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Supervisor’s Foreword

Radio-guided surgery (RGS) represents a very useful surgical adjunct to intraop-
eratively detect millimetric tumor residues. The impact of RGS on the surgical
management of cancer patients includes providing the surgeon with vital, real-time
information, regarding the location and the extent of disease as well as the
assessment of surgical resection margins. Therefore, RGS is crucial for those cases
where a complete resection influences the recurrence-free survival and the overall
survival of the patients, particularly for those tumors where the surgical mass
removal is the only possible therapy. The technique makes use of a radiolabeled
tracer, preferentially taken up by the tumor to mark the cancerous tissue from the
healthy organs, and a specific probe system sensitive to the emission released by
the tracer to identify in real time the targeted tumor loci. To allow the diffusion
of the drug to the margins of the tumor, the radiopharmaceutical is administered to
the patient several hours in advance.

Established methods make use of a combination of a �-emitting tracer with a
� radiation detection probe. Some current clinical applications of RGS are
radio-immuno-guided surgery (RIGS) for colon cancer, sentinel-node mapping for
malignant melanoma and breast cancer, detection of parathyroid adenoma, bone
tumors (such as osteoid osteoma), and thyroid carcinoma lymph-node recurrence in
the neck. A limit to the applicability of this technique comes from the high pene-
tration power of the � radiation. This implies that an eventual uptake of the tracer in
nearby healthy tissues would represent a non-negligible background, sometimes
preventing the technique’s applicability, e.g., in cerebral and abdominal tumors
because of the large tracer uptake from the brain, the bladder, the kidneys, the
spleen, the liver, etc., and in pediatric tumors due to the short distances between
organs.

To mitigate the effect of the � background, alternative solutions are being
studied with the scope of extending the RGS to other clinical cases that could profit
from this technique.

In early stages, the use of flþ decaying tracers was proposed, since they are
largely diffused due to the positron emission tomography (PET). The emitted
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positrons have a limited penetration and their detection is local. On the other hand,
positrons annihilate with electrons in the body and produce �s with energy of 511
keV: the background persists and actually increases in energy. The improvement,
with respect to the use of pure �-emitters, is that a dual system allows measuring the
background separately and to subtract it from the observed signal. This approach
has been studied in pre-clinical tests but it is not yet in use in clinical practice. The
largest limitations range from the activity to be administered to achieve a quick
probe response, to the sophistication of the probe and to the exposure of the medical
personnel.

Alternatively, our research group is developing a novel RGS technique using fl�

radiation and Francesco Collamati joined this activity in the very beginning. The
main innovation of the technique is based on the low penetration of the emitted
electrons. Low background from healthy tissue around the lesion allows both a
smaller radiopharmaceutical absorbed dose to detect tumor remnants, and the
possibility of extending the technique to cases with a large uptake from healthy
organs (e.g., brain tumors, because of the large uptake of radiotracers from the
healthy brain when flþ emitting tracers, like 18F-FDG, are administered). A lower
exposure to the medical team is also expected.

The thesis work of Francesco Collamati covered the most important aspects
of the development of the technique, from the design of the fl� probe to the
identification of the potentialities of the technique for tumors of clinical interest.

In particular fl� probes are made of a scintillating crystal and a light detector.
Francesco Collamati started his research investigating the properties of p-terphenyl
as scintillator for low energy electrons: it has a low Z, with consequently low
sensitivity to photons, but high light yield. It has not been adopted prior to this
study because it has a short light attenuation length, which limits the possible
thickness of a p-terphenyl crystal. The energy deposition of low energy electrons
was found to be compatible with the light absorption of the material.

Next, this thesis describes the efforts in developing an appropriate simulation
of the expected performances of this technique in tumors expressing somatostatin
receptors. A chain starting from DICOM images of PET scans of the pathologies of
interest (namely meningioma, glioma and neuroendocrine tumors) and arriving to
the expected number of photo electrons detected by the light detector was devel-
oped with the FLUKA Monte Carlo code. A thorough understanding of the content
of the images and its interface with FLUKA, the simulation of the probe and the
possible tumor residual configurations was a major research endeavor.

Such effort culminated in the feasibility study of fl�-RGS for brain and neu-
roendocrine tumors, which warranted a press release by the American Society of
Nuclear Medicine and Molecular Imaging. This study is currently being confirmed
by tests on the patient that started in 2015.

Rome, Italy Prof. Riccardo Faccini
February 2016
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Preface

Since the inception of the modern era, with the lengthening of life expectancy,
cancer has represented one of the most common causes of death worldwide, also the
most striking challenge to modern medicine.

Throughout the centuries, together with the deepening of our understanding in
biology and human anatomy, numerous steps have been made in the comprehen-
sion of this complex and vast pathology. As a result, increasingly effective diag-
nostic methods and treatment techniques have been developed.

Particularly in the past decades, new discoveries in chemistry and nuclear
physics brought groundbreaking advances to this field.

The detection of so-called “tumoral markers” in the blood, or today’s imaging
techniques (CT, NMR, SPECT, PET) paved the way to early and precise diagnosis
of tumors, while chemotherapy and radiotherapy provided treatment options of
fundamental importance.

Despite all this progresses, still today this battle is far from being won.
As surgery being the principal treatment used for cancer, several techniques and

technologies are being developed in order to improve its effectiveness, mainly by
enhancing the completeness of the tumor resection.

In particular, in this thesis, RGS is discussed. In this approach, a certain amount
of a radiopharmaceutical, which is preferentially absorbed by the tumor, is
administered to the patient before the surgical intervention. Using a dedicated
detector, capable of revealing the particles emitted by the radiopharmaceutical, the
surgeon can scan the tumor site looking for residuals of the lesion after the removal
of the bulk neoplastic mass.

Despite this technique being fairly widespread today, its applicability is
restricted by a number of serious limitations.

In order to overcome such limitations, a novel approach is proposed in this
thesis, exploiting fl� radiation in place of flþ and gamma, the ones used today.

In Chap. 1 an overview of the existing techniques of support to surgery is given,
highlighting each one’s strengths and weaknesses. Possible further developments
are then discussed, focusing on fl�-RGS.
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In Chap. 2, the FLUKA Monte Carlo code is presented, which was used
throughout the thesis to integrate and understand experimental measurements and
clinical data.

In Chap. 3 the development of the probe to be used for fl�-RGS is discussed,
starting with laboratory measurements and ending with the presentation and testing
of the first probe prototypes.

In Chap. 4 the possible medical applications for such technique are discussed, in
particular regarding brain surgery and neuroendocrine tumors, presenting the results
of two statistical studies carried out on DICOM images of the patients affected by
these diseases.

In Chap. 5, further studies exploiting both data and simulations are presented in
order to evaluate the performance of the probe prototypes in real clinical scenarios,
and an evaluation of the radio exposition of the medical personnel during an RGS
procedure is obtained by a Monte Carlo simulation.
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Chapter 1
Introduction to Radioguided Surgery

Notwithstanding the number of other techniques and instruments that have been
developed in the last decades in the field of cancer treatment, from radiotherapy to
chemotherapy, surgery remains to date the most frequent option undertaken in case
of tumor.

1.1 The Importance of Full Tumor Resection

Excluding all the cases in which a surgical intervention is not feasible (i.e. for tumor
dissemination in various organs), the first goal of a cancer treatment is plainly the
complete and precise resection of the lesion. In fact, there is a strict correlation
between patient survival and disease free time (D.F.T.) and the resection complete-
ness. However, this mere concept becomes much less simple when applied to the
real case of a surgical procedure.

Centuries of discoveries in nuclear physics have provided highly advanced imag-
ing techniques, allowing precise individuation of lesions from outside the patient
before the intervention. For example, a lung tumor is usually clearly showed by a CT
scan (Computed Tomography), while NMR (NuclearMagnetic Resonance) provides
sharp images of brain or liver cancers. Positron Emission Tomography (PET) is able
to give functional imaging as well, giving informations about methabolism of both
healthy and diseased tissue. These techniques are usually able to provide a spatial
resolution of the order of few millimeters (in case of CT and NMR, several mm in
case of PET), as evident from Fig. 1.1.

However, this remarkable amount of information available before surgery in some
way cease to be much useful during the operation itself. In fact, an area that showed
in the PET a particularly high metabolic activity, thus suggesting the presence of a
lesion or for example a diseased lymph node, may be too poorly identified by the
imaging to make it easy to the surgeon to find during surgery. Similarly, a brain
lesion clearly delineated by NMR can be difficult to localize after craniotomy, and
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Fig. 1.1 Examples of CT (a), NMR (b) and PET (c) scan images

its borders difficult to discriminate due to possible little visual difference between
normal and tumoral tissue.

The translation of pre-operative imaging informations in the surgical field is a
critical point to optimize both the use of these valuable data and the effectiveness
of the intervention. Hence, such a crucial topic has been addressed with several
instruments and techniques.

1.1.1 Non Nuclear Tools

One of the fields in which the extent of the tumor resection is somehow even more
important is neurosurgery. In fact, when dealing with brain cancer, it becomes fun-
damental to achieve as complete as possible a resection of the lesion, in order to
minimize the risk of recurrences and secondary tumors, which originate from resid-
ual damaged cells. On the other hand, it is crucial for brain surgery to be conservative,
aiming to spare healthy tissue in such a delicate organ [1–3].

For such reasons, several researches have been enterprised in the field of neuro-
surgery since the beginning of the XX century, when Stereotactic Surgery was first
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Fig. 1.2 Neuro navigation system for brain surgery

proposed. In this technique, once the patient’s head is fixed in a certain position by
means of mechanical supports, a set of three coordinates (e.g. cartesian) is used to
locate important structures within the skull. In such a way, the physician could move
its instruments in this reference system with respect to the RX image.

This original idea has been then developed in the following decades, leveraging
on progresses in both imaging and technology, and today brain surgery is commonly
carried out via a neuro navigation system. Such an apparatus is composed by a set of
position detectors creating a frame of reference in which the patient’s head and the
surgeon’s tools are positioned. During the operation, the physician is able to see in
real time on a devoted screen (Fig. 1.2) the position of his instruments with respect
to pre operative imaging (e.g. NMR).

In order not to spoil the millimetric resolution of NMR, a precise alignment
between pre operative image and patient position is required, and this is achieved
by means of several position detectors located on the patient’s head to be used as
calibration. However, the real limit to precision and reliability of this instrument
comes from a pure medical phenomenon.

In fact, being the brain not a rigid tissue, after craniotomy a shift of the order
of few centimeters of the whole mass is observed, due to changes in intracranial
pressure [4]. Moreover, once the bulk tumoral zone is removed, the tissue tends to
readjust in a different configuration. The uncertainties introduced are large enough
to make the neuro navigator an instrument useful mainly for a first surgical approach
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Fig. 1.3 An operating room equipped with iNMR

(choice of the craniotomy location), but of limited usefulness for lesion individuation
and borders identification.

To minimize the loss of information due to changes between the pre-operative
imaging and the surgical procedure, intraoperative Nuclear Magnetic Risonance
(iNMR) has been proposed. In this technique, a NMR is performed directly during
the operation, giving the surgeon a real time image of the brain.However, this requires
dedicated (and expensive) operating rooms (Fig. 1.3), entirely free of magnetic mate-
rials and NMR equipped, and longer anesthesia due to the different duration of the
intervention (a NMR is a quite long procedure, requiring normally about 20–30Min.
Despite proved efficacy in enhancing the resection completeness [5], for these rea-
sons this is not a real viable way.

Another way to help the surgeon to identify tumoral tissue during the intervention,
disregarding pre operative images, is to inject the patient with a sort of “cancer-cell
probe”, that is a molecule that somehow bounds to the neoplastic ones, and the
detection of which is possible by some means.

A first example of this approach is Fluerescence-Guided Surgery (F.G.S.). In this
technique, a vector molecule is needed. For example, it has been demonstrated [6]
that most ovarian cancer cells express lots of receptors for a molecule called folate
(better known as vitamin B9 or folic acid). Cancer cells need this to grow and divide.
It is then possible to attach to this molecule a fluorescent label (called fluorescein
iso-thiocyanate): the detection of fluorescence light is then indicator of the presence
of folate, and therefore of tumor cells Fig. 1.4. In neurosurgery, the 5-ALA technique,
based on this same principle, has demonstrated to be effective in enhancing the
completeness of the tumor resection [7].
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Fig. 1.4 Example of Fluorescence Guided Surgery

1.1.2 R.G.S. with Gamma

Another technique that shares somehow the same principle as F.G.S. isRadio Guided
Surgery (R.G.S.) with Gamma emitters. Also in this case in fact the idea is to mark
the tumor with a molecule. Here, though, the molecule is labelled with a radioactive
isotope that undergoes gammadecay: the detection of the emitted photons is then clue
of the presence of the molecule, and hence of the tumor. In Radio Guided Surgery
there are several approaches regarding the way to carry the tracker compound to the
tumor.

First steps in this techniques were moved in the field of Sentinel Lymph Node
Localization. There are essentially two paths by which cancer cells can spread across
the body: blood and lymphatic vessels. While blood stream is practically impossible
to control, lymph provides in some way a preferential lane to check for the tumor
diffusion. In fact, the slower circulation (about 1–10cm/min) and the presence of
lymph nodesmakes it possible to check if the tumor is spreading in a certain direction.
These small oval-shaped organs, sized 1–20mm, are distributed widely throughout
the body and act as filters or traps for foreign particles, playing a fundamental role
in our immune system. In a certain sense they are midpoint of the lymphatic system,
and thus good indicator of a possible neoplastic diffusion in the considered zone.

The hypothetical first lymph node or group of nodes draining a cancer is referred
to as sentinel (Fig. 1.5), exactly upon the assumption that in case of dissemination this
is the target organ primarily reached by metastasizing cancer cells from the tumor.
It is thus fundamental to inspect this node for the staging of the cancer, subjecting it
to biopsy and histologic analysis.

However, it is often difficult given a certain tumor to identify its sentinel lymph
node, being adjacent lymphatic vessels numerous and the path of the cells hard to
forecast.
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Fig. 1.5 The concept of Sentinel Lymph Node

Thus, several attempts to provide the surgeon with manners to identify the right
nodeweremade in the last decades, starting from the injection, fewminutes before the
operation, of a stained substance in proximity to the tumor. The color is then absorbed
by lymphatic vessels, and hence by the node, that gains a blue hue. However, this
technique presented a quite high percentage of failure, and was early abandoned in
favor of different kind of labeling methods.

Today for sentinel lymph node localization (S.L.N.L.), there is consensus on
using technetium-99-labeled colloids withwell defined properties in terms of particle
size. A colloid is a particle mixture halfway between solution and dispersion, in
which microscopic (about 100nm) particles are dispersed in a continuous phase.
The trapping of the radio colloid in the nodes is due to the physiologic function of
macrophages therein; the tracer is hence injected either interstitially, subcutaneously
or intradermally, but always locally close to the tumor. The physician uses then a
particle detector (named gamma probe) to search for activity hot spots in order to
identify the sentinel lymph node.

Despite being the most common one, S.L.N.L. is just one of the today’s applica-
tions of Radio Guided Surgery. In Table1.1 different clinical cases in which RGS
has been applied are reported.

Nonsentinel lymph node applications of RGS can be roughly divided in 2 main
categories, according to the kind of radiopharmaceutical. Some are based on radio-
pharmaceuticals that do not have any tumor-seeking property, but are nonspecific
particulate agents that do not appreciably move from the site of injection, that is
local with respect to the tumor. It is a mechanism similar to that of S.L.N.L., but with
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Table 1.1 Clinical applications of Radio Guided Surgery with γ probe: RGS, radioguided surgery;
RIGS, radioimmunoguided surgery; SNB, sentinel node biopsy; ROLL, radioguided occult lesion
localization; RIME, radioguided intraoperative margins evaluation; FDGDS, 18F-FDG directed
surgery

Clinical application Kind of RGS applied

Breast cancer SNB, RIGS, ROLL, RIME, FDGDS

Skin cancer SNB, FDGDS

Gastrointestinal neoplasm SNB, RIGS, FDGDS

Head and neck neoplasm SNB, RGS, RIGS, FDGDS

Gynecological neoplasm SNB, RIGS, FDGDS

Urological neoplasm SNB, RIGS, FDGDS

Chest neoplasm SNB, RGS, RIGS, FDGDS

Neuroendocrine tumors RGS

Adrenocortical carcinoma FDGDS

Sarcoma SNB

Brain tumor RGS

Bone neoplasm RGS

Linfoma RGS

the size of the molecules changing on the basis of the needed retention time of the
colloid within the cancer. On the other hand, there exist radiopharmaceuticals that
accumulate preferentially at tumor sites, and are thus administrated systemically.

A first and probably most common example of this kind of radiopharmaceutical is
FDG (fluorodeoxyglucose), which is nothing but a glucose molecule in which a Fluor
atom can be easily substituted with a radioactive one. Cancer cells are constantly
reproducing, thus needing lot of energy, delivered in the form of glucose molecules.
A certain amount of FDG administered intravenously to the patient will therefore be
preferentially absorbed by tumoral cells, making this molecule an efficient carrier
towards the cancer. This simple “metabolic” way of reaching target cells, which is
at the base of common PET exams, however, is not the only possibility.

Some tumors in fact express receptors for particular molecules. Somatostatin, for
example, is an hormone that regulates the endocrine system, and it is possible to
artificially produce so called analogues molecules: synthetic compounds that share
with the original one several properties, included the ability to bind. These analogues
are hence used as radiopharmaceutical for those tumors that express this kind of
receptor, as will be detailed in Sect. 1.3.2.1.

When referring to a radiopharmaceutical, one should consider it as a two part
system: the carrier molecule (discussed above) and the radioactive nuclide, which
is responsible of the particle emitted and thus to detect. Today, radiopharmaceuti-
cals labeled with technetium-99 are used in more than 85% of studies in a general
nuclear medicine department [8]. The popularity of this radionuclide is due mainly
to its emission, that consists of a pure photon without β contamination. As will be
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Table 1.2 Most common radionuclides and radiopharmaceuticals used for diagnostic and thera-
peutic purposes

Radionuclide Emitted particles T 1/2 Radipharmaceuticals Use
99mTc γ 6.01 h 99mTc-MDP Diagnostic

99mTc-MIBI
18F β+ 110min 18F-FDG Diagnostic
111In γ 67.4 h 111In-Octreotide Diagnostic
86Y β+ 14.7 h 86Y-DOTATOC Diagnostic
68Ga β+ 68min 68Ga-DOTATOC Diagnostic
90Y β− 64.1 h 90Y-DOTATOC Therapy
177Lu β−, γ 6.73 d 177Lu-DOTATATE Therapy
131I β−, γ 8.1 d 131I-MIBG Therapy

pointed out in Sect. 3.1.3, photons are penetrating particles, which interact weakly
with the traversed tissue, thus transferring low quantities of energy. On the other
hand, β particles, being electrically charged, interact much more within the tissue,
with consequent higher dose released and lower penetration range. Another favorable
characteristic of 99Tc is its half life of the order of 6 h, that reduces the environmental
contamination after the procedure.

Table1.2 shows different radiopharmaceuticals commonly used in clinical prac-
tice, indicating both the carrier molecule and the radioactive nuclide: as evicted from
the table, their principal use today are two: diagnostic and therapeutic.

In the former case, in addition to SLNL, they are used for example for imaging
techniques, like the aforementioned PET, or SPECT (Single Photon Emission Com-
puted Tomography, in which the patient is systemically injected with a small dose
(about 200 MBq) and then placed within a specific detector able to reconstruct from
the revealed particles tomographic images of the tracker distribution, gaining impor-
tant informations for example about metabolic activity inside the body. In the latter
case, as explained in Sect. 1.3.2.1, a higher dose of radiopharmaceutical is adminis-
tered intravenously to the patient, with the goal to reach cancer cells and to damage
them via radioactive short range decay. In this case, the dose (about 2 GBq) is deter-
mined from a tradeoff between the desired damage to diseased cells and toxicity to
healthy ones, especially the red marrow.

In radioguided surgery all these radiopharmaceuticals are possible candidates to
use, and the choice relies upon the organ to be considered and the clinical need of
such a technique.

A case in which RGS brought a relevant improvement in clinical practice is breast
cancer surgery. It is proved that the early detection of breast malignancies decreases
mortality and morbidity of breast cancer patients [9]. These early-detected tumors
are generally small and non-palpable, and it is thus often difficult for the surgeon to
find them intraoperatively even if the mass was clearly delineated by the ultrasound.

http://dx.doi.org/10.1007/978-3-319-33699-2_3
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Fig. 1.6 A commercially available gamma probe for RGS

In this context the ROLL (Radio-guided Occult Lesion Localization) technique
has been proposed [10]. In this method, the physician injects inside the tumor, under
ultrasound or stereotactic guidance, a small dose of a compound similar to the one
used for SNLN, labelled with 99Tc. In such a way he can use a gamma probe during
the intervention to locate and excise the non palpable lesion. This technique, first
proposed in 1999, is nowadays wide common in hospitals, and has been proven to
improve patients outcome, cost effectiveness (due to secondary operations avoided),
patient comfort and cosmetic result [9], especially considering the very low cost
in terms of absorbed dose to the patient (about 0.5mGy [8]) and the personnel. Its
translation to other kind of tumors is currently under investigation, with promising
results [11].

Despite being SNLN and ROLL the most common and of greater impact utiliza-
tions of RGS, several other applications have been investigated in the last decades, as
shown inTable1.1.Apart fromSNBandROLL, all the other entries therein rely on the
use of systemically injected radiopharmaceuticals with high affinity with the tumor.
Is this a quite widespread technique for example for Neuroendocrine tumors [12]
and parathyroid adenomas [13].

All the RGS applications seen so far rely on a specific probe able to detect photons
of energy of about 100–1000keV. The rapid diffusion experienced by RGS in the
last decades resulted in a proliferation of commercially available instruments for this
purpose (Fig. 1.6).

These probes are usually composedby an active area (scintillator or semiconductor
detector), surrounded by few millimeters of shielding material, in order to retain



10 1 Introduction to Radioguided Surgery

directionality. The instrument is then connected either via cable or wireless to an
electronic apparatus for signal elaboration, that gives informations to the surgeon
usually by means of a small display and/or a color/sound code to evaluate the activity
measured. A review of available probes can be found in [14].

1.2 Limits of Existing Techniques

Despite having favored remarkable improvements in the effectiveness of surgical
interventions, all the techniques examined so far present several serious limitations.

In Sect. 1.1.1 we saw why neuro navigator systems and iNMR, although being
valuable tools, are not a complete response to the surgeon needs.

Regarding FGS, the first limitation is represented by the small number of vector
molecules available, that cause the field of applicability of this technique to be quite
narrow, being the affinity with tumor cells dependent also on their histotype. This
means that each tumor needs its molecule, even if differentiating one another only
for their histological characteristics. Secondly, being the fluorescence light emitted
usually in the near infrared region of the electromagnetic spectrum, these procedures
are quite unhandy to do, due to the necessity to use a systemof filters andmicroscopes
and to constantly shift between normal light mode and fluorescence mode (which
often requires to switch off environment lights).

Coming to RGS, while ROLL and SNLN procedures have found their reason
for being in the equilibrium between pros and cons, all the other techniques relying
on systemic injection of gamma emitting radiopharmaceuticals encounter profound
drawbacks limiting their effectiveness and applicability.

First of all, to detect photons, that are quite weakly interacting particles, thick
detectors are needed. Moreover, the importance of signal directionality and back-
ground protection calls for a shielding that rises the transverse section of the probe
up to centimeters, making it not so handy to use in a narrow and complex operating
field.

Secondly, a systemic administration of the radio tracker results in a relatively
high radioactivity concentration in normal tissue surrounding the tumor, depending
on the affinity of the used molecule. Moreover, the period of radioactivity retention
in the tumor of the radiopharmaceuticals is highly variable, with the consequence of
affecting the Target to Background Ratio at different times post injection, calling for
a case-by-case choice of the optimal administration time in order to maximize it [8].

Lastly, a non trivial radiation dosimetry must be taken into account, due to the
administered dose (in the order of a full diagnostic one) and to the highly penetrating
nature of photons, thus implying not negligible exposition for the medical personnel.
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1.3 Possible Developments

Considering RGS, it is quite evident that the majority of its aforementioned draw-
backs are due to the use of photons as decay particles. This is why it is possible to
consider further developments of this same idea, by changing the emitting isotope.

1.3.1 β+

The first possibility is to use as radioactive atom one of those decaying via the
emission of positrons (β+ particles). The possible advantages of such a method are
manifold.

First, several β+ emitting isotopes are already commonly used in nuclear medi-
cine. The most common one is the aforesaid 18F, which is everyday used in 18F-FDG
PET exams. Other examples of positron emitting radionuclides are 11C, 68Ga and
86Y. This is an important point, because it represents a well established know-how
from which to start, even from a regulatory and legislative point of view (new drugs
must pass through a long lasting protocol of testing and validation prior to be usable).

The second main advantage of this approach is related to the interactions of
positrons inmatter. In fact, being charged particles, positrons interactmuchmore than
photons. As a consequence, their range is reduced to fewmillimeters for positrons of
about 1MeV, after which, due to their nature of antiparticles, they annihilate encoun-
tering electrons in the traversed tissue, producing a couple of back-to-back photons
of 511keV in energy. The low penetration range results in the double advantage of a
limited path within the body, assuring better spatial resolution than photons, and the
need for thinner sensitive detectors, allowing theoretically smaller probes.

On thebasis of these arguments, in 1994aβ+ probewasfirst proposedbyDaghigh-
ian et al. [15]. This prototype was composed by two separate detectors: one plastic
scintillator for positron detection and a gamma counter. The β+ yield was hence
obtained by subtracting the activity measured by the latter one to the one measured
by the former, in order to neglect the fraction of photons detected by the positron
detector.

This two-fold approach is quite common among β+ probes, being the photon
contamination an important factor to account for. In some cases this developed in a
sort of double-mode probe, inwhich the two separate detectors could also be operated
independently, resulting in both a positron (by means of the aforesaid mechanism of
photon signal subtraction) and gamma probe at the same time.

Amore advanced kind ofβ+ probewas proposed in 2005 byYamamoto et al. [16],
using as radio tracker 18F-FDG. This prototype uses a phoswich detector composed
of a plastic scintillator and a bismuth germinate (BGO). A positron is detected by
the plastic scintillator and emits annihilation photons. The BGO nearby detects one
of the annihilation photons while a photo-multiplier tube detects scintillation pho-
tons from both scintillators. The decay time differences of these two scintillators are
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Ultrasound aspirator Scintillating fibers

Clear fibers

Fig. 1.7 Representation of the prototype of β+ probe proposed by Bonzom et al., here applied over
the ultrasonic aspirator commonly used by neurosurgeons

used to distinguish whether the event is a true event where a positron and a follow-
ing annihilation photon are detected simultaneously, or a background event due to
annihilation photons produced elsewhere in the body.

Only in 2007 a first application of β+-RGS to cerebral surgery was proposed.
Bonzom et al. proposed a positron probe designed to be integrated in the instruments
commonly used by neurosurgeons during the intervention. [17] The probe consisted
in a series of optic fibers to detect β particles, each of which has a counterpart of
a similar fiber that is though slightly shielded in order to stop positrons and act as
detector of the photon contamination to be subtracted (Fig. 1.7).

This probe was hereafter subjected to further studies [18], demonstrating on phan-
toms of 5mm of diameter and 20mgmass soaked in 18F a TBR>3.1 with an acquisi-
tion time of 4 s, which despite being a promising result is far from being a satisfactory
value for brain surgery.

Summarizing, the use of β+ emitters addresses some of the main limitations of
γ-RGS, such as the long penetration of gamma radiation and the consequent loss
of spatial resolution. However, several drawbacks are still present in this method,
mainly due to pure physical reasons, like the annihilation photon background, that
make them impossible to eliminate.
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1.3.2 β−

A third approach in Radio Guided Surgery, aiming at overcoming all the limits
discussed so far, would straightforwardly be represented by the use of β− radiation.

However, the history and development of this method has evolved through a
particularly peculiar and non linear path. Despite being in fact the only approach to
be practically unused today, it was actually the first one to be conceived at the very
beginning of Radio Guided Surgery.

In 1949 Selverstone proposed to use 32P as a radio tracker [19], which is a pure
β− emitter (Qval = 1711 keV, t 1

2
= 14 d), for patients with glioma undergoing

surgery. At the time there was no concept of radiopharmaceutical, and the targeting
of the tumor relied on several miscellaneous discoveries achieved in that decades. It
was well established that the phosphate ion (HPO4) is the major intracellular anion
of the body, thus suggesting a more rapid turnover of the substance in the inorganic
fraction of a rapidly metabolizing tumor than in the relatively static normal brain
tissue. At the same time, it was noted that normal brain shows a low turnover of 32P
compared with other organs. Moreover, in 1942 it was demonstrated that blood-brain
barrier has greater effect in the case of negatively charged particles: if a local defect
on the barrier exists in the tumor, this could imply an enhanced differential uptake
between glioma and normal brain.

Given these considerations, Selverstone injected 33 patients at least 24h before
surgerywith radioactive phosphate ion. The physician could than explore the surgical
field looking for activity hotspots via a particular detector, that was actually aGeiger–
Muller tube, sized 3–5cm in diameter, filled with an argon-ether mixture (Fig. 1.8).

In this trial, the probe was able to localize 23 cerebral tumors out of 33 patients,
facilitating in 12 of them the total resection of the lesion. In 4 cases the tumor was
not localized due to false negatives ascribed to the impossibility to position correctly
the probe over infiltrated gliomas.

When considering the importance of this very first approach to RGS, there are
some aspects that have to be considered. First and foremost, this was the early
endeavor in a new and unexplored field, the one of nuclear aid and support to surgery,
in an era that was in numerous aspects remarkably far from ours.

Fig. 1.8 First prototype of Radio Guided Surgery probe proposed by Selverstone in 1949
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Medical knowledge about interactions of radioactive isotopes injected in the body
was for example still scarce: there was no mature consciousness about late effects of
absorbed doses, and radiation protection was at its initial stages. In this context, the
choice of 32P is in retrospect arguable: injecting a patient with an isotope that decays
with a t 1

2
= 14 d means that the person is going to be “radio-active” for several weeks

later. Also, the absence of proper radiopharmaceuticals made this technique’s field
of application noticeably confined to selected single cases.

As far as the detector is concerned, the possibilities were considerably narrowed
by lack of knowledge in both nuclear physics and engineering. The use of a Geiger–
Muller counter, despite being the only practicable way at that moment, led to various
shortcomings. Shape and dimensions of sensitive area, and thus of the whole probe,
are in fact constrained by the need of a gas filled zone and electric apparatuses.
Moreover, due to their functioning mechanism (gas ionization and recombination)
Geiger–Muller counters are characterized by high dead-time. Lastly, operating with
gases is often considered dangerous, especially in a delicate environment such as an
operating room, due to the risk of explosion.

In spite of all these arguments, the one from Selverstone represents a seminal
work in Radio Guided Surgery, worthy of having focused a problem, suggested a
method and put the bases for the development of such an important technique so
widespread today.

Now, is a matter of fact that in the last half century both Medicine and Nuclear
Physics experienced a period of copious and substantial discoveries, giving the oppor-
tunity to overcome all the drawbacks in β−-RGS outlined so far.

In this Thesis work I investigated how a novel Radio Guided Surgery technique
with the use of β− emitters is today feasible and convenient with respect to the
already existing techniques.

1.3.2.1 Ligand Molecule Choice

As pointed out in Sect. 1.1.2, a crucial role in Radio Guided Surgery is played by the
radiopharmaceutical, which is composed by two separate parts: the ligand molecule
and the radio isotope, being probably the former the most important one.

It is in fact on the carrier that depends primarily the efficacy of this technique,
and it is thus fundamental to choose a molecule with high affinity for tumor cells.

Actually, this field has already been widely explored in the context ofMolecular
Radio Therapy (MRT).While conventional Radio Therapy aims at destroyingmalig-
nant cells bombarding them with projectile particles (e.g. X-rays), in MRT vector
molecules are used to carry the emitting isotopes within the tumor, striking them
from inside.

For example, in Peptide Receptor Radionuclide Therapy (PRRT), somatostatin
analogues are radio-labelled to reach tumors expressing receptors for this hormone.
This technique, first proposed at the end of the nineties, has demonstrated to be
effective in case of unresectable or methastatic tumors, and is today used for both
curative and palliative treatments [20].
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A certain number of these compounds have hence been synthetized (DOTATOC,
DOTATATE), sharing similar characteristic and behavior, and several couplings with
different radio isotopes are today used. This number of radiopharmaceuticals com-
monly available and already tested for several kind of tumors offer a wide set of
molecules to consider for Radio Guided Surgery applications.

1.3.2.2 Ideal Isotope Characteristics

As far as the radioactive atom is concerned, the principal characteristics to consider
are commonly 3: the half life, the kind of decay and the energy of the emitted particle.

First, an ideal candidate for β−-RGS should undergo pure β− decay. A γ conta-
mination would in fact increase the dose transferred to the tissue without any gain
in the signal, that would instead be spoiled by interfering (and highly penetrating)
particles, coming even from healthy organs across the body.

Secondly, the emitted electron should have an kinetic energy of about 1 MeV.
In fact, this value corresponds to a range of about 5mm (Fig. 1.9); a lower energy
particle would not be able to reach the detector being stopped by the traversed media
(healthy tissue, biological liquids, probe covering), while a higher energy one would
travel through few centimeters of matter, leading to a higher contribution from zones
adjoining to that of interest.

Lastly, regarding the isotope half life, two aspects should be considered. On one
hand, the half life should be long enough for the radiopharmaceutical to be com-
fortably managed, from its production to its administration. On the other hand, t 1

2

should be short enough not to constitute a hazard regarding patient, personnel and
environmental radiation protection after the treatment. To sum up, an half life of the
order of 2d could meet both of these requirements.

One of the most used compounds in PRRT is 90Y-DOTATOC (DOTA-D-Phe1-
Tyr3-octreotide). This is a somatostatin analogue, and receptors for this hormone
have been identified in different kinds of tumors, such as neuroendocrine tumors,
tumors of the central nervous system, breast, lung and lymphatic tissue [21].

90Y is a pure β− emitting isotope, which decays in 90Zr with an half life of 64h.
The produced electron has inmore than 99.989% of times amaximum kinetic energy
of 2.280MeV. The complete decay scheme is showed in Fig. 1.10.

The actual absence of gammaemission is considered as a drawback inPRRT, being
it a valuable tool for dosimetry and uptake validation during the treatment by means
of SPECT imaging, that in case of pure β− decay is relegated to BrehmsStrahlung
radiation, which is far more scarse.

For these reasons (proved uptake, decay type half life and energy) 90Y-DOTATOC
represent a good candidate as radiopharmaceutical for Radio Guided Surgery with
β− emission.
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Fig. 1.9 Range in water for electrons

Fig. 1.10 90Y decay scheme

1.3.2.3 Ideal Detector Characteristics

The last player needed for RGS is the probe. In Sect. 1.3.2 we discussed why gas
detectors are not suitable for these applications (size, structure and safety). One
possibility would be represented by Silicon Detectors, which could provide good
detection efficiency of such electrons. However, for mechanical reasons they are
not easy do adapt to particular sizes and geometries (e.g. rounded ones), and the
needed electronics can be difficult to fit within a small device. A further possibility is
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represented by the use of scintillators, that can be shaped and sized in desired ways,
require simple electronics, and which low cost is compatible with a disposable probe.
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Chapter 2
The FLUKA Monte Carlo Code

Monte Carlo (MC) calculations are a standard tool in several areas of research, and
particularly in physics. This name is used to refer to any technique in which complex
models are evaluated by generating successive random samples and interpreting
statistically the global result after numerous iterations. This technique dates back
to the 40s, having being developed in the framework of the Manhattan Project, and
owes its name to the famous casino in Monaco [1].

Even if born in the frame of gamble, MC is now used in a variety of contexts,
including for instance economics: it is fact today at the base of risk measurements
computation, portfolios sensitivity evaluation and so on.

In particle physics, the main application of this method is to simulate particle
transport and interactions in media. From the knowledge of the physics of the ele-
mentary collision processes (which accuracy strongly influences the one of the entire
technique), MC simulations actually create and track a high number of primary par-
ticles, as wall as the secondaries created in interactions.

A certain amount of information (depending of the desired depth of the study
undertaken) is than stored and analyzed.

The main advantage of this approach is that it permits to study various different
configurations (for example geometries or primary particles) before (or evenwithout)
doing specific measurements.

The other use of simulation is to support experimental data comprehension, by
helping to recognize unexpected structures and phenomenona.

In parallel, MC techniques find wide applications even in medicine, and in partic-
ular in nuclear medicine. Each radiotherapeutic treatment is in fact preceded by MC
simulations aimed at verifying the exact localization of energy deposition within the
body.

In this Thesis work I usedMC simulations to study the response to different kinds
of signal of various prototypes of probe, thus testing and optimizing its design, and
to evaluate radio protection issues due to the injected activity.

FLUKA (FLUktuirendeKAskade) is a general purpose tool for calculations of par-
ticle transport and interactionswithmatter, developedwithin a collaboration between
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INFN (Istituto Nazionale di Fisica Nucleare) and CERN (European Council for
Nuclear Research) [2].

Its original application was accelerator shielding, but its development in the past
years led it to be a common tool for numerous applications, from ion beam and
electron acceleration to calorimetry, activation and dosimetry studies, being able
to simulate about 60 different particles with energies ranging from the keV up to
thousands of TeV.

The history of FLUKA began in 1962, when Prof. Johannes Ranft at CERNwrote
the first high-energy Monte Carlo transport code. Starting from those early pioneer
attempts, it is possible to distinguish three different generation of FLUKA codes
along the years, which can be roughly identified as the FLUKA of the 70s (main
authors J. Ranft and J. Routti), the FLUKA of the 80s (P. Aarnio, A. Fassò, H.J.
Mohring, J. Ranft, G.R. Stevenson), and the FLUKA of today developed under the
INFN CERNCollaboration Agreement (A. Fassò, A. Ferrari, J. Ranft and P.R. Sala).

Even if every new generation of the code originates from the previous one, each
new version represented not only an improvement of the existing program, but rather
a quantum jump in the code physics, design and goals. In this sense, the nameFLUKA
has been preserved as a reminder of this historical development, even if the present
code has pretty much nothing to do with the versions which were released before
1990.

FLUKAis developedusing theFORTRAN77 language.Agraphical user interface
named Flair (FLUKA Advanced Interface) has been developed using Phython [3].
For most applications, no programming is required from the user, even if a number
of Fortran-77 routines ara available in case of special requirements.

Efficiency is achieved by relying heavily on to table look-up sampling and a
systematic use of double precision has a great impact on overall accuracy. To obtain
a reasonable flexibility while minimising the need for user-written code, the program
has been provided with a large number of options available to the user, and has been
completely restructured introducing dynamical dimensioning.

2.1 Physics in FLUKA

The strength of FLUKA is in its physical models: microscopic models are adopted
whenever possible, consistency among all the reaction steps and/or reaction types is
ensured, conservation laws are enforced at each step, and crosschecks between results
and experimental data are done at single interaction level. As a result, final predictions
are obtained with a minimal set of free parameters fixed for all energy, target and
projectile combinations. Therefore results in complex cases, as well as properties
and scaling laws, arise naturally from the underlying physical models, predictivity is
provided where no experimental data are directly available, and correlations within
interactions and among eventual shower components are preserved.
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The transport of electrons and photons in FLUKA (EMF, for Electro Magnetic
FLUKA) handles all interactions and scattering processes, including photon nuclear
interactions.

The electromagnetic sector is fully coupled to the hadronic one, for instance
photons from nuclear deexcitation are directly transported by EMF, and photonuclear
interactions are treated in the same framework as hadronic interactions.

For each kind of particle, a set of relative effects are taken into account regarding
transport and interactions with matter.

2.1.1 Electrons and Positrons

Since the origins, the algorithm used by FLUKA for charged particles includes:

• A complete multiple-Coulomb scattering treatment giving the correct lateral dis-
placement even near a boundary;

• the Landau–Pomeranchuk–Migdal suppression effect;
• Ter-Mikaelyan polarisation effect in the soft part of the bremsstrahlung spectrum;
• positron annihilation in flight and at rest;
• electrohadron production via virtual photon spectrum and Vector Meson Domi-
nance Model;

• the bremsstrahlung differential cross sections of Seltzer and Berger have been
extended to include the finite value at tip energy, and the angular distribution of
bremsstrahlung photons is sampled accurately;

• the variations with energy of the discrete event cross sections and of the continuous
energy loss in each transport step are taken into account exactly;

• differences between electron and positron are taken into account concerning both
Bremsstrahlung and Stopping-Power;

• delta-ray production via Bhabha and Moller scattering.

2.1.2 Photons

Photons interactions are taken into account as carefully as charged particles ones. In
each interaction, FLUKA is able to describe:

• pair production with actual angular distribution of electrons and positrons;
• photoelectric effect with actual photoelectron angular distribution, detailed inter-
action on six K and L single sub-shells, optional emission of fluorescence photons
and approximate treatment of Auger electrons;

• Rayleigh scattering;
• photon polarization taken into account for Compton, Rayleigh and Photoelectric
effects;
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• Compton scattering, considering both binding effects and orbital motion of all
electronics shells of all elements (particularly important for low energy photons).

2.1.3 Cut-Off Energy

An important aspect in Monte Carlo simulations is the correct tuning of cut-off
energies for both transported and produced particles. In FLUKA several sets of these
parameters are available via optional card DEFAULTS (e.g. for hadrontherapy or
dosimetry applications), which takes a default value even if not declared. However,
it is often convenient to override some of the default cut-offs according to particular
needs in term of performance of accuracy.

Transport cut-offs, or thresholds, are set with command PART-THRes for hadrons
and muons, with EMFCUT for electrons, positrons and photons, and with LOW-
BIAS for low-energy neutrons. Despite the similar functionality of the three com-
mands, there are important differences in their syntax and in the way the threshold
is implemented for the three families of particles.

PART-THRes can assign different transport thresholds to different particles, but
the thresholds are the same in all materials and regions. When the hadron or muon
energy becomes lower than the relevant threshold, the particle is not stopped but
ranged out in a simplified way.

EMFCUT can assign instead transport thresholds on a region basis for electrons
positrons and photons: on the other hand no ranging out is performed, due to the
difficulty to clearly define electron ranges.

LOW-BIAS is used to sets the transport threshold for low-energy neutrons, also
on a region basis, but as a group number rather than an energy.

Two input commands can set particle production cut-offs, respectively for heavy
particles and for electrons, positrons and photons. Thresholds for delta ray production
by charged hadrons and muons are assigned, on a material basis, by means of option
DELTARAY. Energy transfers to electrons lower than the threshold are handled in the
continuous slowing down approximation. Production of bremsstrahlung by electrons
and of Moller/Bhabha secondary electrons is simulated explicitly above thresholds
set on a material basis with option EMFCUT.

2.2 Geometry in FLUKA

FLUKA is able to manage very complex geometries via an improved version of
the Combinatorial Geometry package. There are two fundamental concepts in CG:
bodies and regions.
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Originally, bodies were defined as convex solid bodies (finite portions of space
completely delimited by surfaces). In FLUKA, the definition has been now extended
to include infinite cylinders (circular and elliptical) and planes (half-spaces).

Regions are defined as combinations of bodies obtained by boolean operations:
Union, Subtraction and Intersection. Each region is not necessarily simply connected
(it can be made of two or more non contiguous parts), but must be of homogeneous
material composition.

Being not possible for the ray tracing routines to track particles across the out-
ermost boundary, all the regions must be contained within a surrounding blackhole
(an infinitely absorbing material), so that all escaping particles are absorbed. It is
suggested to make the external blackhole region rather big, in order not to interfere
with possible further modifications of the problem layout.

Really important, and not so easy condition to respect, is that each point of space
MUST belong to one and only one region.

This combinatorial approach paves the way to complex geometries and powerful
capabilities, based on Voxel Geometry.

2.2.1 Voxel Geomertry—CT Import

In FLUKA it is possible to describe a complex geometry in terms of voxels, that are
tiny parallelepipeds forming a 3-dimensional grid.

In principle this can be done with any geometry, but it is especially useful when
translating a CT scan of a human body into a phantom. In this context, the word
“organ” is used to indicate a contiguous group of voxels (or even more than one
group) made of the same material. The code handles each organ as a Combinator-
ial Geometry region, possibly in addition to other conventional “non-voxel” regions
defined by the user, and assigns automatically to each organ a new region num-
ber.

To this aim, FLUKA is able to receive in input directly theDICOM files of the scan.
The conversion between Hounsfield unit (HU, the unit used in CT to parametrize the
stopping power of a certain tissue, i.e. the grade of gray in a image) and the material
is performed by means of two text files. A first one is a table that assigns to each HU
value a tissue density, while a second file assigns to each HU interval a material. This
is a significantly nontrivial conversion, due to very large variations between patients
and body zones. Different of these files are thus available, in relation to the imported
ones (head, body, etc.).

The result of such importation process are showed in Fig. 2.1.
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Fig. 2.1 Result of the importation of CT dicom files in FLUKA. On the left several voxel volumes
automatically created by FLUKA are listed

2.3 Input File Structure in FLUKA

The input file of a FLUKA simulation consist in an ASCII file with extension .inp.
In this file a series of instructions (named cards) are written in each line, following
this order:

• Title and comments;
• Description of the problem geometry;
• Definition of the materials;
• Material assignment;
• Definition of the particle source;
• Definition of requested detectors that the user wants to calculate various physical
quantities such as dose, fluence, etc.;

• Definition of biasing schemes;
• Definition of problem settings such as energy cut-offs, step size, etc.;
• Initialization of the random number sequence;
• Starting signal and number of requested histories.

FLUKA provides a BEAM card by which it is possible to choose the particle
kind, its energy or momentum (with the eventual spread), its starting position and
direction. For more complex sources a devoted user routine must be used.
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2.4 Output in FLUKA

Every FLUKA simulation automatically produces three text output files, named as
the .inp file, with the extensions .out, .log and .err.

These last two files contain useful informations in case of errors during the sim-
ulation helping to solve them.

The FLUKA standard output file (.out) instead contains plenty of information
about the executed run:

• A header with the FLUKA version and the time when the output was printed;
• A straight echo of the input cards and the geometry input, useful to quickly check
if all the cards are correctly red and interpreted;

• Informations about basic nuclear data files and physical models used in the simu-
lation process;

• Material parameters related to multiple scattering;
• Memory allocation information;
• Table of correspondence between materials used in the run and materials in the
low-energy neutron cross section library;

• Information on the low-energy neutron cross section
• Material-dependent parameters: ionization energy losses, δ-rays and Bremss-
trahlung threshold, transport thresholds;

• List of FLUKA particles
• Interpreted input summary
• Scoring summary: list of each estimators requested;
• Materials scattering length;
• Energy balance: percentage of the initial energy deposited and/or lost on each
region of the simulation.

Beside the .out file, a number of scoring possibilities are available by means
of SCORE cards. Via this cards FLUKA can score particle fluences, current, track
length, energy spectra, Z spectra, energy deposition, dose deposition etc.

The possible detectors are:

• USRTRACK and USRCOLL: score average dφ/dE (differential fluence) of a
given type or family of particles in a given region.

• USRBDX: score average d2φ/dEd� (double-differential fluence or current)of a
given type or family of particles on a given surface.

• USRBIN scores the spatial distribution of energy deposited, or total fluence (or
star density, or momentum transfer) in a regular mesh (cylindrical or Cartesian)
described by the user. Usually the results from USRBIN are normalised per unit
volume and per unit primary weight.

• USRYIELD scores a double differential yield of particles escaping from a surface.
Thedistribution canbewith respect to energy and angle, or other specificquantities.
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Chapter 3
Design and Tests of the Probe

Among the possible implementation of the β− probe described in Sect. 1.3.2.3, the
use of scintillators is the one that best matches the showed requirements.

When considering scintillating detectors, there are commonly two different
approaches to follow. In case high light yields are required, for example if searching
for small signals, inorganic scintillators are used due to their elevated light produc-
tion. However, when the circumstance requires larger size detectors and fast time
response organic scintillator are preferred, due to their lower cost and short decay
time of the scintillation light. Moreover, their low Z makes them usually poorly
sensitive to photons.

The studied situation lies somehow in the middle of these two scenarios: aiming
at producing an effective probe for β− radioguided surgery, indeed, several require-
ments need to be fulfilled.

First, the detector must be able to entirely contain electrons of few MeV, being
as much as possible transparent to photons, that, as pointed out in Sect. 1.3.2.2,
constitute a background in this scenario. On the other hand, the probe must be highly
sensitive to even small electron signals, in order to allow both low doses injected to
the patient and fast enough response to be used as a live-scan tool during the surgical
procedure. Moreover, the entire detecting system should result in a handy tool for
the surgeon, thus putting strong constraints on the size of the entire apparatus.

In this Thesis, a possible solution to this interweave of requirements is studied.

3.1 Detector Choice and Characterization

Aiming at closing the gap between inorganic and organic scintillators, in this The-
sis I studied the properties of para-terphenyl, or p-terphenyl, an organic material
commonly used as a dopant for organic scintillators, as the main component of a
scintillator for radiation detection.

© Springer International Publishing Switzerland 2016
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P-terphenyl (1,4-diphenylbenzene) is an aromatic hydrocarbon isomer, formed
by three benzene rings in ortho position. Pure terphenyl is a white crystalline solid,
insoluble in water. Though polychlorinated terphenyls were used as heat storage and
transfer agents, p-terphenyl is currently under investigation as a material to be used
in opto-electronic devices, such as organic LED devices (OLEDs) and is currently
used in laser dyes and sunscreen lotions.

In particle physics it has been used as awavelength shifter, exploiting its sensitivity
to VUV radiation, to read out scintillation light from liquid Xenon. P-terphenyl has
also been used as a doping component for liquid scintillators [1, 2].

In this work I investigated the scintillation properties of poli-crystalline
p-terphenyl samples doped by 0.1% in mass of diphenylbutadiene, with respect
to organic scintillators.

The more peculiar characteristic of p-terphenyl is that crystals have a Light Yield
that strongly depends on the doping: it can thus be significantly increased at the cost
of shortening the light attenuation length λ. Usually, this is not convenient, resulting
in a remarkable loss of the greater lighter emitted during the transport. However, in
our application this is not a problem.

In fact, aiming at conceiving a small probe for the detection of electrons of few
MeV we are compelled to use small crystals, of the order of few millimeters. More-
over, a short λ could even be useful to enhance the spatial resolution of the probe
(see Sect. 3.3.3).

Thus, a Light Attenuation Length of the same order of magnitude of the detector
size is not a big issue if the gain in light production is convenient [3].

The absolute measurement of the LY of a scintillator depends on the shape and
polishing of the sample, on the wrapping and optical coupling to the photodetector,
and on the photodetector response. For this reason I measured the light output with
respect to the scintillator thickness by using samples of p-terphenyl with 32mm
diameter and 3, 4, and 5mm high cylinders. One sample is shown in Fig. 3.1. We also
combined p-terphenyl samples base-to-base with BC 630 optical grease to increase
the total thickness, T , traversed by scintillation light.

Fig. 3.1 Picture of one of
the p-terphenyl samples used
for our measurements. The
sample shown is 5mm thick
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Fig. 3.2 Experimental setup used for themeasurementswith the p-terphenyl and various radioactive
sources: the black cylinder is the PMT. The whole apparatus was housed inside a black box to shield
from environmental light

In order to study the performances of p-terphenyl as a detector for α particles,
electrons and photons, we exposed the samples to a 241Am α source and a 137Cs
electron and γ source.

To collect scintillation light, the samples were optically coupled to a Hamamatsu
H10580 Photomultiplier (PMT), with spectral sensitivity peaked at 420nm. The
typical Quantum Efficiency for this PMT is 25%.We collected the PMT charge with
VME standard electronics, using a CAEN V791 QDC to integrate the charge pulses,
triggering through NIM standard discriminators and coincidences. We coupled one
base of each sample to the PMTwith optical grease, while covering the other surfaces
with a 15µm-thick layer of aluminizedmylar to increase light collection efficiency. If
not otherwise specified, the source was placed in contact with the mylar foil covering
the scintillator in order to reduce the material traversed by the radiation. The setup
is showed in Fig. 3.2.

3.1.1 Light Attenuation Length

The first investigated property of p-terphenyl is the Light Attenuation Length (λ)
since it affects all other measurements. The light yield should represent the number
of emitted photons per unit of released energy, but the quantity of practical interest
for scintillation detectors is the number of photons (L) reaching the photo-detector.
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Such number depends on the distance l, travelled by the light from the position
of the energy release to the photo-detector, and on the scintillator λ:

L = LY · e(−l/λ).

An independent measurement of LY thus requires the use of radiation with a pene-
tration range shorter than λ, otherwise the measured quantity would be equal to the
convolutionbetween the penetrationpath distribution and theλ.We therefore exposed
our samples, of different thickness T , to non-penetrating α particles from a 241Am,
that produces two indistinguishable α lines with mean energy Eα = 5.48MeV.

The energy spectra for α particles in the p-terphenyl samples, in units of PMT
integrated charge, have been fit with a Crystal Ball function, defined as a gaussian
function with width σ and mean μ, for (x −μ) ≥ −aσ , and a power law A(B − x)n

for (x − μ) < −aσ , as shown in Fig. 3.3. The dependence of the measured mean
released energy (μ) on the sample thickness T (Fig. 3.4) was fit with an exponential
function, and the resulting effective light attenuation length is:

λm = 4.28 ± 0.06mm. (3.1)

The uncertainty includes the systematic contribution, estimated by adding in quadra-
ture a constant contribution chosen in order to enforce the χ2 of the fit to equalize
the number of degrees of freedom.

Due to their short range (few tens of microns for 5MeV in organic scintillators),
α particles release all their energy close to the surface of the samples. Scintillation
light will then traverse the whole sample thickness before reaching the PMT, plus
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Fig. 3.3 Signal spectrum, in units of PMT charge, for the 8mm p-terphenyl sample exposed to
the 241Am α source (dots). The MC spectrum, calibrated and normalized to data, is superimposed
(solid line histogram). The superimposed fit is described in the text
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Fig. 3.4 Dependence of the mean signal from a 241Am α source on p-terphenyl samples as a
function of their thickness. The superimposed exponential fit is described in the text

an additional length due to optical photon angular spread. The measured attenuation
length is therefore shorter than the true one.

In order to account for this effect, a devoted simulation with FLUKA was used,
as described in Sect. 3.1.4. Detectors of several thicknesses were exposed to the Sr
source assuming λ = 5mm and executing the same analysis done on data. The
dependence of the LY on the thickness is exponential (as in the measurements) but
with an effective attenuation length of 4.5mm.

From this observation we introduced a geometrical correction factor to translate
the measured light yield LYm(T ) into the true one:

LYt (T ) = LYm(T ) expT/Tgeom ,

and estimated Tgeom = 45mm. We applied this correction in the measurement of λ,
obtaining for the light attenuation length:

λ = 4.73 ± 0.06mm. (3.2)

3.1.2 α-Quenching Factor

The differences between α particles and electrons are not only in the penetration
range, but also in the emitted light, due to the quenching factor for the formers.
To evaluate this effect we used a source of 137Cs, that decays via β− emission in
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Fig. 3.5 Decay scheme of 55Cs
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Fig. 3.6 Charge spectrum in the 4mm p-terphenyl samples irradiated by 137Cs. The superimposed
fit is described in the text

137Ba∗. Yet, this isotope also emits electrons from internal capture of the 662 keV
deexcitation photons from 137Ba∗. These electrons have energies of 624 keV (with a
7.8% probability) and 656 keV (with a 1.4% probability) [4]. Photons of 662 keV are
hence also produced, but the low Z value of p-terphenyl implies a very low detection
efficiency. This aspect will be detailed in Sect. 3.1.3. The complete decay scheme is
showed in Fig. 3.5.

I acquired energy spectra with the three p-terphenyl samples and their combina-
tions. Figure3.6 shows a typical charge spectrum with the fit to a gaussian signal,
and an exponential function that well reproduces empirically the background due to
photons. The μ and σ parameters of the gaussian function are referred to as mean
signal and standard deviation, respectively. Figure3.7 shows the electron detected
signal as a function of the thickness, T , for the analyzed samples.
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Fig. 3.7 Dependence of the mean electron signal on the p-terphenyl sample thickness

By fitting the distribution of the mean electron signals, μ, as a function of the
thickness, T , with an exponential function (y = LYe · e−x/λe ), the Light Attenuation
Length was found for the above-mentioned electron energy spectrum to be

λe = 3.89 ± 0.15mm. (3.3)

Quantitatively, the ratio between the effective attenuation length estimated with
electrons and the effective attenuation length estimated with α particles is Rλ =
0.82±0.04 in data. The lower value of λe is due to the electrons inducing scintillation
along their path, since their range is ∼2.5mm. In the two cases (α and β particles)
the scintillation light propagation is different, so the comparison should take this into
account.

Comparing the measured signals from electrons and α particles we can extract the
α quenching. Accounting for the difference in energy between the electron (Ee =
629 keV weighted average energy) and the α lines (Eα = 5480 keV on average), the
quenching factor Qα can be estimated as:

Qα = RHV · LYα

LYe

Ee

Eα

, (3.4)

with LYe = 398 ± 22pC obtained from an exponential fit to Fig. 3.7, LYα = 160 ±
4pC from the exponential fit to Fig. 3.4, both in units of absolute PMT collected
charge. RHV accounts for the different PMT High Voltage (HV) bias used with α

particles (Vα = 1100V) and electron source (Ve = 1300V).
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To estimate the RHV correction, wemeasured the PMT gain curve as a function of
the PMTHighVoltage using a 3×3×5 cm3 LYSO scintillating crystal coupled to the
PMT. We used a 137Cs γ source to excite the scintillation emission from the LYSO.
We used the photo-peak from 662 keV photons, visible because of the LYSO high Z ,
as a reference light source for the photoelectron emission by the PMT photocathode,
to measure the charge collected at the PMT anode as a function of the HV. With this
setup, and changing the PMT HV bias only, we measured the photo-peak position,
q, and its width, σ(q), and estimated the PMT gain as

G = σ 2(q)

eq
, (3.5)

being e the electron electric charge.
Figure3.8 shows the measured PMT gain as a function of the HV, and the power

law curve (G = p0 · V p1 ) used to fit the data distribution. The correction factor is
estimated to be RHV = 2.26 ± 0.04. Thus the α quenching factor is

Qα = (10.7 ± 0.6)%. (3.6)

The Birks’ law is an experimental formula that gives the light yield per path length
as a function of the energy loss per path length for a particle traversing a scintillator.
The relation is:

Fig. 3.8 Measured PMT gain as a function of the bias HV, on log–log scale. The superimposed fit
is described in the text
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dL

dx
= L0

dE
dx

1 + kB
dE
dx

, (3.7)

where L0 and kB are constants depending on the material [5].
The foundα quenching factor corresponds to a kB factor of 8.3mgcm−2 calculated

with a specific energy loss dE/dx = 0.9mg cm−2 MeV−1. This value is in the range
of the values obtained for various organic scintillators ([6] and references therein).

It should be noted that a variation in the dopant concentration will modify the
quenchingmechanisms occurring in the scintillator and thus themeasured quenching
factor. On the other hand, a different estimation of the specific energy loss of the α

particle, depending on the medium density, would result in a different evaluation of
the kB factor from the same experimental data.

3.1.3 Photon Sensitivity

One of the key-feature of the probe to be effective in the Radio Guided Surgery
context is its sensitivity to the signal. As stated in Sect. 1.3.2, the idea of using
β− tracers arises from the goal of having a highly specific signal to detect. To this
aim, a low sensitivity to every form of pollution must be reached, for example from
Bremsstrahlung photons, or photons produced in the decay of a non pure beta emitter
isotope. In this perspective, the small photon cross section of p-terphenyl, due to its
low Z, makes it an ideal candidate material.

In order to quantify the suppression factor of photon detection with respect to
electrons, we used the decay properties of 137Cs. As detailed in Sect. 3.1.2, a 662 keV
photon is produced in Fγ = 78% of the cases and an almost monochromatic electron
from internal capture in Fe = 8.7% of the cases (the two lines at 624 and 656 keV).
While the electron lines appear as a single gaussian distribution in our detector,
photons’ energy spectrum is continuously decreasing with the increasing energy
release. In order to distinguish the photon spectrum in the 137Cs emission,we acquired
data interposing a 2mmaluminum layer between the source and the 3mmp-terphenyl
scintillator sample. This layer absorbs the electron component of the 137Cs emission
with no appreciable effect on the photon energy spectrum. This effect was validated
by means of a devoted simulation, in which the detector is exposed to the 90Sr with
andwithout the interposition of the absorber layer (Fig. 3.9, left). The obtained results
showed no significant changes in the photon spectrum detected (Fig. 3.9, right).

The spectra obtained with and without the aluminum layer are shown in Fig. 3.10.
The relative efficiency to detect 662 keV photon with respect to a 629 keV electron
detection efficiency, Rγ , was estimated with the following technique: the number
of observed internal conversion electrons (Ne) was extracted from a gaussian fit to
the energy spectrum obtained without the aluminum shield; the number of photons
which deposited an energy above a given threshold (Ethr , calibrated using the electron

http://dx.doi.org/10.1007/978-3-319-33699-2_1
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Fig. 3.9 Left setup used for the simulation of the effect of a 2mm layer of Al interposed between
the scintillator and the 90Sr source. Right obtained spectra for photons with the Al layer (red) and
without it (black), in units of number of optical photons arrived at the PMT, as described in Sect. 3.2.2
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Fig. 3.10 Left 137Cs spectra acquired with (red histogram) and without (black histogram) an
aluminum layer in front of the 3mm p-terhenyl scintillator. The fit superimposed to the latter
spectrum allowed us to quantify the internal capture electron component. Right estimated ratio
between the efficiency to detect a 662keV photon and electron as a function of the threshold

spectrum) was estimated by counting the selected events in the spectrum obtained
with the aluminum layer (Nγ (Ethr )).

Rγ as a function of the threshold was estimated as

Rγ (Ethr ) = Nγ (Ethr )

Ne

te
tγ

Fe

Fγ

/Cgeom, (3.8)
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with tγ and te the elapsed times during the two acquisitions, Fγ and Fe the fractions of
photons and electrons emitted by the 137Cs source as described above, and Cgeom =
83% is the correction to the geometrical acceptance due to the aluminum layer
interposition, estimated by simulation.

The results are shown in Fig. 3.10 (right): the γ suppression factor, Rγ , ranges
between 11% for a 50 keV threshold and 3% for a 300 keV threshold.

3.1.4 Simulation

To support the observations and allow the optimization of the probe, I performed a
simulation with FLUKA Monte Carlo software release 2011.2 [7].

Usually, evenwhen simulating scintillators, the production and transport of optical
photons is not included. This is done mainly for time consumption reasons: these are
in fact cpu-expensive processes to simulate, due to the huge number of scintillation
photons generated after energy deposition (of the order of 10 k photons per MeV).

Secondly, accurate results are quickly obtainable by simulating the exact setup
without scintillation, and then applying an offline smearing to the energy spectra
according to the expected optical resolution.

However, in my simulation I included the full detector geometry and the detailed
optical simulation. This last point wasmade necessary by the short attenuation length
of light propagation in p-terphenyl (see Sect. 3.1.1), that is accurately simulated by
FLUKA and clearly required for the considered study.

The simulations included in this chapterweremadewith the following parameters:

• energy of the optical photon, Eop = 2.96 eV;
• attenuation length, λ;
• fraction of energy deposited in the case of α particles, fα , which includes the
quenching factor, Qα (Sect. 3.1.2);

• fraction of electron energy deposited in the p-terphenyl that is converted into
optical photons, fe.

Fraction of α Deposited Energy fα

The fα parameter in the simulation has been chosen in order to reproduce the exper-
imental energy spectrum obtained exposing the samples to α sources (see Sect. 3.1).

The optimal measurement-simulation match, albeit not completely reproducing
the low-energy tail, was found for fα = 0.01, and the agreement is shown in Fig. 3.3.

This estimated fraction includes the quenching of the α particles, Qα as estimated
in Sect. 3.1.2.

Fraction of Electron Deposited Energy fe

We extracted the fraction of electron energy deposited in the p-terphenyl that is con-
verted into optical photons using the fα parameter and the measured Qα quenching
factor: fe = fα/Qα = 0.1.
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This means that when a 1MeV electron is absorbed by the p-terphenyl, 100 keV
of energy are converted into scintillation light.

Light Attenuation Length

As explained in Sect. 3.1.1, the scintillation light path from α particles includes the
scintillator sample thickness T and an additional contribution due to the angular
spread of optical photons. The light attenuation length in the MC was set to the
measured value λ = 4.73mm.

3.2 First Probe Prototypes

After characterizing of p-terphenyl as scintillator, the first prototypes of probe were
created, using polycrystalline para-terphenyl doped by 0.1% in mass of diphenylbu-
tadiene.

According to a trade-off between all the above mentioned requirements and the
availability of components for such a preliminary study, three prototypes, different
in size, geometry and electronics were produced.
Probe1
In this prototype (Fig. 3.12a), the sensitive area is a cylinder of 2.1mm of diameter
and 1.73mm in height. The p-terphenyl is then surrounded by a 7mm thick layer of
black Polyvinyl chloride (PVC) to gain lateral shielding, while the front face of the
detector is covered by a layer of 400µm of PVC.

The device is encapsulated inside an easy-to-handle aluminum body, as protection
against mechanical stress.

The scintillation light is collected by an optical fiber (1mmof diameter,∼60 cmof
length) placed in the center of the bottom face, that carries it to a PMT (Hamamatsu
H10721-210). The signal is then read out by a portable custom electronics with
wireless connection to a PC or tablet.

The whole apparatus is reported in Fig. 3.11.
Probe4
This prototype (Fig. 3.12b) is essentially similar to the previous one, differing from
it only by size. The sensitive area cylinder is in fact of 5.1mm of diameter and 3mm
in height, while the lateral shielding of PVC is of 3mm.

The front face is covered by a 10µm layer of Aluminum.
In this case, the scintillation light is collected by 4 optical fibers of the same size

of those in Probe1, and the same electronics is used.
ProbeSiPm
This prototype (Fig. 3.12c) is composed by a scintillator cylinder of 10mm in diam-
eter, 3 mm in height, surrounded by a 5.4mm layer of PVC.

The front face is covered by a 10µm layer of Aluminum.
In this prototype, the scintillation light is collected by a SiPm detector (B. Series

10035 by Sensl) directly coupled to the back of the scintillator, with an active area
of 1 × 1mm.
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Fig. 3.11 Picture ofProbe1 prototype, as described in Section “Probe1”,with the reading apparatus

The signal is then processed by a custom front end electronics based on Arduino
system, contained in a aluminum box acting as Faraday cage to screen from possible
interferences.

All the three probe prototypes are compatible with a standard sterile covering of
sub-millimetric film for surgical environment to be applied during the procedure,
and the low biases used (5V for the PMT, 27V for SiPm) make the device easily
portable.

3.2.1 Probe1 Testing

To test functioning and performances of the first probe prototype, a devoted appa-
ratus was conceived. A system of 4 phantoms, simulating cancerous residuals with
different topologies, was developed by practicing holes in a Plexiglas plate.

The 0.1mL volume phantom, referred to as “Residual”, has dimensions compat-
ible with residuals well identified by the Nuclear Magnetic Resonance.

To check the effect of the phantom depth on the probe response and resolution
in distinguishing the residual edge, the other three cylindrical phantoms have the
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Fig. 3.12 The three first prototypes of probes reconstructed in FLUKA. From the top left: Probe1,
Probe4, ProbeSiPm. The gray area represents the p-terphenyl, the black is the PVC while the blue
is both the optical fiber and the SiPm

same activity concentration, footprint (13mm2) but different heights: 1, 2, and 3mm,
referred to as “H1”, “H2”, “H3” respectively.

The phantoms were filled with 90Y diluted in a physiological saline solution.
Thanks to its half life (64 h) a wide range of activity was explored, from 22 to
5 kBq/mL, to be compared with the 20 kBq/mL value estimated by analyzing PET
DICOM images administering 3MBq/kg of 68Ga-DOTATOC to patients affected by
meningioma.

The probe performances were therefore studied close and below the activity range
commonly used for diagnostic investigation.

A first study consisted in a “blind scan” over the phantoms automatically per-
formed bymeans of a rotating platewithout any human intervention. Even by limiting
the acquisition time to 1 s per steps the test demonstrated that all the residuals would
be identifiable in absence of background from nearby organs, as seen in Fig. 3.13.

The signal from the tumor residuals was studied at maximum and minimum
activity values, 22 and 5 kBq/mL, and the observed rates are reported in Table3.1.

To take into account the background contribution coming from the uptake of
nearby healthy tissue, a FLUKA simulation was used. In this simulation, performed
using the parameters obtained in Sect. 3.1.4, I tested the response of the probe over
a large (some cm in diameter and height, Fig. 3.14) source of 90Y at an activity
concentration compatible with the one extracted from DICOM PET files for healthy
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Fig. 3.13 Results of a blind automated scan over the different phantoms with an acquisition time
of 1 s: in absence of background all the residuals are well identified by the probe

Table 3.1 Results of the test on the first probe prototype

Phantom Diameter
(mm)

Height
(mm)

Volume
(ml)

Rate (cps) @
22 kBq/ml

T (s) @
22 kBq/ml

Rate (cps)
@ 5 kBq/ml

T (s) @ 5
kBq/ml

Residual 6 3.5 0.10 31.6 1 6.6 2

H1 4 1 0.01 12.4 2 2.6 >10

H2 4 2 0.02 17.7 1 3.7 4

H3 4 3 0.04 20.1 1 4.2 4

The probe was tested on phantoms sized as possible tumor residuals of interest, filled with 90Y
in saline solution to simulate the situation after bulk meningioma removal. The rates measured
with two different 90Y activity concentrations (22 and 5 kBq/mL) are reported (Rate). The minimal
acquisition time (T ) needed to detect tumor residuals with a false-negative probability <5% and a
false-positive probability 1% was estimated extrapolating the laboratory test results to a real case
by means of a detailed simulation

tissue adjacent to lesions (usually with a 10 : 1 ratio). The procedure used to compare
experimental data and simulation will be described in Sect. 3.2.2.

From the signal and background rates, taking into account the Poisson fluctuations
of the measured counts, we computed the false-positive (FP) and the false-negative
(FN) rates for a given time interval measurement with the probe. We estimated (see
Table3.1) the time needed to achieve FP ≈ 1% and FN < 5% and found it to be 1 s
for 22 kBq/mL activity and up to 10 s in the case of activity as low as 5 kBq/mL.

Keeping in mind that this techniques is at its earliest stages, and that the doses
to be administered will have to be chosen after an accurate evaluation of risks and
benefits, it is evident that being a first test of the first probe these are encouraging
results, even if large room for improvement remains.
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Fig. 3.14 Setup of the simulation used to estimate the background from healthy tissue. The brown
area under the probe (here ProbeSiPm) ismuscular tissuewith an activity concentration as described
in Sect. 3.2.1

Fig. 3.15 Rates obtained by moving the probe laterally with respect to the phantom center for each
phantom fitted with a sigmoid curve

Lastly, the effect of an off-axis measurement has been verified by moving the
probe away from the phantom centre.

The test showed that the rate is reduced by a factor 2 when moving the probe
0.5mm far from the phantom edge (Fig. 3.15). This allows to conclude that the
probe distinguishes the residual edge.

This test also demonstrated the lateral shielding effectiveness of this prototype
making the probe insensitive to electrons coming from the sides, hence increasing the
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tumor-spotting capability. The optimization of such lateral shieldingwill be discussed
in Sect. 3.3.2.1.

3.2.2 Comparison Between Data and Simulation

In order to compare the results from the FLUKA simulation with the experimental
data, a calibration is needed.

In fact, when taking into account scintillation, simulated energy spectra in the
detector are given as histogram of the number of optical photons reaching the PMT
surface (npmt). Thus, all spectra shapes and rate calculations are related to this
quantity: rates are infact obtained by integrating the number of entries above a certain
threshold expressed in npmt unit.

On the other hand, experimental data are usually provided in mV unit. However,
the theoretical conversion between these two units is practically impossible to do,
being the number of optical photons read dependent on a number of very uncertain
parameters (light yield, quantum efficiency of the PMT, etc.).

For this reason, an appropriate setup was designed and built in both the labo-
ratory and the simulation to measure the conversion factor under our experimental
conditions, being this a conversion that strongly depends on the readout system.

The three probe prototypes were placed over a 90Sr source of known activity,
and the counting rates were measured variating the threshold used for integration.
In parallel, the same setup was simulated in FLUKA, exposing the probes to a point
like source of the same type (isotope and activity).

A scan in threshold was then performed in the simulation output, aiming at repro-
ducing the measured rate. The results, in term of ratio between “software threshold”
and “hardware threshold” are shown in Fig. 3.16. From the fits to these values, the
following conversion factor for each probe were obtained:

Probe1 : THRSW

THRHW
= 2.7;

Probe4 : THRSW

THRHW
= 1.52;

ProbeSi Pm : THRSW

THRHW
= 6.8.

3.3 Probes Optimization and Development

In Sect. 3.2 the first prototypes of probes were described. Starting from them, further
developments and optimizations are achievable to improve the performance of the
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Fig. 3.16 Extraction of the
conversion factor between
“software threshold” and
“hardware threshold”, as
explained in Sect. 3.2.2, for
Probe1 (top), Probe4
(center) and ProbeSiPm
(bottom). In the first two
cases the fit was performed
only over a certain hardware
threshold below which the
electronic noise is dominant.
A flat trend was assumed,
and the errors have been
calculated by forcing the χ2
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detector, regarding the characteristics of the active material (chemical and mechani-
cal), the shielding and the readout system.

3.3.1 Spectrophotomery

As seen in Sect. 3.1, one of the key feature of p-terphenyl is its large light production.
Basing greatly on this characteristic the effectiveness of the detector, it is crucial to

optimize all the steps between the production of scintillation light and its detection.
For this purpose, a spectrophotometric study was carried out on a sample of p-
terphenyl of the same type of those used for the first prototypes to verify that the
Photo Multiplier Tube is appropriate for the frequencies emitted by the crystal.

The studymade use of a PhotonicMultichannelAnalyzer (mod. PMA-12C10027-
02 from Hamamatsu) and a Deuterium UV Lamp.

The light emitted from the lamp was carried by an optical fiber to the front face of
the investigated sample, housed in a devoted support. Another optical fiber, placed on
the opposite side of the sample carries the transmitted light to the Spectrophometer.

The obtained spectrum is showed in Fig. 3.17, together with the one in absence
of the sample, to show the spectral components of the used UV lights.

The study showed that the emitted light is in the range of 400 − 450 nm, i.e. the
edge of visible light, which is a zone commonly well covered by standard PMT, and
also by the one used in the first prototypes.

It has to be noted that this emitted spectrum is due to the doping with diphenylbu-
tadiene, being the pure p-terphenyl supposed to scintillate in the near UV region.

In conclusion, this study confirms that the kind of p-terphenyl and the PMT used
for these prototypes are an effective match.

3.3.2 Active Area Optimization

In Sect. 3.1.1 was pointed out how the light yield of p-terphenyl is enhanced at the
cost of shortening the light attenuation length λ, that in the case of our samples was
found to be 4.73 ± 0.06mm (Eq.3.2).

This peculiar characteristic of the sensitivematerial puts some unusual constraints
on the optimal detector size. In fact, if normally an increase in the size of the detector
would result in a augmented signal, being the only limitation factor the detector size
itself, in this case a tradeoff between produced and lost light, due to λ, arises.



46 3 Design and Tests of the Probe

Fig. 3.17 Spectrum of light transmitted through the p-terphenyl sample (bottom), and in absence
of the sample (top). It is clearly showed that the emitted light populates the zone around 450 nm

3.3.2.1 Size Scan Simulation

The aforementioned characteristics of p-terphenyl call for a careful optimization of
the size of the sensitive area. For these reason, a study was carried out by means of
a simulation of a number of different geometrical configurations.

Starting fromadetector sized as the one inProbeSiPm (seeSection “ProbeSiPm”),
both the p-terphenyl radius and height were ranged, the former between the values
1, 2.5, 4, 6 and 8mm, and the latter between 2, 4, 5, 6 and 8mm. A total number of
25 different configurations were hence obtained.

Each probe was simulated in the already used hypothetical setup of 90Y source,
with an high activity area (“residual”, r = 3mm, h = 5mm) surrounded by a low
activity one (“background”, r = 2 cm, h = 1 cm), being the ratio between activities
10:1.

For each configuration, both the rate from the background and from the residual
were evaluated, by means of the conversion factor between hardware threshold and
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Fig. 3.18 Results of the optimization study for the sensitive area, as described in Sect. 3.3.2.1

simulation described in Sect. 3.2.2. The results are summarized in Fig. 3.18, in which
the S + B rate (“background” + “residual”) is plotted versus the “background” rate.

Given the linear shape of the plot, the “best” configuration has to be considered
the last in the top right, which corresponds to the best compromise between the two
contributions.
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The upper plot in Fig. 3.18, grouping the configurations according to detector
height shows no significative prevalence between them regarding the top right con-
figurations.

However, the bottom plot therein, collecting the points according to the radius of
the detector, shows clearly that the best performance is obtained for a detector radius
of 2.5mm.

Regarding the detector height, this study suggests that there is no great difference
between different configuration, at least in this range of values.

On the other hand, coming to the detector radius, this study leads to a result that
is at the same time intuitive and non-trivial: the best radius is the one comparable
with the one of the “residual” to be detected (3mm in this case).

Despite being a comprehensible indication, it is a quiet tricky one in the context
of a probe for Radio Guided Surgery, in which the size of the object to detect is not
known a-priori, and there is instead great variability in it.

This study then enforces the idea to develop a “multi-probe system”, composed by
for example two different probes: a larger one to detect wider tumors, and a smaller
one to detect residuals.

3.3.3 Shielding Optimization

The other component of the probe strongly influencing both performance and dimen-
sions is the shielding, that constitutes also the housing for the detector, as seen in
Sect. 3.2.

In these first prototypes of probes, there are two sort of shielding: a frontal one
and a lateral one.

Regarding the front shielding, the question is almost straightforward: the thinner
is the shielding, the higher is the sensitivity, and thus the rate. The only constraints
are put by simple mechanical arguments (malleability and resistance of the material)
and physical reasons (opacity to ambient and contamination light). The actual frontal
shielding for the examined first prototypes described in Sect. 3.2 already reflect the
optimal point in this balance.

Regarding lateral shielding, on the other hand, the optimization is much less
straightforward, and requires a tailored study.

For this purpose, a setup similar to the one described inSect. 3.3.2.1was simulated.
The source is composed by a “residual” cylinder (r = 3mm, h = 3.5mm) nested
within a “background” zone (r = 2 cm, h = 1 cm), being the ratio between the 90Y
activities of the two zones 10:1.

A number of different probe configurationswere exposed to such a source, starting
from the three prototypes presented in Sect. 3.2 and varying the thickness of the
shielding (0.5, 1, 2, 3, 4, 7mm).

In such a setup, the principal effect of the lateral shielding is against the side
contribution to the signal, thus directly influencing the spatial resolution of the probe.
To evaluate it, the movement of the probe over the source was simulated, starting
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Fig. 3.19 Simulation of the movement of the probe upon the source, as described in Sect. 3.3.3

from a centered configuration andmoving laterally until a distance of 15mm between
the axis of the residual and that of the probe (see Fig. 3.19).

For each point in the scanning and each probe configuration the rate was evaluated
by means of the procedure described in Sect. 3.2.2. The results, normalized to the
case without shielding, are showed in Fig. 3.20a–c.

Figure3.20d shows the spatial resolution, obtained as the σ from a Gaussian fit
to the spectra (considering the background as a constant in the examined range).
The dotted lines represent (via the corresponding color) the actual thickness of the
shielding for each existing probe prototype.

It is evident that both Probe1 and Probe4 (described in Sect. 3.2) could benefit of
a reduction in the shielding of about 1− 2mm without any loss in spatial resolution,
rather gaining in occupancy. On the other hand, it is clearly highlighted that the
lateral shielding has actually no effect on the performance of ProbeSiPm, being the
spatial resolution constant for all the examined configurations.

This phenomenon is explained by the traverse size of the sensitive area in this
probe (10mm in diameter) that is large compared to the one of the area to detect. For
such a reason, the shielding is provided in some sense by the p-terphenyl itself, due to
its short attenuation length (see Sect. 3.1.1). The light originating from interactions
near the borders of the sensitive area has to traverse a long path to reach the PMT,
and is thus statistically shrank by attenuation.

It is clear that this is not a wise way of doing, but rather a consequence of the
arguments discussed at the end of Sect. 3.3.2.1 regarding the relation between the
radii of detector and “residual”.
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Fig. 3.20 a, b, c Simulated rate moving the probe over source for various shielding thickness, as
described in Sect. 3.3.3. In each plot, the rates are normalized to the no-shielding case, in order to
gain readability, and the purple line represents the edge of the “tumor”. d Spatial resolution versus
shielding thickness for the three prototypes

ProbeSiPm, despite having shown to be poorly efficient in such a setup, is likely
to be the most effective one in case of wider target to detect.

To sum up, these studies suggest that despite although there is room for several
minor improvements, the first three probe prototypes presented in Sect. 3.2 provide
a good diversified basis of tool to study several fields of applications.
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Chapter 4
Medical Applications

In Chap.1 a comprehensive summary of the actual status of tumor surgery was
outlined. In Sect. 1.1 the outmost importance of full tumor resection was highlighted,
and a review of all the available techniques to this purpose was presented.

In this chapter, possible applications of the probe which development is treated
in this Thesis work are presented. In particular, the focus will be put on two fields:
Brain Surgery (Sect. 4.1) and Neuroendocrine Tumors Surgery (Sect. 4.2).

4.1 Brain Surgery

As discussed in Chap. 1, the field that would probably profit most from such an
innovative Radio Guided Surgery technique is brain surgery.

In the following sections, after a brief overview of the Brain structure and the
characteristics of cerebral tumors, it will be presented a study devoted to evaluate
the applicability in this field of the so far discussed β−-RGS technique.

4.1.1 Human Brain Structure and Cerebral Tumors

The brain is the most complex organ of the entire human body, and together with the
spinal cord forms the Central Nervous System (C.N.S.).

It consists of an oval shape mass about 17 × 14 × 13 cm in length, width and
height, weighing about 1200–1400g depending on the sex.

The human brain is situated within the braincase, in which it is enveloped by a
system of membranes called Meninges, Fig. 4.1.

The one closest to the skull is called Dura Mater, and is formed by dense con-
nective tissue; this membrane is strictly connected to the intermediate one, called
Arachnoid, due to its spider web-like appearance, that does not follow the convolu-
tions of the surface of the brain.

© Springer International Publishing Switzerland 2016
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Fig. 4.1 The meninges: dura mater, arachnoid mater and pia mater

Inside this membrane there is a space filled with cerebrospinal fluid, that is the
same liquid present in the spinal cord.

The innermost membrane is the Pia Mater, which firmly adheres to the surface of
the brain and spinal cord, following the brain’s minor contours.

The entire brain is divided in two hemispheres by a deep longitudinal sulcus,
called Medial Longitudinal Fissure, from which other fissures originate, the deeper
of which divide hemispheres in lobes.

The whole brain is made of two kind of substances: the gray matter, consisting
of neuronal cell bodies, glial cells and capillaries, located in the surface forming the
cortex and the white matter, located more in depth and composed by the axons of
the neuronal cells.

4.1.1.1 Cerebral Tumors and Classification

A tumor is an abnormal formation of cells that loose some of their properties and
start growing in an uncontrolled way.

One of the damaged mechanism is in fact the one responsible for the growth
control, called apoptosys, and cancer cells thus duplicate very quickly without limits.

In order to accurately diagnose, follow and treat tumors, a precise classification
is needed.

Cerebral tumors can be divided in two groups: primary and metastatic ones.
Primary tumors are those originating from brain or its membranes, while metasta-

tic, or secondary ones are those originating in other parts of the body that have spread
through blood to the brain.

Primary tumors can be both benign ormalignant, while secondary ones are always
malign.
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Benign tumors are usually characterized by slow growth and clearly defined mar-
gins with adjacent tissue, and can be cured if completely removed by surgical pro-
cedure. Therefore, benign tumors are normally not dangerous.

However, this is not the case of brain. In fact, being this organ confined within
the rigid brain case, each anomalous growth implies an increase on other tissues of
the brain, with a consequent alteration in functioning.

Moreover, the surgical procedure required to resect the mass is always dangerous
for the patient in term of survival and neurological outcome. A typical example of
benign cerebral tumor isMeningioma.

Malignant tumors are usually characterized by rapid growth, often infiltrating the
surrounding healthy tissues, with the consequence of not well defined margins. For
this reasons, the complete resection of malign tumors is a difficult task, as discussed
in Sect. 1.1.

The malignancy of a cerebral tumor is measured in grades relying on appearance
on the microscope, tendency to infiltrate and rapidity to increase. There are 4 grades
of malignancy:

1. Grade 1 tumors are benign, slowly growing and do not infiltrate surrounding
tissue; the cells look almost natural under microscope. Rare in adults.

2. Grade 2 tumors have low malignancy and relative slow growth, can infiltrate
nearby tissue and give origin to recurrences, that are often of higher grade; cells
look slightly abnormal under microscope.

3. Grade 3 tumors are malign, formed by abnormal cells actively reproducing and
infiltrating. Tendency to come back as higher grade tumors.

4. Grade 4 tumors are the most malignant, growing fast, spreading into nearby
normal parts of the brain, characterized by very abnormal cells actively repro-
ducing and formation of new blood vessels to maintain rapid growth. Areas of
dead cells in the center are commonly present (necrosis).

Cerebral tumors show great variability in terms of grade of malignancy, location
and kind of tissue from which they originate.

Tumors originating fromMeninges are calledMeningioma: with very few excep-
tions they are benign and slowly growing.

Tumors from cranial nerves are called Schwannoma, are benign with less than 1%
of cases evolving in malignant forms, slowly growing and rarely give recurrences
once surgically removed.

The pituitary gland is the origin of Pituitary Adenoma, which is in the majority
of the cases benign.

All these tumors, despite being benign, can in principle become malignant, and
are likely to give recurrences even after several years after an incomplete surgical
resection.

Tumors originating from glial cells or astrocytes, that are non-neuronal cells that
maintain homeostasis, form myelin, and provide support and protection for neurons
in the brain, are called Glioma.

The incidence of several kind of brain tumors is showed in Table4.1.

http://dx.doi.org/10.1007/978-3-319-33699-2_1
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Table 4.1 Annual incidence of cerebral tumors on a sample of 1,00,000 people

Cerebral tumor Annual incidence

Glioblastoma multiforme 2–3

Anaplastic astrocytoma 3

Oligodendroma 0.4

Low grade glioma 1

Meningioma 0.17

Table 4.2 Outcome of meningiomas [3]

Tumor type 3-y survival (%) 5-y survival (%) 10-y survival (%)

Benign 86.3 74.3 66.7

Atypical 66.6 58.3 33.3

Anaplastic 33.3 8.3 0

Meningioma
Meningiomas are the most common intracranial tumors originating from the arach-
noid membrane, which is the intermediate one, very thin and delicate.

Meningiomas are benign in 92% of cases, with 8% being either atypical or
malignant [1], and can be further classified according to W.H.O. [2]:

1. BenignMeningioma (grade 1): benign tumor that can eventually recur especially
following an incomplete surgical removal. The standard treatment is surgery, and
radiotherapy is considered only in case of residual lesions.

2. Atypical Meningioma (grade 2): shows high tendency to infiltrate surrounding
tissue, nonetheless is often considered not malign. Recurrency rate is 41.6% [3].

3. Anaplastic Meningioma (grade 3): the most aggressive and infiltrating, are not
curable with the sole surgery intervention. Recurrency rate is 75% [3].

Table4.2 shows the survival rates at 3, 5 and 10 years for the different kind of
tumors.

Meningiomas are more likely to appear in women than men, though when they
appear in men, are more likely to be malignant. Meningiomas can appear at any age,
butmost commonly are noticed inmen andwomen age 50 or older,withmeningiomas
becoming more likely with age.

Glioma
Gliomas are tumors originating from glial cells. This cells are the most common
in the brain, constituting about half of its volume, and therefore have an enormous
potential abnormal growth.

Common characteristic among these tumors is the intracranial growth that deter-
mines a generic state of suffering on the whole brain. Gliomas are commonly located
on the cerebral hemispheres, more rarely in brainstem, cerebellum and optic nerve.
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Gliomas represent the most frequent primitive tumors in adult population, and are
classified according to the cells they originate from and their malignancy grade:

1. Astrocytoma

• Low Malignancy Astrocytoma (grade 1 and 2)
– pilocytic astrocytoma: lowmalignancy tumor, non infiltrating, slowly grow-
ing, but can nonetheless give symptoms due to compression;

– diffused astrocytoma: grade 2 tumor, often infiltrating, relatively slowly
growing.

• High Malignancy Astrocytoma (grade 3 and 4)
– anaplastic astrocytoma: rapidly growing and infiltrating, recurrences man-
ifests usually within 2 years;

– glioblastomamultiforme: is themost aggressive andmalignant one, growing
fast and extensively infiltrating nearby tissue. Recurrency appears in 50%
of cases within 8–9 months. It is also the most difficult to cure, being
little sensitive to both chemotherapy and radiotherapy, and being surgical
resection difficult to be obtain (see Sect. 1.1). Prognosis is poor for the
patient, with a short survival.

2. Oligodendroglioma

• Oligodendroglioma: cerebral tumor of grade 2, low malignancy and slow
growth. Standard treatment consists of an as complete as possible surgical
resection;

• Anaplastic oligodendroglioma: grade 3 neoplasm, rapid growth.

3. Ependymoma

• Ependymoma: low malignancy slowly growing tumor. Standard treatment is
surgery followed by radiotherapy on the tumoral site.

• Anaplastic Ependymoma: grade 3 tumor with higher malignancy that can
metastasize through the cerebrospinal fluid. Standard treatment involves sur-
gical resection followed by cranial irradiation and eventual spinal irradiation
in case of presence of neoplastic cells (Fig. 4.2).

4.1.1.2 Therapy

Benign cerebral tumors are often successfully treated. On the contrary, patients
affected by malignant disease of the NSC have usually limited survival; neverthe-
less, their quality of life can be significantly increased by the collaboration between
several physicians and different expertise and approaches.

The principal technique used against these cancers are three: surgery, chemother-
apy and radiotherapy.

http://dx.doi.org/10.1007/978-3-319-33699-2_1
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Fig. 4.2 Comparison of primary Glioma (left) and Meningioma (right) at MRI

Surgery
How was pointed out in Sect. 1.1, surgery is the golden standard treatment at least
for primary brain tumors, craving at the complete resection of the diseased mass.

Regrettably, this goal is not always achievable due to tumor size, kind or position-
ing. In that case, surgery aims at a partial resection, in order to relieve symptoms.

Only in rare cases, due to patient’s general clinical conditions or for the complex
nature of the lesion, surgery is not the preferred option, and nuclear physicians and
oncologists plan a treatment tailored to the case.

The surgical procedure consists of a craniotomy (Fig. 4.3, top), in which a bone
flap is temporarily removed from the skull to access the brain. Depending on the site
and size of the considered tumor, the excision of other elements can be necessary
(e.g. meninges, Fig. 4.3, bottom).

http://dx.doi.org/10.1007/978-3-319-33699-2_1
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Fig. 4.3 Steps of the
surgical intervention of a
meningioma: craniotomy, on
the top, and the proper
surgical field on the bottom.
The white folded layer is the
dura mater, removed to
reach the lesion

As a consequence, surgery can eventually comport several kind of damages, as
motion, senses, sight, language, loss of memory and cognitive deficits both of tran-
sitional or permanent nature.

Chemotherapy
Chemotherapy uses one or more anti-cancer drugs that are administered systemically
to the patient.

Traditional chemoterapeutic agents act by killing cells that divide rapidly, that, as
mentioned before, is one of the peculiar characteristics of tumor cells. However, this
feature is common also among several healthy cells, such as bone marrow, digestive
tract and hair follicles. This results in themost common side effects of chemotherapy,
that are decrease in the production of blood cells (myelosuppression), inflammation
of the digestive tract and hair loss.

Recently, new anticancer drugs have been developed, such as monoclonal anti-
bodies, that are not indiscriminately cytotoxic, but rather target proteins that are
abnormally expressed in cancer cells. However, the feasibility of this last approach
is strongly limited by cost reasons, being the production of such targeted antibodies
a complex procedure.
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Fig. 4.4 Dose released as a
function of the depth
traversed for photons,
protons and Carbon Ions

In the case of brain tumors the drug can be administered systemically or directly
injected between the membranes. However, the main obstacle for chemoterapeutic
agents to be effective in the brain is represented by the Blood-Brain Barrier, that
prevents the greatmajority of common drugs from reaching in sufficient (therapeutic)
quantities the Brain.

This result in a limited number of agents available for chemotherapy of cerebral
cancers.

Radiotherapy
Radiotherapy can be used as a stand-alone treatment, or in association with
chemotherapy soon after the surgical intervention.

Conventional radiotherapy makes use of X rays to kill or damage tumoral cells.
However, photons and electrons release an amount of energy that is almost constant
with the matter traversed, as showed in Fig. 4.4. This means that to hit the tumor, an
amount of dose (and hence of damage) of the same order of magnitude must be given
to the healthy surrounding tissues. This is a major drawback for this technique, in
particular in an organ such the brain, where each zone has a precise and fundamental
role.

To overcome this limitation, Intensity Modulated Radio Therapy (IMRT) has
been developed, exploiting the superimposition of several radiation beams in order
to maximize the conformation of the dose on the tumor (Fig. 4.5).

A further and relatively recent approach to radiotherapy, named Hadrotherapy,
makes use of charged hadrons, such as protons or Carbon ions, that are characterized
by a peculiar dose release profile that concentrates the great majority of their release
at the end of their range in the tissue, in a zone named Bragg Peak (Fig. 4.4).

This characteristic permits a huge conformability of the treatment to the consid-
ered target, and the enhanced ability to distroy cancer cells of hadrons with respect
to photons makes this treatment highly effective.

However, cost reasons following the need of particle accelerators for hadronther-
apy imply that today IMRT is the standard treatment for the vast majority of tumors.
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Fig. 4.5 Example of dose released in a IMRT treatment with the superimposition of 9 beams

In case of small cerebral lesions, for example metastasis, a particular technique
named Gamma Knife can be applied. In this technique a massive dose of radiation
coming from a radioactive source is administered in one single fraction to a small
volume. The apparatus in which the patient is inserted is showed in Fig. 4.6.

A Gamma Knife typically contains 200 60Co sources of approximately 1 TBq,
each placed in a circular array in a heavily shielded assembly. The device aims gamma
radiation through a target point in the patient’s brain. The patient wears a specialized
helmet that is surgically fixed to the skull, so that the brain tumor remains stationary
at the target point of the gamma rays. An ablative dose of radiation is thereby sent
through the tumor in one treatment session, while surrounding brain tissues are
relatively spared.

The apparatus in which the patient is inserted is showed in Fig. 4.6, left.
The risks of Gamma Knife radio surgery treatment are very low, being the com-

plications mainly related to the condition being treated [4, 5]: limits to its use are
given by the size of the lesion to treat.

4.1.2 Radio Guided Surgery Applicability on Cerebral
Tumors

As discussed several times in this Thesis, the main field of application of the probe
under development is brain surgery.
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Fig. 4.6 Scheme of the apparatus used for the GammaKnife technique

In this section, after an analysis of the imaging techniques commonly used when
dealing with cerebral tumors, a study based on such images will be presented, with
the aim to evaluate the applicability of the β−-RGS technique in this field.

4.1.2.1 Functional Imaging in Brain Tumors

Among the several imaging techniques available today, when dealing with cerebral
cancers the golden standard is represented by CT and NMR. These techniques show
in fact a very good resolution in detecting brain tumor, and in particular NMR is able
to distinguish diseased cells from healthy ones with great clarity (Fig. 4.2).

Positron Emission Tomography (mainly with 18F-FDG) is commonly used when
functional information about the tumor is required, for example in lung, stomach and
renal cancers.

On the contrary, PET is not commonly suitable for using in cerebral tumors, due
to the efficacy of standard techniques and the need of more specific radio tracers with
respect to 18F-FDG, that being richly absorbed by the normal brain tissue implies an
unfavorable tumor to background ratio.

However, in some selected cases of brain cancer, in addition to CT and/or NMR
also PET imaging is used. It is the case for example in which a tumor must be
present (following the detection for example of bloodmarkers, or due to the collected
symptoms) but is not reveled by standard imaging techniques, or cases in which the
lesion is located in particular zones (e.g. near the bone) and are thus difficult to
delineate precisely.

In the case of Meningiomas, the most commonly used radio tracer is DOTA-D-
Phe1-Tyr3-octreotide (DOTATOC). This molecule is a Somatostatine analogue, as
discussed in Sect. 1.3.2.1, and owes its efficacy to the high incidence of somatostatin
receptors showed by meningiomas [6].

The radio tracer for PET imaging is hence obtained by bounding an atom of 68Ga
to this molecule, and is thus called 68Ga-DOTATOC. Gallium 68 in fact decades β+
in Zn with an half life of t 1

2
= 1.13 h, which gives the possibility to take the scan

about 2 hours after the injection.

http://dx.doi.org/10.1007/978-3-319-33699-2_1
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It has to be noted that in view of a possible application in Radio Guide Surgery
with β− emission, another isotope must be used in place of 68Ga, as discussed in
Sect. 1.3.2.2, for example 90Y. However, it is commonly accepted that the uptake and
the pharmacokinetics of a radiopharmaceutical is totally due to the ligand molecule,
being reasonably uniform among different radioactive isotopes.

The uptake of this molecule by meningiomas is so favorable in terms of TNR
(Tumor to Non Tumor Ratio) that DOTATOC is used also for Peptide Receptor
Radio Therapy (Sect. 1.3.2.1) for these tumors, where high specificity is fundamental
in order to avoid severe damages to healthy organs.

For these reasons, this radio tracer represents a good candidate in viewof a possible
application or Radio Guided Surgery with β− emitters in cerebral tumors. However,
Meningioma surgery is not a field that could profit much of such a technique. In fact,
as seen in section “Meningioma”, this is mainly a benign tumor, that is relatively
easy to resect during surgery due to its clear and differentiated margins.

On the contrary, the killer application of this technique could be represented by
Gliomas, that, as seen in section “Glioma”, are the most malignant cerebral tumors,
characterized by unclear margins, often infiltrating deeply in the surrounding tissues,
resulting in a hardly complete resection, with following high recurrence rate and very
poor survival.

Regrettably, gliomas show a much weaker uptake to DOTATOC than menin-
giomas. PET imaging, despite being sometimes anyhow used due to lack of alterna-
tives, gives images that are much less contrasted and clearly readable compared to
the ones of meningiomas, as showed in Fig. 4.7.

Fig. 4.7 Comparison of PET images obtained with 68Ga-DOTATOC in case of Meningioma (left)
and Glioma (right). The red ellipse highlights the tumor. The difference in term of visual contrast
reflects the one in TNR

http://dx.doi.org/10.1007/978-3-319-33699-2_1
http://dx.doi.org/10.1007/978-3-319-33699-2_1
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Table 4.3 Characteristics of the sample of meningioma patients, showing for each one its number
of lesions, weight (W), the injected activity (A) and the diagnosis

Patient N◦ of lesions W (kg) A (MBq) Diagnosis

M01 1 63 220 Atypical meningioma (gr II)

M02 1 80 260 Spheno-petro-clical
meningioma

M03 3 95 305 Recurrent attypical
meningioma

M04 1 48 200 Recurrent meningioma

M05 3 57 130 Recurrent meningioma

M06 2 90 145 Malignant meningioma

M07 1 74 237 Secondary meningioma

M08 3 105 223 Cervical meningioma

M09 2 48 145 Recurrent meningioma

M10 2 70 240 Atypical extracranial
meningioma

M11 1 75 220 Atypical meningioma (gr II)

The TNR results to be so poor that PRRT is not a viable therapy for gliomas.
However, thanks to the peculiar and innovative characteristics ofβ− RadioGuided

Surgery described in Sect. 1.3.2, in particular its specificity and spatial resolution,
even a reduced TNR, of the order of 4, can be sufficient to this technique.

4.1.2.2 Uptake Study

To this aim, to precisely evaluate the uptake of DOTATOC by meningiomas and
gliomas, a statistic study was then performed on PET images of patient with cerebral
tumors, in order to assess the feasibility of β−-RGS [7].

Patient Cohort
The patient cohort was composed by 23 patients from Istituto Europeo di Oncologia
(IEO), Milan. In particular, the sample included:

• 11 patients affected by meningioma;
• 12 patients affected by glioma.

The characteristics of the formers are showed in Table4.3, together with the num-
ber of lesions per patient, its weight, the injected activity and the diagnosis. All the
patients therein reported but the first two have been previously treated (either by
surgery, radiotherapy, PRRT or gamma knife).

http://dx.doi.org/10.1007/978-3-319-33699-2_1
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Table 4.4 Characteristics of the sample of glioma patients, showing for each one its weight (W),
the injected activity (A) and the diagnosis

Patient W (kg) A (MBq) Diagnosis

GB01 97 246 Glioblastoma

GB02 68 223 Glioblastoma
multiforme

GB03 80 152 Glioblastoma

GB04 93 198 Glioblastoma

GB05 90 192 Glioblastoma

GB06 60 185 Glioblastoma

GB07 63 194 Glioblastoma

GB08 70 266 Glioblastoma

GB09 85 255 Glioblastoma
multiforme

GB10 80 224 Olygodendroglioma

GB11 70 234 High grade glioma

GB12 15 38 Glioma

All the 12 considered patients affected by glioma have been previously treated
(either by surgery, radiotherapy, PRRT or chemotherapy), and their characteristics
are showed in Table4.4.

Uptake Evaluation Method
To evaluate the uptake of the tracer in the tissues, using the software AMIDE [8],
several ROIs (Regions Of Interest) have been drawn on the dicom PET images slice
by slice, to cover as much as possible the tumoral zone. Two different approaches
were followed in case of meningioma or glioma.

For meningioma, in the event of multiple lesions, each one has been considered
separately, and theROIswere drawn to follow their contour, taking care not to include
healthy tissue nearby.

For glioma, the ROIs have been drawn including the central zone of necrosis
often present inside the tumor, because the low TNRmakes it difficult to exclude the
presence of diseased tissue therein.

An example of ROI for both cases is shown in Fig. 4.8.

Fig. 4.8 ROI (red line)
drawn on meningioma (left),
glioma (center) and healthy
tissue (right)
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For each ROI built (on Ns slices), the “statistic” panel of AMIDE gives the fol-
lowing values:

• the mean value μi (i = 1, . . . , Ns), in Bq/ml of the uptake of the radiopharmaceu-
tical;

• the standard deviation σi (i = 1, . . . , Ns);
• the number of effective voxels contained in the ROI Ni (i = 1, . . . , Ns).

Starting from these values, for each patient and for each lesion the error on the
mean uptake within the ROIs was obtained as

σi = σn√
Ni

. (4.1)

To obtain the value of the specific activity of DOTATOC for the whole lesion the
weighted mean was calculated:

μ =
∑

i
μi

σ2
i∑

i
1
σ2

μ

, (4.2)

and the associated error:

σμ = 1
√∑

i
1
σ2
i

. (4.3)

An example of the specific activity μi of a meningioma slice by slice is showed
in Fig. 4.9, top. The showed structures are caused by the shape of the tumor in each
slice, while the border effect is due to the PET resolution.

Similarly, Fig. 4.9, bottom shows the specific activity of a glioma slice by slice.
Despite being a good parameter to evaluate a single patient’s uptake, the activity

does not permit to compare the uptakes among different patients, where differences
in weight, injected dose and exam times occur. To this aim, the Standardized Uptake
Value (SUV) must be used. The SUV is a parameter that gives the ratio between the
activity of the selected region and the one that would be measured if all the injected
dose would have been diffused uniformly for the whole body.

Mathematically, it is obtained by normalizing the measured μ to the injected
activity per mass unit, once corrected for the physical decay from the injection time:

SUV = μ

A0e
0.693(−TPET /T

1/2
Ga )

P

, (4.4)

where A0 is the activity injected to the patient, TPET the time interval between the
administration of the radiopharmaceutical and the exam, T 1/2

Ga is the half life of 68Ga
(68min) and P is the weight of the patient.
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Fig. 4.9 Example of DOTATOC uptake in a case of meningioma (M07, lesion 1) (top) and glioma
(GB04) (bottom), as a function of the image slice. The line represents the mean value obtained
by means of the weighted mean described in (4.2). Meningioma: Dose = 223 MBq, χ2/DOF =
7.32, μ = 4791 Bq/mL, σμ = 371.1 Bq/mL. Glioma: Dose = 198 MBq, χ2/DOF = 7.3,
μ = 1661 Bq/mL, σμ = 200 Bq/mL

As far as the healthy tissue is concerned, several ROIs on several slices of the scan
were chosen. Since the β− radiation is local, the ROIs were chosen, by means of the
information from the CT, close to the tumor margins, as shown in Fig. 4.8 (right). In
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this case a weighted average was used to evaluate μNT , σNT and the corresponding
SUVNT .

The TNR was thus estimated as the ratio between SUVT and SUVNT :

T N R = SUVTumor

SUVNonTumor
. (4.5)

Results
Meningioma
All themeningiomas showed good uptake ofDOTATOC, despite non uniform among
the several slices. This suggests that the radio tracer is absorbed not equally inside
the tumor volume, probably because of the effects of the previous therapy, being the
great majority of the studied cases recurrent or however already treated lesions, in
addition to a normal variation in the molecule uptake.

The mean specific activity μ of all the tumors in patients affected by meningioma
in the sample is reported in Fig. 4.10, top.

All the values are contained between a maximal uptake of 13kBq/mL and a
minimum of 1.6 kBq/mL. Only one lesion has an uptake significantly greater than
the other, probably as a result of a very wide tumor. Different lesions of the same
patient, showed with the same color, show different uptake, probably being some
primary and some other secondary tumors.

About 70% of the tumors has a SUV greater than 2g/mL (Table4.5 and Fig. 4.10,
middle): this means that injecting an activity of 3MBq/kg would produce a specific
activity greater than 6kBq/mL.

The TNR for meningiomas is always greater than 10 (Fig. 4.10, bottom), with one
case of huge value due to an anomalous uptake in the healthy tissue.

Glioma
Despite being significantly weaker than in meningiomas, the uptake in gliomas is
almost always sufficient to make the tumor visible enough at the PET.

The mean specific activity was found to range from a minimum of 0.2 kBq/mL
to a maximum of 1.7 kBq/mL (Fig. 4.11, top).

Figure4.11, middle, and Table4.6 show the SUV for gliomas. The found values
are lower than the one for meningiomas, as expected. About 60 % of the lesions
show a SUV of about 0.2 g/mL, that means that injecting an activity of 3MBq/kg
would produce a specific activity of about 0.6 kBq/mL.

Also TNR values are smaller than the ones for meningiomas, as showed in
Fig. 4.11, bottom: with only one exception TNR is always greater than 4, greater
than 8 in one third of the cases.

It has to be noted that all the results regarding gliomas are quite conservative: as
described above and in Fig. 4.8, in the ROIs used to study gliomas clearer areas were
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Fig. 4.10 Results of the uptake study of the lesions in patients affected by meningioma: specific
activity (top), SUV (middle) and TNR (bottom). Points of the same color or shape represent multiple
lesions of the same patient. All the lesions but the first two have previously been treated in some
way
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Table 4.5 SUV for both tumor and background in case of meningioma

Paziente N lesioni SUVlesione
(g/ml)

SUV f ondo
(g/ml)

Diagnosi

M01 1 2.174 0.069 Meningioma atipico (2 grado)

M02 1 1.139 0.093 Meningioma sfeno-petro-clivale

M03 3 2.229 0.126 Recidiva di meningioma atipico

3.384 0.126

5.228 0.126

M04 1 6.069 0.162 Meningioma recidivante

M05 3 4.489 0.161 Meningioma recidivante

3.549 0.161

3.858 0.161

M06 2 7.421 0.066 Meningioma maligno

3.843 0.066

M07 1 3.362 0.141 Meningioma (lesione secondaria)

M08 3 3.755 0.131 Meningioma cervicale e recidive

2.048 0.131

1.941 0.131

M09 2 0.852 0.085 Meningioma e recidive

0.970 0.085

M10 2 0.973 0.045 Meningioma atipico extracranico

0.834 0.045

M11 1 0.755 0.137 Meningioma atipico (2 grado)

The malignant meningioma shows the greater SUV

included due to the impossibility to asses the benign nature of such a zones with such
a low TNR. This obviously results in a reduction of the estimated uptake within the
lesion, with a consequent less favorable TNR.

Discussion The method described here permitted to study the uptake of DOTATOC
in meningiomas and gliomas.

Summarizing, in 8 patients out of 11 affected by meningioma, after the admin-
istration of about 200MBq of DOTATOC, the mean specific activity for the tumor,
about 1 h after the injection, was found to be greater than 3 kBq/mL for 1 atypical
meningioma, 4 meningiomas with recurrences and 1 malignant meningioma.

The mean specific activity is lower than 3 kBq/mL in 2 cases of atypical menin-
gioma and in one patient not subjected to previous therapy. The only considered case
of malignant meningioma (that represent, as showed in section “Meningioma” about
the 8% of the cases showed an uptake greater than the mean one.
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Fig. 4.11 Results of the uptake study of the lesions in patients affected by glioma: specific activity
(top) expressed in Bq/ml, SUV (middle) and TNR (bottom). All the lesions but the first two have
previously been treated in some way
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Table 4.6 SUV for both tumor and background in case of glioma

Paziente SUVlesione (g/ml) SUV f ondo (g/ml) Diagnosi

GB01 1.097 0.052 Glioblastoma

GB02 0.321 0.041 Glioblastoma
multiforme

GB03 0.604 0.068 Glioblastoma

GB04 1.438 0.133 Glioblastoma

GB05 0.251 0.072 Glioblastoma

GB06 0.250 0.059 Glioblastoma

GB07 0.274 0.062 Glioblastoma

GB08 0.121 0.028 Glioblastoma

GB09 0.219 0.038 Glioblastoma
multiforme

GL10 0.101 0.058 Oligodendroglioma

GL11 0.284 0.073 Glioma di alto grado

GL12 0.283 0.072 Glioma pontino

In the case of gliomas, the uptake is definitely lower, and for 10 patients out of
12 has a mean value of about 0.4 kBq/mL, with only 2 cases with specific activity
greater than 1.5 kBq/mL.

To convert this obtained information into clues regarding the feasibility of the β−
RGS further studies are required, that will be detailed in Chap. 5.

4.2 Neuroendocrine Tumors Surgery

Beside the possible application in the field of brain surgery, there is plenty of other
cases in which β−-RGS could give remarkable aid to the surgeon.

In this section, Neuroendocrine Tumors (NETs) will be discussed, starting from
a brief overview of their characteristics and proceeding with an applicability study
of the β−-RGS technique exploiting SPECT images of patients showing NETs.

4.2.1 Neuroendocrine Tumors: Origin and Therapy

Neuro Endocrine Tumors are neoplasms that arise from cells of the endocrine and
nervous system. Following this definition, that is focused on the histological kind
of the originating cells rather than the tumors’ district, NET can occur in the entire
body (p.e. lung, kidney, brain), even if the most common localization is the intestine.

http://dx.doi.org/10.1007/978-3-319-33699-2_5
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The important thing is that despite having such different localizations through-
out the body, due to their common origin they share numerous features, such as a
similar looking, producing the same molecules (e.g. hormones) and showing similar
receptors.

Neuroendocrine cells are cells that receive neuronal input (neurotransmitters
released by nerve cells or neurosecretory cells) and, as a consequence of this input,
release message molecules (hormones) to the blood. In such a way they play a fun-
damental role in the so called “neuroendocrine integration” between the nervous
system and the endocrine system.

These cells are present not only in endocrine glands throughout the body that
produce hormones, but also diffused in all body tissues.

In Epidemiology, there are two main quantities used to describe the diffusion of
a certain disease: Incidence and Prevalence.

• The Incidence rate is the number of new cases per population at risk in a given
time period, and thus gives a measure on a statistical basis the risk to develop the
disease in a certain period of time.

• The Prevalence gives the number of cases present in a population at a given time,
in a sort of “integral” of the incidence rate.

Neuroendocrine tumors are rare, having an annual incidence of approximately
2.5–5 per 1,00,000 people, of which two thirds are carcinoid tumors and one third
other NETs. The prevalence has been estimated as 35 per 1,00,000 [9–11].

This means that despite being rare, they have a remarkable impact on the public
health system. In fact, their relatively slow progression results in a higher prevalence,
that means a consistent number of patients affected by them have to be treated
constantly.

Moreover, in general NETs are diagnosed at a relatively late stage, withmetastatic
spread present at the time of diagnosis in the majority of patients. For such a reason,
often curative surgery is no longer an option, as well as external radiotherapy, due to
the number of disseminated lesions. Moreover, the response rate of chemotherapy is
only at the level of 20–35% [12], being effective in a minority of patients with poorly
differentiatedNETs, and completely ineffective in themajority ofwell- differentiated
NETs.

The number of possible treatments is therefore drastically reduced.
In this context, Peptide Receptor Radionuclide Therapy (PRRT) using radiola-

beled somatostatin (SST) analogs has proven to be an effective therapeutic option
for NET patients with metastasized disease, as it allows targeted delivery of thera-
peutic radionuclides to tumor cells [13].

In this therapy, somatostatine analogues are bound with a radioactive isotope, and
their preferential uptake by tumor cells is exploited to reach and damage them by
means of the emitted particle, usually an high dose β− radiation.



74 4 Medical Applications

The most common somatostatine analogues used for PRRT are DOTATE and
DOTATOC, coupled either with 90Y (pure β− decay, T1/2 = 64.1 h, EMAX =
2.3MeV) or 177Lu (β− decay, T1/2 = 6.7 d, EMAX = 0.5MeV, with a 6% contam-
ination of gamma emission with E = 113 keV).

4.2.2 Feasibility Study of β−-RGS in Neuroendocrine
Tumors

Following a path similar to the one undergone for cerebral tumors is Sect. 4.1, it
is possible to use the wide existing literature regarding 90Y-DOTATOC uptake in
Neuroendocrine tumors to evaluate the feasibility of Radio Guided Surgery with β−
emission in this kind of cancers.

However, the existing literature gives plenty of information about the DOTATOC
uptake in several organs such as kidney, liver and spleen, but donot focus on theuptake
of the tumor itself. This is due to the fact that the conditio sine qua non for undergoing
PRRT is the expression of the needed receptors by the tumors, condition evaluated
by means of a preliminary PET exam with 68Ga-DOTATOC radiopharmaceutical.

Once established that the tumor does express such receptors and thus shows uptake
to the molecule, the real problem shifts to the dose given to healthy vital organs. In
particular, is the renal toxicity the adverse side effect to keep under control in the
view of a balance between costs and benefits for the outcome of the patient.

In fact, in Peptide Receptor Radio Therapy the activity to be injected to the patient
is calculated on the basis of the dose absorbed by the kidney, that is thus a fundamental
value to compute.

This results in an abundance of studies regarding the uptake in vital organs at
several times after the injection.

The missing point to evaluate the feasibility of β− RGS is the precise and quan-
titative study of this uptake in the tumor.

In other words, there is clear evidence that NETs sufficiently express receptors
for DOTATOC to be candidates to RGS, but we still have no information regarding
the exact values of the TNR, neither we know anything about the time evolution of
this ratios, to know which would be the best time to perform RGS after injection.

For this reason, I carried out a statistical study on DICOM images of patients
affected by Neuroendocrine tumors at Arcispedale Santa Maria Nuova, in Reggio
Emilia.

4.2.2.1 Patient Cohort

The patient cohort was composed by 16 patients affected by Neuroendocrine Tumors
in different localizations, mainly within the abdomen.
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Fig. 4.12 Example of a SPECT/CT image of one patient from the cohort, in this case showing
physiological uptake in the kidneys and the spleen and an anomalous probably pathological uptake
at the top of the liver. The good spatial information is provided by CT (grayscale), while the
functional one is given by SPECT (red scale)

These are patients for which surgery is no longer an option, either for the number
or localization or for the recurrent nature of the lesions. After their enrollment for
PRRT, following the preliminary PET exam, they were injected with a first standard
177Lu-DOTATOC dose (from guidelines, function of the patient’s weight). During
this first treatment, that requires the patient to be hospitalized for few days due to it’s
radioactivity (T Lu

1/2 = 6.7 d), a dosimetric study is normally carried out.
Exploiting the γ emission of 177Lu, Single Photons Emission Computed Tomogra-

phy (SPECT) images are acquired after 0.5, 4, 20, 40 and 70 h post injection. These
data allows themedical physicists to evaluate the dose absorbed by the various organs,
and the optimal dose to be injected in the following treatments is then calculated.

An example of a SPECT/CT image from one of the analyzed patients is shown in
Fig. 4.12.
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4.2.2.2 Analysis Method

For each patient, I used these DICOM images to evaluate the uptake of both normal
organs and tumors at each time interval, with the aim to build a profile of this uptake
as a function of the time from the injection.

The analysis was carried out by means of XXXX, a software that comes together
with the imaging machines by Siemens, and which is able to both process the raw
data and analyze them.

For each patient and for each acquisition, all the slices were scanned, and 2 lesions
were identified, together with right kidney, spleen, liver and a zone behind the spinal
column to use as “surely healthy” reference tissue.

For each of these, a ROI was built using the “isocontour” tool provided by the
software. This is a tool that creates a regions containing only the entire pixels which
value is in a defined range. In particular, in the case used, the range was defined in
percentage with respect to the maximum value in a preselected region: the threshold
was fixed to 60% in case of tumors, and was variate between 50 and 60% in case of
normal organs.

Being this study devoted to understand the physiological behavior of Neuroen-
docrine tumors regarding DOTATOC uptake, and not experimental issues regarding
the hypothetical use of the probe, a particular approach was followed:

• The ROIs have been built as much homogenous and small as possible. The idea
in a certain sense is to imitate a “biopsy”, in which we pick a small region from
the inner of the organ or tumor, avoiding problems and uncertainties linked to the
borders. On the other hand, the ROI must be large enough for the statistic to be
credible, so in general volumes of few cm3 were used (being the voxel volume
4.7 × 4.7 × 4.7 mm3).

• For the diseased tissue, the zone showing the higher uptake in the lesion area was
selected. This was done in order to be sure to be selecting only tumoral tissue, and
not for example necrosis areas.

• For the various organs, healthy zones were selected, even in cases in which metas-
tasis were therein present. This was done because we are interested in the behavior
of the tumor with respect to the healthy organs, not the metastasis.

An example of the so built ROIs is showed in Fig. 4.13.
For each so drawn ROI, the following values were obtained:

• Mean value;
• ROI volume;
• Standard deviation, which has been divided by the number of considered voxel to
obtain the error on the mean value.



4.2 Neuroendocrine Tumors Surgery 77

Fig. 4.13 Example of ROIs built on a SPECT/CT image using the isocontour tool in the case of
a Neuroendocrine tumor in the liver. It is possible to identify the ROIs of the two lesions (red and
blue lines), the health liver (violet line), the spleen (green line) and the healthy tissue (yellow line)

All these extracted values were then manually corrected for the physical decay of
177Lu with respect to the time of injection, to permit the comparison between uptake
at different times.

It has to be remarked that the value given by SPECT images, and thus obtained
from the statistics on the ROI, is not the real activity value of the voxel, as it happens
in the case of PET images.

In fact, the information is given in terms of “number of counts” in the detector
originating from that voxel. To convert this value in activity concentration (Bq/mL),
a dedicated calibration procedure is needed, scanning with the SPECT apparatus
several phantoms of defined shape and activity.

This is made necessary mainly by two effects, that are the non linear response of
the detector for high activities (when saturation occurs), and the so called “partial
volume effect”, that takes into account the variation of the read counts due to inclusion
of partial voxels of different activities in the considered region.

However, in the present preliminary study, I used directly the number of counts
as the comparison parameter. In fact, as explained above, the ROIs were selected in
such a fashion to be all of the same order of magnitude in volume. Moreover, using
the “isocontour” tool and thus selecting only entire pixels within the ROI the “partial
volume effect” can be ignored. Moreover, not considering this effect results in an
underestimation of the real uptake, thus resulting in conservative conclusions of the
present study.
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Lastly, not taking into account the saturation occurring at high activity levels (thus
usually in the tumor), we obtain conservative values: we are in fact underestimating
the tumor uptake, and thus the TNR.

Nonetheless, a complete analysis would be certainly desirable, and will be carried
out in the near future, when this preliminary onewill have put the basis for a complete
and comprehensive work.

Fig. 4.14 Example of results obtained in terms of counts from lesions and organs in a liver Neu-
roendocrine Tumor (Fig. 4.13). It is evident how tumor and healthy organs show different behavior.
In fact, the tumor tend tu accumulate the radiopharmaceutical, reaching its maximum in uptake at
about 24 h post injection. On the contrary, healthy organs show a “clearance” conduct, with the
exception of the spleen, that acts as a “tank” of injected substances
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Fig. 4.15 Example of TNR calculated from the data in Fig. 4.14, thus in the case of a liver Neu-
roendocrine Tumor (Fig. 4.13)
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4.2.2.3 Results

Figure4.14 shows an example of the obtained results in terms of counts from various
organs and lesions in the case of a liver Neuroendocrine Tumor (the same patient
showed in Fig. 4.13). The tumor clearly shows an accumulation of the amount of
radiopharmaceutical in the first hours after the injection, reaching a maximum at
about one day post injection. On the contrary, all the healthy organs show a “clear-
ance” behavior, with the sole partial exception of the spleen, that for its physiological
role and nature has a greater retention time.

Fig. 4.16 Two cases of renal uptake of the radiopharmaceutical representative of the two popula-
tions found: on showing clearance (top), and the other showing accumulation (bottom)
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Fig. 4.17 Examples of observed pharmacokinetic curves obtained for DOTATOC andDOTATATE:
accumulation (blue line) and clearance (red and violet lines, according to the rapidity of the
decrease) [14]

Figure4.15 shows an example of TNRs obtained from the data in Fig. 4.14. A
general conclusion that can be drawn from this single case is that the most favorable
TNR is found about 20–30h post injection.

The trend showed by the tumor in Fig. 4.14 is basically found to be common
among all the patients.

However, the uptake of various organs was found to be quiet different from one
patient to another. For example, regarding Kidney, two main behaviors were found,
as shown in Fig. 4.16.

This is in good agreement with several studies available in the specific literature
(Fig. 4.17, [14]), and is a consequence of the variability in the uptake due to various
risk factors and characteristics of the patient (other pathologies, ongoing treatments
and so on).

Figure4.18 shows the activity as a function of time for all the lesions, livers,
spleens and kidneys of the sample.

The Tumor to Non Tumor Ratios obtained from these data are showed in Fig. 4.19,
always respecting the previous division in two groups.
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Fig. 4.18 Activity (expressed in count number) as a function of the time post injection (expressed
in minutes) for Lesion, Kidney, Spleen and Liver for the whole sample of patient. For visual clarity
the points have been connected by lines and normalized to share the same starting value, allowing
to compare the trends. Each marker shape and line color corresponds to a single patient through all
the plots

4.2.2.4 Discussion

The study presented in this section showed that all the analyzed Neuroendocrine
Tumors shown high uptake of DOTATOC.Moreover, this uptake generally increases
in the first hours after the injection, reaching a maximum after about 24 h.

As far as healthy organs are concerned, they too show considerable uptake of the
radiopharmaceutical. Their pharmakocinetic, however, was found to be, in agreement
with the existing literature, significantly variable among patient.

The so found TNR suggest that the most favorable moment to undergo β−-RGS
is about 24 h post injection. This is in fact the moment in which the TNR is the
maximum, allowing to reach the best spatial resolution, or on the other hand to lower
the injected activity.

This kind of information has a fundamental role in developing an optimized pro-
tocol for Radio Guided Surgery with β− emitter.
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Fig. 4.19 TNRfor all the patients in the cohortwith respect toKidney, Spleen andLiver as a function
of time post injection. Despite substantial variation between the patients, there is clear indication
that the ratio reaches its most favorable value at bout 24 h (1400 s) after the administration of the
radiopharmaceutical
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Chapter 5
Evaluation of Probe Performances

In Chap.1 the rationale of Radio Guided Surgery technique was presented, focusing
on the importance of a complete tumor resection in order to maximize the efficacy
of the treatment and thus improve the outcome of the patient. In particular, a novel
technique orRadioGuidedSurgery has been proposed, exploiting the use ofβ− decay
in place of the commonly used β+ and γ decays, pointing out the advantages that
characterize this approach, mainly its good spatial resolution and it high background
rejection capabilities following the poorly penetrating nature of β− radiation.

InChap.3, the development of a detector devoted to this application, named probe,
was discussed. In particular, three prototypes of probe were presented (Sect. 3.2), and
their optimization was described, taking advantage of both laboratory measurements
and MC simulations.

In Chap.4 the first possible medical applications of β−-RGS were discussed,
particularly focusing on the case of Brain Surgery (meningioma and glioma) and
Neuroendocrine Tumors. Statistical studies based on imaging data were presented
in both cases to evaluate the applicability of this technique in this field, concluding
that both cases present characteristics suggesting the feasibility of this approach.

In this chapter, further studies will be presented, in order to evaluate the expected
performances of the probe in real application cases.

5.1 Developments in FLUKA

As seen in Chap.2, FLUKA is a general purpose tool for calculations of particle
transport and interactions with matter. Despite being born in the field of accelerator
shielding, over the various new versions it gained a fundamental role in several
applications, including medical physics.
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5.1.1 PET Import

As described in Sect. 2.2.1, FLUKA is able to import CT scans directly converting the
DICOM files in geometrical bodies to be used in the simulation. This is a key feature
in medical applications, and FLUKA is indeed widely diffused within dosimetry
studies and treatment planning for radiotherapy and hadrontherapy.

However, by default FLUKA does not support PET scans import. Despite being
the files used of the same format as CT (DICOM .dcm files, one for each slice of
the patient) there is a profound difference between the information stored therein in
the two cases. In fact, while in CT scans for each pixel the Hounsfield value is given
(see Sect. 2.2.1), in PET images the grey-scale value is related (via two conversion
factors) to the radioactivity of the voxel volume, and is measured in Bq/mL.

For this reason, being an “activity map” rather than a physical one, there is no
usefulness in importing it as geometry voxels.

However, PET provides information that can be considerably important for some
applications.

For example, in the case of Radio Guided Surgery, being able to simulate the
exact distribution of activity within the patient allows to test a probe prototype in a
completely realistic environment, avoiding to take any hypothesis of uniformity of
the concentration of radipharmaceuticals in a certain zone of interest.

For these reasons, in my Thesis work I developed a work-around to import PET
scans in FLUKA making them available as a proper “activity map”.

This is achieved in two consecutive steps.
First, the DICOM importer is used to generate starting from the .dcm files a

USRBIN (.bnn). This is one of the available scoring detectors (see Sect. 2.4), and
is basically a sort of three-dimensional histogram, in which at each spatial bin is
assigned a value. This value is usually the energy deposited, a particle fluence, the
equivalent dose and so on. In such a way, the PET scan is converted into a mesh in
a standard FLUKA format.

The second stepmakes use of a user routine (see Sect. 2.3), which is a Fortran pro-
gram that reads this USRBIN file interpreting it as a “probability map” according to
which primary particles’ positions are generated. The other particles’ characteristics
(kind, energy…) are then provided via the BEAM card. It is for example possible in
this way, by selecting the apposite radioactive nuclide as particle, to obtain within the
simulation the same exact situation of a patient injected with a radiopharmaceutical.

The result of this import process is showed in Fig. 5.1.
Despite appearing a quite straightforward approach, there are some caveat to take

into account.
First, the isotopes used for PET exams are different from the ones of interest

in case of RGS (see Sect. 1.3.2). This implies that all this process relies on the
assumption (normally accepted by nuclear physicians [1]) that the uptake of a certain
radiopharmaceutical depends only on the carrier molecule, and not on the radioactive
isotope. It is then reasonable to use PET images acquired with 68Ga-DOTATOC to
know the distribution of an eventual injection of 90Y-DOTATOC.Moreover, the above

http://dx.doi.org/10.1007/978-3-319-33699-2_2
http://dx.doi.org/10.1007/978-3-319-33699-2_2
http://dx.doi.org/10.1007/978-3-319-33699-2_2
http://dx.doi.org/10.1007/978-3-319-33699-2_2
http://dx.doi.org/10.1007/978-3-319-33699-2_1
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Fig. 5.1 Result of the importation of PET (18F-FDG) dicom files in FLUKA, superimposed with
the aforesaid CT scan. To highlight internal structures the patient’s volume has been clipped by
a dummy volume. Here are clearly showed both healthy organs and tumor uptake, in this case
meningioma visible on the head

described method used in FLUKA, using an “activity map”, makes it easy to change
the emitted particle.

Secondly, in the PET DICOM files the activity is assumed to be uniform within
the voxel, due to the scanning apparatus sensitivity. This means that the effective
resolution is limited to the voxel one, usually of the order of 3× 3× 3mm3. Hence,
when superimposing PET and CT in FLUKA this difference in spatial resolution
must be considered.

Lastly, as mentioned above, PET information is given in Bq/mL, that means that
the total activity is divided by the considered volume. For this reason, to obtain the
total number of decays in a second in a certain voxel it is necessary to multiply
the value given from the PET (and hence imported into the .bnn file) for the voxel
volume. On the contrary, the routine that generates particles from the activity maps
reads the voxel value as a probability with no volume considered: it is thus necessary
a downstream normalization.

For this purpose, I used the routine to calculate the sum of each voxel specific
activity (usually of the order of 109 Bq/mL).Bymultiplying this number for the voxel
volume (∼0.024mL) the total activity is obtained. This value (∼10MBq) represents
the number of radioactive decays occurring in each second in the whole patient body.

Therefore, using it as number of primary particles to be generated makes the
simulation compatible with an acquisition time of 1 s.
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5.1.1.1 Dosimetry Simulation

Among the possible applications of importing within FLUKA PET scan images, one
of the most important is the evaluation of the dose given to the medical personnel
during a RGS procedure.

In fact, despite the existence ofwide literature about the exposition ofmedical staff
to radioactive sources during several kind of procedures common today in nuclear
medicine, there is a quiet wide variation among the estimated values. Moreover, this
literature is strongly focused on low energy photons applications, such as 99Tc, that,
as widely discussed in this Thesis, present a deeply different behavior in term of
penetration and dose release in human tissue.

Actually, there is practically no literature about the exposition of medical person-
nel after the patient injection of pure β− emitters, being this kind of radiopharma-
ceutical used today only for radio metabolic treatments, in which the physician does
not need to spend a significant time near the patient.

For these reasons, a contribution from the MC is valuable in order to give an
upper limit to the radio exposition of the staff involved in the RGS technique here
proposed, in particular with respect to standard γ-RGS.

To this aim, both CT and PET scans from a patient affected by hepatic Neuro
Endocrine Tumor were imported into FLUKA by means of the procedure described
in Sect. 5.1.1. To overcome computational problems in FLUKA, correlated with the
huge number of different voxels of a whole body CT scan, the simulation was split
in three, each one simulating a part of the patient body. PET and CT scans were
precisely superimposed in order to avoid primary particles coming from outside the
patient.

Beside the patient body, two phantoms were created to simulate the surgeon’s
torso and hand. In particular, the torso was modeled with a water cylinder of 30 cm
diameter and 60 cm height placed at about 50 cm from the patient. The hand was
modeled with a water parallelepiped (10 × 10 × 2 cm3) placed about 5 cm above
the patient body. To simulate the presence of the glove, which plays a fundamental
role in case of β− emission, a layer of 1mm of plastic was placed outside the hand
phantom. The setup of the simulation is visible in Fig. 5.2.

The PET data were used as an activity map for primary particles, normalizing the
number of generated particles as described in Sect. 5.1.1 to simulate a 1 s exposition.
Both 90Y and 99Tc were simulated. In order to compare these two approaches. For
each configuration, the Equivalent Dose (DOSE-EQ) was scored in the torso and
hand regions. The results are show in Table5.1.

The equivalent dose given to both surgeon’s torso and hand are found to be signif-
icantly lower in the case of β−-RGS than in γ-RGS, because of the greatly reduced
range of electrons with respect to photons. Such a low value of radio exposition
would result in practically no effect on the surgeon, not even from a legal point of
view, avoiding the physician to be classified as radio protected worker. The thus
obtained values for 99Tc are in reasonable agreement with the present literature [3].



5.1 Developments in FLUKA 89

Fig. 5.2 Setup of the simulation used to evaluate the radio exposition of the surgeon during a
β−-RGS procedure, as described in Sect. 5.1.1.1. Both CT and PET scans of a patient are imported;
the white cylinder represents the surgeon’s torso, while the parallelepiped represent his hand

Table 5.1 Equivalent dose to
the surgeon’s hand and torso
during a β−-RGS procedure
with respect to a γ-RGS [2]

99Tc 90Y

Hand 13.8µSv/h 0.35µSv/h

Torso 1.39µSv/h 0.04µSv/h

In the end, it has to be remarked that such an evaluation of the radio exposition
provides an order of magnitude rather than a precise value, due to the possible
variability among patient and imaging data, the distance of the surgeon and so on.

However, this values are good enough to demonstrate one of the key feature of the
RGS technique proposed in this Thesis, i.e. the great reduction in the dose given to
the medical personnel, that would result in a much simple procedure to be performed
even from a technical and legal point of view.

5.1.2 Scoring Routines

Asmentioned in Sect. 2.4, FLUKA offers several estimators to evaluate certain quan-
tities as deposited energy, energy spectrum, particle fluence and so on. However, for
more advanced requirements and analysis custom user routines are more advisable.

For this reason, in my Thesis work I used a tool to convert FLUKA outputs in
Root files. This is a set of Fortran routines that act on a step by step basis during

http://dx.doi.org/10.1007/978-3-319-33699-2_2


90 5 Evaluation of Probe Performances

Fig. 5.3 Typical structure of the file obtained via the scoring routines described in Sect. 5.1.2

the simulation, storing the information in Root files according to specifically build
classes. This crossing between languages (Fortran77 and C++) is managed by means
of intercommunicating functions and classes within the routines.

The thus obtained Root file consist of a TTree that allows many analysis, from
energy spectrum in the detector to correlation between initial particle momentum
and track length therein, and so on. The typical file structure is showed in Fig. 5.3.

This approachwas themost usedwithin thisThesiswork.However, due to the huge
amount of information stored, it implies greater simulation times, and the produced
files are often quite large (of the order of several GB). Hence, other simpler scoring
techniques were also used in some cases.

5.2 Expected Signal Rates in Brain Surgery Applications

In Sect. 4.1.2 the applicability ofβ−-RGS in the field of Brain Surgerywas discussed.
In particular, in Sect. 4.1.2.2 a statistic study was presented to evaluate the uptake of
cerebral tumor to DOTATOC, that is the best candidate at the moment for β−-RGS.

The DICOM files from PET scans of patients affected by either meningioma or
glioma were used to calculate the Standardized Uptake Value of both Tumor and
Non Tumor areas (Tables4.5 and 4.6).

http://dx.doi.org/10.1007/978-3-319-33699-2_4
http://dx.doi.org/10.1007/978-3-319-33699-2_4
http://dx.doi.org/10.1007/978-3-319-33699-2_4
http://dx.doi.org/10.1007/978-3-319-33699-2_4
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Fig. 5.4 TNRs obtained for meningioma (top) and glioma (bottom) from the study presented in
Sect. 4.1.2.2

From these values, the corresponding TNRs (Tumor Non Tumor Ratios) were
extracted, and are reported again in Fig. 5.4 for convenience.

As already argued, these values are theoretically good enough to perform β−-
RGS. However, to obtain an estimate of the expected signal from the probe in the
real application case a full simulation of the setup is needed.

From the obtained Standardized Uptake Values for tumor and non tumor tissue,
and assuming that the radio-tracer is administered �tsurg = 12 h before the inter-
vention, it is possible to estimate the expected specific activity in tumor (μre f ) and
non-tumor (μre f

NT ) at the time of the surgery for each patient:

μ
re f
(NT ) = SUV(NT )Aref e

−0.693�tsur /T
1/2
Y , (5.1)

where T 1/2
Y is the 90Y half-life and Aref = 3MBq/kg is a reference administered

activity per unit mass, chosen as the one injected for a typical PET scan.

http://dx.doi.org/10.1007/978-3-319-33699-2_4
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5.2.1 Simulation of the Setup

In order to convert these data in proper signal rates, FLUKA was used to simulate
the response of the probe to such activities.

Fig. 5.5 Representation of background (top) and residual (bottom) volumes to which the probe
was exposed in the FLUKA simulation used to convert the specific activity obtained by the statistic
study carried out on cerebral tumors (Sect. 4.1.2.2) into proper signal rate, as explained in the text

http://dx.doi.org/10.1007/978-3-319-33699-2_4
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In this simulation, the background was represented by an extended region with a
specific activity μ

re f
NT of 90Y, while the tumor residual used as benchmark is a cylinder

with a radius of 3mm and an height of 3.5mm for a total volume of 0.1mL (Fig. 5.5).
These are indeed the dimension of a typical residual that has to be identified by the
probe. The tumor region is assumed to have a specific activity μre f of 90Y.

By using the conversion factor evaluated in Sect. 3.2.2 to convert the hardware
threshold use to discriminate the signals into the corresponding value in the simula-
tion output, the signal rates ν(NT ) were obtained.

From the measured detector rates we can estimate the time needed by the probe
to identify a tumor residual of 0.1ml with a given probability of false positives (FP)
or false negatives (FN). For a fixed acquisition time of the probe (tprobe) the FP and
FN are defined as:

FP = 1 −
Nthr−1∑

N=0

PνNT tprobe(N ) (5.2)

FN =
Nthr−1∑

N=0

Pνtprobe(N ). (5.3)

where Pμ(N ) indicates the Poisson probability to have N if the mean is μ and Nthr

is the threshold in counts that we expect to set on the probe signal.
The minimum time that a surgeon needs to spend on a sample to evaluate whether

it is healthy or not, tmin
probe, is determined by finding the minimal value of tprobe for

which there exists a value of Nthr such that FN< 5% and FP< 1%.
RGS can be practical only if, when administering the reference activity

(3MBq/kg), the time tmin
probe is not significantly longer than 1 s, a reasonable time lapse

in the surgical environment. Otherwise, an increase of activity would be needed. On
the contrary, if tmin

probe is shorter than 1 s there are margins to reduce the administered
activity. We therefore also calculated which is the minimum activity that needs to be
administered (Amin) 12h before surgery in order to achieve FN< 5% and FP< 1%
in tmin

probe = 1 s.
It is to be noted that the scaling between activities is performed neglecting the

biological wash-out of the organs. Nevertheless, wash-out is faster on the healthy
tissues than in the tumor, where the tracer is bound. Tumors in fact show typically
a constant or increasing phase in the first day after administration and a wash-out
after 24 h, as commonly reported in literature [4], and as resulted from the already
discussed study carried out on Neuroendocrine Tumors (Sect. 4.2.2) as well.

Since the surgery, compared to PET scan, takes place after a longer time has
elapsed, the TNRwas most likely underestimated and the conclusions of this discus-
sion are conservative.

http://dx.doi.org/10.1007/978-3-319-33699-2_3
http://dx.doi.org/10.1007/978-3-319-33699-2_4
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5.2.2 Results

The results thus obtained when considering the probe prototype named ProbeSiPm
(Sect. 3.2) are shown separately for Meningioma and Glioma in Tables5.2 and 5.3
respectively. The tables report for each patient and lesion the signal and NT rates
expected on the probe, the time tmin

probe needed to identify a 0.1ml residual if an activity
Aref = 3MBq/kg is administered and the minimum activity, scaled to the time of
the surgery, that needs to be administered to have tmin

probe = 1s.
ForMeningiomas, themeasurements indicate that the techniquewould be effective

also administering less than 3MBq/kg, in a significant fraction of the cases even less
than 0.5MBq/kg.

On the other hand, as regards Gliomas, the obtained values shows that by admin-
istering 3MBq/kg the probe requires about 5–6s to discriminate between lesion and
healthy tissue. Thus, in order to effectively apply this technique to Gliomas, that, as
discussed in Sect. 4.1.1.1, could be the “killer application” of β−-RGS, longer mea-
surements times will be needed, since the required activities to reach the requested
sensitivity in 1 s (A(1 s) in the table) are too large.

Moreover, it must be said that all the glioma patient considered in this study had
already been treated with radio-therapy and chemo-therapy, and this can have altered
the receptors, typically decreasing their expression.

In any case, it has lastly to be noted that in order to reduce the measurement time,
there are still margins to improve the sensitivity of the probe: in particular, more
sensitive devices can be exploited in the scintillation light collection and crystals
with a larger light yield can be considered, at the expense of a more challenging
engineering of the whole apparatus.
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Chapter 6
Conclusions

In this Thesis I discussed a novel approach to Radio Guided Surgery, exploiting the
characteristics of the β− emission in place of β+ or γ, that are the ones currently
used. This technique is aimed at giving the surgeon a tool to reach a more accurate
and complete resection of the tumoral mass, resulting in a better outcome for the
patients. The novel approach here discussed showed good capabilities to overcome
the limitations shown by current techniques.

Regarding the molecule to use as radiopharmaceutical, 90Y-DOTATOC was cho-
sen as first candidate, from a tradeoff between the ideal characteristics such a mole-
cule should have and the availability and diffusion of this particular compound.

As far as the choice of the active material to use for the detector of the β−
emission is concerned, para-terphenyl was chosen after a complete characterization
of its properties, mainly due to its large light production (of the order of few tens of
photoelectrons per MeV), that allows for the detection of even small signals, and its
low Z, that results in poor sensitivity to photon contamination.

I described the first prototypes of the probe, together with their optimization in
term of detector size, shielding and electronic readout, carried out exploiting both
laboratory measurements and Monte Carlo simulations performed with the FLUKA
code.

The possible medical applications of β−-RGS were then discussed, focusing in
particular on brain and Neuroendocrine tumors surgery. Two devoted statistical stud-
ies on data from patients affected by these kind of cancers were presented, indicating
that both in case of cerebral (meningioma and glioma) and Neuroendocrine tumors
there is room for an effective application of this technique.

In particular, Meningioma are likely to be the first field of test, due to the high
receptivity to DOTATOC resulting in a high TNR (Tumor Non Tumor Ratio, always
greater than 10), and thus in a low activity needed to be injected into the patient. The
application to gliomas however would require higher operational times due to the
weaker signal (TNR of about 8), and would profit of an higher activity administered,
or a higher sensitivity probe.
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98 6 Conclusions

Neuroendocrine tumors have turned out to be good candidates for β−-RGS too,
in particular if an optimal amount of time, estimated to be 20h, elapses between the
injection of the radiopharmaceutical and the surgery.

Moreover, I presented a development in the FLUKA Monte Carlo code allowing
to import within the simulation DICOM data from Positron Emission Tomography
scans, in order to use it as activity distribution of the decaying isotope, thus real-
istically reconstructing the operation field. Using this tool, I evaluated the radio
exposition of the surgeon performing a RGS procedure, finding it to be orders of
magnitude lower in the case of β−-RGS than in case of γ-RGS. The ability to import
PET scans within FLUKA will be a valuable tool in the future for the evaluation of
the performances of the probe in any real clinical application scenario.
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