interest — ROI — within the scan object) are
also involved. In our scenario both of these transformations are rigid, which is
why they are not marked with the super—index k. If neither scaling nor projection
are involved in these transformations (which is the case in our scenario), each of
these transformations can be decomposed in the following fashion:

R t
T:lo 1] 6.1)

where R € R3*3 is a rotation matrix, and t € R**! is a translation vector.

A 3D point p, € R?>*! within a coordinate system o can be transformed to the
corresponding point p. € R3*! within another coordinate system c via the follow-

Dec ¢ Do
-2l

ing equations:

CRO CtO o
_ b (5.3)

0 1 1

CRO o C.l(:O
- l Po + ] (5.4)

1
Hence p. is related to p, by:

Pec = ‘R, Do + “o (55)

Transforming a point py;, at the tip of the probe to the corresponding ROI coor-

(

dinate system point pmi(k) involves the compound transformation ””Ttip k) (from

the tip of the probe to the ROI):

(k) . 4
] o ] o
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This compound transformation can be decomposed in the following way:

; k ; k k
rozzvtip( ) — TOZTworld( ) worldT:tip( ) (57)
0% k) obj k wor k) ins k
= ( Tobj( ) b]Tworld( )) ( ldnnst( ) tT;ﬁip( )) (58)

—1
A k k) i -1
_ TOZTobj (worldTobj( )) worldTinst( ) <tlpnnst> (59)

. . k k
As mentioned before, the transformations “’f’”dTObj( ) and wdemst( ) are pro-
rot

vided in real-time by the tracking system. On the other hand T}, ; and obj
are to be determined in advance. This is the whole calibration required for track-

ing.

5.2.2. Epiphanographic imaging with beta probes

A beta probe by itself provides only a count rate (referred to as probe reading from
this point on) that is ideally proportional to the level of radioactivity within its
field of view (FOV). This information is by itself of limited use within a surgery.
First of all, it is almost impossible for the surgeon using a beta probe to follow the
numerical values of the probe reading visually. This problem is overcome by an
audio feedback mechanism integrated into the probe control unit depicted in fig-
ure 5.1(a). Although a great improvement compared to the mere numerical value,
the audio feedback is still of limited use: it is rather the information contained in
the spatial distribution of the radiotracer that is of interest to the surgeon.
Combining a beta probe with a spatial localization system makes it possible
to record the probe readings synchronously with the probe position relative to
the patient. This opens the way for generating 3D images of the spatial distri-
bution of the radiotracer, which can be used for guiding cancer surgery intra—
operatively by augmenting the surgeon’s view with real-time information. The
idea of combining a beta probe with a spatial localization system was first pro-
posed by Wendler et al. in [Wend 06]. In their work, Wendler et al. conceptu-
alized each probe reading as the count rate of an infinitesimal positron detector
in 3D space. They visualized this data by connecting those 3D positions into
a triangulated mesh. As such, they laid down the foundations towards using a
non-imaging beta probe within a real-time imaging modality. Although this first
work was a very innovative step, it had the major pitfall of assuming an infinites-
imal detector size, thereby neglecting the physical and geometric laws governing
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the detection of positrons. In addition the main medical application scenario for
epiphanography is the detection of residual tumor after resection. Typically small
tumor deposits with diameter smaller than 5 mm are of interest in this scenario.
The approach presented in [Wend 06] in that sense is faced with a major constraint:
the resolution is limited by the sensitive area of the detector. To give an example,
a scintillating detector with a diameter of 8 mm can with this approach be used to
detect a circular tumor deposit of 8 mm diameter in the best case.

The first major contribution of our work is an attempt to model the detection of
positrons mathematically to overcome this limitation on the resolution. Similarly
to how the detection of annihilation photons is modeled in PET (see section 3.3),
we discretize the geometric surface model (referred to as surface of interest — SOI
— from here on). We call each element of the SOI a suxel (short for surface voxel).
Each suxel j has an (unknown) activity value c;. Each probe reading value m;
can thus be formulated as a linear combination of the activity values of the suxels,
with almost the same logic as in equation 3.8, which we would like to once again
expand here for the sake of clarity:

m; = E Q5 Cj
J

In PET, the a;;’s that fall within the LOR indexed i are non—zero. Using the same
analogy, in epiphanography the a;;’s that fall within the FOV of the beta probe are
non-zero. A major difference however, is that the geometry of a PET tomograph
is known a priory, and therefore the a;;’s can be determined in advance by e.g.
Monte Carlo simulation [Read 07]. On the other hand, the a;;’s in epiphanography
are never known in advance, due to i) the fact that data is acquired with a freehand
scan, and ii) the varying surface topology. We use analytical ad-hoc detection models
for computing these coefficients on-thefly in epiphanography. In the course of
our research work, we have developed and evaluated several of these, which we
present in section 5.5.

5.2.3. Challenges & limitations

Similarly to the case of image generation in PET, thanks to the probe models, data
acquired with our system can be described by equation 3.9: Ac = m, where A
is the matrix of the coefficients a;; computed with the ad—hoc model; c is vector
of the (unknown) suxel activity values; and m is the vector of the probe readings.
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Figure 5.3.: Histogram of probe readings acquired for 2 min with a single point
source at a fixed position. A single probe reading in a freehand scan
can be conceptualized as picking a value at random from the x—axis of
this graph. The red line is the normal distribution fitted to the probe
readings. The probability of picking the mean value of this distribution —
i.e. measuring the correct activity — in a freehand scan is very low -
numerically speaking 4.62 % for this particular dataset.

However, the acceptable time to obtain data with epiphanography in an intra—
operative setting is typically on the order of a few minutes. This leads to the major
limitation that the obtained data do not have statistically sufficient information
(see figure 5.3).

Another important factor affecting the data quality is the measurement noise.
Measurement noise becomes apparent in lower activity concentrations, which are
unfortunately also what is to be expected in a real-life setting. The data quality
might also be severely hampered if the probe is not well-calibrated in terms of
rejecting annihilation photons. This effect is minimal for NodeSeeker 800, as far as
we could discern, but is worth mentioning here as a possible cause of low quality
data.

Apart from these limitations, the major issues for epiphanography are related
to the actual scan procedure. The fact that the data is obtained with a freehand scan
might lead to the problem that, depending on the data rate of the used probe and
the scanning speed of the operator, the probe reading is not of a stationary probe
position in space, but rather an accumulated value of several consecutive posi-
tions. This effect leads to a smearing of the high activities, and hence to resolution
loss. The higher the speed at which the operator scans, the more pronounced this
effect becomes.
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All these limitations make the linear system Ac = m obtained in epiphanog-
raphy ill-posed, rendering a direct inversion of the linear system Ac = m (c =
A~1m) virtually impossible. Instead, similar to the case of PET image generation,
an iterative approach like MLEM, which inherently takes into account the nature
of radiation detection, is more suitable. For generating images with epiphanog-
raphy, we apply MLEM with 25 iterations, selected heuristically based on our
experience. Furthermore, smoothing with a Gaussian kernel is usually necessary
to dump the effect of noise in the generated images.

Due to the fact that a beta probe is very sensitive to superficial radiation, it has
to be kept very close to the surface during data acquisition (in fact, sterilization
with e.g. latex sheathing in the OR might be an issue because of this — for a discus-
sion of this issue on the basis of practical experiments, see [Thac 08]). This means
that even small errors in the detector—to—source distance values (the parameter d;;
wherever applicable in the ad-hoc models to be explained in section 5.5) might
have pronounced negative influences directly in the resulting linear system, con-
tributing for the worse to its ill-posedness. The first source of error in the detector—
to—source distance is the localization error of the tracking system (or the tracking
error). The tracking error is larger in the edges of the tracking volume [Reic 13].
Therefore it is important that the scan be performed inside the optimal part of the
tracking volume.

The issue of the acquisition and mathematical representation of the SOI for use
in epiphanography is a problem in itself. In an intra—operative setting, first of all,
some surface points representative of the SOI are to be obtained. This can be per-
formed using a tracking pointer or with a combined infra-red laser and optical
tracking approach [Wend 08]. Both methods require extra time (i.e. apart from
the actual epiphanography scan). The former approach should be more accurate,
however with limited applicability in an intra—operative setting. The latter ap-
proach has the advantage of being touch—free, however it works only when the
surface to be scanned is totally exposed. A third approach is to infer the surface
point positions from the probe tip positions recorded during the epiphanography
scan. The advantages of this are that i) it does not require extra time, ii) it makes
sure that all the regions of the surface that the probe sweeps are covered. Never-
theless, accuracy may become a concern esp. when the probe—-to—surface distance
varies significantly between measurements. As to the representation of the SOI,
our software platform outlined in appendix C supports surface meshing for arbi-

trary surfaces from a point cloud.
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The attenuation of positrons in tissue is a line spread function (see the work of
Cho et al. [Cho 75]). This attenuation can be modeled after the curves presented
by Choetal. in their work. However, as these curves span a sub—millimeter spatial
resolution, modeling the attenuation as a function of the depth makes sense only
if the above mentioned errors pertaining to the representation of the surface can
be properly addressed.

Last but not least, to be able to correctly delineate the post—excision residual
tumor from the peri—-tumoral healthy tissue it is important to have a good T/B ra-
diotracer uptake contrast. The T/B uptake ratio depends principally on the phys-
iology of the radiotracer used for imaging. However, the imaging protocol does
contribute — for the better or for the worse — to how well the T/B uptake ratio is
captured in the obtained epiphanography images.

5.3. Spatial Resolution

OR preventing tumor recurrence, it is important to detect small residual tumor

masses. It is in that respect important to quantify the resolution limitations of

our system. In this section we outline the experimental study we have conducted
especially for this purpose.

We devised a resolution phantom featuring a compact disc (CD) box and drilled
small holes on top of this CD box, comprising hole pairs with mutual distances
ranging (in 1 mm steps) from 4 mm to 13 mm (see figure 5.4). We obtained the
ground truth positions of these holes by pointing a tracking pointer directly on
each hole.

After filling two haematocrit tubes (see figure 5.4(c)) with ®F fluid, we inserted
them into the mutual hole pairs, fixing them with a sponge we had inserted into
the CD box. This construction gave us two point sources with one of the men-
tioned distances in between. On each such tube placement we scanned the sur-
face with our epiphanography system. The two point sources are distinguishable
in the 11 mm and 12 mm images, albeit with a not so small artifact in the latter
(see figure 5.5). In these images there is some misalignment between the recon-
structed image and the ground truth image. We believe this is on the one hand
due to the continuous placement-replacement of the haematocrit tubes. On the
other hand, the skewness of the probe with respect to the surface during the free-
hand scan might also have contributed to this misalignment (we used the ad—hoc
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(a) Resolution phantom from top. (b) Close-up view of the holes. (c) Haemat-
ocrit tube.

Figure 5.4.: The resolution phantom. 5.4(a) Holes are marked with a pen. 5.4(b)
Arrows show the hole pair with 8 mm mutual distance. 5.4(c) Note
that the upper two thirds of the haematocrit tube are filled with stained
radioactive fluid. The tip of the beta probe is visible in the upper part
of the image.

model described in section 5.5.4, which tends to assign larger activities along the
probe axis). All the spatial resolution phantom images can be seen in appendix A.
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Figure 5.5.: Selected reconstructions of the resolution phantom scans. (GT):
ground truth. (R): reconstruction (mm is used as unit in these as
well as other images with axes throughout the thesis, unless indicated
otherwise).
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5.4. Biological Feasibility Study

PART from the resolution limitations, it is also important to assess how well
A the beta probe can be used for localizing tumor cell colonies. Such an as-
sessment provides further data for quantifying the resolution limitations. Never-
theless in order to conduct such a study there is need for a known ground truth in
terms of the precise location and shape of the cell colonies involved. To meet this
need, we used a variant of the bladder carcinoma cell line EJ 28, that is genetically
modified (in other words transfected) such that they are capable of producing the
firefly—luciferase enzyme. This is reflected in the suffix —/uc appended to the name
of the cell line: EJ 28-Iuc. This enzyme catalyzes the oxidation of luciferin to oxylu-
ciferin. This produced oxyluciferin is in an excited state of energy, which causes it
to emit the excessive energy in the form of light (for a more detailed discussion of
the chemistry of this reaction, as well as an historical background, see [Frag 08]).
Due to the fact that this light emission comes from living cells, it is called biolumi-
nescence. Bioluminescence allows for imaging EJ 28-luc cell colonies under suit-
able conditions with a special sensitive charge—coupled—device (CCD) camera. The
core assumption of our study is that the spatial bioluminescence signal intensity
correlates with the density of these tumor cells. Therefore we used the biolumi-
nescence signal intensity as a ground truth for tumor cell density. Apart from the
EJ 28-luc cell line, we also used cell colonies of human foreskin fibroblasts (HFF) in
order to simulate healthy peri-tumoral tissue.

5.4.1. Experiment setup

We seeded and grew the EJ 28-luc and HFF cells in two different spatial con-
tigurations, so as to emulate small tumor deposits (of EJ 28-luc cells) against a
background of peri-tumoral healthy tissue (of HFF cells). The first spatial con-
tiguration featured two tumor spots and two healthy tissue spots, with all four
being disjoint from each other. We grew this spatial configuration on a single Petri
dish (see figure 5.11(a)), and refer to it as Cellp. The second spatial configura-
tion featured a homogeneous layer of HFFs on the Petri dish surface, on top of
which we seeded and grew three tumor spots. We grew this configuration on two
Petri dishes (see figure 5.11(b) and figure 5.11(c)), and refer to them as Cells;, and
Cellsyp respectively.

In order to register the different modality images of each single Petri dish in
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i A R & .'4

(a) The scan setup with (b) A close-up view of the probe tip
the beta probe, the Petri  scanning the Petri dish surface.

dish attached to the fixa-

tion plate, and finally the

fixation plate attached to

the step motor.

Figure 5.6.: Step motor—probe setup for scanning Petri dishes. Note how the track-
ing fiducials are placed on the fixation plate holes for forming a track-
ing target in 5.6(a).

this study, there was need for a common reference. For this purpose we designed
a special fixation plate that allows for rigidly attaching Petri dishes (see figure 5.9).
This fixation plate features eight holes that serve two purposes. First, they can be
used as landmarks for localizing the Petri dish in each image. For this purpose,
an additional (bright—field) image (see figure 5.8) has to be taken accompanying
each bioluminescence image acquisition. Secondly, the holes serve the purpose
of placing tracking fiducials in a pre-defined geometrical configuration such that
they form a tracking target (see figure 5.6(a)). We assume that the centroids of the
fiducials segmented by the optical tracking system and the centroids segmented
from the images as in figure 5.8 correspond to the same point due to the spheri-

cal/circular —i.e. symmetric — geometry in each case.

5.4.2. Experiment protocol

On the day of the experiment, we supplied each Petri dish with a 3 ml reduced-
glucose medium (1 mg/ml). We then induced bioluminescence in the EJ 28—
luc colonies by adding 0.1 ml luciferine per Petri dish and took a biolumines-
cence image together with a co-registered bright—field image using the CCD de-
vice. Following that, we incubated the cells for 30 min in 3 mi [*®F]FDG solution
(3.071 M Bg/ml). We scanned each Petri dish’s surface with our beta probe-step
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O

® 0

(@) Three EJ 28-luc (b) The three coloniesseg- (c) The binary segmenta-
colonies stained with mented. tion image.
trypan blue.

Figure 5.7.: Segmentation of EJ 28-luc colonies after staining.

motor construction shown in figure 5.6(a), featuring the beta probe (NodeSeeker 800,
IntraMedical Imaging LLC, Los Angeles, CA, USA) rigidly attached to a step motor
(Owis GmbH, Staufen im Breisgau, Germany).

After the scan, we stained each Petri dish with the trypan blue dye®, and took a
bright-field image. Colonies of both cell lines get stained with this dye, however
there is a clear contrast between the respective dye uptakes due to the different
cell densities (see figure 5.9), apparent in the bright-field images (see for an ex-
ample figure 5.7(a)). Consequently, tumor colonies can be easily segmented from
these images (see figure 5.7(b)).

5.4.3. Evaluation & results

Each scan consisted of a regular circular raster customized to cover the Petri dish’s
surface in 1 mm steps. We acquired probe readings for 3 sec (approximately 30
measurements) per raster position. As the measurement for a specific raster po-
sition, we took the average value of the time-corrected (i.e. to account for the
radioactive decay) probe readings for that raster position. We then generated
positron emission images by interpolating these averaged readings (see the mid-
dle row in figure 5.11), i.e. without applying any reconstruction.

We segmented the Petri dish surface from each bioluminescence image using
the visible edges of the Petri dish in the corresponding co-registered bright—field
image (see figure 5.8). In addition, we segmented the known features of the track-
ing plate seen in these images, in order to compute the coordinate system used by

SFor more information on trypan blue, see the corresponding entry in PubChem [The 13a].
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(a) Petri dish attached to the (b) The same image with seg-
fixation plate. mented features.

Figure 5.8.: Bright-field image of a Petri dish attached to the fixation plate and
the corresponding segmentation. The holes of the fixation plate can
be segmented to provide a common reference for registration between
different images. The Petri dish is localized based on the segmenta-
tion of the visible portion of its edges, and later fitting a circle to these
segmented edges.

the tracking system in the image coordinates as well as the metric—to—pixel scal-
ing. For all segmentations, we used the seeded region growing algorithm [Adam 94].
The biolumiscence and the corresponding positron emission image were slightly
misaligned in each case. This implies our assumption in section 5.4.1 of the cor-
respondence between the center of the tracking fiducials and the center of the
segmented tracking plate circles correspond to the same point in space is wrong.
We corrected this consistent misalignment using the average distance between the
center of the tumor spots in the bioluminescence image and the center of the re-
spective spots in the positron emission image.

The tumor spots can be visually identified in all the positron emission images,
which look quite similar to the bioluminescence images (see the middle row in fig-
ure 5.11). Positron emission images yielded 87 % mean normalized cross—correlation
(NCC) to the bioluminescence images. All numerical results can be seen in fig-
ure 5.10.

We presented this study at the annual meeting of the Society of Nuclear Medicine
(SNM)” [Shak 10a]. This study shows that positron emission imaging is a fea-
sible approach giving strong correlation to the expected ground truth, provided
that statistically sufficient data can be collected with a navigated beta probe. We

’SNM is now the Society of Nuclear Medicine and Molecular Imaging (SNMMI).
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(a) Petri dish with a single EJ 28-luc (b) The same Petri dish stained with try-
colony (faintly seen whitish spot) on top pan blue.
of HFFs.

Figure 5.9.: Petri dish attached to the fixation plate. Note in 5.9(b) that the E]J 28—
luc colony has a clear contrasting dense blue compared to the much
more faintly seen HFF colony.
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Figure 5.10.: Numerical results: raw probe readings vs. reconstruction. Cellsy,
Cellsq, Cellsy, are abbreviations corresponding to cell configurations
in figures 5.11(a), 5.11(b), 5.11(c) respectively.
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should however also state that the positron emission images generated using this
approach fail to resolve structures smaller than the sensitive area of the probe
(compare for instance figure 5.11(e) to its ground truth in figure 5.11(b)), which is
not unexpected, in the light of the discussions in section 5.2.2.

5.5. Ad-hoc Detection Models

EFORE we start our discussion of the different ad-hoc models we have devel-
B oped, we would like to motivate the reader by showing the advantage of
adopting a reconstruction approach compared to the raw probe readings. For this
purpose we reconstructed images using the cell study data outlined in the previ-
ous section. We used a discretization grid of 1 x 1 mm? suxels covering the Petri
dish surface and applied the MLEM algorithm (briefly outlined in section 3.3) with
25 iterations (heuristically selected) to the linear system obtained using the solid
angle model (explained in the following subsection). This resulted in a minor de-
cline in the NCC to the bioluminescence images (mean 77 %: compare to 87 %
achieved by the raw probe readings). However the reconstructed images almost
doubled the T/B signal contrast (mean 8.17: compare to 4.13 of the raw probe
readings). We present a detailed overview of the numerical results in figure 5.10.
Figure 5.11 shows how raw probe readings compare to the reconstructed images.
Note in the images how the reconstruction compensates for the smearing present
around the hot spot borders in the positron emission images obtained by interpo-
lating raw probe readings [Shak 10b].

Although this factor of doubled T/B contrast is in itself a great improvement, it
is important to develop even better ad—hoc models. The main motivation for this
is to be able to cope with reduced T/B uptake situations in real-life conditions for
resolving small tumor deposits.

In each of the following four subsections we introduce one of the ad—hoc models
we have developed in the course of our research work. These are the solid angle
model, look—up table (LUT) model, LUTfitted analytic model, and finally the partition
model. We then conclude this section by presenting our work on simulating probe

measurements in the last subsection.
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(a) Ce1122 Ce1131a (C) Cellglb

(d) Ceuzz (e) Cellgla, (f) Cell3lb

(g) Cell22 (h) Cell:’,la (1) Cellglb

Figure 5.11.: Positron emission images obtained by interpolating raw beta probe
readings vs. reconstructed images. Upper row: bioluminescence
images. Middle row: positron emission images obtained by inter-
polating raw beta probe readings (the arrows indicate the two HFF
colonies captured by the beta probe). Lower row: reconstructed
images.
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5.5.1. Solid angle model

Radiation is an isotropic process in 3D space. A corollary of this is that in order
to be able to detect all the radioactive events from a point source, ideally a closed
form detector must be used. The most straightforward geometry for such a detec-
tor is a sphere (around the point source). However in reality this is obviously an
impossible construction. Due to this phenomenon, it is impossible to detect all the
radioactive events from a point source in practice. Instead, an attempt is made to
approximately quantify the portion of radioactive events from a point source that
can be detected based on the geometric position of the detector with respect to the
point source. The term solid angle subtended by the detector (on the point source) is
used in a broad sense to denote this portion. A practical formula for analytically
approximating the solid angle subtended by a circular—shaped (e.g. cylindrical)
detector on a point source is:

1 1
aij = Q (dijyra Oll]) = 5 1-— 7"27_1_1 COS (Oélj) (5.10)

(dij)
where d;; is the distance between the detector and the point source®, r is the de-
tector radius, and «; is the inclination angle (i.e. between the detector axis and the
detector-to—source distance axis) — see figure 5.12 for graphical illustrations. 2 is
used for denoting the solid angle.

This complex looking formula is actually very easy to decompose. The 1/2 term
on the right models the phenomenon that due to the isotropy, it is impossible to
detect the events that go from the point source in the direction opposite to the
detector (i.e. one half of all the events). The middle term in parantheses models
first of all the effect of the detector area, which is proportional to the square of the

8Similar to the case of equation 3.8, we use the sub—index j to refer to the suxel j within the SOI,
and ¢ to refer to the measurement ¢ within our epiphanography system data acquisition. We use
this enumeration scheme for parameters that vary from measurement to measurement.
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§

d 4
(a) Assumed conic (b) Solid angle sub- (c) Inclination angle
field of view (FOV) tended by the probe of the detection.
of the probe. on a point source.

Figure 5.12.: Graphical illustrations of the solid angle probe model parameters
in equation 5.10. The grey cylinder in 5.12(a) illustrates the probe,
while the blue cylinder/rectangle in 5.12(b) and 5.12(c) respectively
illustrate the detector.

detector radius. Assuming constant d;;:

m (1-—1 ) = 1 (5.11)
r—-+oo r2 1
@2t
1

im [ 11— ——— | = 0 (5.12)

N Ve !

Equation 5.11 says that the larger the radius (i.e. the larger the detector area)
gets, the larger the portion of the detected events to all the events. Equation 5.12
on the other hand says that with smaller radius (i.e. smaller detector area), this
portion will also diminish. The effect of ionizing radiation (e.g. on a nearby object)
is inversely proportional to the distance. This is modeled with the (d;;)? term.

Similar to the above limits:

1

JTTI (R — G 513)
ij r
e e
. 1
di;—0 T72 +1

(dij)

In other words, when the distance is very large, it dominates the middle term,
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(a) The phantom with in- (b) The ground truth image of the phan-
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activities of the hot—spots.

Figure 5.13.: The controlled phantom construction prepared for studying different
probe models.

making it close to 0. On the other hand, when the distance is very small, the
middle term comes closer to 1. The cosine term cos («;;) models the sensitivity loss
due to the inclination angle illustrated in figure 5.12(c) [Ozgu 09b]. For calibrating
the solid angle model, we proposed a method in [Ozgu 09b]. The interested reader
may consult this publication, as well as [Ozgu 09a].

5.5.1.1. Evaluation: reconstructions

For evaluating the solid angle model in a controlled setup with freehand scans,
we designed a simple 2D phantom, featuring a well-defined geometry consisting
of three pieces of cellulose soaked with ['8F]FDG and attached on a tracked plate.
Two of these were of square shape with dimensions 10 x 10 mm?, and the third one
rectangular with dimensions 20 x 10 mm?2. The phantom construction together
with indications of the corresponding activities can be seen in figure 5.13. We
obtained four totally freehand scans (coded Acqi,, Acqip, Acqsq, and Acqsy) of this
phantom with our system. Each scan featured approximately 2,000 measurements
(approximately 2 min acquisition time). We performed two of these scans (Acqia,
Acqyp) at approximately 1 cm distance from the plate surface and the remaining
two (Acqs, and Acqgp) at approximately 3 cm distance.

Images reconstructed using these four datasets can be seen in figure 5.14. The
effect of distance is immediately clear: at 1 cm the three hot-spots can be quite well
distinguished in the reconstructions, while at 3 cm some smearing is introduced.
This smearing leads to the rectangular hot-spot appearing more like a square. The
numerical values for the correlation between these images and the ground truth
can be seen in figure 5.15 [Shak 11a]. These results show that epiphanography is
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(a) Ground truth. (b) Acqia (c) Acqup

il

(d) Acqgsa (e) Acqss

Figure 5.14.: Model study phantom: reconstructions with the solid angle model.

feasible in a realistic setup in terms of the freehand scan procedure and especially
short data acquisition time.

5.5.1.2. Evaluation: scattered probe readings vs. model

A curious question is how well the probe model can predict the actual probe mea-
surements. For quantifying this, we calculated probe readings by simulating them
on the basis of the solid angle ad—hoc model using the tracking data available
for the four datasets. The numerical correlation values of these simulated probe
readings to the real probe readings can be seen in figure 5.16. We also ran re-
constructions using these simulated readings. The resulting images can be seen
in figure 5.17. The numerical correlation values of these images to the ground
truth image are shown in figure 5.18. Note that these correlation values are not re-
ally meaningful for comparing one probe model to some other one. However they
give an idea on the ultimate limitation of the reconstruction procedure in terms of
correlation to the ground truth with this specific probe model [Shak 11a].

5.5.1.3. Evaluation: rastered probe readings vs. model

We also obtained a rectangular raster of probe reading—position value pairs using
a slightly modified version of the beta probe-step motor setup mentioned before.
We prepared a small circular radioactive source by soaking a circular piece of cel-
lulose (o 12 mm) with 1.2 M Bq ['8F]JFET (see figure 5.19(a)) and attached it rigidly
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Figure 5.15.: Numerical correlation values of the reconstructions in figure 5.14, fig-
ure 5.21, and figure 5.23 (coded SA+real, LUT+real, and LUTa+real re-
spectively) to the ground truth in figure 5.13(b).
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Figure 5.16.: Numerical correlation values of the probe readings simulated using
the solid angle model and GATE (coded SA, and GATE respectively)
to the real probe readings.
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(b) Acqia (©) Acque

(d) Acgsa (e) Acqss

Figure 5.17.: Model study phantom: reconstructions with the solid angle model
(using the probe readings simulated using the same model).
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Figure 5.18.: Numerical correlation values of the reconstructions in figure 5.17,
and figure 5.26 (coded SA+SA_sim, and SA+GATE_sim respectively)
to the ground truth in figure 5.13(b).
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(a) Circular radioac-
tive point source.

(b) The probe calibrator mount
fixed on the step motor plate.

(c) The source attached
to the step motor plate.

Figure 5.19.: Rectangular probe reading—position raster acquisition setup.

to the horizontal plate of the step motor. We calibrated the probe position for the
most accurate alignment with the source by fitting the probe tip into a custom
designed calibrator mount seen in figure 5.19(b).

We programmed the step motor to move the horizontal plate and the beta probe
for generating a rectangular scan raster of 50 x 50 mm? in steps of 1 mm, acquiring
9 sec (approximately 90 probe readings) of probe readings per raster position. The
total acquisition took about eight hours (i.e. about four half-lives of the initial F
activity). Thus in order to maximize the sensitivity, we started the acquisition with
the probe at the most distant position to the radioactive source. After correcting
for radioactive decay, we obtained the probe reading values in each specific raster
position by averaging all acquired probe readings in that position:

K
a(dp,dy) = Z (dp, d, (5.15)

where d}, and d,, are respectively the horizontal and vertical distances from the
radioactive source. For all the positions dictated by the d;, and d, values of the
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2

(a) Relative error of the solid angle model. (b) Actual raster values.

Figure 5.20.: Coefficients calculated using the solid angle model vs. the raster of
probe readings. x—axis: dj, values, y-axis: d, values (both in mm), z-
axis: relative error values as a percentage in 5.20(a); probe readings
(counts per second — cps) in 5.20(b).

raster, we also calculated the coefficients a;; with the solid angle model (that is,
after this calculation, we now have two rasters). We normalized the coefficients of
both rasters with the respective maximum value. Finally we calculated the relative
error of the solid angle model with respect to the probe readings in the following

manner: ‘ (d d ) (d d )|
Usq \Qpy Ay ) — Ayt (Qh, Ay

dp,dy) =

‘ ( o ) Argster (dh7 dv)

(5.16)

where asq (dp, dy) and arqster (dn, dyy) are the coefficient values for respectively the
solid angle model and the raster generated from probe readings for the position
dictated by dj, and d,,. The distribution of the relative errors can be seen in fig-
ure 5.20(a). Note that the solid angle produces 100 % relative error in the upper
triangular region due to the FOV-cut. This error is however not relevant, due to
the fact that the probe readings are almost zero in this region, as seen in 5.20(b).
However on the other hand, the solid angle is moderately accurate only in the
right corner of the lower triangular region, up to a few mm, and in the rest of
this region produces an error of about 60 % even in relatively small distances like
5 mm [Shak 12a].

5.5.2. Look—up table (LUT) model

Instead of calculating the coefficients a;; directly with a mathematical formula, it
is also possible to calculate them based on a raster like the one mentioned above.
In acquiring such a raster, a symmetric probe construction (e.g. cylinder) can be
exploited such that only a 2D raster of probe reading—position pairs is obtained,
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and then mirrored around the probe axis. As our probe fits into this category, we
base the rest of our discussion on this type of rasters.

A raster as such can be conceptualized as a look—up table (LUT) L : R x R — R,
mapping from the 2D horizontal and vertical distance values (dj, and d,)) to a probe
reading value. Our models calculate the (direct) detector-to—source distance d;;
and the detector-to—source angle «;;, which cannot be directly used for retrieving
the corresponding coefficient value a;; from this type of LUT. Instead, a function
[ = f(dij,a;j) takes the d;; and «y; values, and calculates the corresponding dj,
and d,. In case there is no direct match to the discrete horizontal and vertical
distance values of the LUT, f returns two sefs of such distances {d;} and {d,}:
f:Rx[0,7/2] = R x R. The LUT function L then takes these distance values as
parameters and returns the corresponding coefficient a;; in the case the LUT has
exactly matching dj, and d, values (i.e. one value in each of both sets). Otherwise,
i.e. if there is no exact match, L computes the value a;; by performing (e.g. nine-
neighborhood) interpolation between the values of the distance value sets {d}
and {d,}. In summary, the LUT probe model calculates a coefficient a;; as:

aij =a (dij, Oéij) =L (f (dij, aij)) (517)

We used the same datasets from the probe model study as mentioned above
for evaluating the LUT model as well and ran reconstructions using these. The
reconstructed images can be seen in figure 5.21. The numerical correlation values
to ground truth can be seen in figure 5.15 [Shak 12a].

5.5.3. LUTfitting analytical model

Another approach to ad-hoc models of detection we have tried is to fit a heuris-
tical analytical formula to an LUT. The advantage of this approach is that it elim-
inates the need for interpolation in case the exact position is not found within the
LUT. The following is an exemplary formula we came up with, that can be used to
analytically describe the relation between the geometric parameters and the probe
reading obtained for each combination of these parameters:

cos (j)

T (5.18)
ij

aij = a(dij, cij) =
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Figure 5.21.: Model study phantom: reconstructions with the LUT model.

Frobe reading )

(a) Relative error of the LUT-fitting analytic (b) Actual LUT values.
model.

Figure 5.22.: Coefficients calculated using the LUT-fitted analytical model vs. the
look—up table of probe readings. x—axis: dj, values, y-axis: d, values
(both in mm), z—axis: relative error values as a percentage in 5.22(a);
probe readings (counts per second — cps) in 5.22(b).
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Figure 5.23.: Model study phantom: reconstructions with the LUT-fitted analyti-
cal model.

The power p to which the probe detector-to—source distance d;; is raised is calcu-
lated using the formula:

di‘ max — Wij
pij = P (dij, dmaz, aij) = b+ wy <cos (cij) —j> — Wy (u) (5.19)

dma:ﬂ dmax

In this equation b is the basis power. w;, ws provide options for varying the total

power to which d;; is raised. The term w; (cos (i) dfj;) penalizes large dis-
tances, whereas the term wo (%) makes coefficients even higher at smaller
distances [Shak 12a]. In a manner similar to the solid angle model mentioned
above, we quanitified the relative error of this LUT-fitting analytical model for
each LUT position. The error distribution can be seen in figure 5.22. The LUT-
fitting analytic model produces more than 100 % relative error in the upper trian-
gular region, similar to the solid angle model, but in a smaller area. This error is
again not relevant, due to the fact that the probe readings are almost zero in this
region (see figure 5.22(b)). However on the other hand, the LUT-fitted analytic
model does not have so large error values as the solid angle model in the actually

relevant region. The maximum error in this region is about 20 %.

We present the images reconstructed from the model study phantom data using
the LUT-fitted analytical model in figure 5.23. The numerical correlation values
to ground truth can be seen in figure 5.15 [Shak 12a].
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probe detector
point
{:}/ source dinax

Figure 5.24.: Illustration of an exemplary partitioning scheme for the partition
model. The left image shows the position of a hypothetical radioac-
tive point source with respect to the probe. The right image shows
the three partitions of the probe FOV (cylindrical in this case rather
than conic), each encoded in a different color. d;q; is the maximum
vertical distance up to which a point source is considered: beyond
dmaz, the probe is assumed to be insensitive.

5.5.4. Partition model

A beta probe is very sensitive to radiation when in very close vicinity of a source
within its FOV, however as soon as the source is out of the FOV, the probe reading
drops dramatically (see for instance in figure 5.22(b) the region out of the probe
FOV, that is x > 5 mm). Hence our experience is that an efficient way for comput-
ing the coefficients a;; is by dividing the probe FOV into partitions and then as-
signing a particular homogeneous weighting factor for each partition. Figure 5.24
illustrates an exemplary partitioning scheme. As the probe detector—to-source
distance d;; is mostly within the millimetric range, this approach could also min-
imize a cascading effect on the magnitude of error due to possible inaccuracies in
the geometric surface model and the spatial localization error. This probe model
translates analytically the following formula:

a,  source within partition p

aij = a(dij, dmag, 0ij) = { (5.20)

0 source not within any partition

As the detector is practically insensitive to sources more distant than a particular
vertical distance value, d;;,q, is used for limiting the probe FOV vertically along
the probe axis. The relative error of this new model with respect to the LUT can
be seen in figure 5.25. Note that at lower distances the error is low, whereas it

increases with distance.
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Frobe reading )

(a) Relative error values of the partition probe (b) Actual LUT values.
model.

Figure 5.25.: Coefficients calculated using the partition model vs. the look—up ta-
ble of probe readings. x—axis: d;, values, y-axis: d, values (both in
mm), z-axis: relative error values as a percentage in 5.25(a); probe
readings (counts per second — cps) in 5.25(b).

5.5.5. Role of simulation

Simulation in the realm of state—of-the-art nuclear imaging is fairly popular. For
instance Monte Carlo simulations are performed for determining and optimiz-
ing the system matrix that mathematically describes a PET tomograph geome-
try [Read 07]. Especially the well established GATE simulation framework pre-
sented in [Stru 03] is used for simulating detector geometries. Therefore it can be
used for studying precisely the capabilities and limitations of a specific imaging
system design in a very controlled environment, even before building that system
physically. This constitutes the major advantage of simulation. Furthermore, sim-
ulation avoids unnecesary exposure to ionizing radiation (e.g. while preparing a
phantom).

In order to better understand the impact of our ad-hoc models in the imag-
ing process, we made an attempt to simulate our beta probe measurements using
GATE. For this simulation, we used the probe construction geometry, as well as the
already known phantom geometry and the tracking data from our four datasets
of the probe model study. Contrary to our expectations, the simulated probe read-
ings yielded very low correlation to the actual probe readings (see figure 5.16).

The images reconstructed with the probe readings simulated by GATE, and us-
ing the solid angle model can be seen in figure 5.26. The correlation values of
these images to the ground are listed in figure 5.18. Neither of these results sug-
gest any realiable correlation between the simulations and the ground truth. We
can only speculate here that GATE, which is well established for simulating radi-
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(a) Ground truth. (b) Acqia (c) Acqup

(d) Acqgsa (e) Acqss

Figure 5.26.: Model study phantom: reconstructions with the solid angle model
(using the probe readings simulated using GATE).

ation detection for photons, is not suited (or maybe not optimized is a better word)
for simulating radiation detection for positrons. This could be the reason why
there is for practical purposes no correlation between the measurements nor the
reconstructions [Shak 11a].

5.6. Experimental Neurosurgical Feasibility Studies

ROVING the technical feasibility of our system before moving on to pre—clinical
P and clinical studies is an obligatory step. The flat phantom studies as well
as the probe model calibration setups we have shown above are one part of the
whole story for the investigation of the various parameters relevant to the imaging
process. Another important aspect is to prove the feasibility of epiphanography
on realistic phantom setups, which provide the opportunity for testing the system
in simulated real-life scenarios within a controlled experimental environment. In
this section we present the two phantom studies we have conducted in the context
of introducing our system for use in neurosurgery.

5.6.1. Realistic neurosurgical phantom study I

For this study we prepared a phantom mimicking an open brain surgery with a
radiotracer like ['8F]FET pre—operatively administered in the patient.
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Figure 5.27.: The first open neurosurgery mimicking phantom. The red balloons
emulate healthy brain tissue with background activity, while the yel-
low balloon emulates a tumor lesion. Note that the optical tracking
target is rigidly attached.

5.6.1.1. Experiment setup

We had a skull model fabricated from the CT image of a real skull as a template,
keeping the right side open to mimick an open brain surgery. To simulate the
brain tissue along with a tumor lesion (as far as radiotracer uptake is concerned),
we inserted three balloons inside this skull model and inflated them with water.
We inflated a smaller balloon among these three in order to emulate a tumor le-
sion within healthy peri-tumoral tissue. There are two motivations for this setup
with balloons. First of all, balloons configured in this way provide a semi-realistic
surgical cavity (with respect to the arbitrariness of the surface) with an exposed
surface. Secondly, our assumption is that the radioactive fluid is distributed ho-
mogeneously inside a balloon, and therefore we can be sure to have a homoge-
neous amount of activity on its surface. One drawback of this approach however
is that there is a loss of the continuity of surface between two balloons. Another
issue that could be raised is the permeability of the balloon material to positrons.
For this second issue, we assume that there is no critical loss of positrons, based
on the experimental observations of Singh et al. in [Sing 09].

After preparing our initial setup with the water—-inflated balloons, we injected
['8F]FDG into each balloon proportional to its volume, so as to obtain a T/B activ-
ity ratio of 20:1. The phantom can be seen in figure 5.27.
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Figure 5.28.: First neurosugery phantom: reconstructions with the solid angle
model.

5.6.1.2. Experiment protocol

Before scanning the phantom with our system, we obtained its PET/CT image
with the tracking target already fixed on it (see figure 5.27) during the PET/CT
acquisition. The purpose of fixing the tracking target is to provide a common ref-
erence coordinate system to register the PET/CT data to the epiphanography im-
ages. Following the PET/CT acquisition, we obtained five freehand epiphanogra-
phy scans (enumerated AcqNS; through AcqNSs). Each of these datasets consists
of about 5,000 measurements (taking approximately 5 min to acquire the data).

5.6.1.3. Evaluation & results

We segmented the balloon profiles seen in each CT slice using the multiphase soft
segmentation with total variation and H1 regularization approach outlined in [Li 10]
to generate the surface of the phantom’. We manually selected the region of inter-
est (ROI), including the scanned surface, within the CT image frame. Within this

“We would like to acknowledge Dr. Maximilian Baust for kindly providing the implementation of
this segmentation algorithm and configuring the relevant parameters for optimally segmenting
the balloon profiles.
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selected ROI, we obtained the surface profile by simple edge detection in the seg-
mentation. We then stacked the surface profile from each CT slice within the ROI
to form a 3D model of the surface. This model serves as the suxel basis function
for the reconstruction part of epiphanography. As ground truth, we extracted the
activity values from the PET data corresponding to the locations of the suxels of
this surface model.

In order to compare the epiphanography images to the ground truth image with
activities obtained from PET, these two had to be registered. We did this by fitting
a coordinate system to the optical tracking target. For that purpose, we manu-
ally segmented the three fiducials of the tracking target (see figure 5.27) from the
CT slices. Later we fitted a coordinate system on to their centroids. Finally, we
transformed the extracted coordinates from the PET/CT coordinate system onto
the tracking target coordinate system, thereby providing a common reference to
compare the epiphanography images to the ground truth.

All reconstructions as well as the ground truth image can be seen in figure 5.28.
We calculated the correlation of the epiphanography image obtained from each
of the five datasets to the obtained ground truth surface activity. In addition, we
calculated the T/B signal ratio of each by averaging all the activities within the
tumor and background regions respectively (we performed tumor/background
segmentation by manual thresholding of the ground truth image). Figure 5.29
shows these numeric results. The ground truth T/B ratio (i.e. in PET images) was
around 30:1 and T/B in the epiphanography images was around 7:1 [Shak 11b].

5.6.2. Realistic neurosurgical phantom study II

Although the first phantom study outlined in the previous section was realistic
in terms of simulating a surgical cavity with an arbitrary surface, it has the major
shortcoming of not having a reproducible geometry. In addition, the tumor lesion
emulation does not really correspond to a realistic residual tumor mass in terms
of size. Furthermore the T/B activity ratio of 20:1 was much higher than what
could be expected in a real surgery. In our second open neurosurgery—mimicking
phantom study, we aimed at overcoming the geometric deficiency by preparing a
phantom with realistic-size, and reproducible post-resection residual tumor de-
posits within the surgical cavity. Regarding the activity concentration aspect, we
aimed at varying the T/B ratio in order to see the capabilities and limitations of

epiphanography in a neurosurgical setup.
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Figure 5.29.: Numerical results of the evaluation of the reconstructions in fig-
ure 5.28 to the ground truth.

5.6.2.1. Experiment setup

We glued a compact disc (CD) box inside a mixing bowl, after inserting an inlet
and an outlet to the CD box allowing for radioactive fluid injection. Following
that we poured agar over and around this CD box to fill all the empty volume
around it. We covered the agar and the CD box surface with silicon for improving
rigidity. Finally we attached a 96 well microplate (referred to simply as well plate
from this point on) with wells of & 6.96 mm on top of this construction (see fig-
ure 5.30). Please note that our primary interest is the residual tumor emulations
on the microwell plate, and that in the ideal case the radioactive fluid within the
CD box (termed deep background — DBG from here on) should contribute nothing to
this experiment. Nevertheless, as our beta probe obtains the net positron count by
a weighted subtraction of the gamma ray signal from the combined gamma and
positron signal [Dagh 94], we conducted all the experiments with and without
this DBG radioactivity, in order to find out the effect of this radiation in a realistic
setting. For a realistic setup based on the whole-body distribution of ['®F]FET re-
ported in [Paul 03], we injected 5 M Bq of activity into the CD box. We simulated
residual tumor masses in three different geometric configurations featuring one,
two and three holes of the well plate filled with 18F fluid (i.e. one, two and three
hot spots, see the ground truth image illustrations in figure 5.32(a), figure 5.32(d),
and figure 5.32(g) respectively), and four different T/B configurations. In one of
these four, we used no background activity, in the remaining three we produced
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Figure 5.30.: The second open neurosurgery-mimicking phantom.

T/B ratios of 8:1, 4:1 and 2:1 respectively.

5.6.2.2. Experiment protocol

Two operators scanned the phantom with the epiphanography system to obtain
three datasets per phantom configuration. Each dataset consisted of approxi-
mately 1,500 measurements (approximately 3 min of scanning). This was the first
set of experiments in which the data acquisition was performed using our new
Nuclear Intra—operative Navigation (NuloNa) software framework outlined in ap-
pendix C.

5.6.2.3. Evaluation & results

After performing all the experiments, we attempted to reconstruct images with all
the datasets. However, being unable to get any viable image from any dataset,
we decided to analyze the data we had obtained. While scanning the phantom,
we had been visually observing that the highest probe readings were recorded
with the probe directly on top of the hot-spots. This was however not the case
when we plotted the raw probe readings on to the ground truth images using the
tracking data. Therefore we decided to try to see whether a systematic temporal
shift would lead all the datasets to have their highest probe readings on top of
the hot-spots. We found out that a systematic shift of 58 sec achieves this goal on
all but very few datasets. From this analysis we concluded that this phenomenon
is caused by a bug in the NuloNa software framework, and discarded the cor-
responding 58 sec data from each dataset. Such a delay is unthinkable in terms

95



5. Intra—operative Epiphanography

NO DBG WITH DBG
100% 100%
89%

90% 90%
K]
zj 80% 78 8! %
% 3
g 70% 67% -
£ 2
< i
2 5
;. 60% §
2 so% i
= 2
£ 3
5 40% £ | - y -
£ 3
] £
8 30% ]

8

i . 2% o £ , , , |
H 20% =

10%

0%
NOBG 81 a1 21 8:1 a1 21
/B ratio /8 ratio
(a) No DBG. (b) With DBG.

Figure 5.31.: Hot-spot distinguishability in reconstructions of the second neuro-
surgery phantom datasets. The y-axis shows the percentage of the
datasets in which all hot-spots are distinguishable.

of the CPU processing or network communication timeframes. Nevertheless, our
software framework has its own buffered data accumulation mechanism, which
is probably the place where the bug is located.

We reconstructed epiphanography images with the partition model presented
in section 5.5.4, applying MLEM with 25 iterations, and smoothed each recon-
struction with a 3 mm Gaussian kernel. We managed to get visually correct recon-
structions for all the spatial phantom configurations. Figure 5.32 shows a good
as well as bad reconstruction for each spatial configuration. As expected, when
the T/B ratio goes lower, the quality of the images decreases and it becomes hard
to distinguish the hot—spots. All the reconstructions from this study can be seen
in appendix B. One thing worth noting here is that in almost all spatial and T/B
configurations, the addition of the DBG has a positive effect on the resulting im-
ages in terms of the distinguishability of the hot—-spots (compare the hot-spot dis-
tinguishability percentages — esp. with T/B 4:1 and 2:1 between figure 5.31(a)
and figure 5.31(b)). This is a positive outcome, as background activity on the or-
der of the magnitude of the DBG is definitely to be expected in a real-life scenario.
We qualitatively evaluated the distinguishability of the hot—spots in each recon-
structed image. The results can be seen in figure 5.31.
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(g) Ground truth: 3 hot-spots. (h) Reconstruction: T/B 8:1, (i) Reconstruction: T/B 2:1,
with DBG, DataSet#3. with DBG, DataSet#2.

Figure 5.32.: Selected reconstruction images from the second neurosurgical phan-
tom study. Left column: ground truths. Middle column: good re-
constructions. Right column: bad reconstructions.
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5.7. Discussion

HE idea of controlling tumor resection margins via intra—operative imaging in
T radio—guided surgery came about in the early 80s, after high—contrast PET-
images of brain tumors with ®Ffluorodeoxyuridine were obtained. However the
heavy and bulky shielding needed in order to confine the field—of-view of a probe
(due to the high penetration of 511 keV annihilation gammas) was the bottleneck
to the implementation of this idea by gamma detection, until Daghighian et al.
came up with the idea of detecting positrons directly [Hoff 04]. As presented
in section 4.1, the technology has evolved since then, and today devices are out
or just a final step away from being in the market, that make it possible to obtain a
2D image of the positron distribution of a surface just within seconds. Compared
to beta probes, these devices have the advantage of delivering an image rather
than a simple count rate.

Our approach is somewhere between beta probes and beta cameras: the whole
area of interest is to be scanned with a beta probe in order to deliver an image
thereof. Within our approach it could be of great advantage to use a beta camera
instead of a beta probe, though: in the same timeframe that it would take to cover
the whole region with a beta probe, much more data could be collected with a
beta camera, leading to improved statistics. Nevertheless, most of the current beta
cameras are too bulky to be used in such a setting, especially when the tumor bed
to be scanned is rather small in size, the beta probe has much less limitation than
a beta camera. Devices like the fingertip imager of Stolin et al. or even the RMD
imaging beta probe could be good candidates to replace the beta probe, though.

We have presented in this thesis the technical system design, with a focus on
the different ad—hoc detection models we have tried so far. A significant part of
our work, although not visible in the scientific portion of the text, has been in lay-
ing down the foundations of a large-scale modular software framework for data
acquisition, reconstruction using the ad—hoc models, and visualization. We call
this framework Nuclear Intra—operative Navigation (NuloNa). A short guideline
to working with and further developing NuloNa can be found in appendix C.
In particular, NuloNa provides support for generating arbitrary—shaped surface
models from an irregular scattered point cloud: an accurate geometric model of
the surface is a crucial aspect of epiphanography, as discussed in section 5.2.3.

The validation of epiphanography on phantoms before moving to pre—clinical
and later to clinical studies is mandatory due to the use of radiotracers, in addition
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to the potential invasiveness associated with it (i.e. the need for scanning the tu-
mor cavity surface by almost touching it with the beta probe). Therefore in order to
put epiphanography into the context of the neurosurgical treatment of LGGs, we
have made an attempt to go from simplistic 2D phantoms towards more realistic
3D phantoms. Our phantom studies in that respect demonstrate in a controlled ex-
perimental setup the feasibility of epiphanography in neurosurgical applications.
The main advantage of the first phantom outlined in section 5.6.1 is the arbitrary
surface, while its main disadvantage is the geometric irreproducibility. On the
other hand, the main advantage of the second phantom outlined in section 5.6.2
is the high reproducibility, while its main disadvantage is the unrealistic surface
with respect to the curvature and soft tissue associated with a tumor cavity. This
phantom also makes it possible to use close—to—realistic orders of magnitude of ra-
dioactive fluid, therefore emulating a realistic scenario. In addition, the well plate
is a perfect model serving the purpose of a well-defined ground truth. Moreover,
thanks to the support for arbitrary surface models within our software framework,
these results obtained with this flat surface should be applicable to phantoms with
more realistic surfaces.

We found out that to make realistic phantoms is a real challenge, mainly due
to two major issues. First, due to the fact that even very thin material can stop a
lot of positrons (i.e. from ever reaching the detector), it is crucial that the surface
of the actual radioactive material be either exposed or covered with a material
that will allow at least a major portion of positrons to pass without annihilation
and with minimal energy loss. In case of an exposed surface, scanning with a
probe/camera becomes a real nuisance: the detector must be held very close to
the surface and yet without touching it, in order to avoid contamination of the
device. In an intra—operative scenario, the beta probe/camera is to be covered
with sterile latex sheathing, which avoids a direct contamination of the device
itself. Yet, if and after the latex sheathing has touched the scan surface (even only
once), it is contaminated. As this is an inevitable issue, possible remedies can
be suggested, such as updating the probe’s/camera’s background signal setting
several times during the (actually quite short) scan. In addition, the contribution
of the latex sheathing to the loss in the signal (due to the attenuation of positrons)
is also questionable, although it is reported to be minimal (see [Sing 09]). The
second issue in a phantom study involving positron detection is about the dosing
of radioactivity: realistic activities estimated from patient data are in the range of
kBq rather than M Bq. This first of all made the preparation of the radioactive
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fluid to inject into phantoms very difficult, due to the fact that the measurement
equipment we have in the Department of Nuclear Medicine is tuned for patient
studies (typically tens to hundreds of M Bq). Secondly, due to the relatively short
half-life of '8F, the timeframe to obtain viable data is limited. All these issues
make it extremely difficult to configure a realistic 3D phantom in a reproducible
setting.

Some of the issues discussed apply directly to the intra—operative setting in a
clinical scenario. Therefore the technology of navigated intra—operative imaging
with beta probes/cameras has still a not very short way to go before becoming
mature enough for everyday clinical application. One could even pose the ques-
tion whether it is not better to use a non-radio—guided approach for controlling
resection margins in cancer surgery, in the light of new contrast agents like 5-
Aminolevulinic acid (5-ALA). Although the answer to this question may be straight-
forward for some scenarios, it is not trivial for LGGs. Fluorescence imaging with
5-ALA has been used for intra—operatively imaging HGG residuals [Roes 12], al-
beit with low resection accuracy [Panc 12]. Roberts et al. on the other hand report
that 5-ALA can potentially be intra—operatively useful for LGGs in conjunction
with quantitative fluorescence [Robe 12]. Another study reports that fluorescence
lifetime spectroscopy can intra—operatively detect LGGs with perfect sensitivity
and specificity [Butt 11]. Other intra-operative ultrasound-based methods like
guided elastography and 2D imaging can also be used to distinguish resectable tis-
sue and internal tumor structures, however these techniques suffer from low res-
olution and presence of acoustic noise artifacts [Gerg 11, Selb 12].
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CHAPTER O

Intra—operative PET

N this chapter we present our work on the freehand PET imaging modal-
ity for intra—operative use. The word PET is almost synonymous with
coincidence detection. Therefore technically speaking, our imaging modal-
ity is rather freehand high—enerqy single photon emission computed tomogra-

phy (SPECT). Nonetheless, as we aim at imaging the volumetric distribution of
positron-emitting radiotracers — with different challenges compared to the free-
hand SPECT modality that works in conjunction with single gamma emitters,
we call our imaging modality freehand PET (fhPET). Our fhPET imaging modal-
ity takes the high—energy probe technology introduced in section 4.2.1 one step
further by adding tracking towards a navigated solution, and generating images
with non-imaging probes. However compared to the novel imaging technologies
introduced in section 4.2.2, fhPET is one step behind, that is coincidence detection,
and hence improved resolution (at least in theory). The main advantage of a setup
like ours is the exclusion of a second detector block (e.g. to be placed under the
patient), and therefore the elimination of a potentially bulky construction.

In the current chapter we first introduce the medical relevance of fhPET in the
context of head and neck squamous cell carcinoma (HNSCC). After that we elabo-
rate on the general design and setup of our system. Following that we present the
ad-hoc detection model we employ for imaging. Then we present the feasibility
study conducted with a realistic neck phantom. Finally we talk about our first
experience with fhPET in the OR and conclude with a discussion of our results.

101



6. Intra—operative PET

Acknowledgements and publications

Ad-hoc detection model in section 6.3: in collaboration with Alexander Hartl;
published in [Shak 12b]. Probe specifications courtesy of Dr. Farhad Daghighian.

HNSCC phantom study in section 6.4: under medical supervision of Prof. Dr.
Markus Essler?; in collaboration with Asli Okur!2, and Philipp Matthies?'; pub-
lished in [Shak 12b, Okur 13].

First experience in the OR in section 6.5: under medical supervision of PD Dr.
Marc Martignoni4, Prof. Dr. Klemens Scheidhauer?; in collaboration with Ash
Okur!?, and Philipp Matthies!.

All publications: under the scientific supervision of Dr. Tobias Lasser!3, sup-
ported by the SFB 824 (DFG, Germany), the Graduate School of Information Sci-
ence in Health (GSISH), and the TUM Graduate School (Munich, Germany).

Affiliations

1 Computer Aided Medical Procedures (CAMP), Technische Universitdt Miinchen,
Munich, Germany

2 Department of Nuclear Medicine, Klinikum rechts der Isar, Munich, Germany
3 Institute of Biomathematics and Biometry, HelmholtzZentrum Miinchen, Germany

4 Department of Surgery, Klinikum rechts der Isar, Munich, Germany

6.1. Medical Relevance

EAD and neck squamous (epithelial) cell carcinoma (HNSCC) is diagnosed
H in 500,000 patients world-wide each year. HNSCC primarily affects the
oropharynx, oral cavity, hypopharynx, and larynx; but has a risk of metastasizing
into the cervical lymph nodes (LN), i.e. the LNs in the cervix (neck) [Hadd 08].
While the general five-year survival rate for HNSCC is reported to be 67.9 %, in the
presence of cervical LN metastases, it goes down to 31 % [Whit 77]. It is therefore
important for prognosis to assess the status of these LNs and to remove the ones

containing metastases.
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The aim of the surgical treatment option in HNSCC is to completely resect the
tumor and all LN metastases. However the micro—presence of metastatic cells
in a specific cervical LN cannot be excluded with any state—of-the—art imaging
modality. In addition, the intra—operative localization of all suspicious LNs is
difficult. Therefore, in practice the surgeon resects all the LNs that he can find
(this procedure is called modified radical neck dissection). The number of resected
LNs is a measure of the quality of the surgery, as the probability for a residual
metastatic LN decreases. The resection of the primary tumor is not a very difficult
task, as the ear, nose and throat (ENT) specialist sees the tumor easily. In addition,
the lymphatic paths in the cervical region are well-known. Therefore there is no
indication for intra—operative radio—guidance in the primary tumor surgery.

Due to the mentioned poor prognosis of HNSCC in the presence of cervical
LN metastases, patients are routinely examined with ultrasound (US) in three—
month periods following the primary tumor surgery. Enlarged LNs in the US ex-
amination are indications for PET/CT imaging. Recurrent tumor is visible in the
PET/CT images. However the surgery is extremely restricted in the case of recur-
rent tumor, mainly due to the large tissue loss caused by the primary surgery. Fur-
thermore, plastic surgery is required in most cases due to the fact that in the pri-
mary tumor surgery some of the muscles and cervical tissue have been removed;
that is, the neck has become very thin.

In recurrent tumor surgery the aim is to resect the usually very few metastatic
LNs, targeting the best post-operative quality of life. The few metastatic LNs,
which are visible in the PET/CT images, are hard to localize intra—operatively. It
would therefore be very desirable from the surgeon’s point of view to pinpoint
those few LNs intra—operatively, such that the surgical incision can be kept min-
imal. This also has the benefit that as little muscle from the chest area has to
be shifted to the cervical area to compensate for the removed tissue. In other
words, the plastic surgery needed in recurrent HNSCC becomes less of a chal-
lenge. Apart from aesthetic motivations, surgeries in the head and neck region are
a sensitive case due to the high risk of post-operative morbidity resulting from
the presence of vital anatomic structures. Thus it is of high clinical relevance to
intra—operatively guide the surgeon to pinpoint and resect the few metastatic LNs,
especially when critical structures such as nerves or vessels make the resection dif-
ficult.

['8F]FDG-PET was found to detect cervical LN metastases with the highest sen-
sitivity and specificity, compared to other state—of-the—art pre—operative imaging
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methods (CT, MRI, US) [Adam 98]. In that respect, fhPET could be used intra—
operatively in a navigated setup in order to guide the surgeon in pinpointing
the few ["®FJFDG-PET-positive LNs targeted for resection in recurrent HNSCC

surgery.

6.2. Design & System Setup

6.2.1. General system setup

Our system combines a high-energy gamma probe (NodeSeeker 800, Intra Medical
Imaging LLC, Los Angeles, CA, USA), and an optical tracking system (Polaris Vi-
cra, Northern Digital Incorporated, Waterloo, ON, Canada). Both the tracking system,
as well as the control unit of the probe can be seen in figure 5.1(a). We already
presented information about the tracking system in section 5.2.1.2. The following
subsection gives brief information about the high—energy gamma probe.

6.2.1.1. High—energy gamma probe (HE probe)

A high—energy gamma probe (HE probe) is a pen—sized, hand-held device, typically
with a big shielding head around the detector (see figure 6.1), that can detect (an-
nihilation) gamma rays. Annihilation gamma rays have large kinetic energy, and
can therefore substantially penetrate matter. Therefore in order to be able to nar-
row the field of view (FOV) of a HE probe, there is need for a thick shielding ma-
terial around the detector. This is the rationale behind the big head of the probe.
Contrary to PET systems, which are based on hardware that can detect such si-
multaneous gamma rays (coincidences), a HE probe does not detect coincidences,
but only single 511 keV gamma rays. The calibration of the HE probe detector
follows a similar path as the one described for the beta probe in section 5.2.1.1,
with the mutual detector sensitivity estimation step omitted.

6.2.2. Tomographic imaging with HE probes

A HE probe gives a 1D signal, proportional to the total amount of energy de-
posited by gamma rays in the detector material within one detection window.
Therefore a HE probe is by itself not sufficient for generating 3D (tomographic) im-
ages. Along the line of epiphanographic imaging with beta probes outlined in sec-
tion 5.2.2, combining a HE probe with spatial localization system makes it possi-
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Figure 6.1.: Gamma probes. Top: high—energy (511 keV') gamma probe. Bottom:
140 keV gamma probe.

ble to synchronously record the respective data from both devices. This opens the
way for imaging the volumetric distribution of a radiotracer like ['8F]FDG with a
proper ad-hoc detection model (for the details of the mathematical foundations,
refer to section 3.3 and section 5.2.2). In principle, we apply a decomposition of
the probe measurements like in equation 3.8:

m; = Zaij Cj
J

We call our system frechand PET (fhPET), despite the fact that it is not based on
coincidence detection as in a real PET tomograph. Yet our system works in con-
junction with positron-emitting radiotracers like ['®F]FDG, and hence performs
in a sense positron emission tomography. Our system is conceptually the same as
the freehand SPECT (fhSPECT) system, which has been proposed for the first time
in [Wend 07]. The fhSPECT technology and the medical application thereof are
coupled to single gamma emitter isotopes like *™Tc with much lower energies
compared to positron emitters like [P8F]JFDG (compare the 140 keV gammas of
9mTe to the 511 keV annihilation gammas of 18F). The latter presents more chal-
lenges for the ad—hoc detection modeling and the actual workflow. These are the
major differences, which we explain in the next subsection.

6.2.3. Challenges & limitations

As already mentioned above, our system is conceptually the same as fhSPECT.
However accurate modeling of the detection of high-energy gamma rays poses
additional challenges. One big problem is that due to the high energy levels
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(511 keV'), gamma rays from positron emitters can penetrate through matter more
than the 140 keV gamma rays of ™Tc. Thus, a HE probe is usually equipped with
much thicker shielding than a low—energy gamma probe, which can still not stop
all the gammas.

Another severely restricting problem is due to the differences in radiotracer
physiology. As mentioned in section 3.1.1, [\®F]FDG is a glucose analog; thus it
is coupled to the glucose metabolism. And because glucose is transported to the
body cells via the bloodstream, ['®F]FDG is administered to the patient by a sys-
tematic intravenous injection. Due to this fact, ['®F]FDG is taken up by any cells
reachable through the bloodstream, and is hence quite unspecific. This means
high background radioactivity, which can actually shadow the structures of inter-
est within the region of interest at the time of scanning. To make a concrete com-
parison, in the case of e.g. **™Tc-labeled radiotracers used in sentinel lymph node
biopsy imaging (SLNB) (see [Blue 13]), there is almost no unspecific uptake due to
the peri-tumoral injection of the radiotracer. The background uptake e.g. in the
case of SLNB is usually a very big blob of radioactive region around the injection
site. The extent of this region however can be anticipated and therefore effectively
excluded from the scan region. In other words, it can be prevented from shadowing
the actual relevant structures searched for (e.g. the lymph nodes).

6.3. Ad-Hoc Detection Model

N this section we present the ad—hoc probe model we use in fhPET imaging.
First of all, our model computes the geometric attenuation using the solid an-
gle 2 subtended by the detector on a point source. This determines the portion
of the initial radiation that should in the ideal case reach the detector due to the
isotropy of radiation. We use the same formula as in equation 5.10 for computing
the solid angle:

1 1
Q(dij, ry ai5) = 3 1 — ———— | cos (o)

1/#4&

where once more d;; is the distance between the detector and the point source, r
is the detector radius, and «;; is the inclination angle (see figure 5.12).

In the next step, we consider the effects of the shielding around and the ab-
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Figure 6.2.: Partition-based ad-hoc model for imaging with the high—energy
probe. The length that gamma rays take through the detector and
shielding (red portions of the rays) is computed depending on the par-
tition (P1, P2, ...) in which the point source lies.

sorption within the detector of the probe. We consider these two by incorporat-
ing a probability formula based on the geometric and the material properties of
the probe. For this purpose the ad—hoc model computes the mean lengths that
gamma rays will traverse through the shielding and the detector. These lengths
are obtained by dividing the space around the probe into partitions in each of
which these lengths can be computed with a unique formula. Due to the symme-
try, the computations can be reduced to a profile slice through the probe. In this
slice we consider the four rays that reach the four corners of the detector and for
each of these rays we compute the length of interaction [ that the ray traverses
through the detector (see figure 6.2(a)). The probability of an interaction in the
detector along this ray can be computed using the formula:

p=p()=1—¢" (6.1)

where 1 is a material coefficient (detector: BGO, shielding: tungsten [Phys 10]).
Using this probability function we can now compute the mean probability p,,

of an interaction between two successive rays [, and [,,+1 by integrating over the

probability function with these two rays as boundaries and then dividing by the
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difference in the length of interaction of both rays (assuming l,,+1 > [,):

S [1— e dt

Pn = I I iy (62)
ulp 41 _philn
Pn = I T {—l ! } (63)
ellzln+1 _ 6Nln
. = 19 —¢" 4
’ il — 1 o4

By weighting these probabilities with the angle 3,, between these rays (see fig-
ure 6.2) and dividing by the total angle between the two outer rays we get the
mean probability for an interaction of a gamma ray emitted by a point source on
a specific position relative to the probe:

Yo BnPn
>on B

The absorption in the shielding (see figure 6.2(b)) is computed in a similar way.

p= (6.5)

The mean probability for an absorption in the shielding p; and in the detector pg
computed thus are then used to compute the coefficients a;; for use in equation 3.8:

aij = (1 —=Ds) pa Q (6.6)

6.4. Experimental Feasibility Study for HNSCC Surgery

N order to build a realistic phantom representative of a recurrent HNSCC, we
I retrospectively evaluated a collective featuring 22 patients with histologically
proven HNSCC (age: 28-71 years, mean: 55.8 years, gender: 16 males, 6 females).
For diagnosis, these patients had been scanned pre—operatively with PET/CT and
US. In those 22 cases, the nuclear medicine physicians were able to identify a total
of 45 LNs in the PET images (mean: 2.04 per patient). However the number of
LNs very much varies from patient to patient. In 5 out of 22 patients, no LNs were
visible at all in the PET scan. In 4 patients, 4 or more LNs were identified by the
physicians.
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Figure 6.3.: Screenshot from one retrospectively evaluated patient data. We iden-
tified the tumor and LN locations, as well as depths, in the overlaid
PET/CT images (left). We obtained the corresponding average activ-
ity values from the PET images (right). In addition, we calculated the
unspecific background radiation values (in this case the large elliptic
region). We obtained these values by averaging the activity values
within the respective, marked region of interest.

lymph node diameter: 1.6 £1.10 cm
tumor depth from surface: 5.3 £1.06 cm
lymph node depth from surface: 2.6 £0.99cm
tumor—-to-background (T/BG) uptake ratio: 3.3+£1.17
tumor—to-lymph node (T/LN) uptake ratio: 1.5+0.97
tumor uptake: 23.84+9.41 kBgq/ml
lymph node uptake: 21.3 £12.75 kBq/ml

Table 6.1.: The mean geometrical and radioactivity-related parameters obtained
from patient data assessment for the experiment setup.

6.4.1. Experiment setup

For reducing the complexity, we thoroughly analyzed the PET/CT scans of only
7 patients (age: 53 years mean, gender: 6 males, 1 female) with 1 or 2 identified
metastatic LNs. In total there were 10 suspicious LNs (mean: 1.4 per patient,
stddev.: 0.53). See figure 6.3 for an illustration and explanation of our retrospective
evaluation. Following the surgical resection, all these LNs had been histologically
examined for metastases and 5 cases were positive. Using these datasets with
suspicious LNs, we calculated the values seen in table 6.1.

We prepared a neck phantom using a plastic compact disc (CD) box (very close

to an average human neck in terms of dimension). In order to simulate a recur-
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(a) Phantom construction. (b) Operator scanning the neck phantom.

Figure 6.4.: The neck phantom simulating a tumor mass (blue arrow) and an
[18F]FDG—PET—positive lymph node (red arrow).

rent tumor (T) mass and an ['®F]FDG-PET-positive LN, we glued two 2 ml lab
reservoirs rigidly to each other. We used a third one for the LN. We attached
these two structures rigidly and reproducibly to the CD box with a construction
of Lego™ pieces. After rigidly attaching a tracking target on top of our phantom,
we obtained a CT image that serves as a ground truth for the locations of the sim-
ulated recurrent T and LN. The fiducials of the tracking target provide landmarks
for registering the CT image to each of the fhPET images. The simulated T and LN
are apparent in the CT images. For assessing the error in the fhPET images, we
manually marked the midpoint of each of these two (by purely visual assessment).
This manual marking provided the basis for the ground truth locations for com-
paring the fhPET images against. The phantom setup can be seen in figure 6.4(a).

6.4.2. Experiment protocol

We conducted three different sets of experiments (referred to as [ BEIFDG-real,
[8FJFDG-high, and %™Tc-high respectively) with the neck phantom in order to
evaluate fhPET with respect to the localization of tumors and metastatic LNs in
HNSCC. ['®F]FDG-real features ['®F]FDG injected into the structures in realistic
activity concentrations. ['®FJFDG-high simulates homogeneous tracer uptake in
the tumor and LN, but a higher dose of ['"®F]FDG (2 orders-of-magnitude higher
than the values obtained from patient data). *™Tc-high is the same as ['®F]FDG~
high except that *™Tc is used instead of ['®F]JFDG. For this last set of experiments,
we performed the scan and reconstruction using the fhSPECT system. Our aim
was to compare the images obtained with the thSPECT system and our fhPET
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system, in the light of the discussion about the additional challenges of fhPET
compared to fhSPECT, outlined in section 6.2.2. We repeated the experiment sets
['8F]FDG-high and **™Tc-high with background (B) activity (T/B activity ratio of
20:1).

Two operators scanned each phantom configuration two or three times respec-
tively, each time covering about 120 ° around the phantom, obtaining 3,000 mea-
surements (see figure 6.4(b)). A total of 7 scans for ["®F][FDG-real, 17 scans for
[18F]FDG—high, and 12 scans for 99’““Tc—high were acquired respectively. In each
case we inverted the resulting linear system by applying MLEM with 20 iterations.
We smoothed the obtained reconstruction using either a 4 mm or a 6 mm Gaussian
filter to reduce the reconstruction noise that is due to the highly under-sampled
acquisition with insufficient statistics. The choice of the Gaussian filter size was

determined by pure visual assessment of the image quality resulting from filter-
ing.

6.4.3. Evaluation & results

In order to register the fhPET images on to the ground truth, i.e. CT, images of the
phantom, we followed the same approach as the one outlined in section 5.6.1.3.
Using the registration, we computed the distance between the centroid of the
LN in the fhPET (or fhSPECT, depending on the dataset) images and the ground
truth-midpoint in the CT (see figure 6.5 for a visual illustration). We repeated
this for the tumor as well, for the cases where the tumor was visible in the fhPET
images. We refer to these distances as the localization error (loc. error).

For qualitative evaluation, we checked the visibility of the tumor and the LN in
the reconstructions. Within the first set of scans (['®F]FDG-real) we were able to
identify the LN in 3 of the 7 datasets. However we were able to identify the tumor
in none of the datasets. In the second set of scans ([18F]FDG—high) we were able
to identify the LN in all of the 17 datasets. Moreover, we were able to localize the
tumor in 6 (3 of those with background activity) reconstructions (see figure 6.5).
In one of these we could even distinguish the two reservoirs next to each other,
simulating the tumor. This reconstruction with a zoom on the two reservoirs is
shown in figure 6.6(a). All numerical results are listed in table 6.2.

One thing worth noting is that the datasets from phantom configurations with
['8F]FDG lead to reconstructions with a lot of artifacts. We were able to identify
the tumor only vaguely in those 6 reconstructions mentioned above due to the ar-
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Figure 6.5.: A transverse view from one fhPET reconstruction, illustrating the lo-
calization errors visually. Blue blob: reconstructed tumor (the cross
nearby showing the tumor location in the ground truth). Red blob:
reconstructed LN (the cross within showing the LN location in the
ground truth). Circle: an outline of the phantom.

Experiment setup | B:T:LN LN T LN loc. error | Tloc. error
visible?  visible? (mm) (mm)
[®F]JFDG-real 0:17:10 3/7 0/7 12.67 +2.48 NA
[FIFDG-high 0:20:20 9/9 3/9 13.57+4.22 | 34.79+6.20
1:20:20 8/8 3/8 14.41+£5.75 | 47.39£22.28
PMTe-high 0:20:20 6/6 5/6 11.35+4.26 | 39.39 & 10.60
1:20:20 6/6 3/6 10.85 £ 4.07 20.42 £ 2.55

Table 6.2.: Numerical results of the HNSCC—phantom study. B: background ac-
tivity, T: tumor activity, LN: lymph node activity (all relative to each
other).

(a) Lymph node.

(b) Tumor mass.

Figure 6.6.: Reconstructions of the simulated lymph node and residual tumor

mass.
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tifacts. In addition, the size and shape of the tumor in the reconstructions varies
substantially. On the other hand the datasets from phantom configurations with
9mTe produced much less artifacts. In addition, the tumor localization error for
the [®F]FDG configurations with background activity was more than twice the
localization error for the *™Tc configurations. Curiously, for the configurations
without background activity, the ['8F]FDG datasets yielded lower tumor localiza-
tion error compared to the ™Tc datasets (see table 6.2). However, as a matter of
fact the tumor was visible in 8 of 12 #™Tc datasets, while it was vaguely visible
only in 6 of 17 [®F]FDG datasets. Moreover the LN localization error is clearly
lower in the ™Tc datasets than in the ['8F]JFDG datasets. Last, but not least, the
more experienced of the two operators who performed the scans was able to pro-
duce scans that identified the two structures of interest within the phantom for
both ['8F]JFDG as well as ”™Tc datasets.

6.5. First Experience in OR

N December 2012 we were able to obtain the first intra—operative datasets of a
I patient, a 77-year—old male diagnosed with thyroid carcinoma. The [**F]JFDG-
PET/CT scans of the patient revealed six LNs suspected for metastases. Interest-
ing for us were four out of these six LNs, targeted for surgical resection. These
four LNs were located in two sets of two LNs, with each pair of LNs almost joint
with each other. The corresponding [*®F]FDG-PET/CT slices can be seen in fig-
ure 6.7(a) and figure 6.7(b).

On the day of the surgery, the patient was injected 50 M Bq ['®F]JFDG and anes-
thetized approximately two hours post-injection. However due to intubation!
complications, the patient had to be reanimated, i.e. awakened from anesthesia.
This introduced a delay of approximately five hours with respect to the originally
scheduled time of the surgery. In other words, two and a half additional half-lives
of 18F had passed in between.

We scanned the patient with fhPET twice after the initial incision was made;
prior to the resection of the first LN pair, and prior to the resection of the sec-
ond LN pair (each time covering the region where the respective LN pair was lo-
cated). Screenshots showing the intra—operative fhPET reconstructions obtained
after both scans can be seen in figure 6.8(a) and figure 6.8(b) respectively.

Untubation refers to the placement of a special tube through the mouth and into the airways of an
anesthetized patient, in order to facilitate the breathing during surgery.
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(b) LN #3and #4

Figure 6.7.: PET/CT image of the patient: ['®*F][FDG-PET-positive LNs indicated
with a blue arrow. The small centered image at the bottom shows the
whole-body PET/CT and PET slice from which the zoomed-in coro-
nal slice was taken. The centered figure in the upper part is a legend
for orientation (blue body parts showing the right side).

Unfortunately we have no ground truth data to compare our results against,
since the pre—operative scans of the patient can unfortunately not be registered to
the intra—operative reconstructions due to the fact that the pre—operative PET/CT
images were not obtained with a tracking target attached to the patient for use as
a landmark. Therefore we did not conduct any numerical analysis of these data.
However we only report here that the chief surgeon who operated the patient
was very positive of the results we obtained by his purely visual intra—operative
assessment. In figure 6.8(a), the HE probe can be seen pointing to the LN with
the distance between the probe tip and the LN displayed in the upper right corner
of the screenshot. During the surgery, the chief surgeon was quite confirmative
even about these navigation values, pinpointing the LNs. In our retrospective
evaluation, we saw however that the LNs were reconstructed much closer to the
surface (i.e. to the skin of the patient) than they really were. We believe this is due
to the extremely limited—angle of the scans, because of the locations of both LN
pairs and the somehow thick neck of the patient.

114



6.6. Discussion

(@ (b)

Figure 6.8.: fhPET image of the LNs 6.8(a) in figure 6.7(a) and 6.8(b) in figure 6.7(b)
(seen as a dark blue blob indicated by the arrow in each image).
The legend for orientation is the same as in the corresponding pre-
operative image. Note that due to the small distance between the two
LNs, the fhPET image could not resolve these separately.

6.6. Discussion

SIMILAR to the case of epiphanography, our approach to fhPET can be cate-
gorized somewhere between using high—energy probes standalone and the
dedicated intra—operative PET systems presented in section 4.2.2.

We have made an attempt to put fhPET into the medical context of the surgical
management of (especially recurrent) HNSCC, by constructing the presented neck
phantom. This phantom has high geometrical customizability and reproducibility.
Our results show that we are able to reconstruct the mock LN in all cases, albeit
with a high localization error between 12.7 mm and 14.4 mm. The main drawback
is that the system falls short of reconstructing structures of interest that lie a little
deeper (as in the case of the mock tumor within the study), especially at realistic
activity concentrations. At higher activity concentrations this mock tumor was
visible, but with unacceptably high errors (see table 6.2).

The high energies of annihilation gammas detected by a high—energy probe
combined with a sub—optimal collimation contribute to a decrease in accuracy.
Coincidence detection is a remedy to this issue. Therefore a dedicated PET sys-
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tem like the hand-held imagers of Stolin ef al. outlined in section 4.2.2 could be
a more suitable approach. On the other hand the major advantage of our system
over dedicated intra—operative PET systems based on coincidence detection is the
absence of a second detector block to be placed e.g. underneath the patient. Hence
it avoids a potentially bulky setup [Shak 12b].

The first fhPET images we obtained during our first experience in the OR looked
very good. However it was disappointing to find out later that the reconstructed
lymph nodes were too far away in term of depth from the actual locations. Yet the
viewing angle of the stereo—cameras during the surgery had made them appear to
be just on the right spot. This could have been due to the small angular coverage
of the region of interest with the probe during the surgery. Especially the fact
that within the phantom study the structures of interest could be reconstructed in
those scans where the more experienced operator achieved firstly; a better angular
coverage, and secondly; a better exclusion of the cold regions makes us draw this

conclusion.
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CHAPTER 7

Conclusions

N this final chapter of this PhD thesis, we outline the conclusions from this
research work and provide a guideline in terms of the future work for re-
suming the research and development of the two novel imaging modalities
we have introduced.

7.1. Intra—operative Epiphanography

HIS work has laid down the technical foundations for intra—operative imaging

with beta probes and shows the first positive results in general. In particular,

we have attempted to put this novel imaging modality into the context of the
neurosurgical management of LGGs.

The long—term vision is to conduct studies with patients before fully integrat-
ing this novel imaging modality into the surgical workflow. The path that leads
to this vision passes through the proof-of-concept on realistic phantoms first.
Our phantoms have evolved along this line. Nonetheless, we are not yet at the
point of a fully realistic LGG-neurosurgery—-mimicking phantom, mainly due to
the positron challenge. Therefore the most important part of future work remains
in designing more realistic phantoms and conducting a study with surgeons on
how to integrate epiphanography into the workflow. Major issues that could arise
should be discussed as well. However we think that most of the problems asso-
ciated with using pre-operative images intra—operatively, such as brain shift and
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deformation would play only a minor role, due to the fact that epiphanography is
real-time. Alongside these, it is important to assess the minimal dose of the radio-
tracer to be delivered to the patient, obviously for radiation protection purposes.
This could be done by e.g. varying the amount of radioactivity in the phantom by
evaluating real patient data in correlation to the injected dose. Once this proof-of-
concept on phantoms is firmly accomplished, epiphanography could be studied in
an intra—operative scenario featuring HGG patients, before moving on to LGG pa-
tients. The reason is that HGG is an easier case where the imaging modality could
be more easily validated, while yet providing useful intra—operative information.

The more short-term vision pertains to the technicalities of the system. First of
all, our approach to generating surface models from scattered point clouds and the
implementation thereof in our software framework should be further developed
towards robustifying it such that it will function under a wide range of different
inputs. One other task could be to assess the error in the generated geometric sur-
face model with respect to the real surface. If and once sub-millimeter accuracy
can be ensured, the ad-hoc models could be enhanced such that they take into
account the depth information, i.e. some kind of positron attenuation. This infor-
mation might improve the image quality. Secondly, more precise and reproducible
phantoms for quantifying the resolution limitations of the system are to be devel-
oped. In addition, the effect of sterile sheathing is to be assessed in terms of at-
tenuating positrons, i.e. decreasing the signal quality of the probe, before moving
on to studies with patients. Thirdly, several software issues have to be addressed.
First, the source of the bug leading to the synchronization issue elaborated in sec-
tion 5.6.2.3 is to be found and corrected. Second, our software framework in its
current status lacks a good visualization and navigation interface. Only after all
these short-term issues have been addressed should the new team focus on the
long—term vision of workflow integration.

7.2. Intra—operative PET

HE most important finding we made during our neck phantom study is that
T the scan protocol makes a big difference in terms of the thPET image quality.
Therefore in the short-term it would be wise to perform a study with the phan-
tom in order to develop and test possible strategies for acquiring data in an intel-
ligent way, such that structures of interest can be included and irrelevant regions
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with low activity can be excluded. Although these two are the implicit purpose of
image reconstruction, we emphasize them explicitly here, because they become
more important in the challenging scenario of radio—guidance in HNSCC with fh-
PET, especially considering the high unspecific uptake associated with [1*F]FDG.
One other major issue is related to the sub—optimal collimation of the high—energy
probe. This must be studied in detail and if necessary, the ad-hoc detection model
has to be modified appropriately.

Due to the high unspecific uptake of [!®F]FDG (which is to be used in our clini-
cal scenario), it is virtually mandatory to introduce some kind of prior information
into the procedure. In that sense, registering pre-operative ['®FJFDG-PET/CT im-
ages on to the intra—operative scene could be considered as an intuitive option.
For this task of registration, intra—operative ultrasound could be used as a com-
mon frame. In addition, the capabilities and limitations of the system in the con-
text of feasibility with realistic activities must be studied further. The natural first
approach to this task is to follow on our footsteps and get the quantitative num-
bers pertaining to radioactivity from patient data. Once the feasibility of fhPET in
realistic uptake situations based on pre—operative ['®FJFDG-PET/CT images has
been proven, finding out the minimal activity to inject could be considered as the
next step. One other advantage of registering pre—operative ["*FJFDG-PET/CT is
that it would allow for performing attenuation correction (AC) for thPET, thereby
potentially improving the image quality. Last but not least, the AC atlas inferred
from the CT data could also serve for constraining the volume of interest in recon-
struction. This would then implicitly eliminate a big portion of the artifacts the
thPET images of our neck phantom unfortunately suffer from.
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Appendices

A. Spatial Resolution Phantom Images

Abbreviations used are GT for ground truth, R for reconstruction.
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Figure 1.: 4 mm: GT (left), R (right).  Figure 2.: 5 mm: GT (left), R (right).
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Figure 3.: 6 mm: GT (left), R (right).  Figure 4.: 7 mm: GT (left), R (right).
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Figure 5.: 8 mm: GT (left), R (right).  Figure 6.: 9 mm: GT (left), R (right).
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Figure 7.: 10 mm: GT (left), R (right). Figure 8.: 11 mm: GT (left), R (right).
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Figure 9.: 12 mm: GT (left), R (right). Figure 10.: 13 mm: GT (left), R (right).
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B. Neurosurgery Phantom II Images

B. Neurosurgery Phantom II Images

Abbreviations used are GT for ground truth, DS for dataset, DBG for deep back-
ground activity, HS for hot—spot(s).
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Figure 11.: 1 HS. GT, DS #1, #2, #3 (left-to-right).

Figure 14.: 1 HS, with DBG, 8:1 T/B. GT, DS #1, #2, #3 (left—to-right).
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Figure 15.: 1 HS, 4:1 T/B. GT, DS #1, #2, #3 (left-to-right).
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L

Figure 16.: 1 HS, with DBG, 4:1 T/B. GT, DS #1, #2, #3 (left-to-right).
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Figure 20.: 2 HSs, with DBG. GT, DS #1, #2, #3 (left-to-right).
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Figure 25.: 2 HSs, 2:1 T/B. GT, DS #1, #2, #3 (left-to-right).
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Figure 30.: 3 HSs, with DBG, 8:1 T/B. GT, DS #1, #2, #3 (left-to-right).
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Figure 34.: 3 HSs, with DBG, 2:1 T/B. GT, DS #1, #2, #3 (left-to-right).
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C. Nuclear Intra—operative Navigation (NuloNa) Software
Framework

HIS section briefly introduces the Nuclear Intra—operative Navigation (NuloNa)
T software framework we have designed and developed in the course of our
PhD project. First we give an overview of NuloNa. Then we present a short guide-
line with screenshots about how the graphical user interface (GUI) of NuloNa
works. Finally we elaborate on the software design for those who would like to
use NuloNa for imaging or for further development. This section is meant as a
very brief and concise guideline, rather than a detailed overview, since the latter
would make this section much too long for the scope of this thesis.

C.1. Overview

Everything pertaining to NuloNa can be found on the SVN server of the Chair for
Computer Aided Medical Procedures (https://camplinux.in.tum.de/svn/)
under the directory campintern/trunk/src/NuloNa_v2/. This directory has
the following tree structure:

* apps/ contains the two applications available to NuloNa users.

® libs/ contains the libraries (modules).

e ext/ contains external libraries (modules).

* cmake/ contains various CMake [CMak 13] scripts for configuration.
e tests/ contains unit tests written for different modules.

For the inter—-dependence of the various components of the NuloNa framework,
a Dia [Apps] graphics file is provided (St ructure.dia), under the main direc-
tory on the SVN server.

C.2. Guideline

In the current version of NuloNa, there are two main applications. The first one
features a graphical user interface (GUI) for data acquisition with a probe and
a tracking system. The data can be saved for offline use. The second one is a

command line-based application for offline reconstruction. We would like to give

130


https://camplinux.in.tum.de/svn/
campintern/trunk/src/NuIoNa_v2/
apps/
libs/
ext/
cmake/
tests/
Structure.dia
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a very brief overview of these two applications, with little text and more graphical
content.

C.2.1. GUI overview

qure

Figure 35.: NuloNa GUI overview. Yellow arrow: configuration and control
panel. White arrow: data panel. Blue arrow: message panel. Red
arrow: visualization panel.

The GUI has four panels, as seen in figure 35. The configuration and control panel
features various tabs for steering the application (for details, see section C.2.2).
The data panel helps in tracking the status of the data coming from the devices,
as well as the measurement values. The message panel is for issuing warnings,
errors, or simply feedback messages. The visualization panel features for the time
being only a simple rendering window for simple visualization. This panel has
another tab that is reserved for augmented reality visualization e.g. with a camera
image.

C.2.2. Steps to data acquisition

This section presents the steps to acquiring data with NuloNa, through screen-
shots and detailed captions. The order of the screenshots follows the order of the
steps to data acquisition. Elements on the GUI (e.g. labels, buttons) are high-
lighted in blue color.
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Figure 36.: NuIloNa XML file selection. On clicking the ... button, a pop—up
window opens, which allows for selecting the XML configuration file
(for exemplary XML configuration files, see the apps/intraopgui/
config/ directory). After the selection, the Configure button must
be clicked in order to configure NuloNa with the given XML file.

Figure 37.: NuloNa data status and values: normal. Upon clicking the
Configure button, the XML file is loaded and the application is con-
tigured. The green color indicates that data is being received normally.
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Figure 38.: NuloNa data status and values: problematic. The red color indicates
that data is not being received or that data is faulty (e.g. tracking pre-

cision lower than required).
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Figure 39.: NuloNa calibrations. There are two types of geometric calibrations in

NuloNa. If configured in the XML configuration file, either one or both
will be activated in the calibration tab of the control panel. To perform
the Probe tip calibration: 1. toggle the Activate checkbox, 2.
hold the probe and the probe calibrator, with the probe firmly within
the corresponding socket of the calibrator, in the tracking field—of-view
(FOV), 3. click the Record Transformation button, while active
(inactive means that tracking data is missing/faulty for either of the
instruments), 4. toggle the Act ivate check box. To perform the ROI
origin calibration: 1. toggle the Activate check box, (while
both the scan object and the pointer are within the tracking FOV, do:)
2. hold the pointer on the to—be—origin point and click Set origin
button (success will deactivate the button in this and the subsequent
two steps), 3. hold the pointer on the to—be—on-the—x—-axis point and
click the set x-axis button, 4. hold the pointer on the to-be—on-the-
y-axis point and click the Set y-axis button, 5. click the Record
button, 6. toggle the Activate check box. Clicking Reset will re-
start the procedure. In both types of calibration, the transformation is
saved in an XML file.
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Figure 40.: NuloNa surface point source selection. This tab allows the user to se-
lect from three different sources for collecting the surface points with:
1. Probe tip, 2. Pointer, 3. Laser. In case Pointer is selected,
the Start button is activated, allowing for collecting points by scan-
ning the surface with the pointer. To do this, simply 1. click the Start
button (it becomes St op on successful start), 2. collect points, 3. click
the Stop button, 4. click the Generate button to generate the surface
model. The Clear button clears all the points so that the collecting can
be re-started. The Laser option is not implemented yet.
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Figure 41.: NuloNa modality selection. This tab allows for selecting the modal-
ity and then performing data acquisition. After selecting either of
Epiphanography or Freehand PET, click Start to start the data
acquisition (it becomes St op on successful start).

Figure 42.: NuloNa data acquisition. Data is collected while it is being received
and is not faulty (i.e. all indicators green). To stop the acquisition click
Stop. Each time this button is clicked, i.e. the acquisition is stopped,
the data collected up to then are saved in XML files. No data is ever
overwritten, since a counter is kept that is appended to the correspond-

ing data filenames.
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Figure 43.: NuloNa data acquisition done. Clicking Clear clears all the collected
data. In case Probe tip was selected as the surface point source
(see figure 40), the Reconstruction button is inactive, waiting for
the region—of-interest (ROI) model to be generated. This can be done
by clicking the Generate Roi button. In case ROI is already gener-
ated/loaded, the Reconstruction button is active.
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Figure 44.: NuloNa visualization controls. Reconstructions from both
Epiphanography and Freehand PET can be visualized on the
visualization panel. This tab controls the visualization, i.e. tog-
gling it on/off, selecting higher and lower thresholds for increas-
ing/decreasing contrast. Currently visualization is turned off, as
the application is used merely for data acquisition. To see how

visualization works, see section C.2.4.

C.2.3. Steps to (offline) reconstruction

NuloNa can be configured such that it saves the data collected during the acqui-
sition. For an exemplary XML file that configures NuloNa with this feature, see
apps/intraopgui/config/data.xml. Each time NuloNa is launched with
such a configuration, the application will create a uniquely timestamped folder
for saving the data into. Data saved in this manner can be used for performing
offline reconstructions. The console application located under apps/offrecon
serves this purpose. In addition, the saved data can be replayed with NuloNa, by
configuring the application with a suitable XML file. Such an XML file can be seen
under apps/intraopgui/config/offline.xml.

C.2.4. Further development

Figure 45 shows an exemplary acquisition guidance for NuloNa. The implemen-
tation of this visualization is an extension of Dr. Tobias Lasser’s renderer for his
NanuLib, which already includes the arrows for acquisition guidance. We have
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added to the renderer the surface of interest (SOI) visualization seen as a white
unstructured grid in this image. Hot-spots can be visualized by e.g. coloring the
corresponding vertices of the unstructured grid in red, instead of white. Varying
the intensity of the color can be coupled to the controls shown in figure 44.

Figure 45.: NuloNa acquisition guidance with arrows showing probe positions
and orientations for each measurement, as well as the surface of in-

terest (SOI) visualization (the white unstructured grid).

As the current version of NuloNa is split into an online data acquisition and an
offline reconstruction component, the visualization shown in figure 45 is not active.
It can however be turned on with a few lines of code, as the functionality is already
implemented in the Visu library outlined in section C.3.3.

In general, the online data acquisition application frequently crashes on run-
time. Therefore it is still quite sub—optimal in terms of user satisfaction, although
all the functionality related to data acquisition is implemented and brought to-
gether in it. The crashes are mostly due to multi-threading issues. We would
therefore recommend the new developer to compose from scratch an application
according to his/her needs, along the line of this current application. This will
probably be the best practice to come up with an application featuring a GUI, that
is robust and functions smoothly. Once the code of the current application high-
lighted in section C.3.2 is thoroughly analyzed, composing a new version is only
a matter of few weeks of coding.
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C.3. Software design

We have made effort to design our framework as modular as possible, with each
module having a clear interface for executing a specific functionality. The fol-
lowing subsections give brief information about the organization of the various
components of the NuloNa software framework.

C.3.1. Configuration

The main directory contains a file named EnvironmentSetup.x1sx. This file
lists the different packages and libraries to be installed in order to be able to com-
pile and run the NuloNa applications and libraries. Note that this file must be
strictly followed in the same order to make NuloNa work under Mac OS X 10.6
(Snow Leopard). For later versions of Mac OS X, the configuration should be
more flexible. We have not yet tested this on later Mac OS X versions, on Win-
dows, nor on Linux, though. Two internal libraries not mentioned in this file, but
that nonetheless must be available for NuloNa to work are NanuLib and Eos, de-
veloped by Dr. Tobias Lasser and Alexandru Duliu respectively. For the former, a
version compatible with NuloNa is located under ext /NanuLib_v2/. The latter
however, is located on the SVN server under campintern/trunk/src/Eos/.
The main directory of NuloNa, as well as all the relevant sub—directories con-
tain CMake configuration files (CMakeLists.txt). These configuration files have
a pretty self-explanatory structure. In addition, the cmake/ folder contains CMake
scripts for locating and configuring important components that NuloNa needs.

C.3.2. Applications

Currently only the above mentioned two applications for online data acquisition
and offline reconstruction are available under apps/intraopgui/ and apps/

offrecon/ respectively.

C.3.3. Libraries
The following libraries are the basic working modules of the NuloNa software

framework.

Core islocated under 1ibs/core/. This library hosts the basic definitions and
datatypes needed in NuloNa.
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I0 is located under 1ibs/io/. This library provides functionality for reading
from /writing to files.

MultiTask islocated under 1ibs/multitask/. This library contains classes
crucial in running parallel tasks. Currently it is not in active use, however the
development should continue in this direction in the future.

NanuWrap is located under libs/nanuwrap/. This library provides a thin
wrapper around the functionality and datatypes of the NanuLib library.

Probe islocated under 1ibs/probe/. This library contains all the classes and
implementation relevant to communication with the different probes, as well as
the class for making use of saved probe data in offline mode.

Roigen islocated under 1ibs/roigen/. This module provides the function-
ality for generating geometric surface models from scattered point clouds. It cur-
rently hosts only a PCL implementation [Rusu 11]. In the future other implemen-
tations, e.g. CGAL [CGAL 13], could also be integrated.

TrackingX islocated under 1ibs/trackingx/. This is a very simple exten-
sion of the Tracking library of Eos, which is used for communicating with the
tracking system.

Utils is located under 1ibs/utils/. As the name implies this is a utility
library. It provides classes for collecting and storing data, as wellasa Utilities
class for handling datatypes and values.

Visu is located under 1ibs/visu/. This library hosts the functionality per-
taining to the visualization of data. The rendering window on the visualization
panel of figure 35 is an instance of the BlackRealityRenderer class of this li-
brary, which also contains the implementation of the visualizations highlighted
in figure 45.

NanuLib provides among others the implementations of various reconstruction
algorithms. This library is the backbone of our imaging modalities.
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Appendices

Eos provides the functionality for XML configuration and also for tracking.

C.3.4. Tests

This portion of the NuloNa framework is meant to host the unit tests written for
the various components. Currently it has only an implementation of a simple
Boost unit test for the Roigen library.
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Nomenclature

min
OR

Bq

M Bgq
equivalent dose

effective dose

wSv

mSv

keV

MeV

Minute(s)
Operating room

Becquerel — the SI unit of activity, equivalent to an in-
verse second (s™1) [Vale 07]. 1 Bq can be thought of as
“one nucleus decayed per second” [Delo 98]

Megabecquerel
The radiation dose in a specific organ or tissue [Vale 07]

The tissue-weighted sum of the equivalent doses in all
specified tissues and organs of the body [Vale 07]

Sievert — the SI unit for effective dose. It is equivalent to
J/kg.

Microsievert
Millisievert

Joule — the SI derived unit of energy. Equivalent to kg -

m2 / 82
Kiloelectron—volt

Megaelectron—volt
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Nomenclature

eV

FWHM

FW(1/10)M

CT

PET

MRI

WHO

TNM staging system

aerobic respiration

anaerobic respiration

palliative

prognosis

morbidity

Electron—volt — the amount of kinetic energy gained by a
single unbound electron when it accelerates through an
electrostatic potential difference of 1 volt. It is not an SI
unit and its value has to be determined experimentally.
1 eV is equivalent to 1.602176487 x 10719 J [Levi 04].

Full width at half maximum. An expression of the extent
of a function, given by the difference between the two
extreme values of the independent variable at which the
dependent variable is equal to half of its maximum value
[Medi 13]

Full width at one-tenth maximum. Similar to FWHM,

taking one-tenth of the maximum instead of half
(X-ray) computed tomography

Positron emission tomography

Magnetic resonance imaging

World Health Organization

The system put forward by WHO for staging cancers. T
stands for tumor, N for (lymph) nodal involvement, M for
distant metastasis.

The type of respiration that requires oxygen for energy
production [Medi 13]

The type of respiration that does not require oxygen for
energy production [Medi 13]

Relieving or soothing the symptoms of a disease or dis-
order without effecting a cure [Medi 13]

A prediction of the course or outcome of a disease or
disorder [Medi 13]

Pathological or diseased [Medi 13]
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Nomenclature

oncology The branch of medicine that deals with tumors, includ-
ing study of their development, diagnosis, treatment,
and prevention [Medi 13]

physiology The biological study of the functions of living organisms
and their parts [Medi 13]

proliferation Rapid growth or reproduction of new parts, cells, etc.
[Medi 13]
positron The anti—particle of electron — has the same mass but op-

posite charge

photon A quantum of electromagnetic radiation, regarded as a
particle with zero rest mass and charge [Medi 13]

pre— Earlier; before; prior to. Anterior; in front of [Medi 13]

post— After in time or sequence; following; subsequent. Be-
hind; posterior to [Medi 13]

peri— A prefix that means around (as in peri—cardium) or near
(as in perihelion) [Medi 13]

pi. Post-injection

(radiochemical) purity =~ The proportion of the total activity of a specific radionu-
clide in a specific chemical or biologic form [Medi 06]

yield The amount or quantity produced or returned, often mea-
sured as a percentage of the starting material [Medi 06]

RNA Ribonucleic acid; any of a group of nucleic acids, present
in all living cells, that play an essential role in the syn-
thesis of proteins [Medi 13]

translation The process in the ribosomes of a cell by which a strand
of messenger RNA directs the assembly of a sequence of
amino acids to make a protein [Medi 13]
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